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Abstract

[FeFe]-hydrogenases are nature’s most prolific hydrogen catalysts, excelling at facilely 

interconverting H2 and protons. The catalytic core common to all [FeFe]-hydrogenases is a 

complex metallocofactor, referred to as the H-cluster, which is composed of a standard [4Fe-4S] 

cluster linked through a bridging thiolate to a 2Fe subcluster harboring dithiomethylamine, carbon 

monoxide, and cyanide ligands. This 2Fe subcluster is synthesized and inserted into [FeFe]-

hydrogenase by three maturase enzymes denoted HydE, HydF, and HydG. HydE and HydG are 

radical S-adenosylmethionine enzymes and synthesize the nonprotein ligands of the H-cluster. 

HydF is a GTPase that functions as a scaffold or carrier for 2Fe subcluster production. Herein, we 

utilize UV–visible, circular dichroism, and electron paramagnetic resonance spectroscopic studies 

to establish the existence of redox active [4Fe-4S] and [2Fe-2S] clusters bound to HydF. We have 

used spectroelectrochemical titrations to assign iron-sulfur cluster midpoint potentials, have shown 

that HydF purifies with a reduced [2Fe-2S] cluster in the absence of exogenous reducing agents, 

and have tracked iron–sulfur cluster spectroscopic changes with quaternary structural 

perturbations. Our results provide an important foundation for understanding the maturation 

process by defining the iron-sulfur cluster content of HydF prior to its interaction with HydE and 

HydG. We speculate that the [2Fe-2S] cluster of HydF either acts as a placeholder for HydG-

derived Fe(CO)2CN species or serves as a scaffold for 2Fe subcluster assembly.
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Biological H2 metabolism is primarily accomplished by [FeFe]- and [NiFe]-hydrogenase, 

two evolutionarily unrelated enzyme families that have distinct active site metal clusters but 

similar iron-bound carbon monoxide (CO) and cyanide (CN−) ligands.1 [FeFe]-

hydrogenases exhibit a lower tolerance for O2 than [NiFe]-hydrogenases, but the former 

generally catalyze the evolution of H2(g) more readily with turnover rates of 104 events per 

second.2–6 The complex metallocofactor at the active site of the [FeFe]-hydrogenases 

(HydA) is referred to as the H-cluster and is composed of a [4Fe-4S] cubane linked through 

a bridging cysteine thiolate to a diiron subcluster, with the remaining ligands to the latter 

subcluster comprising three CO, two CN−, and a bridging dithiomethylamine (DTMA) 

(Figure 1).7–9

H-cluster biosynthesis is achieved by HydE, HydF, and HydG; the coexpression of all three 

proteins from Clostridium acetobutylicum (C.a.) in Escherichia coli (E. coli) was 

demonstrated to be an essential requirement to achieve the heterologous expression of active 

HydA.10–12 HydE and HydG belong to the radical S-adenosylmethionine (SAM) enzyme 

superfamily.10,13 While it was long presumed that HydE plays an essential role in H-cluster 

maturation,10,11 insight into its putative substrate and reaction mechanism has been provided 

only recently. We demonstrated that select compounds containing a thiol functional group 

exerted significant effects on the level of deuterium atom incorporation from D2O into 5′-

deoxyadenosine.14 This observation led to the hypothesis that HydE catalyzes Cα–Cβ bond 

cleavage of two thiolcontaining molecules to generate two thioformaldehyde species that 

condense with ammonia to yield the DTMA bridge (Figure 1);14 this chemistry is analogous 

to in vitro DTMA synthesis in which formaldehyde and ammonia condense on an 

Fe2(SH)2(CO)6 scaffold.15 Biochemical characterization of HydG has offered direct insight 

into the role of this protein during H-cluster biosynthesis, as it utilizes tyrosine as substrate 

to form p-cresol16 along with the diatomic species CN−17 and CO (Figure 1).18 While the 

initial H atom abstraction from and cleavage of tyrosine to produce p-cresol occurs near the 

radical SAM [4Fe-4S] cluster in the N-terminal region of the protein, the subsequent 

chemical steps to produce CO and CN− appear to occur at or near a second iron-sulfur 

cluster in the C-terminal region of HydG, although the mechanistic aspects of this process 

require additional clarification.19–27
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Sequence annotation of HydF shows the presence of Walker A P-loop and Walker B Mg2+ 

binding motifs associated with small RAS GTPases, as well as a putative FeS cluster-

binding C-terminal CXHX46–53CXXC motif; both of these motifs were shown to be 

essential for achieving active HydA.11 The GTP hydrolysis functionality of HydF has been 

proposed to act in gating protein–protein interactions between the maturase proteins during 

H-cluster precursor assembly.21,28,29 A report on Thermotoga maritima (T.m.) HydF 

demonstrated coordination of a [4Fe-4S]+ cluster and GTP hydrolysis.30 Our studies have 

revealed that the heterologous coexpression of C.a. HydF with HydE and HydG (HydF) 

results in FTIR bands consistent with Fe—CO and Fe—CN− species bound to the purified 

protein,28 a result corroborated by similar studies on homologously overexpressed C.a. 
HydFEG.31 Significantly, our work has shown that HydFEG is capable of in vitro HydA 

activation when the latter is expressed in the absence of HydE, HydF, and HydG 

(HydAΔEFG), suggesting that HydF acts as a scaffold or carrier protein during H-cluster 

assembly (Figure 1).28,32,33 Clarification of HydF’s role as either a scaffold (wherein the 

2Fe subcluster is synthesized on HydF) or carrier (wherein HydF accepts a preassembled 

2Fe subcluster) requires additional experimentation. Supporting this scaffold/carrier 

hypothesis, purified HydF can be loaded with synthetic 2Fe subcluster analogues, which can 

then be transferred to HydAΔEFG.34,35

When C.a. HydF is expressed in the absence of HydE and HydG (HydFΔEG), binding of 

both [2Fe-2S] and [4Fe-4S] clusters has been suggested based on UV–visible absorbance32 

and EPR spectra of the enzyme in as-isolated and reduced preparations.28 The [2Fe-2S] 

cluster (g = 2.00, 1.96) was suggested as a possible site for delivery and coordination of the 

nonprotein ligands synthesized by HydE and HydG during the assembly of the 2Fe 

subcluster of the H-cluster.28 The existence of a [2Fe-2S] cluster was challenged in a 

subsequent report on Shewanella oneidensis (S.o.) HydFΔEG, where a slow-relaxing g ≈ 2.0 

species that disappeared upon reduction was instead attributed to a [3Fe-4S]+ cluster.36 In 

EPR studies performed with Thermotoga neapolitana (T.n.) and C.a. HydFΔEG, dithionite 

(DT) reduced enzyme preparations showed an axial [4Fe-4S]+ cluster signal with an 

overlapping g ≈ 2.0 feature; while the origin of the overlapping g ≈ 2.0 signal was not 

examined, it was presumed to arise from a protein-derived radical species resulting from 

treatment with DT.37,38

Here we report extensive spectroscopic (UV–vis, circular dichroism, EPR) analysis of 

freshly prepared HydF under both nonreducing and reducing conditions, and assign 

midpoint potentials to the FeS clusters. We also demonstrate the effects of sample handling 

(freeze/thaw, dialysis, concentration) on FeS cluster spectroscopic features and changes to 

the quaternary structure during these processes. The results have provided a more complete 

picture of the FeS cluster states associated with HydF prior to “loading” by HydE and 

HydG, and demonstrate the existence of a redox active [2Fe-2S] cluster bound to this 

protein. These results are significant given the likely mechanistic relevance of the iron–

sulfur clusters bound to HydF and provide a foundation for understanding the pathway by 

which the loaded HydFEG is generated.
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EXPERIMENTAL PROCEDURES

HydF Protein Expression and Purification

Constructs encoding Clostridium acetobutylicum hydF were transformed into E. coli 
BL21(DE3) (Stratagene) cells as previously described.32 Fresh plates were streaked and 

single colonies were chosen for small scale overnight culture growth in media supplemented 

with 30 μg/mL kanamycin. The following morning the seed cultures were used to inoculate 

9 L of media which comprised 10 g/L tryptone, 5 g/L yeast extract, 5 g/L KCl, 5 g/L 

glucose, 50 mM potassium phosphate buffer pH 7.5, and 30 μg/mL kanamycin. Cell cultures 

were grown at 37 °C and 230 rpm shaking until OD600 values reached 0.5–0.6. The culture 

was then induced with IPTG (1 mM final concentration) and supplemented with ferrous 

ammonium sulfate (FAS, 0.16 mM final concentration). Cultures continued to shake at 230 

rpm for 2.5 h at 37 °C and then were removed from the incubator and allowed to cool to 

room temperature. An additional FAS aliquot was added (0.16 mM final concentration), and 

the flasks were then transferred to a 4 °C refrigerator and sparged with N2(g) for ~15 h. Cells 

were harvested by centrifugation, and resulting cell pellets were immediately flash frozen in 

liquid N2. Composite cell pellet mass was recorded, and cells were stored at −80 °C until 

further use.

Cell lysis and protein purification were performed with minor modifications to previous 

methodologies.28 All techniques were accomplished under anaerobic conditions in a Coy 

anaerobic chamber (Grass Lake, MI) maintained with a 96% N2(g), 4% H2(g) atmosphere 

that was operated in a 4 °C walk-in refrigerator. Cell pellets were transferred to a Coy 

anaerobic chamber in a frozen state and were then thawed and resuspended in a lysis buffer 

containing 50 mM HEPES pH 7.4, 0.3 M KCl, 5% glycerol, and 10 mM imidazole (Buffer 

A). The cell lysis mixture was supplemented with 10 mM MgCl2, 1 mM PMSF, 0.8% Triton 

X-100, 0.07 mg DNase, and RNase per gram cell, and ~0.4 mg of lysozyme per gram cell. 

This mixture was then stirred for 70 min, loaded into gastight centrifuge bottles, and 

centrifuged at 18 000 rpm for 30 min. Then the supernatant was loaded onto a 5 mL HisTrap 

Ni2+-affinity column (GE Healthcare) using an ÄKTA Basic 100 FPLC (GE Healthcare). 

The column was pre-equilibrated in Buffer A, and following supernatant loading was 

washed with 15 column volumes of Buffer A or until baseline absorbance resumed. HydF 

elution was accomplished by using a step gradient of Buffer B (50 mM HEPES, pH 7.4, 0.3 

M KCl, 5% glycerol, 500 mM imidazole). Absorbance intensities at both 280 and 415 nm 

were tracked, and the ratios revealed that substantially pure HydF eluted at both 20% and 

50% Buffer B wash steps. In most cases, only the peak protein fraction (as determined by 

the fraction with the highest 415 to 280 nm ratio) eluting at 50% Buffer B was utilized for 

experiments. The protein eluting at 50% Buffer B with a buffer composition of 50 mM 

HEPES, pH 7.4, 0.3 M KCl, 5% glycerol, and 255 mM imidazole is defined as the “freshly 

purified” state. Purification fractions that were pooled together and either dialyzed or buffer 

exchanged into a 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% glycerol buffer, prior to 

concentration with a Prochem BJP 10/40 (or EMD Millipore Minicon B15) static protein 

concentrator, will heretofore be referred to as the “as-isolated” state.
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Freshly purified HydF was routinely spectroscopically analyzed via UV–vis and CD 

techniques immediately after elution from the HisTrap column following the procedures 

outlined in sections below. Aliquots from the parent fraction were taken, and while 

spectroscopic data collection was occurring, fractions would be simultaneously run over a 

gel filtration column. Immediately following spectral collection, samples were transferred 

into the MBraun chamber for preparation of EPR samples. Remnant aliquots of the freshly 

purified enzyme were flash frozen in liquid N2 and stored at −80 °C until further use.

Chemical reconstitution of HydFΔEG samples with Na2S and FeCl3 was carried out with 

minor modifications to our previously described protocol.28 Briefly, HydF samples (2.24 

± 0.49 Fe/dimer) were supplemented with 5 mM dithiothreitol (DTT), followed by a 6-fold 

excess of FeCl3 and Na2S·9H2O and allowed to incubate under stirring for 2.5 h. At this 

time, samples underwent centrifugation to remove bulk FeS particulates, and the clarified 

supernatant was then buffer exchanged using a Sephadex G25 resin column. The 

reconstitution process was monitored via UV–vis absorbance spectroscopy of HydF before 

and after treatment with iron and sulfide.

Protein concentration was calculated via Bradford assay using a bovine serum albumin 

standard solution (Thermo Scientific). All HydF protein concentration values reported herein 

are based on the dimeric content of samples; HydE and pyruvate formate lyase activating 

enzyme (PFL-AE) concentration values are based on the monomeric content of samples. 

Iron content was determined either through using the spectrophotometric method of Fish, 

wherein protein is digested with 4.5% (w/v) KMnO4 and 1.2 N HCl and soluble iron is then 

complexed with ferrozine, or via a Varian SpectrAA 220 FS flame atomic absorption 

spectrometer.

HydE and PFL-AE Protein Expression and Purification

HydE was purified and chemically reconstituted with Na2S and FeCl3 as previously 

published.14 HydE samples were made up in a 25 mM HEPES, pH 8.0, 0.5 M KCl, 5% 

glycerol buffer. PFL-AE was purified as previously described, and samples were prepared in 

50 mM Tris, 200 mM NaCl, pH 7.5 buffer.40,41

UV-Visible Spectroscopic Analysis

Samples analyzed by UV–vis spectroscopy were loaded into a 1.4 mL anaerobic cuvette 

(Spectrocell Inc.) within either an MBraun glovebox or a Coy anaerobic chamber. A Cary 

6000i UV/vis/near-IR spectrophotometer (Varian) was used to acquire spectra at ambient 

temperatures at a scan rate of 600 nm/min. All experimental spectra were graphed in 

OriginPro 8.5 (OriginLab Corp. Northampton, MA, USA).

Circular Dichroism Spectroscopy

AJasco-710 spectropolarimeter was utilized to collect CD spectra on HydF samples. 

Samples were loaded into a 650 μL, 1 cm path length anaerobic cuvette (Hellma Analytics). 

Spectra were recorded from 300–700 nm at a sensitivity of 100 millidegrees, data pitch of 

0.1 nm, continuous scanning mode at a 100 nm/min scanning speed, and 10 spectral 

accumulations. Baseline spectra of the background buffer (50 mM HEPES, pH 7.4, 0.3 M 
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KCl, 5% glycerol, and 255 mM imidazole) were collected and subtracted from the 

experimental spectra using OriginPro 8.5 software. All data were collected under ambient 

temperature and anaerobic conditions.

Gel Filtration

Freshly purified and as-isolated C.a. HydF samples were gel-filtered via Superose 12 (GE 

Healthcare) size-exclusion media packed in an HR 10/30 column (1 cm i.d., 30 cm length; 

GE Healthcare) housed within an anaerobic vinyl Coy chamber at room temperature. A 

mobile phase of 50 mM HEPES pH 7.4, 0.3 M KCl, and 5% glycerol was utilized at a flow 

rate of 0.2 mL/min using an ÄKTA Purifier FPLC (GE Healthcare); column wash steps 

comprised at least five column volumes of buffer equilibration and at least two column 

volumes of wash between samples. Freshly purified samples were injected directly onto the 

gel filtration column within minutes of elution from the HisTrap column. As-isolated 

samples were quickly thawed in the Coy chamber and then immediately loaded onto the 

column. Sample injections were typically performed in duplicate. A BioRad Standard 

(#151-1901) that contained thyroglobin (bovine), γ-globulin (bovine), ovalbumin (chicken), 

myoglobin (horse), and vitamin B12 was used to calibrate sample oligomeric content. HydF 

tetrameric (~189 kDa) and dimeric (~94.5 kDa) species eluted with retention volumes of 

~9.5 mL and ~10.5 mL, respectively.

Electron Paramagnetic Resonance (EPR) Sample Preparation and Data Collection

EPR samples were prepared in an MBraun box at O2 levels ≤1 ppm. Freshly purified 

samples, in either an as-eluted or photoreduced state, were loaded into EPR tubes (Wilmad 

LabGlass, 4 mm OD, NJ, USA), capped with a rubber septum and flash frozen outside the 

box in either liquid N2 or liquid propane. Photoreduced samples were prepared by 

supplementing enzyme with 100 μM 5-deazariboflavin and 5 mM DTT in 50 mM Tris, pH 

7.4 buffer. Samples were illuminated with a 300 W Xe lamp in an ice water bath for 1 h, 

then immediately removed from the MBraun box and flash frozen in the same manner as 

described above. All samples were stored in a liquid N2 dewar until data collection occurred.

Low temperature (≤70 K) EPR measurements were made using either a Bruker (Billerica, 

MA) EMX X-band (9.4 GHz) spectrometer equipped with a 4119HS resonator, ESR900 

liquid helium cryostat, and temperature controller (ITC503) from Oxford instruments, or a 

Bruker Cold Edge (Sumitomo Cryogenics) 10 K waveguide cryogen free system with a 

Mercury iTC controller unit. Unless otherwise noted, typical EPR parameters were 9.38 

GHz microwave frequency, 1 mW microwave power, 100 kHz modulation frequency, 10 G 

modulation amplitude, time constant settings that varied between 20.48 and 163.84 ms, and 

spectra were averaged over either four or eight scans. OriginPro 8.5 was utilized to baseline 

correct and plot all experimental spectra. Simulations of experimental data were carried out 

using the EasySpin software platform,42 and the resulting g-values are presented in the text 

and Supporting Information. For determination of spin concentration, double integrations 

were performed using a standard sample of PFL-AE (200 μM protein with 3.75 ± 0.08 Fe/

protein) that was photoreduced for 1 h in the presence of 5-deazariboflavin to generate the 

[4Fe-4S]+ state.41 EPR spectra for standards were collected under identical temperature and 

spectrometer settings as HydF samples.
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Temperature Relaxation and Power Saturation Profiles

For select samples of freshly purified, as-isolated, and photoreduced (both freshly purified 

and as-isolated) HydF, and as-isolated HydE and PFL-AE, spectra were collected under 

identical parameter settings at various temperatures. This allowed for direct comparison of 

Topt values (defined as the optimum temperature setting for maximum signal intensity) for 

[4Fe-4S]+, [3Fe-4S]+, and [2Fe-2S]+ cluster signals among the different samples. In order to 

determine the power for half saturation (P1/2) for [4Fe-4S]+, [3Fe-4S]+, and [2Fe-2S] + 

cluster signals, power dependence studies were performed on samples at constant 

temperatures by varying the microwave power attenuation. Data collected at temperatures 

≤15 K allowed for P1/2 determination for all three cluster types ([4Fe-4S]+, [3Fe-4S]+, and 

[2Fe-2S]+).43 Data were also collected at 30 K because this is near Topt for [2Fe-2S]+ cluster 

signals; at this temperature [4Fe-4S]+ and [3Fe-4S]+ cluster signals exhibited substantial line 

broadening and thus did not measurably interfere with [2Fe-2S]+ cluster signals.43

Power saturation curves were constructed by plotting the log (S/√P) against log P, where P is 

the microwave power and S is the peak-to-peak derivative signal amplitude (peak height); 

the most intense features were chosen for measuring S. In the case of PFL-AE, the peak-to-

peak height of the g ≈ 2.030, 2.009, 1.988 feature was chosen for the [3Fe-4S]+ signal (12 

K), and the peak-to-peak height of the g ≈ 2.005 centered feature was chosen for the 

[2Fe-2S]+ signal (30 K) (Table S1). For HydE FeS cluster signals at 15 K, only the features 

at magnetic field values of ~3305 G ([3Fe-4S]+) and ~3332 G ([2Fe-2S]+) were plotted due 

to the overlap between these signals. The peak-to-peak height of the g ≈ 1.88 centered 

feature at 15 K (representing the [4Fe-4S]+ cluster signal) was plotted for DT reduced 

HydE.14 The peak-to-peak height of the g ≈ 2.006 centered feature was chosen for the 

[2Fe-2S]+ signal in HydE at 30 K (Table S1). For HydF FeS cluster signals at ≤15 K, only 

the features at magnetic field values of ~3315 G ([3Fe-4S]+) and ~3334 G ([2Fe-2S]+) were 

plotted due to the overlap between these signals. The peak-to-peak height of the g ≈ 1.89 

centered feature at 13 K (representing the [4Fe-4S]+ cluster signal) was plotted for 

photoreduced HydF.28,44 The peak to peak height of the g ≈ 2.002 centered feature was 

chosen for the [2Fe-2S]+ signal in HydF at 30 K (Table S1). In plots of log (S/√P) versus log 

P, FeS signals that do not exhibit power saturation effects result in lines that are parallel to 

the abscissa, while FeS signals that exhibit power saturation effects have lines that slope 

toward the abscissa with increasing power.43 P1/2 values along with the inhomogeneity 

parameter (b) were both calculated from fits to lines using a form of the equation S = √P/

(1+P/P1/2)0.5b.43 All curve fitting was performed in OriginPro 8.5.

Midpoint Potentiometric Titrations

The midpoint potentials of the FeS clusters associated with HydF were determined by 

titration experiments on freshly purified enzyme according to published protocols.45,46 Two 

titration experiments were performed using 121 μM protein at 2.14 ± 0.06 Fe/dimer and 132 

μM protein at 2.28 ± 0.12 Fe/dimer, respectively. Mediated potentiometric titrations on the 

freshly purified HydF were carried out in an MBraun anaerobic chamber. The solution 

potential was continuously monitored using a Fisher Scientific Accumet Basic pH/mV meter 

coupled to a Ag/AgCl platinum ORP electrode (Orion, Thermo Scientific) filled with 4 M 

KCl; electrode calibration was checked against an Orion 967901 ORP standard solution. All 
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Ag/AgCl values are adjusted to the standard hydrogen electrode scale by the addition of 200 

mV. To facilitate the redox equilibrium, the following mediator cocktail was employed: 

indigo disulfonate (Em = −125 mV), phenosafranine (Em = −255 mV), benzyl viologen (Em 

= −361 mV), and methyl viologen (Em = −440 mV). The mediator cocktail was added to 

freshly purified HydF to a final concentration of 20–25 μM; the solution was buffered 

against a 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% glycerol (w/v) solution and was kept 

under constant stirring for the duration of the titration experiment. Stock solutions of NaDT 

at 2, 4, 8, and 10 mM were prepared in 50 mM HEPES, pH 7.4, 0.3 M KCl, 5% glycerol 

(w/v) and were subsequently used to poise the solution potential. Following DT additions, 

the solution potential was allowed to reach equilibration and at appropriate intervals, 200 μL 

of the solution was removed and immediately added to an EPR tube, which was capped, 

removed from the MBraun, and flash frozen in a liquid propane bath in ≤30 s. EPR samples 

were subsequently stored in a liquid N2 dewar.

Peak-to-peak signal amplitudes for the g ≈ 2.0 ([2Fe-2S]+) and g ≈ 1.89 ([4Fe-4S]+) cluster 

signals were plotted versus solution potential. The [4Fe-4S] + midpoint potential was 

determined by fitting the data to the Nernst equation, wherein E is the system potential and 

Em is the midpoint reduction potential for a n = 1 reduced iron sulfur cluster.47 All data 

fitting was carried out in OriginPro 8.5.

Dithiothreitol versus Dithionite as Reducing Agent

In order to examine the effects of different reducing agents on the HydF FeS cluster signals, 

experiments were conducted wherein protein was either supplemented with (i) buffer alone, 

(ii) buffer containing DTT (5 mM final concentration), or (iii) buffer containing DT (5 mM 

final concentration). Final sample volumes were kept identical (250 μL) in order to directly 

compare signal intensities. Following mixing, samples were allowed to sit for a 10 min 

incubation period before being transferred to EPR tubes, capped, removed from the MBraun 

anaerobic chamber, and flash frozen in liquid N2.

RESULTS

HydF serves as a scaffold for assembly of the 2Fe subcluster of the H-cluster, as evidenced 

by the ability of HydFEG to activate HydAΔEFG containing a [4Fe-4S] cluster in its active 

site.12,32,48,49 Spectroscopic evidence for an assembled 2Fe subcluster on HydFEG includes 

the observation of FTIR bands associated with iron-bound CO and CN−, and XAS results 

pointing to a dinuclear iron unit, in addition to a [4Fe-4S] cluster.28,31,50 The nature of the 

iron–sulfur cluster species on HydF prior to its “loading” by HydE and HydG, however, is 

less well-defined. The presence of a [4Fe-4S] cluster in HydFΔEG is widely accepted and is 

supported by data on enzymes from various organisms (including C.a., T.m., S.o., and T.n.) 
reported by a number of different laboratories.28,30,31,36–38,44,51,52 Evidence for a [2Fe-2S] 

cluster on HydFΔEG has come from EPR and XAS spectroscopic studies;28,31,50 however, 

the EPR data have been disputed, with the suggestion that the g ≈ 2.0 EPR signal arose from 

a [3Fe-4S]+ cluster or a protein radical.36–38 The nature of the FeS cluster species bound to 

HydF prior to its interaction with HydE and HydG is directly relevant to the process of 

maturation, as it determines the identity of species that must be transferred from HydE and 
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HydG, and the processes that must occur during assembly of the 2Fe precursor of the H-

cluster on HydF. We therefore set out to provide a more definitive description of the clusters 

present on HydFΔEG.

Characterization of HydF Freshly Purified and After Further Handling

FeS cluster lability is likely an important aspect of the function of HydF in scaffolding the 

assembly of, and then delivering, the 2Fe precursor of the H-cluster; lability, however, makes 

characterization of the cluster states challenging. Over the course of many HydF 

purifications and experiments, we found that sample handling, such as concentration and 

freezing/thawing, affected FeS cluster spectroscopic properties. We therefore set out to 

define the cluster states of HydF in “freshly purified” protein, by which we mean HydF that 

has been eluted off the purification column without further handling of any kind, and to 

evaluate the cluster changes occurring upon further handling. Our results provide a 

description of HydF iron–sulfur clusters that unifies and provides context for the previously 

contradictory results from multiple laboratories.

HydF freshly eluted from the HisTrap column exhibits LMCT transitions in the visible 

region with a prominent λmax at 405 nm, and careful examination also shows bands in the 

510–575 nm region, albeit at low intensity (Figures 2 and S1). Analysis of these samples by 

circular dichroism reveals positive features centered at 306, 387, and 449 nm, with negative 

bands centered at 359, 417, 474, and 512 nm (Figures 2 and S1). These UV–visible and CD 

spectral features change following either concentration or a single freeze/thaw event under 

anaerobic conditions (Figures 2, S1 and S2). Specifically, LMCT features in the 510–575 nm 

region in UV–vis spectra intensify upon successive freeze/thaw events, while CD analysis 

shows that positive bands at 306 and 387 nm and negative bands at 474 and 512 nm all lose 

intensity as features at 560 and 610 nm develop (Figures 2 and S1); these new spectroscopic 

features are consistent with an increase in [2Fe-2S]2+ cluster content.53

Gel filtration analysis of freshly purified HydF shows that the protein is predominantly 

dimeric in nature with low amounts of tetramer species (Figures 2 and S2). Sample handling 

(concentration and/or freeze/thaw), however, results in an increase in tetramer/dimer ratio 

that occurs concomitantly with the FeS cluster spectroscopic changes described above. 

Isolation of low levels of pure dimer and pure tetramer HydF species by gel filtration was 

possible; however, over several hours these species re-equilibrated into a mixture of dimer 

and tetramer species (data not shown), demonstrating the presence of a dynamic equilibrium 

of protein quaternary states.

Low temperature (T ≈ 12 K) EPR spectra of freshly purified HydF samples reveal the 

existence of a nearly isotropic signal with g-values of 2.010, 2.002, and 1.963 (Figures S3, 

S4, and S5), along with a signal centered at g = 4.3 attributed to adventitiously bound high-

spin Fe(III) species (data not shown). As the temperature is raised from 12 to 25 K, the g ≈ 
2.00 signal intensifies before gradually diminishing with further temperature increase 

(Figure S4), behavior that is consistent with [2Fe-2S]+ clusters. EPR signals arising from 

[3Fe-4S]+ clusters have been observed in samples of as-isolated (following sample handling) 

HydF and are easily distinguished from [2Fe-2S]+ signals given their relaxation behavior; 

HydF [3Fe-4S]+ cluster signals exhibit fast temperature relaxation behavior and show 
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substantial intensity loss between 12 and 20 K, consistent with the typical behavior of 

protein-bound [3Fe-4S]+ clusters (Table 1, Figure S4).40,54,55

Freshly purified HydF photoreduced using 5-deazariboflavin, a catalytic source of low 

potential electrons,56 exhibits both a g ≈ 2 signal of low intensity that is comparable to that 

in the freshly purified enzyme and an overlapping axial [4Fe-4S]+ signal with g-values of 

2.05, 1.89, and 1.86, similar to what we previously reported (Figure S3B).28,44 When the 

milder reducing agent DTT (E°′ = −0.33 V) is added to freshly purified enzyme, an 

intensification of the g ≈ 2 signal, but no overlapping [4Fe-4S]+ signal, is observed. In 

contrast, addition of the strong chemical reductant DT (E°′ = −0.66 V) causes significant 

diminution of the g ≈ 2 signal concomitant with the generation of the axial [4Fe-4S]+ signal 

(Figure S5). DT has been the reducing agent of choice for multiple HydF studies on enzyme 

from T.m.,30 T.n.,37 S.o.,36 and C.a.;37 our observation that DT significantly lessens the g ≈ 
2 signal could well explain why many have failed to observe this signal.36,37 The existence 

of the g ≈ 2.00 signal in our anaerobic preparations of HydF, which do not include 

exogenous reducing agents, coupled with the intensification of this signal in the presence of 

DTT, is fully consistent with its assignment as arising from a [2Fe-2S] cluster, which would 

be expected to have a 2+/1+ potential in the range accessible by DTT.57 If the g ≈ 2 signal 

arose from either a [3Fe-4S]+ cluster or a protein radical as has been proposed by 

others,36,37 however, we would expect it to be lessened, not increased, by the addition of 

DTT. In chemically reconstituted samples of HydF, the [2Fe-2S]2+/+ cluster persists, as 

judged by the existence of LMCT features in UV–vis spectra in as-reconstituted samples 

(data not shown), as well as by the presence of a slow relaxing g ≈ 2.00 signal in DTT 

treated as-reconstituted protein (Figure 3). Table S2 reports the EPR spin quantitation of 

HydF [4Fe-4S]+ and [2Fe-2S]+ cluster signals in the various samples described above.

Characterization of HydE and PFL-AE [2Fe-2S] Clusters

In order to provide a frame of reference for the [2Fe-2S]+ cluster signal in HydF, we 

analyzed [2Fe-2S]+ cluster signals in both PFL-AE and HydE by EPR. Our previous 

characterization of PFL-AE demonstrated that the as-isolated enzyme contained 

predominantly S = 1/2 [3Fe-4S]+, given the existence of a fast relaxing, nearly isotropic 

signal at 12 K.40 Some preparations of PFL-AE were noted to exhibit small contributions of 

a slow-relaxing axial signal with g-values of 2.01, 2.01, and 1.97 which was still observable 

at 100 K.58 Moreover, Mössbauer characterization showed the presence of small amounts of 

[2Fe-2S]2+ clusters in as-isolated enzyme.59 Taken together, these findings indicate that in 

some anaerobic PFL-AE preparations, partial reduction of [2Fe-2S]2+ clusters occurs during 

lysis, leading to the fortuitous existence of [2Fe-2S]+ clusters bound at the CX3CX2C radical 

SAM cluster site. Recent sample preparations reveal that a fast relaxing, nearly isotropic 

[3Fe-4S]+ signal with g-values of 2.030, 2.009, and 1.988 exists that accounts for the vast 

majority of signal intensity at 12 K; spectra obtained at higher temperatures (30–77 K) show 

the persistence of an axial [2Fe-2S]+ signal with g-values of 2.010, 2.005, and 1.964 (Figure 

S6, Tables S1 and S2). The existence of both cluster types in a single sample allowed for the 

definitive assignment of power saturation and temperature relaxation profiles for [3Fe-4S]+ 

and [2Fe-2S]+ clusters, which in turn provided a benchmark for HydF spectral assignments 

(Table 1).
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HydE contains an accessory FeS cluster site comprising Cys311, Cys319, and Cys322 

residues which are located ~20 Å from the CX3CX2C motif.60 An early X-ray structure of 

T.m. HydE treated with DTT revealed the presence of a [2Fe-2S] cluster in this accessory 

site; additional structures have been obtained where this site was either vacant or was 

occupied by a [4Fe-4S] cluster.60,61 We found that in our preparations of as-reconstituted 

C.a. HydE, this site was either empty or was occupied by a [2Fe-2S] cluster, depending on 

the iron number following the reconstitution process.14 The assignment as a [2Fe-2S]+ was 

based on temperature relaxation EPR profiles of different samples that consistently showed 

the presence of fast relaxing [3Fe-4S]+ cluster signals (presumably present in the radical 

SAM CX3CX2C motif) overlapping with variable amounts of slow relaxing [2Fe-2S]+ 

cluster signals (Figure S7). As was the case for PFL-AE, the existence of both cluster types 

in a single sample enabled the definitive assignment of power saturation and temperature 

relaxation profiles for [3Fe-4S]+ and [2Fe-2S]+ clusters (Table 1). Power saturation profiles 

for the various FeS clusters associated with PFL-AE and HydE are shown in Figure 4.

EPR Power Saturation Profiles Support Assignment of a [2Fe-2S]+ Cluster in HydF

In order to characterize the g ≈ 2 signal in HydF, we examined power saturation behavior in 

freshly purified, as-isolated, and photoreduced enzyme samples. As mentioned above, the g 
≈ 2 signal in HydF exhibits Topt values (defined as the optimum temperature for signal 

intensity) between 25 and 30 K (Figures 3 and S4, Table 1). EPR power saturation curves 

were collected at different temperatures in order to better probe saturation effects on the g ≈ 
2 signal. Figure 5 highlights the power saturation curves for freshly purified, as-isolated, and 

photoreduced HydF g ≈ 2 signals as a function of temperature. The spectral profiles reveal 

that the signals are more susceptible to increasing power at lower temperatures (≤15 K), 

while a noticeable shift occurs at 30 K where the signals are more resistant to increasing 

power levels (Figures 5 and S8). Similar temperature dependence of the power saturation 

behavior has been previously reported for [2Fe-2S]+-containing ferredoxin proteins from 

various sources43 and offers compelling experimental support that HydF coordinates a 

[2Fe-2S]+ cluster in freshly purified, as-isolated, and photoreduced enzyme states. Figure S9 

shows power saturation curves for [2Fe-2S]+, [3Fe-4S]+, and [4Fe-4S]+ HydF cluster 

species.

Compelling similarities exist between the power dependence of the g ≈ 2 signals of HydF, 

PFL-AE, and HydE: all three proteins have cluster signals that are more resistant to power 

saturation effects near TOPT values for the signals, and all exhibit similar P1/2 values at 30 K 

ranging between 9 and 13 mW (Table 1). Moreover, the shift in P1/2 for the HydE [2Fe-2S]+ 

cluster signal as a function of temperature mirrors the shift observed in HydF samples 

(Figures 4 and 5, Table 1); this observation is in line with previously published results with 

[2Fe-2S]+-containing ferredoxin proteins.43

Figure 6 shows the direct comparison of [2Fe-2S]+ cluster signals in as-isolated PFL-AE, as-

reconstituted HydE, freshly purified HydF, freshly purified photoreduced HydF, as-isolated 

HydF, and chemically reconstituted HydF. The only remarkable distinction among these 

signals is the presence of the low field g = 2.035 feature most prominent in PFL-AE; this 

feature is assigned as arising from residual [3Fe-4S]+ component at 30 K, as it is absent at 
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higher temperatures (Figure S10). In as-isolated HydF samples, a low intensity feature is 

observed with g-values of 2.045, 2.008, and 1.981; this signal does not appear to be residual 

[3Fe-4S]+ cluster given its persistence at temperatures above 30 K (Figure S4). Moreover, 

the power dependence of this feature appears to track with the main g ≈ 2.0 centered signal 

and is therefore more likely to be [2Fe-2S]+ in nature (Figure S8). Simulations demonstrate 

that the 30 K signals for freshly purified HydF and HydE are both adequately fit with a 

single [2Fe-2S]+ spin system, whereas the signals for PFL-AE and as-isolated HydF require 

two spin systems to fit the data ([3Fe-4S]+ and [2Fe-2S]+ in the case of PFL-AE and two 

[2Fe-2S]+ spin systems for HydF) (Figure S11). It is not currently clear why a second 

[2Fe-2S]+ cluster signal is apparent in the more concentrated HydF samples, but it could 

presumably arise from a low occupancy FeS cluster with a different ligation environment 

than the primary g = 2.010, 2.003, 1.961 [2Fe-2S]+ cluster (Table S1).

Gating [2Fe-2S]+ Cluster Signals in Reduced HydF Preparations

As illustrated in Figure 6, HydF exhibits an EPR signal we assign as arising from a 

[2Fe-2S]+ cluster and that strongly resembles the signal observed in PFL-AE and HydE. 

While we have demonstrated that HydF’s [2Fe-2S]+ cluster signal is dramatically intensified 

by addition of DTT to freshly purified enzyme (Figure S5), sample preparations in a reduced 

state (using either DT or photoreduction via 5-deazariboflavin) have a substantially 

diminished overlapping g ≈ 2.00 signal despite the prevalence of axial [4Fe-4S]+ cluster 

signals (Figures S3 and S5). Surprisingly, the g ≈ 2.00 signal intensity in photoreduced 

samples was affected by introducing a thaw/freeze event. When frozen photoreduced 

samples are thawed (under anaerobic conditions) and quickly refrozen, the spectra exhibit 

large [2Fe-2S]+ signal intensification (Figure 3). Importantly, these observations have been 

made using freshly purified (data not shown), as-isolated, and chemically reconstituted 

preparations of HydF (Figure 3). These data suggest that upon photoreduction, the [2Fe-2S] 

cluster is present as a diamagnetic species, perhaps in the diferrous [2Fe-2S]0 oxidation 

state, and that the thaw/freeze process results in partial oxidation to [2Fe-2S]+.

We have examined the effects of DT reduction on the appearance of paramagnetic signals 

following this treatment. As-isolated HydF that exhibited [2Fe-2S]+ cluster signals was 

treated with 5 mM DT, causing the loss of the [2Fe-2S]+ cluster signals with concomitant 

generation of a [4Fe-4S]+ cluster signal; treating this sample to a single anaerobic thaw/

freeze event caused the appearance of a very weak overlapping [2Fe-2S]+ cluster signal 

(Figure S12). This result suggests that the appearance of the [2Fe-2S]+ signal in reduced 

preparations following anaerobic thaw/freeze treatment occurs substantially only in the 

absence of excess exogenous reducing agent (the reducing power of the photoreduced 

samples is lost in the absence of white light exposure); we conclude that the DT-treated 

sample, which retains its reducing power due to excess DT, keeps the [2Fe-2S] cluster in the 

diferrous state upon sample thawing.

Midpoint Potentials of the HydF [2Fe-2S]+ and [4Fe-4S]+ Clusters

The presence of a [2Fe-2S]+ cluster in freshly purified HydF (in the absence of exogenous 

reducing agents) prompted us to explore the midpoint potential of this cluster. EPR spectral 

analysis revealed the presence of the [2Fe-2S]+ cluster signal at the resting solution potential 
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(prior to any addition of DT) (Figure 7). As the solution potential was gradually lowered 

with small additions of a concentrated DT solution, the [2Fe-2S]+ signal intensity 

substantially decreased in intensity until a point where the g ≈ 2.0 mediator radical signals 

began to appear concomitant with growth of the axial [4Fe-4S]+ signal at lower solution 

potentials. Two independent titration experiments yielded [4Fe-4S]2+/+ Em values of −380 

± 10 mV and −357 ± 3 mV (average Em = −368.5 ± 10.4 mV). From this data we can 

estimate the Em for the reduction of the [2Fe-2S]+ cluster (and by extension the 

[2Fe-2S]2+/+) to be ≥ −200 mV (Figure 7). This estimated potential for the [2Fe-2S] cluster 

would be consistent with the reduction from the 2+ to the 1+ state by DTT (Em = −330 mV 

vs NHE), as well as for the reduction from the 1+ to 0 state by DT (Em = −660 mV vs 

NHE).

DISCUSSION

HydF plays a central role in the H-cluster maturation process, and determining the FeS 

cluster state(s) of this protein is a pivotal aspect of defining the pathway by which HydE, 

HydF, and HydG assemble an active [FeFe]-hydrogenase. Moreover, clarifying the nature of 

the FeS cluster species bound to HydF prior to its interaction with HydE and HydG is 

directly relevant to this maturation process, as it informs on the species that must be 

transferred from HydE and HydG, and the processes that must occur during assembly of the 

2Fe precursor of the H-cluster on HydF. Herein, we demonstrate that freshly purified, as-

isolated, and chemically reconstituted preparations of HydFΔEG all coordinate a redox active 

[2Fe-2S] cluster that is amenable to spectroscopic and electrochemical characterization.

The results presented herein demonstrate that [2Fe-2S]+ cluster EPR signal intensity in 

HydF samples can be gated both by the use of reducing agent and by sample handling 

(Figures 3 and S5). While the addition of DTT to freshly purified HydF causes 

intensification of the [2Fe-2S]+ cluster signal, DT addition results in nearly complete 

abolition of [2Fe-2S]+ signal intensity; this signal loss suggests that the [2Fe-2S] cluster is 

susceptible to reduction to a diamagnetic state. Moreover, the ability to gate the appearance 

of the [2Fe-2S]+ cluster signal in reduced samples by introducing a thaw/freeze event 

(Figure 3) is intriguing, and our hypothesis is that this phenomenon is a consequence of 

quaternary structural changes to HydF that accompany sample handling (Figure 2). While 

we do not currently understand the exact mechanism for the reappearance of the [2Fe-2S]+ 

signal, as sample thawing should not inherently result in oxidation, it is clear that [2Fe-2S]+ 

signal gating is directly dependent upon the reducing power of the solution; samples reduced 

with DT do not exhibit [2Fe-2S]+ signal reappearance (Figure S12), whereas photoreduced 

samples that have lost their reducing power in the absence of exposure to light consistently 

show this behavior (Figure 3). It is possible that in the case of DT treatment, the excess 

strong reductant keeps the cluster in the diamagnetic diferrous state. There is precedence for 

protein bound all-ferrous [2Fe-2S] and [4Fe-4S] clusters, and these super-reduced states are 

stable and amenable to characterization,62–64 providing support for the notion that a 

diferrous [2Fe-2S] cluster in DT reduced samples of HydF could be stable to sample 

manipulation.
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EPR spectral characterization of the [2Fe-2S]+ cluster signal in HydF shows that it exhibits 

similar TOPT and P1/2 values as the [2Fe-2S]+ cluster signals in PFL-AE and HydE (Table 

1); additionally, the [2Fe-2S]+ signals also display similar shifts in the magnitude of P1/2 as a 

function of temperature, a result mirrored by [2Fe-2S] ferredoxin proteins.43 While we and 

others previously proposed that the as-isolated form of HydF exhibited [3Fe-4S]+ cluster 

signals based on the appearance of a g ≈ 2 component in low temperature EPR spectra in the 

absence of added reductant, 28,37,44 the analysis presented herein shows that this signal 

instead arises from a [2Fe-2S]+ cluster which is present in HydF preparations lacking 

exogenous reducing agents. The spectroscopic data of freshly purified HydF presented here 

demonstrate that the protein as-eluted with minimal sample handling contains [4Fe-4S]2+, 

[2Fe-2S]2+, and [2Fe-2S]+ clusters (Figures 2, 6, 7, S1, and S4). Subsequent handling of the 

protein induces intensification in [2Fe-2S]2+ LMCT features (Figures 2, S1, and S2) 

concomitant with changes to the quaternary structure as greater amounts of tetramer are 

observed (Figures 2 and S2). At this time we cannot determine if the dimer and tetramer 

forms of HydF bind distinct FeS cluster species, although this is an area of active research.

The estimated midpoint potentials for HydF’s [2Fe-2S]2+/+ (Em ≥ −200 mV) and 

[4Fe-4S]2+/+ (Em = −368.5 ± 10.4 mV) clusters fall near the positive end of the range 

typically measured for [2Fe-2S]2+/+ (−150 to −450 mV) and [4Fe-4S]2+/+ (−400 to −600 

mV) clusters in biology.45,57,65–68 The observed [2Fe-2S] cluster potential is consistent with 

the freshly purified form of HydF containing some [2Fe-2S] + cluster despite the lack of any 

exogenous reducing agents in the purification process; intracellular reducing agents likely 

reduce HydF during the lysis procedure, and the employment of strictly anaerobic conditions 

during purification and sample handling enables the persistence of this [2Fe-2S]+ cluster. 

Moreover, this more positive [2Fe-2S] cluster potential is consistent with the ability to 

increase [2Fe-2S]+ cluster signal intensity upon treatment with DTT. The observation that 

sequential DT additions cause the [2Fe-2S]+ cluster signal intensity to decrease in a stepwise 

manner (Figure 7) suggests that the [2Fe-2S]+ state is being reduced to the [2Fe-2S]0 state or 

converted to another diamagnetic cluster form. This hypothesis is substantiated further by 

the lack of significant [2Fe-2S]+ cluster signal intensity in DT treated samples (Figures S5 

and S12).

It is not clear at this time why the FeS clusters associated with HydF exhibit cluster 

midpoint potentials that are at the positive end of the range typically observed. The X-ray 

structure of HydF in a metal free state showed that the putative FeS cluster residues 

CXHX46–53HCXXC (see refs 10 and 11) from two monomeric subunits are located adjacent 

to one another in the tetrameric structure; FeS cluster coordination in the dimer state would 

presumably occur with residues from each monomeric subunit at the dimer interface.69 It is 

apparent that in both tetrameric and dimeric states, the FeS cluster(s) associated with HydF 

would be exposed and solvent accessible (although presumably to varying extents), and this 

is likely related to HydF’s in vivo function to transiently bind and transfer the 2Fe subcluster 

to HydAΔEFG.21 Furthermore, the FeS cluster binding ligands are found on loop regions 

within a cleft; this architecture would provide substantially more degrees of freedom for the 

rearrangement of the FeS cluster species.21 The accessibility of HydF’s [4Fe-4S] cluster has 

been corroborated by a recent hydrogen/deuterium exchange, 3p-ESEEM and HYSCORE 

spectroscopic study on T.n. HydFΔEG; this report shows that H2O molecules are bound in 
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close proximity to the [4Fe-4S] cluster and that a protonated exogenous molecule (assigned 

as a hydroxyl group) acts as a ligand to the exchangeable, site-differentiated iron of the 

cluster (see Discussion below).38 Similar analysis of the [2Fe-2S] cluster environment on 

HydF is currently lacking, and it is therefore difficult to discern at this point in time if it is 

bound in a similar pocket as the [4Fe-4S] cluster. In other words, it is unknown if the 

[2Fe-2S] cluster also contains an exchangeable, site-differentiated iron, or if the [2Fe-2S] 

cluster site is as solvent exposed as the [4Fe-4S] cluster appears to be. If the dimer and 

tetramer states of HydF each coordinate distinct FeS cluster species, then these FeS clusters 

should be expected to reside in different environments despite the commonality in their 

protein-derived ligands. These putative differences may very well reflect distinct in vivo 
roles for the individual clusters during the maturation process.

The role of Cys304, Cys353, and Cys356 (numbering from C.a. sequence) in FeS cluster 

coordination has been examined by site-directed mutagenesis, and perturbations to these 

amino acids resulted in deleterious effects on either HydAΔEFG activation, iron quantitation, 

or FeS cluster binding, leading to the conclusion that these residues play a critical role in 

FeS cluster coordination.11,37,44 Remarkably, the presence of histidine coordination to the 

[4Fe-4S] cluster appears to be variable among HydF proteins from different sources.21 

HYSCORE spectroscopy has demonstrated that in C.a. HydFΔEG, His352 is the fourth 

ligand to the [4Fe-4S] cluster, although a His352Ala variant was observed to bind a [4Fe-4S] 

cluster suggesting that on some level this amino acid is dispensable.31,37 It should be noted, 

however, that His306 and His352 residues in the C.a. protein play crucial roles, as 

expression of histidine variant HydFEG proteins does not afford HydAΔEFG activation.37,44

Interestingly, HYSCORE data with both T.m. and T.n. HydFΔEG proteins reveal that 

histidine coordination is absent; nitrogen coordination to the [4Fe-4S] cluster is, however, 

observed in the presence of exogenous imidazole, supporting the notion that one ligand site 

of the cluster is exchangeable and accessible to solvent.30,37,51 Along these lines, 

coordination to the [4Fe-4S] cluster in T.m. HydFΔEG by a histidine from the affinity tag 

present at the protein’s N-terminus has been observed.51 The studies described herein 

utilized wild type His-tagged C.a. HydFΔEG protein, and the enzyme analyzed in the freshly 

purified state contained exogenous imidazole. It is important to note that the [4Fe-4S]2+/+ 

and [2Fe-2S]2+/+ spectroscopic features described herein were observed in freshly purified, 

as-isolated, and chemically reconstituted samples of HydF; thus the FeS cluster 

spectroscopic signatures were retained when excess imidazole was removed either by 

dialysis or gel filtration. Moreover, we tested the effects of imidazole on freshly purified 

protein by immediately removing it from the protein via gel filtration after it was eluted 

from the HisTrap column; the sample was analyzed by UV–vis and CD spectroscopy 

concomitant with the preparation of EPR spectroscopic samples. The FeS cluster 

spectroscopic features of these samples were indistinguishable from those observed in 

freshly purified enzyme (Figure S13). Although we cannot unambiguously demonstrate that 

imidazole is not acting as a ligand to the FeS cluster(s) in our preparations of HydF, given 

that His352 is an FeS cluster ligand in the native Strep-tag II C.a. HydFΔEG protein37 and 

that the His-tagged C.a. HydFEG protein binds the 2Fe subcluster and activates 

HydAΔEFG,28,32,44 we expect that the spectroscopic features shown herein represent the 

native FeS cluster states associated with the protein.
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It should be noted that the existence of an accessible site on the [4Fe-4S] cluster may 

implicate this location as being involved in the coordination (through a bridging ligand) of 

the 2Fe subcluster.21,34,50,51 It is intriguing to speculate that the [2Fe-2S] cluster observed 

herein may occupy this same site, either acting as a placeholder for HydG-derived 

Fe(CO)2CN units22 or serving as a scaffold for 2Fe subcluster assembly.28 A critical issue 

for delineating the pathway of 2Fe subcluster biosynthesis is to clarify the source of the two 

iron species. While it has been reported that HydG-derived 57Fe is transferred to HydA 

during the maturation process,22 careful examination of the experimental conditions 

underlying these results reveals that 57Fe in the HydG lysate used in activation could have 

accounted for the label ending up in the H-cluster; thus, it is difficult at this point to 

definitively rule out a [2Fe-2S] cluster precursor bound to HydFΔEG as the source of the iron 

species that are transformed into the 2Fe subcluster.28 Moreover, the apparent ability to 

cycle between oxidation states may support the notion that the [2Fe-2S] cluster functions in 

a scaffold-type role during biosynthesis, as the accessibility of lower cluster oxidation states 

may be an essential property of a cluster scaffold that sequentially accepts π-acid CO and 

CN− ligands. The experimental demonstration that the dimer and tetramer species of HydF 

are in dynamic equilibrium with one another raises the intriguing question as to which 

quaternary form interacts with HydE and HydG. We are currently working toward clarifying 

this issue, as well as demonstrating the FeS cluster states through Mössbauer spectroscopy. 

These future studies should help delineate the role that the redox active [2Fe-2S] cluster on 

HydFΔEG plays during maturation of the 2Fe subcluster.

CONCLUSIONS

EPR spectroscopic studies of HydFΔEG from different sources and prepared in multiple 

laboratories have provided consistent evidence for the presence of [4Fe-4S] clusters; 

however the evidence for [2Fe-2S] clusters in this protein has proved more controversial. 

EPR signals similar to what we originally assigned to a [2Fe-2S]+ cluster in reduced 

HydFΔEG28 have more recently been proposed to arise from a protein-derived radical species 

or a [3Fe-4S]+ cluster, despite temperature profiles that are inconsistent with either of these 

species.36–38 While a similar g ≈ 2 EPR signal was observed for S.o. HydF, the authors 

concluded that it could not arise from a [2Fe-2S]+ cluster because no exogenous reducing 

agents were used in sample preparations, and treatment with DT resulted in the 

disappearance of this signal.36 Here we have resolved these discrepancies by demonstrating 

that C.a. HydFΔEG purifies with a mixture of [2Fe-2S]2+/+ states in the absence of 

exogenous reducing agents, with the 1+ state giving rise to the g ≈ 2 EPR signal observed in 

HydFΔEG from multiple sources. Use of strong reducing agents such as DT can reduce this 

cluster to a diamagnetic state, thus explaining the absence of the [2Fe-2S]+ cluster signal, as 

well as its variable intensity, in many studies.30,36–38,51 The precise environment of, and role 

for, the [2Fe-2S] cluster of HydF has yet to be determined. We previously proposed that this 

cluster was the scaffold for assembly of the 2Fe subcluster precursor of the H-cluster upon 

delivery of the H-cluster ligands synthesized by HydE and HydG. It is also possible that the 

[2Fe-2S] cluster of HydF is a placeholder that is displaced upon delivery of “synthons” from 

HydG. Alternatively, the [2Fe-2S] cluster could play a role in electron transfer during 

assembly of the 2Fe subcluster on HydF. While our current study cannot differentiate 
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between these possibilities, it provides the framework for a more complete understanding of 

the function of HydF. An important next step will be to determine whether the [2Fe-2S] 

cluster is near to, or even bridged to, the [4Fe-4S] cluster of HydF in a manner reminiscent 

of the H-cluster, as has been proposed by others.50
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ABBREVIATIONS

C.a Clostridium acetobutylicum

C.p Clostridium pasteurianum

CpI [FeFe]-hydrogenase I from Clostridium pasteurianum

E. coli Escherichia coli

EPR electron paramagnetic resonance spectroscopy

FeS iron sulfur

FTIR Fourier transform infrared spectroscopy

GTP guanosine triphosphate

HydA [FeFe]-hydrogenase

HydAΔEFG HydA expressed without HydE, HydF, and HydG maturases

HydAEFG HydA coexpressed with HydE, HydF, and HydG maturases

HydFΔEG maturase protein HydF expressed without HydE and HydG

HydFEG maturase protein HydF coexpressed with HydE and HydG

HYSCORE hyperfine sublevel correlation spectroscopy

3P-ESEEM 3-pulse electron spin echo envelope modulation

P1/2 microwave power of half signal saturation
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PFL-AE pyruvate formate lyase activating enzyme

SAM S-adenosyl-L-methionine

S.o Shewanella oneidensis

T.m Thermotoga maritima

T.n Thermotoga neopolitana

WT wild type

XAS X-ray absorption spectroscopy
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Figure 1. 
Left panel. X-ray crystal structure of [FeFe]-hydrogenase from Clostridium pasteurianum I 

(CpI) (PDB: 3C8Y). The H-cluster is highlighted within the oval. The H-cluster and 

accessory FeS clusters are depicted as spheres. Color scheme is as follows: iron, rust; sulfur, 

yellow; carbon, gray; oxygen, red; nitrogen, blue. Right panel. Hypothetical maturation 

scheme for 2Fe subcluster biosynthesis (see main text for additional details).
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Figure 2. 
Changes in spectroscopic properties and oligomeric state accompanying a freeze/thaw event 

for a single sample of HydF. (A) UV–visible absorbance changes for freshly purified HydF 

before (black; 99 μM protein at 2.18 ± 0.08 Fe/dimer) and after a single freeze-thaw event 

(red). ε values are reported for the total Fe concentration in sample. (B) The corresponding 

circular dichroism spectra for the UV–vis spectra represented in panel A; Δε values shown 

are for total iron content in samples. (C) Gel filtration data for the samples shown in panels 

A and B. Solid lines represent the absorbance reading at 280 nm, while dashed lines 

represent absorbance reading at 426 nm. Color scheme is consistent in all panels.
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Figure 3. 
Low temperature CW X-band EPR spectroscopy of HydF samples. (A) As-isolated HydF 

(600 μM protein at 1.14 ± 0.08 Fe/dimer); spectra collected at 14 K. Data shown are for the 

same sample in its as-purified state (blue) and in its photoreduced state before (black) and 

after (red) a thaw/freeze event. (B) Temperature relaxation profile for as-reconstituted HydF 

(98 μM protein at 4.8 ± 0.8 Fe/dimer). (C) As-reconstituted, photoreduced HydF (110 μM 

protein at 4.8 ± 0.8 Fe/dimer) before (black) and after (red) a thaw/freeze event. Spectra 

recorded at 10.5 K.
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Figure 4. 
EPR power saturation curves for PFL-AE and HydE. (A) Power saturation behavior of as-

isolated PFL-AE (1.68 mM protein with 2.70 ± 0.10 Fe/protein) FeS cluster signals 

([3Fe-4S]+ cluster signal (blue), 12 K, gain setting of 1 × 102; [2Fe-2S]+ cluster signal (red), 

30 K, gain setting of 1 × 103). (B) Power saturation behavior of FeS cluster signals in HydE. 

The [3Fe-4S]+ (blue) and [2Fe-2S]+ (black) cluster signals in as-reconstituted enzyme (344 

μM protein at 7.64 ± 0.10 Fe/protein) are depicted for 15 K; the [2Fe-2S]+ cluster signal at 

30 K (red) is also shown for comparative purposes. Also graphed is the [4Fe-4S]+ cluster 

signal at 15 K (green) from DT reduced enzyme with exogenous SAM added (275 μM 

protein at 7.64 ± 0.10 Fe/protein).
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Figure 5. 
EPR power saturation curves of the g ≈ 2.0 signal in HydF. (A) The power saturation 

behavior of the g ≈ 2.0 signal in freshly purified HydF (111 μM protein at 2.50 ± 0.08 Fe/

dimer) at 13 K (black) and 30 K (red). Also shown for comparative purposes is the power 

saturation behavior of the g ≈ 2.0 signal in as-isolated HydF (600 μM protein at 1.14 ± 0.08 

Fe/dimer) at 30 K (blue). (B) The power saturation behavior of the g ≈ 2.0 signal in freshly 

purified photoreduced HydF (110 μM protein at 2.50 ± 0.08 Fe/dimer) that has undergone a 

thaw/freeze event (13 K, black; 30 K, red).
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Figure 6. 
CW X-band EPR spectra of [2Fe-2S]+ cluster signals in HydF, PFL-AE, and HydE. The 

depicted spectra are as-isolated PFL-AE (1.68 mM protein with 2.70 ± 0.10 Fe/protein), 

black; as-reconstituted HydE (344 μM protein at 7.64 ± 0.10 Fe/protein), blue; freshly 

purified HydF (111 μM protein at 2.50 ± 0.08 Fe/dimer), green; as-isolated HydF (600 μM 

protein at 1.14 ± 0.08 Fe/dimer), orange; chemically reconstituted HydF (98 μM protein at 

4.8 ± 0.8 Fe/dimer), red; photoreduced, freshly purified HydF (110 μM protein at 2.50 

± 0.08 Fe/dimer) following an anaerobic thaw/freeze event, purple. As this is a reduced 

sample, this latter spectrum also contains the axial [4Fe-4S]+ cluster signal, and this 

provides an internal frame of reference in the figure. Signal intensities for all data were 

arbitrarily normalized to scale spectra for direct comparison. Experimental temperature 

values for the various samples are provided in the figure; all spectra shown were collected at 

1 mW power. The black asterisk denotes residual [3Fe-4S]+ content in the 30 K spectrum of 

PFL-AE (see Figures S6 and S10). The orange asterisk denotes a second [2Fe-2S]+ cluster 

signal that is most prevalent in the as-isolated HydF sample (refer to Figures S4, S8D, and 

S11D).
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Figure 7. 
Potentiometric titration curve for freshly purified HydF. The plot shows the disappearance of 

the [2Fe-2S]+ cluster signal as a function of decreasing solution potential (blue), 

concomitant with the appearance of the [4Fe-4S]+ cluster signal (black). The [4Fe-4S]2+/+ 

midpoint potential was determined by fitting the increase in the signal intensity of the g = 

1.89 feature as observed in 12.5 K, X-band EPR spectra to the Nernst equation for a 1 

electron redox process (red line). HydF sample details are 132 μM protein at 2.28 ± 0.12 Fe/

dimer.
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