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ABSTRACT 

[FeFe] hydrogenase from Clostridium beijerinkii (CbHydA1) is an unusual hydrogenase in that it can 

withstand prolonged exposure to O2 by reversibly converting into an O2-protected, inactive state (Hinact). It 

has been indicated in the past that an atypical conformation of the "SC367CP" loop near the [2Fe]H portion 

of the six-iron active site (H-cluster) allows the Cys367 residue to adopt an "off-H+-pathway" orientation 

promoting a facile transition of the cofactor to Hinact. Here, we investigated the electronic structure of the 

H-cluster in the oxidized state (Hox) that directly converts to Hinact under oxidizing conditions and the related 

CO-inhibited state (Hox-CO). We demonstrate that both states exhibit two distinct forms in Electron 

Paramagnetic Resonance (EPR) spectroscopy. The ratio between the two forms is pH-dependent but also 

sensitive to the buffer choice. Our IR and EPR analysis illustrate that the spectral heterogeneity is due to a 

perturbation of the coordination environment of the H-cluster's [4Fe4S]H subcluster without affecting the 

[2Fe]H subcluster. Overall, we conclude that the observation of two spectral components per state is 

evidence of heterogeneity of the environment of the H-cluster likely associated with conformational 

mobility of the SCCP loop. Such flexibility may allow Cys367 to switch rapidly between off- and on-H+-

pathway rotamers. Consequently, we believe such structural mobility may be the key to maintaining high 

enzymatic activity while allowing a facile transition to the O2-protected state. 

 

INTRODUCTION 

[FeFe] hydrogenases catalyze reversible heterolytic splitting of H2.1–4 The ability to produce hydrogen at 

staggering rates (~10,000 turnovers per second) makes [FeFe] hydrogenases potential candidates for 

biological H2 production in engineered organisms as a carbon-neutral alternative to currently employed 

ways of generating H2. 5–9 Many anaerobic organisms are replete with such enzymes that perform various 

metabolic functions. 4,10–13 The active site of [FeFe] hydrogenases (H-cluster) consists of a complex six-

iron cluster formed by a ferredoxin-like, four-Cys coordinated [4Fe4S]H subcluster connected to a [2Fe]H 

subcluster via a Cys-thiolate bridge (see figure 1).14–17 The [2Fe]H subcluster is a biologically unique 

cofactor consisting of two Fe ions coordinated by three CO and two CN- ligands as well as an azadithiolate 

(adt= [(SCH2)2NH]2–) bridge. The cysteine near the adt bridge is proposed to play an essential part in the 

conserved H+-transfer pathway in bidirectional [FeFe] hydrogenases.18–24 The notable divergences are the 

sensory [FeFe] hydrogenases missing this and other proton-transfer residues.12,25 Apart from the active site, 

most [FeFe] hydrogenases contain additional metallocofactors, such as [4Fe4S] ferredoxin-like 

clusters.10,11,26  
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One of the promising concepts for bio-H2 production is coupling an [FeFe] hydrogenase to photosystem I 

for light-driven H2 generation in phototrophic bacteria or algae.5–9 A major drawback of such an approach 

is that the inevitable presence of molecular oxygen (O2) in photosynthetic organisms would cause 

irreversible degradation of the active center of most known [FeFe] hydrogenases. While the exact 

mechanism of degradation is still debated, it is accepted that the interaction of O2 with the H-cluster leads 

to the formation of harmful reactive oxygen species (ROS). Intriguingly, it has been indicated that oxygen 

does not degrade the protein in the absence of the complete H-cluster, suggesting that O2 must be able to 

react with the active H-cluster to generate ROS. 27–30  

Morra et al.31 have shown that [FeFe] hydrogenase from Clostridium beijerinkii SM10 (termed CbA5H) 

can fully reactivate after removing oxygen from the sample solution contradicting the established paradigm 

of O2 sensitivity of this class of enzymes. We recently showed that a near-identical homolog from 

Clostridium beijerinkii NCIMB 14988 (CbHydA1) similarly tolerates the presence of oxygen even in the 

absence of any oxygen scavenging agents such as sodium dithionite.32 We confirmed that the enzyme 

transitions to the inactive, O2-protected state (Hinact), under aerobically or chemically oxidizing conditions. 

Our spectroelectrochemical experiments showed that the transition to Hinact is thermodynamically favorable 

at mildly oxidizing potentials, less than 100 mV above the Nernst potential of the H+/H2 couple.  

The unusual occurrence of a hydride-bound state (Hhyd) at low potentials and neutral pH led us to suggest a 

natural disruption of the H+-transfer pathway in CbHydA1.32 We hypothesized that the cause of the 

disruption is the reorientation of Cys367 to a non-productive rotamer. Taking the sulfide-bound Hinact 

(hereafter called Hinact-SH) in [FeFe] hydrogenase from Desulfovibrio desulfuricans (DdHydAB) as a 

precedent,14 we then suggested that the Hinact state in CbHydA1 has an Fe-S bond between the distal Fe of 

the [2Fe]H  subcluster (Fed) and the Cys367 sidechain. Theoretical calculations of the vibration frequencies 

of CN- and CO ligands of the Hinact state modeled with a Cys367 bound to the H-cluster agree reasonably 

well with our experimental observations. However, according to our calculations, another plausible 

explanation is the ligation of a hydroxide (OH–) ligand originating from a nearby water or due to the three-

electron reduction of O2. The experimental precedent for this model is the accumulation of the OH–-bound 

oxidized Ni-B state of the Ni-Fe active site in O2-tolerant [NiFe] hydrogenases.1,33–35 While this hypothesis 

does not directly involve the sidechain of Cys367, we believe its proximity to the open coordination site 

may be required for the efficacy of the transition to the Hinact state. 

 

Figure 1. Structure of the H-cluster. Tan and cyan SCCP loops are 

from structures of CpI (PDB: 4XDC) and CbA5H (PDB: 6TTL), 

respectively, and are aligned to by the position of the H-cluster. 
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In a more recent study, Winkler et al. confirmed that the Cys367 could be structurally aberrant in CbA5H.36 

The authors modeled X-ray diffraction data (PDB: 6TTL) of the aerobically crystallized CbA5H with the 

Cys367 coordinating the H-cluster. Unfortunately, due to the poor resolution of the electron density, it is 

not possible to conclude with certainty whether the presented model is indeed the only possible fit, 

especially considering an unlikely long Fed-S(Cys367) distance of about 3.1 Å. For instance, the Hinact-SH 

state in DdHydAB14 has an Fed-SH distance of 2.4 Å. Our DFT calculations on the Cys-coordinated model 

of Hinact showed a very similar Fe-S(Cys) distance of 2.36 Å.32 Unfortunately, the authors did not present a 

fit of the Fed-OH- model to refute our second structural model of the Hinact state. Therefore, while the Cys-

ligation to Fed would elegantly explain the process of inactivation, we believe further experimental 

validation is needed before drawing final conclusions about the structure of the Hinact state. Regardless of 

the exact inactivation mechanism, the structural peculiarity of Cys367 and the respective SCCP loop (see 

figure 1) seems unique to CbHydA1 and CbA5H. Therefore, it is tempting to suggest that this alternative 

configuration plays a role in the ability of CbHydA1 (and CbA5H) to access Hinact. Notably, Winkler et al. 

illustrated that a C367D amino acid substitution renders the respective variant of CbA5H O2-sensitive.36 

Another surprising observation is the direct transition between the Hox and the Hinact states without any 

observable intermediates in our spectroelectrochemical experiments.32 In constrast, studies with DdHydAB 

report the appearance of the intermediate (Htrans) state in the reductive activation of Hinact-SH to the Hox 

state, suggesting two separate steps of inactivation (and reactivation): the electron transfer and the ligand 

dissociation (sulfide, in this case).37 As a matter of fact, the transition from the Htrans state to the Hox state in 

DdHydAB requires a second 1e- reduction. However, the electron acceptor for the second step is likely not 

the H-cluster as both the Htrans and the Hox states of the H-cluster have the same S=1/2 spin state and thus 

are likely isoelectronic. The absence of the observable Htrans state in the case of CbHydA1 suggests coupling 

of ligand binding and an electron transfer. As ligand binding is inherently slower than electron transfer, the 

Hox-Hinact transition should be independent of the oxidizing potential. A recent study of inactivation kinetics 

in protein film voltammetry experiments supports this expectation.36  

Because CbHydA1 has bidirectional activity matching other [FeFe] hydrogenases,31,32,36 it is unlikely the 

Cys367 retains the “off-H+-pathway” configuration at all times. The Cys367-harboring flexible SCCP loop 

is more likely to be mobile and allow dynamic reorganization of the Cys367 sidechain.  In line with this 

notion, Winkler et al. proposed a kinetic equilibrium between two (active) states in the electrochemical 

inactivation process in CbA5H.36 Intriguingly, Rutz et al.38 have demonstrated enhanced electrochemical 

inactivation by making a near-surface M382E substitution in CbHydA1. The authors proposed that such a 

modification increases protein mobility. If dynamic rearrangement of the protein environment around the 

H-cluster occurs, we must see evidence of that in the spectroscopic signatures of the active CbHydA1. 

Therefore, we hypothesize that the oxidized, catalytically active (Hox) state directly preceding the formation 

of the Hinact state must show some signs of such structural perturbation. To address this hypothesis, we 

performed a series of Electron Paramagnetic Resonance (EPR) and Fourier-transform Infrared (FTIR) 

spectroscopic experiments to uncover possible perturbations to the electronic structure of the H-cluster in 

the Hox state. We also test a CO-inhibited variant of the Hox state (Hox-CO), which has the open coordination 

site of Fed occupied by carbon monoxide, excluding the possibility of binding an exogenous ligand, e.g., 

Cys367. Through the spectroscopic analysis, we show persuasive evidence that a structural heterogeneity 

indeed exists in the vicinity of the H-cluster.  
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RESULTS. 

CW EPR experiments show spectral heterogeneity. In our EPR experiments on CbHydA1 prepared at 

pH 7.5 in HEPES buffer, samples with the Hox and the Hox-CO states show two distinct spectral components 

each. In the case of the Hox state, the two EPR signals have very similar principal g-values (see figure 2). 

In the case of the Hox-CO state, the difference is much more dramatic. One of the EPR spectra (Hox-CO(1)) 

resembles a signal of a [3Fe4S]1+ cluster or a radical. Nonetheless, based on the pulse EPR measurements 

presented below, we are confident that the observed EPR signal originates from the CO-inhibited oxidized 

state of the H-cluster. The Hox(2) and Hox-CO(2) species are the two spectral forms most similar to the 

typical EPR spectra of Hox, and Hox-CO states observed in O2-sensitive   [FeFe] hydrogenases (see table 

S1). Note that the EPR spectra of the Hox state also contain minor contributions from the Hox-CO state with 

similar speciation to that of the pure Hox-CO samples (see the simulation in figure 2A).  

 

The two forms of either Hox or Hox-CO states have different power saturation behavior. The temperature-

dependent power saturation measurements (see figure S1) model well with a combination of Orbach and 

Raman spin-lattice relaxation processes. The former dominates at lower temperatures and the latter at higher 

temperatures. The Δ parameter of the Orbach relaxation appears to be very similar between the two forms 

of the same state, suggesting that the alteration of relaxation behavior is not associated with a modification 

of spin-spin interactions within the H-cluster. Surprisingly, the values of Δ extracted are at least three-fold 

lower than expected based on commonly used exchange coupling constants for the H-cluster (see discussion 

in the supporting information). Given the absence of similar data on the O2-sensitive enzymes, we can only 

speculate on the source of this discrepancy. A systematic investigation of the relaxation properties of the 

 

Figure 2. EPR spectra of the Hox (A) and the Hox-CO (B) states at pH 7.5 obtained by 

treating as-prepared (AP) sample of CbHydA1 with N2 and CO respectively. Blue traces 

are the experimental spectra measured at 40K. Red traces are the simulations using 

components depicted in shaded areas with the respective g-values presented above the 

spectra. Key experimental conditions: microwave frequency, 9.434 GHz; microwave 

power, 0.1 mW; modulation amplitude, 0.1 mT.  
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H-cluster in various [FeFe] hydrogenases is necessary to understand this phenomenon fully. We plan to do 

such a study in the future.  

Another crucial observation is that the speciation is pH-dependent. At neutral-to-low pH, EPR spectra are 

dominated by one form of the Hox (i.e., Hox(1)) and one form of the Hox-CO (i.e., Hox-CO(1)) states, while 

at high pH the two species of either of the states exist in roughly equal proportions (see figure S2 and table 

S2 in the supporting information). It is also important to note that the pH dependence is not entirely 

consistent and appears to change depending on the choice of the buffer (see figure S3). Noteworthy, the 

EPR spectral composition did not follow a monotonic trend when we varied buffers throughout the pH 

titration. However, the speciation persists regardless of the buffer, albeit in different proportions (see table 

S2). And so, these observations indicate that while pH plays a role, the origin of the speciation is not 

associated with an isolated protonation event of the H-cluster or a neighboring amino acid.  

FTIR experiments exclude protonation of the H-cluster. To clarify the origin of the speciation of Hox 

and Hox-CO states, we performed a pH-dependence study by FTIR spectroscopy (see figure 3). Spectra 

shown in figure 3 have been obtained from the same set of samples we used for EPR measurements shown 

in figure S2, i.e., using phosphate buffer. Remarkably, the positions of bands in the Hox and the Hox-CO 

states showed no detectable pH dependence. This result is highly intriguing, considering the dramatic 

change observed in the EPR spectra of the two Hox-CO states.  

 

Past studies have shown high sensitivity of the IR spectra to minute changes to the environment of the H-

cluster.39 Therefore, the absence of any pH-dependence in our IR experiments provides the first evidence 

against significant perturbation to the binuclear [2Fe]H subcluster due to protonation or pH-dependent 

binding of an additional ligand.  Also, this result rules out protonation of the [4Fe4S]H cluster proposed for 

other [FeFe] hydrogenases as such an event should have a noticeable (4-7 cm-1) shift in the IR spectra, well 

beyond the spectral resolution of the FTIR spectroscopy used.40–42 Therefore, we can rule out any change 

 

Figure 3. pH dependence of room-temperature FTIR spectra of CbHydA1 prepared under 1 atm N2 (A) or 1 atm CO 

(B) in phosphate buffer. Shaded areas are fits of bands assigned to various states of the H-cluster: green – Hinact, orange 

– Hox, purple – Hox-CO, blue – HredH+, grey – Hhyd. Dashed vertical lines indicate position of the CO and CN- bands for 

the Hox (A) and the Hox-CO (B) states. Insets show a scaled overlay of selected bands. 
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in the protonation state of the Hox and the Hox-CO states and the coordinating amino acids within the pH 

range used. By this exclusion, the pH and buffer dependence of the speciation in EPR observed must 

originate either from a secondary sphere or a more global structural modulation of the protein fold. Because 

buffer molecules may have a complex effect on the protein structure at different pH43–46, we cannot provide 

any further details about this phenomenon. Future work employing molecular dynamic simulations and 

high-resolution structural methods may provide further insight. 

It is also important to note that we could not test pH values lower than pH 7 in our EPR experiments as the 

samples automatically transitioned to the EPR-silent Hinact state without exogenous oxidants. According to 

the FTIR data, for the fully active CbHydA1, changing from neutral to acidic pH resulted in a near complete 

inactivation of the enzyme, while in the case of the CO-inhibited sample, the conversion is roughly 60-70% 

(see figure 3). Notably, the resulting IR spectra of the Hinact state are identical between the two sets of 

experiments. This ability to transition to the Hinact state at low pH indicates the low redox potential for the 

Hox-Hinact transition, which is in line with our previous observations of activation-inactivation hysteresis in 

protein film cyclic voltammetry measurements at low pH.32 

Pulse EPR experiments on the Hox states. To further understand the spectroscopic speciations and to 

provide a detailed description of the electronic structure of the [2Fe]H subcluster in CbHydA1, we 

performed pulse EPR experiments in combination with site-specific isotope labeling of the H-cluster.  

In the past, 13C (CN–) and 57Fe hyperfine coupling constants have proven very sensitive to the spin 

distribution around the di-iron subcluster.47–50 Following these past reports, we prepared samples that 

included either 13CN or [257Fe]H isotope-labeled counterparts (see supporting information) and performed 

Hyperfine Sublevel Correlation spectroscopy (HYSCORE) experiments to extract respective hyperfine 

(HF) coupling constants. 

 

In the case of the Hox state, two 57Fe HF interactions have been identified. The weaker coupling constant 

was determined in Q-band HYSCORE experiments (see figure 4), whereas the larger coupling is obtained 

from the line broadening of the CW EPR spectra. We could not differentiate the two different forms of the 

Hox state in these experiments. A satisfactory fit to the CW EPR and 57Fe HYSCORE data was obtained 

using an identical set of hyperfine coupling constants for the two Hox species. However, the broad nature 

Table 1. HF coupling constants of 13C and 57Fe nuclei. Numbers in parentheses 

are uncertainties in the least significant digit. 

Site HF coupling constants (MHz) 

(Axx, Ayy, Azz) 

Euler angles (deg) 

 Hox 

57Fep 
a,b -1.7(3) 11.8(3) 7.0(3) 42(5) 63(5) -60(5) 

57Fed 
a,b 16.0(5) 12.1(5) 16.8(5) 0(10) 0(10) 0(10) 

13Cp
 a,b 4.1(2) 5.6(2) 5.5(2) 0(10) 0(10) 0(40) 

13Cd
 a,b 30.5(5) 25.5(5) 27.0(5) 10(10) 20(10) 0(40) 

 Hox-CO 

57Fep
c 

6.0(5) 3.5(2) 0.0(5) 0(10) 20(5) 45(5) 
57Fep

d 6.5(5) 3.5(2) 0.0(5) 0(10) 5(5) 45(5) 
57Fed

c 3.4(2) 3.4(2) -2.3(2) n.d. 10(5) 0(10) 
57Fed

d 
3.1(2) 2.4(5) -2.4(2) 0(10) 26(5) 0(10) 

13Cp
 c,d 8.5(2) 6.5(2) 7.5(2) 0(10) 0(10) 0(10) 

13Cd
c,d 3.5(2) 5.5(2) 5.5(2) 0(10) 0(10) 0(10) 

a-form Hox(1), b- Hox(2), c- form Hox-CO(1), d- form Hox-CO(2). 
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of 57Fe HYSCORE signals may obscure the speciation.  Also, we found the 57Fe HF coupling constants to 

be similar to those obtained for [FeFe] hydrogenase I from Chlamydomonas reinhardtii (CrHydA1) by Rao 

and Britt.50 The complete set of HF coupling constants extracted is presented in table 1.  

 

Next, we performed similar experiments on the 13C-labeled samples. As expected, we identified two 

substantially different 13C HF couplings in HYSCORE measurement of the 13CN labeled CbHydA1. Due 

to the exact cancelation effect, the X-band HYSCORE experiments are dominated by the smaller 13C HF 

coupling, whereas the larger 13C HF coupling dominates the Q-band HYSCORE experiments (see figure 5 

and figures S4, S5 in the supporting information). Importantly, despite the narrow nature of the 13C cross-

 

Figure 4. Study of 57Fe HF interaction in the Hox state of 

CbHydA1. A. Effect of 57Fe-isotope labeling on the line 

broadening of the CW X-band EPR spectra. Blue traces are 

experimental spectra of unlabeled and 57Fe labeled samples of 

CbHydA1, red traces are simulations using Hox parameters 57Fep  

and 57Fed from table 1. B,D and F are Q-band HYSCORE 

spectra measured at g=2.10, 2.04 and 2.00  respectively. C, E 

and G are respective simulations accounting for 57Fep from 

table 1. Key experimental conditions for A: temperature, 40 K; 

MW power, 0.1 μW; modulation amplitude, 0.3 mT; MW 

Frequency, 9.4354 GHz. Key experimental conditions for B-F: 

temperature, 20K; Magnetic field, 1158.0 mT(B), 1191.4 mT 

(D), 1217.2 mT(F); MW Frequency, 33.980 GHz (B,F), 34.045 

GHz (D); t[π/2]=12 ns; τ=148 ns (B), 128 ns (D), 248 ns (F). 
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correlation ridges, we were not able to differentiate the two forms of Hox. Therefore, even if there is a 

difference in the 13C HF coupling constants between Hox(1) and Hox(2) species, it is within the error margins 

of determining the peak positions of the 13C HF interactions (±0.2 MHz). 

 

Speciation aside, we also can conclude that the spin distribution in the [2Fe]H subcluster is strongly biased 

towards one of the iron sites, which is in line with most studies of O2-sensitive [FeFe] hydrogenases. The 

close resemblance of the IR, EPR, and HYSCORE data to past studies on other systems allows us to assign 

the formal 1+ oxidation state to the distal iron. Consequently, we can conclude that in CbHydA1, the Hox 

state (regardless of the speciation) is characterized by a valence-localized Fe(II)p-Fe(I)d core of the [2Fe]H 

subcluster similar to other [FeFe] hydrogenases. 

Pulse EPR experiments on the Hox-CO states. Unlike the case of the Hox state, the two species of the Hox-

CO states observed can be separated based on the temperature dependence of the spin relaxation. The fast-

relaxing Hox-CO(2) species can only be observed in pulse EPR experiments at temperatures below 40K, 

optimally at 10-20K. At temperatures above 50-60K, pulse EPR spectra only show the Hox-CO(1) species 

(see figure S6). It is important to note that, contrary to pulse EPR, the two forms can be detected in CW 

EPR spectra up to 140 K (see figure S7). Since traverse spin relaxation (T2) governs the decay of signal in 

primary spin echo and free induction decay pulse sequences, we suggest that the temperature dependence 

of T2 may play a role in the depletion of the Hox-CO(2) signal in pulse experiments at high temperatures. 

Future investigation of the spin-relaxation of the H-cluster may provide a detailed explanation of this 

phenomenon. Nonetheless, taking advantage of this temperature behavior, we performed a series of 

HYSCORE measurements at low and high-temperature regimes to resolve 57Fe and 13C(CN) HF coupling 

constants separately for the two Hox-CO forms. For a direct comparison, we chose the field positions of the 

HYSCORE measurements to match the orientation selectivity patterns for the Hox-CO(1) and the Hox-CO(2) 

EPR spectra. 

Figure 6 shows 57Fe HYSCORE spectra acquired near the g⊥ and g|| values of the EPR spectra, along with 

the respective simulations. Both low- and high-temperature 57Fe HYSCORE spectra show two distinct 

signals, one in the (++) quadrant and one in the (+-) quadrant, that correspond to a weaker and a stronger 
57Fe HF coupling, respectively. The observation of the 57Fe signals from the [2Fe]H subcluster in the high-

temperature measurements unequivocally confirms our assignment of the more-isotropic, slow-relaxing 

 

Figure 5. HYSCORE spectra of the Hox state of 13C-labeled 

CbHydA1 measured at maximum absorption. A. X-band 

HYSCORE measurements at g=2.039. C. Q-band 

HYSCORE measurements at g=2.037. B and D are 

simulations of A and C respectively (see table 1). 

Experimental conditions can be found in the supporting 

information (figure S5). 
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EPR signal in the CO-treated CbHydA1 to the Hox-CO state, hence the name - Hox-CO(1). The complete 

set of HYSCORE spectra is shown in the supporting material (see figures S8 and S9). Comparing high- 

and low-temperature HYSCORE measurements, the position of the 57Fe cross-correlation ridges appears to 

be very similar for the Hox-CO(1) and Hox-CO(2) forms.  

 

Therefore, like the case of the Hox state, simulations of both low- and high-temperature sets of HYSCORE 

spectra reveal similar 57Fe HF coupling constants between the two forms of the Hox-CO state. The 

differences in the extracted HF coupling constants are within the error margins of determination between 

Hox-CO(1) and Hox-CO(2) (see table 1) 

To further understand the electronic structure of the [2Fe]H subcluster, we performed a HYSCORE study 

of the 13C(CN) labeled CbHydA1. Using X-band HYSCORE spectroscopy, we identified two 13C HF 

coupling constants in low- and high-temperature measurements, once again confirming our assignment of 

Hox-CO(1) to the CO-inhibited oxidized state of the H-cluster. Due to the position of the signals in 

HYSCORE spectra, two different blind-spot-defining τ-values were required to observe either the weaker 

or the stronger 13C HF interaction. The complete set of orientation-selective HYSCORE spectra can be 

found in the supporting information (see figures S10 and S11). Figure 7 shows the representative 13C 

HYSCORE spectra measured near the g⊥ position of the respective CW EPR spectra. As can be seen in 

 

Figure 6. Field dependence of the 57Fe HYSCORE spectra of high- and low-temperature species (A and B, 

respectively) together with the respective simulations using HF coupling constants from table 1 using Hox-CO(1) 

parameters for A and Hox-CO(2) parameters for B. Detailed experimental conditions are shown in figure S8 of 

the supporting information. 
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Figure 7, the two species show near-identical positions of the 13C signals. The simulations presented in 

figures S10 and S11 for Hox-CO(2) and Hox-CO(1) were performed using an identical set of 13C HF coupling 

constants. 

 

Given the drastic difference in the CW EPR spectra of the two forms, the similarity of 57Fe and 13C 

HYSCORE signals for Hox-CO(1) and Hox-CO(2) is staggering. Together with similar observations for the 

two forms of the Hox state, these results unequivocally show that the spectral speciation is not associated 

with a modulation of the electronic structure of the [2Fe]H subcluster whatsoever.  

DISCUSSION 

On the identity of the EPR-active species. The combination of FTIR, EPR, and HYSCORE studies 

presented above conclusively show that the two rhombic EPR signals of the N2-treated sample are of the 

"Hox" nature, and the two near-axial EPR signals of the CO-treated CbHydA1 are of the "Hox-CO" nature. 

The two EPR forms of the Hox state exhibit similar g-anisotropies but differ in their temperature dependence 

of the spin relaxation behaviours. The two EPR forms of the Hox-CO state have very different g-anisotropies 

and substantially different relaxation behavior. The fast-relaxing EPR signal Hox-CO(2)) resembles the 

typical Hox-CO state observed in many O2-sensitive [FeFe] hydrogenases (see table S1). The slow-relaxing 

Hox-CO form (Hox-CO(1)) has a substantially narrower spectrum, with the high-temperature relaxation 

behavior more reminiscent of an organic radical than that of a metallocofactor. We investigated the two 

Hox-CO forms separately by taking advantage of the differences in the relaxation behavior. The surprising 

similarity of the 57Fe and 13C HF coupling constants in the high- and low-temperature measurements 

unequivocally confirms that the two EPR forms originate from similar CO-inhibited states. This result 

simultaneously demonstrates that the speciation is not associated with any noticeable perturbations to the 

structure of the [2Fe]H subcluster either by varying ligand binding, varying interaction with a small 

molecule, e.g., proposed interaction with chloride51, protonation of the adt bridge40 or rearrangement of the 

CO and CN- ligands proposed earlier52,53. 

While we are confident in our assignment, it is intriguing to find that the Hox-CO(1) EPR spectrum is very 

similar to that of the radical-like signal (R●ox) proposed recently by Heghmanns et al. for CbA5H.54 The 

 

Figure 7. 13C HYSCORE spectra of 13C(CN)-labeled CbHydA1, measured at 

15 K (A, B) and 70 K (C,D). Simualtions and experimental conditions can be 

found in the supporting information (figure S10 and S11) 
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authors observed R●ox in EPR after exposing CbA5H to O2 while detecting predominantly the Hinact state by 

FTIR. The authors also reported strong 57Fe HF interactions in the [457Fe4S]H subcluster and suggested the 

proximity of the postulated R●ox radical to the H-cluster. The extracted 57Fe coupling constants resembled 

that of the Hox-CO state observed earlier for DdHydAB and CrHydA1.47,50 We attempted to repeat similar 

experiments with CbHydA1. However, just as we reported earlier,32 CbHydA1 exposed to air exhibited 

only a comparatively minor EPR signal typical for a [3Fe4S]1+ cluster similar to that observed in apo-

CbHydA1 lacking the [2Fe]H subcluster (see figure S12). Therefore, we can only speculate on the nature 

of Rox●, and whether it is a result of a specific sample preparation procedure used by Heghmanns et al.54 It 

cannot be excluded that the lack of Rox● in the Hinact state in our experiments is due to differences in the 

strains of Clostridium beijerinkii used. However, as the amino acid sequences for CbHydA1 and CbA5H 

only differ by a couple of residues (see figure S13), we consider this scenario unlikely. Another possibility 

is the incomplete O2-dependent inactivation of CbA5H, resulting in a residual Hox-CO(1) signal. The low 

spin concentrations of <0.1 spins/mol quoted by the authors for Rox● are in line with such a scenario. If that 

is the case, it may suggest that either Hox-CO(1) is more resilient to (over)oxidation to Hinact than Hox-CO(2) 

or that Hox-CO(2) may be more prone to oxidative damage upon reacting with O2 since both CbA5H and 

CbHydA1 show lower activity after reactivation.32,54 We putatively assign the Rox● species to Hox-CO(1), 

but further experiments are needed to fully understand the relationship between Rox● and Hox-CO(1).  

Furthermore, the 13C and 57Fe HF coupling constants observed in the Hox and Hox-CO states here are very 

similar to those observed in the Clostridium pasteurianum hydrogenase I (CpHydA1 or CpI) and CrHydA1, 

indicating that the electronic structure of the [2Fe]H subcluster in CbHydA1 is very similar to that of O2-

sensitive [FeFe] hydrogenases. Therefore, it is unlikely that peculiarities of the electronic structure of the 

[2Fe]H subcluster in CbHydA1 play roles in the ability of the enzyme to access the Hinact state. 

Speciation is not associated with a modification to the charge distribution, or the spin-spin 

interactions of the H-cluster. The temperature-dependent power saturation study provides another 

important piece of information. The Orbach relaxation parameter Δ is the energy gap between the ground 

and the first excited spin state of the H-cluster. As discussed in the supporting information, the Δ parameter 

depends on the spin-spin interactions within the five-spin system of the H-cluster. The fact that a very 

similar Δ parameter characterizes the two EPR forms of Hox and, separately, the two EPR forms of Hox-CO 

is an indication of little-to-no variation in the spin-spin interactions within the H-cluster for either of the 

states. This rules out a possibility of a major reorganization of the spin-spin interactions between the 

components of the six-iron cofactor. The absence of any substantial alterations to the 13C and 57Fe HF 

coupling constants among two forms of the same state also supports this conclusion. Logically, this leaves 

us with the only possible conclusion: the speciation observed in EPR spectra is due to the local perturbations 

to the Fe sites in the [4Fe4S]H subcluster without a significant effect on the overall spin-state of the H-

cluster. 

We now discuss how these local perturbations are manifest in CbHydA1. Due to a complete invariance of 

the FTIR spectral components to changes in pH, we argue against any change in the protonation state of 

coordinating amino acids. Senger et al. proposed a protonation of one of the cysteines of the [4Fe4S]H 

subcluster at acidic pH in O2-sensitive [FeFe] hydrogenases by the blue shift of CN- and CO bands in ATR-

FTIR spectra of the Hox state.40,41 While there is a debate about the interpretation of experimental data,42 

DFT calculations by Senger et al.40 consistently predict a well-resolved shift of more than 4 cm-1 for CN- 

and CO stretching bands upon protonation of Cys ligands of the [4Fe4S]H subcluster. The absence of any 

noticeable pH-dependent shifts in our IR experiments, thus, attests strongly against such a possibility.  

We also argue against any significant ligand or charge distribution modification of the H-cluster. Rodríguez 

Maciá et al. illustrated a dependence of the IR band positions on the redox state of nearby accessory FeS 
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clusters, highlighting an exceptional sensitivity of IR spectra of the H-cluster to changes in its 

environment.39 Therefore, we argue against any significant ligand or charge distribution modification of the 

H-cluster as a cause of the speciation observed in EPR. Consequently, we conclude that the chemical 

composition of the H-cluster is the same for the Hox(1,2) forms and the Hox-CO(1,2) forms. 

As we also argue against any significant modification to the spin state of the H-cluster (see above), the only 

remaining plausible explanation of the speciation is a geometric perturbation to the Cys-ligands of the H-

cluster.  

Electronic structure of the H-cluster. To provide further insight, we must evaluate whether a change in 

the local symmetry of the Fe ions in the [4Fe4S]H cubane can explain the observed differences in the g-

values of EPR spectra of two forms of the same state. An accurate prediction of g-values in multi-spin 

metallocofactors by quantum chemical calculations is prohibitively challenging. However, for this work, it 

is sufficient to consider the relationship between observed and intrinsic g-values resulting from the spin-

spin exchange coupling network (see commentary to Figure S1 in the supporting information for a detailed 

overview). 

 

 

Figure 8. A. Schematic representation of the spin-spin coupling scheme. 

B. Calculated projection coefficients (𝐾𝑖 , 𝑖 ∈ {𝐴, 𝐵, 𝐶, 𝐷, 𝐻}) as a 

function of jH/Jcube using eq. (3) in the supporting information. C. Effect 

of the change in the average intrinsic giso of Fe+2.5 on the observed g-

anisotropy as a function of jH/Jcube, calculated using eq. (6) in the 

supporting information. The graph illustrates an order-of-magnitude 

higher sensitivity of the EPR spectra of the Hox-CO state to the variation 

of the ligand field of the [4Fe4S]H subcluster that that of the Hox state. 
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In a nutshell, the [4Fe4S]H
2+ subcluster is best described as a system of two valence-delocalized Fe+2-Fe+3 

pairs (commonly called a Fe+2.5-Fe+2.5 pair).55,56 The ferromagnetic coupling within the pair leads to the 

ground state 𝑆𝑝𝑎𝑖𝑟 = 9/2. Strong antiferromagnetic coupling between spins of Fe+2.5-Fe+2.5 pairs leads to 

the singlet (𝑆𝑐𝑢𝑏𝑒,1 = 0) ground state and 𝑆𝑐𝑢𝑏𝑒,2 = 1 first excited state of [4Fe4S]H
2+ . The average 

coupling constant is designated as 𝐽𝑐𝑢𝑏𝑒 (see figure 8A). The [2Fe]H subcluster is described as a mixed-

valence pair of low-spin Fe ions (Fe+1-Fe+2) with a somewhat delocalized 𝑆𝐻 = 1/2 unpaired spin.48,50,57 

The spin-spin exchange coupling (𝑗𝐻) between FeD and the 𝑆𝐻 = 1/2 mixes the ground singlet |𝑆𝑐𝑢𝑏𝑒 = 0⟩ 

state and the excited triplet |𝑆𝑐𝑢𝑏𝑒 = 1⟩ state of the [4Fe4S]H subcluster.58,59 The resulting 𝑆𝑔 = 1/2 ground 

state of the H-cluster is a mixture of [2Fe]H-based and [4Fe4S]H-based spin wavefunctions. 𝐾𝑖 = ⟨𝑠𝑖𝑧⟩/⟨𝑆𝑧⟩ 

are spin projection coefficients that report on the mixing; ⟨𝑠𝑖𝑧⟩ are the expectation values for the individual 

spins (𝑖 ∈ 𝐴, 𝐵, 𝐶, 𝐷, 𝐻, see figure 8A,B). Consequently, 57Fe Mössbauer and EPR measurements report 

non-zero effective spin population on the Fe sites of the formally diamagnetic [4Fe4S]H subcluster.47,57,60  

The larger the 𝑗𝐻/𝐽𝑐𝑢𝑏𝑒 ratio, the stronger the effective HF coupling constants originating from the [4Fe4S]H 

subcluster, including that of the β-protons of Cys ligands.57  Based on the known 57Fe HF coupling constants 

in the [4Fe4S]H subcluster,47,50,60,61 it is possible to estimate the 𝑗𝐻/𝐽𝑐𝑢𝑏𝑒 ratio to be 0.11 and 0.49 for Hox 

and Hox-CO respectively (see figure 8B, see SI for more details). The apparent g-tensor of the H-cluster is 

a linear combination of the local (site) g-tensors (𝒈𝒊) of the individual spins scaled by the spin projection 

factors: 𝒈𝒐𝒃𝒔 = ∑ 𝐾𝑖𝒈𝒊𝑖 . Figure 8B shows the relevant constants calculated using equations shown in the 

supporting information. 

The exact anisotropy and orientation of the local g-tensors are unknown. Thus, a reliable analysis can only 

be performed on the isotropic component of the local and apparent g-tensors (𝑔𝑖𝑠𝑜 = (𝑔𝑥 + 𝑔𝑦 + 𝑔𝑧)/3). 

The relationship between the two can be approximated as 𝑔𝑖𝑠𝑜
𝑜𝑏𝑠 = (2𝐾𝐴,𝐵 + 2𝐾𝐶,𝐷)𝑔𝑖𝑠𝑜

𝑐𝑢𝑏𝑒 + 𝐾𝐻𝑔𝑖𝑠𝑜
𝐻 , 

assuming identical 𝑔𝑖𝑠𝑜
𝑐𝑢𝑏𝑒 = 𝑔𝑖𝑠𝑜(𝐹𝑒+2.5) for all four Fe sites of the [4Fe4S]H subcluster (due to symmetry 

considerations, seesupporting information). In a strong double exchange limit, 𝑔𝑖𝑠𝑜
𝑐𝑢𝑏𝑒 is an average of 

intrinsic 𝑔𝑖𝑠𝑜(𝐹𝑒+2) and 𝑔𝑖𝑠𝑜(𝐹𝑒+3).62–64 𝑔𝑖𝑠𝑜
𝐻  is the local g-value of the 𝑆𝐻 = 1/2 [2Fe]H subcluster that 

is largely unknown. Since all our experimental data suggest no alterations to the electronic structure of the 

[2Fe]H subcluster, we can assume that 𝑔𝑖𝑠𝑜
𝐻  values are effectively the same for the two spectral forms of the 

Hox and the Hox-CO states. Furthermore, we can consider the spin-projection factors (𝐾𝑖) effectively 

invariant to speciation since the Δ factor of the Orbach relaxation and the 13C, 57Fe HF coupling constants 

are very similar for the two forms of the same state. Using these assumptions, we can estimate the average 

deviation of the intrinsic g-values of Fe sites (Δ𝑔𝑖𝑠𝑜
𝑐𝑢𝑏𝑒) in the [4Fe4S]H subcluster based on the variation in 

the g-values of the observed EPR forms (Δ𝑔𝑖𝑠𝑜
𝑜𝑏𝑠). The ratio between the two as a function of the 𝑗𝐻/𝐽𝑐𝑢𝑏𝑒 

ratio is shown in figure 8C. The two Hox-CO states differ in 𝑔𝑖𝑠𝑜 by Δ𝑔𝑖𝑠𝑜
𝑜𝑏𝑠(Hox-CO) = 0.012 ± 0.002 and 

so we estimate that the 𝑔𝑖𝑠𝑜
𝑐𝑢𝑏𝑒 value for the two EPR forms of Hox-CO differ by Δ𝑔𝑖𝑠𝑜

𝑐𝑢𝑏𝑒(Hox-CO)  =

0.043 ± 0.006. In the case of the Hox state, Δ𝑔𝑖𝑠𝑜
𝑜𝑏𝑠(Hox) = 0.0023 ± 0.001 and thus Δ𝑔𝑖𝑠𝑜

𝑐𝑢𝑏𝑒(Hox) =

0.09 ± 0.04. Overall, considering the error margins in our estimations, the two EPR species of the Hox and 

the Hox-CO states are likely to have similar variations in the average intrinsic 𝑔𝑖𝑠𝑜
𝑐𝑢𝑏𝑒 by  

Δ𝑔𝑖𝑠𝑜
𝑐𝑢𝑏𝑒 ≅ 0.04 − 0.09. 

Experimental estimates of 𝑔𝑖𝑠𝑜(𝐹𝑒+2.5) in [4Fe-4S]2+ clusters are not available due to the typically 

diamagnetic nature of the cofactors. Therefore, we consider precedents from mono-nuclear, non-heme Fe 

systems instead. A deviation of 𝑔𝑖𝑠𝑜(𝐹𝑒+2.5) from the free electron 𝑔𝑒 = 2.0023 due to spin-orbit coupling 

is expected to be in between that of ferric and ferrous ions, with the latter (typically) exhibiting a larger 

divergence.62 To our knowledge, the largest reported variation in 𝑔𝑖𝑠𝑜(𝐹𝑒+2) due to structural perturbation 
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is observed in the C42S and C9S variants of Fe2+ rubredoxin from Clostridium pasteurianum by Yoo et 

al.65 Both of the studied variants showed two spectroscopic forms, A and B, with 𝑔𝑖𝑠𝑜(𝐴) = 2.0267 and 

𝑔𝑖𝑠𝑜(𝐵) = 2.1033, i.e., Δ𝑔𝑖𝑠𝑜(𝐹𝑒+2) = 0.0766. Unfortunately, the authors did not resolve exact nature of 

the structural perturbations causing such a difference in g-values. More direct structural insight can be 

gained from the study of flexible [Fe(C3S5)2]2− complexes by Zadrozny et al.66 A variation in the core 

[Fe2+S4] ligand geometry for different salts significantly impacted the g-values of the Fe2+ ion. The authors 

observed that a twist of two [C3S5] ligand planes by 10-15o off the orthogonal arrangement coincides with 

a substantial change in the character of the g-tensor with Δ𝑔𝑖𝑠𝑜(𝐹𝑒2+) ≅ 0.03 − 0.07. Since Δ𝑔𝑖𝑠𝑜 in these 

studies are on par with our estimations, this comparison validates our notion that a conformational variation 

in the local environment of the [4Fe4S]H cluster is sufficient to cause noticeable changes in the observed g-

values.  

To corroborate such a possibility, we performed 1H Electron Nuclear Double Resonance (ENDOR) 

experiments on the Hox-CO state. Strong inter-subcluster exchange (jH) in this state results in the dominant 

contribution of [4Fe4S]H-based spin wavefunctions to the spin ground state (see figure 8B). Consequently, 

signals from the β-protons on the Cys ligands of the [4Fe4S]H
 dominate the 1H ENDOR spectra.57 As 1H 

HF coupling constants are highly sensitive to the relative orientation of Cys-S ligands 67–69, such spectra are 

good reporters of structural perturbations of the coordination environment of [4Fe4S] clusters. Indeed, a 

direct comparison of 1H ENDOR spectra of Hox-CO(1) and Hox-CO(2) forms shows substantial differences 

(see figure S14), validating a structural reorganization of the S-Cys ligands to the [4Fe4S]H cluster from 

one EPR form to the other. Unfortunately, detailed analysis of such spectra has a large uncertainty due to 

the broad nature of underlying spectral components. Extracting structural metrics from the perturbations 

observed requires measurements on single-crystal protein samples.69,70 Generation of such samples of 

CbHydA1 has been, so far, largely unsuccessful. TRIPLE or liquid-state paramagnetic NMR may be 

promising alternative methodologies to explore in the future in conjunction with advanced quantum 

chemical computations.  

Nature of structural heterogeneity in CbHydA1. Information about the structural mobility of the protein 

environment of the H-cluster in [FeFe] hydrogenases is very limited. To our knowledge, the only applicable 

experimental precedent is the work of Artz et al. on the O2-sensitive enzyme CpHydA1 (historically known 

as CpI).15 Using high-resolution X-ray crystallography, the authors have illustrated conformational 

heterogeneity of two amino acids neighboring the H-cluster, Ser357, and Met353, and proposed a role for 

amino acid mobility on the catalytic bias of CpHydA1.15 Based on the structure (PDB: 6N59), Ser357 can 

directly interact with one of the [4Fe4S]H-binding cysteines while Met353 is in proximity to the bridging 

CO ligand of the [2Fe]H subcluster. While we can rule out an identical effect to be at play in CbHydA1 

since Ala425 is in the Ser357-equivalent position, it is important to note that no structure-linked speciation 

of EPR spectra of the Hox and Hox-CO states have ever been reported for CpHydA1. The authors justifiably 

proposed redox-dependent conformational changes rather than a dynamic rearrangement.  

To formulate a hypothesis, we compared the environment of the [4Fe4S]H of the aforementioned structure 

of CpHydA1 with that of air-exposed CbA5H (PDB 6TTL).36 Since the former represents a typical structure 

of the active enzyme and the latter represents the divergent structure associated with the Hinact state, this 

comparison approximates the possible structural mobility in CbA5H and CbHydA1. As seen in figure 9, 

the positioning of the loops and helices bearing three coordinating cysteines (Cys423, Cys571, and Cys567 

for CbHydA1) match very closely for the two structures. This suggests that these protein regions are not 

markedly mobile or even differ from system to system. On the other hand, the conserved SC367CP loop 

bearing the Cys367 and Cys368 is noticably different between the two structures, which suggests potential 

mobility as was, in fact, proposed by Winkler et al.36 and, most recently, by Rutz et al.38  
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We could not find any other substantial divergence in the environment of the [4Fe4S]H subcluster. 

Therefore, the scenario in which the motion of the SCCP loop allows for a considerable alteration of the 

[4Fe4S]H ligand geometry appears to be the most reasonable explanation of the observed speciation, at least 

given the available structural data. Consequently, we propose that the exsistence of two spectral forms of 

the Hox and the Hox-CO states in EPR is the hallmark of the structural heterogeneity of the SCCP loop. It 

remains to be seen whether this phenomenon is associated with a rapid switch between at least two  distinct 

conformations or a continuous mobility with two (or more) potential minima. Our EPR analysis is of frozen-

solution samples, so we have no definitive way of discriminating the two possibilities. 

Further crystallographic and spectroscopic experiments are needed to provide structural details of the 

observed phenomenon. Nonetheless, the work presented here provides the first experimental evidence for 

the existence of structural mobility of the H-cluster environment in CbHydA1. Because the Hox(2) and the 

Hox-CO(2) forms almost completely vanish at mildly acidic conditions that promote (auto)inactivation, it is 

tempting to suggest that adapting to an inactivation-favorable confirmation is required prior to the transition 

to Hinact. If true, then the two interchanged states preceding Hinact suggested by Winkler et al. would be the 

Hox(2) and the Hox(1) states (see scheme 1 below).  

Scheme 1. 

 

 

 

Figure 9. Comparison of the coordination environment of 

the [4Fe4S] cluster. Gray – structure of CpHydA1 (PDB: 

6N59), Blue and Cyan – structure of CbA5H (PDB: 6TTL) 
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CONCLUSIONS 

In this work, we applied EPR and FTIR spectroscopy to investigate the active oxidized state (Hox) of 

CbHydA1 and its CO-adduct (Hox-CO). Using CW EPR measurements, we observed two forms of both 

states. HYSCORE and FTIR investigation of the electronic structure of the H-cluster reveal no alterations 

to the coordination environment of the [2Fe]H subcluster that would explain such spectral speciation. These 

results also exclude the possibility of an intermittent weak interaction between the distal Fe site and the S-

Cys367 in the active H-cluster. Furthermore, we conclude that the electronic structure of [2Fe]H is highly 

similar between CbHydA1 and previously studied O2-sensitive [FeFe] hydrogenases. Based on the 

invariance of FTIR bands associated with the Hox and the Hox-CO states to pH, we exclude the protonation 

of the H-cluster either at the [2Fe]H or the [4Fe4S]H subcluster, at least in the pH-range studied. By 

exclusion, the extensive analysis presented here allows us to conclude that a structural modulation of the 

environment of the [4Fe4S]H subcluster is the cause of speciation. Therefore, we conclude that the 

observations of two (iso)forms of the oxidized states of the H-cluster in EPR report on the unusual mobility 

of the environment of the active center of CbHydA1. To our knowledge, such a spectroscopic phenomenon 

is unprecedented in O2-sensitive [FeFe] hydrogenases; and so we suggest that the structural heterogeneity 

uncovered here is linked to the ability of CbHydA1 to transition to the O2-protected state. Consequently, 

we propose a rapid switch between protein conformations in the vicinity of the H-cluster, one of which 

allows the bidirectional activity of the enzyme while the other promotes transition to the inactive state under 

oxidizing conditions.  

SUPPORTING INFORMATION 

Materials and methods; review of relevant spin-spin exchange formalisms; temperature dependence of CW 

EPR power saturation together with a commentary; supplementary EPR, HYSCORE and ENDOR figures 

and related tables; amino acid sequence alignment of CbHydA1 and CbA5H. 
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