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Abstract

The [FeFe] hydrogenase catalyzes the redox interconversion of protons and H2 with a Fe-S 

“H-cluster” employing CO, CN, and azadithiolate ligands to two Fe centers. The biosynthesis 

of the H-cluster is a highly interesting reaction carried out by a set of Fe-S maturase enzymes 

called HydE, HydF, and HydG. HydG, a member of the radical S-adenosylmethione (rSAM) 

family, converts tyrosine, cysteine, and Fe(II) into an organometallic Fe(II)(CO)2(CN)cysteine 

“synthon”, which serves as the substrate for HydE. Although key aspects of the HydG mechanism 

have been experimentally determined via isotope sensitive spectroscopic methods, other important 

mechanistic questions have eluded experimental determination. Here we use computational 

quantum chemistry to refine the mechanism of the HydG catalytic reaction. We utilize QM/MM 

molecular dynamics simulations to investigate the reactions at the canonical Fe-S cluster, where 

a radical cleavage of the tyrosine substrate takes place and proceeds through a relay of radical 

intermediates to form HCN and a COO•− radical anion. We then carry out a broken symmetry 

DFT study of the reactions at the unusual five-iron auxiliary Fe-S cluster, where two equivalents 

of CN− and COOH• coordinate to the fifth “dangler iron” in a series of substitution and redox 

reactions that yield the synthon as the final product for further processing by HydE.
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1 Introduction

Hydrogenases are fascinating metalloenzymes that catalyze the reversible interconversion 

of H2 and H+/e–. They are categorized into [FeFe], [NiFe] and [Fe] subtypes according to 

the metal composition of their active site cofactors.1,2 The [FeFe] hydrogenase is highly 

active in H2 production, with rates up to 104/s, making it of great interest to the renewable 

energy community.3 This high activity is rendered by the unique catalytic center of [FeFe] 

hydrogenases, a six-Fe “H-cluster” consisting of a [4Fe–4S]H cluster linked through a 

cysteine S to a [2Fe]H cluster in which the two iron centers are coordinated by diatomic 

CO and CN− ligands, as well as an unusual azadithiolate (adt, NH(CH2S–)2) bridging ligand 

(Scheme 1). The unique structure and activity of the H-cluster thus raise the intriguing 

question as to its biosynthesis; a multi-component, step-by-step assembly made challenging 

by toxic ligands, oxygen sensitivity, and the inherent chemical instability of the adt moiety.

Genetic and biochemical studies have shown that three Fe-S cluster proteins, HydE, 

HydF and HydG, are essential to the biosynthesis of the H-cluster.4,5 In particular, 

it is demonstrated that the radical S-adenosyl-L-methionine (rSAM) enzyme HydG is 

responsible for the biogenesis of the toxic CO and CN− ligands and their passivation by the 

formation of a [Fe(CO)2(CN)(cysteinate)] organometallic synthon.6–9 Recent work shows 

that this HydG product synthon serves as the substrate for another rSAM enzyme, HydE, 

which in turn generates [FeI(CO)2(CN)S]-containing intermediates that are proposed to 

undergo dimerization to form the core of the [2Fe]H subcluster.10 It was also recently shown 

that the NH(CH2)2 component of the adt ligand is sourced from serine.11 Once assembled, 

presumably on the HydF protein,12 the [2Fe]H cluster is delivered to an apo-hydrogenase 

that harbors only the [4Fe-4S]H subcluster, allowing the completion of the fully active 

H-cluster.13

Despite these recent advances, questions remain regarding the detailed steps of the 

bioassembly pathway, even those involving the best understood maturase, HydG. 

Specifically, the molecular mechanism of CO and CN− formation is only partially defined 

by experiments. HydG contains two Fe-S clusters at either end of a 24 Å hydrophobic 

TIM barrel. These two clusters fulfill two distinct functions.14 As shown in Figure 
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1, the N-terminal cluster, a rSAM 4Fe–4S cluster such as found in all radical SAM 

enzymes, initiates the rSAM chemistry to generate the 5′-dAdo• radical which abstracts 

an amino hydrogen atom from tyrosine and induces Cα-Cβ homolysis to form a 4-

hydroxylbenzyl radical (4-OB•) as detected by EPR spectroscopy, along with a proposed 

dehydroglycine (DHG) molecule.15 It is thought that the DHG is then converted into a 

CO and CN− pair inside HydG; these diatomic ligands are delivered to the C-terminal 

[4Fe-4S]-[Fe(cysteinate)] auxiliary cluster, where they bind to the unique fifth “dangler Fe” 

to form a [4Fe-4S]-[Fe(CO)(CN)(cysteinate)] intermediate revealed by stop-flow FTIR and 

EPR spectroscopy.16? ,17 A second pair of CO/CN− generated from Tyr further convert this 

intermediate to the [Fe(CO)2(CN)(cysteinate)] synthon product and a [4Fe-4S]-CN cluster 

that is subsequently reconverted to the resting state configuration with a fresh cysteine 

ligand replacing the CN− and then binding a new Fe2+.16

It remains elusive how DHG undergoes C-C bond cleavage to form CO and CN−; the 

simple hydrolysis reaction would yield ammonium and glyoxylate instead. It is also unclear 

whether and how the auxiliary cluster is involved in the decomposition of DHG, although 

this relevance is inferred from the observation that the auxiliary cluster knock-out mutant of 

HydG generates only CN− at a much slower rate without any detectable CO,9 and that the 

H265N mutant, which abolishes the dangler Fe in the auxiliary cluster, generates cyanide 

and formate only, again without CO.18 These results seem to imply, as alleged in the latter 

study, that the formation of CN− may occur at the rSAM site, whereas the formation of 

CO requires the dangler Fe site in the auxiliary cluster. This proposal is yet incomplete 

however, in that the detailed reaction mechanism for both CO and CN− formation needs to 

be clarified, and also given that the ligand environment and the electronic structure of the 

dangler Fe is dramatically altered upon binding of the first CO/CN− pair (high-spin, S = 2 to 

low-spin, S = 0),19 so the chemistry leading to the second CO ligand must differ from that 

of the first CO and CN− addition. Despite these previous efforts, it is challenging to address 

these remaining issues by purely experimental approaches. Tracking the fate of DHG in the 

active site pocket and the protein channel is difficult to achieve since relevant spectroscopic 

markers are currently lacking.

Here we investigate the reactions in HydG using computational quantum chemistry in order 

to gain insights into the experimentally inaccessible portions of the catalytic mechanism and 

guide further experimental design. The study involves two main parts: the first part is a 

series of hybrid QM/MM molecular dynamics calculations of the reactions at the canonical 

Fe-S cluster. Here, the 5’-deoxyadenosyl radical (5’dAdo•) initiator cleaves the tyrosine 

substrate, the products of which proceed through a relay of radical intermediates ending in 

HCN and a COO•− radical anion. The second part is a broken symmetry DFT study of the 

reactions at the auxiliary Fe-S cluster where two equivalents of CN− and COOH• coordinate 

to the dangler Fe in a series of substitution and redox reactions that yield the synthon as the 

final product. The presented mechanistic hypothesis is supported by computational data and 

consistent with experimental results, and reveals important and previously hidden features of 

the catalytic mechanism of HydG.
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2 Computational Methods

Herein, the crystal structure of HydG (pdb ID: 4WCX) was used as a starting point to study 

the catalytic mechanism.14,16,20 The reactions that occur around the canonical [4Fe-4S] 

cluster were simulated using a hybrid density functional theory QM/MM umbrella sampling 

approach with the help of the Q-Chem/AMBER interface.21–23 The reactions occurring at 

the auxiliary [4Fe-4S] cluster were studied using a cluster model of the active site due 

to elevated computational cost, with calculations performed by the TeraChem software 

package.24–26 EPR properties for selected structures were comptued using the ORCA 

software package.27,28 Further details of the calculations including structural modeling, the 

level of QM theory,29,30 basis set,31–34 and the choice of QM region and force fields35–38 

used in the QM/MM calculations are provided in the Supporting Information.

3 Results and Discussion

Tyrosine Radical Formation.

It has been reported by Britt, et al. that the HydG catalytic reaction is initiated by electron 

transfer from the reduced rSAM Fe-S cluster to its bound SAM cofactor, leading to 

the formation of a 5’-deoxyadenosyl radical (5’dAdo•) that initiates tyrosine homolytic 

cleavage.39,40 Because the Fe-S cluster induced decomposition of SAM is a well-known 

and well-studied radical reaction in biological systems, it is not a focal point of this study, 

and here we only aim to demonstrate consistency with experiments. By driving the defined 

reaction coordinate RC1 = d(C…S) – d(Fe…S) (defined in Figure S4), we found that 

the activation energy of this reaction is approximately 26.3 kcal/mol (Figure S4) which is 

comparable with the HydG experimental kinetics studies (about 23 kcal/mol).41 Following 

this step, Dinis et al. proposed that the 5’-dAdo• radical abstracts a hydrogen atom from the 

tyrosine amino group,14 by analogy to the tryptophan lyase NosL, where X-ray structural 

analysis and computations indicated that H-atom abstraction occurs at a tryptophan amino 

group.42 As shown in Figure 2, the key structures of tyrosine radical generation (Figure 

2(A)) and the corresponding diagrams (Figure 2(B) and 2(C)) were depicted. The activation 

free energy of H• abstraction from the tyrosine amino group was calculated as 15 kcal/

mol, demonstrating that this H-atom abstraction is feasible at room temperature and is 

exothermic, releasing more than 6 kcal/mol of energy. This exothermic nature of the reaction 

is attributed to the increased electronegativity of the tyrosyl N relative to the 5’-dAdo• C1 

atom and by the rapid delocalization of the radical over the aromatic tyrosyl side chain, 

which we observed by monitoring the spin density along the reaction coordinate. We also 

considered an alternative pathway involving H-atom abstraction from the tyrosine α carbon 

in Figure S5, and ruled it out due to the activation barrier being higher by ≈5 kcal/mol.

Tyrosine Decomposition.

As mentioned above, HydG and NosL share many similarities both in terms of protein 

sequence and functionality.14,20 However, there is one significant difference in the catalytic 

mechanism between NosL and HydG: it is reported that NosL catalyzes cleavage of the 

tryptophan Cα—C(=O) bond which generates a COO•− radical instead of a radical localized 

on the indole side chain.42 In HydG, it is believed that the DHG is a key intermediate, which 
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indicates that the cleavage of Cα—Cβ is required instead. We calculated the activation 

energies starting from different protonation states of the Tyr carboxyl group and found that 

it plays an important role in directing which Cα—C bond undergoes homogenous cleavage. 

As shown in Figure S6, the relative activation energies of the two different C—C cleavage 

mechanisms depends strongly on the protonation state of the model, and that the zwitterionic 

TYH model tends to undergo Cα—Cβ cleavage while the neutral TYY model tends to 

undergo Cα—C(=O) cleavage. The analysis of frontier orbitals in Figure S6 supports this 

result; the β LUMO, which is singly occupied, possesses σ-bonding character between Cα
—Cβ in TYH that is absent in TYY, and this is consistent with TYH favoring Cα—Cβ 
cleavage. All of these results suggest that TYH is the appropriate protonation state in HydG, 

and differences in protonation state may contribute to the distinct mechanisms of NosL and 

HydG, along with the intrinsic difference between Tyr and Trp side chains.

The results of tyrosine decomposition to DHG and 4-OB• are shown in Figure 3. The 

mechanism involves the transfer of a proton from the tyrosyl radical H2N• moiety to 

Glu133, thus a two-dimensional umbrella sampling calculation was carried out to calculate 

the reaction free energy along the Cα—Cβ bond length and the proton transfer coordinate. 

According to the free energy map and the key structures in Figure 3, the highest point on 

the barrier mainly involves C—C bond dissociation and the proton is transferred afterward. 

After the reaction, the intermediates DHG and 4-OB• are formed, and the radical on the 

latter is stabilized by the aromatic system.

DHG Decomposition and CN and COOH Generation.

Isotope labeling studies have confirmed that the CO and CN ligands originate from the 

atoms of tyrosine that belong to the DHG homolysis product. However, our calculations 

show that directly breaking the C-C bond in DHG to form HCN and CO2 is not feasible 

at room temperature (Ea > 35 kcal/mol). In addition, CO2 would then need to be reduced 

to CO, and the highly negative reduction potential of CO2 makes this process even less 

feasible. Herein, we propose a “radical relay” mechanism where the 4-hydroxybenzyl 

radical (4-OB•) produced by tyrosine lysis now abstracts an H atom from the DHG nitrogen 

(Figure 4 left). We calculate that the radical transfer process from the 4-OB• to the DHG 

is exothermic with ΔG = −4 kcal/mol and ΔG‡ = 18 kcal/mol, and more favorable than 

an alternative pathway involving H-atom abstraction from carbon (Figure S5). Next, the 

homolytic cleavage of the C—C bond in this newly formed DHG radical occurs with ΔG 
= +4 kcal/mol and ΔG‡ = 15 kcal/mol (Figure 4 right), making the sum of these two 

DHG-centered radical reaction steps thermodynamically neutral. The products of this new 

fission are HCN and another radical, COO•−. The well-studied radical anion of carbon 

dioxide has most of the unpaired spin localized on carbon.43 Importantly, this proposed 

mechanism provides a crucial role for the 4-OB•; rather than being simply quenched to form 

p-cresol, it plays an active role in fragmenting the co-formed DHG along the proper reaction 

pathway to produce CO and CN− rather than ammonia and glyoxylate.

The HCN and COO•− species are structurally similar but not identical to the CN− and CO 

that ultimately bind to the dangler iron located near the auxiliary cluster. Reduction of 

COO•− to CO requires a hydrogen atom donor, which we could not find in the vicinity of the 
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rSAM Fe-S cluster; attempts to transfer an H atom from cresol or nearby ionizable residues 

all resulted in activation energies of 30 kcal/mol or higher (Figure S7). Although it has been 

reported that COO•− can react with tryptophan side chains42 and disulfide bonds,44 the TIM 

barrel does not contain any of these structures.14 Due to the lack of other plausible reaction 

pathways for COO•−, we propose that these species diffuse through the TIM barrel to the 

dangler iron of the auxiliary cluster. Changes in the protonation state of COO•− and HCN 

to COOH• and CN− are also thermodynamically accessible, as HCN is weakly acidic, and 

COO•− is able to accept a proton from Glh133 (which was itself protonated during the prior 

Tyr decomposition step) with a slightly positive ΔE of 5.0 kcal/mol. Following the diffusion 

and changes in protonation state, the remaining reaction steps are proposed to take place at 

the auxiliary cluster, summarized in Figure 5.

Spin crossover and first CN− substitution.

The assembly of the synthon at the dangler Fe is proposed to begin with coordination of 

cyanide by displacement of a labile aqua ligand on the ferrous center (1 + CN− → 2 + 

H2O in Figure 5). Prior to the reaction, the Fe4S4 cluster is in the reduced state with a 

total charge of +1 and 1 unpaired electron (α), the dangler Fe(II) is high-spin, having 4 

unpaired electrons (α) and the COOH• has one unpaired electron (β). The coordination 

of CN− stabilizes the low spin electronic state, a ubiquitous feature of octahedral ferrous 

cyanides.45,46 To support the result that the coordination of a single CN− ligand is sufficient 

to stabilize the low-spin state, we carried out multireference density matrix renormalization 

group (DMRG) calculations performed on Fe(cys)(5-MIm) in the gas phase, with the results 

summarized in Table S2 and Figure S8. Consistent with our DFT results, these calculations 

predict the ground state is high-spin with two H2O ligands, and changes to low spin when 

one of the ligands is replaced by CO or CN–.

Prior to any ligand substitution, the structure of 1 was optimized in both high-spin and 

low-spin electronic states as well as the minimum energy crossing point (MECP) between 

the two. All three optimized structures are highly similar with the largest differences coming 

from the Fe—S bond lengths, which are 0.16 Å shorter in the LS state. The MECP is 

energetically slightly uphill from the HS minimum by ΔE = 8.2 kcal/mol, and the LS 

minimum is only 0.4 kcal/mol lower than the MECP. With the addition of free energy 

corrections, we computed ΔG(LS-HS) = 11.9 kcal/mol for spin crossover prior to ligand 

substitution. Starting from the LS energy minimum of 1, the substitution reaction of the 

H2O ligand by CN− is found to proceed with a modest energy barrier, involving a number 

of structural intermediates as described in Figure S9. The overall energy parameters of the 

1(HS) → 2(LS) reaction are given as ΔE = −7.2; Ea = 17.2; ΔG = −3.9, ΔG‡ = 20.1 (all 

values in kcal/mol).

First COOH• substitution, decomposition, and reduction.

Starting from the low-spin Fe(II)-CN complex 2, the substitution reaction of the second H2O 

ligand by COOH• (2 + COOH• → 3 + H2O) was also found to be easily accessible and 

exothermic, with the energy parameters computed as ΔE = −29.1;Ea = 10.2;ΔG = −25.4;ΔG‡ 

= 11.4 (all values in kcal/mol). The spin densities on COOH and Fe, respectively, change 

from (−0.92, −0.02) → (0.04, −1.09) during this reaction step, clearly indicating that the 
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spin density on COOH• moves to Fe, and resulting in an electronic state that we interpret 

as (+, III). We also found that a second ET step from the auxiliary cluster to the dangler 

Fe is energetically favorable with ΔE = −8.9 kcal/mol, resulting in a ground state of (2+, 

II). Based on this finding, we think one possible role for the auxiliary cluster is to act as an 

electron source for the addition of COOH•, which would otherwise oxidize the dangler Fe.

In order for the COOH ligand to decompose into CO + H2O, an electron and proton must 

be transferred to the OH group. The electrochemical reduction of M-COOH to CO is well-

known in the broad literature on CO2 reduction electrocatalysis.47–52 We investigated two 

possible pathways of this reaction step, summarized as 3 + H+ + e− → 5a + H2O overall. In 

the first possible pathway, protonation occurs first, followed by ligand decomposition, then 

reduction. We modeled this step by adding a proton to one of the displaced H2O molecules 

and placing both molecules close to the OH group in a hydrogen bonding conformation. 

After optimization of the minimum energy path, the reactant structure was protonated at the 

cysteine carboxyl oxygen coordinating to the dangler Fe(II). The free energy of protonation 

is found to be positive, as ΔG(3 + H+ → 4) = 12.9 kcal/mol. The proton is transferred 

via a H2O relay to the OH group on COOH with a very small energy barrier of < 1.0 

kcal/mol, and the resulting H2O dissociates leaving a CO coordinated to Fe. The free energy 

diagram of the steps 3 → 4 → 5 are shown as the first red pathway in Figure 6, and 

the free energy parameters are calculated as ΔG = −22.1;ΔG‡ = 12.9 kcal/mol relative to 

3 (electronic energy differences are not reported in steps involving electron and proton 

transfer). Finally, an electron is added to the system to reduce the cluster from (2+) to (+), 

represented as 5 → 5a in Figure 6, and the redox potential is computed as −0.95 V, which 

corresponds to ΔE = 6.7 kcal/mol when using dithionite as the reducing agent, (−0.66 V), 

or ≈ 12.7 kcal/mol using ferredoxin (≈ −0.40 ± 0.03V) under physiological conditions.53 

The g-tensor eigenvalues of 5a are computed as [2.030, 1.916, 1.862] and found to be in 

reasonable agreement with the experimental measurement of g =[2.058, 1.922, 1.882] (RMS 

error = 0.020).19 The hyperfine couplings are computed as A(dangler Fe)=[−1.18, −3.04, 

−1.58] MHz and A(cysteine Cβ)=[−6.32, −0.80, 0.82] MHz. While these values differ 

significantly from the experimental measurements of A(dangler Fe)=[0.45, 0.30, 0.50] MHz 

and A(cysteine Cβ)=[1.00, 0.20, 1.00] MHz, they are consistent in their order of magnitude, 

indicating only small amounts of spin density on the dangler Fe and cysteine Cβ centers.

In the second possible pathway shown as the first blue pathway of Figure 6, reduction of 

the auxiliary cluster and protonation of the cysteine carbonyl oxygen occur simultaneously, 

and can be summarized as 3 + H+ + e− → 4a. The redox potential is computed as −1.46 

V, which corresponds to ΔG = 18.4 kcal/mol if the reducing agent is dithionite. The proton 

transfer to the OH group of COOH and the resulting dissociation of H2O (4a → 5a) 

proceeds in similar fashion to the first pathway, but due to the higher relative free energy 

of the reduced state, the overall activation free energy is found to be slightly higher (ΔG‡ = 

18.4 kcal/mol relative to 3) compared to the first pathway.

Reduction and decomposition of a second COOH•.

In order to produce the Fe(II) synthon, the 5-methylimidazole ligand must be replaced by 

CO sourced from a second COOH• ligand produced as a result of a second tyrosine lysis, 
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which we presume follows the same mechanism as the first tyrosine lysis described above. 

The main question for the second CO formation is how the mechanism is affected by the 

altered state of the auxiliary cluster, given that the first CO and CN are already bound and 

the Fe(II) shifted from high spin to low spin. Our attempt to compute this substitution step 

led to an unexpected result: a transition state for 5-MIm substitution by COOH• was found, 

but the energy minimization started from the TS led to a reactant structure where COOH• 

forms a covalent C-C bond with the first CO coordinated to the dangler Fe (6, lower middle 

structure in Figure. 6). We found that this new intermediate, a glyoxylyl (OC-COOH) ligand 

to Fe, forms easily from 5 in a pathway where COOH• directly forms a C-C bond with 

the CO ligand and the energy parameters are ΔE = −14.7, Ea = 5.8, ΔG = −4.0, ΔG‡ = 

6.4 kcal/mol; this unusual C—C coupling is reminiscent of CO2 electrolysis experiments at 

inert electrodes where oxalate is one of the products formed.54 The glyoxylyl intermediate 

is characterized by a (+, III) oxidation state because the spin density is transferred to 

the dangler Fe, analogous to the coordination of the first COOH•. The alternate (2+, II) 

electronic state, in which an electron is transferred from the cluster, is found to be slightly 

higher in energy ΔG = 1.5 kcal/mol, indicating that the calculations do not significantly 

favor one state over the other. From this new intermediate, we investigated whether this 

ligand could be decomposed to CO by an additional reduction step.

We modeled the decomposition of the glyoxylyl ligand by placing a H3O+ cation close to 

the OH group and searching for a TS involving proton transfer and dissociation of the C-C 

bond to form H2O and CO, similar to before. In the optimized path, we again found that 

the reactant structure was protonated at the cysteine carboxyl oxygen coordinating to the 

Fe atom (7a in figure 6), with ΔG = 10.4 kcal/mol relative to 6. The ground state of the 

protonated form has nearly zero spin on the dangler Fe indicating a (2+, II) electronic state. 

Proton transfer results in decomposition of the glyoxylyl ligand to yield CO + H2O + 8, 

shown as the second red pathway in Figure 6. The free energy barrier of the overall reaction 

6 → 8 including the protonation step are the highest in the overall cycle (ΔG = −17.0, ΔG‡ 

= 21.8 kcal/mol), but are somewhat smaller compared to the highest barrier of 26.3 kcal/mol 

found for the reactions at the canonical cluster. The Fe4S4 cluster is reduced back to the 

(+) electronic state (i.e. 8 → 8a with a potential of −0.85 V or ΔG = 4.4 kcal/mol when 

dithionite is used as the reducing agent, corresponding to ΔG = −12.6 kcal/mol relative to 6.

A second possible pathway was considered in which simultaneous protonation and reduction 

of 6 occurs first, followed by PT and decomposition of the COOH group. The proton-

coupled redox potential was computed as −1.36 V at pH 7, corresponding to an overpotential 

of 0.70 V, or ΔG = 16.1 kcal/mol. The decomposition reaction then proceeds in analogous 

fashion, in which the proton is transferred to the glyoxylyl OH group, followed by ligand 

decomposition to yield CO + H2O + 8a. In the reduced electronic state, the free energy 

parameters of the reaction 6 + H+ + e− → 7a → 8a were computed as ΔG = −12.6, ΔG‡ = 

26.0 kcal/mol, shown as the second blue pathway in Figure 6.

Because the overall free energy barrier is 4.2 kcal/mol higher when proceeding from the 

reduced state 7a, we think the most likely sequence of reaction steps is protonation of 6 
coupled to cluster → dangler electron transfer, decomposition, then reduction; however, 

the alternate ordering of proton-coupled reduction followed by decomposition is a close 
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alternative possibility. The product includes a free CO ligand which is able to displace the 

5-MIm ligand, leading to 9, with energy parameters ΔE = −12.3, Ea = 18.6, ΔG = −12.5, 

ΔG‡ = 14.9 kcal/mol.

Completion of catalytic cycle.

At this point in the cycle, the coordination sphere of the Fe(II) synthon is completed, and 

this Fe(II)(CO)2(CN)cysteine complex needs to be released from HydG so it can serve 

as the substrate for the other rSAM enzyme, HydE.55 We placed the second CN− species 

close to the auxiliary cluster (about 6Å away from the Fe4S4 cluster) and found that it 

spontaneously coordinates to the Fe4S4 iron closest to the dangler Fe without a barrier. This 

coordination mode is highly similar to how the first CN− species coordinates to 1, also seen 

in titration experiments.19 We note that although we computed the CN− association step 

after the completion of the coordination sphere of the Fe(II) synthon, it is possible that this 

coordination may take place at an earlier point in the catalytic cycle, perhaps as early as the 

delivery of the second COOH• equivalent (6).

The dissociation of the synthon is energetically slightly uphill by ΔE = 9.9 kcal/mol, and 

the overall reaction of replacing the synthon by CN− has energy parameters given by ΔE, 

ΔG(9 → 10) = 4.11,−0.85 kcal/mol. The g-tensor eigenvalues of 10 are computed as [2.023, 

1.961, 1.931], which can be compared with g =[2.09, 1.94, 1.93] from experiment (RMS 

error = 0.041).16 The hyperfine tensor on the CN carbon is computed as A =[5.11, 27.39, 

27.54] MHz, which is much larger than the experimental measurement of A =[−5.0, −4.0, 

0.9] MHz; the overestimation is likely due to the tendency to over-delocalize spin density 

in DFT.56 To close the cycle, final substitution of this CN− by CH3SH, the side chain 

analogue of cysteine, is found to be nearly isoenergetic with a moderate barrier (ΔE = +0.4, 

Ea = 15.7, ΔG = +1.0, ΔG‡ = 16.0, all values in kcal/mol); a proton is transferred from 

the thiol group to CN− during this step. We computed g =[2.016, 1.967, 1.938], which 

when compared to the experimental measurement of g =[2.06, 1.90, 1.87], has a relatively 

large RMS error of 0.061 compared to the other species; this could be due to the use of 

the Cys side chain analogue in place of the complete amino acid in our calculations. The 

hyperfine tensor on the CH3SH carbon is computed as A =[5.08, 9.05, 9.64] MHz, which 

is significantly larger than the experimental A =[0.83, 0.83, 1.09] MHz, a consistent trend 

with all of the EPR property calculations. The ultimate fate of the HCN species is still 

experimentally undetermined. Subsequent coordination of Fe(II) to cysteine and 5-MIm 

completes the catalytic cycle and returns the system to its resting state (ΔE = −40.9, ΔG = 

−14.8, all values in kcal/mol).

This computed mechanism produces an isomer of the synthon where the CN ligand is 

opposite to the cysteinyl carboxylate oxygen, whereas a recent experimental study on the 

crystal structure of HydE with the synthon as its substrate57 assigned the CN ligand as 

opposite to sulfur based on the proximity of hydrogen bond donating residues. We computed 

the relative electronic energies of the synthon isomers and found them to be very close 

in energy (ΔE (opposite S) = 0.00; ΔE (opp. N) = 0.65; ΔE (opp. O) = 1.65, values in 

kcal/mol). Therefore, we think it is thermodynamically possible for the synthon to undergo 
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isomerization prior to binding to HydE though the isomerization mechanism has yet to be 

determined.

4 Conclusion.

In this theoretical study, we have been able to elucidate additional mechanistic details 

concerning the HydG catalytic cycle, building on previous experimental results. We propose 

that after the initial HydG tyrosine lysis produces a 4-hydroxybenzyl radical (4-OB•) 

and dehydroglycine (DHG), the nascent 4-OB• radical in turn abstracts an H-atom from 

the nitrogen of DHG, resulting in a DHG radical. This DHG radical in turns undergoes 

a spontaneous C-C bond cleavage to form HCN and a new COOH•− anion radical. In 

the overall formation of the HydG Fe(II)(CO)2(CN)cysteine product this radical cascade 

occurs twice. However, the specific reactions at the five-Fe auxiliary Fe-S cluster differs 

between the first and second subcycles. Following the first HydG induced tyrosine lysis and 

subsequent radical cascade, the fifth “dangler Fe” of the auxiliary cluster is high spin Fe(II) 

with two aqua ligands. The CN− and COOH•− anion radical can bind in these two positions, 

substituting for the aqua ligands, and causing a spin crossover of the dangler Fe(II) from 

high spin to low spin. The COOH is further protonated and decomposes to the CO ligand 

and an H2O. The auxiliary cluster reaction must differ on the second subcycle since the 

dangler Fe(II) is now low spin with CO and CN ligands. We model the second cycle with 

the second COOH• forming a covalent C-C bond at the existing CO Fe ligand, forming a 

transient glyoxylyl ligand that decomposes upon further reduction. The second CO resulting 

from this decomposition displaces the histidine ligand to the dangler Fe, while the second 

CN− attacks the Fe4S4 cluster, releasing the entire HydG Fe(II)(CO)2(CN)cysteine product.

This Fe(II) “synthon” is transferred to HydE where it serves as a substrate for another set of 

reactions that lead to a highly reactive Fe(I)(CO)2CNS species poised to form the Fe2S2 core 

of the [2Fe]H subcluster.55,58 The HydG cycle is completed by another cysteine replacing 

the CN− bound to the Fe4S4 cluster, with this new cysteine and the HydG histidine binding 

a new Fe(II) to regenerate the HydG resting state. According to the energy barriers of all 

the reactions above, the rate-limiting step of the HydG catalytic process is either the SAM 

decomposition, whose energy barrier is 26.3 kcal/mol, or the redox-coupled decomposition 

of the second COOH• equivalent with a free energy barrier of 21.8 kcal/mol. Both numbers 

are comparable to experimental kinetics studies (23 kcal/mol). All of the other computed 

barrier heights for all the steps in this complex reaction are found to be thermodynamically 

accessible and consistent with the observed (rather slow) timescale of the HydG reaction 

chemistry, and thus we consider this a plausible overall model for the HydG chemistry, 

consistent with experimental observables. Looking forward, we think that theoretical studies 

can also provide insights into the catalytic mechanism of HydE and HydF to complement 

the experimental data and furnish a complete mechanism for the biosynthesis of the unique 

[2Fe]H subcluster of the [FeFe] hydrogenase active site.
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Figure 1: 
Summary of reactivity at the HydG rSAM Fe-S cluster (left) and auxiliary cluster (right) 

leading to the production of the Fe(CO)2CN synthon. The cycles on the left and right 

represent the reactions that occur at the canonical and auxiliary iron-sulfur clusters, 

respectively. Herein, the red arrows indicate the controversial steps in HydG that we focus 

on in the study.
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Figure 2: 
Radical transfer from 5-Ado radical to tyrosine substrate. (A): Structures of reactant, 

transition state, and product. (B): QM/MM free energy profile calculated using different 

QM/MM trajectory segments with the defined reaction coordinate (RC). (C): Mulliken spin 

populations along reaction coordinate with error bars taken from the standard deviations of 

the QM/MM MD simulations. Bottom: Reaction scheme.
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Figure 3: 
The calculated mechanism of tyrosine radical decomposition and DHG formation. The 

structures of three key states are shown on top (A), and the free energy map and spin density 

of different atoms are shown at the bottom left (B) and right (C) respectively. The color bar 

in (B) indicates the scale of the energy in kcal/mol. The spin population in (C) is plotted 

along the one-dimensional path indicated using the black dot-dash in the free energy map 

(B). The 2D scheme of the reaction is shown at the top right.
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Figure 4: 
The calculated mechanism of DHG radical formation and decomposition, starting with H• 

abstraction from the DHG nitrogen, followed by decomposition of DHG radical to COO•− 

and HCN. Top: Free energy profile (A) and spin populations profiles (B) along the umbrella 

sampling reaction coordinates. The reaction coordinate of the DHG radical formation (top 

left) is defined as r5 − d4 where distances are indicated in the bottom left panel, and for 

the DHG radical decomposition it is defined as r6 shown in the bottom panel. The energy 

curves are both colored in black with the y-axis on the left, while the spin density profiles 

are shown for selected atoms in color with the y-axis are shown on the right. Bottom (C): 

Key structures during these two reactions with hydrogen bonds shown in blue dotted lines 

and the distances of the reaction coordinate shown in black dotted lines. As the structures 

shown in the bottom, the radical transfers from the 4-OB• to the nitrogen in the DHG, which 

helps the decomposition of the DHG into COO• and HCN. The barriers of these two steps 

are about 18 and 15.5 kcal/mol respectively. The radical transfer is exothermic while the 

DHG decomposition is endothermic and makes these two reactions overall barely absorb 

energy.
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Figure 5: 
Catalytic cycle for formation of Fe(II) synthon at auxiliary cluster. The total spin is indicated 

for each species; additional properties are listed in Table S1. The resting state of the 

catalyst is shown at the top (1). The catalytic cycle involves three ligand substitutions in the 

coordination sphere of the dangler Fe and the reduction of two COOH• species to CO. The 

5-methylimidazole (5-MIm) species models the histidine residue in the protein.
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Figure 6: 
Energy diagram of the catalytic cycle expressed in Fig. 5 for formation of Fe(II) synthon 

at auxiliary cluster. Bolded numbers correspond to labeled species in Figure 5. Horizontal 

lines connected by dotted lines represent relative electronic energies that are connected via 

a minimum energy path. Circles represent relative Gibbs free energies computed using the 

harmonic oscillator/rigid rotor approximation. In the blue paths, proton-coupled reduction 

occurs first followed by decomposition. In the red paths, protonation is followed by 

deprotonation, then followed by reduction.
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Scheme 1: 
The H-cluster in the active site of [FeFe] hydrogenases.
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