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Abstract

[FeFe]-hydrogenases use a unique organometallic complex, termed the H cluster, to reversibly 

convert H2 into protons and low-potential electrons. It can be best described as a [Fe4S4] cluster 

coupled to a unique [2Fe]H center where the reaction actually takes place. The latter corresponds 

to two iron atoms, each of which is bound by one CN− ligand and one CO ligand. The two iron 

atoms are connected by a unique azadithiolate molecule (−S−CH2−NH−CH2−S−) and an 

additional bridging CO. This [2Fe]H center is built stepwise thanks to the well-orchestrated action 
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of maturating enzymes that belong to the Hyd machinery. Among them, HydG converts L-tyrosine 

into CO and CN− to produce a unique L-cysteine-Fe(CO)2CN species termed complex-B. Very 

recently, HydE was shown to perform radical-based chemistry using synthetic complex-B as a 

substrate. Here we report the high-resolution crystal structure that establishes the identity of the 

complex-B-bound HydE. By triggering the reaction prior to crystallization, we trapped a new five-

coordinate Fe species, supporting the proposal that HydE performs complex modifications of 

complex-B to produce a monomeric “SFe(CO)2CN” precursor to the [2Fe]H center. Substrate 

access, product release, and intermediate transfer are also discussed.

Graphical Abstract

INTRODUCTION

Hydrogenases are metalloenzymes that efficiently catalyze the reversible oxidation of 

molecular hydrogen.1 Over the last 40 years, they have generated a constant interest in the 

context of using H2 as a renewable energy fuel. Depending on the metal content at their 

active site, three evolutionarily unrelated classes were defined, although all share a common 

feature: the presence of cyanide or carbon monoxide ligands bound to an iron atom. [FeFe]-

hydrogenases are the most active in H2 generation. Their active site, the H cluster (see 

Figure 1), is deeply buried in the protein and consists of a [2Fe]H center linked to a [Fe4S4] 

cluster via a conserved cysteine residue.2 This [2Fe]H center consists of two iron atoms 

bound to a cyanide ligand and a carbon monoxide ligand. In addition, they are bridged by an 

additional CO ligand and a unique azadithiolate molecule. Whereas the [Fe4S4] cluster is 

synthesized and inserted into the apo-hydrogenase by generic house-keeping FeS cluster 

assembly machineries, the biosynthesis of the [2Fe]H center entails completely new 

biochemistry. Specifically, three enzymes—HydF, HydG, and HydE—orchestrate the 

formation of these components, which complement the diiron site.3,4 HydF is an [Fe4S4] 

cluster-containing GTPase and acts as a scaffold or insertase.5–7 Indeed, when incubated 

with either HydG or HydE or with a synthetic precursor of the [2Fe]H center, HydF can 

produce an active hydrogenase.6,8 HydG and HydE both belong to the radical (S)-adenosyl-

L-methionine (SAM) superfamily.9 Most radical SAM enzymes use the one-electron 

reduction of an [Fe4S4] cluster to cleave the SAM into methionine and a highly reactive 5′-

deoxyadenosyl radical (5′-dA●) species. The latter will, in turn, activate a broad range of 

substrates, usually through hydrogen-atom abstraction. HydG is a multifunctional enzyme 

Rohac et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



responsible for the synthesis of the L-cysteine−Fe(CO)2(CN) complex, termed complex-B, 

as the precursor of the [2Fe]H subcluster (see Figure 1).10–14 It first uses 5′-dA● to abstract 

a hydrogen atom, likely from the amino group of its substrate L-tyrosine, which leads to the 

production of a 4-hydroxybenzyl radical and dehydroglycine (DHG).12,15 The former is 

subsequently converted into p-cresol, a byproduct of the reaction, while DHG is further 

processed to produce cyanide and carbon monoxide.10,11 The latter reaction involves a 

unique FeS cluster that in its resting state consists of a regular [Fe4S4] cluster combined with 

a dangling fifth iron that is coordinated to a L-cysteine, a conserved histidine residue, and 

either two water molecules or two hydroxyl groups (see Figure 1).13,16 Upon successive 

turnovers, this cluster is first converted into complex-A then complex-B (see Figure 1).17 

Using a synthetic complex-B-containing compound termed syn-B, it was shown that 

cyanide, carbon monoxide, and the iron and sulfur atoms of complex-B are ultimately 

incorporated into the [2Fe]H subcluster of the [FeFe]-hydrogenase.14

HydE was initially proposed to be involved in the synthesis of the azadithiolate ligand.18 

Despite extensive studies, its substrate remained unidentified until very recently. HydE was 

shown to be able to process various thiazolidine compounds as nonphysiological substrates, 

catalyzing the radical-based addition of a 5′-dA● radical onto a sulfur atom to produce (S)-

adenosyl-L-cysteine (SAC).19 Recently, it has been shown that, upon incubation with syn-B, 

HydE can successively produce two paramagnetic species (see Figure 1).20 The first one, 

which can be obtained 10 s after triggering the radical-based reaction, is a low-spin FeI 

complex coordinated by two carbon monoxide ligands, one cyanide ligand, and one SAC 

ligand (see Figure 1). Over the course of 10 min, this intermediate is converted into a second 

EPR-active species, which is another low-spin FeI complex coordinated by two carbon 

monoxide ligands, one cyanide ligand, and one 5′-thioadenosine ligand (see Figure 1).20 

The formation of this second intermediate is coupled to the release of pyruvate as a 

byproduct from the L-cysteine C/N-fragment. This second intermediate was proposed to 

subsequently dimerize with release of a deoxyadenosyl fragment prior to its transfer to 

HydF, where the −CH2−NH−CH2− bridgehead issued from L-serine would be inserted.21

Here we report on the crystal structure of HydE from Thermotoga maritima (TmHydE) in 

complex with complex-B. We have identified the precise stereochemistry of the 

hexacoordinated octahedral complex-B. We also triggered the reaction prior to 

crystallization and trapped a new organometallic species, supporting the existence of a new 

mononuclear iron intermediate in the time course of the synthesis of the [2Fe]H subcluster of 

the [FeFe]-hydrogenase. Taken together, our findings support a mechanism that involves 

extensive ligand rearrangements and iron coordination changes to pass from complex-B to a 

unique HSFeI(CO)2CN intermediate. This work provides mechanistic insights into the role 

HydE plays in the enzymatic assembly of the H cluster.

RESULTS

Complex-B Bound to HydE and the Complex-B Structure.

HydE from T. maritima contains two [Fe4S4] clusters. The first one is strictly conserved 

among HydE enzymes and corresponds to the radical SAM cluster ([Fe4S4]RS) responsible 

for SAM binding and cleavage. The second cluster, termed the auxiliary cluster ([Fe4S4]Aux) 
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is not conserved and can be removed without affecting the hydrogenase maturation process.
22 During this study, we used two HydE constructs: the wild-type enzyme (TmHydE) and 

TmHydEΔFeS, where [Fe4S4]Aux cysteine residues are replaced by serine residues and 

therefore lack this auxiliary cluster (see the Supporting Information). Syn-B, which likely 

corresponds to a FeIII2(complex-B)4 complex,14 is unstable in an aqueous solution. When 

this material was solubilized in water at room temperature, we observed release of CO 

within seconds. In order to minimize this effect, we dissolved the syn-B powder in water a 

few seconds prior to adding the solution to a concentrated HydE sample. Incubating 

TmHydEΔFeS with 5 mM syn-B and (S)-adenosyl-L-homocysteine (SAH) led to hollow rod-

shaped brownish crystals that diffracted to a 1.3 Å resolution (crystal-1; see Tables S1 and 

S2). SAH is often used as an inactive form of SAM in order to avoid the cleavage reaction of 

any uncoupled SAM. Despite being obtained in the same conditions as those previously 

reported,22 these crystals belong to a different space group (P21212 instead of P212121). The 

resulting crystal structure is, however, comparable to the previously reported ones, with a 

root means square deviation of 0.4 Å over 342 superimposed Cα atoms (see PDB 3IIX for 

the reference structure). The main difference is localized in a flexible loop (residues 

309−315; see Figure S1), which does not affect the integrity of the active site cavity. 

Inspection of the Fo − Fc difference Fourier map clearly shows features that can best be 

modeled as complex-B bound in the “upper” part of the TmHydE β-barrel cavity (see 

Figures 2a and S2). Within these crystals, complex-B displays a 100% occupancy and is 

stable for weeks. The cyanide and carbon monoxide cannot be unambiguously distinguished 

based only on the diffraction data despite the high resolution. However, as observed in both 

[NiFe]- and [FeFe]-hydrogenases, cyanide is expected to establish hydrogen bonds, whereas 

carbon monoxide would occupy hydrophobic pockets (see Figures 2b and S3).23,24 Thus, 

considering the surrounding environment of the three diatomic ligands, the precise 

stereochemistry of the octahedral ferrous complex can be precisely determined. L-Cysteine is 

a facial, tridentate, and dianionic ligand. The carbon monoxide ligands are bound trans to the 

carboxylate and amine, while the cyanide ligand is trans to the thiolate. When positioning 

complex-B in the HydG structure,16,25 the two carbon monoxide ligands sit at the same 

positions as those of the two hydroxyl or water molecules. The cyanide ligand falls at the 

position of the conserved H265 residue (see Figure S4).

Conformational Responses to Binding Complex-B.

Previous structural studies on TmHydE showed that the β-barrel delineates a very large 

cavity consisting of two connected pockets.22 The radical-based reaction occurs in the first 

pocket near the [Fe4S4]RS cluster and the SAM binding site. The second pocket, which sits 

at the bottom of the β-barrel, was proposed to serve as a binding site for the product of the 

reaction in the upper pocket while it awaits a transfer to partner proteins such as HydF.22 

Three anion binding sites, termed S1, S2, and S3, decorate the cavity and were proposed to 

play a role in HydE function, which has yet to be determined (see Figures 2c and S5). the 

binding of complex-B to the upper cavity induces the motions of side-chain residues 

(residues I56, L157, R159, T269, and K309; see Figures 2d and S6). Although several structural 

studies have been conducted on HydE, such side-chain shifts were not observed previously.
26 For instance, the above-mentioned side-chain residues occupy the same position in all the 

previously reported HydE crystal structures, including the ligand-free and thiazolidine-
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bound ones. As can be seen in Figures 2d and S6, the rotation of residues R159 and L157 and 

the translation of T269 compress the active site cavity, clamping complex B. To check 

whether such an embrace is induced by complex-B itself or comes from changes in the 

crystal packing, we cocrystallized wild-type TmHydE with syn-B and SAH. The presence of 

the semiconserved [Fe4S4]Aux cluster, while it does not play any identified role in the 

hydrogenase maturation process,22 always induces crystallization in the original P212121 

space group crystal form by locking the flexible loop into a P21212-incompatible 

conformation. Indeed, rod-shaped brownish crystals that belong to the P212121 space group 

and those that diffract to a 1.4 Å resolution were obtained (crystal-2; see Tables S1 and S2). 

Excluding both the above-mentioned motion of the loop containing residues 309−315 and 

the presence of a partially damaged [Fe4S4]Aux cluster,27 the two structures are identical (see 

Figure S1). This similarity includes the complex-B binding mode and the above-mentioned 

R159, L157, and T269 side-chain motions. Overall, these findings support a specific induced 

fit of the active site cavity upon binding with complex-B. In the ligand-free structure, site S1 

bound a disordered chloride ion and was thus proposed as a binding site for the carboxylate 

moiety. This was further supported by crystal structures of HydE in complex with different 

ligands, notably (2R,4R)-2-methyl-1,3-thiazolidine-2,4-dicarboxylic acid ((2R,4R)-MeTDA, 

PDB 5FEP; see Figure S7).19 In addition, the (2R,4R)-MeTDA and complex-B sulfur atoms 

both sit at exactly the same position (see Figure 2d), further supporting a sulfur binding site 

that is sandwiched between the conserved residues R159 and Q107.19 It is known that 

substitution of these residues strongly affected the hydrogenase maturation process, 

supporting an impairment of the HydE activity.22 Complex-B binding also modifies the ratio 

of residue M291 side-chain alternative conformations. This residue has been proposed to be 

part of a valve that would separate the upper and lower parts of the β-barrel cavity.22 An 

iodide ion was also observed at site S3 in the lower part of the β-barrel. This iodide ion 

comes from the decomposition of syn-B.28 Iodide only accounts for about 50% occupancy, 

and the other 50% likely correspond to a chloride ion at the same position.22

In Vitro Reaction before Crystallization.

To investigate the conversion of enzyme-bound complex-B to the 10 s and 10 min EPR-

active intermediates,20 we incubated TmHydEΔFeS with 1 equiv of SAM and a fivefold 

excess of syn-B. Dithionite was added to reductively trigger the reaction just prior to 

crystallization trials. The as-obtained brownish rod-shaped crystals belong to the P21212 

space group and led to X-ray diffraction data at a 1.5 Å resolution (crystal-3 and crystal-4; 

see Tables S1 and S2). The intact complex-B was observed in the upper pocket of the β-

barrel, as described above. In addition, features in the Fo − Fc difference Fourier electron 

density map (see Figures 3a and S8) clearly indicate that SAC is bound to the 

[Fe4S4]RScluster instead of SAM, SAH, or 5′-dA + methionine. The presence of SAC 

supports an attack on the sulfur atom of complex-B by the 5′-dA● radical. A similar 

experiment was conducted using the selenocysteine analogue of syn-B (syn-B-Se).28 X-ray 

diffraction data were recorded at energies near those of the selenium K-absorption edge 

(12.5 and 12.8 keV, Se K-edge at 12.666 keV; crystal-5, see Tables S1 and S2). The resulting 

anomalous difference Fourier electron density map clearly indicates the presence of a 

selenium atom and thus confirms the formation of either SAC or (S)-adenosyl-L-

selenocysteine bound to the [Fe4S4]RS cluster (see Figures 3a and S8). We conclude that 
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SAC results from the decay of the 10 s intermediate. The occupancy of the SAC molecule is 

nearly 100%, supporting a complete reaction between 5′-dA● and complex-B. The observed 

complex-B-bound state results from the displacement of SAC toward the [Fe4S4]RS cluster 

before the complete degradation of syn-B in solution. At this stage, we do not have any 

accurate kinetic data for the reaction. However, at odds with the almost 2 h necessary to 

observe a complete turnover when using (2R,4R)-MeTDA, it is likely that all these events, 

i.e., complex-B binding, SAM cleavage,10 s intermediate formation, and decay, occur within 

few minutes or at least before a complete decay of the remaining syn-B in solution.

Strikingly, when looking down the β-barrel, a strong peak with additional features can be 

seen in the Fo − Fc difference Fourier electron density map in addition to the iodide ion 

bound at site S3. This peak is located at 2.4 Å of the Sδ atom of residue M224 with Cγ−Sδ
−X and Cε−Sγ−X angles of 110°, supporting a direct interaction with this residue (see 

Figures 3b and S9). Our previous ligand screenings only highlighted thiocyanate as capable 

of binding to site S3. With this single exception and the substitution of the usually observed 

chloride ion to either iodide or bromide, no other change was ever observed in that region of 

the β-barrel.22 The pattern of the water molecules filling the lower pocket was strictly 

conserved.26 In addition, residue M224 always displays two alternative conformations with a 

conserved ratio of 3:7. In the present structure, this ratio is 1:1, corresponding to an 

enrichment of the conformation closer to this additional electron density peak. The shape of 

the observed residual electron density suggests X would correspond to pentacoordinated iron 

with a partial occupancy of about 30%. To confirm the nature of X as an iron center, we 

recorded X-ray diffraction data at energies surrounding those of the iron K-absorption edge 

(7.0 and 7.15 keV, Fe K-edge of 7.112 keV; crystal-4, see Tables S1 and S2). To avoid 

contamination from both the normal and anomalous signals coming from the observed 

iodide ion that results from the decomposition of FeI2, the crystal was back-soaked in a 

cryoprotection solution that did not contain syn-B prior to flash-cooling. The resulting 

anomalous difference electron density maps show a peak at the position of X in only the 

anomalous difference electron density map calculated with the data set recorded at 7.15 keV, 

hence unambiguously confirming that X corresponds to iron (see Figures 3b and S9). Our 

many past TmHydE crystal soaking experiments using ferrous or ferric ions or a sulfide ion 

never led to any iron bound at that position. Meanwhile, such experiments afforded 

significant [Fe4S4]Aux cluster reconstitution, confirming that these ions can easily diffuse 

into the crystals.27 Interestingly, when incubating TmHydE with either syn-B or syn-B-Se 

and sodium dithionite, we also observed similar [Fe4S4]Aux cluster reconstitution and sulfide 

and selenide incorporation (see Figure S10); however, we observed no additional iron bound 

near site S3. To test whether the presence of this iron atom near site S3 comes from an 

artifactual reaction between syn-B and dithionite, we incubated TmHydE with SAH, syn-B, 

and dithionite as a control. The corresponding crystal structures displayed complex-B bound 

in the active site cavity. However, neither SAC nor the iron atom was present, demonstrating 

that this new species originates from the transformation of complex-B catalyzed by HydE.

The surrounding features in the difference Fourier electron density map are attributed to 

ligands of a trigonal bipyramid iron center (see Figures 3b and S9). Two ligands have an 

elongated shape, which is consistent with carbon monoxide or cyanide ligands. Because they 

both point toward hydrophobic pockets, they were assigned as carbon monoxide. A third 
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ligand corresponds to the thioether from residue M224. The two remaining ligands overlap 

with the iodide or chloride ion and water molecule positions usually present at site S3. 

Previous isotopic labeling experiments support that the HydE product would contain at least 

one iron atom, two carbon monoxides, one cyanide ion, and a sulfur atom from the complex-

B L-cysteine moiety.14,20 Yet, when using syn-B-Se as substrate (crystal-5, see Tables S1 and 

S2), X-ray diffraction data around the selenium K-absorption edge exclude a selenide ion 

and therefore sulfide bound to the iron atom. Subtracting the contribution of the empty 

structure, i.e., the residual water molecule and chloride ion, to the electron density led us to 

propose that these ligands are cyanide and a chloride ions. The former would establish 

hydrogen bonds with residues R155 and T134, and the latter would interact with residue R54. 

The refinement of this model led to a flat residual Fo – Fc difference Fourier map, 

supporting the good agreement between the model and the X-ray data. Interestingly, each 

fragment was refined as an independent moiety, and they all displayed the same partial 30% 

occupancy with very similar temperature factors, further supporting that they all are parts of 

the same R2SM224-Fe(CO)2CNCl species. Because the experiment was performed using a 

sample containing SAM and HydE in a 1:1 ratio, the almost 100% occupancy observed for 

the resulting SAC molecule (crystal-3, see Tables S1 and S2) strongly suggests that this 

Fe(CO)2CNCl species exhibiting about a 30% occupancy would result from the decay of the 

t = 10 s intermediate species previously detected by EPR.20 Another, yet less probable, 

hypothesis would be to consider SAM regenerating at the end of the reaction and HydE 

performing multiple turnover. Most of them would be abortive ones that lead to SAC, and a 

few successful ones would lead to this new species. Our many subsequent experimental 

attempts to enrich the occupancy of this species, including the use of excess SAM and syn-

B, always led to the same shape in the electron density, accounting for about 30% of the 

model in that region.

5′-Deoxyadenosyl Radical Addition to Complex-B.

To further investigate how this new species is formed, we decided to track the radical-based 

reaction directly in crystals.19 A direct attack of the sulfur atom by the 5′-dA● species is 

supported by several lines of evidence as follows: (i) the <4 Å distance separating SAH C5′ 
and complex-B S atoms (see Figure 2b), (ii) the detection of SAC both in vitro and in the 

crystals, and (iii) the ENDOR characterization of t = 10 s and t = 10 min EPR-active 

intermediates.19,20 We thus cocrystallized TmHydE with syn-B, 5′-deoxyadenosine (5′-dA), 

and L-methionine. These species are good structural mimics of the SAM cleavage products. 

The Fo − Fc difference Fourier electron density map of the 1.5 Å resolution crystal 

structures (crystal-6 see Tables S1 and S2) displayed features that corresponded to complex-

B, L-methionine bound to the [Fe4S4]RS cluster, and 5′-dA (Figure S11) in the same 

conformation as was previously observed. 5′-dA has exactly the same conformation as was 

previously reported, and C5′ is equidistant (3.25 Å) to the methionine Sδ and the complex-B 

sulfur atoms.29,19 All three atoms are roughly aligned with the unique iron of the [Fe4S4]RS 

cluster and the ferrous ion of complex-B (see Figures 3c and S12 and Table S3). This three-

dimensional layout is reminiscent to that previously reported when using (2R,4R)-MeTDA 

as non-natural substrate.19 Overall, the Fe‧‧‧S‧‧‧C5′‧‧‧Sδ‧ ‧[Fe4S4]RS arrangement further 

supports a direct attack of the sulfur atom by the 5′-dA● radical.19,20 Following the 

approach described above, we probed the radical-based reaction directly in the crystals. For 
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this experiment, we used the protein batch described in ref 19, which was copurified with 

SAM.19 The protein was incubated with 6 mM syn-B or syn-B-Se prior to crystallization. 

Crystals were treated with 6 mM dithionite and flash-frozen at time lapses ranging from 30 s 

to 60 min. The shorter time lapses indicated a very fast reaction, and no significant 

differences could be observed between 30 s and 60 min. In striking contrast, the dithionite-

triggered reaction of (2R,4R)-MeTDA required hours to complete.19 Here, we only report 

the t = 60 min time-lapse structure (crystal-7 in Tables S1 and S2) because it corresponds to 

the best-diffracting crystal among the series. Despite our many trials, no more than 50% of 

the molecules reacted in the crystals, always leading to the same mixture of states observed 

in the corresponding electron density maps. Therefore, the first half of the molecules contain 

SAM bound to the [Fe4S4]RS cluster in addition to unreacted complex-B (complex-B-Se). 

The other half contain a SAC molecule in the same conformation as that was previously 

reported (PDB 5FF0; see Figures 3d and S13),19 which is in agreement with the presence of 

alternative conformations for residues R159, L157, and T269. The carboxyl moiety sits in the 

S1 site, while the amino nitrogen now roughly occupies the position of the oxygen ligand in 

complex-B (see Figure 3d). In contrast, the residual Fo − Fc difference Fourier electron 

density map does not contain any residual features that would correspond to an Fe(CO)2CN 

fragment bound to the SAC molecule, excluding the presence of the 10 s EPR-active 

intermediate, and we did not observe any residual peak corresponding to thet = 10 min EPR-

active intermediate either. Likewise the residual electron density map does not indicate any 

peak corresponding to the Fe(CO)2CNCl species bound to the M224 Sδ atom. Yet despite the 

high-resolution data it is very difficult to unambiguously characterize very-low-occupancy 

species (lower than 10%) by X-ray crystallography without having any reference model, in 

contrast to advanced EPR spectroscopy.

DISCUSSION

syn-B Structure and Binding Mode.

OUR results establish several fundamental facts. First, the identity of complex-B as a (κ3-

cysteinate)Fe(CN)(CO)2 center is confirmed. Previously, it was shown to be a complex of L-

cysteine with Fe(CN)(CO)2, but the coordination mode of the cysteine was uncertain. 

However, plasticity cannot be excluded, and it is not certain that the structure of complex-B 

does not change upon binding to HydE.

The second major finding is that syn-B, a synthetic complex-B-containing compound, 

delivers complex-B to HydE (crystal structures crystal-1 and crystal-2; see Tables S1 and 

S2).

Of mechanistic significance, our third major finding is that complex-B binds in the vicinity 

of the SAM C5′ atom. Such binding induces a few adaptative residue side-chain rotations, 

which seem to stabilize complex-B. In contrast, syn-B, and presumably complex-B itself, are 

unstable in an aqueous solution. Complex-B is tightly embedded in the active site because 

the carbon monoxide and cyanide ligands are deeply anchored in hydrophobic and 

hydrophilic pockets, respectively. The cyanide ion is bound trans to the thiolate ligand. The 

crystallographic analysis revealed that a broad water-filled channel connects the complex-B 

binding site to the surface where the [Fe4S4]Aux cluster binds (Figure 4a and S14). In this 
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region, the surface is covered by detergent molecules from the crystallization condition, 

suggesting that it may correspond to a contact zone between HydE and one of its upstream 

partners.22 It is tempting to propose that complex-B would be transferred from HydG to 

HydE through this channel. Furthermore, and in agreement with the EPR analysis, 5′-dA● 

would attack the complex-B sulfur atom upon SAM cleavage, producing a C5′−S bond and 

leading to the 10 s EPR-active FeI(CO)2CN-L-SAC intermediate.20 In our soaking 

experiments, we confirmed that SAC is produced when the radical-based reaction is 

triggered with dithionite. Thus, the mechanistic insights obtained when using (2R,4R)-

MeTDA also apply to complex-B.19,20 Furthermore, a close comparison of the three 

following crystal structures (crystal-1, crystal-6, and crystal-7; see Tables S1 and S2) 

corresponding to HydE + syn-B + SAH, HydE + syn-B + 5′-dA + methionine, and HydE + 

methionine + SAC (post in crystal reaction), respectively, highlight that the 5′-dA moiety is 

trapped in its binding pocket with a highly limited freedom of movement upon SAM 

cleavage. Indeed, it can only afford a slight rotation around the N6 nitrogen atom along the 

adenine ring plane, thus maximizing the C5′atom displacement from a SAM-bound position 

to a SAC-bound position without perturbing its surrounding environment.

Complex-B Reactivity in Crystals.

Starting with syn-B, two distinct HydE intermediates were previously characterized in 

solution by EPR/ENDOR spectroscopy (see Figure 1).20 None of these intermediates were 

observed by crystallography after triggering the reaction in solution either before 

crystallization or directly in a crystal. The observation of SAC in the active site in both cases 

confirms attack of the 5′-dA● radical on the complex-B sulfur. The previous EPR/ENDOR 

spectroscopic characterization of the 10 s intermediate confirmed the presence of the L-

cysteine fragment bound to the FeI species.20 The hyperfine couplings of 15N, 13C2, and 
13C3 were reported, but no 13C hyperfine signal of the carboxyl ligand was detected, 

suggesting that the carboxylate dissociates upon the reduction of the Fe(II) center. This 

scenario is supported by DFT calculations and agrees with the observation that low-spin FeI 

complexes favor pentacoordination.20,30 Manually modeling the FeI(CO)2CN-L-SAC 10 s 

intermediate in an octahedral fashion by combining5′-dA and the L-cysteine moiety of 

complex-B led to an acute C5′‧‧‧Sγ‧‧‧Cβ angle, highlighting the structural and 

conformational rearrangements and coordination changes necessary to relieve this strain. 

Therefore, the rearrangement of the coordination sphere of iron cannot be excluded upon the 

reaction with 5′-dA●. The SAC conformation in HydE crystals shows the carboxyl moiety 

located in site S1, whereas the amino group is found at a position similar to that of the 

oxygen ligand in complex-B. Such an “unstrained” binding mode agrees with a different 

coordination geometry for the FeI species. These modifications may be assisted by the 

surrounding residues (see Figures 3d and S13). When we monitored the conversion of L-

cysteine to SAC within the crystals, neither 5′-thioadenosine nor the 10 min EPR-active 

intermediate were detected, which is at odds with the previous EPR/ENDOR and LC/MS 

characterizations.20 Perhaps crystal packing prevents further reactions of the FeI(CO)2CN-L-

SAC. Instead the FeI(CO)2CN-L-SAC intermediate decays through the loss of the 

Fe(CO)2CN fragment. In fact, we observed that residues R159, L157, and T269 adopt 

nonrelaxed conformations when complex-B binds to HydE, which is again in agreement 

with possible conformational changes required during subsequent steps. Yet, the same 
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conformations and same decay of the FeI(CO)2CN-L-SAC intermediate were observed in 

two different space groups exhibiting different crystal packing contacts. It is thus unclear 

what motions are necessary to convert the FeI(CO)2CN-L-SAC species into the 10 min 

intermediate and ultimately to the product. Yet, the strain applied by the surrounding 

residues to FeI(CO)2CN-L-SAC may weaken the S−Fe bond, which would explain why this 

intermediate is unstable in the crystal and might not accumulate sufficiently to be seen by X-

ray crystallography. Attempts to manually model the 10 min EPR-active intermediate (see 

Figure 1) in the active site suggested that the FeI ion coordination may be a penta- or 

tetracoordinated ion.30 A Fe(CO)2CN(5′-thioadenosine) moiety can be modeled in a 

position similar to that of complex-B. Yet, the crowded cavity would preclude the previously 

proposed coordination of the ribose O4′ atom.20 Overall, the detailed structures of these 

low-spin FeI 10 s and 10 min species remain to be determined.

Fragmentation of the SAC Ligand.

Conversion of the 10 s intermediate to the 10 min intermediate entails the breaking of one C

−S bond, one Fe−N bond, hydrolysis, and the release of pyruvate.20 Transition metals such 

as ferrous ions can act as Lewis acids when bound to L-cysteine, thus potentiating a base-

catalyzed β-elimination through Cα deprotonation. The breakage of the resulting C−S bond 

ultimately leads to the release of a sulfide ion and aminoacrylate.31,32 The strictly conserved 

residue K309 is observed in the vicinity of the complex-B Cα atom (see Figures 2b and S3). 

Lysine residues often act as general bases in protein active sites. However, the K309 Nζ atom 

does not point toward the SAC Cα atom and rather establishes a salt bridge with the 

conserved residue E58. In this conformation, K309 cannot abstract the H−Cα proton. Indeed, 

the stability of complex-B is enhanced upon binding to HydE. In our experience, complex-B 

is stable for days when bound to HydE even though a rotation limited to the tip of the side 

chain (around Cδ-Cε bond) would ideally place the Nζ atom in a position to carry out such 

a deprotonation. Likewise, the deprotonation of the 10s intermediate entails the same 

reorganization. Yet, the reduction of the ferrous ion to FeI upon the addition of the 5′-dA● 

species and possible changes in the iron coordination, including the release of the carboxyl 

moiety, may break the salt-bridge between residues K309 and E58 and induce deprotonation, 

the ensuing sulfur atom β-elimination, and the release of the aminoacrylate molecule. The 

latter would subsequently be hydrolyzed into ammonia and pyruvate upon release, as was 

previously reported.20

Detection of a New Monoiron Species.

Isotopic labeling experiments shows that complex-B provides irons, cyanides, carbon 

monoxides, and sulfides of the [2Fe]H subcluster.14,33 The timing of the formation of the 

inorganic sulfur remains uncertain. For example, the (S)-adenosylated Fe center could 

conceivably be transferred to HydF for further processing. A key question is how to break 

the intermediate C5′−S bond. Although we did not observe any Fe(CO)2CN-S 

intermediates, a stable and unique Fe(CO)2CNCl species was bound to the thioether moiety 

of M224 at site S3. This species is only observed when the reaction is triggered in solution 

prior to crystallization and specifically requires syn-B, SAM, and a reductant. We conclude 

that Fe(CO)2CNCl results from HydE catalysis in solution. However, starting with one SAM 

molecule per HydE, the as-obtained crystals invariably contain 100% SAC bound to the RS 

Rohac et al. Page 10

J Am Chem Soc. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cluster and 30% Fe(CO)2CNCl at site S3. Aside from considering SAM to be regenerated 

during catalysis, this newly observed species could originate from a rapid decay of the 10 s 

intermediate in solution prior to crystallization. As discussed above, its nondetection when 

triggering the reaction in a crystal may be either due to a reduced flexibility in the crystal 

that would impair its transfer to site S3 or because its abundance would be too low to be 

detected by X-ray crystallography. However, like the non-natural substrate thiazolidine was 

valuable in terms of the HydE reactivity, the unique observation of this Fe(CO)2CNCl 

species bound to site S3 might also be informative in regard to the enzyme function. This 

site most probably harbors the organometallic Fe(CO)2CNScys precursor to the H cluster in 

[FeFe]-hydrogenase.19,20 Furthermore, despite being far from the complex-B-binding site 

where the radical-based reaction occurs, site S3 is located at the lower part of the β-barrel in 

a pocket surrounded by conserved residues important to the HydE function.22 Such a 

tridimensional organization is reminiscent of that of HydG. Indeed, L-tyrosine binds in the 

upper part of the β-barrel, and the dehydroglycine intermediate crosses the broad cavity to a 

second site down the barrel where complex-B is produced.25 Strikingly, when 

superimposing the crystal-3 structure with that of a thiocyanate-bound HydE (PDB 3CIX), 

the N and S atoms of the thiocyanate ion occupy the positions of the NCFe(CO)2Cl species 

(see Figures 4b and S15).22 We now propose that like (2R,4R)-MeTDA mimics the true 

substrate complex-B bound to the active site, thiocyanate and the Fe(CO)2CNCl species may 

both mimic parts of a HydE intermediate or product bound to site S3. In view of both 

thiocyanate- and Fe(CO)2CN(Cl)-bound structures, we propose S3 as a binding site for the 

unstable HScys-Fe(CO)2CN species, the “monomeric” precursor to [2Fe]H (see Figure 5).

Dedicated Sulfur Atom Binding Sites.

The crystal structures of HydE complexed with complex-B and diverse thiazolidine or 

thiazinanes points out the existence of a sulfur-specific binding site located at the upper part 

of the β-barrel. This hypothesis is supported by the observation that thiol-containing 

molecules can also act as non-natural substrates to induce SAM cleavage despite their very 

low affinities.26,34 In this region, the strictly conserved residues R159 and Q109 both establish 

hydrogen bonds with the sulfur atom and may jointly act as a clamp to hold this atom in 

place during the reaction. Previous site-directed mutagenesis experiments targeting these 

two residues showed they indeed play a key role in the hydrogenase maturation process.22 

When looking at the lower part of the β-barrel, the thiocyanate sulfur atom does not bind site 

S3 but instead interacts with the strictly conserved residue R54 that may define another 

dedicated sulfur binding site helpful to convey the HScys-Fe(CO)2CN precursor to [2Fe]H, 

which is at odds with what is intuitively expected.22

from the Active Site to Site S3 and Beyond.

HydE, like HydG, would function as an assembly line, affecting elaborate organosulfur 

reactions at the top of a β-barrel that are followed by transferal of the Fe(CO)2CN-

containing product to the bottom of the barrel. The strictly conserved residue M291 is located 

between these two compartments, suggesting that it may function to relay the iron complex 

from the top worksite to the bottom worksite. M291 was initially proposed to merely separate 

the two pockets of the broad β-barrel cavity.22 Like M224, M291 displays multiple 

conformations, suggesting a dynamic role for this residue. Furthermore, an approximate 

Rohac et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



twofold axis links residues M291 and R159 to residues M224 and R54 (see Figures 4c and 

S16). We thus propose that residue M291 transiently binds the HScys-Fe(CO)2CN species 

produced at the top compartment. A simple rotation would convey the highly reactive HScys-

Fe(CO)2CN entity to site S3, where it would be further processed or transferred to HydF. 

Interestingly, it is also possible to manually model a Fe2S2 species between residue M291 

and the M224 sulfur atoms with a reasonable geometry without changing the conformation of 

the surrounding residues (Figure S17). One cannot exclude that HydE, like HydG, which 

processes two L-tyrosines to produce one complex-B, would proceed twice to produce a 

Fe2S2(CO)4(CN)2 species. However, further functional characterizations are required to 

determine whether HydE would assemble a two-iron species before its transfer to HydF.

A Flexible Lid for Product Transfer.

HydE belongs to a subclass of radical SAM enzymes, such as NosL, PylB, or BioB,35–37 

whose fold corresponds to a complete (βα)8-barrel.38 In these enzymes, the last α-helix 

ends with a semiconserved GxxP motif, followed by a short variable C-terminal stretch. In 

HydE, this C-terminal stretch covers the lower part of the β-barrel, impairing solvent access 

(see Figure S18). During our past search for HydE activity, we once obtained a crystal 

structure that lacked electron density corresponding to this C-terminal stretch (crystal-8, see 

Tables S1 and S2). The absence of this stretch induces major structural modifications at site 

S3. For instance, residue R54 now points toward the solvent (see Figures 4d and S19). A 

channel connects the β-barrel to the solvent, and a chloride ion is now visible outside the 

cavity. All these changes suggest that the C-terminal stretch would be displaced upon 

interaction with its partner, presumably HydF, allowing a direct transfer of the product while 

at the same time avoiding any hydrolysis from solvent. HydE would therefore act as a key 

player between HydG and HydF to process complex-B toward the [2Fe]H synthesis. 

Preliminary work supported the existence of several complexes between the three Hyd 

proteins.39 Further structural investigation are ongoing to determine how these proteins pass 

the baton, starting with L-tyrosine and an L-cysteine-bound ferrous ion to produce an active 

[FeFe]-hydrogenase.

CONCLUSION

From this work, we have established the structure of complex-B as a (κ3-cysteinate)FeII(CN)

(CO)2 organometallic complex. Upon incubation with HydE, SAM, and a reductant, we 

confirmed that 5′-dA● attacks the complex-B sulfur atom, leading to SAC formation. Iron 

coordination changes are expected upon the reduction to an FeI species. The detection of a 

five-coordinate iron bound to residue M224 supports that HydE would produce an unstable 

HScys-FeI(CO)2CN monomeric precursor of the [2Fe]H subcluster of the [FeFe]-

hydrogenase. However, further investigations are required to understand how the sulfur atom 

would be eventually “extracted” from the previously detected 10 min EPR-active 

intermediate. Finally, our structural analysis highlights channels for substrate access and 

product release through the broad cavity defined by the β-barrel. Taken together, all these 

results suggest that HydE acts as a nanofactory where the substrate is loaded by HydG on 

one side, a thorough radical-based chemistry process occurs inside, and product is unloaded 

to HydF on the other side. Subtle structural rearrangements are envisioned to control this 
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whole process. Structural characterizations of complexes between the different Hyd proteins 

are eagerly awaited to complete our understanding of the [FeFe]-hydrogenase maturation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Biosynthesis of the [2Fe]H subcluster of the [FeFe]-hydrogenase active site. The Fe−CN

−CO species depicted in the three Hyd proteins have been characterized by advanced 

spectroscopic techniques.6,17,20 In HydF, a synthetic [2Fe]H precursor was proposed to 

establish a [2Fe]Fe−NC−Fe[Fe4S4] link.
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Figure 2. 
Complex-B crystal structure. (a) Structure of complex-B surrounded by its corresponding Fo 
− Fc “omit” difference Fourier electron density map, which was calculated using a model 

without complex-B. The difference Fourier map is depicted as a green mesh contoured at 4σ. 

The complex-B model is depicted as ball and sticks with the iron in brown and the N, C, O, 

and S atoms in blue, gray, red, and yellow, respectively. (b) Active site cavity (upper part of 

the β-barrel) of the complex-B-bound HydE crystal structure (crystal-1). Complex-B and the 

[Fe4S4]RS cluster are depicted in the ball-and-stick form. The surrounding residues and (S)-

adenosyl-L-homocysteine (SAH) are depicted as sticks. The color code is the same as that in 

panel a. (c) View of the β-barrel cavity defined by the β-strands in gray. Complex-B and the 

[Fe4S4]RS cluster are depicted in the ball-and-stick form, whereas SAH is depicted as sticks. 

The color code is the same as that in panels a and b. Anion-binding sites S1, S2, and S3 are 

indicated as red semitransparent spheres.22 (d) Superposition of the crystal structures of 

HydE complexed with either complex-B or (2R,4R)-MeTDA (PDB 5FEP)19 in the same 

orientation as that in panel b. We want to point out here that the ligand-free and (2R,4R)-

MeTDA-bound structures display identical conformations for the side-chain residues that 

define the active site cavity. Therefore, for simplicity, we only present the overlay between 

the complex-B- and (2R,4R)-MeTDA-bound structures. The latter is depicted in faded colors 

with the carbon atoms in green. Side chain rotations induced by complex-B binding are 

indicated with arrows. Stereoviews of each panel are available in Figures S2, S3, S5, and S6, 

respectively.
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Figure 3. 
Complex-B conversion by HydE. (a) (S)-Adenosyl-L-selenocysteine molecule bound to the 

[Fe4S4]RS cluster in crystal RRU18. The corresponding Fo − Fc “omit” difference Fourier 

electron density map is contoured at 3σ and depicted as green mesh. The recorded 

anomalous difference Fourier map (energy of 12.8 keV) is contoured at 6σ and depicted as 

orange mesh. (S)-Adenosyl-L-selenocysteine and the [Fe4S4]RS cluster are depicted as ball 

and sticks with the same color code as that in in Figure 2 (the selenium is in orange). As a 

comparison, SAH is superimposed (faded colors and carbon atoms in green) to highlight the 

one-carbon difference between the two molecules. (b) Putative Fe(CO)2CNCl species bound 

to M224 at the lower part of the β-barrel (crystal-3). The surrounding residues are depicted as 

sticks. The new Fe-containing species is depicted as ball and sticks, and the multiple-

conformation iodide ion (overall 70% occupancy) is depicted as purple spheres. The residual 

difference Fourier electron density map is contoured at 3σ and represented as green mesh. 

The recorded anomalous difference Fourier map (energy of 7.15 keV) is contoured at 4σ and 

represented as orange mesh. The anomalous difference Fourier map recorded at 7.0 keV 

does not exhibit any significant peak in that region and is not presented. (c) Superposition of 

the crystal structures of crystal-1 and crystal-6 and the SAC manual model. For clarity, only 

the [Fe4S4]RS cluster and complex-B from crystal-1 are presented (ball-and-stick form). 

SAH, 5′-dA + methionine, and SAC are depicted as sticks with carbon atoms colored in 

gray, purple, and green, respectively. The [Fe4S4]−Fe‧‧‧Sd‧‧‧C5′‧‧‧S‧‧‧Fe−complex-B 

alignment is highlighted as yellow dashed lines. The 5′-dA C5′ atom is equidistant to both 

the methionine and complex-B sulfur atoms. (d) In crystallo SAC formation. The mixture of 

states observed after triggering the reaction in HydE crystals (crystal-7) is depicted in sticks 

surrounding residues, and SAM and SAC + methionine are depicted as sticks. Complex-B 

and the [Fe4S4]RS cluster are in ball-and-stick form. The t = 0 and 60 min structures are 

depicted with carbon atoms colored in gray and green, respectively. Stereoviews of each 

panel are available in Figures S8, S9, S12, and S13, respectively.

Rohac et al. Page 18

J Am Chem Soc. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Transfers in HydE. (a) A water-filled channel connects the outside and the complex-B 

binding site. This channel reaches the protein surface near the [Fe4S4]Aux cluster binding 

site. Residues are depicted in sticks, clusters and complex-B as ball and stick,s and water 

molecules as red spheres. The barrel cavity is defined by the eight β-strands depicted as gray 

ribbons. (b) Superposition of the Fe(CO)2CNCl- and thiocyanate-bound HydE structures 

(crystal-3 and PDB 3CIX)22 with carbon colored in gray and green, respectively. (c) M291 as 

a putative relay to transfer the Fe(CO)2CN-containing species from top to bottom. M291 

separates the upper and lower parts of the β-barrel. The rotation of the side-chain may help 

transfer the produced intermediate toward the lower pocket. Both sites are surrounded by 

conserved arginine and methionine residues. (d) Overlay of the crystal-3 and crystal-8 

crystal structures, highlighting the opening of the cavity at the bottom of the β-barrel. Upon 

a C-terminal stretch displacement, direct access to the outside allows for product transfer. β-

Strands corresponding to crystal-3 and crystal-8 are depicted in blue and red, respectively. 

The corresponding surrounding residues are depicted as sticks with carbons in gray and 

green, respectively. Stereoviews of each panel are available in Figures S14–S16 and S19, 

respectively.

Rohac et al. Page 19

J Am Chem Soc. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Scheme of the HScys-Fe(CO)2CN species as a possible intermediate or product bound to the 

lower pocket.
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