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Abstract

BesC catalyzes the iron- and O2-dependent cleavage of 4-chloro-L-lysine to form 4-chloro-L-

allylglycine, formaldehyde, and ammonia. This process is a critical step for a biosynthetic pathway 

that generates a terminal alkyne amino acid which can be leveraged as a useful bio-orthogonal 

handle for protein labeling. As a member of an emerging family of diiron enzymes that are 

typified by their heme oxygenase-like fold and a very similar set of coordinating ligands, 

recently termed HDOs, BesC performs an unusual type of carbon–carbon cleavage reaction 
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that is a significant departure from reactions catalyzed by canonical dinuclear-iron enzymes. 

Here, we show that BesC activates O2 in a substrate-gated manner to generate a diferric-peroxo 

intermediate. Examination of the reactivity of the peroxo intermediate with a series of lysine 

derivatives demonstrates that BesC initiates this unique reaction trajectory via cleavage of the 

C4–H bond; this process represents the rate-limiting step in a single turnover reaction. The 

observed reactivity of BesC represents the first example of a dinuclear-iron enzyme that utilizes 

a diferric-peroxo intermediate to capably cleave a C–H bond as part of its native function, 

thus circumventing the formation of a high-valent intermediate more commonly associated with 

substrate monooxygenations.

Graphical Abstract

INTRODUCTION

Using comparative genomics, a novel biosynthetic pathway for the production of terminal 

alkyne amino acids was recently elucidated.1 Genetic knockouts and in vitro assembly have 

revealed a biosynthetic logic whereby a chloride is initially installed at the C4 position of 

L-lysine by the iron(II)- and α-ketoglutarate (αKG)-dependent halogenase BesD, followed 

by formation of a terminal alkene that results from a carbon–carbon cleavage reaction 

catalyzed by the iron-dependent oxidase BesC (Figure 1A). Subsequent elimination of the 

chloride is performed by the pyridoxal 5′-phosphate (PLP)-dependent acetylenase BesB, 

generating a terminal-alkyne moiety. Although this pathway is most likely natively used 

by Streptomyces cattleya for the generation of dipeptide natural products, Chang and co-

workers have elegantly shown that the resulting terminal alkyne-containing amino acids 

can also be leveraged as a unique bio-orthogonal handle for protein labeling through azide–

alkyne cycloaddition, or “click”, chemistry.

Although the reactions catalyzed by BesD and BesB are more readily rationalized on 

the basis of relatively well-established Fe(II)/αKG halogenation2,3 and PLP-dependent 

desaturation,4,5 the carbon–carbon scission of 4-chloro-L-lysine (4-Cl-Lys) by BesC to 

yield 4-chloro-L-allylglycine (4-Cl-Alg), formaldehyde, and ammonia is poorly understood. 

Based on sequence similarity, BesC is proposed to be a member of a newly recognized 

family of dinuclear-iron enzymes that are typified by their heme oxygenase (HO)-like 

fold (HDOs). Intriguingly, HDOs have been shown to afford a breadth of divergent 

Manley et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2022 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reactivities for natural product biosynthesis that emanate from a similar diiron core structure. 

Notably, enzymes from this structural family include the fatty acid decarboxylase UndA,6–8 

the N-oxygenase SznF,9–11 and CADD,12 with the latter purportedly producing para-

aminobenzoate through cleavage of a protein-derived tyrosine for the ultimate integration 

into folate.13–15 Intriguingly, each of these proteins is either predicted7,8 or structurally 

shown11,12 to contain a remarkably similar coordination motif of the diiron cluster that 

consists of two histidine ligands to one iron, and one histidine ligand and two carboxylates 

to the second iron (Figure 1B, C). The ligation motif is finalized by bridges consisting of a 

glutamate and one or more (hydr)oxo ligands. The structure of SznF reveals an additional 

glutamate ligand to the 2-His Fe that is thought to possibly enable its N-oxygenating 

activity.11 Notably, a very similar asymmetric ligand set is found in the diiron N-oxygenases 

CmlI and AurF16,17 even though a 4-helix ferritin (FDO) structural architecture is utilized to 

house the cluster, rather than 3-helices used by HDOs.

A key mechanistic question that arises is how similar coordination motifs can give 

rise to such divergent chemical outcomes in HDOs. Examination of the reactions of 

diferrous SznF and UndA with O2 have demonstrated the presence of a peroxo-diferric 

intermediate in each enzyme, thus unifying the initial steps of their oxygen activation 

mechanisms with other diiron enzymes that more commonly perform hydroxylations, radical 

transfer, or desaturations.18 For SznF, the peroxo species can be readily generated in the 

absence of a bound substrate, but its decay is appreciably accelerated in the presence 

of amine substrates, suggesting it may represent the activated-O2 species that initiates 

catalysis, an attribute shared with the arylamine N-oxygenases CmlI19 and AurF.20 In 

contrast, the UndA diferric-peroxo (UndA-P) is only detectable in the presence of a bound 

fatty acid, and has been proposed to transition to a diiron(IV)-oxo intermediate on the 

basis of isolation of an Fe2(III/IV) species detected upon UndA-P decay,8 analogous to 

mononuclear decarboxylases that initiate C–H abstraction via a ferryl-intermediate,21,22 and 

computational grounds.23

To further explore the origins for variations in oxygen-activation strategies and possible 

branching of the diferric-peroxo intermediate in HDOs between direct reactivity and further 

activation to a high-valent species, we have investigated the reaction of BesC with dioxygen 

and a series of substrate analogs. Transient absorption and Mössbauer studies show that 

diferrous BesC rapidly reacts with O2 in the presence of lysine substrates to form a 

remarkably long-lived peroxo-diferric species (BesC-P). Through variation of the C4–H 

bond strength using C4–D and Cl–C4–H lysine analogs, we demonstrate that BesC likely 

initiates C–C cleavage through direct substrate C–H abstraction by this peroxo species. 

The observed reactivity of BesC-P represents the first known example of an enzymatic 

diferric-peroxo intermediate that capably cleaves relatively strong C–H bonds as part of 

its native reaction coordinate and rationalizes the need for halogen installation to promote 

efficient C–C cleavage.
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RESULTS

Substrate-Triggered Formation of a Diiron Peroxo Species.

As found for other members of the HDO family,7–10 BesC contained very little iron 

bound (<0.05 mol equiv per enzyme) to the enzyme following affinity chromatography 

(Figure S1). Following anaerobic incubation with 2 equiv of Fe(II) and exposure to O2, the 

substrate-free enzyme oxidized over the course of 10 min in a slow, monophasic manner, 

as monitored by a gradual increase in absorbance at ~340 nm (Figure 2A). To investigate 

the BesC reaction, 4-Cl-Lys, the presumptive native substrate, was prepared. The enzymatic 

generation and purification of 4-Cl-Lys using the BesD halogenase is described in the SI, 

and characterization is shown in Figures S2 to S10. Upon the addition of 4-Cl-Lys to the 

ferrous enzyme and subsequent mixing with O2, a blue species with absorption maxima 

at 320 and 612 nm rapidly formed within seconds (Figure 2B). The absorption features of 

this species (ε612 ≈ 2400 M−1 cm−1) strongly resemble μ-peroxodiiron(III) intermediates 

that are found in several diiron enzymes and biomimetic complexes that typically exhibit 

peroxo-to-Fe(III) charge transfer bands with λmax values that range from 500 to 720 nm 

(see Table S1 for a compilation). The decay process proceeds slowly over 100 s without the 

accumulation of any other distinguishable intermediates in the visible region.

The full time-course for the 612 nm absorbing intermediate, as generated with excess O2 

and 4-Cl-Lys, could be adequately fit to a two-exponential expression, revealing reciprocal 

relaxation times of 1.6 ± 0.3 s−1 and 0.030 ± 0.001 s−1 using a postmix concentration of 1 

mM O2 at 4 °C (Figure 2C). The kinetic behavior of the intermediate was further probed 

with varying O2 concentrations under pseudo-first-order conditions, enabling assignment 

of the two kinetic phases. Only the fast reciprocal relaxation time (designated here as 

1/t1) is dependent on oxygen concentration, and the 1/t1 versus [O2] plot reveals a zero 

y-intercept (Figure 2D, Figure S11). This implies that, in the presence of bound 4-Cl-Lys, 

the 612 nm intermediate is formed essentially irreversibly, as observed for several synthetic 

peroxo-adducts (e.g., refs 24 and 25). The slope of the plot indicates a bimolecular rate 

constant for O2-binding ~2.7 mM−1 s−1.

Multiple turnover experiments using ascorbate as a redox donor1 suggested that both 4-Cl-

Lys and L-Lys can serve as competent substrates for BesC and that both are cleaved to 

form a terminal alkene. We observed that L-Lys also enables efficient formation of the blue 

chromophore. A comparison of the 612 nm formation time-course for both substrates in the 

presence of 5 mol equiv of substrate is shown in Figure S12A. In the case of L-Lys, the 612 

nm intermediate forms an order of magnitude more slowly, maximizing over 20 s rather than 

<2 s for 4-Cl-Lys. Accordingly, the formation kinetics for the intermediate in the presence 

of L-Lys are significantly more complex and required fitting to a two-summed exponential 

with only one phase that is dependent on O2 concentration and a second phase that is O2 

independent (Figure S12B, C).

The triggering capacity for both substrates was further interrogated through examination 

of the amplitude of the 612 nm species that is maximally formed versus substrate 

concentration. Given that substrate binding is obligatory for intermediate formation, that 

the rates for formation far exceed those for decomposition (>2 orders of magnitude), 
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and that the decay kinetics are independent of substrate concentration (Figure S13), this 

approach provides a convenient handle to probe for differences in apparent substrate-binding 

parameters. The accumulation of the blue intermediate (Figure 2E) displayed a hyperbolic 

dependence on substrate concentration and could be fit by nonlinear Morrison fitting 

procedures that are appropriate for tight-binding substrates to yield apparent substrate 

affinities of 1 and 40 μM for 4-Cl-Lys and L-Lys, respectively.

Mössbauer Characterization of the BesC Reaction Coordinate.

We used Mössbauer spectroscopy to interrogate how substrates potentially prime the 

diiron cluster to enable oxygen activation and to further probe the nature of the 612 

nm intermediate. The spectrum of diferrous BesC in the absence of substrate showed 

a broad quadrupole doublet (Figure 3A). The spectral simulation requires two partially 

overlapping quadrupole doublets with parameters of typical high-spin ferrous species (δ ≈ 
1.25 mm/s, ΔEQ = 2.0–3.0 mm/s; see Table 1). The addition of 4-Cl-Lys clearly perturbs 

the Mössbauer spectrum of diferrous BesC, suggesting 4-Cl-Lys interacts with the diferrous 

center (Figure 3B). Although a spectral simulation including two ferrous doublets can 

reasonably reproduce the experimental data, more rigorous simulation requires the inclusion 

of three ferrous sites with a nearly equal ratio (Tables 1, S2 and Figure S14), which 

may suggest that the addition of 4-Cl-Lys induces further structural inhomogeneity on 

the diferrous center. The addition of L-Lys to diferrous BesC also perturbs the Mössbauer 

spectrum and results in a spectrum that is clearly different from those of substrate-free 

and 4-Cl-Lys-bound diferrous BesC (Table S3), implying that the binding of L-Lys to the 

diferrous center is slightly different from that of 4-Cl-Lys. A comparison of diferrous 

BesC in the presence and absence of these derivatives is shown in Figure S14. The 

spectral perturbations observed for diferrous BesC upon substrate binding are remarkably 

reminiscent of those observed upon fatty acid binding to diferrous UndA,7,8 which also 

requires a bound substrate to enable efficient O2 activation. Notably, this behavior deviates 

from N-oxygenases that do not exhibit substrate-triggering requirements (Table S4).

Upon exposure of 4-Cl-Lys-bound BesC to O2, the intensity of the three quadrupole 

doublets associated with the reactant diferrous complex decreased, and two new species 

(denoted as Species I and II) represented by two distinct quadrupole doublets concomitantly 

formed at the earliest freezing time (Figure 3C, 3D). Species I with Mössbauer parameters 

of δ = 0.57 mm/s and ΔEQ = 1.15 mm/s was also formed upon exposure of the L-Lys 

reactant complex with O2 (Figure S15 and Table S3), both of which have parameters 

that are similar to synthetic and enzymatic μ-peroxodiiron(III) complexes, including those 

trapped in UndA8 and SznF.10 Thus, we assign Species I as BesC-P. The temperature- and 

magnetic-field-dependence of the BesC-P signal allows for determination of the exchange 

coupling constant of J ≈ 35 cm−1 (Figure S20), suggesting the two Fe(III) centers are 

antiferromagnetically coupled and similar to many reported peroxo-diferric intermediates 

(Table S1). The decay of the BesC-P quadrupole doublet closely approximates the kinetics 

observed at 612 nm, further confirming the identity of the blue species (Figure S16, Tables 

S5 and S6).
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Species II, with Mössbauer parameters of ~0.46 mm/s and ΔEQ = 0.68 mm/s, was only 

identified in the reaction of 4-Cl-Lys-bound BesC with O2. Based on the Mössbauer spectra 

of samples frozen at different reaction times, Species I (BesC-P) and II appear sequentially, 

with the decay of BesC-P leading to further accumulation of Species II up to a reaction time 

of ~3 min (Figure S17 and Table S5). Thus, Species II is most likely an intermediate directly 

downstream of the diferric-peroxo species, and we currently assign it as an initial product 

complex. We further reason that the inability to observe a similar product complex in the 

BesC reaction with L-Lys (Figure S17 and Table S6) may result from significant reaction 

uncoupling in L-Lys metabolism and the slower kinetics for BesC-P decay (vide infra) that 

render accumulation of a downstream intermediate less probable.

The Mössbauer parameters of Species II clearly indicate that it is a ferric species. However, 

its magnetic behavior suggests it is not a conventional diferric species with an S = 0 

ground spin state. Instead, Species II significantly magnetizes even under a small applied 

magnetic field (450 G) (Figure S18), which strongly indicates that it exhibits an integer spin 

ground state (S > 0). Due to the relatively low accumulation of this species, we cannot yet 

reliably determine its spin state and the electronic structure under the current experimental 

conditions. Finally, the spectra of samples frozen at prolonged reaction times demonstrate 

the disappearance of the diferric-peroxo signal and formation of a broad quadrupole doublet 

with Mössbauer parameters of δ = 0.5 mm/s and ΔEQ = 0.8 mm/s, which could be assigned 

to the final ferric species (Figure 3E, Table 1). In addition, the spectra collected under high 

applied magnetic fields suggest that as much as ~60% of this new species is mononuclear 

in nature, suggesting cluster decomposition under these conditions (Figure S19). We address 

the potential ramifications of this cluster instability further in the Discussion.

Evidence that Peroxo BesC Mediates C–C Cleavage via Substrate C–H Abstraction.

Single-turnover reactions of BesC with 4-Cl-Lys as monitored by LC-MS demonstrated 

stoichiometric metabolism of 4-Cl-Lys (Figure 4A, Figure S21). The detected products 

had m/z = 150.1 and 152.1 in a ~3:1 ratio, as expected for 4-Cl-Alg with the typical Cl 

isotopic ratio (35Cl/37Cl ≈ 75/25). No such product was observed for reactions lacking BesC 

nor were any other product peaks observed. However, due to the tendency of 4-Cl-Lys to 

be nonenzymatically hydrolyzed upon prolonged incubation in aqueous conditions, trace 

amounts of 4-OH-Lys were consistently detected in LC-MS chromatograms. However, this 

side-product was not further metabolized by BesC nor did it cause BesC-P to decay more 

rapidly (Figures S21–23). Thus, we attribute the measured decay kinetics of BesC-P (kdecay 

= 0.030 s−1) solely to producing 4-Cl-Alg, establishing its role as a catalytically competent 

intermediate that is involved in carbon–carbon cleavage. In reacting BesC with L-Lys, the 

longevity of BesC-P was significantly prolonged as evidenced by the persistence of the blue 

chromophore. Measuring the full decay time-course produced a half-life of 18 ± 2 min at 

4 °C (Figure 4B), representing an ~50-fold deceleration relative to 4-Cl-Lys. The sluggish 

reactivity toward L-Lys was also reiterated under multiple turnover conditions (Figure S24).

The large difference in the decay rate constants for BesC-P between 4-Cl-Lys and L-Lys 

suggests that C–C cleavage could proceed through activation (e.g., hydrogen atom transfer 

(HAT)) at the substrate C4 position. Cl installation could be envisaged to enhance this 
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process by lowering the C4–H bond dissociation energy (BDE).26 An alternative possibility 

is that the Cl-group instead promotes the transition to another species, such as a high-valent 

intermediate that rapidly reacts with the substrate but does not appreciably accumulate. To 

delineate between these two scenarios, we examined the reaction of perdeuterated 4-Cl-Lys 

(3,3,4,5,5,6,6-d7-4-Cl-Lys) with BesC. Should BesC-P proceed to a subsequent intermediate 

that performs HAT, no isotope effect should be observed for peroxo decay. Conversely, if 

BesC-P performs HAT directly, substrate deuteration would be anticipated to slow its decay 

kinetics. In the reaction of BesC with deuterated 4-Cl-Lys, no new optically detectable 

intermediates were observed (Figure S25). The reactivity of BesC-P with the deuterated 

substrate displayed a decay rate constant kobs = 0.011 ± 0.001 s−1, giving rise to an apparent 
2H kinetic isotope effect (2H-KIE) of 2.7 ± 0.1 (Figure 4C, and Table S7). Considering the 

uncoupling observed for BesC-P metabolism of d7-4-Cl-Lys, described below, a 2H-KIE of 

~2.7 represents a lower bounds and values that correct for uncoupling may be as high as 

kH/kD ≈ 5 (see SI for further discussion). A significant 2H-KIE was also observed under 

multiple-turnover conditions using ascorbate as a surrogate redox donor, implicating C–H 

abstraction as a rate-determining process in the overall reaction of BesC (Figure S26). 

The reaction of BesC with 3,3,4,4,5,5,6,6-d8-L-Lys under single-turnover conditions was 

also examined and compared to the protiated substrate. BesC-P decayed more slowly with 

perdeuterated L-Lys (t1/2 = 42 ± 6 min at 4 °C, Figure 4B, inset), yielding a very similar 

apparent 2H-KIE ≈ 2.7. However, given the highly uncoupled nature of d8-Lys metabolism, 

this apparent 2H-KIE for (d8) L-Lys may largely originate from a difference in the rate 

constants for productive metabolism and uncoupling that leads to cluster decomposition.

Further evidence for a direct reaction of BesC-P for C–C scission is provided through 

examination of the coupling parameters (substrate consumed per peroxo, Figure 4A) across 

the substrate series. Although the consumption of BesC-P is completely coupled to product 

formation for 4-Cl-Lys, quantitation of the substrate remaining from the reactions with 

perdeuterated d7-4-Cl-Lys revealed that ~50% of the substrate is unmetabolized. LC-MS 

analysis shows that the metabolized substrate exclusively formed the typical cleavage 

product, demonstrating that the 2H-KIE does not stem from a significant change in reaction 

mechanism (Figure S27). Although the origin of this uncoupling is unclear, a lack of 

appreciable H2O2 detected from reactions alludes to either an oxidase shunt pathway27 

or the cluster decomposition as detected by Mössbauer. Irrespective of the precise origin, 

this behavior implies there is a parallel pathway for BesC-P decomposition that directly 

competes with productive catalysis. As the rate of uncoupling should be insensitive to 

substrate isotopic composition, this observation is best rationalized by deceleration of a 

productive pathway (by raising the substrate BDE) that favors the uncoupling pathway. 

This trend is reinforced in an examination of L-Lys metabolism and comparison with 

the deuterated isotopologue. Analysis of single turnover reactions (Figure 4A, Figure 

S21) revealed only ~0.5 equiv of L-Lys were consumed, compared to <2% for the 

deuterated substrate. Alongside the product L-Alg, LC-MS revealed that L-Lys cleavage was 

accompanied by an additional (~20%) Δm/z + 16 coproduct, consistent with the formation 

of OH-Lys. Isotope tracing experiments (with 18O2 or H2
18O) revealed that the introduced 

oxygen was completely incorporated from solvent and not from O2 (Figure 5). Possible 

mechanistic implications of this side-product are described in the Discussion.
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DISCUSSION

The spectroscopic and kinetic characterization shown here demonstrates that BesC forms 

a coupled diiron center that can react with dioxygen, authenticating its assignment as 

an HDO. The substrate-dependent O2 activation strategy utilized by BesC has long been 

appreciated for various iron-enzyme classes, including several diiron enzymes,8,28 to prevent 

errant side-reactions including self-oxidation and the generation of reactive oxygen species. 

The HDOs characterized thus far have been shown to regulate O2 activation in either a 

substrate-dependent (UndA8 and BesC) or unregulated manner (SznF), both of which differ 

from multicomponent diiron oxygenases/oxidases that can often require auxiliary proteins 

(e.g., effector29,30 or redox partners31) to elicit structural changes at the diiron site to enable 

catalysis. Although triggering in other HDOs can be rationalized on the basis of provision of 

an additional carboxylate ligand to the cluster, from either the substrate (UndA8) or protein 

(SznF11), the structural origins for substrate-regulated activation in BesC appear to be more 

complex. A preliminary screen of potential substrate analogs, using BesC-P formation as 

an optical guide, suggests that neither the substrate carboxylate alone nor the C2 amino 

group is sufficient for triggering and that the presence of an amine-containing side chain 

is not a strict requirement (Table S8). Taken together with the role that the Cl-group has 

for directing efficient binding and for modulating the kinetics of BesC-P formation, more 

complex structural underpinnings likely prime the cluster for rapid O2 binding.

The influence of the substrate C4–H bond dissociation energy (BDE) on BesC-P decay is 

shown in Figure 6. The evident correlation, along with the influence of substrate deuteration 

on the ratio of productive coupling, is best rationalized through a mechanism involving 

direct electrophilic attack of C4–H by BesC-P, as shown in Figure 7. A peroxo-based HAT 

mechanism is further supported by (i) the overall sluggish decay of the intermediate; (ii) 

a 2H KIE within the semiclassical limit32,33 (diiron Fe(IV)-oxo intermediates often exhibit 

significantly larger 2H KIEs due to significant tunneling contributions34); and (iii) the 

narrow window of substrate BDEs that can be efficiently metabolized. These characteristics 

disfavor a mechanism involving the formation of an undetected high-valent species on 

several grounds. First, the observed 2H-KIE for BesC-P decay would necessitate the quasi-

reversible formation of a presumptive high-valent intermediate, a scenario that is unlikely 

for a process that would involve O–O bond cleavage.35 Furthermore, high-valent species 

do not typically exhibit such strict limitations for substrate C–H BDE and are known to 

readily oxidize highly challenging substrates. Rather, the features observed here for BesC-P 
reactivity are similarly shared in the reaction of methane monooxygenase peroxo (MMO-P) 

with non-native substrates, and in particular the upper bounds of accessible C–H BDEs ≈ 96 

kcal/mol.36,37

Although peroxo-diiron intermediates have been implicated in electrophilic reactions such 

as N-oxygenations and aromatic substitutions, their reactivity is most often associated with 

variations in O2 coordination geometry, leading to distinctive optical (e.g., λmax ≤ 500 nm 

or ε ≤ 500 M−1 cm−1) and Mössbauer spectroscopic properties (ΔEQ < 0.7 mm/s).19,28,38,39 

On the contrary, the spectroscopic properties of BesC-P are strikingly similar to synthetic 

complexes, MMO-P, and, in particular, the enzyme deoxyhypusine hydroxylase (DOHH). 

DOHH-P has been structurally validated by rR, XAS, and crystallography as containing 
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a cis-μ−1,2-peroxo adduct.40,41 The antiferromagnetic coupling constant of BesC-P (J ≈ 
35 cm−1, Figure S20) suggests that exchange is dominated by the peroxide-unit and, 

like DOHH, may similarly contain a hydroxo single-atom bridge. Such an arrangement 

would promote the stability of BesC-P and thwart O–O bond cleavage to form a diferryl 

species.42–45 Following C–H abstraction to form a substrate radical, there are several 

potential pathways that could lead to C–C fragmentation. Depicted in Figure 7 is a 

subsequent proton-coupled electron transfer to produce a carbocation intermediate, although 

a radical fragmentation pathway could also be envisioned. However, the presence of the 

OH-Lys product, with the integrated alcohol deriving exclusively from solvent rather than 

O2, suggests that a cationic pathway may indeed be operative.

Bioinformatic analysis further reiterates the necessity of the Cl group for efficient C–C 

cleavage by BesC (Figure S28). A search for BesC orthologs and examination of the 

associated genome neighborhood network revealed ~20 biosynthetic gene clusters (BGCs). 

The presence of a halogenase was universally conserved even though, in many cases, 

the BesB ortholog was absent. This observation highlights that substrate chlorination is 

necessary not only for alkyne formation but specifically for alkene formation.

The instability of the diiron cluster upon exposure to O2 appears to reflect a common 

property for some HDOs11 and is similarly observed for BesC via Mössbauer spectroscopy 

(Figure S19). However, it should be noted that BesC-P can be readily recycled in multiple 

rounds of reduction and reoxygenation and capably performs multiple turnovers in the 

presence of the excess ascorbate (Figures S24, S29). The 2H-KIE that is also observed in 

the multiple turnover system (Figure S26) implies that either rapid reduction occurs prior to 

dissociation of the iron or cluster reassembly happens at rates that far exceed those observed 

for HAT.

Given the similarity of UndA and BesC in terms of overall structure, coordination motif, 

and olefin-installation function, one would envision that the reactions of the two HDOs 

would proceed in a very similar fashion. The nature of the C–H abstracting species in UndA 

has yet to be unambiguously identified, though a computational study has suggested that a 

high-valent intermediate is needed.23 Thus, there are striking differences in the stabilities of 

the peroxo-diferric species between BesC and UndA, which differ by more than 3 orders of 

magnitude. This could arise from as-of-yet determined facets of the secondary coordination 

sphere or structural differences of the peroxo unit itself.

CONCLUSION

Our results demonstrate that BesC utilizes a coupled dinuclear iron cofactor to perform 

the oxidative carbon–carbon bond cleavage of 4-chloro-L-lysine to generate 4-chloro-L-

allylglycine. Mössbauer and optical spectroscopy confirms its position as a new member 

of the emerging and expanding heme-oxygenase-like subfamily of diiron oxidases (HDOs) 

that activate dioxygen for diverse transformations.46 By analogy to the C–C-cleaving HDO 

UndA, it would be tempting to speculate that BesC would activate dioxygen to ultimately 

generate a high-valent intermediate to mediate this transformation. Although BesC indeed 

activates O2 to form a diferric-peroxo intermediate (BesC-P), the decay kinetics for this 
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species are clearly modulated by the strength of the C4–H bond, a scenario that is 

best rationalized by a mechanism in which the diferric-peroxo, rather than a high-valent 

intermediate, directly performs HAT to initiate C–C bond cleavage. This represents an 

unprecedented reaction trajectory for diferric-peroxo intermediates, thus broadening the 

repertoire of catalytic mechanisms accessible to HDOs and, more generally, diiron enzymes.

EXPERIMENTAL SECTION

Experimental materials and methods are detailed in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Oxidative C–C cleavage by BesC. (A) The partial biosynthetic pathway for terminal alkyne 

amino acids from L-lysine in S. cattleya. (B) Sequence alignment demonstrates conservation 

of the iron-ligating residues of BesC with other selected HDOs. (C) Structural alignment of 

the diiron site predicted by a homology model of BesC prepared using Swiss-Model using 

CADD (PDB ID: 1RCW) as a template.
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Figure 2. 
Substrate-triggered formation of an oxygenated intermediate in BesC. (A) Rapid mixing of 

diferrous BesC (300 μM postmix concentration) with O2-saturated buffer (1 mM postmix) 

in the absence of substrate results in slow autoxidation. (B) Substrate-bound BesC (300 μM 

BesC, 1.5 mM 4-Cl-Lys postmix) activates oxygen to produce a blue 612 nm chromophore, 

shown at a 1 mM O2 postmix concentration in the inset. (C) The single-wavelength time-

course measured at 612 nm can be fit with a two-summed exponential expression showing 

single formation and decay phases. (D) The formation rate of BesC-P is linearly dependent 

on [O2], measured at a postmix O2 concentrations of 1.0 mM (red), 0.8 mM (yellow), 0.6 

mM (blue), and 0.4 mM (purple) and a BesC concentration of 50 μM. (E) Accumulation of 

BesC-P shows a hyperbolic dependence on substrate concentration and is used to determine 

the relative efficiencies for L-(Cl)-Lys binding and O2 activation. Postmixing concentration 

of protein was 100 μM, and substrate concentrations used were 25, 50, 100, 300, 500, and 

1000 μM for Lys (filled squares) and 25, 50, 75, 100, 125, 175, and 250 μM for 4-Cl-Lys 

(open squares). Inset: Representative PDA spectra of maximum BesC-P accumulation at 

different concentrations of 4-Cl-Lys, with warmer colors indicating higher concentrations. 

All experiments were performed at 4 °C.
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Figure 3. 
Mössbauer spectroscopy of BesC-P. (A) Zero-field, 4.2 K Mössbauer spectra of diferrous 

BesC, (B) 4-Cl-Lys-bound diferrous BesC, (C) the oxygenated 4-Cl-Lys-bound diferrous 

BesC frozen at 1 min, (D) the difference spectrum generated by subtracting 40% (B) from 

(C), and (E) fully decayed BesC-P. The red solid lines are the overall spectral simulations; 

the simulation parameters are listed in Table 1 and Table S5. For (D), the blue and the green 

lines represent the spectral simulation of BesC-P (Species I) and the initial product complex 

(Species II), respectively.
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Figure 4. 
Reactivity of BesC-P with Lys derivatives. (A) Substrate consumption in single-turnover 

reactions of BesC with 4-Cl-Lys, L-Lys, and their perdeuterated analogs. (B and inset) UV–

visible spectra show that BesC-P decay with L-Lys occurs slowly and can be fit to a single 

exponential decay phase with an apparent 2H KIE. (C) BesC-P decay with 4-Cl-Lys and its 

perdeuterated analog as monitored at 612 nm. The raw data is shown in black, and the fits 

to a double-exponential expression are shown in blue (protiated) and red (deuterated). The 

residuals are shown in the corresponding color. Protein concentration used in (B) and (C) 

was 300 μM with 5 mol equiv substrate.
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Figure 5. 
LC-MS extracted ion chromatograms of reactions of BesC with L-Lys and labeled 18O2 or 

H2
18O and a negative control where BesC was omitted.
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Figure 6. 
Correlation of the apparent BesC-P decay rates for various lysine derivatives plotted against 

the estimated substrate C4–H BDE.26
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Figure 7. 
Proposed mechanism for oxidative C–C cleavage by BesC. Substrate-triggered activation 

of O2 yields the diferric-peroxo intermediate BesC-P, which branches between C4–H 

cleavage and uncoupling depending on the identity of X (H or Cl). HAT by BesC-P may 

be followed by an iron(II/III)-hydroperoxo species and subsequent iron(III/IV)-oxo/hydroxo 

species (bracketed because these have not been directly observed). (PC)ET then yields 

the carbocation intermediate. At this point, the reaction may proceed through a cyclic 

intermediate before cleaving to yield (4-chloro)-L-allylglycine and methylene imine. The 

latter may be nonenzymatically hydrolyzed to ammonium and formaldehyde. An alternative 

fate of the carbocation intermediate is quenching by a solvent-derived hydroxide, observed 

when X = H.
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Table 1.

Parameters Used for the Fitting of the Diiron Clusters of BesC in the Mössbauer Spectra Shown in Figure 3
a

Site δ (mm/s) ΔEQ (mm/s) Γb
 (mm/s) Spectral area (%)

Diferrous 1 1.25(1) 2.97(3) −0.45 60(2)

2 1.24(1) 2.15(3) −0.50 40(2)

Diferrous (4-Cl-Lys) 1 1.26(1) 2.26(3) −0.45 35(2)

2 1.26(1) 2.83(3) −0.42 28(2)

3 1.28(1) 3.34(3) −0.34 37(2)

BesC-P (4-Cl-Lys) Species I 1 0.56(1) 1.15(3) 0.36 33(2)

Species II 1 0.46(1) 0.68(3) 0.45 18(2)

Decayed BesC-P 1 0.50(1) 0.82(3) 0.5 45(2)

a
The numbers in the parentheses represent the uncertainties of the simulation parameters.

b
The negative line width represents a Voigt line shape function with a convolution of 50% Gaussian and 50% Lorentzian.
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