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Abstract: Radical S-adenosyl-L-methionine (SAM) enzymes initiate 
biological radical reactions with the 5’-deoxyadenosyl radical (5’-
dAdo•). A [4Fe-4S]+ cluster reductively cleaves SAM to form the Ω 
organometallic intermediate in which the 5’-deoxyadenosyl moiety is 
directly bound to the unique iron of the [4Fe-4S] cluster, with 
subsequent liberation of 5’-dAdo•. Here we present synthesis of the 
SAM analog S-adenosyl-L-ethionine (SAE) and show SAE is a 
mechanistically-equivalent SAM-alternative for HydG, both supporting 
enzymatic turnover of substrate tyrosine and forming the 
organometallic intermediate Ω.  Photolysis of SAE bound to HydG 
forms an ethyl radical trapped in the active site. The ethyl radical 
withstands prolonged storage at 77 K and its EPR signal is only 
partially lost upon annealing at 100 K, making it significantly less 
reactive than the methyl radical formed by SAM photolysis. Upon 
annealing above 77K, the ethyl radical adds to the [4Fe-4S]2+ cluster, 
generating an ethyl-[4Fe-4S]3+ organometallic species termed ΩE.   

Introduction 

Catalysis by radical S-adenosyl-L-methionine (radical SAM or RS) 
enzymes is accomplished via the reductive cleavage of SAM to 
initially generate an organometallic intermediate Ω comprising a 
5’-deoxyadenosyl ligand covalently bound to the unique iron of 
the active-site [4Fe-4S]3+ cluster.[1-2] The intermediate Ω then 
liberates a 5’-deoxyadenosyl radical (5’-dAdo•) via homolytic Fe-
C bond cleavage, and this radical abstracts an H-atom from 
substrate to initiate the wide variety of reactions performed by the 
RS superfamily.[3-7] Suess and coworkers have recently 
synthesized a model for alkyl-[4Fe-4S]3+ clusters that shows 
spectroscopic properties similar to Ω.[8] The discovery of Ω 
reinforced the remarkable catalytic parallels between RS and 
adenosylcobalamin (B12) radical enzymes, with both using 
homolytic metal-carbon bond cleavage of an organometallic 
species to generate the central 5’-dAdo• intermediate responsible 
for H-atom abstraction.[1-2] Despite its central role in radical 
initiation in both enzyme families, the 5’-dAdo• radical remained 
an elusive species for nearly 60 years, escaping direct 
observation and characterization. Our recent discovery of novel 
photochemistry of SAM-bound [4Fe-4S]+ clusters in RS enzyme 
active sites changed this: we showed that photoinduced electron 
transfer in the pyruvate formate-lyase activating enzyme (PFL-

AE) [4Fe-4S]+:SAM complex cleaves the S-C5’ bond of SAM to 
generate 5’-dAdo• trapped in the PFL-AE active site, enabling the 
first direct characterization of this important radical intermediate.[9] 
 
HydG is a RS enzyme essential for the maturation of the [FeFe]-
hydrogenase (Fig 1), catalyzing the radical decomposition of 
tyrosine to produce CO and CN–, both of which end up as ligands 
in the H-cluster at the active site of [FeFe]-hydrogenase.[10-13] 
Radical formation occurs at a site-differentiated [4Fe-4S] cluster 
bound near the N-terminus of HydG, which coordinates SAM and 
catalyzes reversible reductive cleavage of SAM to generate the 
5’-dAdo• species. This ultimately abstracts an H atom from the 
amino of tyrosine,[13-15] through a mechanism that proceeds via 
the Ω organometallic intermediate central to RS enzyme 
reactions.[2] The initial products of tyrosine cleavage are p-cresol 
and dehydroglycine;[16] the latter migrates towards an auxiliary 
cluster that is involved in the subsequent chemistry, ultimately 
forming CN– and CO.[17] These diatomic products, perhaps 
together with iron in the form of a small-molecule synthon,[18-20] 
are delivered to the GTPase scaffold protein HydF.[21-24] The RS 
enzyme HydE is proposed to provide the dithiomethylamine 
(DTMA) ligand that forms a 2Fe H-cluster precursor on HydF 
([2Fe]F), which is then delivered to HydA to produce the active 
hydrogenase.[25-27] A recent report provides intriguing evidence 
that the substrate of HydE is a HydG-generated cysteine-
coordinated organometallic synthon.[28] 

Reduced HydG with SAM bound to the [4Fe-4S]+ cluster 
furthermore undergoes cryogenic photoinduced electron transfer 
from the cluster to SAM, resulting in regiospecific cleavage of the 
S-CH3 bond, rather than the S-C5’ bond (as in the case of PFL-
AE).[29-30] This generates a •CH3 radical in the active site, as 
characterized by electron paramagnetic resonance (EPR)  
spectroscopy.[29] We found that this •CH3 undergoes rapid 
rotational diffusion even at 40 K, and converts to a slower-
tumbling state at lower temperatures.[29] The •CH3 radical decays 
rapidly at 77 K with a half-life of minutes,[29] in contrast to the 5’-
dAdo• radical formed by photolysis of [4Fe-4S]+:SAM in PFL-AE, 
which is indefinitely stable at 77 K.[9] We concluded that the •CH3 
is intrinsically more reactive than 5’-dAdo•, primarily because of 
its small size and ability to undergo rapid translational diffusion in 
search of a reaction partner.[29] 
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Figure 1. Top: Radical initiation mechanism in RS Enzymes.  Lower Left: HydG structure showing the RS  [4Fe-4S] cluster and the auxiliary cluster. Lower Right: 
HydG catalyzed tyrosine cleavage into diatomic CO and CN- ligands. 

 
This report focuses on the reactivity of the ethyl analog of SAM, 
S-adenosyl-L-ethionine (SAE) with HydG. SAE can form in vivo in 
yeast and in mammals fed a diet containing ethionine,[31-32] and 
has been shown to inhibit some methyltransferase reactions,[33-36] 
but we are not aware of any prior studies of SAE reactivity with 
RS enzymes. Ji et al. have reported on the use of the SAM analog 
allyl-SAM in mechanistic investigations of the radical SAM 
enzyme NosN.[37] We report here the enzymatic synthesis and 
characterization of SAE, and show that HydG can utilize SAE as 
an effective alternative cosubstrate to SAM under normal 
enzymatic turnover conditions, producing the Ω intermediate and 
allowing efficient catalytic turnover of substrate L-tyrosine. We 
also report that cryogenic photolysis of the HydG [4Fe-4S]+:SAE 
complex results in  S-CH2CH3 homolytic bond cleavage to form a 
•CH2CH3 radical trapped in the HydG active site, which we have 
characterized by EPR spectroscopy. This ethyl radical has 
significantly greater stability than the methyl radical studied 
previously, persisting under prolonged storage at 77 K and 
through annealing at 100 K.[29] Upon annealing to higher 
temperatures this radical adds to the [4Fe-4S]2+ cluster to 
generate an ethyl-[4Fe-4S]3+ organometallic species termed ΩE. 
Our results provide a window into the remarkable versatility of RS 
enzymes in generating alkyl radicals to initiate diverse biological 
radical reactions. 

Results and Discussion 

Synthesis of SAE. SAE was synthesized in vitro from ATP and 
ethionine using E. coli SAM synthetase. SAE was purified on a 
cation exchange column, eluting at the same concentration of HCl 
eluent as required for elution of SAM.[38] The yield of SAE from the 
enzymatic synthesis and subsequent purification was 

approximately 25% that of a typical SAM preparation, most likely 
reflecting a lower specific activity for SAM synthetase with 
ethionine vs. methionine. The synthesis of SAE was verified by 
NMR (Fig S1) and HPLC-MS (Fig S2). The NMR showed 
characteristic resonances for the ethyl group vs. methyl group of 
SAM. Close examination of the characteristic triplet for the methyl 
group of the -CH2CH3 at 1.45 ppm reveals a smaller triplet slightly 
upfield (1.41 ppm), which is due to the R,S-diastereomer of SAE. 
Relative integration gives approximately 10% of the R,S product 
in the synthesized SAE, indicating some racemization occurred 
during the workup and purification procedures, similar to what is 
observed for SAM.[39] 
 
EPR Evidence for SAE Coordination to the HydG [4Fe-4S] Cluster. 
HydG is a RS enzyme with two [4Fe-4S] clusters: the RS [4Fe-
4S] cluster that binds near the N-terminal of the protein ([4Fe-
4S]RS), and an auxiliary cluster that binds near the C-terminus 
([4Fe-4S]aux).  Under anoxic and reducing conditions, both 
clusters are in the EPR-active S=1/2 [4Fe-4S]+ cluster state and 
have distinct EPR g-values: for the [4Fe-4S]+RS, g = [2.03, 1.935, 
1.893], and for the [4Fe-4S]+aux, g = [2.027, 1.919, 1.888] (Fig 2, 
Fig S3). Upon addition of SAM, the EPR signal of the [4Fe-4S]+RS 
is perturbed, with g = [1.998 1.88 1.834], while that of the [4Fe-
4S]+aux is unchanged, Fig 2. The g-values were obtained by 
simulations of the observed spectra in Fig 2 with a two cluster 
model (Figs S3, S4); the obtained g-values agree well with 
previously reported values.[13]  
 
The changes in the EPR spectra of [4Fe-4S]+RS upon addition of 
SAM arise from coordination of the SAM amino and carboxylate 
moieties to the unique iron of the [4Fe-4S]+RS,[3, 25] as has been 
observed in a wide range of RS enzymes, although the details 
vary from enzyme to enzyme and can depend on buffer conditions  
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Figure 2. EPR spectral evidence for SAE binding to the [4Fe-4S]+ cluster of 
HydG. CW-EPR spectra of reduced HydG (top) is due to the overlay of signals 
arising from [4Fe-4S]+RS and [4Fe-4S]+AUX. Addition of SAM to reduced HydG  
(middle) perturbs the [4Fe-4S]+RS EPR signal while the [4Fe-4S]+AUX signal 
remains unchanged. Addition of SAE to reduced HydG (lower) also perturbs the 
[4Fe-4S]+RS EPR signal while the [4Fe-4S]+AUX signal remains unchanged. 
Conditions: [HydG] = 1 mM, [dithionite] = 3 mM, [SAM] or [SAE] = 5 mM. EPR 
parameters: microwave frequency, 9.37 GHz; T = 12 K; modulation amplitude, 
10 G. 
 
as well as the monovalent cation present in the assay buffer.[40] 
Also impacting the EPR spectra of HydG is the potential for an 
additional FeII bridged to the [4Fe-4S]aux cluster via a cysteine 
ligand; the presence of this 5th iron leads to an EPR-silent state 
for the auxiliary cluster,[41] and therefore the contribution of the 
auxiliary cluster to the EPR signal can vary depending on iron 
loading. 
 
Because of the sensitivity of the EPR signature for the [4Fe-4S]+RS 
cluster to SAM coordination, we used EPR spectroscopy to probe 
whether the SAM analog SAE would bind to the unique iron of the 
HydG [4Fe-4S]1+RS as does SAM. When SAE is added to HydG, 
the EPR spectrum of [4Fe-4S]+RS cluster changes to one with g = 
[2.012 1.876 1.854], different from the spectrum of unliganded 
[4Fe-4S]1+RS and similar to the spectrum when SAM binds (Fig 2, 
S5). This indicates that SAE binds to the [4Fe-4S]1+RS cluster in a 
manner similar to that of SAM, presumably with chelation of the 
unique iron through the amino nitrogen and carboxylate oxygen 
of SAE. The SAE-bound [4Fe-4S]+RS has somewhat different g-
values from the SAM-bound [4Fe-4S]+RS, as revealed through 
simulations (Figs S4, S5); these differences likely reflect 
perturbations in the unique iron coordination environment due to 
the greater steric bulk of ethyl vs. methyl. Specifically, replacing 
the methyl of SAM with an ethyl in SAE would likely change the 
positioning of the positively-charged sulfonium relative to the 
[4Fe-4S]+RS, which change would propagate to the Fe chelate and 
would be expected to alter the EPR signal arising from this cluster. 
 
SAE is a Catalytically Functional Cofactor. To determine whether 
SAE can serve as a functional cofactor in RS enzyme turnover, 
enzymatic activity assays were carried out under anoxic 
conditions with reduced HydG, SAE, and tyrosine, with 

deoxymyoglobin serving as a detector of the product CO.[11] The 
results (Fig 3) show that SAE is able to replace SAM during HydG 
catalysis, with assays containing SAE showing CO production 
rates (apparent first-order rate, k = 0.035 ± 0.003 min-1) that were 
80% of those observed with SAM (k = 0.044 ± 0.004 min-1). LC-
MS analysis confirms that this SAE-supported turnover is 
accompanied by the production of 5’-deoxyadenosine, a normal 
product of SAM turnover; thus SAE, like SAM, supports normal 
catalytic function of HydG, wherein the interaction of SAE (or 
SAM) with the [4Fe-4S]+RS results in reductive S-C5’ bond 
cleavage to produce a 5’-dAdo• radical which abstracts a H atom 
from substrate L-tyrosine to initiate the conversion of tyrosine to 
p-cresol, CO, and CN-. 
 

Figure 3. HydG activity assays with SAE and tyrosine. Top, UV-visible spectral 
changes as CO produced by HydG catalysis binds to H64L deoxy-Mb. Bottom, 
kinetic traces for the HydG-catalyzed formation of CO with SAM (squares) and 
SAE (circles). The red lines represent exponential fits to the data used to 
determine kcat values provided in the text. 

Rapid freeze-quench (RFQ) experiments were carried out to 
define the catalytic pathway for the reaction of HydG with SAE 
and tyrosine. The RFQ experiments were performed by rapidly 
mixing reduced HydG with a solution containing (tyrosine+SAM) 
or (tyrosine+SAE) and freeze-quenching at 500 ms. The EPR 
spectrum of HydG+(tyrosine+SAM) quenched 500 ms after 
mixing shows the disappearance of the cluster signal of [4Fe-
4S]1+RS+SAM at g^=1.864, and the appearance of the 
organometallic intermediate Ω with g|| = 2.035, g⊥ = 2.004, Fig 4, 
as previously reported.[2] The EPR spectrum of freeze quenched 
HydG+(tyrosine+SAE) is virtually identical to the Ω captured 
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during RFQ with SAM and HydG (Fig 4), as well as the 
organometallic Ω intermediates previously shown to be central to 
catalysis in a wide range of radical SAM enzymes.[1-2]   
 
Together, the enzymatic and spectroscopic results indicate that in 
the presence of substrate and at optimal temperatures for 
catalysis the ethyl-for-methyl substitution does not perturb the 
local active site environment sufficiently to disrupt the normal 
catalytic function of HydG.  SAE in the HydG active site is bound 
in a catalytically competent state and oriented in a manner that 
favors reductive cleavage of the SAE S-5C’ bond, followed by 
formation of Ω, liberation of 5’-dAdo•, and efficient catalytic 
reaction with substrate to initiate the conversion of substrate 
tyrosine to p-cresol, CO, and CN-.  
 

Figure 4. X-band CW-EPR of the catalytically central Ω trapped in HydG (250 
µM) on reaction with tyrosine and SAM (red) or tyrosine and SAE (black) 
quenched at 500 ms. Conditions: T = 12 K; microwave power, 2 mW; modulation 
amplitude, 5 G; microwave frequency, 9.37 GHz; both have been annealed to 
150K for 1 min to remove a very weak impurity signal. 

Photolysis of SAE bound to HydG. We recently demonstrated that 
blue-light photolysis of SAM bound to the active site [4Fe-4S]+ 
cluster of PFL-AE in the absence of PFL results in photoinduced 
electron transfer from the reduced iron-sulfur cluster to SAM, 
reductively cleaving the SAM to produce a 5’-deoxyadenosyl 
radical (5’-dAdo•) trapped in the active site.[9] Subsequent studies 
showed that photolysis of HydG [4Fe-4S]+-SAM complex in the 
absence of substrate tyrosine instead led to a methyl radical 
(•CH3) trapped in the active site; that is, in HydG the photoinduced 
electron transfer led to homolytic S-CH3 bond cleavage, rather 
than S-C5’ bond cleavage as in PFL-AE.[29]  
 
To test the sensitivity of photoinduced S-C cleavage to variations 
in SAM, we carried out cryogenic (12 K) 450 nm photolysis of the 
[4Fe-4S]+-SAE complex of HydG in the absence of tyrosine.  The 
EPR spectrum subsequent to 5 mins of photolysis reveals the 
appearance of a new radical species concomitant with the loss of 
a majority of the  [4Fe-4S]1+ cluster signal (Fig 5). This contrasts 
with photolysis of the [4Fe-4S]+-SAM complex of HydG, which 
requires about 1 hour to go to completion.[29]  
 
The new radical species exhibits a multiline EPR signal at 40 K, 
clearly different than the distinct 1:3:3:1 methyl radical signal 

observed upon photolysis of HydG complexed to SAM,[29] and 
also different from the signal observed for the 5’-dAdo• generated 
on photolysis of PFL-AE/SAM.[9] This multiline signal is associated 
with the •CH2CH3 radical liberated by photolytic cleavage of SAE 
in HydG. This is established by simulation of the EPR spectrum 
on the basis of a carbon spin center coupled to the two •CH2- a-
protons, each with anisotropic hyperfine tensors, A(1H) = [80, 40, 
60] MHz, and to three b-protons from a non-rotating methyl group, 
the three having isotropic couplings, aiso(1Ha, 1Hb, 1Hc)  = (110 MHz, 
20 MHz and 20 MHz), Fig 5, upper. The photoinduced S-CH2CH3 
cleavage of SAE occurs much more rapidly under steady-state 
photolysis than does the photoinduced S-CH3 cleavage of SAM, 
which suggests more efficient photoinduced electron transfer 
within [4Fe-4S]1+RS:SAE than [4Fe-4S]1+RS:SAM. 
 
On extending the time of radiation up to 1hr, the EPR signal of 
•CH2CH3 gradually evolves into a radical signal with sharper and 
more resolved 1H-hyperfine-split peaks, while maintaining the 
same EPR breadth and total spin integration, Fig 5, lower. The 
spectrum of the 1hr-radiation generated radical is well simulated  

Figure 5. X-band CW-EPR spectra of •CH2CH3 (top) and •CH2CH3* (bottom) 
after 450 nm photolysis of [4Fe-4S]1+RS:SAE complex of HydG for 5 mins and 1 
hr. The simulation (red) parameters for •CH2CH3 and •CH2CH3* are supported 
in Table 1. EPR parameters: temperature, 40 K; microwave frequency, 9.37 
GHz; modulation amplitude, 3 G. 

Table 1. Simulation[a] parameters for •CH2CH3 and •CH2CH3* 

Spin Hamiltonian •CH2CH3 •CH2CH3* 

g 
A(a-1Ha) MHz[b] 
A(a-1Hb) MHz 
A(b-1Ha) MHz 
A(b-1Hb) MHz 
A(b-1Hc) MHz 

2.003,2.002,2.001 
80,40,60 
80,40,60 

110,110,110 
20,20,20 
20,20,20 

2.005,2.004,2.003 
80,40,60 
80,40,60 

100,100,115 
25,25,30 
25,25,30 

[a]The homogenous EPR linewidth for the simulation of •CH2CH3  is 30 MHz, and 
for the simulation of •CH2CH3* is 6 MHz; this simulation further includes 
inhomogeneous line-broadening with HStrain = (40, 40, 10) MHz. [b]Euler angle 
(a,b,g) = (60,0,0) for 1Ha of •CH2-, and (a,b,g) = (-60,0,0) for 1Hb of •CH2-, 
corresponding to ∠1Ha-C-1Hb = 120°. 
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with only slight adjustment of the spin-Hamiltonian parameters for 
•CH2CH3 (Fig 5, lower, Table 1), showing that the properties of 
the radical itself are not altered. Instead, the enhanced resolution 
results from a decreased linewidth (decreased homogeneous 
linewidth, but with the introduction of a heterogeneous linewidth 
component in simulations; Table 1). This change suggests that 
the prolonged illumination has relaxed the environment of the 
•CH2CH3 radical, and we denote the resulting radical center, 
•CH2CH3*. We attribute this phenomenon to local photothermal 
annealing in the vicinity of the cluster caused by the release as 
heat of the energy of multiple photons absorbed during the 
extended illumination period by the [4Fe-4S]2+ cluster proximate 
to the ethyl radical. It is well known that absorption of a single 
photon of this energy can cause extremely large transient 
increases in temperature of the absorbing cofactor, with smaller 
but substantial temperature increases in the protein vicinity as the 
energy flows through the protein.[42-43] Such a temperature 
increase would be greatly enhanced at the cryogenic 
temperatures employed here, as the protein heat capacity is 
strongly decreased at such temperatures. 
 
Thermal-annealing of •CH2CH3 and •CH2CH3*:  The •CH2CH3 
radical formed directly by photolysis of the HydG [4Fe-4S]+-SAE 
complex  at 12 K (Fig 5 upper) is indefinitely stable at 77 K, as is 
the photothermally annealed •CH2CH3* radical. These results are 
in sharp contrast to our observation that the methyl radical 
generated by photolysis of the HydG/SAM complex decays at 77 
K with a half-life of minutes.[29] Thus, the modest difference in 
steric bulk between the 2-carbon ethyl and the 1-carbon methyl  

Figure 6. X-band EPR spectra of •CH2CH3 radical formed after photolysis of 
HydG/SAE for 5 mins (top, same as the top spectrum in Figure 5), and its 
behavior under step-annealing at 150 K for 1 min,  200 K for 1 min, and 220 K 
for 1min. Simulation of WE: g = [2.02, 2.002, 1.983], LW = 36 MHz, HStrain = 
[115, 20, 45] MHz. Conditions: microwave frequency, 9.37 GHz; modulation 
amplitude, 5 G; T = 40 K. 

radicals affords a major increase in stability at cryogenic 
temperatures, likely a result of decreased translational freedom of 
the radical in the active site leading to a diminished susceptibility 
to quenching reactions. Indeed, the ethyl radical behaves similarly 
to the much larger 5’-dAdo• radical generated by photolysis of 
SAM bound to reduced PFL-AE, which is stable indefinitely at 77 
K.[9]  
 
When a sample that exhibits the •CH2CH3 signal formed by 
photolysis at 12 K (Fig 5 upper) was annealed for 1 minute at 
150K and then at 200 K for 1 min, its intensity decreases and the 
signal becomes distorted, Fig 6, in a manner suggesting the 
conversion of the  •CH2CH3 radical into a second paramagnetic 
species that shows no 1H splittings. Upon further annealing at 
220K for 1 min, •CH2CH3 is completely gone, and the spectrum 
exhibits the signal from the new paramagnetic species. The new 
signal, with a substantial g-anisotropy (g = [2.02 2.002 1.984]); 
Fig 6) and an absence of hyperfine splittings is analogous to, but 
more rhombic than, the signal of the Ω organometallic 
intermediate (g = [2.035, 2.004, 2.004]) that is observed widely 
across the RS superfamily, in which the SAM-derived 5’-dAdo 
moiety is covalently bound to the unique iron of the [4Fe-4S] 
cluster. This new signal is also similar to the methyl-[4Fe-4S]3+ ΩM 
observed upon annealing of •CH3 in HydG (g = [2.02 2.005 
1.987]),[29] as well as the methyl-[4Fe-4S]3+ model complex 
recently synthesized by Suess and coworkers (g = [2.101, 2.050, 
2.042]).[8] We therefore assign the new signal (Fig 6) to an 
organometallic species formed by reaction of •CH2CH3 with the 
 

 

Figure 7. X-band EPR spectra of •CH2CH3* radical formed under prolonged 
photolysis of HydG/SAE and its behavior under step-annealing at 100 K for 25 
min, 210 K for 5 min, and 220 K for 1min. The EPR intensity is normalized to 
the gain level. Simulation of WE*: g = [2.035, 2.001, 1.984], LW = 30 MHz, 
HStrain = [65, 25, 70] MHz. Conditions: microwave frequency, 9.37 GHz; 
modulation amplitude 2 G; T = 40 K. 
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[4Fe-4S]2+ cluster to create a CH3CH2-[4Fe-4S]3+ adduct, denoted 
ΩE. Equivalent annealing of the •CH2CH3* sample (Fig 7) likewise 
causes the loss of the •CH2CH3* radical signal and the 
appearance a signal whose substantial g anisotropy again 
indicates the formation of an CH3CH2-[4Fe-4S]3+ organometallic, 
but with g-values (g = [2.035, 2.001, 1.984]) and linewidths slightly 
different from those of ΩE; it is thus denoted ΩE* (Fig 7). The 
difference presumably reflects a conformational difference arising 
from the photothermal relaxation of the protein environment 
induced by the prolonged irradiation.  
 
The signals from both these organometallic ΩE and ΩE* species 
are more intense than that of ΩM formed in HydG upon 
photolysis/annealing of the HydG/SAM complex. This suggests 
that the larger ethyl radical is more constrained within the active 
site than •CH3, and so more of the ethyl radical is converted into 
an organometallic intermediate instead of diffusing away to 
undergo nonspecific reactions within the protein matrix. 
 
The involvement of Ω as an intermediate in the RS reductive 
cleavage mechanism was surprising when first reported,[1] but it 
was subsequently shown to be central in catalysis across the RS 
superfamily.[2, 4, 7] However, the present observation of an ΩE 
species (CH3CH2-[4Fe-4S]3+) in HydG provides now the third 
organometallic, alkyl-[4Fe-4S]3+ complex, along with Ω and ΩM,[29] 
observed in RS enzymes. The photolysis/annealing method 
utilized to generate ΩM[29] and ΩE appears to be versatile, and may 
allow for the synthesis of other alkyl-[4Fe-4S]3+ species. While ΩM 
and ΩE are not involved in catalysis, they highlight the ability of 
site-differentiated [4Fe-4S] clusters to form stable alkyl-
complexes. As expanded by the recent synthesis and 
characterization of a CH3-[4Fe-4S]3+ complex by Suess and 
coworkers,[8] these results reveal an unexpectedly rich 
organometallic chemistry of [4Fe-4S] clusters. 

Conclusion 

SAM is widely distributed in all organisms, and plays essential 
roles not only in the chemistry of the RS superfamily, but also in 
methyltransferases and other reactions.[44] SAM is synthesized in 
vivo from ATP and methionine by the enzyme SAM synthetase. 
While SAE has been detected in living systems under conditions 
where ethionine is available, few studies have focused on the 
impact of SAE on enzymatic systems that use SAM as a cofactor, 
such as the RS enzymes. Here we provide a study of SAE as an 
analog of SAM in a RS enzyme, demonstrating that SAE is a 
catalytically functional cofactor that supports the same catalytic 
chemistry, via the same mechanism, as the natural cofactor SAM. 
 
We also show that photoinduced electron transfer of the SAE-
HydG complex results in homolytic cleavage of a different 
sulfonium S-C bond (S-CH2CH3) than is cleaved catalytically (S-
C5’), leading to formation of an ethyl radical. Interestingly, 
prolonged irradiation of [4Fe-4S]2+RS after SAE cleavage causes 
a photothermal local annealing of the protein environment near 
•CH2CH3, which results in better-resolved and sharper 1H-
hyperfine split peaks for the •CH2CH3* radical (Fig 5). Contrary to 
the rotationally and translationally mobile methyl radical, which 
decays in hours at 77K,[29] the larger ethyl radical is less mobile 
and is indefinitely stable at liquid nitrogen temperatures. 

 
Thermal annealing of the active-site trapped ethyl radical yields 
an organometallic species ΩE in which the ethyl group is 
covalently bound to the unique iron of the active site [4Fe-4S] 
cluster. This center is slightly different when produced by photo-
annealing the •CH2CH3 and •CH2CH3* environment, hence the 
two are termed ΩE and ΩE*.  Thus, SAE is capable of forming 
organometallic alkyl-[4Fe-4S]3+ species in HydG with two different 
alkyl groups, Ω and ΩE, depending on the method of S-C bond 
cleavage (photolytic or enzymatic turnover). Given that a third 
alkyl-[4Fe-4S]3+ species, with a methyl-group bound to Fe, was 
formed in the RS enzyme HydG when SAM was utilized,[29] these 
results demonstrate a remarkable versatility of RS enzymes in 
generating alkyl radicals and organometallic alkyl-[4Fe-4S]3+ 
species.  
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The radical SAM enzyme HydG can use S-adenosyl-L-ethionine (SAE) in place of SAM during catalysis. HydG reacts with SAE and 
tyrosine to form the organometallic intermediate Ω, similar to reaction with SAM. The SAE-bound [4Fe-4S]+ cluster of HydG 
undergoes cryogenic blue light photolysis to generate an ethyl radical, which upon annealing forms an organometallic species in 
which an ethyl is bound to the unique iron of a [4Fe-4S]3+ cluster.  
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