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ABSTRACT: Radical S-adenosyl-L-methionine (SAM) enzymes are found in all domains of life and catalyze a wide range of bio-
chemical reactions. Recently, an organometallic intermediate, W, has been experimentally implicated in the 5¢-deoxyadenosyl radical 
generation mechanism of the radical SAM superfamily. In this work, we employ broken-symmetry density functional theory (BS-
DFT) to evaluate several structural models of W. The results show that the calculated hyperfine coupling constants (HFCCs) for the 
proposed organometallic structure of W are inconsistent with experiment. In contrast, a near-attack conformer of SAM bound to the 
catalytic [4Fe–4S] cluster, in which the distance between the unique iron and SAM sulfur is ~3 Å, yields HFCCs that are all within 
1 MHz of the experimental values. These results clarify the structure of the ubiquitous W intermediate and suggest a paradigm shift 
reversal regarding the mechanism of SAM cleavage by members of the radical SAM superfamily.

Utilizing S-adenosyl-L-methionine (SAM) and iron-sulfur 
clusters, radical SAM (RS) enzymes are one of nature’s most 
preeminent ways of generating radicals for use in biological ca-
talysis. First identified as an enzyme superfamily in 2001,1 RS 
enzymes have since been found in every domain of life and 
shown to catalyze an ever-increasing set of chemical reactions, 
from unactivated C-H bond functionalization to complex skel-
etal rearrangements.2 Central to canonical RS chemistry is the 
radical generation mechanism: SAM bound to a reduced [4Fe–
4S]1+ cluster is reductively cleaved to form the 5¢-deoxyadeno-
syl radical (5¢-dAdo•) and methionine bound to an oxidized 
[4Fe–4S]2+ cluster (Figure 1). It was previously thought that the 
5¢-dAdo• was formed directly through inner sphere electron 
transfer within the SAM-[4Fe–4S]1+ complex. However, recent 
electron paramagnetic resonance (EPR) and electron-nuclear 
double resonance (ENDOR) spectroscopic investigations have 
identified a transient intermediate common to many enzymes in 
the RS superfamily. Initially found in pyruvate formate-lyase 
activating enzyme (PFL-AE), the so-called W intermediate 
(Figure 1) was then found in many other RS enzymes, including 
lysine-2,3-aminomutase (LAM), spore photoproduct lyase 
(SPL), and the [FeFe]-hydrogenase maturation protein HydG.3-
5 A similar intermediate was later found in the non-canonical RS 
enzyme Dph2 involved in diphthamide biosynthesis.6 
The detection of W, in tandem with the discovery that SAM 

can be photolyzed to generate 5¢-dAdo• in the absence of sub-
strate, has influenced a growing number of recent experiments, 
including studies of ChuW, SuiB, ArsS, HydG, and spore pho-
toproduct lyase.7,8 Fundamental studies of RS enzymes have 
continued to provide evidence of or support for W.7,9 Synthetic 
models of the organometallic W structure have been prepared 
and demonstrated Fe-C bond homolysis reactivity.10 

Computational investigations of W, on the other hand, have 
been sparse. A quantum mechanics/molecular mechanics 
(QM/MM) investigation of the transition states between a 
SAM-bound [4Fe–4S]1+ cluster and W has been conducted, and 
it was suggested that organometallic W could be a possible 
shunt product of PFL-AE due its large, rate-limiting transition 
state (>16.7 kcal/ mol).11  

 
Figure 1. Reductive SAM cleavage reaction catalyzed by members 
of the radical SAM superfamily. The proposed organometallic 
structure of the W intermediate is shown. 
 
Yet, the rates of W formation and decay in PFL-AE were 

shown to be catalytically competent, and its pervasiveness 
among characterized RS enzymes indicates that it is not a shunt 
product.4 Turning to the initial experiments used to determine 
the structure of W may help provide a bridge between the 
QM/MM derived reaction energetics indicating a possible shunt 
product and experimental observations of catalytic competency. 
Well-defined g-values, and, more importantly, hyperfine cou-
pling constants (HFCCs) were determined for W, and these val-
ues can be compared with theoretical estimates from structural 
models to provide evidence for or against W as an organometal-
lic species. 

Table 1. Calculated and Experimental Hyperfine Coupling Constants (in MHz) for structural models of W.a 
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Structural Model 5¢-13C 4¢-13C methyl-13C 5¢-C–1Hb Reference 

Experiment 9.4 ~0.5 ~0.5 7-8 3,4 

Proposed Organometallic Structure 140.4 ± 12.6 4.4 ± 2.9 0.03 ± 0.01 11.7 ± 14.1 This work 

Crystallographic SAM-bound Cluster 1.5 ± 1.4 0.1 ± 0.1 0.9 ± 0.4c 0.9 ± 1.0 This work 

SAM-NAC Structure (3.0 Å Fe-S Distance) 8.8 ± 1.0 0.6 ± 0.05 1.3 ± 0.8c 6.3 ± 0.2 This work 
aThe average and standard deviation of the absolute value of HFCCs from mS = +1/2 BS states are reported. 
bThe larger of the two 5¢-C–1H HFCCs is reported.  
cDue to close proximity to both apical Fe atoms, this methyl group is treated as a bridging ligand during spin projection. 

Here, we report broken-symmetry density functional theory 
(BS-DFT) calculations of different models of the W interme-
diate to obtain 5¢-13C, 4¢-13C, methyl-13C, and 5¢-C–1H HFCCs 
for comparison with experiment. BS-DFT has been a power-
ful tool in studying the electronic structure of antiferromag-
netically coupled metal centers in biological systems, includ-
ing iron- sulfur clusters, the oxygen-evolving complex of pho-
tosystem II, and the FeMo-cofactor of nitrogenase (including 
predicting the identity of ligand X ahead of experiments).12-14 
Utilizing the fundamental BS-DFT methodology established 
by Noodleman and co-workers, combined with the more re-
cent HFCC calculation approach developed by Pantazis, 
Neese, and co-workers, we carried out geometry optimization 
and single point energy calculations of the proposed organo-
metallic structure of W and of SAM bound to a [4Fe–4S]1+ 
cluster in the conformation observed in the crystal structure of 
PFL-AE.15-18 Since it is unknown which low-spin BS state/va-
lence isomer corresponds best to the physical state of W in the 
active site of RS enzymes, we report an average value for the 
spin-projected HFCCs of the BS valence isomers with mS = 
+1/2 (see SI for full computational details, including a discus-
sion of BS states and spin projection factors). 
Calculations of the organometallic species revealed HFCCs 

for 5¢-13C and 4¢-13C that were an order of magnitude too large 
to be consistent with the experimentally observed values (Ta-
ble 1). Similarly, the calculated 5¢-C–1H HFCC is larger than 
the experimental value (Table 1). In contrast, the correspond-
ing HFCCs of the geometry-optimized, crystallographic 
SAM-bound [4Fe–4S]1+ cluster are 5-8 times too small to re-
produce the experimental values. Because neither the pro-
posed organometallic structure nor the crystallographic SAM-
bound cluster have HFCCs consistent with experiment, we 
then calculated structures of SAM near-attack conformers 
(SAM-NACs) by constraining the distance between the 
unique iron of the cluster and the sulfur atom of SAM.19 

In the optimized crystallographic geometry this distance is 
3.53 Å; distance constraints of 3.2 Å, 3.0 Å, 2.8 Å, and 2.6 Å 
were employed for the NAC calculations. When analyzed af-
ter single point energy calculations on geometries optimized 
at each fixed distance, the NACs gave 5¢-13C, 4¢-13C, and 5¢-
C–1H hyperfine couplings smaller than the organometallic 
structure but larger than the crystallographic SAM-bound 
cluster. The experimentally determined HFCCs lie within the 
range of these calculated values, which vary exponentially 
with the Fe-S distance (Figure 2). For example, the 5¢-13C 
HFCC increases from 4.5 MHz at 3.2 Å to 13.7 MHz at 2.8 
Å, bracketing the experimental value of 9.4 MHz. 

 
Figure 2. Calculated 13C and 1H isotropic hyperfine coupling 
constants (HFCCs) for SAM near-attack conformer (SAM-NAC) 
geometries with fixed unique iron–SAM sulfur distances. Calcu-
lated values are averaged over all BS valence isomers with mS = 
+1/2 for each fixed distance with error bars showing the standard 
deviation. The average HFCCs for 5¢-13C (blue), 5¢-C–1H (green), 
and 4¢-13C (black) are shown as circles and best fit curves to a 
decaying exponential equation are shown as lines. The red stars 
indicate the experimentally determined HFCCs for each curve. 
 
Assuming the experimentally detected species is a SAM-

NAC, we can use the best fit curves for each HFCC to deter-
mine a unique iron–SAM sulfur distance that corresponds to 
the experimental values. For the 5¢-13C, 4¢-13C, and 5¢-C–1H 
HFCCs, the estimated Fe–S distance for W are self-consistent, 
ranging from 2.92 Å to 3.03 Å (Figure 2). Thus, of all the 
structural models considered, a SAM-NAC structure with an 
Fe-S distance of 3.0 Å most closely matches the experimental 
isotropic HFCCs of W (Table 1). Moreover, the calculated ax-
ial dipolar coupling for the 5¢-13C of this structure, 2T = 6.0 ± 
0.6 MHz, also closely matches the experimental value of ~5.3 
MHz, while the value for the organometallic model is again 
over an order of magnitude too large (2T = 44.0 ± 8.8 MHz). 
The only calculated HFCC whose best fit curve did not predict 
an Fe-S bond distance of ~3 Å for W was for the methyl-13C 
of SAM (Figure S2). However, this atom is unique in that it is 
approximately equidistant to each of the Fe atoms in the apical 
face of the cluster in the SAM-NAC structures (Table S1) and 
must therefore be treated similar to a bridging ligand during 
spin projection (see SI for details). Because the spin projection 
factors of the apical Fe atoms are opposite in sign, the net re-
sult is a cancellation effect that greatly diminishes the calcu-
lated methyl-13C HFCC. This explains the unexpectedly small 
experimental methyl-13C HFCC that was taken as evidence for 
5¢-C–S bond cleavage and the migration of the methionine 
side chain away from the cluster upon W formation. 



 

The other experimental observation that was critical for the 
initial assignment of W as an organometallic species was the 
relatively large experimental 5¢-13C HFCC.3 For this model, 
the 5¢-C is alpha to the spin-bearing unique iron. Beta hyper-
fine interactions are also known to give rise to large HFCCs 
in organic radicals, depending on the dihedral angle of the rel-
evant bond relative to the p-orbital of the spin-bearing carbon. 
Similarly, the large isotropic 5¢-13C HFCC of the SAM-NAC 
structure can be rationalized as a beta hyperfine interac-
tion/hyperconjugative effect arising from the alignment of the 
5¢-C–S bond of SAM with the d-orbital(s) of the adjacent 
unique iron. This gives rise to a more modest 5¢-13C HFCC in 
the SAM-NAC structure that is consistent with the experi-
mental value for W, as opposed to the very large alpha cou-
pling predicted to be observed with the organometallic struc-
ture. 
In order to verify the energetic feasibility of the SAM-NAC 

structure, we examined the relative energy curves of the sys-
tem as the distance between the unique iron and SAM sulfur 
is constrained (Figure 3). We found that as the distance is 
shortened from the optimized crystallographic distance of 
3.53 Å down to the predicted distance of 3 Å, the energy in-
creases by less than 3 kcal mol-1 for each low-spin BS valence 
isomer. As the Fe-S distance is decreased further from 3.0 Å 
to 2.8 Å, the change in energy is even smaller, less than 1 kcal 
mol-1. This provides a low energy plateau in the potential en-
ergy surface and suggests there could be a local minimum 
within the region corresponding to the SAM-NAC structure 
of W that can be stabilized within the active site of RS en-
zymes.  

 
Figure 3. Relative energy curves for the broken-symmetry (BS) 
valence isomers of the SAM near-attack conformers (SAM-
NACs) as a function of the unique iron–SAM sulfur distance. 
 
Indeed, Rohac et al. recently provided compelling evidence 

for this by determining the structure of the RS enzyme HydE 
after its reaction was reductively triggered in crystallo.20 Elec-
tron density within the active site was consistent with a 50-50 
mixture of cleaved and uncleaved SAM.20 Post-cleavage, the 
sulfur of the liberated methionine formed a 2.87 Å coordinate 
bond with the unique iron, while the Fe-S distance for the in-
tact SAM-bound cluster was 3.08 Å, which is fully consistent 
with our predicted SAM-NAC structure of W. Moreover, no 
density was attributable to an organometallic structure con-
taining a 5¢-C–Fe bond or an altered methionine geometry.20 

 
Figure 4. Proposed structure for the SAM near-attack conformer 
(SAM-NAC) structure of the W intermediate, with calculated 
HFCCs labeled. Hydrogens (except those on the 5¢-C) and coor-
dinated methanethiolate ligands used in the calculations are omit-
ted for clarity. 
Thus, we offer a new proposed structure for the W interme-

diate of RS catalysis: a SAM-NAC with an Fe–S bond dis-
tance of ~3 Å (Figure 4). Such a species is consistent with all 
known experimental and computational evidence and recon-
ciles previous findings that an organometallic W is likely to be 
a shunt product while W itself is known to be catalytically 
competent. Our model of W as a SAM-NAC is consistent with 
the Frey catalytic model of 5¢-dAdo• formation by RS en-
zymes and can be thought of as the structure along the reaction 
coordinate wherein the nonbonding electron pair of the sul-
fonium of SAM is brought in close proximity to the unique 
iron of the cluster.21 Such a model also obviates the need for 
methionine gymnastics after SAM cleavage to allow 5¢-dAdo• 
coupling to the [4Fe–4S]2+ cluster and the requirement of hav-
ing to pass through the same transition state twice to effect 
substrate hydrogen atom abstraction. Our reassignment of W 
as a NAC of SAM bound to the catalytic [4Fe–4S] cluster thus 
has significant implications for the radical generation mecha-
nism of RS enzymes and should help guide future experi-
mental and computational studies of this important enzyme 
superfamily.  
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