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’ INTRODUCTION

S-Adonesyl-L-methionine (SAM)-dependent FeS enzymes
are involved in key biological processes including rearrangement
reactions (lysine 2,3-aminomutase, LAM), DNA repair (spore
photoproduct lyase), biotin synthesis (biotin synthase), complex
metal cluster biosynthesis (the FeMoco of nitrogenase and the
H-cluster of hydrogenase), and glycyl radical formation (the
glycyl radical activating enzymes), among others.1,2 These so-
called radical SAM enzymes all employ radical-mediated catalysis
that is initiated by a SAM-derived 50-deoxyadenosyl radical
(Scheme 1). This radical is generated by the reductive cleavage
of the adenosyl 50-carbon to sulfonium sulfur bond (CAdo�S),
with the electron provided by a Fe4S4 cluster.

3

Pyruvate formate-lyase activating enzyme (PFL-AE) is a
radical SAM enzyme that utilizes a SAM-bound Fe4S4 site-
differentiated cluster to generate a stable glycyl radical on
G734 of pyruvate formate-lyase (PFL).3�7 PFL utilizes this
glycyl radical to convert pyruvate and coenzyme A to formate
and acetyl-CoA in a key step in anaerobic glucose metabolism in
bacteria.8 The glycyl radical is generated by direct and stereo-
specific H-atom abstraction at PFL G734 by the deoxyadenosyl
radical generated at the PFL-AE active site. Although G734 is
buried 8 Å from the PFL surface in the resting state of the

enzyme,9 the evidence for direct H-atom abstraction suggests
that G734 binds in the PFL-AE active site during activation. The
X-ray crystal structure of PFL-AE with a heptamer peptide
substrate bound in the active site supports this idea.10 Recent
studies have provided evidence that the PFL structure is
dynamic, adopting a more open conformation in which G734
is available to bind in the PFL-AE active site, as well as the closed
conformation observed crystallographically, in which the gly
radical would be protected from quenching.11

Scheme 1. Reductive Cleavage Reaction of SAM Initiated by
the Fe4S4 Cluster
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ABSTRACT: S K-edge X-ray absorption spectroscopy on the
resting oxidized and the S-adenosyl-L-methionine (SAM)
bound forms of pyruvate formate-lyase activating enzyme are
reported. The data show an increase in pre-edge intensity,
which is due to additional contributions from sulfide and
thiolate of the Fe4S4 cluster into the C�S σ* orbital. This
experimentally demonstrates that there is a backbonding inter-
action between the Fe4S4 cluster and C�S σ* orbitals of SAM in
this inner sphere complex. DFT calculations that reproduce the
data indicate that this backbonding is enhanced in the reduced form and that this configurational interaction between the donor and
acceptor orbitals facilitates the electron transfer from the cluster to the SAM, which otherwise has a large outer sphere electron
transfer barrier. The energy of the reductive cleavage of the C�S bond is sensitive to the dielectric of the protein in the immediate
vicinity of the site as a high dielectric stabilizes the more charge separated reactant increasing the reaction barrier. This may provide a
mechanism for generation of the 50-deoxyadenosyl radical upon substrate binding.
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As is the case with most other members of the radical SAM
superfamily, the Fe4S4 cluster of PFL-AE is coordinated by a
conserved CXXXCXXC sequence that is distinct from the highly
conserved CXXCXXC sequence in bacterial ferredoxins.1 This
radical SAM cysteine motif coordinates a site-differentiated
Fe4S4 cluster in these enzymes, with the fourth iron coordinated
in a bidentate fashion by the amino and carboxylate groups of
SAM.7,12�15 The previously unprecedented coordination of
SAM to the unique iron of a Fe4S4 cluster was initially demon-
strated using electron�nuclear double resonance (ENDOR)
techniques with PFL-AE and LAM12�15 and has now been
observed for these and several other superfamily members by
X-ray crystallography.10,16�21 The seminal ENDOR studies of
PFL-AE also demonstrated the presence of direct orbital overlap
between the sulfonium sulfur of SAM and the iron�sulfur
cluster, and this was interpreted as arising either through overlap
with a bridging sulfur or with the unique iron of the cluster.12,15

The PFL-AE crystal structure reveals that the sulfonium sulfur of
the SAM is within 4 Å of the unique Fe and a bridging sulfide of
the cluster (Figure 1); similar distances were observed in other
radical SAM enzyme crystal structures as well.10,16�21 On the
basis of these distances, the sulfonium sulfur has been proposed
to interact directly with the unique Fe of the Fe4S4 cluster,10

consistent with a similar proposal supported by Se EXAFS data
on LAM.22 Recently, Nicolet et al. have provided computational
evidence that the electron transfer between the Fe4S4 cluster of
the radical SAM enzyme HydE and bound SAM is mediated by
direct interaction between the unique Fe of the cluster and the
C�S σ* orbital of SAM.16 A cleavage barrier of 13 kcal/mol was
estimated and is comparable to experimental estimates. The
reductive cleavage of sulfonium ions has previously been shown
to be facile in synthetic models incorporating site-differentiated
Fe4S4 clusters.

23

S K-edge X-ray absorption spectroscopy (XAS) is a powerful
technique which is now widely used to quantify metal�ligand
bond covalency.24 The K-edge involves S1s ionization, however
since the sulfur 1sfnp transition is electric dipole allowed,
transition to any bound state lower in energy than the edge with
S3p mixing will contribute to the pre-edge. In the case of
transition metal complexes, the transition from S1s to M3d gains

intensity due to mixing of S3p character into the M3d wave
function due to covalency. The intensity of the 1sf3d transition
is directly proportional to the amount of ligand character in these
acceptor orbitals (α2):

IðL1s f M3dÞ ¼ α2IðL1s f L3pÞ ð1Þ
In eq 1, I(1sfL3p) is the intensity of a purely ligand based

1sf3p transition, which depends on the Zeff of the ligand.
25,26

Thus, the pre-edge intensity provides an experimental value of
ligand�metal bond covalency. This method has been used to
study the electronic structures of a series of FeS active sites in
nature.27�29 Furthermore, the S K-edge XAS energies are
sensitive to the charge and oxidation state of the ligand, as well
as the Zeff, spin state and the ligand field of the metal.30 In
addition, the pre-edge energy and intensity are sensitive to
perturbations in covalency due to hydrogen bonding (both from
the protein backbone and the solvent).31,32

In this study, we use S K-edge XAS to directly probe the effect
of SAM binding to the oxidized FeS cluster in PFL-AE. These
data are then computationally reproduced and these calculations
are further extended to describe the nature of interaction
between SAM and the cluster. Potential Energy Surfaces (PES)
are calculated to understand the role of this cluster in the
reductive cleavage of the C50-S bond.

’EXPERIMENTAL DETAILS

Materials and Methods. PFL-AE was purified as published.12,33

The purified protein contains DTT in the medium for maintaining a
reducing environment. However this jeopardizes S K-edge experiments
as the DTT S signal will overwhelm the signal from the cluster. So the
purified PFL-AE was buffer exchanged into an anaerobic ascorbic acid
containing pH 7.0 buffer, concentrated up to 3�4 mM and frozen prior
to shipment in liq. N2 for XAS measurements. S-Adenosylmethionine
was prepared according to published procedures.12,15 Three equivalents
of SAMwere added to the resting PFL-AE to prepare the PFL-AE bound
SAM samples. The PFL-AE protein samples were thawed in a He filled
glovebag at the beamline. The protein was loaded via a syringe into a
Pt-plated Al block sample holder sealed using a 6.3 μm polypropylene
window. The Al block was placed into a shroud sealed with another
polypropylene window and purged with He gas during measurement.
The sample was maintained at a constant temperature of 4 �C during
data collection using a controlled flow of N2 gas, precooled by liq. N2,
passing through an internal channel in the Al block.
Data Collection and Reduction. XAS data were measured at the

Stanford Synchrotron Radiation Light source using the 54-pole wiggler
beamline 6�2. Details of the experimental configuration for low energy
studies have been described previously.34 The energy calibration was
performed by setting the pre-edge peak of Na2S2O3 at 2472 eV. The raw
data is normalized by fitting a flattened second-order polynomial to the
postedge region and normalizing to an edge jump of 1.0 at 2490.0 eV for
the S K-edges using the PySpline package.35 Further details of data
reduction and error analysis follow the methods described earlier.30 The
normalized spectrum of both resting PFL-AE and SAM bound PFL-AE
(Figure S1 in Supporting Information) shows matching postedge back-
ground over a large energy range. The preedge region shows higher
intensity for the resting PFL-AE sample relative to the SAM bound PFL-
AE sample. It also shows increased intensity at 2475.5 eV corresponding
to a S1sfC�S σ* transition of SAM. PFL-AE contains a total of 19 sulfur
atoms out of which only 7 are coordinated to the cluster (4 μ3-Ssulfide and
3 Scys) and contribute to the pre-edge region. To ensure SAM binding,
three equivalents of SAM were added. Thus in the PFL-AE + SAM
samples, 7 out of 22 S atoms are bound to the cluster (4 μ3-Ssulfide and

Figure 1. View of the SAM�cluster interaction based on the crystal
structure of PFL-AE with SAM bound (pdb id: 3CB8). Fe (brown),
S (yellow), N (blue), O (red), and C (black).
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3 Scys, the transitions from SAMS are at higher energies (by 2 eV) due to
the positive charge on the Sulfonium S and do not contribute to the pre-
edge). The normalized spectra are renormalized to account for the above
differences in the fraction of the coordinated S atoms between the
resting and SAM bound PFL-AE samples. These renormalized spectra
were used for analysis in this study.
Computational Details. All calculations were performed using an

Intel Xeon cluster. The geometries were optimized using the ADF package
with the BP86 functional and a triple-ζ basis set. The electronic structures
were calculated using Gaussian 03 ver C0236 with the BP8637,38 functional
and 6-311+g* basis set. The PES were obtained by optimizing the reduced
structures with fixed C�S distances usingGaussian 03 and amixed basis set
(6-311 g* on Fe, S, N and O atoms and 6-31 g* on C and H atoms). The
final energies were obtained using the 6-311+g* basis set and a PCM
model39 with an ε of 4 or 20 and solvent radii of 1.4 Å.

’RESULTS AND ANALYSIS

1. XAS Data. The S K-edge XAS data on the PFL-AE show an
intense pre-edge transition at ∼2470 eV characteristic of an
[Fe4S4]

2+ cluster (Figure 2A, blue). This broad feature is an
envelope of transitions to all the unoccupied Fe3d based orbitals
from the 1s orbitals of four μ3Ssulfide and three Sthiolate ligands.

24

The rising-edge (at 2473.5 eV) is comprised of 1s to C�S σ*
transitions of all bound and unbound cysteines and methionines
present in the protein. The unbound cysteines and methionines
add intensity to the C�S σ* transitions at 2473�2474 eV region
but do not contribute to the pre-edge region. The S K-edge XAS
data on the SAM bound form (Figure 2A, red) show an increase
in the intensity of the pre-edge feature as well as the rising edge

feature relative to resting PFL-AE (Figure 2A, blue). There is also
a new feature visible at 2475.5 eV in the SAM bound PFL-AE.
These changes are clearer in the difference spectrum (Figure 2A,
green, SAM bound PFL-AE � resting PFL-AE), which shows
increases in intensity at 2470.3 eV, 2473.7 and 2475.5 eV. The
XAS spectrum of free SAM shows the S1sfC�S σ* transition at
2475.5 eV (Figure 2A, orange) and some weak intensity in the
2473�2474 eV region. Thus, the increase in intensity at 2475.5
eV in the difference spectrum (Figure 2A, green) is due to the
S1sfC�S σ* of SAM added to PFL-AE to generate the SAM
bound form (Figure 2A, red). However, the XAS data of free
SAM do not have any intensity in the 2470.3 eV region
(Figure 2B, orange). Thus, the increase in the pre-edge intensity
in PFL-AE + SAM (Figure 2B, red) relative to PFL-AE (Figure 2B,
blue) must result from SAM binding to the cluster. Note that the
sulfonium S1sfC�S σ* of SAM is shifted to 2475.5 eV, ∼2 eV
higher than S1sfC�Sσ* transition reported for cysteine (Figure 2A,
envelope at 2473.5 eV). This reflects the stabilization of S1s energy of
the sulfoniumS atompresent in SAMdue to its positive charge. Thus
any contribution from the S center of SAM to the Fe�S antibonding
orbitals will be shifted up in energy from the pre-edge region by 2 eV
and overlap the rising edge. This means that the increase in the pre-
edge intensity due to SAM binding (Figure 2B, green) solely reflects
an increase in the S3p character from theμ3Ssulfide and Sthiolate atoms of
the cluster in the antibonding orbitals.
2. DFT Calculations. DFT calculations were performed on

several possible active site models (Figure 3). While the unique
iron in the resting site is most likely bound to an anionic
hydroxide as is the case for aconitase40 and several other
members of the hydrolase family,41 both the anionic hydroxide
(model B) and neutral aquo (model A) ligands were considered
as potential models for the resting cluster. The SAM bound
cluster was modeled using an S-ribose methionine where the
adenosine of SAM has been eliminated (model D). Since SAM
binds the unique iron in PFL-AE as a bidentate ligand, the active
site with a bidentate ligand similar to SAM but without the
sulfonium group was modeled as well (model C).
(A). Correlation to Crystal Structures and Spectroscopy.

The optimized geometry of the SAM bound cluster shows a
normal compressed [Fe4S4]

2+ cubane geometry. The distances
reproduce the crystallographic parameters reasonably well. The
calculated Fe�N and the Fe�O distances of the unique Fe are
longer (0.1�0.2 Å) than the observed distances in the PFL-AE
crystal structure (2.77 Å resolution)10 but are quite close to those

Figure 2. (A) S K-edge XAS data of the resting PFL-AE enzyme (blue),
SAMbound PFL-AE (red), the difference spectrum (green, representing
the difference between SAM bound and resting PFL-AE) and free SAM
in solution (orange). (B) Pre-edge energy region of the XAS data of the
resting PFL-AE enzyme (blue), SAM bound PFL-AE (red), the differ-
ence spectrum (green) and free SAM in solution (orange). Expanded
post-edge region shown in Supporting Information.

Figure 3. Computational models considered in this study.
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reported for the higher resolution structure of HydE (1.62 Å),
another radical SAM enzyme.16 Given the resolution of both
structures, the calculated distances can be considered to be within
error. In particular, the S atom of the SAM is closer to the unique Fe
(SSAM�Fe=3.45Å,Table 1) than to theμ3Ssulfide (SSAM�μ3Ssulfide =
3.78 Å, Table 1) consistent with the shorter SSAM�Fe bond
length observed in the crystal structure (SSAM�Fe = 3.22 Å,
SSAM�μ3Ssulfide = 3.97 Å).10 The distances of the methyl C and
themethyl H from the Fe are 4.5 Å and 3.75 Å, respectively, in the
computational model, consistent with published ENDOR indi-
cating distances of 4�5 Å and 3�3.8 Å, respectively.12,15

The binding of SAM to the unique site of the Fe4S4 cluster,
which presumably occurs by displacement of a bound H2O or
HO�, results in a clear increase of pre-edge intensity in the
experimental XAS data (Figure 2B). The OH� bound form
(model B) is calculated to have 369% μ3Ssulfide and 90% Sthiolate
S3p character (Table 2) mixed in to the unoccupied Fe3d
antibonding orbitals (18 unoccupied orbitals, 9α + 9β, each
orbital wave function is normalized, thus these S3p characters are
out of 1800%). The H2O bound model A has 380% μ3Ssulfide and
121% Sthiolate S3p mixing. The higher S3p mixing into the Fe�S
antibonding orbitals in the H2O bound model A relative to that
of the OH� bound model B indicates a more covalent Fe�S
interaction in the former. The weak donation by the H2O ligand
in model A is compensated by the increased donation, particu-
larly by the Sthiolate ligands. Note that this calculated increase in
Fe�Sthiolate covalency in model A relative to model B is
consistent with 0.04 Å shorter Fe�Sthiolate bondlengths calcu-
lated for model A (Table 1).
The SAM bound model D is calculated to have 369% μ3Ssulfide

and 111% Sthiolate mixed into the antibonding orbitals. The
calculations indicate that in addition to the S3p mixing into the
18 Fe�S antibonding orbitals (9α+9β) there is significant
Sthiolate and μ3Ssulfide S3p mixing into the low-lying C�S σ*
orbitals of SAM. Normally, as observed in our XAS experiments

for cysteine and methionine, the C�S σ* orbitals (rising edge
transitions) are 2�3 eV higher in energy than the Fe�S
antibondingmanifold (pre-edge transitions). The positive charge
on the sulfonium center stabilizes the C�S σ* orbitals of the
SAM and lowers their energy into the Fe�S antibonding
manifold. Thus the transitions from the cluster μ3Ssulfide and
Sthiolate 1s orbitals to the C�S σ* orbitals of SAM have energies
similar to the S1s f Fe3d pre-edge transitions of the Fe4S4 cube
and contribute to the preedge intensity. Note that while the C�S
σ* orbitals of SAM also contain S3p of the sulfonium sulfur, this
does not contribute due to the stabilization of the sulfonium S1s
orbital. The total S3p contributions to the unoccupied Fe3d based
antibondingmolecular orbitals and the C�Sσ* orbitals add up to
480% (thiolate and sulfide). This is significantly higher than the
459% calculatedfor hydroxide bound model B but much lower
than the value calculated for the H2O bound model A (501%).
Thus replacement of an OH� ligand by SAM is consistent with
the experimentally observed increase in pre-edge intensity upon
SAM binding (Figure 2B). Note that the calculated %S3p
character for the bidentate ligand model C (Table 2) does not
show a change relative to the OH� bound model B. Thus the
increase of S3p character upon SAM binding has negligible
contribution from the bidentate co-ordination of SAM.
The DFT calculations reproduce the experimentally observed

increase in pre-edge intensity upon SAM binding to the Fe4S4
cluster of PFL-AE. This is due to S3p character of cluster μ3Ssulfide
and Sthiolate ligands mixed into the low-lying C�S σ* orbitals of
SAM. The contours of the C�S σ* orbitals indicate that (1) the S3p
mixing is maximum in the C�S σ* orbital of S-ribose (Figure 4A)
and minimal in the other two C�S σ* orbitals of SAM
(Figure 4B) and (2) the mixing is through the unique Fe of

Table 1. Optimized Bondlengths of the Calculated Models (Å)a

Fe�μ3Ssulfide Fe�Sthiolate Fe�O Fe�N SSAM�Fe SSAM�μ3Ssulfide

Model A 2.28 2.24 2.21

Model B 2.29 2.28 1.87

Model C 2.30 2.28 2.06 2.32

Model D 2.31 2.24 2.22 2.34 3.45 3.78

X-ray

PFL-AE10 (2.77 Å) (2.30) (2.27) (2.12) (2.17) (3.22) (3.97)

HydE16 (1.62 Å) (2.30) (2.29) (2.25) (2.33) (3.25) (3.90)
aThese theoretical active site models represent unconstrained geometry minima. Thus the optimized parameters are compared to both high and
low resolution structures of SAM bound cluster. The higher resolution of the HydE structure justifies the comparison of the bond lengths up to two
decimal places.

Table 2. % S3p Mixing in the Calculated Models

S3p mixing in unoccupied manifold

Fe�μ3Ssulfide Fe�Sthiolate total

Model A 380 121 501

Model B 369 90 459

Model C 377 84 461

Model D 369 111 480

Figure 4. C�S σ* orbitals. (A) CAdo�S σ* orbital showing direct
interaction with the unique Fe and (B) CMetthione�S σ* orbital with
minimal interaction with the unique Fe.
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the cubane which is at 3.45 Å distance from the sulfonium center
of SAM. This direct backbonding interaction of the unique Fe
with the C�S σ* orbital of S-ribose reflects its orientation. This
provides the charge transfer pathway from the cluster μ3Ssulfide
and Sthiolate ligands into the specific S-ribose C�S σ* orbital
without affecting the other C�Sσ* orbitals of SAM. This is direct
experimental verification of the configurational interaction (CI)
that is present between the Fe4S4 cluster and the C�S σ* bond of
SAM. This direct interaction has been proposed to play a major
role in lowering the reductive cleavage barrier.16,42

(B). Correlation to Reactivity. Reductive cleavage of SAM by
most radical SAM enzymes occurs specifically at the CAdo�S
bond. This could occur by an outer sphere process involving
transfer of an electron from a reduced isolated SAM-bound Fe4S4
cluster (Dred) to an isolated SAMmolecule (ΔEET) followed by a
reductive cleavage of reduced SAM (ΔERC) to form methionine
(Met) and a deoxyadenosyl radical (Ado 3 ). Alternatively, an
inner-sphere process can be envisioned in which the SAM
undergoing reductive cleavage is directly bound to the cluster
providing the electron. Potential energy surfaces (PES) of the
outer-sphere and inner-sphere (i.e., SAM bound directly to the
Fe4S4 cluster) reactions were evaluated. The results for the outer
sphere process with a PCM model having ε = 4.0 show that the
reactant surface (SAM + Reduced Cluster, dashed blue in
Figure 5A) is gradually destabilized as the C�S bond is cleaved.
The highest point on this surface (32 kcal/mol) is at the
dissociative limit. The product surface, where the electron is
transferred from the cluster to the SAM and the C�S bond is
sequentially elongated, (Reduced SAM + Oxidized Cluster,

Figure 6A, dashed red) is stabilized along the reaction coordinate.
These surfaces cross at a C�S bond length of 2.45 Å which
yields a barrier of 18 kcal/mol for ε = 4.0. This outer sphere
electron transfer process has a calculated total energy of ΔEout =
3 kcal/mol when a PCM solvation model with an ε = 4.0 is used
(extrapolated from ε=4 curve in Figure 5A). However the initial
ΔEET is +40 kcal/mol (vertical energy separation between the
reactant and product surface as C�S = 1.85 Å) which is too high
for this reaction to proceed at a reasonable rate at room
temperature.

Dred þ SAM f Dox þ Met þ Ado 3 ΔEout ¼ ΔEET þ ΔERC
Dred þ SAM f Dox þ SAM� ΔEET
SAM� f Met þ Ado 3 ΔERC

These results are consistent with the values obtained by
Saveant et al.43 However these surfaces are sensitive to the
polarity of the medium. This is illustrated by the PES obtained
by using a PCM model with an ε = 20.0. The product surface
(Figure 5A, bold red) is significantly destabilized relative to that
for the ε = 4.0 surface (Figure 5A, dashed red). As a result the
crossing point (i.e., the barrier for reductive cleavage) is now
shifted 7 kcal/mol higher in energy to 25 kcal/mol. This is
because the reactant surface, with the�2 charged cluster and +1
charge SAM, has more charge separation than the product
surface which has a �1 cluster and neutral Ado 3 . Thus a polar
medium stabilizes the reactant increasing the reaction barrier.
Similar PES calculations for the inner sphere ETmodel, where

the SAM undergoing reductive cleavage is bound to the cluster,
show that the reductive cleavage of the CAdo�S bond is
dissociative in the gas phase (Figure 5B, cyan). This indicates
that the CAdo�S bond should spontaneously cleave once SAM is
bound to the cluster and the cluster is reduced. This is because of
the efficient CI between the Fe and the CAdo�S σ* orbitals.
However when solvation is introduced in these calculations, the

Figure 5. (A) Potential energy surface of C�S bond cleavage in the
outer-sphere model with an ε = 4.0 (dashed lines) and ε = 20.0 (bold
lines). The blue line indicates the reactant surface and the red line
indicates the product surface. (B) Potential energy surface of the C�S
bond cleavage in the inner-sphere model in gas phase (cyan), ε = 4.0
(red) and ε = 20 (green).

Figure 6. Plot of HOMO along the C�S bond cleavage pathway for the
inner-sphere model D. The C�S bond length (in Å) are in green and the
%C�S σ* character in the HOMO is given in red.
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surface shows barriers. The barrier height increases with increas-
ing ε of the PCMmodel. On including solvation with ε of 4.0 and
20.0 the barrier increases to 4 kcal/mol (Figure 5B, red) and 12
kcal/mol (Figure 5B, green), respectively. This is in the range of
experimental as well as recent theoretical estimates of 13�14
kcal/mol for the Fe4S4 substrate complex.16

’DISCUSSION

S K-edge XAS on the SAM bound Fe4S4 cluster of PFL-AE
shows an increase in pre-edge intensity relative to the resting
cluster (Figure 2). XAS data on free SAM indicate that this
increase in pre-edge intensity is not due to free SAM in solution.
Thus this pre-edge intensity increase provides direct experimen-
tal evidence that the electronic structure of the Fe4S4 cluster is
significantly perturbed on SAM binding. DFT calculations
reproduce this increase in pre-edge intensity and indicate that
it is due to backbonding from the occupied orbitals (having both
sulfide and thiolate character) of the cluster into the CAdo�S σ*
orbital. These orbitals are at a much lower energy relative to the
C�S σ* orbitals of a thiolate or thioether due to the positive
charge on the sulfonium ion. The pathway for the backbonding
interaction involves the unique Fe of the cube (Figure 4A) and
the sulfonium S of SAM, separated by 3.45 Å in the optimized
structure vs 3.22 Å in the crystal structure; this unique iron f
sulfonium sulfur pathway is consistent with recent reports.16

The orientation of CAdo�S bond trans to the Fe�SSAM
bond specifically shifts charge density from the cluster into the
CAdo�S σ* orbital, thereby activating it for cleavage.

This backbonding interaction is significantly increased for the
reduced cluster as the energy of the occupied Fe3d manifold is
elevated and closer to that of the CAdo�S σ* orbital. This leads to
strong CI between the Fe and the SAM (Figure 6, C�S =
1.85 Å). As the CAdo�S bond is elongated along the reaction
coordinate, the CAdo�S σ* orbital is lowered in energy which
further enhances the CI (Figure 6). This efficient CI between the
[Fe4S4]

+ donor and the C�S σ* acceptor orbitals allows facile
cleavage of the CAdo�S bond. In the case of an unbound SAM
the reaction has a large barrier due to unfavorable electron
transfer from cluster to SAM, as there is no CI between the
cluster and the CAdo�S σ* orbital to lower the energy for ET
(Figure 5A). Interestingly, perusal of the literature reveals a direct
correlation between the Fe�SSAM distances reported in several
radical SAM enzyme crystal structures and their corresponding
rates of uncoupled cleavage (reductive cleavage of SAM in the
absence of substrate): as the Fe�SSAM distance gets shorter, the
rate of reductive SAM cleavage is increased (Table 3). This is

consistent with better CI interactions between Fe and SSAM at
shorter Fe�SSAM distances.

An important finding in this study is the role of the polarity of
the medium in tuning the barrier for reductive cleavage of the
C�S bond. This is clearly reflected in the reductive cleavage
surface (Figure 5), where the reaction barrier increases with
increasing polarity for both the outer-sphere and inner-sphere
models. Note that the inner-sphere reaction surface is dissocia-
tive in the gas phase. This may play a role in tuning reactivity of
these SAM dependent enzymes. Recent crystallographic data on
the SAM dependent PFL-AE show that in the absence of
substrate, the SAM binding cavity is solvent exposed and the
sulfonium sulfur is visible from the surface (Figure 7, left, yellow
atom in the center). However, on docking, the polypeptide
substrate blocks the solvent accessibility to the active site of
PFL-AE (Figure 7, right, substrate in the center). This could
lower the dielectric near the active site which, from Figure 5B,
will lead to lowering of the reductive cleavage barrier. This is
consistent with the fact that substrate is required to lower the
barrier for the reductive cleavage of the SAM bound cluster. Note
that the lowering of dielectric near the Fe�S cluster has been
related to lowering of its Eo.31 This is because lowering the
polarity of the cluster environment will tend to stabilize the
2- charged oxidized state more than the 3- charged reduced state.
In fact in the radical SAM enzyme LAM, the binding of substrate
lysine is found to lower the Eo of the Fe�S cluster by >150mV.48

In the crystal structures of other SAM bound proteins like MoaA
and HemN, the substrate binding site is filled with solvent.19,20

Upon substrate binding one may expect these water mol-
ecules to be replaced (similar to the case for PFL-AE) and
the pocket to become more hydrophobic as the substrate
(generally bearing an organic backbone) is nonpolar relative
to water. The DFT calculations show that the lowering of
dielectric of the medium lowers the barrier of reductive cleavage
of SAM.Thus, the lowering of dielectric upon substrate bindingmay
provide a trigger that initiates reductive cleavage of SAM by the
radical SAM enzymes.

In summary, S K-edge XAS provides direct experimental
evidence for the interaction of the FeS cluster in PFL-AE with
SAM in the resting oxidized state. DFT calculations that repro-
duce the experimental data indicate that this is due to a back-
bonding interaction between the occupied cluster orbitals and
the C�S σ* orbitals of the SAM. The results suggest that that
presence of this backbonding between the cluster and SAM is key
in overcoming large outer-sphere barrier of electron transfer
from the cluster to the SAM. The reductive cleavage of
the C�S bond is however calculated to be sensitive to the
dielectric around the active site and this sensitivity may
provide a mechanism for triggering this reactivity upon
substrate binding to avoid generation of Ado radical in the
absence of substrate.

Table 3. Crystallographic Parameters and Rates of
Uncoupled Cleavage of Several AdoMet Dependent
Fe�S Proteins

structure

PDB id

resolution

(Å) Fe�N Fe�O Fe�SSAM S�SSam

rate

(min�1)

MoaA 1TV8 2.20 2.30 1.97 3.19 3.45 0.344

PFL-AE

3CB8

2.77 2.17 2.12 3.22 3.97 0.03a

HydE 3IIZ 1.62 2.33 2.25 3.25 3.90 0.01545

HemN 1OLT 2.07 2.55 2.24 3.49 3.70 0.000746

BioB 1R30 3.40 2.48 3.19 3.75 4.16 nd47b

aUnpublished data. bToo slow to determine.

Figure 7. Space filling model of the crystal structure of the SAM bound
substrate free (pdb id: 3C8F, left) and the SAM and peptide substrate
bound (pdb id: 3CB8, right) PFL-AE.
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