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Abstract: Pyruvate formate-lyase activating enzyme utilizes an iron-sulfur cluster andS-adenosylmethionine
to generate the catalytically essential glycyl radical on pyruvate formate-lyase. Variable-temperature (4.2-
200 K) and variable-field (0.05-8 T) Mössbauer spectroscopy has been used to characterize the iron-sulfur
clusters present in anaerobically isolated pyruvate formate-lyase activating enzyme and in the dithionite-reduced
form of the enzyme. Detailed analysis of the Mo¨ssbauer data indicates that the anaerobically isolated enzyme
contains a mixture of Fe-S clusters with the cuboidal [3Fe-4S]+ clusters as the primary cluster form, accounting
for 66% of the total iron. Other forms present include [2Fe-2S]2+ (12% of total Fe) and [4Fe-4S]2+ (8% of
total iron). Careful examination of Mo¨ssbauer spectra recorded at various applied fields reveal a fourth spectral
component which is assigned to a linear [3Fe-4S]+ (∼10% of total Fe). Reduction of the as-isolated enzyme
by dithionite, interestingly, converts all cluster types into the [4Fe-4S] form with a mixture of 2+ (66% of
total iron) and 1+ (12% of total iron) oxidation states. These results are discussed in light of the proposed role
for the iron-sulfur cluster in radical generation.

Introduction

Pyruvate formate-lyase (PFL) catalyzes the conversion of
pyruvate and coenzyme A (CoA) to formate and acetyl-CoA, a
key step in anaerobic glycolysis in facultative bacteria, such as
Escherichia coli.1-4 PFL is a 170 kDa homodimeric protein
which belongs to a group of enzymes that utilize protein radicals
for catalysis.5 The active form of PFL contains a stable glycyl
radical located at residue 734.6 This catalytically essential protein
radical is generated posttranslationally by a specific activating
enzyme, pyruvate formate-lyase activating enzyme (PFL-AE),
under anaerobic conditions in a reaction that is strictly dependent
on the presence ofS-adenosylmethionine (AdoMet) as a
cosubstrate.7-9 During the PFL activation reaction, the glycyl
radical is formed by abstraction of the pro-S hydrogen atom of

G734 of PFL, and AdoMet is converted stoichiometrically to
methionine and 5′-deoxyadenosine (5′-dAdo) (Scheme 1).10,11

Isotope-labeling experiments have established that the hydrogen
atom abstracted from G734 is incorporated into the methyl group
of the 5′-dAdo product, suggesting that a 5′-dAdo radical is
the species that abstracts a hydrogen from G734.11

PFL-AE was initially purified to homogeneity by Conradt et
al. and found to be a monomeric protein of about 30 kDa.1 The
catalytic activity of purified PFL-AE was shown to be strictly
dependent on the addition of Fe(II) to the assay, and subse-
quently PFL-AE was described as an Fe-containing protein.2

The purified enzyme exhibited a broad absorbance in the visible
region (a peak at 388 nm and a shoulder at 430 nm) that was
attributed to an unidentified organic cofactor.1 Until recently,
the nature of this unidentified chromophore has remained
elusive, partly due to its sensitivity toward oxygen and partly
due to the low abundance of PFL-AE inE. coli, both of which
hindered detailed spectroscopic characterization.
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The limitation on the quantity of protein for comprehensive
physical characterization was overcome when Wong et al.
succeeded in cloning and overexpressing PFL-AE inE. coli.12

The recombinant enzyme was purified from inclusion bodies
under denaturing conditions followed by anaerobic refolding
and was found to be active in the presence of added iron,
although the specific activity (1.9 U/mg) was lower than that
reported for wild-type PFL-AE (25 U/mg). (The unit definition
proposed by Ku¨lzer et al.13 is used here.) The refolded protein
did not exhibit absorption in the 400 nm region, suggesting a
fundamental difference between this denatured/refolded protein
and the wild-type enzyme purified by Conradt et al.1 The
recombinant apo PFL-AE could bind approximately one Fe(II)
per protein monomer, and the Fe(II)-PFL-AE exhibited a visible
absorption at 320 nm. Similar binding stoichiometry was found
for other divalent metals, such as Cu(II) and Co(II), but only
the Fe(II)-incorporated protein was capable of activating PFL.12

Inhibition studies showed that thiophilic metals such as Cu(II),
Zn(II), Hg(II), and Cd(II) were inhibitors of PFL activation,12

consistent with an earlier suggestion that a cluster of three
cysteines, C29, C33, and C36, might be ligands to the iron site.14

Recently, we identified PFL-AE as an iron-sulfur protein
after purification of recombinant PFL-AE from the soluble
fractions under anaerobic and nondenaturing conditions.15 The
specific activity of this enzyme, though low (5.4 U/mg), was
shown to correlate with the cluster content of the protein,
indicating an essential role for the cluster in catalytic activity.
The purified PFL-AE was characterized by using a range of
spectroscopic methods, including optical, resonance Raman,
MCD, and EPR spectroscopy.15 The results showed a mixture
of [2Fe-2S]2+ and [4Fe-4S]2+ clusters in the as-isolated enzyme.
Under dithionite-reducing conditions and in the absence of
AdoMet, only [4Fe-4S]2+ clusters were detected by Raman
spectroscopy. When PFL-AE was reduced in the presence of
AdoMet, a nearly axialS ) 1/2 EPR signal (g ) 2.013, 1.889,
and 1.878) typical of [4Fe-4S]+ clusters was observed. These
observations, together with the iron/sulfide/protein ratio, were
interpreted at the time as suggesting the presence of a subunit-
bridging [4Fe-4S]2+/+ cluster in the dithionite-reduced enzyme,
with the [2Fe-2S]2+ clusters being a result of oxidative degrada-
tion of the cluster due to incomplete anaerobicity during
purification.15 Based on more recent work from our laboratory
and Knappe’s laboratory, however, it seems unlikely that PFL-
AE contains subunit-bridging [4Fe-4S] clusters (vide infra).

Külzer et al. have shown that apo PFL-AE can be reconsti-
tuted with Fe(II) and sulfide under reducing conditions, and the
reconstituted PFL-AE exhibits a specific activity of 46 U/mg
in the absence of added iron.13 This reconstituted enzyme is
monomeric and contains primarily [4Fe-4S]2+ clusters as
deduced from optical spectroscopy. These clusters can be
partially reduced by dithionite both in the presence and in the
absence of AdoMet, producing EPR signals characteristic of
[4Fe-4S]+ clusters. The presence of AdoMet changes the EPR
signal from an axialS ) 1/2 signal (g ) 2.029 and 1.925) to a
rhombic signal (g ) 2.009, 1.921, and 1.886). Both [4Fe-4S]+

signals observed in the reconstituted enzyme are different from

what is observed for the anaerobically purified enzyme reduced
by dithionite in the presence of AdoMet,15 suggesting subtle
differences between reconstituted and native enzyme.

[Note: Throughout this paper, we use the term “native” to
refer to PFL-AE that has been purified with an intact iron-sul-
fur cluster. In contrast, “reconstituted” enzyme has been treated
with iron and sulfide prior to spectroscopic characterization.]

Although the above-mentioned investigations have established
that PFL-AE is an iron-sulfur protein and have provided
illuminative information concerning the properties of the Fe-S
cluster that it contains, the methods used in these studies do
not offer a complete description of the states of the cluster
present in the enzyme. For example, resonance Raman spec-
troscopy is insensitive to the reduced [2Fe-2S]+ cluster, and
EPR spectroscopy cannot detect diamagnetic clusters such as
[2Fe-2S]2+ and [4Fe-4S]2+. In addition, quantitative information
is difficult if not impossible to extract from resonance Raman
data. Given the complex picture that is emerging for the Fe-S
clusters in PFL-AE and other AdoMet-dependent iron-sulfur
enzymes,16-18 a thorough and quantitative characterization of
all cluster species present under different conditions is critical
to further structural and mechanistic studies. Consequently,
Mössbauer spectroscopy, a method that can detect and quantify
each Fe species in the sample, is used here for a complete
characterization of the iron-sulfur clusters in PFL-AE.

We have recently improved our expression system by
subcloning the PFL-AE gene into an isopropyl-â-D-thiogalac-
topyranoside (IPTG)-inducible vector and thereby avoiding the
possibly detrimental heat-induction step used in our earlier
expression procedure.19 Since the Fe-S cluster in PFL-AE
appears to be air sensitive, we have purified the enzyme under
strictly anaerobic conditions by carrying out the purification
steps in an anaerobic chamber (earlier work15 was done benchtop
under a blanket of inert gas). Initial optical, Raman, and EPR
characterizations indicate the presence of predominantly [3Fe-
4S]+ cluster in the as-isolated enzyme with a stoichiometry of
2.5-3.0 Fe and S per monomer and a specific activity of 31
U/mg in the absence of added iron.19 We report here a detailed
Mössbauer characterization of the as-isolated and dithionite-
reduced forms of the purified enzyme. Consistent with the
previous finding,19 the as-isolated enzyme contains primarily
cuboidal [3Fe-4S]+ clusters. Minor portions of the Fe are present
as mixtures of [2Fe-2S]2+, [4Fe-4S]2+, and linear [3Fe-4S]+

clusters. Reduction of the enzyme with dithionite converts most
of the clusters into [4Fe-4S] clusters, of which the majority are
in the diamagnetic 2+ state with a small amount in the 1+ state.
No other Fe cluster species are detected. This report, together
with our earlier communications,15,19 provides the only char-
acterization of the iron-sulfur clusters present in PFL-AE in
its native state without artificial reconstitution. Such studies are
fundamental for obtaining a working understanding of the
structural and functional properties of the Fe-S cluster in PFL-
AE and are particularly significant given the recently determined
role of the cluster in the generation of the G734 radical in PFL.20
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Materials and Methods

Bacterial Growth in 57Fe-Enriched Medium and Protein Puri-
fication. PFL-AE used for Mo¨ssbauer studies was overexpressed and
purified from BL21(DE3)pLysS/pCal-n-AE3 as previously described,19

except that both overnight and large-scale cultures were grown in a
defined MOPS medium. The defined medium was based on one
previously described21 but modified to include 0.5 mM CaCl2, 1% (w/
v) casamino acids, and 0.001% (w/v) each of pyridoxine, riboflavin,
niacinamide, folic acid, cyanocobalamin, pantothenic acid, and thioctic
acid. The medium also contained 20µM 57Fe added from a concentrated
solution obtained by dissolving the metal (94.7% enrichment) in a
minimal volume of 2:3:1 H2O:HCl (concentrated):HNO3 (concentrated).
Protein, iron, and sulfide assays were done as previously described.19,22,23

Activity assays were performed in the absence of added iron as
previously described,19 except that the production of the product PFL
glycyl radical was monitored directly by EPR spectroscopy. PFL-AE
Mössbauer samples (0.51 mM for as-isolated, 0.49 mM final concentra-
tion for reduced) were prepared in an anaerobic chamber (MBraun)
maintained at<1 ppm O2. The reduced samples were prepared at
ambient temperature by addition of sodium dithionite to a final
concentration of 1.28 mM. Addition of higher concentrations of
dithionite (up to 5 mM) did not affect the amount of [4Fe-4S]+ cluster
obtained. No additional iron was added during reduction, so the [3Fe-
4S]-to-[4Fe-4S] cluster conversions reported herein must occur by
cannibalization of the destroyed clusters. Immediately after reduction,
the samples were frozen by immersion in liquid nitrogen.

Mo1ssbauer and EPR Spectroscopy.Mössbauer spectra were
recorded in either a weak-field spectrometer equipped with a Janis 8DT
variable-temperature cryostat or a strong-field spectrometer furnished
with a Janis CNDT/SC SuperVaritemp cryostat encasing an 8-T
superconducting magnet. Both spectrometers operate in a constant
acceleration mode in a transmission geometry. The zero velocity of
the spectra refers to the centroid of a room-temperature spectrum of a
metallic iron foil. EPR spectra were recorded in a Bruker ER-200D-
SRC spectrometer equipped with an Oxford Instruments ESR 910
continuous-flow cryostat.

Results

Fe Content.Preparations of the57Fe-enriched PFL-AE were
analyzed for iron and protein content. The results show an iron
to protein monomer ratio of 1.3( 0.1. This value is lower than
the 2.8 Fe/protein monomer reported for the enzyme purified
from bacteria grown in terrific broth with naturally available
Fe. Since the57Fe-enriched PFL-AE was isolated from bacteria
grown in defined medium, this observed difference in Fe content
may suggest inefficient incorporation of the Fe cluster under
suboptimal growth conditions. Two observations, however,
indicate that the only difference between57Fe-enriched and
unenriched PFL-AE is the absolute quantity of iron incorporated,
not the form in which it is incorporated. First, the EPR and
UV-visible spectroscopic properties of57Fe-enriched PFL-AE
are essentially identical to those of PFL-AE isolated from
bacteria grown with naturally available Fe. Second, the specific
activity of the 57Fe-enriched PFL-AE containing 1.3 Fe per
protein monomer (48 U/mg) is approximately half that for
unenriched PFL-AE containing 2.65 Fe per protein monomer
(95 U/mg). The specific activities reported here are higher than
any previously published for PFL-AE. We previously reported
31 U/mg for PFL-AE with 2.8 Fe per protein,19 and Knappe
has reported 46 U/mg for PFL-AE with 2.6 Fe per protein.13

The higher specific activities reported here are presumably a
result of directly monitoring the formation of product PFL glycyl
radical as a function of time, rather than using the coupled
enzyme assay previously described.13,19

Fe-S Cluster Composition in PFL-AE. Samples of the
anaerobically purified57Fe-enriched PFL-AE in two different
states (as-isolated and dithionite-reduced) were investigated by
Mössbauer spectroscopy at various temperatures and applied
fields. Both states contain mixtures of Fe species. The observed
spectra are superpositions of the various spectra of the different
species contained in the samples. We have therefore employed
a self-consistent iterative approach to obtain a set of parameters
for the different species such that all the spectra recorded under
different conditions can be explained by the same set of
parameters. In the following, we will present the results of the
dithionite-reduced sample first because it contains fewer Fe
species.

The 4.2 K Mössbauer spectrum of a dithionite-reduced PFL-
AE sample (Figure 1), recorded in a magnetic field of 50 mT
oriented parallel to theγ-beam, displays an intense central
quadrupole doublet (marked by a bracket), a broad absorption
peak at∼2.8 mm/s, and weak absorptions between-2 and+2.5
mm/s. These features are associated with three spectral com-
ponents and thus represent three different Fe species. The broad
absorption peak at∼2.8 mm/s is the high-energy line of a
quadrupole doublet (shown as a solid line in Figure 1), of which
the parameters (see legend of Figure 1) and shape are indicative
of adventitiously bound high-spin Fe(II). Removal of the
contribution of the adventitious Fe(II) (25% of the total Fe
absorption) from the raw data reveals the spectrum arising from
the Fe-S clusters (Figure 2A). The central quadrupole doublet,
accounting for 66% of the total Fe absorption, is best simulated
with two overlapping quadrupole doublets (dashed line in Figure
2A). The parameters used in the simulation are listed in Table
1 and are typical for [4Fe-4S]2+ clusters.24-26 Without exception,
[4Fe-4S]2+ clusters have anS) 0 ground state, resulting from
antiferromagnetic coupling of the two valence-delocalized Fe-
(II)Fe(III) units. To examine the spin state of the species
associated with the central doublet, a spectrum of the dithionite-
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Figure 1. Mössbauer spectrum of dithionite-reduced native PFL-AE
recorded at 4.2 K in a magnetic field of 0.05 T applied parallel to the
γ-beam. The bracket indicates the positions of the quadrupole doublet
arising from the [4Fe-4S]2+ cluster. The solid line is the theoretical
simulation of the adventitiously bound Fe(II) assuming two quadrupole
doublets withδ(1) ) 1.28 mm/s,∆EQ(1) ) 3.07 mm/s,δ(2) ) 1.10
mm/s, and∆EQ ) 2.42 mm/s. Doublet 1 contributes 17% of the total
Fe absorption, and doublet 2 contributes 8%.
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reduced PFL-AE was recorded in a strong external field of 8 T
at 4.2 K (Figure 2C). The solid line plotted over the data in
Figure 2C is a simulation using the parameters obtained for the
central doublet from the weak-field spectrum and assuming
diamagnetism. The agreement between the simulation and the
central portion of the experimental spectrum confirms that the
central doublet is arising from a diamagnetic species. Thus, this
component is assigned to a [4Fe-4S]2+ cluster.

The component having absorption extending from-2 to 2.5
mm/s, which accounts for 12% of the total Fe absorption, is
originating from a paramagnetic species and can be attributed
to a [4Fe-4S]+ cluster with anS) 1/2 ground state. Mo¨ssbauer

spectra of such clusters consist of two equal intensity subspectra
representing a valence-delocalized Fe(II)Fe(III) pair and a
diferrous pair.24,26 Because of the weak intensity and because
the number of variables required for spectral simulation of a
[4Fe-4S]+ cluster is large, we did not attempt to determine the
specific parameters for the [4Fe-4S]+ cluster in the dithionite-
reduced PFL-AE by fitting this paramagnetic component.
Instead, to show that this paramagnetic component is consistent
with that of a [4Fe-4S]+ cluster, we have used the parameters
obtained for the [4Fe-4S]+ cluster ofBacillus stearothermophilus
ferredoxin24 to simulate a spectrum for comparison with this
component. The simulation is plotted in Figure 2A as a dotted
line. It can be seen that the magnetic splitting and shape of the
paramagnetic component in PFL-AE agree well with the
simulation. Addition of the simulated [4Fe-4S]+ spectrum (12%)
with the least-squares fit spectrum for the [4Fe-4S]2+ cluster
(66%) generates the solid line overlaid with the experimental
spectrum shown in Figure 2A. The agreement observed between
the theory and the experimental spectrum supports the above
assignment.

At high temperatures the electronic relaxation of a [4Fe-4S]+

cluster is fast in comparison with the Larmor frequency of the
57Fe nucleus, resulting in cancellation of the internal field and
collapse of the low-temperature magnetic spectrum into two
quadrupole doublets associated with the Fe(II)Fe(III) and the
diferrous pairs.24,26Figure 2B shows a spectrum of the dithionite-
reduced PFL-AE recorded at 170 K in the absence of an applied
field (the contribution of the adventitiously bound Fe(II) has
been removed from the spectrum shown). As expected, the
paramagnetic component observed at 4.2 K has collapsed into
quadrupole doublets at this temperature. A small shoulder at
∼1.3 mm/s is observed. A comparison with the simulated
spectrum of theB. stearothermophilus[4Fe-4S]+ cluster24 at
this temperature (dotted line in Figure 2B) indicates that this
shoulder is at the position of the high-energy line of the
quadrupole doublet of the diferrous pair. The intensity of this
shoulder is also consistent with the percent absorption (12% of
total Fe absorption) determined for the [4Fe-4S]+ cluster from
the low-temperature data. To demonstrate that the high-
temperature spectrum is in agreement with the assignment made
from analyzing the low-temperature data, we have again added
the simulated central doublet (long-dashed line in Figure 2B
for the [4Fe-4S]2+ cluster) and the simulatedB. stearothermo-
philus [4Fe-4S]+ spectrum (dotted line) according to the
intensities determined from the low-temperature spectra (66%
for the [4Fe-4S]2+ and 12% for the [4Fe-4S]+) and plotted the
sum (solid line) over the experimental spectrum. The agreement
between the simulation and experiment indicates that both the
high-temperature and low-temperature Mo¨ssbauer data are
consistent with the conclusion that, except for the adventitiously
bound Fe(II), only [4Fe-4S] clusters are present in the dithionite-
reduced PFL-AE. The percent absorption of the [4Fe-4S] cluster
determined from the Mo¨ssbauer measurement, together with the
iron and protein determinations, yields a stoichiometry of∼0.25
[4Fe-4S] cluster per protein monomer, of which 85% are in the
diamagnetic [4Fe-4S]2+ state and the remainder are in the
paramagnetic [4Fe-4S]+ state.

The presence of a small quantity of [4Fe-4S]+ cluster in the
dithionite-reduced PFL-AE is also supported by EPR measure-
ments. An X-band EPR spectrum of a dithionite-reduced PFL-
AE prepared in parallel with the Mo¨ssbauer sample displays
an axialS ) 1/2 signal withg values at 2.01 and 1.94 (Figure
3). This signal is very similar to that reported for the dithionite-
reduced reconstituted PFL-AE.13 Double integration of this

Figure 2. Mössbauer spectra of dithionite-reduced PFL-AE recorded
at 4.2 K in a parallel field of 0.05 T (A), 170 K in the absence of
applied field (B), and 4.2 K in a parallel field of 8 T (C). The
contributions from the adventitiously bound Fe(II) have been removed
for the spectra shown in A and B. The soild lines in A and B are
summations of theoretical simulations of the [4Fe-4S]2+ (dashed lines,
66% of total Fe absorption) and the [4Fe-4S]+ (dotted lines, 12%)
clusters. The solid line in C is the theoretical simulation of the [4Fe-
4S]2+ cluster, assuming diamagnetism.

Table 1. Temperature-Dependent Mo¨ssbauer Parameters of the
Fe-S Clusters in Native PFL-AEa

T (K)

4.2 113 170

[4Fe-4S]2+

site 1 δ (mm/s) 0.45 (2) 0.44 (2) 0.42 (2)
∆EQ (mm/s) 1.15 (4) 1.13 (4) 1.10 (4)
η 0.3

site 2 δ (mm/s) 0.45 (2) 0.44 (2) 0.42 (2)
∆EQ (mm/s) 1.00 (4) 0.83 (4) 0.80 (4)
η 0.7

[2Fe-2S]2+

δ (mm/s) 0.29 (2) 0.26 (2) 0.23 (2)
∆EQ (mm/s) 0.58 (4) 0.58 (4) 0.58 (4)
η 0

a Values in parentheses are uncertainties in units of the least
significant digit.
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signal yields a spin quantitation of 0.03-0.04 spin/protein
monomer, a value that is consistent with the Mo¨ssbauer finding
of ∼0.04 [4Fe-4S]+ cluster per protein monomer.

Figure 4A shows a Mo¨ssbauer spectrum of the as-isolated
PFL-AE recorded at 4.2 K in a parallel applied field of 50 mT.
At least three spectral components are discernible from this
spectrum. The major component, which accounts for 66% of
the Fe absorption, displays magnetic hyperfine interactions with
absorption extending from-2 to 3 mm/s (solid line plotted
above the data). This component is composed of three equal-
intensity subspectral components and exhibits field-orientation
and field-strength dependence consistent with anS ) 1/2
electronic system (vide infra). At temperatures above 77 K, this
magnetic component collapses into a quadrupole doublet (Fig-
ure 4B) with parameters (δ ) 0.23 mm/s and∆EQ ) 0.58 mm/s
at 170 K) typical of tetrahedral sulfur-coordinated high-spin
Fe(III). All these features are characteristic of the all-ferric
cuboidal [3Fe-4S]+ cluster. This magnetic component is thus
assigned to such a cluster. This assignment is consistent with
our previous EPR finding that the majority of the Fe-S cluster
in the as-isolated PFL-AE is in anS ) 1/2 [3Fe-4S]+ state.19

Detailed analysis of this magnetic component is presented in
the following section.

A second spectral component accounting for 12% of the total
Fe absorption is a sharp quadrupole doublet observed at 4.2 K
(dashed line plotted above the data in Figure 4A) with
parameters (listed in Table 1) characteristic of [2Fe-2S]2+

clusters.26,27 Spectra recorded at strong applied field indicate
that this component originates from a diamagnetic species. On
the basis of this observed diamagnetism and the characteristic
parameters, this component is assigned to a [2Fe-2S]2+ cluster.
Removal of the contributions of the [3Fe-4S]+ and [2Fe-2S]2+

clusters from the raw data reveals a third component identical
to that of the [4Fe-4S]2+ cluster observed in the dithionite-
reduced PFL-AE (dotted line plotted above the data in Figure
4A). The high-energy line of this doublet can be seen as a
shoulder at∼1 mm/s in the raw data. This component is
estimated to account for∼8% of the total Fe absorption. A sum
of the three components (the [3Fe-4S]+, [2Fe-2S]2+, and [4Fe-
4S]2+) yields the solid line plotted over the data in Figure 4A.

Although the agreement between the experiment and the
simulated sum spectrum is reasonable, approximately 14% of
the Fe absorption remains not accounted for. Spectra recorded
at strong applied field reveal the presence of a fourth component
(vide infra).

The complexity of the above-discussed low-temperature
spectrum is greatly reduced when data are collected at high
temperatures. This is due to the fact that, at high temperature,
the [3Fe-4S]+ cluster exhibits a single quadrupole doublet,28

and this doublet is similar to that of a [2Fe-2S]2+ cluster since
both clusters are composed of only Fe(III)S4 units. As expected,
the 170 K spectrum of the as-isolated PFL-AE (Figure 4B)
shows predominantly a quadrupole doublet arising from both
the [3Fe-4S]+ and [2Fe-2S]2+ clusters (dashed line in Figure
4B). This central doublet accounts for 80% of the total Fe
absorption, consistent with the sum of the amounts of these two
types of clusters determined at 4.2 K. The presence of a small
quantity of the [4Fe-4S]2+ cluster is supported by the appearance
of a shoulder at the high-energy line of the central doublet. To
illustrate this point, we plot in Figure 4B a simulated spectrum
(dotted line in Figure 4B) of the [4Fe-4S]2+ cluster using the
parameters determined from the dithionite-reduced sample
(Table 1). The plotted spectrum is normalized to 8% of the total
Fe absorption. Addition of the simulated central quadrupole
doublet with the simulated [4Fe-4S]2+ doublet yields the solid
line overlaid with the experimental data. Again, reasonable
agreement between experiment and simulation is observed.

The fourth spectral component is readily observed in a
spectrum recorded at 4.2 K in a parallel field of 4 T (Figure
4D). This component is seen as a magnetic spectrum with its
outermost lines appearing at approximately-5 and 5 mm/s
(indicated by arrows). In a much weaker (0.05 T) or stronger
(8 T) applied field (Figure 4, spectra C and E, respectively),
however, this magnetic component becomes broad and is
difficult to detect. This field-strength dependence and the
observed magnetic splitting are consistent with those of a linear
[3Fe-4S]+ cluster.29,30 In the following, we use the results
obtained for the linear [3Fe-4S]+ cluster in aconitase29 as an
example to illustrate this point and to compare with the PFL-
AE spectra. For a linear [3Fe-4S]+ cluster, the threeS ) 5/2
Fe(III) sites are spin-coupled to form anS ) 5/2 ground state.
The spin of the middle Fe site (site 3) is antiparallel to those of
the two terminal Fe sites (sites 1 and 2). Consequently, the
internal field of site 3 is parallel to the applied field, while those
of the other two sites oppose the applied field. For the linear
[3Fe-4S]+ cluster in aconitase,29 the observed internal fields for
sites 1, 2, and 3 are-33.6, -31.9, and 24.2 T, respectively.
The signs indicate the direction of the internal field in relation
to that of the applied field. At 0.05 T, since all three internal
fields are different in magnitude, the spectra arising from the
three Fe sites show different magnetic splittings. Superposition
of these three spectra results in a relatively broad spectrum (solid
line overlaid with the experimental spectrum in Figure 4C). At
4 T, to a good approximation, the magnitudes of the effective
fields at sites 1 and 2 are reduced by 4 T to 29.6 and 27.9 T,
respectively, while that of site 3 is increased to 28.2 T. These
values are quite similar, and thus, all three sites show similar
magnetic spectra, superposition of which results in a “single”
magnetic spectrum with its intensity tripled (solid line in Figure

(27) Ferreira, G. C.; Franco, R.; Lloyd, S. G.; Pereira, A. S.; Moura, I.;
Moura, J. J. G.; Huynh, B. H.J. Biol. Chem.1994, 269, 7062-7065.

(28) Huynh, B. H.; Kent, T. A.AdV. Inorg. Biochem.1984, 6, 163-
223.

(29) Kennedy, M. C.; Kent, T. A.; Emptage, M.; Merkle, H.; Beinert,
H.; Münck, E.J. Biol. Chem.1984, 259, 14463-71.

(30) Girerd, J. J.; Papaefthymiou, G. C.; Watson, A. D.; Gamp, E.; Hagen,
K. S.; Edelstein, N.; Frankel, R. B.; Holm, R. H.J. Am. Chem. Soc.1984,
106, 5941-5947.

Figure 3. EPR spectrum of dithionite-reduced PFL-AE showing a weak
signal originating from the [4Fe-4S]+ cluster. The spectrum was
recorded with the following instrumental settings: temperature, 12 K;
microwave power, 2 mW; microwave frequency, 9.65 GHz; modulation
amplitude, 1 mT; modulation frequency, 100 kHz.
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4D). At 8 T, the magnitudes of the effective fields at sites 1, 2,
and 3 are again different, and a broad magnetic spectrum is
again observed (solid line in Figure 4E). On the basis of the
above analysis, it is concluded that the as-isolated PFL-AE
contains linear [3Fe-4S]+ clusters, accounting for approximately
10% of the total iron absorption.

In summary, analysis of the Mo¨ssbauer data of the as-isolated
PFL-AE shows the presence of mixtures of Fe-S clusters. A
majority of the clusters are present in the cuboidal [3Fe-4S]+

state (∼0.29 cluster/protein monomer), while minor portions
are in the [2Fe-2S]2+ (∼0.08 cluster/monomer), [4Fe-4S]2+

(∼0.03 cluster/monomer), and linear [3Fe-4S]+ (∼0.04 cluster/
monomer) states.

Analysis of the [3Fe-4S]+ Spectral Component.Figure 5
shows the field-dependent spectra of the [3Fe-4S]+ cluster in
the as-isolated PFL-AE. The spectra shown were prepared from
the raw data by removing proper amounts of the contributions
of the [2Fe-2S]2+ (12%), [4Fe-4S]2+ (8%), and linear [3Fe-
4S]+ clusters (10%). To analyze these field-dependent spectra,
we use a spin-coupling model commonly applied to [3Fe-4S]+

clusters.31 In this model, the three Fe sites are assumed to be
intrinsically equivalent: a tetrahedral sulfur-coordinatedS )
5/2 Fe(III). These three5/2 spins,S1, S2, andS3, are exchange-
coupled according to eq 1, resulting in anS) 1/2 ground state
that displays three equal-intensity subspectral components with
different magnetic hyperfine interactions. Within this coupling

scheme, there are only two orthogonalS ) 1/2 states, which
may be constructed by coupling spinsS2 and S3 to form an
intermediate spinS23 ) 2 or 3, and then couplingS23 to S1 to
form the system spinS ) 1/2. These two states may be

represented by the ket vectors|S23, S1, S〉 ) |2, 5/2, 1/2〉 and
|3, 5/2, 1/2〉. ForJ23 > J12 ) J13 > 0, the ground state is the pure
|2, 5/2, 1/2〉 state. In the more general situation in which all three
J values are different (J23 > J12 > J13), the ground state is a
quantum admixture of these two states, (1- R2)1/2|2, 5/2, 1/2 〉
+ R |3, 5/2, 1/2〉, and the spin expectation values for the three
iron sites are functions of the mixing coefficientR2 (eq 2 and
Figure 6).

The observed magnetic hyperfine constants,Ai (i ) 1, 2, and
3), for the three spin-coupled iron sites are given by

whereai is the magnetic hyperfine constant for theith iron site
in the absence of spin-spin coupling. Previous Mo¨ssbauer
investigations of several [3Fe-4S]+ cluster-containing proteins
have assumed substantially anisotropic hyperfine interaction for
the iron sites in order to explain the relatively broad low-
temperature Mo¨ssbauer spectra.32-37 Anisotropic hyperfine

(31) Kent, T. A.; Huynh, B. H.; Mu¨nck, E.Proc. Natl. Acad. Sci. U.S.A.
1980, 77, 6574-6576.

(32) Emptage, M. H.; Kent, T. A.; Huynh, B. H.; Rawlings, J.; Orme-
Johnson, W. H.; Mu¨nck, E.J. Biol. Chem.1980, 255, 1793-1796.

(33) Huynh, B. H.; Moura, J. J. G.; Moura, I.; Kent, T. A.; LeGall, J.;
Xavier, A. V.; Münck, E.J. Biol. Chem.1980, 255, 3242-3244.

(34) Kent, T. A.; Dreyer, J. L.; Kennedy, M. C.; Huynh, B. H.; Emptage,
M. H.; Beinert, H.; Münck, E.Proc. Natl. Acad. Sci. U.S.A.1982, 79, 1096-
1100.

(35) Surerus, K. K.; Kennedy, M. C.; Beinert, H.; Mu¨nck, E.Proc. Natl.
Acad. Sci. U.S.A.1989, 86, 9846-9850.

Figure 4. Mössbauer spectra of anaerobically purified native PFL-AE. The spectra were recorded at 4.2 K in a parallel field of 0.05 T (A and C),
170 K in zero field (B), 4.2 K in a parallel field of 4 T (D), or 8 T (E). For the spectra shown in C, D, and E, contributions from the [4Fe-4S]2+

(8%) and [2Fe-2S]2+ (12%) clusters have been removed. The solid line overlaid with the experimental spectrum in A is the sum of the theoretical
simulations of the cuboidal [3Fe-4S]+ (soild line above the experimental spectrum, 66%), [2Fe-2S]2+ (dashed line, 12%), and [4Fe-4S]2+ (dotted
line, 8%) clusters. The solid line in B is the sum of the quadrupole doublets arising from the [4Fe-4S]2+ cluster (dotted line above the experimental
spectrum) and from the cuboidal [3Fe-4S]+ and [2Fe-2S]2+ (dashed line) clusters. The solid lines shown in C, D, and E are theoretical simulations
of the linear [3Fe-4S]+ cluster using the parameters given in ref 29. The arrows in D indicate the positions at which the outermost lines of the three
Fe sites of the linear [3Fe-4S]+ cluster overlap at 4 T (see text).
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interaction, however, is unusual for high-spin ferric ions. In
particular, for monomeric high-spin ferric ions with tetrahedral
sulfur coordination, the magnetic hyperfine interaction is rather
isotropic (within 5%).38,39 In our analysis of the [3Fe-4S]+

cluster in PFL-AE, we have chosen a more reasonable assump-
tion and assumed isotropica values for all three Fe sites. To
reproduce the broad low-temperature spectra, we assumed the
presence of Gaussian distributions in the exchange coupling
constantsJij. Since mixing of the twoS) 1/2 states depends on
the exchange couplings, distributions in theJij values would
result in a distribution in the mixing coefficientR2, P(R2), which
in turn generates distributions in the magnetic hyperfine
interactions (see eqs 2 and 3) and causes broadening of the
spectrum. Detailed analysis of the data shows that this approach
not only can explain the low-temperature weak-field spectrum
(Figure 5A) but also can reproduce the field-dependent behavior
of the spectra up to 8 T (assuming anisotropic magnetic
hyperfine interaction cannot reproduce the field-dependent
behavior of the [3Fe-4S]+ spectra in the range 0.05-8 T).

Theoretical simulations resulting from this analysis are plotted
in Figure 5 as solid lines overlaid with the experimental spectra.
Simulations of the individual spectral components (for the three
iron sites) are also shown above the 0.05-T (A) and 8-T (C)
spectrum. The parameters used in these simulations areδ )
0.28 mm/s,∆EQ ) 0.60 mm/s,η ) 0, and line width) 0.35
mm/s for all three sites,a1/gnân ) -13.8 T,a2/gnân ) a3/gnân

) -13.1 T,J12 ) 296 cm-1, J13 ) 300 cm-1, J23 ) 323 cm-1,
and σ12 ) σ13 ) σ23 ) 5.3 cm-1, whereσij is the Gaussian
standard deviation for the correspondingJij. The intrinsic a
values determined for the three Fe sites are consistent with those
expected for Fe-S clusters.40 The distribution inR2, P(R2),
calculated from the assumed distributions inJij, is plotted in
Figure 6 as a dashed line. On the basis of saturation magnetiza-
tion41 and temperature-dependent NMR42 studies of the [3Fe-
4S]+-containing DesulfoVibrio gigas ferredoxin II, we have
chosen theJij values at around 300 cm-1. The exact values used,
however, are not important for our analysis because the mixing
parameterR is dependent on the ratios of the threeJij ’s and not
on their individual values. What is significant is that extremely
narrow distributions (σij/Jij ≈ 1.2%) for the exchange coupling
constants are sufficient to generate the observed broad distribu-
tions in magnetic hyperfine interactions. We have learned
recently that distributions in theJij values have also been used
successfully to describe the field-dependent Mo¨ssbauer spectra
of D. gigas Fd II (Eckard Münck, personal communication).

Discussion

PFL-AE has previously been shown to require the presence
of an iron-sulfur cluster to catalyze the generation of the glycyl
radical of PFL and the concomitant cleavage of AdoMet to
methionine and 5′-deoxyadenosine.13,15,19,20The exact nature of
the cluster has remained elusive, however, as [2Fe-2S], [3Fe-
4S], and [4Fe-4S] clusters have been detected in different forms
of the enzyme and under different conditions. Herein we report
for the first time a comprehensive examination of the cluster

(36) Teixeira, M.; Moura, I.; Xavier, A. V.; Moura, J. J. G.; LeGall, J.;
DerVartanian, D. V.; Peck, H. D., Jr.; Huynh, B. H.J. Biol. Chem.1989,
264, 16435-16450.

(37) Surerus, K. K.; Chen, M.; van der Zwaan, J. W.; Rusnak, F. M.;
Kolk, M.; Duin, E. C.; Albracht, S. P. J.; Mu¨nck, E.Biochemistry1994,
33, 4980-4993.

(38) Schulz, C.; Debrunner, P. G.J. Phys. (Paris), Colloq.1976, 153-
158.

(39) Moura, I.; Huynh, B. H.; Hausinger, R. P.; Le Gall, J.; Xavier, A.
V.; Münck, E.J. Biol. Chem.1980, 255, 2493-8.

(40) Mouesca, J.-M.; Noodleman, L.; Case, D. A.; Lamotte, B.Inorg.
Chem.1995, 34, 4347-4359.

(41) Day, E. P.; Peterson, J.; Bonvoisin, J. J.; Moura, I.; Moura, J. J. G.
J. Biol. Chem.1988, 263, 3684-3689.

(42) Macedo, A. L.; Moura, I.; Moura, J. J. G.; Le Gall, J.; Huynh, B.
H. Inorg. Chem.1993, 32, 1101-1105.

Figure 5. Mössbauer spectra of the cuboidal [3Fe-4S]+ cluster in
anaerobically purified PFL-AE. The spectra are recorded at 4.2 K with
a parallel field of 0.05 T (A), 4 T (B), or 8 T (C). These spectra were
prepared by removing from the raw data the contributions from the
[2Fe-2S]2+, [4Fe-4S]2+, and linear [3Fe-4S]+ clusters. The solid lines
overlaid with the experimental spectra are theoretical simulations using
the parameters given in text. In A and C, theoretical simulations for
the individual Fe sites are also shown above the experimental data:
site 1, solid lines; site 2, dotted lines; site 3, dashed lines.

Figure 6. Spin expectation values for the three Fe sites of a [3Fe-
4S]+ cluster plotted as functions (solid lines) of the mixing coefficient
R2 according to eq 2, and the distribution ofR2, P(R2) (dashed line),
calculated with the assumedJij distributions described in text.
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forms present in reduced and oxidized PFL-AE using Mo¨ssbauer
spectroscopy, the only technique capable of identifying and
quantifying all cluster forms simultaneously. The work described
here provides important new insights into the nature of the iron-
sulfur cluster in PFL-AE and its possible role in radical
generation.

In PFL-AE under reducing conditions, all iron-sulfur clusters
are present in the [4Fe-4S] form. With dithionite as reductant
as described here, a majority of these clusters are in the
diamagnetic [4Fe-4S]2+ state, with a small amount present as
[4Fe-4S]+ clusters. Both oxidation states of the cluster are
identified by Mössbauer spectroscopy, with the quantitation of
the paramagnetic [4Fe-4S]+ confirmed by parallel EPR studies.
These results corroborate previous work suggesting that the
primary cluster form after dithionite reduction is [4Fe-4S]2+.15

In recent work, we have shown that deazariboflavin-mediated
photoreduction of PFL-AE followed by addition of AdoMet
produces primarily [4Fe-4S]+.20 Regardless of the reducing
conditions, however, only cuboidal [4Fe-4S] clusters are
observed upon reduction of the enzyme. This observation
suggests that the [4Fe-4S] is the catalytically relevant cluster,
since PFL-AE catalytic activity is observed in vitro only under
anaerobic reducing conditions.1 In support of this, we have
recently provided direct evidence for the catalytic relevance of
the [4Fe-4S]2+/+ states of PFL-AE.20

In the as-isolated form of PFL-AE, essentially every form of
cluster previously identified in this enzyme is present simulta-
neously, including cuboidal [3Fe-4S]+ as the dominant cluster
form, as well as [2Fe-2S]2+ and [4Fe-4S]2+ clusters. In addition
to these three cluster types, Mo¨ssbauer spectroscopy also
provides evidence for the presence of a small amount of linear
[3Fe-4S]+ cluster. The linear [3Fe-4S]+ structure type was first
identified in synthetic iron-sulfur complexes30,43and was later
found to be present in a partially unfolded form of aconitase.29

This structure type remains quite rare in biological systems,
however, and to our knowledge has not been identified in any
proteins other than aconitase. The identification of linear [3Fe-
4S]+ clusters in PFL-AE, together with the observation of the
other three cluster forms (cuboidal [3Fe-4S]+, [2Fe-2S]2+, and
[4Fe-4S]2+), makes PFL-AE remarkably similar to aconitase
in its ability to accommodate all these cluster types.29

The linear [3Fe-4S]+ and [2Fe-2S]2+ clusters were generated
as the predominant cluster forms of aconitase by incubation of
the protein at high pH or in high concentrations of urea,
conditions under which the protein is believed to be partially
unfolded.29 Our observation of a small amount of linear [3Fe-
4S]+ and [2Fe-2S]2+ clusters in PFL-AE therefore suggests that
a small amount of our as-isolated native PFL-AE may be
partially unfolded. As with aconitase, however, reduction of
PFL-AE with dithionite converts these [3Fe-4S] and [2Fe-2S]
clusters to [4Fe-4S] clusters. Some of us have also shown that,
under alternate conditions of growth, expression, and purification
of PFL-AE, the [2Fe-2S]2+ can be a major cluster form, but
upon reduction this form converts to solely [4Fe-4S] clusters.15

By analogy to aconitase, the [2Fe-2S] cluster observed as a
major component of our previous preparations may have been
due to partial unfolding of PFL-AE. For PFL-AE, a significant
amount of the [2Fe-2S] cluster was observed under conditions
in which (1) overexpression was achieved by heat-induction,
which could result in partial protein unfolding, and (2) the
protein was not kept strictly anaerobic during purification
(crudely anaerobic conditions were maintained by purging

buffers with argon), which could have allowed oxidative
degradation of the cluster and partial protein unfolding.15 Our
current use of a non-heat-inducible expression system, coupled
with purification in an anaerobic chamber, has apparently
allowed isolation of PFL-AE containing a more native-like
structure, as judged by the predominance of the cuboidal [3Fe-
4S]+ cluster form. An important conclusion of these results is
that, regardless of whether the predominant form in the
as-isolated PFL-AE is [2Fe-2S]2+ or [3Fe-4S]+, reduction under
anaerobic conditions results in conversion to the active [4Fe-
4S] cluster form.

The most significant similarity between PFL-AE and aconi-
tase lies in the implication of a unique iron site of the [4Fe-4S]
cluster. The ready accessibility of a [3Fe-4S]+ cluster from a
native [4Fe-4S] cluster, as has been found for both PFL-AE
and aconitase,34 as well asPyrococcus furiosusferredoxin44 and
DesulfoVibrio africanusferredoxin III,45 is indicative of a site-
differentiated [4Fe-4S] cluster.46 A site-differentiated [4Fe-4S]
cluster has been demonstrated in aconitase, where addition of
Fe(II) to the [3Fe-4S]+ form of the enzyme results in incorpora-
tion of the added iron into a single site of the cluster.47-49

Oxidation of the resulting [4Fe-4S] cluster results in loss of
iron exclusively from the unique site. The labile iron site of
aconitase was thus labeled with57Fe and shown to have
Mössbauer parameters distinct from those of the three other sites
in the cluster.47 Furthermore, Mo¨ssbauer and ENDOR spec-
troscopy reveal that substrate coordinates to this unique site in
the aconitase ES complex, thus indicating a specific functional
role for the labile iron site.47,50,51An analogous unique iron site
in the [4Fe-4S] of PFL-AE is suggested by the observation that
the major cluster form of as-isolated PFL-AE is [3Fe-4S]+, and
that reduction of this cluster converts it quantitatively to the
active [4Fe-4S] cluster form. Further Mo¨ssbauer studies are
underway to characterize the unique site of the PFL-AE [4Fe-
4S] cluster.

In support of the above suggested site-differentiated [4Fe-
4S] cluster in PFL-AE, site-directed mutagenesis studies have
shown that PFL-AE, like aconitase,52,53has only three cysteines
implicated in cluster coordination.13 In the absence of substrate
or product, the fourth ligand to the [4Fe-4S] cluster in aconitase
is solvent.47 The fourth ligand to the [4Fe-4S] cluster in PFL-
AE has yet to be identified, but by analogy to aconitase it is
reasonable to propose that exogenous ligands such as water or
substrate may bind to the unique labile iron site in PFL-AE.
Evidence suggests that the other Fe-S/AdoMet enzymes may
also contain a [4Fe-4S] cluster with one unique iron site. A
putative cluster-binding motif comprised of onlythreecysteines
(CX3CX2C) is common to all of the Fe-S/AdoMet-dependent
enzymes for which the gene sequence is known,14,54-58 implying
that a fourth ligand to the [4Fe-4S] cluster in these enzymes

(43) Hagen, K. S.; Watson, A. D.; Holm, R. H.J. Am. Chem. Soc.1983,
105, 3905-3913.

(44) Conover, R. C.; Kowal, A. T.; Fu, W.; Park, J. B.; Aono, S.; Adams,
M. W. W.; Johnson, M. K.J. Biol. Chem.1990, 265, 8533-8541.

(45) George, S. J.; Amstrong, F. A.; Hatchikian, E. C.; Thomson, A. J.
Biochem. J.1989, 264, 275-284.

(46) Johnson, M. K.; Duderstadt, R. E.; Duin, E. C.AdV. Inorg. Chem.
1999, 47, 1-82.

(47) Emptage, M. H.; Kent, T. A.; Kennedy, M. C.; Beinert, H.; Mu¨nck,
E. Proc. Natl. Acad. Sci. U.S.A.1983, 80, 4674-4678.

(48) Kennedy, M. C.; Emptage, M. H.; Dreyer, J. L.; Beinert, H.J. Biol.
Chem.1983, 258, 11098-11105.

(49) Emptage, M. H.; Dreyer, J. L.; Kennedy, M. C.; Beinert, H.J. Biol.
Chem.1983, 258, 11106-11111.

(50) Werst, M. M.; Kennedy, M. C.; Beinert, H.; Hoffman, B. M.
Biochemistry1990, 29, 10526-10532.

(51) Werst, M. M.; Kennedy, M. C.; Houseman, A. L. P.; Beinert, H.;
Hoffman, B. M.Biochemistry1990, 29, 10533-10540.

(52) Plank, D. W.; Howard, J. B.J. Biol. Chem.1988, 263, 8184-8193.
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may not be a cysteine. In some cases, such as biotin synthase,
spectroscopic evidence supports the presence of one non-
cysteine ligand to the [4Fe-4S] cluster.59 In other cases, such
as lysine aminomutase,60 anaerobic ribonucleotide reductase,61,62

and PFL-AE, evidence for [3Fe-4S]+ clusters has been obtained.
The common three-cysteine-cluster binding motif, together with
much of the available spectroscopic data, suggests that a
structurally and functionally important aspect of the iron-sulfur
cluster in these enzymes is the presence of a unique iron site in
the [4Fe-4S] cluster.

The Fe-S/AdoMet enzymes appear to operate by a common
mechanism involving reduction of the [4Fe-4S] cluster followed
by reaction with AdoMet to yield methionine and a 5′-
deoxyadenosyl radical, which then generates a substrate radical
by hydrogen atom abstraction. The mechanism by which the
Fe-S cluster and AdoMet interact to generate a 5′-deoxyaden-
osyl radical is currently not understood. The observation
presented here suggested a unique iron site in PFL-AE and led
us to propose possible mechanisms that involve the unique iron
site for the generation and stabilization of the 5′-deoxyadenosyl
radical. One possible role for the unique iron site could be
coordination of AdoMet through the ribose O-3 atom (Scheme
2). Such coordination could position the 5′-C of AdoMet in a
conformation favorable for nucleophilic attack by one of the
µ-3 sulfides of the cluster, thereby facilitating leaving of methio-
nine and generation of the putative intermediate adenosyl radi-
cal (Scheme 2). Coordination of a ribose hydroxyl of AdoMet
to an iron of the cluster would be analogous to the ligation of
substrate-derived O atom(s) to the unique iron site in aconi-
tase.63 The coordination of AdoMet to an iron of the cluster, as
shown in Scheme 2, would also account for the significant

alteration of the EPR properties of the [4Fe-4S]+ cluster in the
presence of AdoMet.13 In essence, theµ-3 sulfide mediates
electron transfer to the substrate via formation of a covalent
adduct. The covalent cluster-adenosyl complex (Scheme 2,
center) can be thought of as a “protected” adenosyl radical, much
like the latent adenosyl radical in adenosylcobalamin. The
unusual sulfur-based cluster chemistry shown in Scheme 2 is
similar to that proposed earlier for lysine aminomutase.64 A
similar mechanism has also been proposed for ferredoxin:
thioredoxin reductase (FTR), in which nucleophilic attack by a
µ-3 sulfide of a [4Fe-4S]+ cluster resulted in reductive cleavage
of the disulfide bond.65,66 A recent X-ray structure of FTR,
however, shows a close distance (3.1 Å) between a cluster iron
and a sulfur atom of the active-site disulfide, suggesting an
alternative mechanism for cleaving the disulfide bond through
interaction with the cluster iron.67

A variation of the mechanism shown in Scheme 2 would
involve one of the coordinated cysteines, rather than aµ-3
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unique iron site that appears to be a common feature of the
adenosylmethionine-dependent Fe/S enzymes.

Another possible role for the unique iron site in the [4Fe-
4S] cluster of PFL-AE is based on similarities to the adeno-
sylcobalamin (AdoCbl) enzymes.5 The Fe-S/AdoMet and
AdoCbl-dependent enzymes are the only enzymes for which
5′-deoxyadenosyl radicals have been implicated as key reaction
intermediates. For both groups of enzymes, the central mecha-
nistic step involves abstraction of a hydrogen atom from
substrate by the adenosyl radical intermediate. In the case of
the AdoCbl-dependent enzymes, the adenosyl radical intermedi-
ate is generated by homolytic cleavage of the weak Co-C bond
of AdoCbl. It is therefore intriguing to consider the possibility
that the unique iron site of the cluster interacts directly with
the 5′-C atom of AdoMet during the PFL-AE-catalyzed reaction,
forming an analogous organometallic intermediate, involving a
direct bond between the 5′-C of the adenosyl moiety and the
unique iron site (Scheme 3). The adenosyl radical intermediate
could then be generated by homolytic cleavage of the Fe-C
bond.

The investigation of the adenosylmethionine-dependent iron-
sulfur enzymes is a rapidly evolving area of study, as new
members of this group of enzymes are uncovered and the
functional and spectroscopic details of each of the enzymes are
pursued. These enzymes have in common a CX3CX2C cluster

binding motif, but little other sequence homology. The nature
of the iron-sulfur clusters in these enzymes has been an area
of intense research and has revealed complex relationships
between 2Fe, 3Fe, and 4Fe cluster forms that are affected by
the isolation methods, reconstitution, and presence of oxidants
or reductants. The present work has provided the first clear
description of all of the cluster forms present in native PFL-
AE and has provided important insight into possible catalytic
mechanisms. The chemistry catalyzed by the adenosylmethion-
ine-dependent iron-sulfur enzymes is amazingly diverse,
including cofactor biosynthesis, DNA repair, rearrangement
reactions, and generation of stable protein radicals; however, a
common mechanistic step appears to be hydrogen atom abstrac-
tion mediated by a 5′-deoxyadenosyl radical intermediate. The
work reported here suggests that a site-differentiated [4Fe-4S]
cluster may be present in these enzymes and could play an
important role in binding and activating adenosylmethionine for
adenosyl radical generation.
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