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The final step of the biotin biosynthetic pathway is catalyzed by
biotin synthase (BioB) and involves the insertion of sulfur into
dethiobiotin. The discovery that [2Fe-2S]clusters in as-isolated
BioB can be converted into [4FetSP" clusters under reducing
conditions! coupled with the requirement dsadenosyk-me-
thionine (SAM) for activity in vitro and the conserved-&X;—C—
X,—C cluster-binding motif, led to speculation that BioB was a b
member of the radical SAM family of enzyméthat utilize a [4Fe-
4SPH+ cluster to initiate a radical reaction by mediating reductive
cleavage of SAM to yield methionine and &deoxyadenosyl 3
radical® Subsequent spectroscopic, analytical and mutagenesis
studies have demonstrated that BioB can accommodate one [4Fe | LA L L B
ASPH+ cluster per monomerand provided direct evidence that 250 300 350 400 450
the [4Fe-4S]* cluster is responsible for reductive cleavage of SAM Raman Shift (em)
and is ligated by the cysteines in the-B3—C—X,—C motif5 In Figure 1. R7R spectra of [4Fe4SP" BioB in the absence (a) and presence
this study, the combination of resonance Raman (RR)s3lauer, of SAM (b).” The RR spectra were recorded with 457-nm excitation using

. - a 10uL frozen droplet at 16 K with 220 mW laser power at the sample.
and EPR have been used to investigate the effect of SAM on the Each scan involved photon counting tbs at 0.5 cm® increments with 8
spectroscopic properties of the [4F4SE+ cluster in BioB. The cm~! spectral resolution, and the spectra are the sumyHd0 scans. A
results indicate that SAM interacts directly at a unique Fe site of linear ramp fluorescence baseline has been subtracted.
the [4Fe-4SE+ cluster in BioB, mimicking the interaction between
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SAM and the [4Fe-4SE* cluster established in pyruvatéormate 0o}
lyase activating enzyme (PFL-AE)This suggests a common .
mechanism of reductive cleavage of SAM for all enzymes in the 20t

radical SAM family?

The resonance Raman (RR) spectra of 4&8F+ BioB in the
absence and presence of SAM are shown in Figure 1. Both spectra
are characteristic of [4FeASF* clusters, and the changes in the
frequencies of the FeS stretching modes induced by SAM are
characteristic of binding a nonthiolate ligand at a unique Fe site. |
This is best illustrated by the symmetric stretching mode of the a0l
[4Fe—4S] core which shifts from 338 to 342 cthon addition of
SAM, outside the range established for [4RSE+ cluster with
complete cysteinyl coordination [33339 cnt1].8 For example,
analogous spectral changes to those associated with SAM addition Lol
to [4Fe—4SE* BioB are observed iRyrococcus furiosuterredoxin 2 0 T
(PfFd) when one cysteine ligand of the all-cysteinyl ligated [4Fe Velocity (mm/s)
4SF* cluster in the D14C variant is replaced by an aspartate in the rigyre 2. Mossbauer spectra GfFe-enriched [4Fe4SP+ BioB in the
WT protein8 absence (a) and presence of SAM {@he spectra (hatched marks) were

The 4.2 K M@sbauer spectrum of the [4F4SE* BioB shows recorded at 4.2 K in a field of 50 mT applied parallel to théeam. A
a quadrupole doublet (hatched marks, Figuré @éth parameters difference spectrum of & b is shown in c. The solid lines overlaid with

- the experimental spectra are theoretical simulations based on the analysis
(AEQ_ = 1.16 mm/s,0 = 0.45 mm/s) Slmllar to values reported described in text. The solid and dashed lines shown above the experimental
previously for the [4Fe-4SF* cluster in BioB?*>1°In the presence spectra are the deconvoluted spectra that resulted from the analysis (see
of SAM, the doublet broadened substantially and changed shapetext).

(hatched marks, Figure 2b). A difference spectrum ofta(hatched
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Emory University. it . ; :

* Northwestern University. the addition of SAM; a qqadrupole doublet coptalned in spectrum

§ University of Georgia. a (seen as two troughs in c) has converted into two quadrupole
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Figure 3. Q-band EPR spectra of [4F&SF" BioB in the absence and
presence of SAM, after radiolytic reduction at 77 K. EPR conditions:
frequency, 35.64 GHz; microwave power, 1 mW; modulation amplitude
0.2 mT; temperature, 2 K. The intense signals centerggd=aR originate
from matrix radicals induced by irradiation.
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doublets (seen as three upward pointing peaks in c). Detailed

ligand to the [4Fe-4S]" cluster in D14CPf Fd with an asparate
ligand® result in similar changes in thgtensors. Moreover, the
EPR spectra of [4Fe4S]" clusters in other radical SAM enzymes
have been shown to be affected by the presence of S&RIA
and recent ENDOR studies of [4F4SF PFL-AE have revealed
that the EPR spectral changes are caused by SAM coordination to
a unique iron site via the amino and carboxylato groups of the
methionine fragmerfie.c

Taken together, the RR, Msebauer and EPR results provide
convincing evidence for SAM binding at a unique Fe site of the
[4Fe—4SPF* cluster in BioB. Hence SAM is shown to bind to the
[4Fe—4SFET clusters in both BioB and PFL-ABprior to injection
of the electron required for reductive cleavage of SAM to yield
methionine and the'Sleoxyadenosyl radical. This strongly supports
the hypothesis of a common inner-sphere mechanism for the
reductive cleavage of SAM in the radical SAM family of +8
enzymes.
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accounts for 50% of the [4FeASFE* cluster absorption (i.e., two
Fe sites). Using the difference spectrum as a constraint, the
Maossbauer data can be analyzed as follows. The-{4S¥" BioB
spectrum (Figure 2a) is the sum of two equal intensity quadrupole
doublets corresponding to the two mixed-valenctHed pairs of
the [4Fe-4SP* cluster (pairl, dashed line shown above spectrum
a, AEqg = 1.21 mm/s,0 = 0.42 mm/s; pair2, solid line above
spectrum aAEq = 1.10 mm/s,0 = 0.47 mm/s). In the presence
of SAM, pair 1 remains unchanged, while p&rsplits into two
equal intensity doublets (solid lines above spectrum b) with the
following parameters:AEq = 0.86 mm/s,6 = 0.40 mm/s for
doublet 1;AEq = 1.26 mm/s,d = 0.64 mm/s for doublet 2. The
parameters of doublet 1, although different from that of Baare
within the range of values observed for Fe sites in [4E8F"
clusters. The isomer shift of 0.64 mm/s determined for doublet 2,
however, is large for [4Fe4SE+ clusters and suggests an increase
in coordination number or binding of noncysteinyl ligartiéShe
above analysis yielded theoretical simulations (solid lines overlaid
with the experimental data in Figure 2) that compare very well
with the experimental spectra. Thus, thé $dbauer data indicate
SAM binds to a unique Fe site in the [4F4SF* cluster of BioB
and affects the electronic properties of another Fe site that pairs
with the unique Fe. Binding of SAM to a unique Fe of a [4Fe
4SP* cluster has also been observed in PFL%Afowever, a larger
increase in the isomer shift (0.42 to 0.72 mm/s) was detected for
the unique Fe site in PFL-AR

EPR spectra of [4Fe4SFE' BioB in the absence and presence
of SAM after radiolytic reduction at 77 K are shown in Figuré 3.
In the cryoreduced protein, the paramagnetic [4&8][" site retains
the geometry of the oxidized precursor, and EPR is effectively being
used to study the diamagnetic oxidized stgt&he cryoreduced
BioB shows a nearly axigd= 1/, EPR resonance wittyvalues of
~2, 1.937, 1.937, which are analogous to those observed for
chemically reduced [4Fe4S]" clusters in BioB § = 2.042, 1.937,
1.937)14 In the presence of SAM, a new rhombg= 1/, EPR
resonance, withg-values of ~2, 1.928, 1.854, is observed on
cryoreduction. The changes in the EPR spectrum of cryoreduced
BioB are consistent with changes in ligation at a specific Fe site of
an S= Y/, [4Fe—4S]" cluster. For example, the binding of citrate
to the [4Fe-4S]" cluster in aconitas® or replacing a cysteine
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