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ABSTRACT: Biotin synthase catalyzes formation of the
thiophane ring through stepwise substitution of a sulfur
atom for hydrogen atoms at the C9 and C6 positions of
dethiobiotin. Biotin synthase is a radical S-adenosylme-
thionine (SAM) enzyme that reductively cleaves S-
adenosylmethionine, generating S-deoxyadenosyl radicals
that initially abstract a hydrogen atom from the C9
position of dethiobiotin. We have proposed that the
resulting dethiobiotinyl radical is quenched by the pu-
sulfide of the nearby [2Fe—2S]** cluster, resulting in
coupled formation of 9-mercaptodethiobiotin and a
reduced [2Fe—2S]* cluster. This reduced FeS cluster is
observed by electron paramagnetic resonance spectrosco-
py as a mixture of two orthorhombic spin systems. In the
present work, we use isotopically labeled 9-mercaptode-
thiobiotin and enzyme to probe the ligand environment of
the [2Fe—2S]* cluster in this reaction intermediate.
Hyperfine sublevel correlation spectroscopy (HYSCORE)
spectra exhibit strong cross-peaks demonstrating strong
isotropic coupling of the nuclear spin with the para-
magnetic center. The hyperfine coupling constants are
consistent with a structural model for the reaction
intermediate in which 9-mercaptodethiobiotin is covalently
coordinated to the remnant [2Fe—2S]* cluster.

he formation of new C—S bonds at unactivated carbon
centers represents a particularly challenging reaction for
an enzyme catalyst. > The unactivated carbon center must
become oxidized and have one or more hydrogen atoms
removed, a process that might typically involve molecular
oxygen and a metallocofactor. However, sulfur tends to be
preferentially oxidized instead of carbon, and for this reason
metal—oxygen chemistry is not generally used to activate the
carbon center during the formation of C—S bonds.®
Recently, a number of enzymes in the radical SAM
superfamily have been identified that catalyze the formation
of C—S bonds."*” Radical SAM enzymes catalyze the one-
electron reduction of the sulfonium of S-adenosylmethionine
(SAM or AdoMet), generating methionine and a transient 5-
deoxyadenosyl radical (5-dAe).® This radical is a strong
oxidant that can remove a hydrogen atom from a variety of
organic substrates, generating high-energy substrate radicals
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that can undergo further reactions to generate a variety of
products.® Two radical SAM enzymes catalyze the addition of
sulfur at unactivated aliphatic carbon atoms: lipoyl synthase
catalyzes the addition of two thiol groups at the C6 methylene
and C8 methyl positions of octanoyl-E2 protein or H
protein,"”'" and biotin synthase (BS) catalyzes formation of a
thioether between the C6 methylene and C9 methyl positions
of dethiobiotin (DTB)."*™"

With BS, we have demonstrated that the addition of a single
sulfur atom proceeds in a stepwise manner."®> During the first
half turnover, reductive cleavage of AdoMet produces a
transient 5-dAe radical that abstracts a hydrogen atom from
the C9 position of DTB (Scheme 1).'* The resulting 9-

Scheme 1. Stepwise Reaction Catalyzed by Biotin Synthase
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dethiobiotinyl radical adds a sulfur atom to generate 9-
mercaptodethiobiotin (MDTB) as a stable chemical inter-
mediate that is not released from the enzyme."> Exchange of
methionine and 5-deoxyadenosine (5-dAH) for a second
equivalent of AdoMet, followed by generation of a second 5'-
dAe radical, facilitates abstraction of a hydrogen atom from the
C6 position and thiophane ring closure. Isotopic labeling
studies suggest that, during the first turnover, the sulfur atom
incorporated into the thiophane ring likely derives from one of
the sulfides of a [2Fe—2S]*" cluster tightly bound within the
core of the as-purified enzyme."”

Formation of a carbon—sulfur bond between a dethiobiotinyl
carbon radical and sulfide requires concurrent one-electron
oxidation. If the sulfide is donated by a [2Fe—2S]** cluster, the
excess electron is likely shed into the cluster, resulting in
reduction to a paramagnetic FeFe™ spin system. Using
electron paramagnetic resonance (EPR) spectroscopy, we
have observed formation and decay of a paramagnetic species
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exhibiting an overlap of two orthorhombic spectra."®"® The
total spin concentration approximately correlates with the
concentration of MDTB at various time intervals, consistent
with the simultaneous formation of these two reaction
intermediates."®

Although these experimental results are consistent with an
intermediate state in which the enzyme contains both tightly
bound MDTB and some form of a [2Fe—2S]" cluster, there is
considerable uncertainty regarding the precise structure and
electronic state of this transient intermediate. In the structure of
E. coli BS with DTB and AdoMet bound,*® the C9 position of
DTB is located ~4.6 A (center-to-center) from the nearest yi-
sulfide of the [2Fe-2S]*" cluster, while a typical carbon—sulfur
bond length is ~1.7 A. We have previously proposed that the
enzyme intermediate incorporates MDTB as a bridging thiolate
ligand to the [2Fe—S(RS)]* cluster (Figure 1B),'> which would

HoC®  ®CH,—R

Cys-S. S-Cys

N SN~
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Figure 1. Three alternative structures for the BS intermediate state.
(A) Formation of MDTB as a distal free thiolate that is ion-paired with
the remnant [2Fe—1S]* cluster. (B) Formation of MDTB as a
symmetric bridging ligand in the [2Fe—S(RS)]* cluster. (C)
Formation of MDTB as a ligand to one Fe within the remnant
[2Fe—1S]** cluster.

require a significant conformational change, as the C9 carbon
atom would need to move by ~2.9 A to form the C—S bond.
Alternatively, the sulfide could be released from the cluster and
migrate to the C9 position of DTB, generating MDTB that is
proximal to but not covalently attached to the remnant [2Fe—
1S]*" cluster (Figure 1A). Other scenarios can be envisioned in
which MDTB remains as a ligand to only one Fe within the
cluster (Figure 1C).

To further probe the structure of the BS reaction
intermediate, we produced two isotopically labeled samples
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that incorporate nuclear spins that would be in the vicinity of
the reduced FeS cluster on the enzyme. Starting from (3-
methyl-"*C)-L-alanine and pimelic acid, we used BioW from B.
sphaericus and BioF, BioA, and BioD from E. coli, along with the
appropriate substrates and cofactors, to produce (9-meth-
yl-*C)-DTB (>99% isotopic incorporation; see Supporting
Information for a detailed protocol). NMR and LCMS analyses
confirmed the structure and the level of isotopic incorporation.
Starting with (guanidino-'*N,)-L-arginine fed to a AargH E. coli
expression strain, we expressed and purified BS in which all
arginine residues are labeled in the terminal guanidino positions
(>98% isotopic incorporation). The isotopic incorporation was
confirmed by matrix-assisted laser-desorption-ionization mass
spectrometry (MALDI MS) analysis of peptides produced from
labeled BS by digestion with trypsin.

Samples of BS were trapped in an intermediate state
containing MDTB and a paramagnetic FeS cluster in a manner
similar to previous reports.">"” Briefly, the catalytic [4Fe—4S]**
cluster in BS was reconstituted by incubation with Fe**, §27,
and dithiothreitol. The enzyme was then preincubated with
DTB, and the biological reducing system consisted of
flavodoxin, ferredoxin(flavodoxin):NADP* oxidoreductase,
and NADPH. Finally, AdoMet (1 equiv per BS monomer)
was added to initiate the reaction. After 30—60 min, samples
were transferred to EPR tubes and frozen in liquid N, for
spectroscopic analysis. In parallel, samples were also quenched
in acid for HPLC analysis of MDTB and biotin formation.

Hyperfine sublevel correlation spectroscopy (HYSCORE) is
a two-dimensional pulse EPR technique that correlates nuclear
spin-flip transition frequencies in one electron-spin manifold to
those in another connected to the first by an EPR transition.>'
Correlations are typically observed between nuclear frequencies
of the same nucleus, which, in the case of spin systems with
multiple hyperfine-coupled nuclei, can greatly aid in the
assignment of spectral features.

In the HYSCORE spectrum of the paramagnetic inter-
mediate generated upon mixing natural abundance BS with
AdoMet and DTB in the presence of the flavodoxin reducing
system, several intense correlation ridges are observed with
frequencies similar to those measured using three-pulse
electron spin echo envelope modulation (ESEEM) spectrosco-
py (Figure 2, top)."® These features in the ESEEM spectra were
previously assigned as arising from nitrogen atoms in the
guanidino group of Arg260, a conserved ligand to the [2Fe—
28] cluster,”® based on the absence of these features in spectra
collected under identical conditions for the active Arg260Met
mutant enzyme.'” This assignment is confirmed by the
HYSCORE spectrum of the BS intermediate obtained using a
wild-type enzyme isolated from a AargH E. coli expression
strain grown in media supplemented with (guanidino-""N,)-L-
arginine (Figure 2, bottom). Two sets of correlation ridges are
present: one set centered at (0.82, 3.56 MHz) in the +—
quadrant and one set centered at (1.08, 1.97 MHz) in the ++
quadrant that are respectively diagnostic of the presence of
both strongly and weakly hyperfine-coupled "*N nuclei. The
more strongly coupled class of '*N nuclei likely corresponds to
the iron-ligated nitrogen atom(s) of the guanidino group of
Arg260 (Figure 1). It is possible that both guanidino nitrogen
atoms lie in a similar coordination environment relative to the
FeS cluster, as depicted in Figure 1C, giving rise to a single set
of cross peaks in the +— quadrant. The weakly coupled N
nuclei could be due to the nearby Arg95 residue, which is
hydrogen bonded to Arg260 in the crystal structure (dp._y =
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Figure 2. HYSCORE spectra of the BS paramagnetic intermediate
produced in BS purified from E. coli grown with natural abundance
arginine (top) and (guanidino-"N,)-L-arginine (bottom). Spectrom-
eter settings: (top) excitation frequency = 9.363 GHz; 7 = 136 ns;
(bottom) excitation frequency = 9.419 GHz; 7 = 132 ns. All other
settings were identical: temperature = 10 K; By = 347.5 mT; t,), = t, =
16 ns; t; = t, = 100 ns; At = 20 ns.

5—7 A).*° This assignment would perhaps explain the prior
observation of residual '*N peaks in the three-pulse ESEEM
spectrum of the Arg260Met mutant enzyme.'® However, based
on the crystal structure of the oxidized form of wild-type BS,
the guanidino nitrogens of Arg95 are too distant to account for
the observed hyperfine anisotropy (see Supporting Informa-
tion) without invoking a substantial reorganization of the active
site upon formation of the paramagnetic intermediate.
Alternatively, the weakly coupled >N nucleus could correspond
to the uncoordinated nitrogen of the guanidino group as
depicted in Figure 1B. This assignment is supported by the
small A, = 0.57 MHz determined for these features (see Figure
S10 in the Supporting Information).

The HYSCORE spectrum of the paramagnetic intermediate
generated using natural abundance BS and (9-methyl-"*C)-
DTB (Figure 3B) possesses correlation ridges centered at (2.9,
4.7 MHz) and (4.7, 2.9 MHz) that extend for nearly 1 MHz
and have no counterpart in the corresponding natural
abundance spectrum (Figure 3A). The position and field-
dependence of these features are well-simulated using an axial
BC hyperfine interaction (HFI) of [1.2, 1.2, 5.7] MHz and
electron g-values = [1.995, 1.941, 1.849], determined previously
for the major spectral component (64—74%) of the EPR
spectrum (see Figure $S9)."> Although the EPR spectra (Figure
S12) contain two components that can be simulated using two
possible combinations of four distinct g-tensors,"” the HFI is
not strongly dependent on the particular set of g-values used in
the simulation (see Table S1 and Figure S10). The nature of
the structural or electronic difference between major and minor
components in the EPR spectrum is presently not understood.
Field-dependent HYSCORE spectra show no evidence of two
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Figure 3. HYSCORE spectra of the BS paramagnetic intermediate
prepared with (A) natural abundance DTB and (B) (9-methyl-"*C)-
DTB. Spectrometer settings: excitation frequency 9.75 GHz;
temperature = 10 K; By = 355 mT; t,, = t, = 16 ns; 7 = 132 ns; t;
=t, = 100 ns; At = 20 ns.

distinct sets of '*C correlation ridges that would suggest the
presence of two species with different hyperfine couplings for
C9 of MDTB. This finding could indicate that (i) the C
hyperfine interaction is identical for both forms of the [2Fe—
2S]* cluster observed as major and minor components in the
EPR spectra, or (ii) for one of the forms, there are no
observable *C couplings (i.e, MDTB is not bound or the
coupling is too inhomogeneous to observe).

Multinuclear coherences lead to the weak features centered
at (3.0, 63) and (6.3, 3.0) in the (9-methyl-'*C)-DTB/BS
spectrum. The 6.3 MHz frequency is a combination of one of
the C frequencies (4.7 MHz) with the '*N-associated
frequency (1.7 MHz). This behavior results when nuclear
transition frequencies from different nuclei but within the same
electron spin manifold (e.g, mg = +1/2) are correlated to a
frequency in the opposite electron spin manifold (e.g, mg =
—1/2).** That these multinuclear coherences appear requires
that both nuclei are hyperfine-coupled to the same electron
spin; thus, C9 is interacting directly with the [2Fe—2S]" cluster
that is hyperfine-coupled to an arginine residue, presumably
Arg260, as depicted in Figure 1B or 1C.

The strength of the *C hyperfine interaction is significant as
disclosed by the relatively large isotropic contribution to the
hyperfine tensor (A;, = 2.7 MHz). For comparison, in the
Radical SAM superfamily member pyruvate formate lyase-
activating enzyme (PFL-AE), the methyl group of AdoMet is
spatially close to but not bound to the [4Fe—4S]" cluster
(dge_c = 3.5 A),”® and ENDOR spectra exhibit an effective A;,
< 0.3 MHz.>® Alternatively, carbon atoms that are covalently
bonded to heteroatoms coordinated to the Fe atoms of FeS
clusters can have A, values ranging from 3 to 17 MHz (see
Table 1). The anisotropic contribution to the *C hyperfine
interaction is also relatively large (T = 1.5 MHz), corroborating
the close association of C9 with the [2Fe—2S] cluster. The
effective "*C isotropic hyperfine interaction reported here for
(9-methyl-"*C)-DTB/BS is most similar to that found for the /5-
C of the cysteine ligands to the Fe'Fe!! form of ferredoxin.”®
This would be consistent with a structural model of the BS
reaction intermediate in which MDTB is formed as a ligand to
the remnants of the [2Fe—2S] cluster.

The spectroscopic data are most consistent with a
mechanism in which 5-dAe abstracts a hydrogen atom from
the C9 position of dethiobiotin, and the dethiobiotinyl radical
moves ~2.9 A to attack the p-sulfide of the [2Fe—2S]** cluster.
Since DTB is held in place primarily through hydrogen bonds
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Table 1. '*C Hyperfine Couplings in Fe Cluster Spin
Systems

system M, 3C HFI (MHz) ref.
MMOH + DMSO®  FellFel! ~1.3 26
PFL-AE + SAM" [4Fe-4S]*  [-0.6, +0.4, —0.5] 24
IspG + MECPP® [4Fe-4S]*  C2 = [14.5,12.0,265] 27
C3 = [1.8,20, 5.1]
H,-CO% Fe'Fe!! Cl1 = [15.6, 166, 192] 28
C2 = [85, 938, 3.9]
C3 = [32, 37, 44]
Fd* [2Fe-2S]* Cl = 0.76—1.2 25
C2=19-21
BS + *C9-DTB [2Fe2S]*  [12, 12, 5.7] this study

“B3C.DMSO + methane monooxygenase hydroxylase from Methyl-
ococcus capsulatus (Bath). b(Methyl-*C)-S-adenosylmethionine +
pyruvate formate-lyase activating enzyme from E. coli. “Reaction
intermediate of (2,3-"*C)-2-C-methylerythritol-cyclo-2,4-diphosphate
with IspG from E. coli. “*CO-inhibited form of [FeFe] hydrogenase
from Desulfovibrio desulfuricans. “3C-enriched ferredoxin from
Anabaena.

between the DTB imidazolidinone, AsnlS51, AsnlS53, and
Asn222,>%% this attack could be accomplished through a simple
hinge motion around these hydrogen bonds. The resulting
MDTB intermediate then remains as a ligand to the remnant
FeS cluster, likely resulting in a significant conformational
rearrangement of the active site. Additional structural
information regarding the precise positioning of MDTB relative
to the FeS cluster and AdoMet is needed to provide a complete
mechanistic description of biotin thiophane ring formation.
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Experimental procedures for production, purification, and
characterization of (9-methyl-'*C)-DTB and (guanidi-
no-"*N,)-arginine biotin synthase, procedures for generation
of the paramagnetic enzyme intermediate, CW EPR spectra of
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