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ABSTRACT. The cofactor content of in vivo, as-isolated, and reconstituted forms of recombisetmerichia

coli biotin synthase (BioB) has been investigated using the combination ofuibible absorption,
resonance Raman, and b&bauer spectroscopies along with parallel analytical and activity assays. In
contrast to the recent report th&at coli BioB is a pyridoxal phosphate (PLP)-dependent enzyme with
intrinsic cysteine desulfurase activity (Ollagnier-deChoudens, S., Mulliez, E., Hewitson, K. S., and
Fontecave, M. (2002Biochemistry 419145-9152), no evidence for PLP binding or for PLP-induced
cysteine desulfurase or biotin synthase activity was observed with any of the forms of BioB investigated
in this work. The results confirm that BioB contains two distinctfSecluster binding sites. One site
accommodates a [2F@SFT cluster with partial noncysteinyl ligation that can only be reconstituted in
vitro in the presence of © The other site accommodates a [4FBSFETT cluster that bindsS
adenosylmethionine (SAM) at a unique Fe site of the [4&8F" cluster and undergoes @nhduced
degradation via a distinct type of [2F@SF" cluster intermediate. In vivo Mgsbauer studies show that
recombinant BioB in anaerobically grown cells is expressed exclusively in an inactive form containing
only the as-isolated [2Fe2SF+ cluster and demonstrate that the [2RSP" cluster is not a consequence

of overexpressing the recombinant enzyme under aerobic growth conditions. Overall the results clarify
the confusion in the literature concerning thefScluster composition and the in vitro reconstitution
and Q-induced cluster transformations that are possible for recombinant BioB. In addition, they provide
a firm foundation for assessing cluster transformations that occur during turnover and the catalytic
competence of the [2FE2SFT cluster as the immediate S-donor for biotin biosynthesis.

Biotin synthase (BioB)is a homodimeric FeS protein Scheme 1
found in plants and microorganisms that plays a critical role 0 o}
in catalyzing the final step in the biosynthesis of biotin, )L
namely, the activation of two €H bonds for the stereospe- w7
cific insertion of sulfur into dethiobiotin (DTB), see Scheme H%_E/\A H@/\/\
1 (for recent reviews, see refs—4). Spectroscopic and - COOH TN COOH
biochemical studies oEscherichia coliBioB (5—7) have
provided overwhelming evidence that BioB is a member of
the “radical-SAM” superfamily of Fe S enzymes§), which donor are less well defined. Incorporation of deuterium at
utilize a [4Fe-4S] cluster to generate d-8eoxyadenosyl  the C-6 position of DTB into the's&deoxyadenosine product
radical via reductive cleavage &adenosylk-methionine and the requirement for at least two molecules of SAM for
(SAM). The B-deoxyadenosyl radical then abstsaatH atom every molecule of biotin produced led Marquet to propose
from the C-9 position of DTB to yield a DTB radica®) that ring closure involves an additional H-abstraction step
The subsequent steps and the nature of the immediate Snvolving a 3-deoxyadenosyl radical generated from a
second molecule of SAMBY. This model is further supported
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Although major progress has been made over the pastactivity that approximately correlated with the PLP content,
decade, three major problems have impeded progress inand the PLP-bound [4Fe4S] form of BioB was found to
characterizing the mechanism Bf coli BioB. The first is exhibit enhanced biotin synthase activity corresponding to
the inability to obtain more than one turnover, that is, 1 nmol a single turnover in the absence of added iron and sulfide.
of biotin per 1 nmol of BioB monomer, in a well-defined in ~ This led to the hypothesis that BioB has intrinsic PLP-
vitro assay. However, the possibility that BioB is a reactant dependent cysteine desulfurase activity, similar to that found
rather than an enzyme appears unlikely, since multiple in NifS and IscS 22, 23), resulting in the formation of a
turnovers have been reported using cell-free extracts contain-cysteine persulfide on a conserved cysteine residue, which
ing overexpressed recombinant BioB bottEincoli (0.5 hY) is subsequently attacked by the DTB radich)( Loss of
(15) and in Arabidopsis thaliang2.5-3 h™%) (16). Rather the PLP-dependent cysteine desulfurase activity in C97A and
the recent studies of Fontecave and co-workers using a PLP-C128A BioB variants implicated Cys97 or Cys128 as the
dependent form of BioB indicate that the absence of multiple site for persulfide formationld). Since the same conserved
turnovers in vitro is a consequence of strong product cysteines are proposed to be ligands to the {2Fs] cluster,
inhibition by 5-deoxyadenosinel(). the current models for catalytic turnover involving a [2Fe

The second problem involves variability in the cofactor 2S] cluster or a cysteine persulfide as the immediate S-donor
content. Although there is general agreement that aerobicallyappear to be mutually exclusive.
isolated recombinant BioB contains only [2F2SFP' clus- The third problem concerns the catalytic viability of
ters, the reported stoichiometries span the range- D% recombinant forms oE. coli BioB. Whole cell Mssbauer
[2Fe—2SF* clusters per monomed 4, 15, 17), and forms studies of two BioB overexpressing strainskfcoli have
containing~2 [2Fe-2SP* clusters per monomer have been recently been reporte®4, 25). For the strain used in this
claimed following incubation with Feglunder argon17). work (E. coliC41[DE3] pT7-7ecbioB-1), the results showed
In accord with the initial discovery of reductive [2F@SE" that recombinant BioB is predominantly, if not exclusively,
to [4Fe-4SF" cluster conversion in BioB5), apo BioB expressed in an inactive form that contains only the 2Fe
reconstituted with Fe(Ni(SOy), or FeCk and NaS under 2SP* cluster @4). In contrast, both [2Fe2SF' and [4Fe-
rigorously anaerobic conditions was subsequently found to 4SFP* clusters in a 3:1 ratio were found in the BioB expressed
contain approximately one [4F&SF"* cluster per mono- in the strain used by Marquet and co-workes ¢oli TK101
mer (L8). In contrast, anaerobic reconstitutions of as-isolated overexpressing BioB), indicating that a significant fraction
BioB using FeCJ and NaS in the presence of dithionite and of recombinant BioB contains a [4F4SP" prior to
60% (v/v) ethylene glycol were reported to yield a form of purification and therefore has the potential to be a catalyti-
BioB containing approximately two [4FedSF" clusters per  cally competent form. Since both strains were grown
monomer 17), and reconstitution of apo BioB using FgCl  aerobically, the partial or complete absence of the O
and NaS under an argon atmosphere were found to contain sensitive [4Fe-4SF" cluster was tentatively attributed taO
approximately one [2Fe2SFP" cluster per monomerlg). exposure in the celll@, 24, 25). Hence there is clearly a
In addition, anaerobic reconstitution starting with as-isolated pressing need to characterize recombinant BioB from
BioB in the absence of dithionite and ethylene glycol was anaerobically grown cells to evaluate the possibility of
found to result in a form of BioB containing approximately deleterious effects of £exposure during overexpression of
one [2Fe-2SF* and one [4Fe4SF" per monomer thatwas  BioB.
capable of a single turnover in the absence of added iron The objectives of this work were centered on resolving
and sulfide. This confusing picture has led to the hypothesis and addressing these three problematic areas of BioB
that BioB has two distinct cluster binding sites each of which research using the combination of absorption, resonance
is capable of binding either a [2FQSP' or [4Fe-4SP+ Raman, Masbauer, and activity studies. Specifically, the
cluster with the catalytically relevant form corresponding to objectives were to clarify the FeS cluster and PLP
the form containing one [2Fe2SF" and one [4Fe4SE" composition and activity of as-isolated and reconstituted
cluster per monomer. BioB contains six conserved cysteineforms of E. coli BioB, to investigate the effects of SAM
residues with the three in the rigorously conserved Cxxx- and Q on the properties of individual F€S clusters in
CxxC motif (Cys53, Cys57, and Cys60) involved in coor- purified forms of BioB, and to establish the cofactor
dinating the redox active [4Fe4SP™" cluster that is composition of recombinant BioB in anaerobically grown
common to all members of the radical SAM family. The cells. The results support the existence of distinct [4Fe
remaining three conserved cysteines (Cys97, Cys128, and4SP" and [2Fe-2SF' cluster binding sites in each BioB
Cys188) are good candidates for ligands of the [2E8] monomer, provide evidence for SAM binding to the [4Fe
cluster. This hypothesis is supported by cysteine-to-alanine4SP* clusters in both the [4Fe4S] and [2Fe-2S]/[4Fe-
mutagenesis studie2@ 21) and by resonance Raman 4S] forms of BioB, show that the [4FetSPT is rapidly
studies, which indicate a [2F2SF" cluster with partial degraded by @via a distinct [2Fe-2SF" intermediate,
noncysteinyl ligation ). demonstrate that the as-isolated [2R2SF" cluster can be

The debate over the cofactor content of the most active reconstituted in apo BioB in the presence of @stablish
form of the enzyme has recently been reopened by the reporthat recombinant BioB in anaerobically grown cells is
that E. coli BioB is a PLP-dependent enzym#4j. PLP expressed in an inactive form containing only the as-isolated
binding was reported for as-isolated BioB containing ap- [2Fe—2SF" cluster, and provide no evidence in support of
proximately 0.5 [2Fe-2SF" cluster per monomer (0-3.4 the proposal that BioB binds PLP or exhibits PLP-dependent
PLP/monomer) and for anaerobically reconstituted [4Fe cysteine desulfurase activity. Overall the results establish the
4S] BioB (0.71.0 PLP/monomer). Moreover, the PLP- Fe—S cluster composition and transformations that can occur
bound forms exhibited low levels of cysteine desulfurase for various forms of BioB and set the stage for electron
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paramagnetic resonance (EPR) andsBtmauer studies to
evaluate the proposal that the [2F2S] cluster in the [2Fe
2S]/[4Fe-4S] form of BioB is the immediate S donor for
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cells were harvested by centrifugation at 4650g for 5
min at 4°C and stored at-80 °C until further use.
Anaerobic and Aerobic Purification of E. coli BioBix

biotin biosynthesis. The latter studies are presented in thegrams of cell paste was thawed and resuspended in 50 mM

accompanying manuscript.

MATERIALS AND METHODS

Materials.Chemicals were purchased from Sigma-Aldrich
or Fisher, unless otherwise statedFe—enriched ferric
ammonium citrate and FeQ@ere prepared frorffFe metal
(>95% isotopic enrichment) as previously describ2d) (
Restriction enzymes were purchased from New England
Biolabs, and oligonucleotides were ordered from Integrated
DNA Technologies. DNA sequencing was carried out by the
Molecular Genetics Facility at the University of Georgia.
The plasmid pBioBF2 containing thie coli bioBgene was
generously supplied by Dr. Katherine Gibson (E. I. du Pont
de Nemours and Company, Wilmington), the plasmid
pPEE1010 containing the gene encodiigcoli flavodoxin
reductase was a kind gift from Dr. Peter Reichard (Karolinska
Institute, Sweden), and the plasmid pBH402 overexpressing
polyhistidine-taggedE. coli IscS was a generous gift from
Dr. Eugene Muller (University of Delaware). THe. coli
strain DHO1 overexpressing. coli flavodoxin was a kind
gift from Dr. Rowena Matthews (University of Michigan).
The overexpression straik, coli C41[DE3], was provided
by Professor John E. Walker (Medical Research Council,
Cambridge, U.K.). Anaerobic experiments were performed
under Ar in a Vacuum Atmospheres glovebox at oxygen
levels <5 ppm. Apo BioB was prepared as previously
described 18) except that sodium dithionite was used as the
reductant in place of photochemical reduction mediated by
5-deaza-7,8-dimethyl-10-methyl-isoalloxazine.

Construction of the E. coli bioB Expression Vector pT7-
7ecbioB-1 The gene encoding BioB was amplified using
PCR from pBioBF2 using the primers'-6GAATTC-
CATATGSCTCACCGCC-3and 3-ACAACTGCAG CAT-
AATGCTGCCG-3. The PCR product was digested witlde
I andPstl and ligated into the appropriately digested vector
pT7-7 26) to yield pT7-7ecbioB-1.

Aerobic Querexpression of E. coli BioBrheE. coliC41-
[DE3] pT7-7echioB-1 strain was cultivated at 3Z in terrific
broth containing 10@&g/mL carbenicillin, 40ug/mL Fe in
the form of ferric ammonium citrate, or 123/mL 5’Fe in
the form of ferric ammonium citrate. When the cultures
reached an OB, between 0.9 and 1.2, isopropyl-1-thfe-
p-galactopyranoside (IPTG, Alexis) was added to a final
concentration of 1.0 mM, and the bacteria cultures were
further cultivated at 29C for 20 h. The cells were harvested
by centrifugation at 465k g for 5 min at 4°C and stored
at —80 °C until further use.

Anaerobic Qerexpression of E. coli BioBThe E. coli
BL21-gold[DE3] pT7-7echioB-1 oE. coliBL21-gold[DE3]
pT7-7 (control) strains were cultivated at 3Z under strictly
anaerobic conditions in Spizizen’s minimal mediu@@)(with
10 mM NaNQ, 20 uM Fe in the form of ferric ammonium
citrate, 0.1% (w/v) casein hydroxylate, u® thiamine, and
100ug/mL amplicillin. When the cultures reached an &9

Hepes buffer, pH 7.5 (buffer A), with 2@g/mL chicken
egg-white lysozyme, g/mL DNase | (Roche), and &g/

mL RNase A (Roche). Cells were broken by intermittent
sonication, and the cell debris was removed by centrifugation
at 39 700x g for 1 h at 4°C. The cell-free extract was
applied to a Source Q (Pharmacia) column (26 mni0

cm) previously equilibrated with buffer A and eluted with a
0—100% gradient of 50 mM Hepes buffer, pH 7.5, containing
1.0 M NaCl (buffer B). The purest fractions, as judged by
SDS-PAGE analysis, were pooled and brought to a final
concentration of 0.6 M in ammonium sulfate. This solution
was applied to a phenyl sepharose high performance (Phar-
macia) column (26 mnx 15 cm) previously equilibrated
with 50 mM Hepes buffer, pH 7.5, containing 0.6 M
ammonium sulfate (buffer C) and eluted with a100%
gradient of buffer A. The purest fractions, as determined by
the Ass9Asgo ratio (>0.215), were pooled and dialyzed into
buffer A over a YM30 membranee. coli C41[DE3] pT7-
7echioB-1 and BL21-gold[DE3] pT7-7echioB-1 cells yielded
2.5 mg of BioB/g of cell paste and 4.0 mg of BioB/g of cell
paste, respectively. The same procedures were used for
anaerobic and aerobic purifications, except that for anaerobic
purifications, all manipulations were performed in the
glovebox and all solutions were degassed prior to use by
repeated freezepump—thaw cycles under Ar or purging
with Ar for 1 h.

Construction of Vector pMCecbbhis-10 for Expression of
hiss-BioB. The gene encoding BioB was amplified using PCR
from pT7-7echioB-1 using the primers-BTGGCTCAC-
CGCCCACG-3and 3-TAATGCTGCCGCGTTGTAATAT-
TCGTC-3. Using the TOPO cloning technology (Invitro-
gen), we ligated the PCR product into pCRT7/NT-TOPO to
yield pMCecbbhis-10.

Overexpression and Purification of His-Tagged E. coli
BioB. The E. coli BL21-gold[DE3] pMCecbbhis-10 strain
was cultivated at 37°C in LB containing 100ug/mL
amplicillin and 40ug/mL Fe in the form of ferric ammonium
citrate. When the cultures reached angDetween 0.6 and
0.8, IPTG was added to a final concentration of 0.1 mM,
and the bacteria cultures were cultivated further at’G7
for 3—5 h. Finally, the bacteria cultures were stored aC4
for 16 h under an Ar atmosphere. The cells were harvested
by centrifugation at 4656 g for 5 min at 4°C.

Eight grams of cell paste was thawed and resuspended in
30 mL of 100 mM Tris-HCI buffer, pH 8.0, containing 0.3
M NaCl and 5 mM imidazole (buffer D), with 2@g/mL
chicken egg-white lysozyme,/g/mL DNase | (Roche), and
5ug/mL RNase A (Roche). Cells were broken by intermittent
sonication, and the cell debris was removed by centrifugation
at 39 700x g for 1 h at 4°C. The cell-free extract was
loaded onto a charged and equilibrated 5 mL Ni-chelating
column (Pharmacia), and the &iBioB was eluted with
0—100% gradient of 100 mM Tris-HCI buffer, pH 8.0,
containing 0.3 M NaCl and 0.5 M imidazole (buffer E). The
purest fractions, as determined by SBFAGE analysis,

between 0.9 and 1.2, IPTG was added to a final concentrationwere pooled and dialyzed into buffer A over a YM30

of 0.05 mM, and the bacteria cultures were further cultivated
at 37°C for 3 h and finally stored at 4C for 16 h. The

membraneE. coli BL21-gold[DE3] pMCechbbhis-10 cells
yielded 5.0 mg of BioB/g of cell paste.
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Reconstitution of [4Fe4SF" Centers in BioB[4Fe—4S]
BioB was prepared under strictly anaerobic conditions
according to a previously published procedut8)(with the
exception of the following modifications. Following incuba-
tion of apo BioB (280uM) in 10 mM DTT for 10 min, a
10-fold molar excess of HENH,),(SOy), was added, fol-
lowed by the addition of a 10-fold molar excess of,8a
After 1 h, the reconstitution mixture was loaded onto a 5
mL HiTrap Q column previously equilibrated with buffer A
and eluted with a ©100% gradient of buffer B. The brown
fractions were concentrated over a YM30 (Amicon) mem-
brane.

[2Fe—2S]/[4Fe-4S] BioB was prepared under strictly

anaerobic conditions using the method of Jarrett and co-

workers (2), with the following modifications. Following
incubation of as-isolated [2F€S] BioB in 10 mM DTT
for 10 min, a 10-fold molar excess of FeCferric am-
monium citrate, FENH,)>(SOy),, or a 1:1 mixture of FeGl
and Fé(NH,)»(SOy), was added, followed by the addition
of a 10-fold molar excess of N&. After 1 h, the reconstitu-
tion mixture was loaded onto a 5-mL HiTrap Q column
previously equilibrated with buffer A and eluted with a
0—100% gradient of buffer B. The red-brown fractions were
concentrated over a YM30 (Amicon) membrane.

Reconstitution with Pyridoxal Phosphate (PLP) and
Measurement of Cysteine Desulfurase Atti Samples of
E. coliBioB and PLP-depleted IscS-bisere incubated with
a 5-to-10-fold molar excess of PLP at room temperature for

time periods between 1 and 24 h in the presence of 5 mM
DTT. Excess PLP was removed using a G-25 (Pharmacia)

desalting column (26 mnx 15 cm), and the protein was
concentrated over a YM30 (Amicon) membrane. The cys-
teine desulfurase activity df. coli [4Fe—4SF+ BioB was
assessed by analyzing foalanine and sulfide after anaero-
bic incubation with X PLP, 5 mM DTT, and 50QuM
L-cysteine for 2.5 h at room temperature. The cysteine
desulfurase activity of IscS-hisvas assessed in parallel
experiments without added PLP-Alanine was quantified
according to the published procedu@8) using L-alanine
dehydrogenase, which was generously provided by Dr.
Robert Phillips (University of Georgia), and sulfide was
quantified as previously describe@2 29).

Determination of Protein, Fe, and PLP Concentrations.
Protein concentrations were determined by i@ protein
assay (Bio-Rad), using BSA as a standard. All protein
concentrations for wild-type (WT) BioB determined using
the DC protein assay were multiplied by the correction factor

Cosper et al.

Spectroscopic Characterization of #& Centers in BioB.
UV —visible absorption spectra were recorded under anaero-
bic conditions in screw top 1 mm cuvettes using a Shimadzu
UV-3101PC spectrophotometer. Resonance Raman spectra
were recorded using an Instruments SA Ramanor U1000
spectrometer fitted with a cooled RCA 31034 photomultiplier
tube with a 90 scattering geometry. Spectra were recorded
digitally using photon counting electronics, and improve-
ments in signal-to-noise were achieved by signal-averaging
multiple scans. Band positions were calibrated using the
excitation frequency and are accuratedbcnr ™. Lines from
a Coherent Sabre 10-W argon ion laser and plasma lines
were removed using a Pellin Broca Prism premonochromator.
With the use of a custom-designed sample &),(samples
under an Ar atmosphere were placed on the end of a
coldfinger of an Air Products Displex model CSA-202E
closed cycle refrigerator. This enables the samples to be
cooled to 17 K, which facilitates improved spectral resolution
and prevents laser-induced sample degradation. Scattering
was collected from the surface of a frozen A0 droplet.
The Messbauer spectra were recorded using the previously
described spectrometei33]. The zero velocity refers to the
centroid of the room-temperature spectra of metallic iron foil.
Analysis of the Masbauer data was performed with the
program WMOSS (WEB Research).

Assay of Biotin Synthase Adty. The BioB assay was
performed under strictly anaerobic conditions in a glovebox
according to the procedure used by Fontecave and co-workers
(14), except that the assays were performed at@5ather
than 37°C. The assays were performed in 100 mM Tris-
HCI buffer, pH 8.0, with BioB (35«M), KCI (50 mM), DTT
(5 mM), L-cysteine (2 mM), SAM (200uM), E. coli
flavodoxin (20uM), E.coli flavodoxin reductase (M),
NADPH (1 mM), and dethiobiotin (37bM). In accord with
the results of Jarrett and co-worketf2), the omission of
L-cysteine did not affect the assay results presented herein.
Assays were performed in the absence and presence of 35

1M PLP or 1 mM Fé&(NH,)2(SOQy),. Biotin was assayed using

Lactobacillus plantarunATCC 8014 according to published
procedures34, 35).

RESULTS

Fe—S Cluster Stoichiometry and Cgersions. Three
distinct and well-defined forms of recombindstcoli BioB
were characterized on the basis of Fe and protein determina-
tions and U\~visible absorption, resonance Raman, and
Md&ssbauer properties: [2FS] BioB, which corresponds

of 1.1, which was assessed on the basis of quantitative amind0 as-isolated BioB, [4Fe4S] BioB, which corresponds to

acid analyses of parallel samples (Commonwealth Biotech-

nologies). Iron concentrations were determined colorimetri-
cally using bathophenanthroline under reducing conditions,
after digestion of the protein in 0.8% KMn@.2 M HCI
(30), and by inductively coupled plasma atomic emission
spectroscopy (University of Georgia Chemical Analysis
Laboratory). These two methods agreed to withi%o for

anaerobically reconstituted apo BioB, and [2RS]/[4Fe-

4S] BioB, which corresponds to anaerobically reconstituted
as-isolated BioB. The properties of each form are sum-
marized in Table 1 and compared below with previously
published results on the F& cluster stoichiometry oF.

coli BioB.

[2Fe—2S] BioB Fourteen different preparations of as-

all samples investigated. All sample concentrations and molarisolated recombinanE. coli BioB were investigated: 12
extinction coefficients are expressed per BioB monomer. The purified aerobically from aerobically grown cells, one
concentration of bound PLP in BioB samples was assessedourified under rigorously anaerobic conditions from aerobi-

on the basis of absorption and analytical studies of alkaline-

cally grown cells, and one purified under rigorously anaero-

denatured samples according to the published proceduresic conditions from anaerobically grown cells. In all cases,

(31).

the results were in remarkably good agreement with analyti-
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Table 1: Cluster Composition, Absorption Properties,sBltauer Parameters, and Activity of [2f2S], [4Fe-4S], and [2Fe-2S]/[4Fe-4S]
Forms ofE. coli BioB

Méssbauer parameters

(4.2 K)
absorption properties activity,
cluster composition . [2Fe2SP" [4Fe—4SP*+ biotin/BioB monomet
[2Fe-2S]/ [4Fe-4S)) mM~icmt ratio 0, AEqg, 0, AEqg, no with  with
form BioB BioB (nm) (Anm/Anm) mm/s mm/s mm/s mm/s additon Fe&* PLP
[2Fe—2S] 0.85+ 0.10 7.2+ 0.8 0.21+0.02 0.29 0.53 0.03 0.80 0.06
(453) (AssdAz79)
[4Fe—-4S] 1.00+£0.10 15.6t£1.6 0.30+ 0.03 0.45 1.28 0.11 0.30 0.12
(410) (As1d/Az79) 0.44 1.03
[2Fe—2S]/[4Fe-4S] 0.72+0.08 0.72+0.08 17.1+1.8 0.33+0.03 0.28 0.5 0.45 1.32 0.62 0.70 0.62
0.75+ 0.09 0.66+0.05 (410) (Au1d/Az79) 0.43 1.08

aNanomoles of biotin produced after 24 h atZ5 per nanomoles of BioB monomer (estimated ettd0%). The assay mixture is as described
in the Materials and Methods section without any additional components withFE8"™ added to the reaction mixture, and witkk PLP added to
the reaction mixture? Values derived from absorption data together with Fe and protein determindti\daisies derived from Mssbauer data
together with Fe and protein determinations.

cal data indicating 1.2 0.2 Fe/monomer and absorption 7]

spectra and molar extinction coefficients characteristic of 30 — (@)
approximately one [2Fe2SF' cluster per monomerefss
= 7.2+ 0.8 mM cm t with AssdAr;s= 0.21+ 0.02), see 4
Figure 1a and Table 1. Moreover, both the resonance Raman 10 —

and Mtssbauer spectra confirm the presence of a homoge- 0

neous [2Fe-2SF" center as the sole Fe&ontaining chro- 50

mophore, see Figures la and 2a, respectively. ldentical 49 J (b)

resonance Raman spectra were observed for all types of as- 3¢

isolated sample investigated in this work, including His- 20

tagged samples (see below), and the spectrum is characteristic g 10 -

of a unique type of [2Fe2SF* cluster with partial noncys- 2 0 =
teinyl ligation (). Tentative vibrational assignments have é 50 — () 3 5313 ©)
been made by analogy with well-characterized 2Fe ferre- & 40 —

doxins 6). The 4.2-K Mwsbauer spectrum of as-isolated 30 = e
BioB (Figure 2a) exhibits a quadrupole doublet with 20 o < &
parameters) = 0.29 mm/s and\Eq = 0.53 mm/s, that are 10 — N

indicative of a [2Fe-2SP" cluster. It is, however, incon- 0

clusive whether there is partial noncysteinyl ligation. These 20 (d)

data are very similar to those reported in the original 15 —

characterization of aerobically purified recombin&ntcoli 10 -

BioB (5, 15) and for samples oE. coli BioB purified by ]
other groups %5, 36). .
In contrast, Jarrett and co-workers reported that as-isolated 350'4(')0'5(')0'6(')0'7(')0' 200 2; 0 ' 3(')0 ' 3;0 ' 4(')0 ' 4; o

sam+ples of His-taggel. coli BioB contained71.21.5 [ZF&_ Wavelength (nm) Raman Shift (cm™)
2SP" clusters per monomer b.as.ed on F%,,&nd protein FiGURe 1. UV—visible absorption (left panel) and resonance Raman
analyses and that the Fe sto_lch|ometry mc_;reased tat3.7  (right panel) spectra oE. coli BioB: (a) [2Fe-2SE+ BioB; (b)
0.4 Fe/monomer, corresponding to approximately 2 f2Fe [4Fe—4SP* BioB; (c) [2Fe—2SPE*/[4Fe—4SP+ BioB. UV —visible
2SP* clusters per monomer, following incubation with FgCl art])sorpt_ion andl :jes_lfir?ar&i‘f R%Tan diffterence Spethg, 3 mirlnus a, are
and removal of excess Fe via anaerobic gel filtratibd).( shown in panél d. 1he UVVISIDIE Spectra were recorded in 1-mm

. . - cuvettes for samples of 2 [2Fe—2SP* BioB, 170uM [4Fe—
The same incubation/repurification procedure used by Jarrettygp+ giog, and 150:M [Zﬁgﬁzs}a,mﬁlsp BioBMin 50 mM
and co-workers resulted in no change in the absorption andHepes buffer, pH 7.5. The resonance Raman spectra were recorded
resonance Raman characteristics or the Fe/protein ratios fowith 458-nm excitation, using samples that wer@ mM in BioB
the wild-type recombinant samples Bf coli BioB used in frozen at 16 K with 210 mW laser power at the sample. Each scan

. A T : involved photon counting fol s at 0.5 cm?! increments with
this work. The possibility that one [2F&SF" cluster is 8-cnr ! spectral resolution, and each spectrum is the sumidf0

labile apd is !QSt Fiuring the more extensive and time' scans. A linear ramp fluorescence background has been subtracted
consuming purification protocol that is required for the wild- from the resonance Raman spectra.

type protein compared to the His-tagged protein was

investigated by purifying and analyzing samples of N-

terminal His-taggecE. coli BioB (his;-BioB) under both the wild-type preparations: 14 0.2 Fe/monomer andysy/
aerobic and rigorously anaerobic conditions. These samplesA,;s = 0.17+ 0.02. Hence despite extensive analytical and
were purified using a single Ni-chelating column but were spectroscopic studies of a wide variety of samples, we have
found to be deficient in [2Fe2SP" clusters compared to  failed to find any evidence in support of a stable form of
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FiIGURE 2: Mossbauer spectra (hatched marks) of [2E8], [4Fe-

4S], and [2Fe-2S]/[4Fe-4S] E. coliBioB: (a) [2"Fe—2S] BioB,
as-isolated from cells grown aerobically usiige in the form of
ferric ammonium citrate as the sole source of Fe, @¥0n BioB;

(b) [45"Fe—48] BioB, prepared by anaerobic reconstitution of apo
BioB using >"Fe(NHy)2(SOy),2, 130 4M in BioB; (c) [257Fe—2S]/
[45"Fe—-4S] BioB, prepared by anaerobic reconstitution of as-
isolated [27Fe—2S] BioB with 57Fe(NHy)2(SQy),, 120uM in BioB;

(d) [2Fe—2S]/[4°"Fe—4S] BioB, prepared by anaerobic reconstitu-
tion of unlabeled as-isolated [2F2S] BioB with 5"Fe(NHy)2(SQy)s,

140 uM in BioB; (e) [2°"Fe—2S]/[4Fe-4S] BioB, prepared by
anaerobic reconstitution of as-isolated®’2—2S] BioB with
natural-abundance Fe(NJA(SQy). (2.2%5Fe), 140uM in BioB.

The solid lines shown in panels a and b are theoretical spectra of
the [2Fe-2SPF+ and [4Fe-4SE* cluster, respectively, simulated
with the parameters listed in Table 1. In paneise¢ the dashed
and dotted lines are theoretical spectra of the {2E8P+ and [4Fe-

4SPE* cluster, respectively, scaled to the absorption percentages
listed in Table 1. The solid lines plotted over the data are
summations of the two respective theoretical spectra. All samples
contain 50 mM Hepes buffer, pH 7.5. The spectra were recorded
at 4.2 K in a magnetic field of 50 mT oriented parallel to the
beam.

as-isolatecE. coli BioB containing more than one [2Fe
2SP* cluster per monomer.

[4Fe—4S] BioB Reconstitution of apo BioB under strictly
anaerobic conditions using ferrous ammonium sulfate and
sodium sulfide in the presence of DTT followed by anaerobic
repurification using a HiTrap Q column resulted in a
homogeneous form of BioB containing approximately one
[AFe—4SF* cluster per monomer. Seven distinct reconsti-
tuted samples of recombinant wild-type apo BioB and two
samples of apo hisBioB were investigated. The analytical
data for all nine samples indicated 400.4 Fe/monomer,
and the absorption spectra were characteristic of a single
[AFe—4SF+ center per BioB monomek/;o = 15.6 + 1.6

Cosper et al.

mM~t cmt with A410/A278 = 0.30+ 0.03), see Figure 1b
and Table 1.

Both the resonance Raman andddbauer spectra confirm
the presence of a [4FetSF" center, see Figures 1b and 2b,
respectively. ldentical resonance Raman spectra were ob-
served for all samples, including His-tagged samples, and
the spectra are characteristic of a [4F&SF+ cluster with
the totally symmetric breathing mode at 338 ¢érim a region
of overlap between clusters with complete cysteinyl ligation
and clusters with one noncysteinyl-ligated Be7). Tentative
vibrational assignments have been made by analogy with
those available for inorganic complexes containing 4Fe
4SP* cores and well-characterized proteins with [4B&F"
clusters §). With 458-nm excitation, the resonant enhance-
ment of [2Fe-2SF+ centers is approximately 5-fold greater
than that of [4Fe-4SF" centers 87—40). Hence on the basis
of the intensity of the weak band at 301 chthat could be
attributed to [2Fe-2SF* clusters, we conclude that less than
5% of the BioB monomers in repurified reconstituted samples
contain [2Fe-2SP" clusters of the type seen in as-isolated
samples of BioB. This conclusion was confirmed by ddo
bauer studies.

The 4.2-K M@sbauer spectrum of a@4Fe-reconstituted
sample of apo BioB (Figure 2b) shows a major quadrupole
doublet that is attributable to a [4FdSP' cluster and
accounts for 90% of th&Fe absorption. This major doublet
can be simulated as the sum of two overlapping equal
intensity doublets, representing two valence-delocalizéd Fe
Fe'' pairs with parameters)(1) = 0.45 mm/s and\Eq(1)
= 1.28 mm/s and®(2) = 0.44 mm/s andAEg(2) = 1.03
mm/s, see Table 1) that are typical for [4F&SF+ clusters
(41, 42) and are similar to those reported for the [4SF"
cluster in BioB {7, 18). Spectra recorded in the presence of
a strong magnetic field (data not shown) show that this major
doublet originates from a diamagnetic species, consistent with
a [4Fe-4SF" cluster assignment. The remaining 16%e
absorption (small peaks at aroundl and 2 mm/s) is
attributed to mononuclear ferrous impurities. The presence
of [2Fe—2SPF* cluster is not detected.

Very similar results were reported by Fontecave and co-
workers for anaerobically reconstituted and repurified samples
of E. coli BioB (18). The only differences were that the
reconstituted samples obtained by these workers contained
a mixture of [4Fe-4SP" and [4Fe-4S]" clusters, in addition
to slightly larger amounts of mononuclear’Fspecies (16
20% of%’Fe absorption). Both differences are likely to be a
consequence of anaerobic repurification using gel filtration
rather than the HiTrap Q column used in this work. In
contrast, reconstitution of wild-type apo BioB under semi-
anaerobic conditions using ferric chloride and sodium sulfide
in the presence of DTT has been reported to yield exclusively
[2Fe—2SF" clusters (0.85 [2Fe2SFT clusters per monomer)
by Marquet and co-workerd 9) and incubation of dithionite-
treated as-isolated His-tagged BioB with ferric chloride and
sodium sulfide in the presence of DTT and 60% (v/v)
ethylene glycol was reported to lead to a derivative contain-
ing two [4Fe-4SP" clusters per monomer by Jarrett and
co-workers 17).

In an attempt to reconcile the conflicting reports concern-
ing the products of cluster reconstitution procedures starting
with apo BioB, we have duplicated the reconstitution
procedures used by both the Marquet and Jarrett groups. In
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accord with the results of Marquet and co-worket$)( z 9

analytical, absorption, and resonance Raman studies have Yo (@)

confirmed that reconstitution with ferric chloride and sodium o

sulfide in the presence of DTT and oxygen does result in a S s 8 o
<

[2Fe—2SF+*-containing form of BioB almost indistinguish-
able from as-isolated BioB. This is best illustrated by the
resonance Raman, which are compared in Figure 3, panels (b)
e and a, respectively. Hence the nature of the cluster
reconstituted in BioB is critically dependent on the recon-
stitution conditions. However, using the reconstitution pro-
cedure reported by Jarrett and co-workdrg) (we failed to

338

252
364
393

301

336

find any evidence in support of a form of BioB containing 8 (©
two [4Fe—4SF+ clusters per monomer. Although the result- g 2

ing samples exhibit similar absorption spectra and Fe
analyses {8 Fe/momer BioB) to those reported by Jarrett
and co-workers, the absorption spectrum has a pronounced
shoulder centered at600 nm that is characteristic of non-
protein-associated soluble polymeric iron sulfides that exhibit
broad absorption bands at 420 and 600 @3).(This was
confirmed by M®sbauer studies on samples reconstituted
with 57Fe, which revealed that approximately half of the Fe
was present as [4FelSFP' clusters with the remainder
contributing to a broad underlying resonance indicative of
polymeric iron sulfides (data not shown). Polymeric iron
sulfides are invariably formed during in vitro reconstitution
of Fe—S proteins and are often difficult to completely remove IR

using gel filtration repurification protocol used by Jarrett and » ORafr?;)n ansf(: (c;(_)g 0

co wquers 43). The presence of this Impur_lty therefore FIGURE 3: Resonance Raman spectra of [4@8&] BioB during
exP'a'r?S the an(_)r_nalously high Fe determinations and mOIaroxygen-induced cluster degradation and of aerobically reconstituted
extinction coefficients reported by Jarrett and co-workers. BioB: (a) as-isolated [2Fe2S] BioB; (b) [4Fe-4S] BioB prepared
Moreover, we have found that this impurity can be removed by anaerobic reconstitution; (c) [4FdS] BioB after exposure to

by anaerobic repurification using a HiTrap Q column to yield air for 10 min on the Raman probe; (d) [4F4S] BioB after

a form of BioB containing a single [4Fe4SE*+ cluster on ~ EXPosure to air for 1 h; (€) [2Fe2S] BioB prepared by reconstitu-
. L2 . . tion of apo BioB under aerobic conditions in the presence of DTT.
the basis of Fe determinations and absorption properties. The resonance Raman spectra were recorded with 458-nm excita-

The [4Fe-4SF+ cluster that is assembled in BioB under tion, using samples that were3 mM in BioB frozen at 16 K with

anaerobic reconstitution conditions is known to be degradedgggnrt?ryv Lgsir 50;/;/96 gt Ctrf;ﬁ isr?g:grfénlfgcxiticgncm/c;lvggtr%nlOton
i + . -
E%V\?ex\ygfnth? ny;tallj(:e aof[ztrf: ZCjSngra((:jI;;\t/eer p?bcless,sdrg?{ d theresolutign, and each spectrum is the sum-d00 scans. K linear
. ' ramp fluorescence background has been subtracted from the

relationship of the resultant [2F2SF* cluster to the [2Fe resonance Raman spectra.
2SP*" cluster that is present in as-isolated BioB were
unresolved questions prior to this study. Hence the time The results indicate that oxygen-induced degradation of the
course of air-induced degradation of the [4F&SF* cluster [4Fe—4SF+ cluster proceeds via an unstable [2RZSP"
in the presence of DTT was investigated using resonancecluster in a cluster conversion process that appears to be
Raman and Mssbauer spectroscopies. Resonance Ramancommon to most members of the radical-SAM family.
proved to be particularly effective for investigating the nature Furthermore, taken together with the results of aerobic
of the [2Fe-2SF* clusters generated during oxygen-induced reconstitution, see above and Figure 3e, the data indicate
degradation, see Figure 3. After 10 min of air exposure on that this cluster degradation process is subsequently followed
the Raman probe, the resonance Raman bands associatday aerobic reconstitution of the as-isolated [2RSF"
with the [4Fe-4SP" cluster (Figure 3b) have been replaced cluster on apo BioB using the ferric ion and sulfide that is
by a spectrum comprising broad bands centered at 292, 336generated by the cluster degradation process. Since the latter
366, and 395 cmt (Figure 3c). The spectrum is characteristic process is unique to BioB, the most likely explanation for
of a [2Fe-2SF" cluster and is very similar to those reported the dramatic difference in the resonance Raman spectra of
for the [2Fe-2SF* clusters generated via oxidative degrada- the [2Fe-2SF" centers is that the as-isolated [2FR2SF"
tion of the [4Fe-4SF* clusters in the nitrogenase Fe protein cluster and the transient [2F@SF" cluster that results from
(39) and in other radical-SAM enzymes, for example, oxygen-induced damage of the [4F4SP" cluster occupy
anaerobic ribonucleotide reductase activating enzydbg ( distinct sites on BioB. Mssbauer studies confirmed rapid
pyruvate formate-lyase activating enzymé6); and the oxygen-induced degradation of the [4FSF" cluster and
tRNA-methylthiotransferase, MiaB4{). However, mixing subsequent formation of [2F@SF" clusters (data not
with aerobic buffer in a syringe fdl h followed by aerobic ~ shown). Unfortunately, Mssbauer spectroscopy does not
centricon reconcentration resulted in the appearance of thehave the required resolution to distinguish the two distinct
characteristic resonance Raman spectrum associated with theypes of [2Fe-2SF" clusters that are observed in parallel
[2Fe—2SF* cluster found in as-isolated BioB (Figure 3d). resonance Raman studies.
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[2Fe—2S]/[4Fe—4S] BioB Convincing evidence for a The most conclusive evidence for distinct [2FR2SF+ and
form of E. coli BioB containing approximately one [2Fe [4Fe—4SP+ binding sites in [2Fe2S]/[4Fe-4S] BioB
2SP*" and one [4Fe4SF* cluster per monomer has come comes from Masbauer studies. The ‘ldsbauer spectra of
from Fe and S analyses, absorption spectra, ansshtmuer  four samples of’Fe-labeled as-isolated [2F2S] BioB after
studies of samples of as-isolated [2fZS] BioB that were ~ anaerobic reconstitution usit§~e and repurification using
reconstituted under anaerobic conditions using ferric chloride a HiTrap-Q column (Figure 2c) indicate the presence of
and sodium sulfide in the presence of DTI7(48). Using approximately equivalent amounts of [2F2SP* and [4Fe-
the same reconstitution procedure, we have used the com4SF" clusters ([4Fe-4SP*/[2Fe—2SF* ratio= 0.9+ 0.2).
bination of Fe analyses, coupled with UV/visible absorption, Moreover, the Mesbauer spectrum of a sample of unlabeled
resonance Raman, and Mibauer spectroscopy to confirm [2Fe—2S] BioB reconstituted witt’Fe (Figure 2d) shows
the existence of separate [2F2SP+ and [4Fe-4SE* cluster that the added Fe is assembled almost exclusively into{4Fe
binding sites in BioB and to investigate perturbations in each 4SF* clusters (92% into [4Fe4SF" clusters and 8% into
of the clusters that are induced by the presence of the second2Fe—2SF"* clusters), while the spectrum of a samplé'&e-
cluster, see Figures 1 and 2 and Table 1. In accord with thelabeled [2Fe-2S] BioB reconstituted witli°Fe (Figure 2e)
results of Jarrett and co-workets}, the absorption spectrum  indicated that the indigenous Fe remains largely in the {2Fe
of anaerobically reconstituted as-isolated [2RSE* BioB 2SF* form (82% [2Fe-2SF* and 18% [4Fe-4SF"). In
is readily understood in terms of approximately equal accord with the resonance Raman data, thesdauer
contributions from [2Fe2SP* and [4Fe-4SPEt chro- parameters for the [2FE2SF* and [4Fe-4SF" clusters are
mophores, see Figure 1c. This is best illustrated by the NOt significantly perturbed by the presence of the second
reconstituted minus as-isolated difference spectrum, which cluster, see Table 1. Hence the spectroscopic data point to
has a broad shoulder at 410 nm that is characteristic of adistinct, well-defined sites for both the [2F@SF" and
[4Fe—4SP* cluster. However, in contrast to the results of [4Fe—4SP+ cI_usters. The Mssbauer results are in excellent
Jarrett and co-workers, which reported stoichiometric f2Fe ~ 2greement with those reported by Jarrett and co-workgys (
2SP*+ and [4Fe-4SE* clusters on the basis of analytical data 1he only significant difference lies in the absence of the
that indicated 5.8 0.3 Fe atoms and 6.2 0.2 S ions mononuclear Pespecies in our samples, and this appears
per monomer, analyses of the 11 distinct preparations© P& @ consequence of repurification using a HiTrap-Q
investigated in this work indicated only 4430.3 Fe atoms  column rather than gel filtration.

per monomer. In addition, analyses of the absorption spectra EXPosure of [2Fe2S]/[4Fe-4S] BioB to air+for 1h
using the extinction coefficients determined for [4FESE+ results in complete degradation of the [4FSF" cluster
and [2Fe-2SP* clusters in BioB, see above, consistently S evidenced by absorption, resonance Raman, afgk-Mo

indicated 0.72+ 0.10 [4Fe-4SP* and [2Fe-2SP+ clusters bauer studies. Moreover, as for [4H4S] BioB, the degrada-

P P tion of the [4Fe-4SF" cluster was found to proceed via a
per monomer, see Table 1. This discrepancy is likely to be f ; i .
a consequence of using a HiTrap-Q column for repurification [2Fe—2SF* cluster intermediate. This is best demonstrated

of BioB in this work, rather than the gel filtration procedure by resonance Raman studies of air-exposed samples of [2Fe

. 2S])/[4Fe-4S] BioB, see Figure 4. After 10 min of air
used by Jarrett and co-workers. Indeed, subsequérssMo . . n
bauer studies of a sample repurified by gel filtration alone exposure, the Raman bands associated with the-{45¢

showed that 36% of the Fe was not associated with {2Fe g{?&:‘;tﬁgﬁ o??rr:a prlsgf)lr):alr?csé F(z(:ﬁ\aFrllg:rgitrﬁ; 3??2;2“ and
2SP" or [4Fe-4SF* clusters 48). b

i i ) cluster in as-isolated [2Fe2S] BioB (Figure 4b) results in
The V|bra_t|onal pro_pertle_s of the (_:Iusters in [2F2S]/ a spectrum (Figure 4c) that closely resembles the 2S¢+
[4Fe—4S] BioB were investigated using resonance Raman c|yster produced during@nduced degradation of the [4Fe
W|th 458-nm eXCitation, see Figure 1c. The Spectrum iS 48]2+ cluster in [4Fe-4s] BioB (Figure 4d) Hence under
clearly dominated by the vibration modes of the as-isolated these conditions it is possible, at least transiently, to obtain
[2Fe—2SF+ cluster, compare spectra 1c with 1a. However, 3 form of BioB with two distinct types of [2Fe2SP*
subtraction of the resonance Raman spectrum of as-isolateq|ysters bound in different sites.
[2Fe-2S] BioB, see Figure 1d, results in a spectrum  sAM Binding to the [4Fe4SE* Cluster in [2Fe-2S)/
characteristic of a [4Fe4SP' cluster and very similar to [4Fe—4S] BioB Previous resonance Raman andsgloauer
that of the [4Fe-4SF* cluster in [4Fe-4S] BioB, compare  studies of BioB have provided strong evidence for SAM
Figure 1, spectra b and d. The small shift in the asymmetric bmdmg to the unique Fe site of the [4Fe5]2+ cluster in
Fe—S(Cys) stretching mode of the [4FdSF* center (364  [4Fe-4S] BioB (7). Hence we have used the same approach
cm ' in [4Fe-4S] BioB compared to 360 cm in [2Fe— to investigate whether SAM binding to the [4F&SE*
2S]/[4Fe-4S] BioB) may not be significant and may be a cluster is perturbed by the presence of the [2ESP* cluster
consequence of the subtraction procedure. Likewise, subtracin [2Fe—2S]/[4Fe-4S] BioB. Addition of a 10-fold excess

tion of the resonance Raman spectrum of [4E&] BioB of SAM had no effect on the resonance Raman 6ssbauer
to minimize the intensity of the 252-cthband results in a  properties of the [2Fe2SE* cluster in [2Fe-2S] BioB (the
spectrum very similar to that of the [2F@SF+ cluster in resonance Raman spectrum is shown in Figure 5b). In

as-isolated BioB (data not shown). Although the resonance contrast, both the resonance Raman arigdbauer studies
Raman cannot provide an accurate assessment of the relativef [2Fe—2S]/[4Fe-4S] BioB indicate that the SAM-induced
amounts of each type of cluster, the spectra support distinctchanges in the [4Fe4SF" cluster that were observed with
binding sites for [2Fe2SP+ and [4Fe-4SP' clusters in [4Fe—4S] BioB (7) are also observed in [2F&S]/[4Fe-
BioB with the presence of the additional cluster having only 4S] BioB. In the case of resonance Raman, this is best
minor effects on the environment of the original cluster. illustrated by comparing the spectrum obtained for 4Fe
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FiGURE4: Resonance Raman spectra of [2RS]/[4Fe-4S] BioB FIGURE 5: Resonance Raman spectrafofcoli BioB samples in
after exposure to air for 10 min: (a) [2F@S]/[4Fe-4S] BioB the presence of a 10-fold stoichiometric excess of SAM: (a){2Fe
after exposure to air for 10 min on the Raman probe; (b) as-isolated 2S)/[4Fe-4S] BioB; (b) [2Fe-2S] BioB; (c) [4Fe-4S] BioB. The
[2Fe-2S] BioB; (c) difference spectrum a minus b. (d) [4R4S] difference spectrum corresponding to spectrum a minus spectrum

BioB after exposure to air for 10 min on the Raman probe. D is shown in paneld. Samples were prepared in 50 mM Tris-HCI

Measurement and sample conditions are as described in Figure 3buffer, pH 8.5, with 1 mM DTT and 0.2 M NaCl. The resonance
Raman spectra were recorded with 458-nm excitation, using samples

. . . that were~3 mM in BioB frozen at 16 K, with 210 mW laser
4,S] BioB + SAM, (Figure 5c) W'th,the [2Fe28]/[4Fe—4S] power at the sample. Each scan involved photon counting for 1 s
BioB + SAM minus [2Fe-2S] BioB + SAM difference at 0.5 cn1! increments with 8-cmt spectral resolution, and each
spectrum (Figure 5d). The spectra are very similar, but quite spectrum is the sum of100 scans. A linear ramp fluorescence
distinct from the equivalent spectra obtained in the absencebaCkgrounﬁllhas ?een SUb_traCtled from the rlesonance Ralelan.SPetha-
of SAM, see Figure 1, spectra b and d, respectively. The E]%r(‘j‘lsorfeii‘;tg;g i;%?;téﬁs@u#a a[l’zid':?ess]i)e((::til\'l/setl)e/rs and a lattice
changes in the resonance Raman spectrum induced by SAM,
in particular the increase in the frequency of the symmetric
breathing mode of the g8, cube from 338 cm' in the
absence of SAM to 342/344 crhin the presence of SAM,
are consistent with binding a bidentate noncysteinyl ligand
at a unique Fe site of the [4F4SF* cluster {). The effect
of SAM binding on the Mgsbauer spectrum of the [4Fe

Cluster Composition of Recombinant BioB in Anaerobi-
cally Grown E. coli cellsOur previous whole cell Mssbauer
studies of recombinant BioB in aerobically grown cells
revealed that the majority, if not all, of the overexpressed
BioB was present inside the cells as an inactive form

. . ini + clusters 24). Hence the as-
4SP* cluster in [2Fe-2S]/[4Fe-4S] BioB are most conve- pontammg only [2Fe 2SF* ¢ !
F [ J ] isolated [2Fe-2SP" cluster was shown not to be an artifact

niently assessed using 5fEe—2S]/[4°"Fe—4S] BioB. As e
shown in Figure 6, SAM binding induces marked changes ©f the purification procedure. However, because the as-
in the Méssbauer spectrum of theS[Fe—4SE* cluster in isolated [2Fe-2SP" cluster can be assembled in vitro only

[25%Fe—2S)/[47Fe—4S] BioB, compare Figure 6, spectra a via an aerobic reconstitution procedure starting with apo
and b, and the changes are essentially identical to thoseBi0B and the anaerobically reconstituted [4FSF" cluster
previously reported for [IFe—4S] BioB, as judged by the 1S ra.pldly (_jegraded by exposure to oxygen, the whole cell
near equivalence of the difference spectra for samples withstudies raised the possibility that lack of the [4F&SF*

and without SAM, compare Figure 6, spectra ¢ and d. The cluster and the presence of the [2FZSF* might both be
SAM-induced changes in the Msbauer spectrum have artifacts of overexpressing recombinant BioB under aerobic
previously been analyzed in detail fof[Fe—4S] BioB and ~ growth conditions24). To test this hypothesis, we developed
attributed to an increase in coordination number or binding a BioB overproducing strain d. coli suitable for anaerobic

of a noncysteinyl ligand at a unique Fe sif¢@r both. Hence  growth conditions and investigated the cluster content of cells
the presence of the [2F@SE" does not alter the affinity or ~ grown on®Fe using whole cell Mssbauer spectroscopy.
mode of binding of SAM to the [4Fe4SF* cluster in BioB. This strain was particularly effective for overexpression of
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Ficure 6: The effect of SAM on the Mssbauer spectrum of [2Fe ' v
2S]/[#"Fe—-4S] BioB: (a) without SAM; (b) in the presence of a L 4" L é . (') L é L "1 L
10-fold stoichiometric excess of SAM. The spectra were recorded .
at 4.2 K in a magnetic field of 50 mT oriented parallel to the Velocity (mm/s)
beam. The sample of [2F&S]/[4°"Fe-4S] BioB was in 50 mM FIGURE 7: Mdssbauer spectra (hatched marks) of anaerobically

Tris-HCI buffer, pH 8.5, with 1 mM DTT and 0.2 M NaCl and grown 5Fe—enriched whole cells oE. coli with and without

was 275uM in BioB. The difference spectrum corresponding t0  gyerexpression of BioB: (dJ. coli BL21-gold[DE3] pT7-7 control
spectrum a minus spectrum b is shown in panel c. The previously yhole cells, which contain the same plasmid used for expression
published difference spectrum corresponding fSHé-4S] BioB  of BjoB but without thebioB insert; (b)E. coli BL21-gold[DE3]
minus [47Fe—4S] BioB plus 10« SAM is shown in panel d24). pT7-7echioB-1 whole cells with overexpression of BioB. The

) ) o ) spectra were recorded at 4.2 K in a magnetic field of 50 mT,
BioB and gel densitometry indicated that BioB accounted oriented parallel to the beam. The dotted and dashed lines in

for approximately 20% of the total cellular protein. panel a are theoretical simulations of the ferrous (55%) and ferric

The results of the whole cell Msbauer study of recom- (45%) components, respectively. Each component is simulated using
binant BioB in anaerobically growk. coli are shown in Eﬁ'é’rse;q;(all)' Iitelr.lggyngrl:]%igug;% (ftél?)éeStsmvr\gtlz}P}i)fc;ll%ﬂggrﬁr%;am-
Figure 7. Control cells grown under identical conditions s s2)=1.26 mm/sAEo(2) = 2.74 mm/s, and'(2) = 0.65 mm/s
containing the same plasmid used for overexpressing BioB, for the ferrous component ar{1) = 0.45 mm/s AEq(1) = 0.57
but without the BioB insert, exhibited broad quadrupole mm/s,I'(1)=0.76 mm/sp(2) = 0.45 mm/s AEq(2) = 1.15 mm/
doublets from ferric (Figure 7a, dashed line) and ferrous isri ggﬂgfzgTS?H‘fa'gg?t’iﬁ,rf,ogf‘Tﬁefﬁg'ﬁvﬁ,"g?ﬁggﬂéng engri:%\ygleof
(Figure 7,a’ dotted line) Components.' In contrast, the domlr‘amthe contributions of the ferrous (17%) and ferric (24%) component
feature in the spectrum of cells with overexpressed BioB from spectrum b vyields the spectrum shown in panel c. The
(Figure 7b) is a quadrupole doublet with parametérs=( spectrum shown in panel d is the cell-free extract corresponding to
0.29 mm/s and\Eq = 0.53 mm/s) identical to those of the the whole cell sample shown in spectrum b with the contributions
[2Fe—2SP* cluster in as-isolated [2Fe2S] BioB (Figure of the ferrous (10%) and ferric (22%) components removed.
6b). Moreover, removal of the ferrous and ferric contributions . .
from the spectra obtained for whole cells and cell-free extract 21d [4Fe-4S] forms of BioB (4). As discussed below, we
yields spectra (Figure 7, spectra ¢ and d, respectively) thathave been unab_le to conflrm any of these results with the
are indicative of [2Fe2SP" clusters, revealing that anaero- Samples of. coli BioB used in this work.
bically overexpressed BioB contains only [2F2SP* clus- As-isolated [2Fe-2S] BioB and samples of [4Fe4S]
ters prior to purification. Hence recombinant BioB is shown BioB reconstituted from apo BioB in the presence of a 10-
to contain only [2Fe-2SPE* clusters in the overexpressing fold stoichiometric excess of PLP, followed by gel-filtration
strains used in this work, irrespective of aerobic or anaerobic to remove excess PLP, containe®.01 mol of bound PLP
growth conditions. per mole of monomeric BioB, as judged by absorption and

Is BioB a PLP-Dependent Enzymé&®@ntecave and co- analytical assessment of PLP in alkaline-denatured samples.
workers have reported that BioB as purified contains 0.05 Moreover, incubation of either [2F€2S] BioB or [4Fe-
mol of PLP per mole of monomeric BioB and that incubation 4S] BioB with a 5-10-fold excess of PLP in the presence
with a 5-fold excess of PLP in the presence 10 mM DTT, of 5mM DTT for time periods in the range-24 h provided
followed by extensive dialysis to remove excess PLP, results no evidence of PLP binding as judged by absorption studies,
in incorporation of up to 0.4 mol of PLP per mole of [2Fe  see Figure 8. Following removal of excess PLP by gel
2S] BioB and up to 1.0 mol of PLP per mole of [4F4S] filtration, the resulting absorption spectra exactly overlaid
BioB (14). Moreover, PLP was found to induce significant those of the starting material. The absence of bound PLP
cysteine desulfurase activity in [4F4S] BioB and to was confirmed by absorption and analytical studies of
enhance the biotin synthase activity of both the [2B8] alkaline-denatured samples. In contrast, the same procedure
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Ficure 8: UV—visible absorption spectra d. coli [4Fe—4S] BioB (left panel),E. coli [2Fe—2S] BioB (middle panel), and. coli
IscS-hig (right panel): (a) before the addition of PLP; (b) in the presence of B06fold molar excess of PLP; (c) after removal of excess
PLP using a desalting column. The spectra were recorded in 1-mm cuvettes usinyl IZBe—2S] BioB and 24QuM [4Fe—4S] BioB,
both in 50 mM Hepes buffer, pH 7.5, with 5 mM DTT, and 360 IscS-hig in 50 mM potassium phosphate buffer, pH 7.5, with 5 mM
MgCl,, 100 mM KCI, and 0.1 mM EDTA.

Table 2: Assays oE. coli [4Fe-4SP* BioB and His-Tagged IscS cysteine desulfurase activity for these samples of f448]
for Cysteine Desulfurase Activity BioB. To check the effectiveness of the alanine and sulfide

[4Fe—4SP* BioB assays used in this work, the same protocol was used to
BioBl aM__IPLPFlaM__ Ala/BioB® F/BioB _ Ala/S- assess cysteine desulfurase activity for his-taggexbliIscS.
[BioB], « [PLP], 10 10 The results are in accord with previous assessments of IscS

38 28 jg%g i-‘ll zg-i cysteine desulfurase activitpd, 49) and indicate alanine/
20 40 <013 41 <01 §" ratios close to 1.0, see Table 2.
40 0 <0.13 3.6 <0.1 In accord with previous activity studies of [2F2S],

[4Fe—4S], and [2Fe-2S]/[4Fe-4S] forms ofE. coli BioB

His-Tagged IscS (11, 12, 14), none of these forms were found to be capable

lscSLuM__ [PLPL,uM  Ala/lscS  S/lscS  Ala/S- of more than a single turnover per BioB monomer in a well-
0.36 0 278 302 0.92 defined anaerobic assay, see Table 1. As reported by Jarrett
0.72 0 234 235 1.00

and co-workers2), the most active form in the absence of
aThe cysteine desulfurase activity was assessed by analyzing foradded F&" is [2Fe—2S]/[4Fe-4S] BioB, which undergoes

L-alanine and sulfide after anaerobic incubation with PLP, 5 mM DTT, gimost a complete turnover based on the cluster content

- i b i i I . - . - . .. - . ’
and 500 mML cysteine for 2.5 h at 28C. P The detection limit for [2Fe-2S] BioB exhibits negligible activity if F& is
the L-alanine assay is BM. . . L

excluded from the reaction mixture, but the activity increases

to a level close to one turnover per BioB in the presence of

well-characterized PLP-dependent cysteine desulfudge ( 1 mM Fe(NH2)o(SQy).. [4Fe-4S] BioB is only capable of

yielded complete reconstitution of PLP as evidenced by the 710% of turnover in the absenqe of added'Fand this
extinction coefficient of bound PLR o= 7.5 mM-* cm-), increases to~30% of a turnover in the presence of 1 mM

see Fi Fe'(NH,)2(SOs)2. However, in contrast to the results of
gure 9. Font d kers, which reported a 5-fold
Fontecave and co-workers reported maximal (albeit very | ON'e¢ave and Co-workers, which reported a >-fold Increase

low) levels of cysteine desulfurase activity for [4FS] in biotin formation for [4Fe-4S] BioB on addition of X

BioB, with approximately six alanine and approximately six PLP to th.e reag:tion mixturd(l),_ th(.e.addition of & PLP tq .
S~ produced per BioB monomer after incubating with 1 the reaction mixture had no significant effect on the biotin

- : thase activities of the [2F&S], [4Fe-4S], and [2Fe-
PLP in the presence of 1 mMcysteine and 20 mM DTT syn C L / A
for 4 h at 20°C (14). However, using an assay based on 2S]/[AFe-4S] forms of BioB investigated in this work, see

L-alanine dehydrogenas®8§), we were unable to detect Table 1.

L-alanine above the detection limit (BM) after incubating

[4Fe—4S] BioB (20 or 4QuM) with 1x PLP in the presence DISCUSSION

of 500 uM L-cysteine and 5 mM DTT for 2.5 h at 2%, The cofactor composition of recombinadhtcoli BioB both

see Table 2. Sulfide was generated at the level of ap-invivo and in purified samples has been the subject of much
proximately four $ per BioB, but this was observed discussion and controversy since the enzyme was first
irrespective of the presence of PLP and the sulfide levels purified by Sanyal and co-workers in 1994. The results

were never significantly greater than the amount contained presented herein are an attempt to reconcile the confusion
in [4Fe—4S] clusters, see Table 2. Moreover, the alanine/ in the literature and to establish the cofactor composition

S~ ratios (<0.1) effectively rule out the possibility of both in vivo and in as-isolated and reconstituted forms of

using a PLP-depleted sample of his-tagdedcoli IscS, a
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[4Fe-4S] BioB Apo BioB

Fe* 8>
[4Fe-4S]" ) +—— [2Fe-2SP*  [2Fe-25]
DTT

0, 0, Fe*,8*| |DT 0, 0,
DTT, 0,
Fez+,Sz'
2+ 2+ —_— 2+ 2+,+
(12Fe-257) [2Fe-25] orr | 12Fe2sP [4Fe-as)

[2Fe-2S] BioB [2Fe-2S]/[4Fe-4S] BioB

Ficure 9: Summary of cluster-bound forms, cluster reconstitutions, apth@uced cluster conversions B coli BioB. An asymmetric
shape is used for BioB to depict distinct cluster binding sites, and the additional parentheses indicate an intermed2&¥ [2ttaster
that is form during @induced degradation of the [4FdSP" cluster.

purified BioB. Perhaps most surprising is our complete sponsible for binding and reductive cleavage of SAM. In
failure to confirm the recent reports that BioB is a PLP- accord with previous results,( 15, 18), the [4Fe-4SP*
dependent enzyme with intrinsic cysteine desulfurase activity cluster can be reduced to the [4HS]" state using dithionite
(11, 14). Despite extensive assay and analytical studies usingor deazaflavin-mediated photochemical reduction, whereas
conditions similar to those reported by Fontecave and co- the [2Fe-2SF" cluster is slowly degraded by dithionite to
workers, we have been unable to find any evidence for PLP yield apo BioB in the presence of an Fe chelator.
binding or for PLP-induced cysteine desulfurase or biotin  Both the [4Fe-4SP" and [2Fe-2SP' clusters can be
synthase activity with as-isolated or reconstituted samplesreconstituted in apo BioB by incubation with ¥eor Fe*
of purified recombinant BioB. The only significant differ- and S~ in the presence of DTT, with the presence of O
ences between these two studies lie in our use of gel filtration dictating reconstitution of the [2FE2SFP" cluster and rigor-
rather than dialysis to remove excess PLP and in the methodsously anaerobic conditions being required for reconstitution
used to analyze for alanine in assaying for cysteine des-of the [4Fe-4SP"* cluster, see Figure 9. Hence the apparent
ulfurase activity and for bound PLP. These differences are discrepancy in the reconstitution products reported in the
unlikely to be significant. Gel filtration is the standard literature (L8, 19) can now be readily rationalized in terms
method for removing excess PLP from PLP-dependent of differences in the @exposure during the reconstitution
enzymes after reconstitution, and the accuracy of the procedure. Anaerobic reconstitution starting with<table,
analytical procedures used in this study was validated by as-isolated [2Fe2S] BioB results in the formation of [2Fe
parallel studies of IscS, a well-characterized cysteine des-2S]/[4Fe-4S] BioB with [2Fe-2SP" and [4Fe-4SP*"
ulfurase that binds stoichiometric PLP. Hence, we are at aclusters in a 1:1 ratio with approximately 0.7 [4FSFP"
loss to explain the differences between the results presentecand [2Fe-2SF* clusters per monomer. Analogous results,
herein and those of Fontecave and co-workers, but on thealbeit with near-stoichiometric [4Fe4SF" and [2Fe-2SFP+
basis of our results we see no reason to conclude that BioBclusters, were first reported by Jarrett and co-workers on the
is a PLP-dependent enzyme with cysteine desulfurase activ-basis of absorption and analytical studigls)( but the
ity. subsequent Mesbauer studie<l8) would suggest a similar
The combination of absorption, resonance Raman, andstoichiometry to that observed in this work. The origin of
Mossbauer spectroscopies coupled with analytical studies andhe substoichiometric amounts of each cluster is not fully
enzyme assays has provided a detailed understanding of theinderstood at present. The'B&bauer evidence of substantial
cluster composition, as well as the in vitro reconstitution formation of [#"Fe—4SF* clusters (18% of the totdl'Fe)
products and @induced cluster transformations that are during reconstitution of [ZFe—2S] BioB with natural
possible for recombinant BioB. The results are summarized abundance Fe (Figure 2e), coupled with the inability to
in Figure 9. In accord with the work of Jarrett and co-workers reconstitute the [2Fe2SF" cluster under the strict anaerobic
(17, 48), BioB is shown to contain two distinct cluster conditions of the reconstitution procedure, indicate that the
binding sites. However, the results do not support the substoichiometric amount of [2F2SP" clusters is a
conclusion that each binding site can accommodate either aconsequence of the lability of [2FSF" cluster under
[AFe—4SF* or a [2Fe-2SF" cluster (7). This conclusion reconstitution conditions. However, we currently do not have
was based on the ability to generate stable forms of BioB a good explanation for the observation that only.7 [4Fe-
containing two [4Fe-4SP* clusters per monomer or two  4SP" clusters are assembled in reconstitutions starting from
[2Fe—2SF* clusters per monomef{). We have failed to [2Fe-2S] BioB, compared to-1.0 [4Fe-4SF" clusters in
confirm these results and have provided spectroscopic andreconstitutions starting with apo BioB. Nevertheless, the
analytical evidence that both forms are artifacts of analytical analytical data and Mssbauer results can only be interpreted
studies on incompletely purified reconstituted samples. in terms of at least half of the protein in [2F2S]/[4Fe-
Rather the results presented herein indicate that one bindingdS] BioB containing one [4Fe4SF+ and [2Fe-2SF* cluster
site is exclusively associated with the [2F2SP' cluster per monomer.
that is present in BioB as-isolated and the other accom- The present study is particularly informative concerning
modates the oxygen-labile [4F4SF+ cluster that is re-  the fate of the [4Fe4SP" cluster in both [4Fe4S] and
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[2Fe—2S]/[4Fe-4S] BioB during Q-induced degradation.
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cluster. Rather this appears to an intrinsic property of the

Resonance Raman studies show that the degradation proceeds/erexpressed recombinant enzyme. However, since the

via a [2Fe-2SP" cluster intermediate that has distinctive
properties compared to the [2FBSF* cluster in as-isolated
[2Fe—2S] BioB, see Figure 9. This type ohahduced [4Fe-
4SP* cluster degradation appears to be common to most
radical-SAM enzymesA6—47) and is complete in BioB after
exposure to air for 10 min. However, the [2F2SF* cluster
in the [4Fe-4S] cluster domain of BioB is less @olerant
than that in some other radical SAM enzymes and is further
degraded to yield a vacant [4FdS] cluster domain on
exposure to air for 1 h. Hence the ultimate product of
exposing [2Fe-2S]/[4Fe-4S] BioB to air is [2Fe-2S] BioB.
In contrast, when the [2F€2S] domain is vacant as in [4Fe
4S] BioB, the Q-induced breakdown of the [4F&SP"
cluster is followed by aerobic reconstitution of the [2Fe
2SP* cluster in the [2Fe2S] domain provided DTT is
present to prevent disulfide formation, see Figure 9. It is
also important to emphasize that the-damaged form of
[2Fe—2S]/[4Fe-4S] BioB containing two different types of
[2Fe—2SF* clusters does not appear to be related to the form
of BioB containing two [2Fe-2SP* clusters that was claimed
by Jarrett and co-worker4d 7). For example, we have never
observed this species in as-isolated samples of BioB or in
as-isolated samples of BioB that were treated with EeCl
The combination of resonance Raman andskbtauer
studies has also shown that SAM binds to the unique site of
the [4Fe-4SF* cluster in [2Fe-2S]/[4Fe-4S] BioB in the
same way as previously demonstrated for [4B&] BioB
(7). By analogy with the recent Mgsbauer and electron

recombinant form of the enzyme is expressed in an inactive

form, devoid of the catalytically essential [4F4SPH*

cluster, under both aerobic and anaerobic growth conditions,
it is still possible that the [2Fe2SF" is an artifact that is
assembled in error due to absence of specific proteins or
conditions that are required for assembly of the [4B8F+"
cluster. In this connection, it may be significant to note that
conditions have yet to be found for in vitro reconstitution of
the [2Fe-2SF" cluster starting with [4Fe4S] BioB, see
Figure 9. Clearly, it is now of primary importance to establish
the cluster composition of native BioB at the levels expressed
under normal growth conditions. Until this is accomplished,
it is not possible to reach a definitive conclusion concerning
the physiological relevance of the [2F&SF+ cluster that

is invariably present in as-isolated samples of recombinant
BioB.

In summary, the results presented in this work do not
support the proposal advanced by Fontecave and co-workers
that BioB is a PLP enzyme with intrinsic cysteine desulfurase
activity (11, 14). They are, however, consistent with the
alternative model, first advanced by Jarrett and work&?s (
48), involving a functional [2Fe 2S]/[4Fe-4S] form of BioB
with the [2Fe-2SF" cluster as the sacrificial S donor and
the [4Fe-4SF™* cluster as the site for generating the 5
deoxyadenosyl radical via reductive cleavage of SAM. In
our hands, this is the only form of BioB that is capable of a
single turnover in an in vitro assay without the addition of
Fet and $. In accord with this model, both absorption

nuclear double resonance (ENDOR) studies of the pyruvate(12) and more recently Mesbauer13) studies have shown

formate-lyase activating enzymé&Q-52), the mode of
binding is likely to involve the amino and carboxylato groups
of the methionine fragment. The observation that binding
of SAM to the [4Fe-4SP' cluster in [2Fe-2S]/[4Fe-4S]
BioB has no effect on the spectroscopic properties of the
[2Fe—2SF* cluster and is unaffected by the presence of the
[2Fe—2SF* cluster, therefore, provides unambiguous proof
for distinct [2Fe-2S] and [4Fe-4S] cluster domains with
only the latter involved with binding and reductive activation
of SAM. Moreover, the [4Fe4SF" cluster in [2Fe-2S]/
[4Fe—4S] and [4Fe-4S] BioB was found to be essentially
100% SAM-bound using a 10-fold excess of SAM, even in
the absence of DTB. This is in stark contrast to the recent
results of Jarrett and co-workerd0j, which reported
negligible or weak SAM binding to the [4FetSP" clusters

in [AFe—4S] and [2Fe-2S]/[4Fe-4S] BioB in the absence
of DTB, based on equilibrium dialysis experiments. We have
no explanation for this discrepancy, but it is difficult to see
how the resonance Raman and $dbauer results can be
incorrect, since they facilitate direct observation of SAM
binding to the [4Fe-4SP' cluster.

Our previous whole cell Mssbauer results raised the
possibility that the assembly of the [2F2SF' cluster and
the lack of assembly of the catalytically essential [4Fe
4SP*T cluster were both artifacts of overexpressing recom-
binant BioB under aerobic growth conditiory. However,
the whole cell M@sbauer studies of an anaerobically grown
BioB overexpressing strain d. coli that are presented in
this work unambiguously demonstrate that €posure in
the cell is not responsible for overexpression of recombinant
BioB in an inactive form containing only the [2FQSF"

that the [2Fe-2SP' cluster is degraded during a single
turnover, and labeling experiments have shown that cluster-
associated S is incorporated into biotin in single turnover
experiments36, 53). However, as discussed above, it is too
early to speculate whether the [2F2S]/[4Fe-4S] form of
BioB is the catalytically relevant form that is capable of
multiple turnovers in vivo. The possibility that the [2Fe
2SF" cluster in [2Fe-2S]/[4Fe-4S] BioB is the immediate

S donor to biotin is addressed in the following manuscript,
which follows the time course of biotin production and
[2Fe—2SF*+ degradation in single turnover experiments.
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