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Biotin Synthase Is a Pyridoxal Phosphate-Dependent Cysteine Desulfurase
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ABSTRACT. Biotin synthase (BioB) is an ironsulfur dimeric enzyme which catalyzes the last step in
biotin synthesis. The reaction consists of the introduction of a sulfur atom into dethiobiotin. It is shown
here that BioB displays a significant cysteine desulfurase activity, providing it with the ability to mobilize
sulfur from free cysteine. This activity is dependent on pyridoxghttosphate (PLP) and dithiothreitol

and proceeds through a protein-bound persulfide. Like other cysteine desulfurases, BioB binds 1 equiv of
PLP. By site-directed mutagenesis, two conserved cysteines, Cys97 and Cys128, are shown to be critical
for cysteine desulfuration and are good candidates as the site for a persulfide. Since biotin synthase activity
is greatly increased by PLP and cysteine, even though it does not exceed 1 nmol of biotin/nmol of monomer,
it is proposed that cysteine desulfuration is intimately linked to biotin synthesis. New scenarios for sulfur
insertion into dethiobiotin, in which cysteine persulfides play a key role, are discussed.

Biotin synthase (BioB)catalyzes the last step of the biotin Scheme 1: Reaction Catalyzed by Biotin Synthase (BioB)
biosynthetic pathway 1). The reaction consists of the 0
introduction of a sulfur atom into dethiobiotin, thus requiring *
activation of C-H bonds (Scheme 1). Biotin synthase from ¢ NH BioB
Escherichia coliis a homodimer of 76 kDa, with each —
polypeptide chain carrying an oxygen-sensitive (4Fe-4S)
cluster, probably ligated by three cysteines of a CXXXCXXC 6
box conserved among all known BioB sequences and a fourth CH;
still not identified ligand 2—9). Site-directed mutants of dethiobiotin (DTB)
BioB in which these cysteines (Cys53, Cys57, and Cys60) o
have been changed into alanine are inactB)e Recently, /U\
Ugulava and co-workers suggested that the active form of
BioB contained an additional cluster, a (2Fe-2S) one, per
polypeptide chain0, 11).

In recent yearsS-adenosylmethionine (AdoMet) and an
electron-donating system consisting of NADPH, flavodoxin
reductase (Fpr), and flavodoxin (Fldx) were shown to be S
required for activity 8, 12). This is strong evidence that biotin
biotin synthase belongs to a large class of enzymes, the so-
called “radical-SAM superfamily”, defined on the basis that synthase, we have recently shown that, indeed, the reduced
(i) they use a reduced irersulfur center and AdoMet (also  (4Fe-4Sj form of the cluster is competent for a one-electron
abbreviated as SAM) for catalysis and (ii) they all contain a reduction of AdoMet 17). This provides a clue about the
CXXXCXXC sequence providing the cysteine ligands to the mechanism of the reaction since 'adeoxyadenosyl radical
cluster (3—16). The AdoMet/Fe-S combination is sup-  would be suitable for activation of dethiobiotin, through
posed, in the case of prototypic enzymes such as thehydrogen atom abstraction at C9 and @8)( The resulting
anaerobic ribonucleotide reductase, pyruvate formate lyase carbon radicals are supposed to be reactive for incorporation
and lysine aminomutase, to generate 'aléoxyadenosyl  of a sulfur atom.
radical which initiates the reaction. In the case of biotin  The following intriguing questions associated with biotin
synthase have been addressed over the past 10 years.
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dethiobiotin; AdoMet or SAM,S-adenosylmethionine; I-AEDANS, sometlmes been put forward to pmpos‘? that bI.Otm synthase
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doxin; Fpr, flavodoxin reductase. the fact that extra important cofactors, not identified yet, are
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missing, in agreement with the observation that moderately of 0.1 M Tris-HCI (pH 8) and 30 mM KCI. In some
increased activities are obtained when assay mixtures areexperiments, the resulting protein solution (400) was
complemented with bacterial soluble extracts. Finally, one treated with 1 mM NaBklfor 5 min at room temperature
cannot exclude the possibility that an irreversible inactivation, and analyzed for light absorption and activities, after dialysis.
by some unknown mechanisms, occurs in vitro. Biotin Synthase Actity. The activity was assayed from
Second, the question of the source of the sulfur atom thatthe amount of biotin formed from dethiobiotin (DTB). The
ends up into biotin is still a matter of controversy and standard reaction mixture in a final volume of 5D of 0.1
investigation. Whereas whole-cell experiments suggested thatM Tris-HCI (pH 8) and 50 mM KCI contained 1.7 nmol of
in vivo cysteine is the source of sulfur for biotin biosynthesis biotin synthase (apoBioB, BioB, and recBioB), 40
(3, 19), in vitro assays have not allowed an unambiguous DTB, 5 mM DTT, 150uM AdoMet, 20uM flavodoxin, 4
identification of the final sulfur donor, even though AdoMet M flavodoxin reductase, 1 mM NADPH, 2 mM cysteine,
as well as DTT, generally present in reaction mixtures, could and 1 equiv of PLP. The reaction was monitored at'G7
be excludedX2, 20). The most recent scenario involves the for 3—4 h and stopped by the addition of 10% (v/v) 1 M
bridging sulfur atoms of an ireasulfur center as the species TCA. After centrifugation to remove precipitated proteins,
being trapped by the intermediate substrate radi@d)s This the supernatant was assayed for biotin formation by a
function has first been suggested to reside in the (4Fe-4S)microbiological method usingactobacillus plantarung25).
cluster @1, 22) and, more recently by Ugulava et al., inthe To accurately measure the amount of biotin that was
(2Fe-2S) cluster present in their preparatiot® (1). In E. synthesized, we put standards on each plate, and all the data
coli, three additional cysteines (Cys97, Cys128, and Cys188)presented in this paper represent the average of at least
proved to play a key role in biotin synthesis by site-directed duplicate experiments.
mutagenesis8). Since they are not involved in ligation of Cysteine Desulfurase Aetly. Biotin synthase proteins (4
the (4Fe-4S) cluster and not required for AdoMet reduction nmol) (apoBioB, BioB, recBioB, or mutants) were incubated
(8, 17), they might function as a site for the (2Fe-2S) center at 20 or 37°C with 20 mM DTT in a total volume of 100
proposed by Ugulava et al. and thus be essential during sulfuruL. After incubation for 30 min, PLP (4 nmol) and 2 mM
incorporation into the substrate. L-cysteine were added to the reaction mixture. At time
In this paper, we report the discovery that BioB displays intervals, the reaction was stopped by addition of 10% (v/v)
a pyridoxal phosphate-dependent cysteine desulfurase activl M TCA and the mix left on ice for 15 min. Precipitated
ity, which allows mobilization of the sulfur atom from free ~ Protein was removed by centrifugation for 15 min at 15 000
cysteine. Site-directed mutagenesis demonstrates the involvefPm and the solution dried on a speed-vac. The residue was

ment of Cys97 and Cys128 in this activity. The implications dissolved in 15QiL of a citrate buffer (pH 2.2). A ninhydrin
for the mechanism of sulfur insertion into biotin are derivative was generated and analyzed at 570 nm by HPLC

discussed. on a system 7300 Beckman apparatus working with an ion
exchange column (S101036) calibrated with pure amino acid
standards and developed by stepwise pH changes according
to a published procedur@®).

Analysis. Protein concentrations (by monomer) were
determined by the method of Bradfoi2l7j standardized with
bovine serum albumin. A correction factor of 1.1 is applied
according to dry weight measurements from amino acid
analysis. The amount of protein-bound iron was determined
under reducing conditions with bathophenanthroline disul-
fonate after acid denaturation of the prote28)(and labile
sulfide by the method of Beinert29). The amount of
enzyme-bound pyridoxal 5-phosphate was determined spec-
trophotometrically by the phenylhydrazine meth@)(

Identification of the BioB-Bound Persulfid&he BioB-

EXPERIMENTAL PROCEDURES

Materials. All chemicals were reagent grade and obtained
from Sigma-Aldrich Chemical Co. or Fluka unless otherwise
stated. 5-Deaza-7,8-demethyl-10-methylisoalloxazine (5-
DAF) was prepared according to the method of Ashton et
al. (23). AdoMet was from Boehringer Mannheim. Pyridoxal
5'-phophate was from Interchim. Flavodoxin, flavodoxin
reductase, and IscS were available in our laboratory.

Preparation of Biotin Synthas®ioB was overexpressed
in the BL21(DE3)E. colistrain carrying the pKH200 plasmid
as previously described,(7, 8). BioB was also expressed
in the iscS E. coli CL100 strain lacking an active cysteine

desulfurasescSgene, provided by D. Dean (Blacksburg, hound persulfide was identified according to the procedure
VA) (24). For that purpose, the pKH200 plasmid was of zheng and colleague$Y). Inside a glovebox, BioB in
introduced into competent CL100 lyzogenized using a DE3 0.1 M Tris-HCI (pH 8.0) and 50 mM KCI was treated with
lysogenization kit (Novagen). Overexpression and purifica- 25 mmM DTT for 1 h, isolated from the latter by NAP-10

tion procedures were standafdl ¢, 8).
Preparation of Reconstituted Biotin Synthalstitant and

chromatography (Pharmacia), and divided into two portions.
In the first portion, 265 nmol of the protein was incubated

wild-type apoBioB proteins were prepared and reconstituted for 1 h at 37°C with 270 nmol of PLP and 2 mM cysteine.

with Fe(NH,)2(S0Oy), and NaS as previously described,(

The second portion (500 nmol) was kept under the same

7, 8). Reconstituted proteins were desalted over Sephadexconditions without PLP and cysteine. Then a 20-fold excess

G-25 to remove adventitiously bound iron and sulfide.
Reconstitution of Biotin Synthase with PLBiotin syn-

thase proteins (apoBioB, BioB, and recBioB) were incubated

anaerobically with 10 mM DTT at 20C in a total volume

of 500 uL. After reaction for 30 min, proteins were further

incubated fo 4 h with 5 equiv of PLP. The excess of PLP

was then removed anaerobically by dialysis against2L

of the persulfide alkylating reagem-(iodoacetyl)N'-(5-
sulfo-1-naphthyl)ethylenediamine (I-AEDANS}. (= 337
nm, e = 5000 M~* cm™') was added to both samples, and
the mixtures were incubated furtherfb h at 19°C. After
removal of all low-molecular weight components by NAP-
10 chromatography, the protein solutions (1 mL) were filtered
on NanoSep ultrafiltration devices 21 mL). The filtrates
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were checked by UV vis spectroscopy inside the glovebox found within (2Fe-2S)" clusters and mononuclear #e
and proved to display only negligible absorption at 337 nm. species, as shown by ‘Msbauer spectroscopy, (L7). The
Both protein solutions (400L) were then reacted with DTT  incomplete (4Fe-4S) assembly or lack of clusters altogether
(10 mM) for 30 min and filtered again on NanoSep in some monomers probably reflects the lability of the cluster
cartridges. The filtrate of the PLP- and Cys-treated samplesand its sensitivity to oxygen, as previously noted). (
exhibited a strong absorption at 337 nm corresponding to However, under the reducing conditions required for activity,

the thio derivativeN-(thioacetyl)N'-(5-sulfo-1-naphthyl)- mobilization of iron and sulfur occurs to generate more (4Fe-
ethylenediamine (0:30.5 mol/mol of BioB monomer)  48S) clusters in the-1 (S= '/,) oxidation state (8890% of
derived from reduction of the mixed protethAEDANS total iron), which is the active form of the cluster during

disulfide. In the control experiment, the absorption at 337 AdoMet reductive cleavager(17).
nm corresponded to 0.02 mol/mol of BioB monomer. The  BioB was also overexpressed within tke coli CL100
solutions were then loaded onto a LightC18 Sep-Pak (Waters)strain, lacking an activescScysteine desulfurase ger@4,
column equilibrated in water. After being washed wittx4 from which the three forms apoBioB, BioB, and recBioB
1 mL of water, the 337 nm-absorbing compounds were were prepared.
collected in a 60:40 (v:v) CECN/H,O mixture (500uL). BioB Is a Pyridoxal Phosphate-Dependent Cysteine De-
After addition of 50uL of 1 M NH4,OH and 5uL of sulfurase.In preliminary experiments, we discovered that
iodomethane, the reaction was allowed to proceed at ambientincubation of BioB (1.2 Fe and 1.5 S atoms per polypeptide
temperature for 1 h. The solutions were then freeze-dried chain) with 1 mML-cysteine and 5 mM DTT, within an
and analyzed by mass spectrometry (ES-MS) working with anaerobic glovebox, resulted in the slow formation of alanine
negative ion detection. Only one compound (M 353.1) (0.4—-0.6 nmol/nmol of monomer BioB ovel h at 20°C).
corresponding to the methylthio derivative of AEDANS was An approximately stoichiometric amount of sulfide was
detected. MS/MS of this ion gave rise to daughter peaks atformed under these conditions. No alanine could be detected
265.1 and 221.1 corresponding to the two fragments derivedwhen BioB or L-cysteine was omitted from the reaction
from cleavage at the aromatic amino position. mixture, or whenL-cysteine was replaced wittrcysteine.
UV—Visible SpectroscopylV —visible spectra of the BioB ~ Omission of DTT resulted in greatly decreased rates of
protein, in 0.1 M Tris-HCI (pH 8) and 50 mM KCI, were alanine formation (0.1 nmol/nmol of monomer over 4 h).
recorded under anaerobic conditions directly inside the Addition of dethiobiotin, AdoMet, and ATP or a reducing
glovebox with a Uvikon XL100 instrument (Biotek). agent (photoactivated deazaflavin) had no effect on the

Mass Spectrometrithe mass spectra were acquired on a reaction. Finally, since pyridoxal'fphosphate (PLP) is a

LCQ-ion trap (Finnigan-Thermoguest, San Jose, CA), equippedc0mmon cofactor for cysteine desulfurasz)( we next
with an electrospray source. included 1 equiv of PLP, with regard to BioB, in the assay

mixture. This led to a large increase in activity (2 nmol/

600, were obtained by infusion through fused silica tubing nm?]I oflmono?e_tr over Iiljl) -(I;O e),sc'f[fe the p035|b|][|'[|y tgat
at a rate of 210 uL/min. The solutions were analyzed in such a low aclivity would be due o the presence ot 1Scs, a

: o tent cysteine desulfurase, as a contaminant, recombinant
the negative mode. The LCQ calibratiar/z 50—2000) was po . ' . . o
achieved according to the standard calibration procedure fromBIOB from the E. coli CL100 strain Ia}ckmg an .aCt'VBCS .
the manufacturer (mixture of caffein, MRFA, and Ultramark gene @4) was assayed and found to display similar properties
1621). The temperature of the heated capillary of the LCQ in terms of PLP-dependent cysteine desulfurase activities.

; : Characterization of the Cysteine Desulfurase Aityi of
trap was set to 150C, and the ion spray voltage was in the _. . . .
range of -6 kV with an injection time of 5200 ms. BioB. On the basis of the experiments described above, the

cysteine desulfurase activity of BioB was studied as a
RESULTS function of DTT, cysteine, and PLP concentration during a
4 h incubation at 20C. As shown in Figure 1A, DTT (20
Different Preparations of BioBThree different forms of =~ mM) provided a 10-fold stimulation of the cysteine des-
biotin synthase were used in this study. BioB designates theulfurase activity (1 mM cysteine, 1 equiv of PLP with regard
dimeric protein purified from an overexpressing straircof ~ to BioB). Figure 1B shows that the highest activity was
coli, as previously described); This preparation contains  obtained for 1 mM cysteine (in the presence of 10 mM DTT)
a small amount of iron and sulfide (:Q.5 per polypeptide  and a slight inhibition for higher concentrations K4, value
chain) due to loss of the cluster during chromatography and of 30 uM for cysteine could be derived from the data
accordingly displays low biotin synthase activity. ApoBioB depicted in Figure 1B. Finally, Figure 1C shows that the
is obtained by anaerobic reduction of BioB by photoreduced addition of 1 equiv of PLP was sufficient to obtain the highest
deazaflavin in the presence of 10 mM EDTA followed by activity, and no inhibition was observed for higher concen-
chromatography on Sephadex GZ4.(As a consequence, trations. It should be noted that, in the presence of cysteine
it does not contain any measurable iron and sulfide. Finally, and DTT, a significant activity remained upon omission of
recBioB is obtained from apoBioB by treatment with a 5-fold PLP, suggesting that BioB contains a small amount of
excess of both ferrous iron and sulfide in the presence of protein-bound PLP. On this basis, we could establish an assay
DTT followed by desalting on Sephadex-G25, all steps with 4 nmol of BioB monomer, 20 mM DTT, 2 mM cysteine,
carried out anaerobically within a glovebox. From one and 4 nmol of PLP. Under these optimal conditions, the
preparation to another, recBioB was found to chelate betweenproduction of alanine and sulfide was linear for at least 4 h
three and four iron and sulfur atoms per polypeptide chain. as shown by the time curve of Figure 2. Finally, as shown
Whereas the major part of the iron (680%) resides in a  in Table 1, cysteine desulfurase activity proved to depend
(4Fe-4S¥" cluster, small and variable amounts of iron are greatly on the amount of iron cluster within the protein since

Electrospray full scan spectra, in the rangengf 50—
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Alanine or sulfide (nmol)/ BioB (nmol)

Time (h)

FiGure 2: Cysteine desulfurase activity of BioB as a function of
time. BioB (5 nmol of monomer) was incubated anaerobically at
20 °C with 20 mM DTT, 2 mM cysteine, and 1 equiv of PLP and
the reaction stopped at different times. Activities are defined as
nanomoles of alanine®) or sulfide ©) produced per hanomole

of monomer.

Table 1. Enzyme Activitiesand Cofactor Contehof the Different
Preparations of Biotin Synthase

cysteine biotin
desulfurase synthase
preparation Pe  activity activityd PLP
apoBioB 0 0.1 0.01 0
bioB 1.0 1.7 0.1 0.30.4
recBioB 35 6.0 1 0.71
recBioB with NaBH 3.5 0.07 0.006 —
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Ficure 1: Cysteine desulfurase activity of BioB as a function of
DTT (A), cysteine (B), and PLP (C). Assays were run anaerobically
with 5 nmol of recBioB monomer fo4 h at 20°C. Activities are
defined as nanomoles of alanine per nanomole of monomer.

apoBioB was more than 10 times less active than BioB
whereas recBioB displayed the highest activity.

3 Enzyme assays in the presence of PLP and cysteine as described
in Experimental Procedures. The amounts of enzyme were 1.7 and 5
nmol for biotin synthase and cysteine desulfurase activities, respectively,
and the temperatures were 37 and®@Qrespectively® Fe in nanomoles
per nanomole of monomer; PLP maximal amount in nanomoles per
nanomole of monomer that protein can bind after incubation with 5
equiv of PLP and dialysis.Nanomoles of alanine per nanomole of
monomer after 4 hd Nanomoles of biotin per nanomole of monomer
after 4 h.

Table 2: Cysteine Desulfurase Activities of Site-Directed Mutants
of Biotin Synthase

protein cysteine desulfurase activity
wild type 100
C97A 5
C128A 7
C188A 70

Cysteine desulfurases are thought to generate protein- aRelative cysteine desulfurase activity (percentage) of wild-type and
bound persulfides which can be detected after reaction with mutant recBioB. Assays were run anaerobically atG7or 4 h in the

an alkylating probelN-(iodoacetyl)N'-(5-sulfo-1-naphthyl)-
ethylenediamine (I-AEDANS) 31). The product of that
reaction is a mixed disulfide which, upon reduction with
DTT, releases the thio derivative of the probe to be
quantitated. BioB, after incubation at 3€ for 1 h with 2

presence of 20 mM DTT, 2 mM cysteine, and 1 equiv of PLP. The
maximal activity observed with the wild-type protein corresponds to
9.6 nmol of alanine/nmol of recBioB monomer.

enzymes with only~5% of the activity of the wild-type

mM cysteine, in the presence of 1 equiv of PLP and in the €nzyme. Instead, the activity of the Cys188Ala mutant
absence of DTT was assayed for persulfide, as described inProtein was only slightly affected.

Experimental Procedures, and found to contaiin3—0.5
nmol of persulfide/nmol of BioB monomer. In a control

PLP Binding to BioBThe discovery that PLP was a key

cofactor for the cysteine desulfurase activity of BioB led us

experiment with the same preparation before reaction with to speculate that biotin synthase is a PLP-dependent enzyme

cysteine and PLP, no persulfide could be detected.

and that most of the protein-bound PLP was lost during

As Cys97, Cys128, and Cys188 were previously shown purification. For determination of the level of binding PLP,

to be required for biotin synthesi8,(17), the corresponding

we used a common colorimetric assay, based on titration of

reconstituted Cys-to-Ala site-directed mutants (recBioB PLP released upon protein boilin@Q). This assay was
forms), which have no detectable biotin synthase activity, validated with IscS, a PLP-dependent cysteine desulfurase

were assayed for cysteine desulfurase af@7As shown

involved in iron—sulfur cluster assembly3@). PLP was

in Table 2, mutations of Cys97 and Cys128 resulted in found to be presentin BioB (0.05 mol of PLP per monomer).
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5 mM DTT, 20uM Fldx, 4 uM Fpr, 1 mM NADPH, and 15M
Wavelength (nm) AdoMet with (O) or without @) cysteine (1 mM) and PLP (35

Ficure 3: UV—visible absorbance spectra of BioB (2B1) before uM).

(- - -) and after {-) reconstitution with PLP and dialysis at 2Q.

The difference spectrum is shown in the inset, which highlights changes are characteristic of reduction of an aldimine linkage
the absorbance increase in the 410 nm region upon reconstitution hatyween PLP and a lysine residugs)

The spectral change is consistent with the presence of 0.24 nmol . : .

of PLP/monomer da10 = 6000 Mt cm?). The capacity of BioB to bind PLP was found to be

dependent on the total amount of protein-bound iron cluster:

0.6 1 N . w apoBioB was unable to bind PLP, whereas recBioB could
T bind as much as 0-71 mol of PLP per polypeptide chain,
051 1 the largest amount obtained when the incubation with PLP
oal : ’ was carried out in the presence of DTT (Table 1). When
g s recBioB was exposed to air and desalted, a reaction resulting
E o3l e in the loss of~50% of the iron and sulfide as previously
5 Wavelength (nm) shown ), the maximal amount of PLP that could bind to
< 020 the protein was~0.4 mol/mol of monomer.
""""" Stimulation of Biotin Synthase Agitly by Cysteine and
0.1 - PLP. To check whether this cysteine desulfurase activity is
involved in biotin synthesis, we studied the dependence of
0250 0 450 550 650 biotin synthase activity on cysteine and PLP. The results are

shown in Figure 5, using recBioB as the enzyme form.
Whereas a small activity was observed in the absence of
EnggsiﬁirnSb%ergtt:ag%aengriz Umiéﬁ)?lelgi%lg;%ﬁ;&ntﬁgli(?SdBiOB cysteine and PLP, addition of both compounds resulted in
bi{)tin synthase b)éforeo and after (- - -) g_ddition of 1 mlf)/l NaBH E_OT an 'Ejnp‘z_rtamMaCf{e|eTatIC1_n _?nd an |tr)1::r_eazed %/r:etlg of
at room temperature for 5 min. The difference spectrum (after iotin production. Maximal activity was obtained wi e
reduction minus before reduction) is shown in the inset, which addition of 1 equiv of PLP (data not shown). However, even
highlights the absorption decrease in the 420 nm region and theunder these optimal conditions, the production of biotin
increase at 325 nm upon reduction. leveled off after reaction fo3 h when~1 nmol of biotin/

nmol of BioB monomer was formed (Figure 5). As shown

in Table 1, biotin synthase activity in the presence of PLP
and cysteine was dependent on the amount of cluster in the
protein. The BioB preparation from the isc8&. coli CL100
strain displays similar PLP-dependent biotin synthase activi-
ties. Table 1 also shows that both biotin synthase and cysteine
desulfurase activities are greatly decreased upon treatment
of PLP-containing recBioB with NaBH

Wavelength (nm)

However, incubation of BioB with a 5-fold excess of PLP
for 4 h followed by extensive dialysis resulted in an increase
in the amount of protein-bound PLP. From one preparation
of BioB to another, between 0.3 and 0.4 mol of PLP was
found attached to 1 mol of BioB monomer (Table 1). In
Figure 3 are shown the light absorption spectra of BioB
before and after treatment with PLP. They now show slight
differences in the 400 nm region as a consequence of the,

increased level of PLP binding. The difference spectrum DISCUSSION

displayed one major band at 410 nm highly characteristic  The species that donates sulfur to dethiobiotin to form
for PLP (inset of Figure 3). The absorbance at 410 nm was biotin has been the subject of a number of contradictory
consistent with the amount of PLP determined colorimetri- studies. Despite inconsistencies between reports, some
cally. PLP could be irreversibly bound to BioB upon generalizations may be drawn. First, when crude cell-free
reduction with sodium borohydride, suggesting a ketinimine bacterial extracts were included in biotin synthase assays,
linkage between PLP and BioB as expected for a PLP- the sulfur from cysteine was incorporated into biotin, as
dependent enzyme. As shown in Figure 4, the 420 nm shown from experiments in whicl¥°g]cysteine was used
absorption band was bleached by addition of NaBH (3, 34). Second, biotin synthase activity can be assayed in
concomitant with an absorption increase at 325 nm. Thesethe absence of crude extracts in vitro, using purified
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preparations of the enzyme, dethiobiotin, NADPH, fla- activity critically depends on the presence of PLP and thus
vodoxin reductase, flavodoxin, AdoMet, dithiothreitol (DTT), certainly proceeds by similar mechanisms, namely, through
cysteine, iron, and sulfide2( 3, 9, 10). The stimulating the intermediate formation of a substrate cysteipgridoxal
effects of Fe and sulfide were then supposed to reflect thephosphate ketinimine adduct and subsequent nucleophilic
necessity of maintaining an active irosulfur cluster during attack by the thiolate anion of an active protein-bound
the reaction. Third, when the same assay was carried outcysteine 81). These events result in formation of a protein-
with a partially purified biotin synthase, expressed in cells bound persulfide and a PLP-bound enamine which is
growing in the presence of°B]cysteine, efficient incorpora-  ultimately released as alanine. Here we show that biotin
tion of the isotopic label into biotin was observed in the synthase binds 1 equiv of PLP and, in the presence of
absence of added exogenous sulfur dond@s).(This, cysteine, is able to generate a protein-bound persulfide.
together with the lack of enzyme turnover, led to the Although there is in BioB no obvious sequence correspond-
suggestion that biotin synthase was a reagent and not ang to PLP-binding motifs33), a good candidate for a PLP
catalyst and that the sulfur atom was coming either from a binding site could be lysine 49, just upstream from the
cysteine residue from the protein or from an iresulfur CXXXCXXC sequence, a very highly conserved lysine in
center. At about the same time, Marquet et al. proposed thatBioB sequences (only BioB frofmdeliobacter pyloricontains

the cluster was the sulfur donor, since transfet‘sffrom a an arginine at this position). The changes observed in the
biotin synthase preparation, in which the cluster was labeledvisible spectrum during reaction with NaBare indeed
with 34S by chemical or enzymatic reconstitution, to biotin characteristic of the reduction of an aldimine linkage between

was demonstrate®(). PLP and a lysine residu8g). Further experiments, including
In all these reports, BioB was assumed to contain a single site-directed mutagenesis studies, are required to identify this
cluster. However, the type and number of iesulfur site.

clusters in BioB have also been a matter of controversy. A  Itis noteworthy that the presence of an iresulfur center
first proposal, based on spectroscopic stud@senvisioned is important for PLP binding and thus for cysteine desulfurase
a (2Fe-2S) center which could, under reducing conditions, activity (Table 1). Lysine 2,3-aminomutase provides a
convert into one (4Fe-4S) center bridging the two subunits precedent for an enzyme carrying both an irsalfur center
of the dimer &). This proposal was then challenged when and PLP 83). Also in this case, a correlation between PLP
we (7) and othersg) demonstrated that anaerobic prepara- content and Fe and S content has been observed. The reason
tions of BioB could bind as many as four Fe and four S PLP has not been observed in earlier BioB preparations thus
atoms per monomer in the form of (4Fe-2%)" clusters likely resides in the lability of the cluster. During purification,
which undergo degradation into (2Fe-2S) clusters upon a large amount of iron and sulfide and most of the PLP are
exposure to air {—9, 36). Finally, a recent report from lost. Furthermore, the cluster and PLP absorb light in the
Ugulava et al. suggested the presence of two different clusterssame energy range, and the small amounts of PLP in the
in biotin synthase, a (4Fe-4S) cluster involved in the purified enzyme could not be easily detected. Finally, the
conversion of dethiobiotin into a radical and a (2Fe-2S) one importance of the cysteine desulfurase activity of BioB
proposed to be the source of sulfur atoms for incorporation during biotin synthesis is suggested from the maximal
into this radical {0, 11). This was supported by spectroscopic acceleration of the rates of biotin formation caused by
analysis of the enzyme during a single turnover, leading to addition of 1 equiv of PLP and cysteine (Figure 5) and the
the conclusion that during catalysis the (4Fe-4S) center wasrather good correlation between both activities (Table 1).
preserved while the (2Fe-2S) cluster was destroyed. With Unfortunately, one must note that the PLP/cysteine combina-
this hypothesis that a cluster would be the species donatingtion does not by itself provide the conditions for multiple
sulfur to the substrate, a two-cluster model is more attractive turnovers, since, again, the reaction leveled off after forma-
than a one-cluster one. Indeed, in the latter, BioB would be tion of ~1 nmol/nmol of monomer. Furthermore, the origin
fully inactivated after each turnover for both AdoMet of the residual activity in the absence of PLP is unclear at
reductive cleavage and sulfur transfer. On the other hand,that stage.
in both scenarios, the enzyme needs to be reconstituted for We recently found that in addition to the three cysteines,
multiple turnovers. Since, in general, no more than 1 mol of namely, Cys53, Cys57, and Cys60, of the CXXXCXXC
biotin can be formed per mole of BioB monomer in vitro, sequence specific for the enzymes of the radical-SAM family
one still wonders whether BioB is a reactant or requires still (13), BioB from E. colirequires, to be active, Cys97, Cys128,
unidentified specific reactivating machinery which is still and Cys188§). The first three have been shown to provide
unknown. the ligands to the (4Fe-4S) centd).(Since mutations at
On the basis of the results reported here, we propose athe three last cysteines resulted in proteins with the ability
novel scenario in which an unanticipated activity of biotin to assemble a (4Fe-4S) center with both spectroscopic
synthase would play an essential role during sulfur transfer. features comparable to those of wild-type BioB and good
Here we show for the first time that biotin synthase displays activity during AdoMet reductolysis, they were excluded as
a significant cysteine desulfurase activity in the presence of ligands to that cluster, leaving thus open the question of the
DTT: it has an intrinsic ability to mobilize the sulfur atom nature of the fourth ligand8j. Now we show that Cys97
from cysteine by catalyzing the conversion of free cysteine and Cys128 are critical to the cysteine desulfurase activity
into alanine and free sulfur, with-cysteine and nob- of BioB since replacement with an alanine resulted in a
cysteine being a substrate. Contamination by the potentdrastic impairment of that activity. It is tempting to suggest
cysteine desulfurase IscS is excluded since BioB preparationghat one of these two cysteines is the site of the intermediate
from ankE. coli strain lacking an active IscS displayed similar persulfide. It is too early to tell what the exact function of
activities. Like all cysteine desulfurases reported so far, this the second cysteine is, but one possibility is that it participates
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Ficure 6: Proposed mechanisms for the persulfide-mediated
formation of biotin.

in the liberation of the sulfur atom from the persulfide,
resulting in the formation of a disulfide bridge between
Cys97 and Cys128. A similar combination of two cysteines

has been suggested during another biological sulfur transfer

reaction involving transient persulfide and a disulfide bridge,
namely, the last step of 4-thiouridine synthesis catalyzed by
Thil (37). In our case, a similar mechanism would imply an
effect of the mutations more drastic than that observed here
unless both cysteines have the potential to generate
persulfide. More experiments are needed to understand th
specific function of Cys97 and Cys128. The function of
Cys188, which is fully conserved, remains to be identified.
The discovery of a PLP-dependent cysteine desulfurase
activity for biotin synthase leads us to propose a new
mechanism for biotin production shown in Figure 6. In the
first step, the (4Fe-4S) cluster catalyzes the one-electron
reduction of AdoMet by reduced flavodoxin. The resulting
cleavage of AdoMet gives rise to methionine and the 5
deoxyadenosyl radical which subsequently abstracts one H
atom at position 6 or 9 of dethiobiotin (DTB). In a second
step, sulfur transfer from cysteine to the substrate radical
proceeds through the intermediate formation of a reactive
protein-bound persulfide species at Cys97 or Cys128. In this
mechanism, the persulfide would serve, with the collabora-
tion of a second cysteine, as a species directly donating a
sulfur atom to the radical. This is clearly inconsistent with
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the suggestion by Ugulava et al. that an ir@ulfur center

is the sulfur donorX0, 11). Nevertheless, the BioB prepara-
tion used in this study and lacking a second (2Fe-2S) cluster
displays, in the presence of PLP and cysteine and with no
additional iron and sulfide, reasonable enzyme activities
(Figure 5). A second possibility is that persulfides would be
intermediates during synthesis in the same polypeptide of a
(2Fe-2S) cluster which then would give its sulfur atoms to
the radical (Figure 6). There is an increasing amount of
evidence that persulfides are intermediates during biosyn-
thesis of iron-sulfur clusters38—40). However, in general,

the cysteine desulfurase protein is different from the iron
sulfur protein, and sulfur transfer between the two proteins
proceeds by persulfide exchange from the cysteine of the
first protein to a cysteine of the second one. A well-studied
example is the process of cluster synthesis in IscU mediated
by IscS, both proteins belonging to the ISC operon involved
in iron—sulfur cluster assembly}Q). This mechanism would

be much more consistent with Ugulava’s proposhD)(
However, it raises the question of the origin of the iron
needed to make an additional (2Fe-2S) center in our assay
and would thus suggest that a significant part of the (4Fe-
4S) center as well as iron impurities would be mobilized for
that purpose, which we find to be rather unlikely. Further
experiments are clearly needed to find out how to reconcile
these seemingly divergent observations. Nevertheless, our
results suggest that sulfur insertion into biotin follows the
general persulfide-dependent mechanism operating in the
biosynthesis of other sulfur-containing compounds) (

As BioB behaves as a very versatile system with at least
three different activities (AdoMet reduction, cysteine de-
sulfuration, and biotin synthesis), it is likely that a complex
and novel chemistry, involving free radicals, persulfides, and
iron—sulfur clusters, is operating. More experiments are
needed to address, in addition to those mentioned above, the
problems of sluggishness and the apparent inactivation of
the enzyme.

ACKNOWLEDGMENT

We are grateful to Peter Roach (Southampton, U.K.) for
providing E. coli strains expressing wild-type and mutant
BioB, to D. Dean (Blacksburg, VA) for providing. coli
CL100 strain, to J. Gagnon and J. P. Andrieu (LCM, IBS,

‘Grenoble, France) for amino acid measurements, and to C.
4 ebrun (SCIB-DRFMC, CEA-Grenoble, Grenoble, France)
Sor ESMS analysis.

REFERENCES

1. Marquet, A., Tse Sum Bui, B., and Florentin, D. (2004jam.
Horm. 61, 51—-85.

2. Sanyal, I., Cohen, G., and Flint, D. H. (19%ipchemistry 33
3625-3631.

3. Birch, O. M., Furhmann, M., and Shaw, N. M. (199%)Biol.
Chem. 27019158-19165.

4. Duin, E. C., Lafferty, M. E., Crouse, B. R., Allen, R. M., Sanyal,
I., Flint, D. H., and Johnson, M. K. (199Biochemistry 36
11811-11820.

5. Hewitson, K. S., Baldwin, J. E., Shaw, N. M., and Roach, P. L.
(2000) FEBS Lett. 466372—376.

6. Mclver, L., Baxter, R. L., and Campopiano, D. J. (2000Biol.
Chem. 27513888-13894.

7. Ollagnier-de Choudens, S., Sanakis, Y., Hewitson, K. S., Roach,

P., Baldwin, J. E., Mock, E., and Fontecave, M. (2000)
Biochemistry 394165-4173.



9152 Biochemistry, Vol. 41, No. 29, 2002

8.

10.
11.
12.
13.
14.
15.
16.
. Ollagnier-de Choudens, S., Sanakis, Y., Hewitson, K., Roach, P.,
18.
19.
20.
21.
22.
23.
24.

Hewitson, K., Ollagnier-de Choudens, S., Sanakis, Y., Shaw, N.
M., Baldwin, J. E., Munck, E., Roach, P. L., and Fontecave, M.
(2002)J. Biol. Inorg. Chem. 783—93.

. Ugulava, N. B., Gibney, B. R., and Jarrett, J. T. (20B@chem-

istry 39, 5206-5214.

Ugulava, N. B., Sacanell, C. J., and Jarrett, J. T. (2001)
Biochemistry 408352-8358.

Ugulava, N. B., Gibney, B. R., and Jarrett, J. T. (20Bibchem-
istry 40, 8343-8351.

Sanyal, I., Gibson, K. J., and Flint, D. H. (199%ch. Biochem.
Biophys. 32648—56.

Sofia, H. J., Chen, G., Hetzler, B. G., Reyes-Spindola, J. F., and
Miller, N. E. (2001)Nucleic Acids Res. 290971106.

Cheek, J., and Broderick, J. B. (20Q1)Biol. Inorg. Chem®,
209-226.

Fontecave, M., Mulliez, E., and Ollagnier-de Choudens, S. (2001)
Curr. Opin. Chem. Biol. 5506-511.

Frey, P. A. (2001Annu. Re. Biochem. 70121-148.

Minck, E., and Fontecave, M. (2002)Biol. Chem. 27713449~
13454.

Escalettes, F., Florentin, D., Tse Sum Bui, B., Lesage, D., and
Marquet, A. (1999)]. Am. Chem. Soc. 128571-3578.

DeMoll, E., and Shive, W. (1983Biochem. Biophys. Res.
Commun 110, 243-249.

Florentin, D., Tse Sum Bui, B., Marquet, A., Ohshiro, T., and
Izumi, Y. (1994)C. R. Acad. Sci., Ser. Ill 31485-488.

Tse Sum Bui, B., Florentin, D., Fournier, F., Ploux, O., Mejan,
A., and Marquet, A. (1998FEBS Lett. 440226-230.

Tse Sum Bui, B., Escalettes, F., Chottard, G., Florentin, D., and
Marquet, A. (2000)Eur. J. Biochem. 2672688-2694.

Ashton, W. T., Brown, R., and Tolman, R. L. (198Heterocycl.
Chem. 15489-491.

Lauhon, C. T., and Kambampati, R. (20Q0)Biol. Chem. 275
20096-20103.

25.

26.

27

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ollagnier-de-Choudens et al.

Takana, M., Izumi, Y., and Yamada, H. (198%) Microbiol.
Methods 6 237—246.
Moore, A. T., and Stein, W. H. (1968)ethods Enzymol.,@&19.

. Bradford, M. M. (1976)Anal. Biochem. 72248-254.
28.
29.
30.
31

Fish, W. W. (1988Methods Enzymol. 15857—364.

Beinert, H. (1983Anal. Biochem. 131373-378.

Wada, H., and Snell, E. (19631) Biol. Chem. 2362089-2095.
Zheng, L., White, R. H., Cash, V. L., and Dean, D. R. (1994)
Biochemistry 334714-4720.

Zheng, L., Cash, V. L., Flint, D. H., and Dean, D. R. (1998)
Biol. Chem. 27313264-13272.

Chen, D., and Frey, P. A. (200B)ochemistry 40596-602.
Mgean, A., Tse Sum Bui, B., Florentin, D., Ploux, O., lzumi, Y.,
and Marquet, A. (1995Biochem. Biosphys. Res. Commun.,217
1231-1237.

Gibson, K. J., Pelletier, D. A., and Turner, |. M. (198pchem.
Biosphys. Res. Commun. 2%82-635.

Tse Sum Bui, B., Florentin, D., Marquet, A., Benda, R., and
Trautwein, A. X. (1999)FEBS Lett. 459411-414.

Mueller, E. G., Palenchar, P. M., and Buck, C. J. (2QDBiol.
Chem 276, 33588-33595.

Krebs, C., Agar, J. N., Smith, A. D., Frazzon, J., Dean, D. R.,
Huynh, B. H., and Johnson, M. K. (200Biochemistry 40
14069-14080.

Smith, A. D., Agar, J. N., Johnson, K. A., Frazzon, J., Amster, .
J., Dean, D. R., and Johnson, M. K. (20QL)Am. Chem. Soc.
123 11103-11104.

Urbina, H. D., Silberg, J. J., Hoff, K. G., and Vickery, L. E. (2001)
J. Biol. Chem. 27644521-44526.

Marquet, A. (2001Curr. Opin. Chem. Biol. 5541—549.

B10122011



