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In Escherichia coli, biotin synthase (bioB gene product) catalyzes the key step in the
biotin biosynthetic pathway, converting dethiobiotin (DTB) to biotin. Previous studies
have demonstrated that BioB is a homodimer and that each monomer contains an iron-
sulfur cluster. The purified BioB protein, however, does not catalyze the formation of
biotin in a conventional fashion. The sulfur atom in the iron-sulfur cluster or from the
cysteine residues in BioB have been suggested to act as the sulfur donor to form the
biotin molecule, and yet unidentified factors were also proposed to be required to regen-
erate the active enzyme. In order to understand the catalytic mechanism of BioB, we
employed an approach involving chemical modification and site-directed mutagenesis.
The properties of the modified and mutated BioB species were examined, including DTB
binding capability, biotin converting activity, and Fe?* content. From our studies, four
cysteine residues (Cys 53, 57, 60, and 97) were assigned as the ligands of the iron-sulfur
cluster, and Cys to Ala mutations completely abolished biotin formation activity. Two
other cysteine residues (Cys 128 and 188) were found to be involved mainly in DTB bind-
ing. The tryptophan and histidine residues were suggested to be involved in DTB bind-
ing and dimer formation, respectively. The present study also reveals that the iron-
sulfur cluster with its ligands are the key components in the formation of the DTB bind-
ing site. Based on the current results, a refined model for the reaction mechanism of

biotin synthase is proposed.

Key words: biotin synthase, chemical modification, iron-sulfur cluster, site-directed

mutagenesis.

The witamin biotin is an essential factor for carboxylase-
catalyzed reactions in all living cells (I). The biotin biosyn-
thetic pathway in bacteria, especially that in Escherichia
colt and Bacdlus sphericus, has been thoroughly investi-
gated. The biosynthetic pathway from pimeloyl-CoA to bio-
tin is catalyzed by the product of the bicABFCD operon (2-
6). However, the steps leading to the formation of pimeloyl-
CoA in E. coli are still unclear. Transcription of the biotin
operon is divergent from a single regulatory region between
the bioA and bi0B gene. The biotin repressor (also functions
as biotin-protein ligase, encoded by the birA gene, located
separately from the biotin operon), working together with
its co-repressor biotinyl 5-adenylate, binds to the operator
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and represses transcription in both directions (7-10)

Biotin synthase (BioB), the bioB product, has been pro-
posed to catalyze the last step in the biosynthetic pathway,
converting dethiobiotin (DTB) to biotin. This step catalyzes
the chemically difficult reaction involving the insertion of a
sulfur atom between the unactivated methyl and methyl-
ene carbon atoms adjacent to the imidazole ring of DTB to
form the thiolane ring of the vitamin biotin (Scheme 1). In
order to understand the mechanism of this step, several
groups have purified BioB and examined its properties.
Naftive gel electrophoresis and gel filtration data have sug-
gested that the protein is a dimer (11). Spectroscopic analy-
s18 has indicated that there is one iron-sulfur cluster per
protein monomer. Several forms of the iron-sulfur cluster
have been detected, including [2Fe-2S] and [4Fe4S], with
different statuses of spin and oxidation potential of the iron
(12, 13). The current hypothesis favors the presence of a
reduced [4Fe-4S)** cluster in BioB as a bio-reactive form
(14). A CxxxCxxC motif present at amino acid positions 53
to 60 of BioB has been suggested to be involved in the coor-
dination of the [4Fe-4S)* cluster (15).

The BioB protein alone cannot carry out biotin formation
activity. A number of factors have been shown to be neces-
sary to facilitate the reaction, including flavodoxin, ferre-
doxin NADP* reductase, MioC, and yet unidentified
proteins (11, 16, 17, 32). Several small molecular weight
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factors, such as NADP+, NADPH, FAD, fructose 1,6-bis-
phosphate, other than DTB have been suggested to stimu-
late biotin synthesis in cell free extracts (16, 18). Critical
roles of Fe?*, S-adenosylmethionine (AdoMet) and an uni-
dentified enzyme in addition to the bioB product are also
thought to be obligatory for the conversion of DTB to biotin
(16, 18, 19). Furthermore, a labile low molecular weight
product of the 7,8-diaminopelagonic acid transferase (bioA
product) has been reported to stimulate the rate of biotin
formation in the defined biotin synthase reaction mixture
and increase the final amount of biotin formed by threefold
(16).

The sulfur donor for dethiobiotin is another unsettled
problem. AdoMet probably initiates the reaction by
abstracting an electron from the C-9 of dethiobiotin, thus
formung a radical. This radical would then capture a sulfur
atom, probably from a nearby cysteine (17, 20). However,
the Fe*S-reconstituted BioB is also able to incorporate S
into biotin (21). Accessory proteins such as NifS from A
vinelandu have been demonstrated to mediate the reconsti-
tution of the iron-sulfur center in the BioB apo-protein
using cysteine as the sulfur donor (22). A general scheme
has therefore emerged that the sulfur for biotin is abstract-
ed directly from BioB, which then needs to be regenerated
by enzymes such as NifS using an outside sulfur-provider
such as cysteine. Some unidentified accessory enzymes
must be present since NifS is unable to regenerate BioB
more than once (22).

Understanding the structure—function relationship of
biotin synthase is essential to unravel the complex molecu-
lar mechanism leading to the conversion of dethiobiotin to
biotin. In the present study, the E coli bioB gene was over-
expressed in E. coli and purified using the QIAexpress
expression and purification system. Chemical modifica-
tions, site-directed mutagenesis, and then enzyme struc-
ture and activity assays were performed to examine the
protein structure—function relationship. Here we present
results that suggest the identification of the amino acid res-
idues in BioB that serve as the ligands for the iron-sulfur
cluster and DTB binding.

MATERIALS AND METHODS

All chemicals were of reagent grade and used without fur-
ther purification The restriction enzymes and the pfu DNA
polymerase for the polymerase chain reaction were obtain-
ed from Boehringer Mannheim (Germany). [a-*S]dATP
(>1,000 Ci/mmol) was purchased from Amersham (USA).
Bacterwal Strains and Plasmids—The strains used in the
study include R901 (SmF®, dbio) (4) for bioassay, CJ236
(ung dut thi-1 relAl pCJ105[CamF]) for site-directed mu-
tagenesis (23), JM101 (SupE thi Alac-preAB] FltraD36
praAB lacl? lacZAM15]) for mutagenesis and cloning. Plas-
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mid pEC30 carrying the bi.cABFCD genes of E. colt K-12
was constructed as described previously (4). The pQE30
expression vector and Ni-NTA columns were purchased
from QIAGEN Inc (USA).

QOuerexpression and Purification of Biotin Synthase—The
BioB gene coding for E colt biotin synthase was amplified
from pEC30 (4) using a polymerase chain reaction and sub-
cloned into the expression vector pQE30 (Qiagen). To facili-
tate purification, an oligonucleotide sequence containing six
histidine residues was engineered at the 5" end of the Bio B
gene. The plasmid, named pQE30-BioB, was transformed
into the biotin operon-deficient strain R901 and mcubated
on a minimal plate supplemented with the biotin precursor
DTB (final concentration 50 ng/ml) and a tetrazolium chlo-
ride indicator (0.004%). Colonies that could express suffi-
cient amounts of biotin turned red. The plasmids from the
red colonies were recovered and transformed into JM101
and cultured 1n LB (per liter contains : 10 g tryptone, 10 g
NaCl and 5 g yeast extract) with 25 pg/ml kanamycin and
100 pg/ml ampicillin, and agitated at 160 rpm. Five millih-
ters of the overnight culture was innoculated into 500 ml of
fresh LB medium with antibiotics and agitated at 160 rpm,
overnight at 37°C. The overmight culture (500 ml) was then
innoculated into 2.5 liters of prewarmed LB medium with
both antibiotics and incubated at 37°C with agitation at
100 rpm for 2 h until the OD,,, reached approx. 0.7 Induc-
tion was then imtiated and continued for 4 h after the addi-
tion of 2 mM IPTG. The cells were harvested, washed with
buffer A [25 mM Tris-HC1, pH 7.5, 2 mM Na,EDTA, 1 mM
dethiothreitol, 15% (w/w) glycerol], and lysed using a
French press.

To purify the BioB protein, 10 ml of Ni-NTA agarose
resin (Qiagen) was packed in a BioRad column (1.5 x 6 cm)
and equilibrated with buffer A. The lysate was applied to
the column at a rate of 0.5 ml/min. Bound BioB appeared
as a red-brown protein band retained in the column. The
column was washed with 100 ml of buffer B (same as buffer
A, except the pH was adjusted to 6.0) at approx. 1.5 ml/
min. BioB was eluted with a gradient of 0 to 0.5 M imida-
zole in 30 ml buffer A at 0 8 ml/min. The purified protein
was concentrated by passing it through a centricon column
(30 kDa size, AMICOM) and then flash frozen and stored at
~70°C m 20% v/v glycerol. The protein concentration was
determined by the Lowry reaction (24).

SDS-PAGE and Non-Denaturing Gel Electrophoresis
Analysis—SDS-PAGE analysis was performed (25) and the
protein bands visualized with Coomassie Brilliant Blue.
Discontinuous alkaline non-denaturing polyacrylamide gel
electrophoresis (26) was used to analyze the dimer form of
biotin synthase. A 10% separating gel (acrylamide:bisacry-
lamide = 30.1; 236.75 mM Tris, pH 8.5) and 4.8% stacking
gel (4.8% acrylamide, 39.5 mM Tris, 0.064 N Na,HPO,, pH
6.9) was cast and the samples were dissolved in 1/10 10x
sucrose buffer (50% sucrose, 0.1% bromophenol blue). The
buffer pH in the upper and lower tanks for the electro-
phoresis was 8.9 (37.6 mM Tris, 40 mM glycine) and 7.5 (63
mM Tris, 50 mM HC1), respectively. After electrophoresis,
the gel was processed as in the case of SDS-PAGE.

Buoassay for Bwtin Synthase Actwity—Purified biotin
synthase can convert DTB to biotin only in the presence of
unidentafied cellular cofactors. Therefore, biotin synthase
activity was assayed with the addition of cellular compo-
nent(s) from a bio-operon deficient strain R901. The quan-
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tity of biotin synthesized 1s proportional to the ability to
support R901 growth (27). To prepare the biotin-free cellu-
lar fraction, R901 were cultured in minimal medium con-
taining 20 pg/ml biotin until the ODg,, reached 0.8 (about
36 h). Cells were washed three times with buffer A at 4°C
and resuspended 1n buffer A (5 ml/g cells), then lysed with
a French press. Debris was removed by centrifugation at
150,000 xg, at 4°C for 1 h. The cytosolic fraction was dia-
lyzed four times against 1,000 volumes of buffer A using
MWCO 4000 tubing. The dialyzed lysate was then passed
through a 30 kDa centricon filter (Amicon) and the molecu-
lar mass fraction smaller than 30 kDa was used as a sup-
plement in the biotin synthase assay.

To perform the assay, 7.5 pg of purified hiotin synthase
was added to 1 ml (final volume) of reaction mixture con-
taining the previously described cellular fraction, 10 uM
NADPH, 50 uM DTB, and 25 mM Tris-Cl, pH 7.5. For a
standard reaction, the mixture was incubated at 37°C for
30 min. Then the reaction mixture was mixed with R901
(fresh 24 h culture, washed three times with minimal medi-
um and adjusted to 5 x 10° cells/ml) for 30 min at 37°C.
This mixture was plated on the minimal plate and the
number of colonies was counted after 2-3 days incubation
at 37°C. The quantity of biotin synthesized was estimated
from the standard curve obtamned with known biotin con-
centrations under the same conditions.

DTB Binding Assay—The ability of BioB to bind the sub-
strate DTB was assayed by a molecular sieve and the
amount of bound DTB was measured by the competitive
ELISA method (28). In brief, the BioB protein (0.2 uM, 7.5
wg per reaction) was mixed with DTB (50 pM) in a total
volume of 1 ml and incubated for 30 min at 37°C. It 1s to be
noticed that no cytosolic fraction is needed for this assay
The bound DTB was separated from the free DTB by gel
filtration (3 ml Sephadex G-25 coarse, Pharmacia). The
void volume was collected and incubated at 50°C for 10 min
to dissociate DTB from BioB The DTB concentration was
then measured as described (28).

TABLE 1 Chemical agents for modification.
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Measurement of the Fe?* Content un BioB by 1,10-Phenan-
throline—The compound 1,10-phenanthroline is highly re-
active with Fe?, forming a red-brown colored complex with
a characteristic absorbance at 512 nm (29). To measure the
Fe?* content in BioB, purified BioB (500 pg) was incubated
with 1 mM 1,10-phenanthroline (1 M stock in ethanol) at
room temperature for 10 min in a final volume of 1 ml and
the mixture was subjected to spectrophotometric analysis
at 512 nm. Linear relationships between the concentration
of the Fe?*-phenanthroline complex and Fe?* concentration
from 1 to 80 uM were observed. To examine whether 1,10-
phenanthroline removes Fe* from BioB, BioB (1 mg 1n 1 ml
25 mM Tris-HC1, pH 7.5) was reacted with 1 mM 1,10-
phenanthroline at room temperature for 10 min. The mix-
tures were fractionated (or a 3 ml Sephadex G-50 column,
Pharmacia) and collected (each 05 ml, 20 fractions), and
the absorbance of each fraction was analyzed at 512 and
275 nm (for protein concentration determination).

Chemuical Modification of BioB—To modify the cysteine
residues, purified BioB protein (0.2 nmol) was incubated
with 0.5 to 20 mM DTNB (5,5-dithiobis[2-mtrobenzoic
acid], 1 M stock solution) in a volume of 20 pl at 37°C for 0
to 30 mun. The reaction was stopped by rapidly diluting the
mixture to 1 ml with the bioassay mixture, and the bioas-
say was conducted to determine the modified enzyme activ-
ities. Modifications by NBS (N-bromosuccimnude), DEPC
(diethylpyrocarbonate), PLP (pyridoxal 5-phosphate),
BNPS-skatole [24(2-nitrophenylsulfonyl)-3-methyl-3-bromo-
indolenine-skatole], and phenylglyoxal were performed in a
similar fashion (30) under the conditions hsted in Table 1.
The control reactions for each chemical modification were
performed using the chemical agents at the concentration
after rapid dilution. The experimental data (as shown in
Table II) represent the results normalized to control condi-
tions.

Sute-Directed Mutagenesis of BioB Protein—Oligonucle-
otide-directed mutagenesis was used to generate the Cys to
Ala mutation (23). In bref, the bioB gene on plasmid

Chemical agent Target Reaction conditions Stock
DTNB Cys 10 mM, 37°C, 30 min 1M

NBS Trp, Tyr, His 10 mM, 37°C, 30 min, 1n the dark 1M

BNPS—skatole Trp 10 mM, 37°C, 30 min 1 M in 25% acetic acid
DEPC His 10 mM, 4°C, 45 mun, using enterokinase treated BioB 1 M 1n absolute ethanol
PLP Lys, Arg 37°C, 30 mun, 1n the dark 250 mM

Phenylglyoxal Arg, Gly 37°C, 30 min, 1n the dark 250 mM

TABLE II. Effects of chemical modifications on the catalytic activity, DTB binding, and dimer formation of BioB.

DTB pre-incubation NADPH pre-incubation Dimer
Chemical agent BioB Modified BioB 5 M 50 oM 5 M 10 oM formation
DTNB Activity %* 100 2.40 1667+11 7796 £ 098 1114 £0.78 1037+ 047 Not
DTB binding® 94110 105:011 1015+ 056 - - affected
Activity % 100 0 028+015 038+ 006 2870 £+ 0.15 4881 + 2 31° "
NBS DTB binding 940110 0 - - 841026 Desraded
DEPC Activity % 9815+ 170 9.40 73x15 T7+£23 421 +£235 545+ 326 No dimer
DTB binding 940+110 11.15+064 - - - formation®
BNPS-skatole Activity % 9525+ 316 24 91 2563 +214 2618+264 27566 +314 2651+216 Not
DTB binding 940+ 1.10 2.4 1+ 0.16 - — 25+ 028 affected

*0.2 uM Bi1oB was used for a typical bicassay, and the activities of BioB 1n the solvent before and after modification were compared with
that of untreated BioB ®5.26 nmol of nickle-NTA column twice-punfied BioB was used for the assay. The amount of bound DTB is ex-
pressed 1n nmol. 20 pM NADPH. “Preincubation of BioB with NADPH protects BioB from being degraded and the BioB retains the dimer
form °Preincubation of BioB with NADPH retains the dimer form. 'The bar “-* represents no measurement.
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pQE30-BioB was subcloned into M13mpl8, and used to
infect E. coli CJ236. Single-stranded DNA containing
uridines afterward were purified from CJ236. Eight oligo-
nucleotide primers, each complementary to the ssDNA
template but containing 1 or 2 nucleotide substitutions in
order to change the codon of each Cys to Ala, were an-
nealed individually to the template, and the second strand
was synthesized by T4 DNA polymerase The double
stranded DNA was then transformed into JM101 and the
mutated DNA was recovered from the phage plaques. The
sites of mutation were confirmed by single-strand DNA
sequencing (31), and the correct clones were subcloned into
pQE30 to obtain mutant proteins.

RESULTS

Biological Activities of BioB—In order to study the mech-
anism of biotin synthase, E. coli bioB was first over-
expressed using the pQE gene expression system. A 6xHis
tag was engineered at the N-terminal of the protein to facil-
itate purification via a nickel-NTA column. One-step purifi-
cation achieved approx. 95% protein purity as judged by
Coomassie Billiant Blue staining of SDS-PAGE (data not
shown). The purified protein displayed an obvious red-
brownish color. The properties of the His-tagged protein
were very close to the tag-removed protein, mncluding the

A. 1 2 3 4 5 B 1 2 3
dumer ) (AN -
monomer » W

Biotin (ng/ml)

0 1 2 3 4 5

Time (min)

Fig 1 Non-denaturing PAGE analysis of the BioB protein. (A)
Time dependence of the conversion of the BioB dimer to monomer In
each reaction, 50 pg of gel-purified BioB dimer was incubated in
buffer A at-37°C for 0 min (lane 1), 5 min (lane 2), 15 min (lane 3), 30
min (lane 4), and 90 min (lane 5) (B) The dimerization of the BioB
monomer 1n the presence of various cofactors. Fifty micrograms of
gel-purified BioB monomer was incubated in buffer A (lane 1), with
E coli R901 cytosolic fraction (lane 2), and with 10 puM NADPH
(lane 3) for 20 min at 37°C The samples were then analyzed via non-
denaturing PAGE and processed as descnbed in “MATERIALS AND
METHODS.” Arrows indicate the respective monomer and dimer po-
sitions
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finding that the His-tagged BioB clone could complement
the growth defect of strain R901 as well as wild-type BioB
(data not shown). Therefore, we used the purified, tagged
protein for all of the following experiments unless stated
otherwise. The purified BioB was analyzed by non-denatur-
ing PAGE and two forms, monomer and dimer, in an
approx. 5 to 1 ratio, appeared. This result agrees with the
previous findings of several groups (11, 13). As shown in
Fig. 1A, the gel-purified dimer form was readily (within 10
min) transformed to the monomer form and remained in
the same 1:5 ratio as in the original purified status during
a 90-min incubation. However, the maximal conversion
ratio of gel-purified monomer to dimer was only enhanced
to approx. 20% by the addition of 10 pM NADPH or the
cytosolic fraction (Fig. 1B).

A sensitive bioassay was developed to determine the
biotin formation activity of BioB (27). The components n
our cell-free, semi-defined assay extracts were closest to the
assay conditions of Flint (/1) In this system, the purified
BioB (monomer:dimer = 5.1) converted a fixed amount of
DTB to biotin, and the reaction approached a maximum
rate after 1 min, despite wide variations in the concentra-
tion of the DTB (Fig 2). These results strongly suggest that
BioB 1s the hmiting factor in the assay and did not turn
over properly. The conversion ratio of DTB to biotin per
BioB monomer was calculated to be 0.2, and the turnover
number of BioB reached 13.89 h! in our assay system
using the first minute reaction in the calculation, consis-
tent with previous findings (20, 21).

Stowchiometric Binding of DTB with BioB—The DTB
binding assay was performed to determine the relationship
of BioB with DTB. The BioB protein was incubated with
DTB and then the bound and free DTB were separated via
a molecular sieve The amount of BioB-bound DTB was
assayed using a competitive ELISA method (28). Approx.
two DTB molecules per BioB monomer were detected
(Table II). To explore the BioB turnover problem, the DTB

Biotin (ng/ml)

Concentration (mM)

Fig 2. Dependence of substrate (DTB) concentration on the
formation of biotin. Bioassays were performed as described in
“MATERIALS AND METHODS” using 0.2 pM BioB protein, and
the reaction was stopped at the indicated times. In each reaction, 0.2
M BioB and 0 4 pM (2), 2 M (x), 10 pM (0), or 50 uM (o) of DTB
were used.
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binding ability of BioB was also examined after the bioas-
say The BioB was re-purified after the bioassay via the Ni-
NTA column and examined for DTB binding ability. No
DTB was found to bind to BioB at the end of the bicassay
(data not shown). In a control group, BioB purified twice
via the nickel column showed only a slight decline in its
DTB binding capacity. Therefore, the poor turnover rate of
BioB could be due to the loss of its DTB binding capacity
after reaction. It is conceivable that the substrate-binding
site of BioB might be altered significantly after biotin for-
mation. A possible structural change in the DTB binding
pocket and 1ts relationship to the iron-sulfur cluster of BioB
will be proposed 1n the “DISCUSSION.”

Amino Acid Residues Involved in the Buological Activities
of BioB—The amino acid restdues that play critical roles in
BioB function can be identified through chemical modifica-
tions. As listed in Table I, a panel of chemical agents was
chosen to modify different groups of amino acids. Each
chemically modified BioB was then examined for its ability
to catalyze biotin synthesis. Four chemical agents, includ-
ing DTNB, DEPC, NBS, and BNPS-skatole, had significant
mmpacts on the biotin formation activity of BioB BioB
treated with this group of agents displayed a time-depen-
dent and concentration-dependent loss of actavity (Fig. 3).
However, PLP and phenylglyoxal had no apparent effect
(data not shown). This implies that cysteine, histidine, tryp-
tophan, and possibly tyrosine are involved 1n the enzymatic

12

10

Biotin (ng/ml)

0 5 10 15 20 25 X
Time (min)
Fig 3. Effects of chemical modification on BioB activity. (A)
Concentration dependence of chemical modification. For each reac-
tion, 7.5 pg of BioB was incubated with DEPC (a), BNPS-skatole (0),
DTNB (), or NBS (o) for 30 min at the indicated concentration. (B)
Time dependence of chemical modification The above chemical
agents (10 mM) were used for the indicated times for the modifica-

tion reaction. The bioassays were then performed as descnbed 1n
“MATERIALS AND METHODS.”
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activity of BioB, and that arginine, lysine and glycine are
apparently not important for BioB function.

The DTB binding assay and non-denaturing PAGE were
also performed to investigate the functional and structural
changes in BioB after chemical modification. Upon treating
BioB with DTNB, an agent that reacts specifically with cys-
teine, the BioB retained its dimer form but lost its DTB
binding capacity (Table II). Interestingly, incubating BioB
with DTB prior to DTNB treatment protected BioB from
the loss of biotin formation activity and DTB binding capac-
1ty (Table II). Factors such as NADPH and the E. coli cyto-
solic fraction did not alter the effect of DTNB (Table II and
data not shown). These results suggest that certain cys-
teine residue(s) are very close to the DTB binding pocket of
BioB and possibly participate in DTB binding; however,
cysteine residues are probably not involved in dimer forma-
tion.

Similar experimental strategies were employed to ana-
lyze the effects of NBS, DEPC and BNPS-skatole. From the
results summarized in Table II, the following conclusions
can be drawn. First, amino acid residues (Trp, Tyr, and/or
His) modified by NBS are involved in both dimer formation
and DTB binding. Second, some histidine residues are
mnvolved in BioB dimer formation, and NADPH might be
able to stabilize the dimer conformation The data also
reveal that the loss of the dimer form is not the only factor
responsible for the loss of biotin formation activity of BioB,
since only 50% activity was detected in the NADPH protec-
tion experiment in which the dimer form was 1dentical to
that of the untreated proten. Finally, tryptophan residue(s)
might be not involved in dimer formation but are associ-
ated with DTB binding. Trp could be accessed by BNPS-
skatole even when the DTB binding site was occupied.
Modifying this tryptophan residue before conducting the

0 2 4 6 8 10 12
Bution volume (rmi)

Fig 4 Association of the Fe* chelator (1,10-phenanthroline)
with BioB. One milligram of BioB was incubated wath 1 mM 1,10-
phenanthrohine 1n Tns buffer (26 mM, pH 7 5) at room temperature
for 10 min, and then the mixture was fractionated by gel filtration
(G-25 coarse column) Fractions were measured at 512 nm (o) and
275 nm (o) For the control, FeCl, complexed with 1,10-phenanthro-
line (a, 512 nm)

TABLE III The effect of the iron chelator 1,10-phenanthroline on BioB.

DTB preincubation

NADPH preincubation Fe** compensation

B .
10B Modified BioB 50 M 100 oM 10 .M 20 M 50 uM 500 oM
Activity % 98 6 0.12 5503 70 04 101 121 20.7 75.4
DTB binding® (nmol) 9.40 + 1.10 0 855+ 056 - - - 7 65+1.85 -
0D,,, %* 0 100 47.5 307 96 9 100 3 - -

*5.26 nmol of BioB punfied twice on a Ni-NTA column was used for the assay. "The absorbance measured at 512 nm was normalized to the
value obtained for modified BioB (treated with 10 uM 1,10-phenanthroline). “The bar “-“ represents no measurement.
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TABLE IV. Properties of BioB cysteine mutants.

633

Wild-type C53A C57A C60A C97A C128A C188A C276A C288A
Activity % 100 0 0 0 0 200 440 98.6 96 8
DTB binding (nmol)* 056 039 041 037 0.42 0.168 0214 0.54 057
Fe?* content %* 100 4112 5451 45 26 55 39 98 23 96 15 96 78 101 64

*0 27 nmol of BioB (calculated as monomer) was used for DTB binding assay. *500 g BioB and 10 mM 1,10-phenanthroline were used for

each measurement

TABLE V Protection of the iron-sulfur cluster of BioB by DTB.

BioB C53A C57A C60A C97A C128A C188A C276A C288A
0Dy, * 0171 0253 0321 0282 0330 0439 0493 0.167 0169
OD,,, 0.684 0273 0 342 0307 0.376 0676 0658 0.668 0 669
Protection® 75 732 614 814 12 23 35 06 25.08 75 74.74

*ODj,, of BioB (500 pg) preincubated with 100 uM DTB then with 10 pM 1,10-phenanthroline. *Protection percentage was calculated as (1-

OD,,;*/0D,,,) x 100%

DTB binding assay would block the entrance of DTB.

Iron-Sulfur Cluster Is Involved in DTB Binding—From
sequence comparison, UV-visible spectroscopy and EPR
studies, BioB has been demonstrated to be an ron-sulfur
cluster protein (11-13). We used a strong Fe® chelator,
1,10-phenanthroline, to investigate the relationship of the
iron-sulfur cluster with BioB function. Coordination of Fe?*
with 1,10-phenanthroline produces a characteristic red-
brown color, and the concentration of the complex is propor-
tional to the absorbance measured at 512 nm. The addition
of 1,10-phenanthnroline at a very low concentration (10
pM) almost abolishes the biotin formation activity of BioB
within 30 seconds (Table III). The BioB activity can be
reconstituted to approx. 75% by supplementation with 500
pM of FeCl, after chelation. BioB loses 1its DTB binding
capability after treatment with 1,10-phenanthroline; how-
ever, this effect can be compensated for by pre-incubation of
BioB with DTB before treatment (Table IIT). This may indi-
cate that the iron is removed by 1,10-phenanthroline, and,
therefore, the loss of the iron-sulfur cluster is responsible
for the loss of activity; aternatively, 1,10-phenanthroline
may actually block DTB from occupying the substrate-bind-
ing site.

The above two hypotheses can be clarified using a molec-
ular sieve method. After reacting BioB with 1,10-phenan-
throline, the reaction mixture was passed through a G-25
Sephadex column. If 1,10-phenanthroline chelates the iron
out of the protein and forms a small iron-phenanthroline
complex, 1t should be trapped in the column matrix and
eluted later. However, as shown 1in Fig. 4, the results clearly
indicate that 1,10-phenanthroline stays in the protein com-
plex, demonstrating that the iron-sulfur cluster of BioB
participates in DTB binding. The affinity of the iron(s) for
the sulfur atoms in the protein must be higher than its
affinity for 1,10-phenanthroline. Probably the K, is less
than 107, as suggested (33), and a 1,10-phenanthroline-
iron-sulfur complex may be formed.

The Role of Cysteine Residues in BioB—There are eight
cysteine residues (at positions 53, 57, 60, 97, 128, 188, 276,
and 288) in the BioB sequence of E. colt (Fig. 5). In an
attempt to assign the function of each cysteine, we em-
ployed site-directed mutagenesis to replace each cysteine
with alanine. Eight mutant proteins were generated and
all could be expressed to a similar extent. For each mutant
protein, the biotin formation activity, DTB binding ability,
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and Fe? content were examined. Among these mutants,
C53A, C57A, C60A plus C97A completely lost their biotin
formation activity (Table IV). Cysteine residues at the posi-
tions 53, 57, and 60 have been assigned as the ligands for
the iron-sulfur cluster (15, 34), here we propose that the
cysteine at position 97 is the fourth ligand The data
obtained with the C97A mutant displayed all the same
characteristics as C53A, C57A, and C60A in retaining
approx. 70% of DTB binding capacity, and 50% of FeZ* con-
tent as estimated by 1,10-phenanthroline chelation (Table
IV) and the loss of the brown-colored appearance These
findings suggest that when one 1ron ligand is lost, the
microstructure of the DTB binding site is somehow main-
tained. The decrease in the 1ron content of these mutants
might reflect the easier exchange of iron(s) with the envi-
ronment upon the loss of one ligand. This supports our
finding that the affinity of iron for the higands is so high,
that when one ligand suffers a mutation, the remaimng
ligands are sufficient to hold the iron-sulfur cluster and,
therefore, maintain the local structure. Although the four
mutants retain 70% DTB binding capacty, the DTB in
these mutants fails to compete with 1,10-phenanthroline
(Table V). Again, this result supports evidence that the
iron-sulfur cluster and the ligands in the cluster are the
key components for DTB binding.

The other two cysteine mutants, C128A and C188A,
show decreased biotin converting activity and DTB binding
ability (Table IV), and the percentages of the activity loss
are roughly proportional to the decrease in DTB binding.
The Fe** contents in this mutants are close to that of the
wild type protein, and incubation with DTB prior 1,10-
phenanthroline treatment provides only moderate protec-
tion against Fe? logs (Table V). Therefore, we conclude that
Cys128 and Cys188 are associated with DTB binding, but
probably do not participate in biotin conversion. This could
also explain the results of the C188S mutant described pre-
viously (15). The last two cysteine mutants, C276A and
C288A, were indistinguishable in every way from the wild-
type (Tables IV and V), indicating that these cysteine resi-
dues play no significant role in the enzymatic mechanism
of biotin synthase.

DISCUSSION
In this work, we employed chemucal modifications and site-
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directed mutagenesis to decipher the structure-and-func-
tion role of amino acid residues in BioB. Although the
chemical agents may not be very speafic for the target
amino acid residues, the site-directed mutation data recon-
firmed the experimental results unequivocally Based on
the results, cysteine residues at positions 53, 57, 60, and 97
were assigned as the ligands for the wron-sulfur cluster.
Cysteine residues at positions 53, 57, and 60 had been
assigned 1n the context of CxoxCxxC (Fig. 5, block A), a con-
served motif serving as three ligands for an iron-sulfur
cluster (11). Now we have identified Cys 97 as the fourth
ligand to form the stable coordination with the 1ron atoms
in a typical iron-sulfur cluster, both [2Fe-2S] or [4Fe-4S].
Although Cys97 18 not present in the BioB of M. jannaschu
(35), it is conserved among all other known BioB sequences,
and the amino acid sequence surrounding Cys97 also dis-
plays a consensus nature (Fig. 5, block B). It is possible
that in M. jannaschii, the serine residue at the position cor-
responding to Cys97 acts as one of the iron-sulfur cluster
hgands, as in the case of anaerobic ribonucleotide reduc-
tase, which is an iron-sulfur cluster containing enzyme and
uses a hydroxyl group as one of the iron ligands in iron-sul-
fur cluster (36).

The observation that BioB loses its DTB binding capacity
after catalyzing the formation of biotin provides some
insight into the current understanding of the BioB mecha-
nism. Two forms of iron-sulfur clusters, a reduced [4Fe-
4S]? form and an oxidized [2Fe-2S]?* form have been sug-
gested for BioB (12, 13). Evidence also revealed that BioB
accommodates the conversion of [2Fe-2S}* to [4Fe-4S]*
when reduced with dithionite (ibid). Our finding that two
DTB molecules bind to each native BioB monomer suggests
that the native BioB monomer is in its reduced [4Fe-4S}*
form, and may create an active site with more space (model
shown in Scheme 2). Upon converting DTB to biotin, the
two sulfur atoms in the [4Fe-4S}* cluster probably are
incorporated into each of the newly formed biotin mole-
cules, and the active site is oxidized simultaneously to [2Fe-
2S]%*. In this conformation, the space in the active site is
significantly less and can no longer accommodate DTB
binding. This model fits the current hypothesis that postu-
lates that the sulfur atom of biotin originates from the iron-
sulfur cluster in BioB (21). A more accurate measurement
of the change in iron content of BioB would provide further
support for this hypothesis. Other forms of the iron-sulfur
cluster, such as [3Fe4S]°® and [4Fe-4S]*, may also have
existed in our BioB preparations, and these would be able
to bind DTB, but be unable to convert DTB to biotin. This
could also explain the fewer than two biotin molecules
formed per BioB monomer in the bioassay. The ultimate

Scheme 2.

answer relies on detailed chemical analysis, including crys-
tallographic structures, to examine the BioB conformation
change before and after biotin formation.

Protein factors such as flavodoxin, ferredoxin NADP*
reductase, MioC, and NifS have been reported to be re-
quired to regenerate the reduced [4Fe-4S)* reaction center
of BioB in vitro, but the biotin synthase still does not be-
have as an enzyme and turn over efficiently. The number of
biotin molecules formed per BioB monomer, as calculated
from different i:n vitro assays, ranges from 0.2 to 15 (11, 16,
19). An unidentified factor could exist that allows BioB to
proceed with biotin formation 1n vitro. A fast turnover bio-
assay will be necessary to understand the components in-
volved in the biotin synthase holoenzyme and how biotin
synthase turns over in viva.

In the present study, similar chemical modification and
site-directed mutagenesis experiments were also performed
to examine the functional role of histidine and tryptophan
residues. The results indicate that some His residue(s) are
important in holding the dimer form of BioB, and that
Cys128 and Cys188 along with certain Trp residues are
possibly engaged in DTB binding Individua! His residues
(at positions 3, 31, 34, 106, and 152) and Trp residues (at
positions 7 and 102) were mutated and the preliminary
results reveal that the dimer conformation of BioB was
retained and the enzyme was able to complement the
growth defect in R901, a biotin operon deletion strain. Fur-
ther biochemical properties of this set of mutants are cur-
rently under investigation

We thank Miss Yu-Ron Hsu for technical assistance
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