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ABSTRACT: Biotin synthase, a member of the “radical SAM” family, catalyzes the final step of the biotin
biosynthetic pathway, namely, the insertion of a sulfur atom into dethiobiotin (DTB). The active form of
the enzyme contains two iron-sulfur clusters, a [4Fe-4S]2+ cluster liganded by Cys-53, Cys-57, and Cys-
60 and theS-adenosylmethionine (AdoMet or SAM) cosubstrate and a [2Fe-2S]2+ cluster liganded by
Cys-97, Cys-128, Cys-188, and Arg-260. Single-point mutation of each of these six conserved cysteines
produced inactive variants. In this work, mutants of other highly conserved residues from the Y150NHNLD
motif are described. They have properties similar to those of the wild-type enzyme with respect to their
cluster content and characteristics. For all of them, the as-isolated form, which contains an air-stable
[2Fe-2S]2+ center, can additionally accommodate an air-sensitive [4Fe-4S]2+ center which is generated
by incubation under anaerobic conditions with Fe2+ and S2-. Their spectroscopic properties are similar to
those of the wild type. However, they are inactive, except the mutant H152A that exhibits a weak activity.
We show that the mutants, inactive in producing biotin, are also unable to cleave AdoMet and to produce
the deoxyadenosyl radical (AdoCH2

•). In the case of H152A, a value of 5.5( 0.4 is found for the 5′-
deoxyadenosine (AdoCH3):biotin ratio, much higher than the value of 2.8( 0.3 usually observed with
the wild type. This reveals a greater contribution of the abortive process in which the AdoCH2

• radical is
quenched by hydrogen atoms from the protein or from some components of the system. Thus, in this
case, the coupling between the production of AdoCH2

• and its reaction with the hydrogen at C-6 and C-9
of DTB is less efficient than that in the wild type, probably because of geometry’s perturbation within the
active site.

Biotin synthase (BioB),1 which catalyzes the last step of
biotin biosynthesis (Scheme 1) (1-3), is a member of the
“radical SAM” superfamily (4).

This group of enzymes usesS-adenosylmethionine (SAM
or AdoMet) as a cofactor. Their main signature is the C-X3-
C-X2-C motif (Cys-53, Cys-57, and Cys-60 inEscherichia
coli biotin synthase) (4). It is now established that these
conserved cysteines are ligands to a [4Fe-4S]2+ cluster

present in all the already characterized enzymes which is
likely to be the case for the whole family. This appears
clearly in the recently determined crystal structures of four
members of the family (5-8), which also show that the
ligand of the fourth iron is AdoMet, coordinated by both its
carboxylate and amino groups. The role of this cluster is to
mediate, via flavodoxin (9) and flavodoxin reductase (10),
the one-electron transfer from NADPH to AdoMet. This
initiates its cleavage into methionine and a deoxyadenosyl
radical (AdoCH2

•) (11-13). The other conserved cysteines
of biotin synthase, Cys-97, Cys-128, and Cys-188, are ligands
to a [2Fe-2S]2+ center, which is specific to this enzyme.

A consistent mechanistic picture is now emerging for
biotin synthase (14, 15) (Scheme 2). The as-isolated enzyme
is a homodimer which contains the air-stable [2Fe-2S]2+

center (one cluster per monomer) (16-18). The air-sensitive
[4Fe-4S]2+ cluster is not present after aerobic purification,

† This research has been supported in part by the European
Community’s Human Potential Programme under Contract HPRN-CT-
2002-00244 (Viteomics). M.L. acknowledges the postdoctoral fellow-
ship provided by this contract.

* To whom correspondence should be addressed. Telephone:+33
1 44 27 31 13. Fax:+33 1 44 27 38 43. E-mail: marquet@ccr.jussieu.fr.

‡ We dedicate this paper to the memory of Anne Vidal-Cros.
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Scheme 1: Reaction Catalyzed by Biotin Synthase
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but it can be reconstituted in the as-isolated form of the
enzyme by incubation, under strictly anaerobic conditions,
with an excess of Fe2+ or Fe3+ and S2-, in the presence of
dithiothreitol (DTT) (19, 20). The presence of both [2Fe-
2S]2+ and [4Fe-4S]2+ centers is essential for activity (14,
15, 21). AdoCH2

• formed by the reduction of AdoMet
abstracts a hydrogen at C-9 of dethiobiotin (DTB), and the
resulting DTB• quenches a sulfur atom (22). Evidence of
the participation of the [2Fe-2S]2+ center as the sulfur donor,
to give an intermediate whose chemical nature is not yet
defined, exists (15, 17, 20). A second AdoCH2• is generated
from another AdoMet, producing a radical at C-6 of this
intermediate, resulting in the ring closure (22).

In previous studies, the conserved cysteines, Cys-53, Cys-
57, Cys-60, Cys-97, Cys-128, and Cys-188, have been
replaced either with alanine (23, 24) or with serine (25). Not
surprisingly, since these residues act as ligands for the
essential [Fe-S] clusters, all these mutants were inactive. The
discussion of their spectroscopic properties is not straight-
forward, according to what is now known about the
complexity of the iron-sulfur cluster system. Another highly
conserved region in BioB is the “Tyr-150/Asn-151/His-152/
Asn-153/Leu-154/Asp-155” sequence (YNHNLD) which is
also found in lipoyl synthase (LipA) (1) as “FNHNLE”
(residues 191-196 inE. coli). The crystal structure of biotin
synthase (6) shows that Asn-151, Asn-153, and Asp-155 have
their side chains oriented toward the active site, in a position
to form hydrogen bonds with either the substrate DTB or

the cosubstrate AdoMet. On the other hand, the side chains
of Tyr-150, His-152, and Leu-154 are oriented in the opposite
direction (Figure 1). In this study, we have mutated four
different amino acids of this motif (Asn-151, His-152, Asn-
153, and Asp-155) to Ala and characterized these variant
BioB enzymes. Among them, only His-152 does not seem

Scheme 2: Proposed Mechanism for the Formation of Biotin from DTB

FIGURE 1: View of DTB (carbons colored green) and SAM (carbons
colored violet) interacting with the residues of the Tyr-150/Asn-
151/His-152/Asn-153/Leu-154/Asp-155 (carbons colored salmon)
sequence in the active site: O, red; N, blue; S, yellow; and Fe,
brown. This figure was generated and rendered with PyMOL (26).
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to be in the position to form any hydrogen bond as it has
the side chain oriented away from the active site.

The mutant enzymes were characterized by iron analysis,
UV-visible, and circular dichroism (CD), and their activity
was determined. Although chromatographic profiles, CD
spectra, and [Fe-S] cluster reconstitution showed the enzymes
were highly similar to wild-type BioB, the mutants N151A,
N153A, and D155A were inactive in producing biotin, within
the microbiological test detection limit. The H152A mutant
exhibited an activity, but only approximately 10% of that of
the wild-type enzyme. For each mutant, including the inactive
ones, we examined if 5′-deoxyadenosine (AdoCH3) was
produced, since the mutation could affect any of the partial
reactions of the pathway, and AdoMet could be cleaved even
though no biotin was formed. AdoCH3 was detected for only
the active mutant (H152A) and not for the three others. An
AdoCH3:biotin ratio of 5.5( 0.4 was calculated for H152A,
showing a rate of consumption of the deoxyadenosyl radical
higher than that found for the wild-type protein (2.8( 0.3
mol of AdoCH3/mol of biotin). This probably reveals a
perturbation of the geometry within the active site.

MATERIALS AND METHODS

Materials. Chemicals were purchased either from Sigma-
Aldrich Chemical Co., VWR International, or Acros Organics
unless otherwise stated. AdoCH3 was synthesized in our
laboratory (11).

Strain and Plasmid. E. colistrain BL21(DE3)pLysS pJJ15-
4A overexpressing biotin synthase bearing a His6 tag at its
N-terminus (27, 28) was a generous gift from J. Jarrett
(University of Pennsylvania, Philadelphia, PA).

Construction of Mutants. Site-directed mutagenesis was
performed using the GeneEditor in vitro site-directed mu-
tagenesis system (Promega) for the N151A and N153A
mutations and QuickChange site-directed mutagenesis kit
(Stratagene) for the H152A and D155A mutations. Oligo-
nucleotides for mutagenesis were purchased from Invitrogen.
All mutations were verified by DNA sequencing (MilleGen).
The asparagines from the YNHNLD sequence were mutated
individually to alanine. The GeneEditor protocol from
Promega was followed: the selection oligonucleotide (2.9
ng), encoding mutations that alter the ampicillin resistance
gene to create a new additional resistance to the GeneEditor
antibiotic selection mix, was annealed to wild-type plasmid
pJJ15-4A (approximately 2µg) at the same time as a
mutagenic oligonucleotide (14 ng), previously phosphory-
lated at the 5′ position. Subsequent elongation from the two
oligonucleotides and ligation followed to create a circular
new strand, and thenE. coli BMH 71-18 mutScompetent
cells were transformed with this plasmid. A second trans-
formation intoE. coli JM109 ensures segregation of mutant
and wild-type plasmids; a final transformation inE. coli
BL21(DE3)pLysS (Promega) was carried out for protein
expression: target primer for N151A, CGGGCTGGAT-
TACTACGCGCACAACCTGGACACC; target primer for
N153A, GATTACTACAACCACGCGCTGGACACCTCG-
CCG (mutations underlined).

His-152 and Asp-155 from the YNHNLD sequence were
also mutated to alanine; 125 ng of two complementary
oligonucleotides, each containing the desired mutation of a
single nucleotide, was thermocycled along with 50 ng of

wild-type plasmid pJJ15-4A, 1µL of dNTP mix, 5 µL of
reaction buffer, and 2.5 units ofPfuTurbo DNA polymerase
in a total volume of 50µL. The mixture was heated to 95
°C for 30 s, followed by 16 cycles of 95°C for 30 s, 55°C
for 1 min, and 68°C for 6 min, as suggested by the
QuickChange protocol. The resulting PCR mixture was
digested withDpnI to nick the original template plasmid.
Primers were constructed as follows: BioB H152A sense/
antisense primer pair, 5′-CTGGATTACTACAACGCCAAC-
CTGGACACCTC-3′/5′-GAGGTGTCCAGGTTGGCGTTG-
TAGTAATCCAG-3′; BioB D155A sense/antisense primer
pair, 5′-CAACCACAACCTGGCCACCTCGCCGGAG-3′/
5′-CTCCG-GCGAGGTGGCCAGGTTGTGGTTG-3′. Cor-
responding plasmids were selected inE. coli XL1-Blue
supercompetent cells followed by transformation intoE. coli
BL21(DE3)pLysS for protein expression.

Expression, Purification, and Characterization of Wild-
Type BioB and Mutants. Proteins overproduction and puri-
fication were carried out as previously described (27, 28).
All buffers were saturated with argon before being used.
Cells were resuspended in 50 mM Tris-HCl (pH 8) (buffer
A) and sonicated under a refrigeration system with propan-
2-ol at 4°C. After centrifugation to remove cell debris, the
supernatant was diluted with 3 volumes of buffer A and
centrifuged again. The diluted cell-free extract was loaded
onto a Ni2+-chelating Sepharose (Pharmacia-Amersham)
column (2.5 cm× 5 cm), previously equilibrated with buffer
A containing 0.5 M NaCl and 100 mM imidazole. Under
the conditions that were used, most of the contaminating
proteins did not bind and were eliminated in the nonretained
fraction. Bound proteins were eluted with the same buffer
containing 200 mM imidazole. After concentration on
Centriprep 30 concentrators (Millipore), the enzyme was
desalted on a Sephadex G-25 column equilibrated with buffer
A and further concentrated to 242µM, frozen in liquid
nitrogen, and stored at-80 °C until further use. UV-visible
spectra were measured over the scan range of 250-700 nm
using a Uvikon 930 spectrophotometer.

Enzymatic Assays and AdoCH3 Quantification. An activity
test of the five enzymes was performed as previously
described (28). Both microbiological tests withLactobacillus
plantarum(29) and HPLC analysis were used for quantifica-
tion of the produced biotin. The two detection methods gave
comparable results, the difference not exceeding 5% (30).

For the quantification of AdoCH3, 25 µL of 12% trichlo-
roacetic acid was added to 250µL aliquots of the enzymatic
assay mixture to quench the reaction. Precipitated proteins
were pelleted by centrifugation, and 200µL of the super-
natant was analyzed using a HPLC reversed phase C18
Nucleosil 100-5 Å, 250 mm× 4 mm column (Macherey-
Nagel). The solvent system consisted of 100% H2O (eluent
A) and H2O with acetonitrile (60:40, v/v) (eluent B).
Separations were made at a flow rate of 1.2 mL/min using
a 30 min linear gradient beginning with 100% eluent A and
ending with 100% eluent B. The optical density was
monitored at 259 nm. The retention time for AdoCH3 was
approximately 14 min. The area of the HPLC peak corre-
sponding to AdoCH3 was measured and the concentration
calculated from a calibration curve in a range of 2.5-50µM.
Aliquots of AdoCH3 were collected, evaporated to dryness
using a Jouan RC 10.10 vacuum centrifuge, and dissolved
in acetonitrile for mass spectroscopy analysis. Positive ESI
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mass spectra were acquired using a Q-TOF mass spectrom-
eter (Micromass) with an ESI-Z spray source, operating in
Masslynx 4.0. Solutions of samples (100µmol/L) in CH3-
CN were introduced by infusion into the ionization chamber
under atmospheric pressure via a syringe pump at a rate of
10µL/min. Collision-induced dissociation (CID) spectra were
recorded using argon as the collision gas.

Preparation and Characterization of Reconstituted En-
zymes. Aliquots (500µL) of enzymes (240µM), 250 mM
DTT, 40 mM Fe(NH4)2(SO4)2, and 40 mM Na2S were
degassed separately for 30 min at room temperature under a
stream of moist argon and then transferred to a glovebox
(Jacomex BS531 NMT, [O2] < 2 ppm) at ca. 15°C
overnight. After this time, DTT to a final concentration of 5
mM and 5-fold excesses of Fe(NH4)2(SO4)2 and Na2S with
respect to the enzyme were added to the solution. The
mixture was incubated for 3 h atroom temperature and then
desalted in the glovebox on a Sephadex G-25 column with
anaerobic 50 mM Tris-HCl buffer (pH 7.5). A volume of 1
mL of the enzyme solution at a concentration of 24.2µM
was transferred to quartz cuvettes, and the cuvettes were
capped with an airtight rubber septum for recording UV-
visible spectra. The spectra of the as-isolated enzymes,
obtained from the same purification batch, were also
recorded.

Analytical Methods. Protein concentrations were deter-
mined by the method of Bradford (31), using bovine serum
albumin as a standard. BioB concentrations were expressed
per 41.3 kDa monomer (27). The amount of Fe was
determined by the method of Fish (32).

RESULTS

Mutagenesis of Asn-151, His-152, Asn-153, and Asp-155
in the ConserVed Motif. To investigate the role of the
YNHNLD motif that is highly conserved in BioB proteins,
four of these residues were individually mutated: N151A,
H152A, N153A, and D155A. Cells containing the wild-type
and mutant constructs gave a comparable level of protein
expression. The mutants exhibited chromatographic proper-
ties similar to those of the wild type during purification,
having similar elution profiles from the Ni2+-chelating
Sepharose columns. All five enzymes were isolated in a
highly pure form, as judged by SDS-PAGE, and had a
similar reddish brown coloration due to the presence of the
[2Fe-2S]2+ cluster. The nature and the amount of cluster were
further investigated by iron quantification, UV-visible
spectrometry (Figure 2), and CD spectrometry (Supporting
Information). The iron content of the as-isolated forms of
the four mutants (Table 2) was similar, ranging from 1.0 to
1.6 mol of iron/mol of BioB monomer. The UV-visible
spectra of the as-isolated enzymes show characteristic peaks
for the [2Fe-2S]2+ clusters at 330, 420, and 453 nm exhibit
similar features, and the cluster:protein ratio for the mutants
is comparable to that of the wild type (WT) (Table 1).

A higher value of the three ratios was found for N151A,
with respect to the WT. A lower value was observed, on the
other hand, in the case of D155A. This probably reflects
larger and smaller amounts of cluster, respectively. The CD
spectra of the five proteins were also recorded, in the 200-
250 nm range for analysis of the fold of the proteins and in
the 300-600 nm range for an investigation of the iron-

sulfur cluster (33). No significant changes were observed
either in the near-UV or in the visible region, suggesting
that the mutant variants had adopted a fold similar to that of
the wild-type protein and a similar arrangement around the
cluster (Supporting Information).

ActiVity of the Mutants. The mutant enzymes were tested
for their activity (Table 2), using the established assay
conditions with the same protein concentration (10µM). No
biotin was detected in the assays for three of the four
mutants: N151A, N153A, and D155A. Only the H152A
protein exhibited a small activity with formation of 1.3(
0.4 µM biotin corresponding to an enzyme turnover ap-
proximately 1/10 of that observed with the wild type. As
outlined earlier, the transformation of dethiobiotin into biotin
is a complex process, and the absence of biotin in the mutant
assays could be due to a blockage at one of a number of
steps, for instance, in the reduction of AdoMet, in the
hydrogen abstraction from DTB by AdoCH2

•, or in the sulfur
insertion (Scheme 2). Thus, we investigated if AdoCH3 was
produced during reaction with the “inactive” mutants. When
the supernatant of the assays with N151A, N153A, and

FIGURE 2: UV-visible spectra of as-isolated BioB enzymes. (d)
Wild-type, (a) N151A, (b) H152A, (c) N153A, and (e) D155A
mutants. All enzymes (24.2µM) had the sameε value at 278 nm.

Table 1: Absorption Properties of the As-Isolated Form of
Wild-Type E. coli BioB and Mutants

A330/A278 A420/A278 A453/A278

WT 0.38( 0.05 0.20( 0.03 0.21( 0.02
N151A 0.45( 0.05 0.24( 0.05 0.25( 0.01
H152A 0.39( 0.03 0.20( 0.02 0.22( 0.04
N153A 0.39( 0.08 0.24( 0.05 0.24( 0.03
D155A 0.32( 0.04 0.16( 0.02 0.17( 0.02

Table 2: Comparison between Wild-Type BioB and Mutantsa

iron content/monomerb

as-isolated
after

reconstitution
biotin,

µM AdoCH3/biotin

WT 1.5( 0.1 7.0( 0.1 9.8( 0.4 2.8( 0.3
N151A 1.4( 0.2 7.1( 0.3 <0.25 -
H152A 1.6( 0.2 8.2( 0.5 1.3( 0.4 5.5( 0.4
N153A 1.0( 0.1 6.9( 0.1 <0.25 -
D155A 1.4( 0.2 5.5( 0.5 <0.25 -

a Data are means from at least three independent experiments with
each one performed in duplicate or triplicate.b The presence in all
samples of small amounts of nonspecific iron cannot be excluded.
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D155A was analyzed by HPLC, no AdoCH3 was detected,
meaning that the first step, the cleavage of AdoMet, had not
taken place. If AdoCH2• had been produced but had not
reacted with DTB, chemical logic dictates that it would have
reacted with some residues of the protein, resulting in the
formation of AdoCH3 in any case. On the other hand, in the
reaction with H152A, a peak with a retention time identical
to that of authentic AdoCH3 was present. It was collected
and analyzed by mass spectrometry to ensure that it contained
pure AdoCH3. The positive ESI mass spectrum reported in
Figure 3 shows that this sample does indeed contain AdoCH3,
characterized by its protonated form [AdoCH3H+] at m/z252
and its diagnostic fragment ion [C5H5N5]H+ atm/z136 (22),
and also some polyethylene glycol{polyethylene glycol is
ionized by a sodium ion [H(OCH2CH2)6OH]Na+ atm/z305,
and its structure was confirmed by CID experiments of the
MH+ ion atm/z 283 formed after addition of a 0.5% formic
acid solution (data not shown)}. Nevertheless, this impurity
does not contribute to the absorption at 259 nm. Therefore,
the quantity of AdoCH3 was determined from the HPLC
chromatogram using a calibration curve with authentic
AdoCH3.

Interestingly, the AdoCH3:biotin ratio was found to be 5.5
( 0.4 for the H152A variant, whereas it is only 2.8( 0.3
with the wild type (Table 2). Successive reactions of
AdoCH2

• with a hydrogen at C-9 and then at C-6 of DTB
should produce 2 AdoCH3 molecules per biotin. The
observed value of 2.8 means that some abortive process is
taking place, i.e., abstraction of hydrogen from the protein.
The much higher value of 5.5( 0.4 found with the mutant
shows a greater participation of the abortive process.

Preparation of Reconstituted Enzymes and Spectroscopic
Characterization. In the mechanism of BioB, the [4Fe-4S]2+

cluster is responsible for the electron transfer which leads
to AdoMet cleavage, producing the deoxyadenosyl radical.
We investigated if the failure of the inactive mutants to
perform this reductive cleavage is due to their inability to
reconstitute this cluster during the enzymatic assay. Each of
the as-isolated BioB enzymes was incubated with Fe(NH4)2-
(SO4)2, Na2S, and DTT in anaerobic Tris-HCl buffer (pH
7.5). After incubation for 3 h inside the nitrogen glovebox
([O2] < 2 ppm), the reagent excess was removed by gel
filtration chromatography (still within the glovebox). Analy-

sis of the iron content in the resulting proteins confirmed
that an additional cluster had been reconstituted. The D155A
mutant contained less iron (5.5( 0.5 Fe atoms/monomer)
than the wild-type preparation (7.0( 0.1 Fe atoms/monomer)
or the other mutants (Table 2). All proteins had a broad
absorption band from 380 to 420 nm, characteristic of [4Fe-
4S]2+ centers. UV-visible spectra for the reconstituted
enzymes are shown in Figure 4 and are markedly different
from those of the as-isolated enzymes (Figure 2).

The A410/A278 ratio which is considered to correlate with
the amount of [4Fe-4S]2+ cluster per protein monomer is
slightly different in each variant but clearly higher than those
obtained with the as-isolated enzymes. Therefore, all the
mutant variants are able to accommodate both the [2Fe-2S]2+

and [4Fe-4S]2+ centers.

DISCUSSION

The mechanism of action of biotin synthase has been the
subject of highly controversial discussions. A consensus
mechanistic picture is now emerging, but several aspects are
still elusive. Site-directed mutagenesis, an obvious tool for
mechanistic studies, has not been extensively exploited for
biotin synthase. The two published studies involving mutation
on BioB concern the conserved cysteines, which have been
replaced with alanine or serine. Point mutations of cysteines
53, 57, 60, 97, 128, and 188 gave inactive variants. As this
work was carried out before it was initially recognized by
Jarrett’s group (14, 19) and further confirmed by the X-ray
structure (6) that biotin synthase contains two [Fe-S] clusters,
each with a specific function, the discussion of the spectro-
scopic properties of the mutants has to be reconsidered.

We know now that cysteines 53, 57, and 60 are ligands
to the [4Fe-4S]2+ center, whereas cysteines 97, 128, and 188
are ligands to the [2Fe-2S]2+ center. Baxter’s group (25)
reported that the as-isolated C53S, C57S, and C60S mutant
proteins do not contain any [Fe-S] center, while the wild
type contains, as expected, the [2Fe-2S]2+ cluster. Further-
more, no cluster could be reconstituted in the apoprotein.
We have previously shown that incubation of the apoprotein
with Fe3+, S2-, and DTT in the presence of traces of oxygen,
i.e., under a stream of moist argon instead of inside a
glovebox, gives a [2Fe-2S]2+ cluster-containing enzyme, the
properties and activity of which are quite similar to those of

FIGURE 3: Positive ESI mass spectrum of collected AdoCH3 in
acetonitrile (cone voltage of 60 V).

FIGURE 4: UV-visible spectra of the reconstituted BioB enzymes.
(d) Wild-type, (a) D155A, (b) N151A, (c) N153A, and (e) H152A
mutants. All enzymes (24.2µM) had the sameε values at 278 nm.
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the as-isolated form (17, 18, 34). The authors did not mention
if they operated in a glovebox, and we can assume that, under
the conditions that were used, they should have reconstituted
the [2Fe-2S]2+ center, the ligands of which were not mutated.
We should thus conclude from these data that mutation of
any Cys of the [4Fe-4S]2+ cluster introduces a strong
perturbation into the active site, preventing the formation of
the [2Fe-2S]2+ cluster. This is not consistent with the results
observed in the groups of Roach and Fontecave (23, 24) with
the C53A, C57A, and C60A mutants, which appear to be
more coherent. They isolated variant proteins containing
apparently some [2Fe-2S]2+ cluster. Reconstitution of the
apoprotein forms under strictly anaerobic conditions gives
a [4Fe-4S]2+ cluster different from that of the wild type since
it cannot be reduced. On the other hand, the mutation of the
three other cysteines (the ligands to the [2Fe-2S]2+ cluster)
leads to a protein that can accommodate a reducible [4Fe-
4S]2+ cluster (24). It is difficult to know whether the
difference between the two sets of results is due to the nature
of the amino acid introduced into the mutants (Ala or Ser)
or to the working conditions.

No mutagenesis study has yet been reported for the other
conserved motif, YNHNLD, and there are no experimental
data concerning its role. The X-ray structure (6) reveals that
it belongs, as expected, to the active site. The side chains of
the two asparagines, Asn-151 and Asn-153, and that of Asp-
155 are oriented toward the active site (Figure 1). The NH2

group of Asn-153 and the 3′-OH group of the AdoMet ribose
ring as well as the OH group of Asp-155 and the 2′- and
3′-OH groups of this ring are in the position to form hydrogen
bonds. The ureido moiety of DTB can also interact through
its carbonyl group with the NH2 group of Asn-153 and
through one of its NH groups with the carbonyl of Asn-
151.

We have now mutated these three amino acids into alanine
and characterized the corresponding mutants. Also, according
to the crystal structure, the three other residues of the motif,
Tyr-150, His-152, and Leu-154, point out of the active site
and do not form hydrogen bonds with DTB and SAM. Thus,
their mutation should have less influence on the structure
and activity of the corresponding variants. We selected one
of these functionalized amino acids, namely, His-152, which
was also mutated into alanine.

The first three mutants, N151A, N153A, and D155A, were
completely inactive in the production of biotin; i.e., the
amount of biotin produced was smaller than the detection
limit (0.25 µM) which corresponds to a biotin:enzyme
monomer ratio of 0.025. The fourth one, H152A, was active,
but it had only∼1/10 of the activity of the wild-type enzyme.

However, the absence of biotin does not mean that the
first steps of the reaction, for instance, the cleavage of SAM,
do not take place. HPLC analysis of the assay supernatants
revealed that no AdoCH3 was present in the case of the three
inactive mutants. We can conclude that no AdoCH2

• has been
produced, since it would necessarily end up as AdoCH3,
either by reaction with the substrate or through the abortive
process. Such an abortive process takes place even with the
wild type as shown by the AdoCH3:biotin ratio, which was
consistently 2.8( 0.3, whereas only 2 equiv of AdoMet
should be consumed to react with the substrate. The excess
is probably due to the quenching of the radical by a protein
hydrogen (11, 22) or by some components of the system.

AdoCH3 was found, as expected, in the supernatant of the
assay with H152A. Interestingly, the AdoCH3:biotin ratio
was much higher than that found with the wild type, 5.5(
0.4 as opposed to 2.8( 0.3. This higher value reveals a
larger contribution of the abortive process, which is competi-
tive with the C-H bond cleavage of the substrate. We have
observed that the same is true when dethiobiotin deuterated
on the reactive positions is used as a substrate. This can be
explained by an isotope effect for the cleavage of the C-D
bond (D. Florentin et al., unpublished experiments). The
lifetime of AdoCH2

• is certainly very short, and reaction with
the substrate has to be tightly coupled with its formation.
One can anticipate that any factor that perturbs the optimal
arrangement such as the difficulty of cleavage of the C-D
bond with the labeled substrate, or a slight distortion of the
geometry of the active site complex in the case of the H152A
mutant, will increase the rate of the abortive processes with
respect to the pathway leading to biotin.

The reasons for the inactivity of N151A, N153A, and
D155A are still elusive. We investigated if it was related to
a change in the nature and the amount of the [Fe-S] clusters
they contained. The UV-visible spectra of the as-isolated
mutant proteins are quite similar to that of the wild type and
are characteristic of a [2Fe-2S]2+ cluster. The absorbance
values, as well as the iron content, indicate that the ratio of
cluster to protein is very similar with the exception of that
of the D155A variant, which is slightly reduced. Moreover
the CD spectra reveal that the mutant variants have adopted
an overall fold similar to that of the wild-type enzyme and
that the cluster environment has not been significantly
perturbed. These mutants have also preserved their ability
to accommodate the [4Fe-4S]2+ center after incubation in
the glovebox ([O2] < 2 ppm) with an excess of Fe2+ and
S2-, as shown by the UV-visible spectra and the determi-
nation of iron content. Thus, the mixed cluster state, which
represents the active form, has been reconstructed. The
absence of SAM cleavage by the first three mutants may
reflect the absence of SAM binding. We have conducted EPR
experiments with the five proteins, anaerobically isolated and
reduced with dithionite, and we have observed that the nature
and stability of the EPR signals corresponding to the [Fe-S]
clusters of these enzymes were modified by the addition of
SAM (and to a lesser extent by the addition of DTB), which
implies its binding to the protein (M. Lotierzo, S.E.J. Rigby,
et al., unpublished results). We thus favor the hypothesis
that it is the reductive cleavage of SAM which is blocked in
the inactive mutants. Only subtle changes in the geometry
of the active site, due to the removal of some hydrogen
bonds, could perhaps change the redox properties of the
clusters.

The fourth mutant, H152A, with its imidazole ring oriented
outside the active site was expected to be active. Its activity
is low, however, only 10% of that of the wild type. It behaves
like the other ones as far as the clusters are concerned. It is
possible that the replacement of the protonatable imidazole
with a methyl group suppresses a positive charge having a
significant structural influence around the active site. This
confirms that a full activity requires a perfectly positioned
arrangement of all the components of the reactive complex.
Nevertheless, these results do not explain why the concerned
residues are essential. It should be pointed out that the
YNHNLD sequence is also found in lipoyl synthase, the
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second characterized enzyme involved in C-S bond forma-
tion, as FNHNLE.

It has been proposed that this motif could be involved in
positioning AdoCH2

• in the correct orientation for the
abstraction of the C-6 and C-9 hydrogen atoms from DTB
(35). However, as discussed by the authors, the substrate of
lipoyl synthase has no functionality at this location. Fur-
thermore, the fact that our mutants do not produce any
AdoCH2

• strongly suggests that its positioning within the
active site is not the only role played by these amino acids
in the wild type. It could be interesting to replace Asn-151,
Asn-153, and Asp-155 not with Ala but with other residues
which occupy an equivalent position with respect to SAM
in the other SAM-dependent enzymes and see whether they
recover the ability to cleave SAM.
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