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ABSTRACT: The two flavodoxins (YkuN and YkuP) fromBacillus subtilishave been cloned, overexpressed
in Escherichia coliand purified. DNA sequencing, mass spectrometry, and flavin-binding properties showed
that both YkuN and YkuP were typical short-chain flavodoxins (158 and 151 amino acids, respectively)
and that an error in the publishedB. subtilisgenome sequence had resulted in an altered reading frame
and misassignment of YkuP as a long-chain flavodoxin. YkuN and YkuP were expressed in their blue
(neutral semiquinone) forms and reoxidized to the quinone form during purification. Potentiometry
confirmed the strong stabilization of the semiquinone form by both YkuN and YkuP (midpoint reduction
potential for oxidized/semiquinone couple) -105 mV/-105 mV) with respect to the hydroquinone
(midpoint reduction potential for semiquinone/hydroquinone couple) -382 mV/-377 mV). Apoflavodoxin
forms were generated by trichloroacetic acid treatment. Circular dichroism studies indicated that flavin
mononucleotide (FMN) binding led to considerable structural rearrangement for YkuP but not for YkuN.
Both apoflavodoxins bound FMN but not riboflavin avidly, as expected for short-chain flavodoxins.
Structural stability studies with the chaotrope guanidinium chloride revealed that there is moderate
destabilization of secondary and tertiary structure on FMN removal from YkuN, but that YkuP
apoflavodoxin has similar (or slightly higher) stability compared to the holoprotein. Differential scanning
calorimetry reveals further differences in structural stability. YkuP has a lower melting temperature than
YkuN, and its endotherm is composed of a single transition, while that for YkuN is biphasic. Optical and
fluorimetric titrations with oxidized flavodoxins revealed strong affinity (Kd values consistently<5 µM)
for their potential redox partner P450 BioI, YkuN showing tighter binding. Stopped-flow reduction studies
indicated that the maximal electron-transfer rate (kred) to fatty acid-bound P450 BioI occurs from YkuN
and YkuP at∼2.5 s-1, considerably faster than fromE. coli flavodoxin. Steady-state turnover with YkuN
or YkuP, fatty acid-bound P450 BioI, andE. coli NADPH-flavodoxin reductase indicated that both
flavodoxins supported lipid hydroxylation by P450 BioI with turnover rates of up to∼100 min-1 with
lauric acid as substrate. Interprotein electron transfer is a likely rate-limiting step. YkuN and YkuP supported
monohydroxylation of lauric acid and myristic acid, but secondary oxygenation of the primary product
was observed with both palmitic acid and palmitoleic acid as substrates.

The cytochromes P450 (P450s) are hemeb-containing
monooxygenases that participate in a plethora of physiologi-
cally important reactions (1). Typical P450s require donation
of two electrons from a redox partner enzyme(s) to generate
a reactive ferryl-oxygen intermediate that appears to be the
major oxidant in P450-mediated reactions (2, 3). For virtually
all P450 systems, specific redox systems (usually flavin,
iron-sulfur center-containing proteins, or both) are required

for the electron transport process in vivo. The best-studied
P450 redox systems are the so-called “class 1” and “class
2” electron-transfer partners. Class 1 are NAD(P)H-ferre-
doxin reductase and iron-sulfur ferredoxin proteins, typified
by putidaredoxin reductase and putidaredoxin in the P450
cam camphor hydroxylase system fromPseudomonas putida
(4, 5). Class 2 are represented by the membranous NADPH-
dependent diflavin (flavin adenine dinucleotide (FAD)- and
flavin mononucleotide (FMN)-containing) enzyme cyto-
chrome P450 reductase (CPR)1 found in eukaryotic microso-
mal P450 systems (6, 7). These systems have been inten-
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sively studied, and a wealth of kinetic, spectroscopic, and
structural data is available (e.g., refs8 and9). The discovery
of the fusion protein flavocytochrome P450 BM3 from
Bacillus megateriumprovided the first clear evidence that
nature might operate different types of redox apparatus to
drive P450-mediated reactions (10). P450 BM3 is a fatty
acid hydroxylase in which a soluble CPR (devoid of an
N-terminal membrane anchor region found in eukaryotic
CPRs) is fused to a soluble P450, forming a highly efficient
electron-transfer chain (11, 12). Subsequent studies have
confirmed the diversity of microbial P450 reductase ap-
paratus, revealing such systems as P450s that interact directly
with NADH (the nitric oxide reductase P450 nor from
Fusarium oxysporum, ref 13) or peroxide (the fatty acid-
binding P450 BSâ from B. subtilis, ref 14) or in which P450s
are fused to a phthalate dioxygenase reductase-like electron-
transfer module (15).

In the B. subtilisP450 BioI system (see ref36), a gene
encoding an Fe4S4 protein (fer) is located distant from the
bioI gene on the chromosome. Fer is the only low molecular
weight ferredoxin apparent on theB. subtilischromosome
(16). The ferredoxin has been expressed and characterized
and shown to support electron transfer to BioI (17). Previous
work on P450 systems has demonstrated that Fe2S2 and Fe3S4

cluster-containing ferredoxins are the native redox partners
supporting the function of P450s from both eukaryotic and
prokaryotic P450 enzymes (18, 19). However, should Fer
be the natural redox partner for BioI, it would be the first
Fe4S4 cluster ferredoxin assigned such a function. Fer is the
sole ferredoxin in theB. subtilis genome, so there are no
alternatives should ferredoxin-supported catalysis prove to
be the case for P450 BioI (20). In this respect, it is notable
that a bacterial flavodoxin (cindoxin fromCitrobacter
braakii) has been reported to mediate electron transfer to
BioI and to support its oxidative function (21, 22). This
flavodoxin has also been reported as the natural redox partner
for P450cin (CYP176A), a cineole-degrading P450, providing
evidence that flavodoxins are physiologically relevant redox
partners of bacterial P450s (23). Also, the FMN-containing
domain of CPR is evolutionarily related to flavodoxins (24).
B. subtilisencodes two putative flavodoxins (encoded by the
ykuNandykuPgenes, located at 1486.3 kb and 1487.7 kb
on the chromosome, respectively). Potentially, one (or both)
of these predicted flavoproteins are the natural redox partners
for P450 BioI, supporting its critical function in the synthesis
of the vitamin biotin.

Flavodoxins are small (typically 14-23 kDa) FMN-
binding proteins found in a wide range of microbes, including
aerobic and anaerobic bacteria, algae, and other lower
eukaryotes (25). They act as single electron carriers between
other redox proteins, and most flavodoxin-dependent redox
reactions are considered to occur with the flavodoxin cycling
between its hydroquinone and semiquinone forms. However,
there is evidence for the involvement of flavodoxin semi-
quinone as the electron donor in the reaction ofEscherichia
coli methionine synthase (26). Aside from this important
reaction, flavodoxins are also known to be critical to, for
example, nitrogen fixation reactions inKlebsiella pneumo-
niae(27), the reductive activation of pyruvate-formate lyase
in E. coli (28), and the reductive activation of biotin synthase,
the final enzymatic step in the synthesis of biotin (29). While
their biosynthesis is constitutive inE. coli and certain other

bacteria, flavodoxin production in many microbes is up-
regulated under low iron conditions. Thus, they may sur-
rogate for ferredoxin(s) in various physiological roles (25).
The flavodoxins are structurally well-characterized and share
a common fold in which a centralâ sheet region is flanked
on both sides byR helices (30). FMN cofactor is tightly but
noncovalently bound and partly solvent-exposed. Single
flavodoxins have been reported in several bacteria, butE.
coli contains two (FldA and FldB), and the genome sequence
of B. subtilisindicates that two flavodoxins are also present
in this organism and are closely linked on the chromosome
(20). The putative flavodoxins (ykuNandykuP) are separated
only by theykuOgene, which encodes a protein of unknown
function. It appears thatykuN, ykuO, andykuPare organized
in an operon (Figure 1);σA-type promoters, which are
recognized by the principalσ factor of the cell, can be
identified upstream ofykuN and just downstream ofykuP
(that is, in front of theykuQgene). TheykuNOPoperon is
part of thefur regulon (31). The ferric uptake repressor (Fur)
regulates expression in response to iron starvation, suggesting
that the YkuN and YkuP proteins may be expressed under
conditions in which the production of the sole ferredoxin
(Fer) of B. subtilis is diminished (17). Involvement of
flavodoxin in the synthesis of biotin is already established.
At the final, rate-limiting stage in the reaction scheme (the
generation of biotin from dethiobiotin),E. coli flavodoxin
(FldA) and its redox partner NADPH-flavodoxin reductase
(FLDR) provide electrons for the reaction catalyzed by biotin
synthase (32, 33). On the basis of studies with the flavodoxin
cindoxin fromC. brakii (21), it appears likely that flavodoxin
is also involved at the earlier stage of theB. subtilisbiotin
synthesis pathway involving P450 BioI.

In this manuscript, we report the cloning, expression,
purification, and characterization of the YkuN and YkuP
proteins ofB. subtilis. They are both shown to be FMN-
binding flavodoxins, and a detailed kinetic, biophysical, and
spectroscopic analysis is presented. The capacity of both
flavodoxins to pass electrons to BioI is established, and their
relative efficiencies in driving P450 catalysis is compared
with that of the host ferredoxin, Fer.

EXPERIMENTAL PROCEDURES

Molecular Biology. Isolation of Chromosomal DNA.
Chromosomal DNA fromB. subtilis168 was prepared by a
cesium chloride centrifugation method. LB medium (2×
400 mL) was inoculated with an overnight culture (25 mL)
of B. subtilisand grown to high density (37°C, 200 rpm,
10 h). Cells were then harvested by centrifugation (9000 rpm,

FIGURE 1: Genomic organization ofykuN and ykuP. The ykuN,
ykuO, andykuPgenes are proposed to be cotranscribed from aσA-
type promoter (indicated by an arrow and the symbol “PA”). The
ykuN-Q genes are indicated by gray, filled arrows. The predicted
mRNA containingykuNOPis indicated as a thick black line. A
further σA-type promoter is located just downstream ofykuPand
is predicted to control transcription of theykuQgene. A transcrip-
tional terminator is evident immediately following theykuQgene.
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20 min, 4°C). The cell pellet was resuspended in 10 mL of
sterile GTE buffer (40 mM Tris‚HCl, 50 mM glucose, 10
mM EDTA, pH 8.0) and repelleted. After resuspending in 4
mL of GTE, lysozyme (0.5 mL, 5 mg/mL stock) and RNase
(0.2 mL, 2 mg/mL stock) were added, and the mixture was
incubated (37°C, 30 min). Triton X-100 (0.7 mL, 8% [v/v]
in GTE) and Pronase (0.3 mL, 5 mg/mL stock) were added,
and the suspension was incubated (37°C, 1 h). Cesium
chloride (5.92 g, ca. 1% w/v) was added, and the solution
was swirled to dissolve it. Ethidium bromide (0.3 mL, 10
mg/mL) was added, and the resulting pink solution was
poured into Beckman Optiseal tubes (4.9 mL) and centri-
fuged (55 000 rpm, 20°C, 16 h) to resolve the chromosomal
DNA.

The banded chromosomal DNA was visualized under UV
light and extracted using a sterile syringe. After transfer to
a siliconized glass tube, the ethidium bromide was removed
by repeated extraction with 1-butanol saturated with sterile
TE buffer [10 mM Tris‚HCl, 1 mM EDTA, pH 7.5]
containing 5 M NaCl. Water (2 volumes) was added to the
colorless aqueous layer, followed by 2 volumes of ethanol
(95% v/v) prechilled at-20 °C. The precipitated DNA was
recovered by centrifugation (15 000 rpm, 15 min, 4°C),
washed with chilled 75% v/v ethanol, and stored at 4°C for
16 h. The pellet was resuspended (sterile distilled water, 1
mL), and water-saturated phenol (pH 8.0, 1 mL) was added.
The aqueous layer was retained and extracted again (water-
saturated phenol/chloroform, 1:1 v/v, 1 mL), and the DNA
was precipitated again by addition of prechilled ethanol (95%
v/v, 2.5 volumes). The DNA was pelletted by centrifugation
(4000 rpm, 10 min); the pellet washed (75% v/v ethanol,
-20 °C) and dried under vacuum. The dried pellet was
resuspended in sterile TE (1 mL) and stored at 4°C until
used. The purity of the chromosomal DNA prepared was
analyzed by gel electrophoresis, and its concentration was
determined from absorption at 260 nm (34).

Amplification and Cloning of the ykuN and ykuP Genes.
TheykuNandykuPgenes were cloned using the polymerase
chain reaction (PCR) withB. subtilischromosomal DNA as
the template. Oligonucleotide primers for the amplification
of theykuNandykuPgenes were designed through analysis
of the respective gene sequences and the surrounding regions,
using the “Subtilist” web server (http://genolist.pasteur.fr/
SubtiList/). Oligonucleotides were synthesized at the Protein
and Nucleic Acid Chemistry Laboratory (PNACL) at the
University of Leicester. For YkuN, the two primers used
were as follows: ykuN-N-term, ATAACCATGGCTAAAGC-
CTTGATTACATATG; ykuN-C-term: CCGGATCCTT-
TATGAAACATGGATTTTTTCC. The nucleotides set in
bold indicate engineered restriction sites for the enzymes
NcoI and BamHI, respectively, at the 5′ ends of the
oligonucleotides, introduced to facilitate subsequent cloning
into expression vectors. The underlined nucleotides represent
deviations from absolute identity with the template DNA.
For YkuP, the two primers were ykuP-N-term, GAATC-
CATGGCGAAGATTTTGCTCGTTTATG, and ykuP-C-
term, CCGGATCCTGATTTTCTACCTCATTACTGT.

The PCR reactions were carried out using the Roche
Expand High Fidelity PCR kit and a Perkin-Elmer PCR
cycler. PCR was performed in 0.5 mL Eppendorf tubes using
a 100µL reaction volume. Template DNA (1µL, 50-100
ng), primers (1µL, 50 pmol), and the dNTP mix were mixed

in one tube (made up to 50µL with sterile distilled water)
and, immediately prior to initiating the PCR, transferred to
a second tube that contained the High Fidelity enzyme mix
(TaqandPwopolymerase, 0.75µL) and the manufacturer’s
buffer (10µL, containing 1.5 mM magnesium chloride) made
up to 50µL with sterile distilled water. PCR reactions were
run for 10 cycles of 94°C, 30 s; 72°C, 120 s; and 50°C,
30 s. Thereafter, a further 20 cycles were run with the
elongation step extended by 5 s (94°C, 30 s; 72°C, 125 s;
and 50 °C, 30 s). The PCR products were analyzed by
running a sample (2µL) on an agarose gel (0.8%) and
staining with ethidium bromide. The remaining PCR products
(98 µL) were purified using a Qiagen MinElute Column
purification kit. Recovery of the product eluted from the
column (20µL in 10 mM Tris‚HCl, pH 7.5) was verified
by agarose gel electrophoresis, as above.

The purified PCR products containing theykuNandykuP
genes were digested withNcoI andBamHI (NEB) using the
buffers supplied by the manufacturer (approximately 4µg
of DNA, 10 units of enzyme, 37°C, 5 h incubation). The
digested DNA samples were resolved by agarose gel elec-
trophoresis (0.8% agarose) and visualized under UV il-
lumination, and the appropriate bands were excised and
purified from the agarose using a Qiagen Gel Extraction Kit,
as above. The concentration and purity of the recovered
digested DNA was checked by agarose gel electrophoresis
as detailed above by reference to standards of known
concentration. The expression vector pET16b (Novagen) was
prepared from a 50 mL LB culture ofE. coli TG1
transformants using a Qiagen plasmid preparation kit. The
vector (20 µL [approximately 4.8µg] in sterile distilled
water) was mixed with restriction enzymes (2 units each of
NcoI andBamHI) and appropriate buffer, along with shrimp
phosphatase (2µL, 5 units), and the mixtures were diluted
with sterile distilled water (100µL total volume in both
cases). Digestions were performed at 37°C for 5 h. The
digested plasmids were resolved by agarose gel electro-
phoresis and purified as above.

Digested pET16b vector DNA (50-100 ng, 2µL), ligation
buffer (10 mM Tris‚HCl, pH 7.2, 1 mM EDTA, 10 mM
MgCl2, 10 mM DTT, and 1 mM ATP, 2µL) and T4 DNA
ligase (2µL, 800 units) were mixed with varying amounts
of the ykuN and ykuP PCR products (1, 2, and 4µL [50,
100, and 200µg]). Sterile distilled water was added to a
final volume of 10 µL, and the reaction mixtures were
incubated at 16°C for 16 h.E. coli XL1-Blue competent
cells (50µL) were transformed with the ligation mixtures
(2 µL) by electroporation (200Ω, 1.8 V). SOC medium (2
mL) was added to the transformed cells, which were then
incubated with agitation (37°C, 45 min) before being spread
onto agar plates (LB containing 50µg ml-1 ampicillin) and
left to grow overnight at 37°C. Colonies from the transfor-
mation plates were cultured, and plasmids were prepared as
described above. Clones ofykuN (pETYkuN) and ykuP
(pETYkuP) were verified by digestion of the DNA withNcoI
andBamHI, and the sequences of clones selected for further
use were verified by Sanger dideoxy sequencing (35).

Expression and Purification of the YkuN and YkuP
Proteins.TransformantE. coli cells (HMS174 (DE3) pLysS,
Novagen) carrying the pETYkuN and pETYkuP expression
plasmids were grown on large scale (6 L, 12× 0.5 L in 2 L
flasks) in LB media containing ampicillin (100µg/mL) at
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37 °C for 24 h with vigorous shaking (250 rpm). Isopropyl-
â-D-thiogalactopyranoside (IPTG) (0.5 mM) was added in
late logarithmic phase of growth (OD600 ) 1.0) to induce
flavodoxin expression. The cells were harvested by centrifu-
gation (5000 rpm, 20 min), and the blue-colored cell pellets
were frozen (-20 °C, overnight). Thawed cells were
resuspended in a minimal volume of buffer A (50 mM Tris‚
HCl, pH 7.2) containing 1 mM EDTA and sonicated on ice
using a Bandelin Plus sonicator (10× 20 s bursts on 50%
power, interspaced by 2 min). Pale blue cell suspensions were
centrifuged at high speed (15 000g, 40 min, 4°C) to pellet
insoluble cellular debris, leaving blue supernatants containing
the required flavodoxin (predominantly in its semiquinone
form).

Ammonium sulfate was added slowly with stirring to the
soluble cell extracts (ca. 100 mL, chilled on ice) to give a
final concentration of 1.5 M (YkuN) or 2.0 M (YkuP). The
flavodoxins remained in solution during this treatment.
Precipitated proteins were removed by centrifugation (15 000
rpm, 40 min, 4°C), and the supernatant containing the
flavodoxins was loaded directly onto a phenyl Sepharose
column (5 cm× 30 cm) pre-equilibrated with an ammonium
sulfate solution of the same molarity in 50 mM Tris‚HCl,
pH 7.0 (buffer B). The phenyl Sepharose column was washed
with three column volumes of buffer B plus the relevant
ammonium sulfate concentration (0.5 mL/min), prior to
eluting the flavodoxin with a linear gradient (1.5 or 2.0 M
ammonium sulfate to 0.5 M in buffer B, 2 column volumes).
Fractions were analyzed by UV/visible spectroscopy, and
those containing flavodoxin with anA280/A461 ratio of 10:1
or lower were retained. The fractions were pooled and
concentrated to ca. 50 mL by ultrafiltration (Centriprep
concentrators, 10 kDa cutoff, Millipore). The concentrated
solutions were dialyzed twice against buffer A (2 L, 4°C, 6
h) prior to loading onto a DEAE Sephacel column (ap-
proximately 5 cm× 30 cm) pre-equilibrated with the same
buffer. After extensive washing of the column with buffer
A (4 column volumes, 0.2 mL/min), the protein was eluted
with a linear salt gradient (50 mM to 1 M KCl in buffer A,
2 column volumes). YkuN eluted at ca. 400 mM KCl and
YkuP at ca. 450 mM KCl. The spectra of the most intensely
colored fractions were analyzed, and those containing the
highest flavin/protein ratio (A280/A461 < 8) were retained and
concentrated by ultrafiltration (as previously). The resulting
concentrated protein fractions were dialyzed twice against
buffer A (2 L, 4°C, 6 h) prior to loading onto a Q-Sepharose
column (approximately 5 cm× 30 cm) pre-equilibrated in
buffer A. After the column was washed with buffer A (4
column volumes, 0.15 mL/min), the proteins were eluted with
a linear salt gradient (50-500 mM KCl in buffer A, 2 column
volumes). YkuN was observed to elute at ca. 250 mM KCl
and YkuP at ca. 300 mM KCl. As previously, the most
intensely yellow colored fractions were retained and con-
centrated by ultrafiltration (Centricon and Amicon concentra-
tors, 10 kDa cutoff) to approximately 20 mg/mL. At this
stage, both flavodoxins were substantially>90% pure. To
produce electrophoretically homogeneous YkuN and YkuP
proteins, a final gel filtration step using Sephadex S-200 resin
(column dimensions∼4 cm× 1 m) was used. Small aliquots
of the concentrated flavodoxin preparations (ca. 1 mL) were
run through the column in buffer A (0.10 mL/min). Fractions
were collected, pooled, and analyzed spectrophotometrically

as before. YkuN with anA280/A461 nm ratio of ∼6:1 were
regarded as pure (as confirmed by SDS-PAGE), and
similarly pure YkuP had anA280/A461 nm ratio of ∼3.5:1.
The final protein solutions were concentrated as previously
described to∼1 mM and dialyzed against buffer A contain-
ing 50% v/v glycerol at 4°C. Pure flavodoxins were stored
in small aliquots (∼ 50-100µL) at -80 °C. All purification
steps were done in a cold room (at 4°C), and all solutions
contained phenylmethylsulfonyl fluoride (1 mM) and ben-
zamidine hydrochloride (1 mM) to minimize proteolysis.

Expression and Purification of E. coli FlaVodoxin NADP+

Oxidoreductase (FLDR). E. coliFLDR was purified to
provide a NADPH-dependent reductase system for mediation
of electron transfer to YkuN and YkuP for transient kinetic
and steady-state studies. FLDR was expressed and purified
largely as described previously (32). Induction with IPTG
was found to be unnecessary for high levels of production
of FLDR. Following purification by ion exchange chroma-
tography on DEAE Sepharose and Q-Sepharose resins, a final
affinity purification step on a 2′,5′-ADP Sepharose column
was used to prepare homogeneous FLDR. Fractions from
the affinity purification process withA280/A456 ratios of<6:1
were concentrated by ultrafiltration to∼0.5 mM final
concentration, dialyzed extensively against buffer A with
50% (v/v) glycerol, and stored at-80 °C. All purification
steps were done in a cold room (at 4°C), and all solutions
contained phenylmethylsulfonyl fluoride (1 mM) and ben-
zamidine hydrochloride (1 mM) to minimize proteolysis.

Transient Kinetic Studies: Electron Transfer from YkuN
and YkuP to P450 BioI.The rate of the single electron
transfer from theB. subtilis flavodoxins to P450 BioI was
measured by stopped-flow absorption using an Applied
Photophysics SX18MV UV-visible stopped-flow instrument
coupled to a photodiode array UV/visible detector. Experi-
ments were carried out under anaerobic conditions (<5 ppm
O2) in a glovebox (Belle Technology). P450 BioI was
purified as described in the accompanying manuscript (36).
BioI, YkuN, and YkuP proteins were prepared separately in
50 mM potassium phosphate (pH 7.0) that had been degassed
(argon sparged) and saturated with carbon monoxide to give
solutions of the flavodoxins YkuN or YkuP (80µM) and
BioI (4.0 µM). To different samples of BioI, palmitoleic acid
(final concentration 20µM) or testosterone (final concentra-
tion 60µM) was added to convert the P450 to an extensively
high-spin or low-spin form, respectively (36). Prior to
performing the stopped-flow experiment, flavodoxins were
reduced by titration with sodium dithionite using the minimal
amount of reductant required to produce full reduction of
the flavoproteins (by comparison with spectral data from
redox titrations, see below). Excess dithionite was removed
by gel filtration (BioRad 10DG column) in the anaerobic
glovebox prior to stopped-flow mixing of reduced YkuN or
YkuP (4-50 µM) with BioI (1.8 µM) in its fatty acid
(palmitoleate)-bound or testosterone-bound forms at 30°C.
Entire spectra were recorded (250-750 nm) using the
photodiode array facility. To rule out any significant spectral
changes to BioI resulting from photobleaching, an identical
sample of the P450 was also mixed with a buffer blank and
the spectrum was recorded over 8 min. These data were
subtracted from those collected in the presence of the
flavodoxins to produce corrected rates that are specific for
flavodoxin-dependent electron transfer. The rate of electron
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transfer from YkuN or YkuP to P450 BioI was followed
using the accumulation of absorption at 448 nm (A448)
corresponding to formation of the ferrous/CO complex of
the P450. Rates were determined by analyzing spectra with
global analysis software (Applied Photophysics ProKin
software). Observed rates were plotted against the relevant
flavodoxin concentration, and data were fitted (using Mi-
crocal Origin) to eq 1 to obtain the apparent P450/flavodoxin
binding constants (Kd values) and the apparent limiting rates
for electron transfer (kred) from YkuN or YkuP to P450 BioI
in its different states.

In eq 1, kobs is the observed rate of electron transfer at
flavodoxin concentrationS, Et is the total P450 BioI
concentration, andKd is the apparent dissociation constant
for the productive flavodoxin/P450 complex.

Transient Kinetic Studies: Electron Transfer between
FLDR and the B. subtilis FlaVodoxins. The rate of electron
transfer from theE. coli FLDR to theB. subtilisYkuN and
YkuP flavodoxins was measured anaerobically by stopped-
flow mixing, as described above. Proteins (YkuN or YkuP,
30 µM, and FLDR, 225µM) were prepared in 50 mM
potassium phosphate (pH 7.0) and degassed (argon sparged).
FLDR was reduced by the addition of the minimal amount
of NADPH (∼4 mM) to generate the hydroquinone form
immediately prior to the experiment. The reduced FLDR and
oxidized YkuN or YkuP were mixed in the stopped-flow
instrument at 30°C, and the spectra were recorded (250-
750 nm). Photobleaching effects were accounted for by
mixing identical samples of flavodoxin against buffer blanks
and recording spectra over 8 min. A degree of bleaching of
the FMN signal was observed over this time scale, and (as
described above) the data were subtracted from those
accumulated in experiments involving flavodoxin/FLDR
mixing. FLDR (225-7.5 µM) was mixed with YkuN or
YkuP (30µM), and the interprotein FAD-to-FMN rate was
determined by analysis of the accumulation of absorption
increase at 591 nm, specific for the neutral (blue) semi-
quinone form of the FMN of the flavodoxins. Rate data at
591 nm were fitted accurately to a single-exponential process
(using Spectrakinetics software). Global analysis of entire
spectra accumulated was also performed (using Applied
Photophysics ProKin software). Observed rates were plotted
versus FLDR concentration and fitted to eq 1 in Origin (as
described above) to define apparentKd values for FLDR/
flavodoxin interactions and for the limiting rates of interflavin
electron transfer (kred) between FLDR and YkuN or YkuP.

Verification of FlaVodoxin-Supported Fatty Acid Hydrox-
ylation by P450 BioI.To determine whether electron transfer
to BioI from theE. coli NADPH-flavodoxin reductase via
E. coli flavodoxin or the YkuN and YkuP flavodoxins from
B. subtiliswas coupled to oxidative catalysis of BioI, assay
systems were set up containing the relevant enzyme partners.
The turnover of lauric acid, myristic acid, 13-methyl myristic
acid, palmitic acid, and palmitoleic acid was investigated.
Conditions used in all cases were those optimized for
turnover of myristic acid. The catalytic hydroxylation of
myristic acid by BioI was carried out in 25 mL sterilin
reaction vials (12 mL total reaction volume) in 20 mM

MOPS buffer (pH 7.0) containing 100 mM KCl at room
temperature (approximately 23°C) with continuous stirring.
Myristic acid (4.0µmol) was suspended in the buffer, and
the following proteins were added: BioI (80 nmol), YkuN
or YkuP (20 nmol), andE. coli flavodoxin reductase (20
nmol). The resulting orange-colored mixtures were stirred
(5 min, 23°C) prior to the addition of NADPH (12.0µmol).
The reaction was allowed to proceed for 16 h before being
terminated by acidification (1 M HCl, pH 2.0, few drops).
The fatty acids were extracted into chloroform (2× 3.0 mL);
the organic layers were combined, back-extracted with brine
(1 × 3.0 mL), dried (using magnesium sulfate) and evapo-
rated to dryness. The off-white residue was resuspended in
methanol and analyzed by electrospray mass spectrometry.
Mass spectra were obtained in EI mode (70 eV ionization)
using a Micromass Quattro triple quadrupole mass spec-
trometer.

Steady-State Kinetic Analysis of YkuN or YkuP Interactions
with P450 BioI.To further assess the ability of the twoB.
subtilisflavodoxins to act as catalytically functional electron
donors to BioI, steady-state kinetic studies were performed.
A solution was prepared containing BioI (2.3 nmol) andE.
coli flavodoxin reductase (30 nmol) in aerobic 50 mM
potassium phosphate (pH 7.0, total volume of 1.0 mL), and
mixed with varying amounts of the YkuN or YkuP fla-
vodoxins (0-30 µM). Fatty acid substrate (palmitoleic acid,
lauric acid, myristic acid, or palmitic acid) or the steroid
testosterone (50µM) was added, and the solution was
allowed to equilibrate for 2 min at 30°C. NADPH (200µM)
was injected, and the solution was mixed prior to recording
the oxidation of NADPH at 340 nm (ε340 nm ) 6210 M-1

cm-1) over periods of up to 3 min in a Cary UV-50 Bio
scanning spectrophotometer. Initial reaction rates were
determined in duplicate at each concentration of flavodoxin.
NADPH oxidation rates (expressed as moles of NADPH
oxidized per minute per mole of P450) were plotted versus
the relevant concentration of flavodoxin. Data were fitted
to rectangular hyperbolae using Origin (Microcal) to derive
the apparentkcat value for the systems and to determine
apparent binding constants (KM values) for the interactions
between the flavodoxins and P450 BioI in steady-state
turnover.

Determination of Uncoupling in the P450 BioI Reactions
with YkuN or YkuP.To determine the degree of uncoupling
that occurs during the steady-state turnover of myristic acid
by BioI, a colorimetric assay was used (37). Following
steady-state analysis (see above), complete consumption of
NADPH was ensured (reaction was run until no further
change inA340 occurred). A solution ofo-dianisidine (8 mM,
20% v/v in Triton X-100) was prepared and added (50µL)
to the reaction mixture. Horseradish peroxidase (50 mg/mL,
13.5 units/µL) was added (2µL), and the solution was mixed
by inversion and incubated for 2 min at 30°C. The increase
in absorption at 440 nm was recorded, and the quantity of
peroxide present was determined using the extinction coef-
ficient ε440 ) 11 600 M-1 cm-1 (37).

Spectroscopic Studies: Electron Paramagnetic Resonance.
EPR spectra were recorded on an X-band ER-200D spec-
trometer (Bruker Spectrospin) fitted with a liquid helium flow
cryostat (ESR-9, Oxford Instruments). The samples were
prepared in 50 mM Tris‚HCl (pH 7.0). The protein concen-
trations were 1.0 mM for both YkuN and YkuP. Spectra were

kobs) (kred/2Et)(S+ Et + Kd) -

(((S+ Et + Kd)
2 - 4SEt)

0.5) (1)
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recorded at 10 K with microwave power) 2.01 mW and
modulation amplitude) 10.0 G

Spectroscopic Studies: Circular Dichroism.Far UV cir-
cular dichroism (CD) spectra (190-260 nm) were recorded
for YkuN and YkuP at 20°C on a JASCO J-750 spectropo-
larimeter purged with nitrogen. All samples were in 50 mM
Tris‚HCl, pH 7.2. The concentration of the YkuN and YkuP
flavodoxins used was 0.1 mg/mL.

Structural Stability and FlaVin Binding in YkuN and YkuP:
Stability of Structure and FlaVin Binding to the Chaotrope
Guanidinium Chloride. The effects of guanidinium chloride
(GdmCl) on secondary and tertiary structure of YkuN and
YkuP and on the binding of their FMN cofactor were
investigated. YkuN or YkuP were made up in potassium
phosphate (50 mM, pH 7.0, varying volumes and flavodoxin
concentrations), and the appropriate volume of GdmCl (8
M in the same buffer) was added to give the required
concentration of the chaotrope (0-7 M). After addition of
GdmCl, solutions were incubated at room temperature (ca.
23 °C, 15 min) and then analyzed by spectrophotometry
(spectra recorded between 300 and 750 nm, 1 cm path length
quartz cell, Cary UV-50 Bio spectrophotometer, total sample
volume ) 1.0 mL, approximately 12 nmol protein), tryp-
tophan fluorescence (excitation at 290 nm, emission collected
between 300 and 400 nm, 1 cm path length polished quartz
cell, excitation and emission slit widths set at 10 nm on a
Cary Eclipse fluorimeter [Varian], total sample volume)
3.0 mL, approximately 3.0 nmol protein), FMN fluorescence
(excitation at 450 nm, emission collected between 500 and
600 nm, excitation and emission slit widths set at 5 nm on
a Cary Eclipse fluorimeter, total sample volume) 3.0 mL,
approximately 3.0 nmol protein), and far UV CD (spectra
collected between 190 and 260 nm in a quartz cell of 0.1
cm path length on a JASCO J-750 spectropolarimeter, total
sample volume) 0.4 mL, approximately 570 nmol protein).
Plots of absorption, fluorescence, or CD change versus
GdmCl concentration described sigmoids and were fitted to
the Hill function (see accompanying paper, ref36) to define
the midpoint concentration of GdmCl (KU) required to induce
50% of the maximal change, reflecting unfolding of second-
ary or tertiary structure or displacement of flavin from its
native binding site.

Structural Stability and FlaVin Binding in YkuN and YkuP:
Generation of the Apoprotein Forms of the Two B. subtilis
FlaVodoxins.Samples of YkuN and YkuP flavodoxins (2.0
µmol) were dialyzed into 50 mM potassium phosphate (pH
7.0) for 4 h at 4°C. Trichloroacetic acid (TCA, 5% w/v)
was added to the protein solutions, and the resulting yellow
suspensions were incubated on ice (30 min). The protein was
recovered by centrifugation (15 000g, 20 min, 4°C) to yield
a small off-white pellet. The apoprotein pellet was resus-
pended into 50 mM potassium phosphate (pH 7.0) and
dialyzed against the same buffer (2 L, 16 h, 4°C) to yield
a clear solution. The apoprotein solution was then dialyzed
against the same buffer containing 50% v/v glycerol (1 L, 6
h, 4 °C), divided into small aliquots (200µL), and frozen at
-20 °C. Absence of flavin was demonstrated by lack of
absorption in the near-UV-visible range (300-700 nm).
Samples were used experimentally within 1 week of prepara-
tion (38, 39).

Structural Stability and FlaVin Binding in YkuN and YkuP:
Differential Scanning Calorimetry Studies.Differential scan-

ning calorimetry (DSC) experiments were performed to
characterize the heat-induced conformational transition of
theB. subtilisflavodoxins YkuN and YkuP. DSC allows the
unfolding transition midpoint temperature (Tm) to be deter-
mined. Hence useful information on the thermal stability of
the protein can be obtained. All DSC scans were performed
using a MicroCal VP-DSC (MicroCal) at a heating scan rate
of 1 °C/min (unless otherwise stated). The DSC was
interfaced to a Gateway PIII computer, and data acquisition
was achieved using Origin 5.0 (MicroCal LLC, Northampton
MA). The reference cell was always filled with a buffer
solution, and instrumental baselines were measured by
placing buffer in both cells and scanning up in temperature.
Buffer baselines were subtracted from scans of the protein
prior to data analysis using Origin 5.0. Stock solutions of
YkuN and YkuP were dialyzed against 2 L of 50 mM
potassium phosphate (pH 7.5) for 24 h. The dialysis buffer
was stored for use in reference experiments. Stock solutions
of both proteins at a concentration of 0.36 mM were
aliquoted for DSC experiments. In all cases, initial DSC scans
were manually stopped just afterTm. The samples were then
cooled back to room temperature, and the scans were
repeated (a standard procedure for checking the reversibility
of protein unfolding).

Data analysis was carried out as follows: Raw DSC data
for the protein scan and for a buffer versus buffer baseline
were opened in Origin 5.0, and the buffer baseline was
subtracted from the protein scan. The software was then used
to fit a spline baseline to the data using pre- and posttransition
baselines to subsequently integrate the endotherms and hence
evaluate the calorimetric enthalpy (∆Hcal). This baseline-
corrected scan was then normalized for scan rate and molar
concentration of protein. Values forTm and ∆Hcal were
obtained directly from the scan by simple integration.
Analysis of the scan line shape using a non-two-state model
incorporated in Origin was used to determine the van’t Hoff
enthalpy (∆HvH).

Structural Stability and FlaVin Binding in YkuN and YkuP:
Determination of Affinity of FMN for the YkuN and YkuP
Apoproteins. A solution of FMN (0.1µM, high-purity HPLC-
purified cofactor) was prepared in potassium phosphate (50
mM, pH 7.0, 3 mL total volume). Successive aliquots of
YkuN or YkuP apoprotein solutions (120-240 µM, gener-
ated as described above, 1µL per addition) were added to
the FMN solution. The fluorescence emission of the FMN
cofactor was measured using a Cary Eclipse instrument.
Excitation was at 450 nm, emission was recorded from 500
to 600 nm, and excitation and emission slit widths were both
set at 5 nm. The quenching of the flavin fluorescence
observed on YkuN or YkuP binding was corrected for
dilution and for the effects of addition of apoprotein in the
absence of FMN. Riboflavin binding was also assessed using
the same procedure, as described previously (38, 40). Data
were fitted to eq 2 (a modified version of eq 1) to define the
apparentKd values for FMN binding to YkuN and YkuP.

In eq 2, Fobs is the fluorescence change observed at the
relevant concentration of apoflavodoxin ([Apo]) added.Ct

is the total amount of FMN cofactor in the assay.Fmax is the

Fobs) (Fmax/(2Ct))([Apo] + Ct + Kd) -

((([Apo] + Ct + Kd)
2 - 4[Apo]Ct)

0.5) (2)
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maximal change in fluorescence observed at saturation, and
Kd is the dissocation constant for the binding of FMN to the
apoflavodoxin.

Analysis of P450 BioI/FlaVodoxin Interactions by Spec-
trophotometric and Fluorescence Titrations.Binding of the
YkuN and YkuP flavodoxins induced a small shift in the
Soret band of P450 BioI toward the high-spin form (i.e., to
shorter wavelength). To a solution of BioI (1.6 nmol) in
buffer A (0.78 mL) aliquots of the flavodoxins (1.0µL, 40
µM) were added, and the resulting UV/visible spectra
recorded (between 250 and 750 nm) at 25°C on a Cary UV-
50 Bio spectrophotometer. The extent of absorption shift in
the Soret band was plotted against the concentration of
flavodoxin, and the data were fitted to eq 2 using Origin
software (Microcal).

Interaction of the flavodoxins with P450 BioI was also
analyzed by the quenching of flavin fluorescence, taking
advantage of the solvent-exposed nature of their FMN
cofactor. BioI (2.1 nmol) was added to potassium phosphate
(50 mM, pH 7.0, total volume 3.0 mL), aliquots of flavodoxin
were added (0.5µL, 0.15 mM stock solution in same buffer),
and the flavin emission spectra were measured (excitation
at 450 nm, emission collected between 500 and 600 nm,
excitation and emission slit widths both set at 5 nm on the
Cary Eclipse instrument) at 25°C. The assay was repeated
in the absence of BioI, and the relevant spectra were
subtracted from those with BioI present to compensate for
nonspecific changes in flavin emission. The quenching of
flavin emission (at 528 nm) was plotted against the concen-
tration of flavodoxin added, and the data were analyzed using
Origin software.

Potentiometric Titrations of YkuN and YkuP.All redox
titrations were carried out in an anaerobic glovebox (Belle
technology, Portesham, England) under a nitrogen atmo-
sphere with oxygen levels maintained at<5 ppm. Redox
titrations were carried out for both YkuN and YkuP (typically
in the range 10-40 µM protein) at 25( 2 °C using the
method of Dutton and essentially as described previously
(8, 41, 42). Redox titration buffer (100 mM potassium
phosphate, pH 7.0) was deoxygenated by bubbling exten-
sively with O2-free argon and degassed prior to transfer to
the glovebox. Oxygen was removed from flavodoxin samples
by passing concentrated stock solutions through a Bio-Rad
Econo-pac 10DG gel filtration column in the glovebox,
which had been preequilibrated with redox titration buffer
containing 5% (v/v) glycerol. Titrations were performed in
both reductive and oxidative directions to ensure lack of
hysteresis. Absorption changes during the titrations were
monitored via a fiber optic absorption probe (Varian)
immersed in the flavodoxin solution in the anaerobic
environment and connected to a Cary UV-50 Bio UV-
visible spectrophotometer (Varian) outside the glovebox.
Mediators were added to facilitate electrical communication
between enzyme and electrode prior to titration. Typically,
2 µM phenazine methosulfate, 5µM 2-hydroxy-1,4-naph-
thoquinone, 0.5µM methyl viologen, and 1µM benzyl
viologen were included to mediate in the range between
+100 and-480 mV, as described previously (8, 41).

Data were analyzed by plotting the absorbance at an
appropriate wavelength, corresponding to the maximal ab-
sorbance change between oxidized, semiquinone, and re-
duced forms, against the potential. A two-electron Nernst

function (eq 3) was then fitted to the data to describe the
transitions between quinone, semiquinone, and hydroquinone
forms of the FMN, and the midpoint potentials were
calculated from these data fits. Equation 3 represents a two-
electron redox process derived by extension to the Nernst
equation and the Beer-Lambert Law, as described previously
(8, 41).

In eq 3,A is the total absorbance;a, b, andc are component
absorbance values contributed by the FMN in the oxidized,
semiquinone, and reduced states;E is the observed potential;
E1′ and E2′ are the midpoint potentials for oxidized/
semiquinone and semiquinone/reduced couples of the flavin,
respectively.

The midpoint reduction potentials for the flavin couples
of YkuN or YkuP and for P450 BioI were also determined
by potentiometric analysis of stoichiometric flavodoxin/P450
complexes (12µM each of either YkuN/BioI or YkuP/BioI).
P450 BioI was saturated with the tight-binding fatty acid
myristic acid (200µM) (16). Redox titrations were performed
as detailed above. The oxidized/semiquinone and semi-
quinone/hydroquinone potentials for the FMN cofactors in
YkuN and YkuP were determined from the change in
absorption at 596 nm (YkuN) and 590 nm (YkuP). At these
wavelengths, there are minimal contributions from theR/â
bands of the P450 heme during reduction of the flavins. Data
were fitted to eq 3, as detailed above. The reduction potential
for the ferric/ferrous couple of the heme iron was determined
from absorption change between the wavelengths of 409 and
392 nm. In this regime, there is minimal contribution from
the YkuN or YkuP FMN as it undergoes its semiquinone-
to-hydroquinone reduction across a similar potential range
as the heme reduction. Data for the heme reduction were
fitted to eq 4, describing a single-electron process, as
described previously (41).

In eq 4, A is the total absorption change,a and b are
component absorbance values contributed by the P450 heme
in the oxidized and reduced states;E is the observed
potential, andE1′ is the midpoint potential for the ferric/
ferrous couple of the heme iron.

RESULTS

Cloning and Sequencing of YkuN and YkuP.The genes
encoding the twoB. subtilisflavodoxins were amplified by
PCR from chromosomal DNA, as described in the Experi-
mental Procedures section. Agarose gel electrophoresis
revealed product bands of the correct size (∼0.59 kbp for
ykuN, ∼0.63 kbp forykuP). Purified PCR fragments were
digested with the restriction enzymesNcoI and BamHI
(exploiting sites engineered into the PCR primers) and cloned
into the expression vector pET16b (Novagen). Successful
clones were verified by restriction enzyme digestion, and
large-scale plasmid preparations were undertaken for DNA
sequencing. The sequence ofykuNwas found to be identical

A ) a10(E-E1′)/59 + b + c10(E2′-E)/59

1 + 10(E-E1′)/59 + 10(E2′-E)/59
(3)

A ) a + b10(E1′-E)/59

1 + 10(E1′-E)/59
(4)
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to that reported on the SubtiList database (http://genolist-
.pasteur.fr/SubtiList/) and to encode a putative protein of 158
amino acids (including initiator methionine) and of molecular
mass 17 793 Da. However, the sequence ofykuP differed
from that previously reported, and the difference was
consistent among several clones originating from different
PCR reactions. According to the genome sequence data,ykuP
encodes a putative protein of 178 amino acids (including
the initiator methionine) and of molecular mass 20 253 Da.
Our sequencing data indicates that there is an “A” nucleotide
absent in the sequence at nucleotide position 436 (resulting
in a string of four, rather than five, consecutive “A”
nucleotides). This results in a change in reading frame from
position 436 (amino acid 146) onward and in the predicted
translated sequence terminating earlier with a TGA stop
codon introduced at positions 454-456 in the sequence
(Figure 2). Thus, the correctedykuPgene encodes a putative
protein of 151 amino acids with a predicted molecular mass
of 16 868 Da.E. coli is also known to contain two flavodoxin
proteins (FldA and FldB), but these are of rather larger size
than those inB. subtilis. E. coli FldA is a 175 amino acid
protein of predicted mass 19 606 Da; FldB is a 173 amino
acid protein of predicted mass 19 700 Da.

Despite great similarities in overall tertiary structure, two
broad and distinct classes of flavodoxins are recognized. In
the “long-chain” flavodoxins, the last of the fiveâ strands
of the protein is broken into two segments by an intervening
section of approximately 20 amino acid residues (43). This
segment is absent from the “short-chain” flavodoxins. Thus,
the apparent discrepancy between our sequencing data and
those from the genomic sequence are not simply resolved
on the basis of size comparisons of the “long” and “short”
forms of YkuP with other flavodoxins. The “long” form of
YkuP is of approximately the correct size to be a member
of the “long-chain” family and vice versa for the “short”
form. Amino acid alignments (using ClustalW at the EBI
web site, http://www.ebi.ac.uk/clustalw/) between the “short”
and “long” forms of YkuP and other bacterial flavodoxins
(including YkuN) are strongly supportive of YkuP being a
short-chain flavodoxin (Figure 3). The alignment shows that
the insert present in each of the well-defined long-chain
flavodoxins is absent from theDesulfoVibrio Vulgaris and

Clostridium beijerinckii short-chain flavodoxins and also
from YkuN. Moreover, the insert region is not recognized
in either the “short” or “long” forms of YkuP. In the “long”
form, the additional C-terminal residues appear at the end
of the alignment and do not correlate well with residues in
any of the other long-chain or short-chain flavodoxins.
Alignment data are thus consistent with our sequencing data
and with YkuP being a typical short-chain flavodoxin.

Expression and Purification of YkuN and YkuP.Expression
of ykuNandykuPgenes (cloned in the T7 RNA polymerase
promoter plasmid pET16b) was investigated in a series of
E. coli strains with expression induced by addition of IPTG
(1 mM) in the logarithmic phase of growth. Efficient
expression was achieved in both BL21 (DE3) and HMS174
(DE3) pLysS strains. The latter strain was chosen for
preparation of both YkuN and YkuP proteins, since this strain
consistently gave slightly higher production levels of the
YkuN flavodoxin. SDS-PAGE gel studies showed that
levels of flavodoxin expression were maximal by 6-18 h
after induction. Thus, HMS174 (DE3)/pETYkuN and HMS174
(DE3)/pETYkuP cultures were typically induced in late
afternoon or evening, and cells were harvested the following
morning. The cultures yielded blue cell pellets, indicative
of the predominance of the neutral blue semiquinone form
of the FMN cofactor in the overexpressed flavodoxins.

On breakage of the expression cells, the intensity of the
blue color of the YkuP lysate deteriorated, and there was
complete conversion to a yellow color typical of oxidized
FMN on dialysis of the lysate. A similar phenomenon was
observed for theE. coli flavodoxin (FldA), which was also
purified for comparisons with YkuN or YkuP. By contrast,
YkuN remained in its blue semiquinone state well beyond
these stages of processing, only converting to the yellow
oxidized (quinone) form fully following immobilization on
Q-Sepharose resin and extensive washing with aerated buffer
as a prelude to application of a salt gradient. It is thus likely
that the YkuN blue semiquinone shows lower reactivity with
oxygen than does the YkuP species. Potentiometric studies
(see below) indicate that any differences in semiquinone
reactivity with oxygen must have their origin in kinetics of
reactivity, rather than in altered thermodynamics of the flavin
system. It should be noted that we cannot rule out that the
difference in oxygen reactivity between YkuN and YkuP may
result from differences in disproportionation rates between
the semiquinone species, forming hydroquinone species that
reoxidize very rapidly. However, the potentiometric analyses
below indicate that there is a large thermodynamic barrier
to hydroquinone formation in both flavodoxins.

Both YkuN and YkuP were purified to homogeneity by
successive hydrophobic affinity, ion exchange, and gel
filtration steps. The N-terminal amino acid sequences of
YkuN (AKALITY) and YkuP (AKILLV) were determined.
These data are consistent with the predicted sequences and
indicate that the initiator methionine residue is removed from
bothB. subtilisflavodoxins on expression inE. coli. Figure
4 shows an SDS-PAGE gel of purified YkuN and YkuP
proteins. The gel confirms that both proteins are purified as
unique species with no significant proteolysis evident in
either case. However, the electrophoretic mobilities of YkuN
and YkuP are rather different. Based on gel migration, the
mass of YkuN is estimated at∼17 kDa, consistent with the
predicted molecular mass of 17.7 kDa (with methionine

FIGURE 2: DNA sequence ofB. subtilis ykuP. A section of the
DNA sequencing data from a typicalykuP clone is shown. The
region between nucleotides 423 and 450 (corrected sequence
numbers) is indicated. In the original genomic sequence ofB.
subtilis (http://genolist.pasteur.fr/SubtiList/), a string of five “A”
nucleotides are present in positions 436-440. Our data show that
this is in fact a string of four “A” nucleotides in positions 436-
439. The induced frame shift results in a stop codon being
introduced at positions 454-456.
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removed). However, YkuP migrates more slowly on the
SDS-PAGE gel with an estimated mass of∼20 kDa (cf.
predicted mass of 16.7 kDa with methionine removed)

(Figure 4). While the apparent mass difference between
YkuN and YkuP likely reflects subtle structural alterations
that impact electrophoretic mobility, we also sought confir-
mation of the short-chain flavodoxin nature of YkuN and
YkuP by mass spectrometry (MALDI). The determined mass
of YkuN (17 676 Da) is within 0.1% of that predicted on
basis of the gene sequence. The determined mass of YkuP
(16 527 Da) is within 1.3% of that predicted on the basis of
our revised gene sequence (and clearly distinct from the
20 253 Da predicted from the published sequence). Thus,
mass spectrometry is clearly supportive of our revised
assignment of YkuP as a short-chain flavodoxin.

Spectral Properties of YkuN and YkuP.YkuN and YkuP
were purified in their fully oxidized (quinone) forms. The
UV-visible spectra of the oxidized flavodoxins show
features typical of this class of flavin-binding proteins.
Oxidized YkuN has two major absorption bands in the near-
UV-visible region with maxima at 377.5 and 461.5 nm.
There is a shoulder on the longer wavelength band at∼485

FIGURE 3: Amino acid sequence alignment ofB. subtilisYkuN and YkuP with other microbial flavodoxins. Alignment was generated
using the ClustalW program via the EBI (http://www.ebi.ac.uk/clustalw/). The alignment uses both the YkuP sequence determined in this
paper (YkuP short) and the sequence predicted from genome sequencing (YkuP long). These sequences are aligned with YkuN, the short-
chain flavodoxins fromDesulfoVibrio Vulgaris (D. Vulgaris) andClostridium beijerinkii(C. beijerinkii), and the long-chain flavodoxins
from E. coli (E. coli FldA andE. coli FldB), AnabaenaVariabilis 7120 (A. Variabilis), Synechococcussp. PCC 7002 (Synechococcus), and
Chondrus crispus(C. crispus). Residues indicated by asterisks are conserved in all sequences. Residues indicated by single and double dots
are of similar and highly similar chemical character, respectively, according to criteria set in the program.

FIGURE 4: SDS-PAGE analysis of purified YkuN and YkuP.
Purified YkuN (lanes 1 and 4, approximately 1µg), YkuP (lanes 2
and 5, approximately 2µg), and molecular weight markers (lane
3) are shown, resolved on a 15% SDS-PAGE gel. YkuP has lower
electrophoretic mobility than YkuN. The broad range protein
molecular weight markers shown (NEB) are of mass (top to bottom)
175, 83, 62, 47.5, 32.5, 25, 16.5, and 6.5 kDa. The flavodoxins
migrate to positions between the 25 and 16.5 kDa markers.
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nm (Figure 5A). YkuP has very similar characteristics with
maxima at 377 and 457 nm and a shoulder at∼484 nm
(Figure 5B). Highly purified YkuN was characterized with
an A280/A462 ratio of approximately 6:1 and YkuP with an
A280/A456 ratio of approximately 3.5:1. These ratio values are
consistent with the higher content of aromatic amino acids
in YkuN compared to YkuP, including two tryptophans in
YkuN versus only one in YkuP (Figure 3). Partial reduction
of both flavodoxins with the powerful reductant sodium
dithionite produced species with spectral signatures charac-
teristic of the neutral blue semiquinone state, that is, the form
that is predominantly populated during expression of YkuN
and YkuP inE. coli. These species exhibit a broad absorption
band at long wavelength with a maximum at∼595 (YkuN)
and∼592 nm (YkuP). A second sharp absorption feature is
observed at 351 (YkuN) and 349 nm (YkuP). Independent
evidence for the formation of the semiquinone species was
obtained from electron paramagnetic resonance (EPR) analy-
sis. The one-electron reduced forms of YkuN or YkuP
produced EPR spectra characteristic for flavosemiquinones,
showing a typical organic radical with ag-value of 2.007
for both YkuN and YkuP (not shown). Addition of excess
dithionite results in the near-complete conversion of the
flavodoxins to their two-electron reduced hydroquinone
forms, in which absorption across the near UV-visible
region is extensively bleached (Figure 5).

Reduction Potentials of the YkuN and YkuP FlaVins. The
capacity of both YkuN and YkuP to stabilize a one-electron
reduced semiquinone species during reductive titrations
enabled the accurate determination of the midpoint reduction
potential of both the oxidized/semiquinone (ox/sq,E1′) and
semiquinone/hydroquinone (sq/hq,E2′) couples. Potentio-
metric titrations were performed as done previously forE.
coli FldA (32) and for other flavoproteins (8, 44). Figure 6
shows the spectral titration data for YkuN (panels A and B)
and for YkuP (panels C and D). Panels A and C show spectra
collected during the first electron reduction of YkuN or
YkuP, as the oxidized flavins are converted to their semi-
quinone forms. Panels B and D show spectra collected during
the second electron reduction, as flavin semiquinones are
converted to hydroquinone forms. Isosbestic points for the
ox/sq transitions are located at∼510 and∼365 nm for YkuN
and∼505 and∼364 nm for YkuP. Isosbestic points for the
sq/hq transitions are located at∼429 and∼370 nm for YkuN
and 425 and∼387 nm for YkuP. Figure 7 shows analysis
of the spectral data with absorption versus potential plots
presented at two different wavelengths. These wavelengths
are (i) close to the semiquinone absorption maximum (596
nm for YkuN, 590 nm for YkuP; Figure 7A,B) and (ii) near
the absorption maximum for the oxidized forms of the FMN
(463 nm for YkuN, 459 nm for YkuP; Figure 7C,D). Data
sets at both wavelengths were fitted to a two-electron Nernst
function (eq 3) to define the midpoint reduction potentials
(E1′ andE2′). For YkuN, these analyses produce values of
E1′ ) -105( 3, E2′ ) -382( 5 mV (at 596 nm) andE1′
) -109( 3, E2′ ) -371( 8 mV (at 463 nm). For YkuP,
the values areE1′ ) -105 ( 4, E2′ ) -377 ( 4 mV (at
590 nm) andE1′ ) -116( 5, E2′ ) -376( 8 mV (at 459
nm). The values determined at the different wavelengths are
consistent with one another, and the large separations
between the couples (∼270 mV for both flavodoxins) are
also consistent with the intensity of the blue semiquinone
signal observed near 600 nm. The potentials obtained are
compared with those determined previously for other fla-
vodoxins in Table 1. Flavodoxins are often considered to
cycle between hydroquinone and semiquinone forms as they
pass electrons to redox partner enzymes (30). This model is
certainly compatible with the relative potentials of theE1

andE2 couples in YkuN or YkuP and the midpoint reduction
potential of the heme iron in fatty acid-bound P450 BioI
(see accompanying manuscript, ref36). Electron transfer
from the YkuN or YkuP hydroquinone (E2′ ≈ -375 mV) to
P450 BioI (≈ -200 mV) is strongly favored, whereas
electron transfer from the semiquinone (E1′ ≈ -110 mV) is
clearly disfavored on thermodynamic grounds.

In parallel experiments, the reduction potentials of the
YkuN or YkuP flavodoxins and P450 BioI were redetermined
in a stoichiometric complex (as described in Experimental
Procedures). The potentials for the oxidized/semiquinone and
semiquinone/hydroquinone couples of YkuN wereE1′ )
-111 ( 8 andE2′ ) -343 ( 5 mV and for YkuPE1′ )
-106 ( 6 andE2′ ) -378 ( 10 mV. These values are
within error of those determined for the isolated flavodoxins
(Table 1) with the exception ofE2′ for the complexed YkuN,
which is ∼40 mV more positive than that for the isolated
YkuN. This possibly reflects an altered environment of the
YkuN FMN in the complex. Additionally, the potentials for
the heme oxidized/reduced couple were-339 ( 5 mV in

FIGURE 5: Spectral properties of YkuN and YkuP in their different
redox states. Electronic absorption spectra for YkuN (panel A,∼100
µM) and YkuP (panel B,∼35µM) are shown. Spectra are presented
for the flavodoxins in their oxidized (s), semiquinone (‚‚‚), and
hydroquinone (- - -) forms. For the hydroquinone species, the
spectra shown are those of the predominantly two-electron reduced
forms of the flavodoxins, generated by addition of severalfold molar
excess of sodium dithionite reductant.
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the YkuN complex and-337( 5 mV in the YkuP complex.
These values are rather more negative than those observed
for the fatty acid-saturated (extensively high-spin) form of
the P450 (≈ -200 mV, see ref36) and are more similar to
those values for the substrate-free form of P450 BioI (≈
-330 mV). On complete reoxidation of the YkuN/BioI and
YkuP/BioI complexes, the spectral maximum for the heme
Soret band was seen to return to∼392 nm, indicating that
the P450 remained in the fatty acid-bound, high-spin form
when in its ferric form. Thus, the shift in heme potential
may be a result of the influence of the binding of the
flavodoxins close to the axial ligand of the heme iron. This
being the case, the likelihood that electron transfer to the
heme occurs from the YkuN or YkuP hydroquinone is
reinforced.

Generation of YkuN and YkuP Apoproteins and FlaVin-
Binding Properties.The apoprotein forms of YkuN and YkuP
were generated by TCA precipitation, as described in the
Experimental Procedures section. Solubilized YkuN or YkuP
apoproteins were devoid of the visible spectral properties
typical of the holoflavodoxins, demonstrating that complete
removal of the FMN cofactors had been achieved. To
investigate the structural properties of the resolubilized
apoflavodoxins, CD spectra in the far UV region (190-260
nm) were compared with those for the holoflavodoxins. In
the case of YkuN, these CD spectra were almost indistin-
guishable, indicating that the conformation adopted by the

apoprotein form is highly similar to that for the holoprotein
(Figure 8A). However, the situation is different for YkuP.
In the FMN-bound form, the CD spectrum is distinct from
that for the YkuN holoflavodoxin (Figure 8B). There is a
much stronger feature at∼210 nm for YkuP, suggesting
differences in the relative proportions of the major secondary
structural elements in the two holoflavodoxins. Specifically,
the more intense feature in the YkuP spectrum might indicate
a rather higher proportion ofR helix. In the apoprotein form,
the CD spectrum of YkuP is markedly distinct from that for
the holoprotein (Figure 8B), suggesting that, unlike YkuN,
a significant rearrangement of secondary structure occurs in
the presence of the FMN cofactor.

The ability of both apoflavodoxins to bind FMN was
confirmed by changes in the far-UV CD spectra (particularly
obvious in the case of YkuP) indicative of a reversion to
the holoprotein forms and by UV-visible absorption studies.
The holoflavodoxins both exhibit a pronounced shoulder on
their longer wavelength absorption band at approximately
485 (YkuN) and 484 nm (YkuP) (Figure 5). This feature is
absent from free FMN but appears on titration of free FMN
into the apoflavodoxins (not shown). To determine the
apparent binding constants (Kd values) for the FMN cofactor,
flavin fluorescence quenching experiments were performed
using the apoflavodoxins, essentially as described in previous
studies (38). Preliminary comparisons of the fluorescence
of the FMN in YkuN and YkuP holoproteins demonstrated

FIGURE 6: Spectrophotometric redox titrations of YkuN and YkuP. Selected absorption spectra accumulated during the potentiometric
titration of YkuN (∼100 µM, panels A and B) and YkuP (∼21 µM, panels C and D) are shown. Panels A and C show spectra recorded
during addition of the first electron (oxidized-to-semiquinone transition) to YkuN and YkuP, respectively. Panels B and D show spectra for
the second electron reduction (semiquinone-to-hydroquinone transition) of YkuN and YkuP, respectively. Arrows indicate directions of
absorption change at different wavelengths occurring in the reductive direction during the titrations.
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that it was considerably quenched (1.5% and 0.4% of that
for free FMN) by the protein. As expected, saturable
quenching of FMN fluorescence was observed on progressive
titration of a solution of FMN with both apoYkuN and
apoYkuP. Plots of the flavin fluorescence change against the
concentration of apoflavodoxin added were fitted to eq 2 to

yield apparentKd values of 14.6( 0.6 nM for YkuN and
25.2 ( 1.0 nM for YkuP for FMN binding. These values
reflect very tight binding of FMN for the apoflavodoxins
but are slightly weaker thanKd values determined for certain
other bacterial flavodoxins (e.g., that fromD. Vulgaris at
∼2.4 nM, ref45). However, theseKd values are similar to
that determined for theCl. beijerinkii flavodoxin (∼18 nM,
ref 46) under similar conditions. It should be noted, however,
that phosphate ions may compete at the FMN binding site
and that effects may vary according to the particular
flavodoxin studied (45). Importantly, negligible quenching
of riboflavin fluorescence was observed with either apoYkuN
or apoYkuP. These findings are consistent with the properties
of “typical” short-chain flavodoxins, which have a rather
strict requirement for the terminal phosphate of FMN. In
turn, this provides yet further evidence that YkuP is a
member of this broad class of short-chain flavodoxins (47,
48). However, a notable exception to this “rule” is the short-
chain flavodoxin fromD. Vulgaris, which does bind ribo-
flavin, albeit ∼3000-fold more weakly than it does FMN
(49). In structural studies of the riboflavin-boundD. Vulgaris
flavodoxin, sulfate or phosphate ions from the crystallization
buffer were found to occupy the structural space that would
be occupied by the 5′-phosphate of FMN in the native
flavodoxin (47).

Structural Stability of YkuN and YkuP.Flavodoxins are
typically robust proteins, requiring high concentrations of
chaotropes to induce complete unfolding and cofactor loss
(e.g., refs32 and 50). In view of the apparent structural

FIGURE 7: Analysis of potentiometric data for YkuN and YkuP. Absorption versus potential plots of redox titration data are shown with
data fitted to eq 3. Panels A and B show data fits at 596 and 590 nm (near semiquinone maximum) for YkuN and YkuP, respectively.
Panels C and D show data fits at 463 and 459 nm (near oxidized flavin maximum) for YkuN and YkuP, respectively. Data were collected
and processed as described in the Experimental Procedures section. Resultant reduction potential values are collated in Table 1.

Table 1: Flavin Reduction Potentials in YkuN and YkuPa

reduction potential (E′, mV vs SHE)

flavodoxin species E1′ E2′ E12′
YkuN B. subtilis -105 -382 -244
YkuP B. subtilis -105 -377 -241
FldA E. coli -254 -433 -343

A. nidulans -221 -447 -334
D. Vulgaris -143 -435 -285
C. beijerinckii -92 -399 -246

P450 BM3 B. megaterium -213 -193 -203
CPR H. sapiens -43 -280 -162

a Midpoint reduction potentials for the oxidized/semiquinone (E1′),
semiquinone/hydroquinone (E2′), and oxidized/hydroquinone (E12′)
couples of the YkuN or YkuP flavodoxins were determined as described
in the Experimental Procedures section. Values are compared with those
for long-chain flavodoxins fromE. coli (FldA, ref 32) andSynechoc-
occusPCC 6301 (Anacystis nidulans, ref 59) and with those for short-
chain flavodoxins fromD. Vulgaris (49) andC. beijerinckii(55). Also
included are the reduction potential values for the FMN-containing
(flavodoxin-like) domains of P450 reductase enzyme fromB. mega-
terium (CYP102A1, P450 BM3, ref41) and human (P450 reductase,
CPR, ref8). All values reported were determined at pH 7.0. Values
cited for theB. subtilis flavodoxins are from analysis of absorption
versus potential data at wavelengths near-maximal for the semiquinone
species.
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differences between YkuN and YkuP evident from their
distinctive CD properties in holo- and apo-forms, and in light
of the slightly weaker binding of FMN compared to certain
other bacterial flavodoxins, we undertook studies on the
stability of structure and flavin binding in YkuN and YkuP.
This was done both by examining the effects of guanidinium
chloride (GdmCl) on secondary structure, tertiary structure,
and flavin binding and by evaluating the thermodynamic
parameters associated with thermal unfolding of the fla-
vodoxins using differential scanning calorimetry (DSC).

Structural Stability of YkuN and YkuP: GdmCl-Induced
Unfolding. Preliminary studies involved the examination of
the dissociation of FMN cofactor from its active site in YkuN
or YkuP by following the change in electronic absorption
spectrum of the flavodoxins at different concentrations of
GdmCl. As GdmCl concentration was increased, similar
perturbations in the optical spectra of both YkuN and YkuP
were observed. At high GdmCl concentration, the position
of the first (shorter wavelength) visible absorption band
shifted by only∼1 nm (from∼377 to∼378 nm with slight
increase in intensity), but the spectral maximum for the
longer wavelength band was blue-shifted to approximately
448 nm (from 461.5 or 457 nm for YkuN or YkuP), and the
pronounced shoulder associated with the flavodoxin-bound
form of FMN was lost. The spectrum of free FMN has
maxima at approximately 374 and 446 nm in GdmCl-free
buffer, shifting to 378 and 448 nm in 8 M GdmCl. This
indicates that FMN is stoichiometrically dissociated from the

YkuN or YkuP protein matrixes at high GdmCl concentra-
tion. Plots of the GdmCl-induced absorption changes versus
GdmCl concentration described sigmoids and were fitted to
the Hill equation to produce midpoint values for GdmCl-
induced flavin loss of 1.99( 0.1 M for YkuN and 1.10(
0.04 M for YkuP.

The effects of GdmCl on fluorescence from aromatic
amino acids (primarily tryptophan) were examined to provide
further information on stability of tertiary structure. Previous
titrations of apoflavodoxins with FMN showed clearly that
quenching of flavin fluorescence was associated with binding
of FMN to the proteins. Treatment of YkuN and YkuP with
GdmCl resulted in increased tryptophan fluorescence and a
shift in the fluorescence emissionλmax from 348 to 360 nm
(YkuN) and from 352 to 362 nm (YkuP). Data plots for
change in fluorescence versus GdmCl concentration were
again sigmoidal and produced midpoint values of 2.45(
0.18 (YkuN) and 1.90( 0.51 M (YkuP). The stability
measurements were repeated using the apoflavodoxin forms,
generated by TCA precipitation as described in the Experi-
mental Procedures section. In these cases, the results were
rather different. In the case of YkuN, the emissionλmax for
protein without GdmCl added was at 350 nm and shifted to
359 nm at the end point in the titration with the chaotrope.
The slightly shiftedλmax in the GdmCl-free form (350 nm;
cf. 348 nm in holo-YkuN) likely reflects greater solvent
accessibility of the tryptophan residues in the apo-YkuN. One
of the two tryptophan residues in YkuN is Trp60, located in
the FMN-binding loop region, and is likely affected by
displacement of the flavin (Figure 3). The midpoint value
for GdmCl-induced fluorescence change in apo-YkuN was
1.71 ( 0.10 M, suggesting moderate destabilization of the
tertiary structure of the apoprotein with respect to the
holoflavodoxin. Interestingly, the behavior of apo-YkuP is
rather different. In the apo-form, theλmax for fluorescence
emission is located at 348 nm, rather than at 352 nm as in
the holo-form, possibly indicating that the single tryptophan
in this isoform (Trp60) adopts a more buried, hydrophobic
environment in the absence of FMN. The midpoint value
for GdmCl-induced fluorescence change in apo-YkuP was
3.13 ( 0.24 M, suggesting greater stability of tertiary
structure than that of the holoprotein (1.90( 0.51 M). This
marked apparent change in stability of tertiary structure in
the apo-form of YkuP may reflect the notable change in
secondary structure observed in CD studies (Figure 8B).

Previous titrations of apoflavodoxins with FMN showed
clearly that quenching of flavin fluorescence was associated
with binding of FMN to the proteins. To investigate the
stability of FMN binding, studies of the change in flavin
fluorescence at different concentrations of GdmCl were
performed. Intensity of flavin fluorescence increased as
GdmCl concentration was elevated. However, it was found
that, for both YkuN and YkuP, theλmax for fluorescence of
GdmCl-free holoprotein was located at∼528 nm (with
excitation at 450 nm) and that the wavelength of maximum
emission did not change to any significant extent at different
concentrations of GdmCl. This may reflect the superficial
positioning of the isoalloxazine ring of the FMN in the
protein structures and that the polarity of its environment is
not changed greatly as it is released into the solvent at high
GdmCl concentration. For YkuN, the flavin fluorescence
changes again showed a sigmoidal dependence on GdmCl

FIGURE 8: CD spectra for holoprotein and apoprotein forms of
YkuN and YkuP. Far-UV CD spectra were collected for both holo-
and apo-forms of YkuN and YkuP, as described in the Experimental
Procedures section. Panel A shows CD spectra for the YkuN
holoprotein (s) and apoprotein (- - -). Panel B shows CD spectra
for the YkuP holoprotein (- - -) and apoprotein (s).
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concentration with a midpoint value of 1.95( 0.14 M, very
similar to the midpoint value for GdmCl-induced flavin
absorption change (1.99( 0.10 M). YkuP flavin fluorescence
increase at 528 nm also showed a sigmoidal dependence on
GdmCl concentration at rather lower concentrations of the
chaotrope with a midpoint value of 0.99( 0.20 M, again
consistent with the value determined from flavin absorption
changes (1.10( 0.04). The rather lower stability of flavin
binding in YkuP is consistent with the observation that some
FMN is lost from this protein (but not YkuN) following
extended protein concentration by ultrafiltration.

To investigate stability of secondary structure to GdmCl-
induced denaturation, CD spectra in the far-UV region (190-
260 nm) were recorded for both holo- and apo-forms of
YkuN and YkuP across a GdmCl concentration range (0-8
M). Induced change in secondary structure (represented by
change in CD signal at 222 nm) was plotted versus the
relevant GdmCl concentration, again displaying an apparently
sigmoidal dependence of CD change on chaotrope concen-
tration. The midpoint GdmCl concentration values for
secondary structure loss were 2.92( 0.04 and 2.18( 0.11
for YkuN holoprotein and apoprotein, respectively, and 2.30
( 0.19 and 2.50( 0.16 M for YkuP. The results indicate
that there is moderate destabilization of the secondary
structure on removal of the FMN from YkuN but that YkuP
is largely unaffected (or even slightly stabilized) by FMN
removal. All numerical data from the chaotrope stability
studies are presented in Table 2.

Structural Stability of YkuN and YkuP: Differential
Scanning Calorimetry (DSC) Studies. Figure 9 shows the
results of DSC scans conducted with native YkuN and YkuP.
During initial heating scans, the experiments were terminated
shortly after theTm had been reached. The proteins were
allowed to cool to room temperature, and then they were
rescanned. The results indicated that unfolding of these
flavodoxins is largely reversible. However there is a small
degree of hysteresis and during the rescan; about 10% of
the transition is lost. The data shown in Figure 9 are initial
scans that were collected beyond theTm so that adequate
post-transition baselines were collected for data analysis.
After subtraction of the buffer baseline, linear least-squares
fits to the pre- and post-transitional baselines for YkuN were
used to determine the heat capacity change for unfolding of

this protein. A similar procedure could not be conducted on
YkuP since the post-transitional baseline became slightly
exothermic in all cases, probably due to slight aggregation.
Baseline-corrected data for both proteins were best fitted
using a non-two-state model. The most notable difference
in the two proteins is that the DSC endotherm for YkuN
(panel A in Figure 9) is clearly biphasic, and these data were
best fitted to two-component transitions. Conversely, the
DSC endotherm for YkuP was composed of a single transi-
tion. The calorimetrically derived thermodynamic parameters
for the unfolding of these proteins are collated in Table 3.

Straightforward analysis of DSC data relies on the thermal
transitions being reversible and being under thermodynamic
rather than kinetic control. For the two proteins under study
here, repeat scans showed that unfolding was largely

Table 2: Structural Stability of YkuN and YkuP to the Chaotrope
Guanidinium Chloridea

midpoint stability to GdmCl (KU,M)

YkuN YkuP

holoprotein apoprotein holoprotein apoprotein

far-UV CD 2.92( 0.04 2.18( 0.11 2.30( 0.19 2.50( 0.16
flavin

fluorescence
1.95( 0.14 0.99( 0.20

tryptophan
fluorescence

2.45( 0.18 1.70( 0.10 1.90( 0.51 3.13( 0.24

flavin binding 1.99( 0.1 1.10( 0.04
a The table shows the midpoint concentrations (KU values) of

guanidinium chloride (GdmCl) required for (a) loss of secondary
structure (by far-UV CD), (b) flavin dissociation (by flavin fluores-
cence), (c) loss of tertiary structure (by tryptophan fluorescence), and
(d) flavin loss or disruption of flavin binding (by electronic absorption
spectroscopy). Data were collected and processed as described in the
Experimental Procedures section.

FIGURE 9: DSC analysis of the YkuN and YkuP flavodoxins. DSC
scans for theB. subtilis flavodoxins YkuN (panel A) and YkuP
(panel B) are shown. In both scans the solid lines are experimentally
measured unfolding endotherms, and the dotted lines are nonlinear
least-squares best fits to the data obtained using a non-two-state
unfolding model incorporated in Origin 7.0. Data were collected
as described in the Experimental Procedures section.

Table 3: Calorimetrically Derived Thermodynamic Parameters for
the Unfolding of YkuN and YkuPa

protein
Tm

(°C)
∆Hcal

(kcal mol-1)
∆HvH

(kcal mol-1)
∆Cp

(kcal mol-1 K-1)
∆HvH/
∆Hcal

YkuN +870 (total)
trans. 1 59.5 24 64 2.7
trans. 2 66.7 58 101 1.7
YkuP 53.5 42 74 ND 1.7

a The parameters derived from DSC studies on the holoflavodoxins
YkuN and YkuP are shown. Data were collected as described in the
Experimental Procedures section. Heat capacity change (∆Cp) was
calculated for YkuN from a linear least-squares fit to pre- and
post-translational baseline data, following subtraction of the buffer
baseline. The same procedure was not possible for YkuP (ND) not
determined), since the post-transitional baseline was slightly exothermic
in all experiments, probably due to some YkuP aggregation.
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reversible and hence equilibrium thermodynamics can be
used to analyze the data. This was done to determine both
calorimetric (∆Hcal) and van’t Hoff (∆HvH) enthalpies. The
former is obtained directly from the experimental data by
simple integration, and the latter comes from nonlinear least-
squares fits to the data and the line shape. These are useful
parameters since their ratio yields information about the
cooperativity of unfolding. If unfolding is perfectly two-state,
then ∆Hcal should equal∆HvH. However examination of
Table 3 indicates that for both proteins the van’t Hoff
enthalpy is always larger than the calorimetric enthalpy. This
is normally an indication of aggregation. This is consistent
with the small degree of hysteresis observed and exothermic
posttransitional baselines for YkuP.

It is clear from both Figure 9 and Table 3 that YkuP is
thermodynamically less stable than YkuN. It has a lowerTm

and a much smaller∆Hcal. It also unfolds in essentially a
two-state manner compared to the more complex thermal
unfolding of YkuN. A heat capacity change could not be
measured for YkuP for reasons mentioned above. However
for YkuN the ∆Cp for unfolding is typical for a protein of
this size and results from the exposure of hydrophobic
residues to water. The differences in DSC data for YkuN
and YkuP are generally consistent with the data from CD
studies (which indicate structural differences between the
holoflavodoxins) and with data from FMN binding and
GdmCl denaturation studies, which indicate that YkuP binds
more weakly to FMN and has lower tertiary and secondary
structural stability.

Spectroscopic and Kinetic Interactions of YkuN and YkuP
with P450 BioI and NADPH-FlaVodoxin Reductase: Static
Absorption and Fluorescence Titrations. A key reason for
expressing and characterizing theB. subtilis flavodoxin
proteins was to analyze their interactions with the host P450
BioI system (see accompanying paper, ref36) and to
establish the efficiency of their redox reactions with this
enzyme. In preliminary optical titration studies, small
perturbations of the heme iron spin-state of the substrate-
free P450 BioI enzyme (toward the high-spin form) were
observed on addition of the flavodoxins. While these
absorption changes were relatively small compared to those
observed on binding of fatty acids to the P450 (see
accompanying paper, ref36), plots of the changes in heme
absorption induced (A394 minus A413, reflecting the wave-
lengths showing the maximal overall change in absorption)
versus flavodoxin concentration described hyperbolae. These
were fitted to eq 1 to yield apparentKd values of 1.93(
0.15 µM for YkuN and 4.98( 1.67 µM for YkuP. These
values compare well with the binding constant for theB.
subtilis ferredoxin (Fer) to P450 BioI (Kd ) 0.87 ( 0.10
µM) (17). Similarly, in fluorimetric titrations, quenching of
flavin fluorescence (measured at 528 nm) was observed on
titration of substrate-free P450 BioI (0.7µM) with oxidized
YkuN or YkuP. While apparent flavin fluorescence change
did not follow a hyperbolic dependence on the concentration
of YkuN or YkuP added (preventing accurate determination
of Kd values), tight interactions between the proteins were
evident. In the case of YkuN, the fluorescence change was
complete by the point that∼0.8 µM flavodoxin was added,
indicating theKd should bee0.4µM. Similarly, the titration
with YkuP was complete by the point of addition of∼1.7
µM, indicating the Kd should be e0.85 µM. By both

methods, there is an approximately 2-fold higher affinity for
P450 BioI with oxidized YkuN over oxidized YkuP.

Spectroscopic and Kinetic Interactions of YkuN and YkuP
with P450 BioI and NADPH-FlaVodoxin Reductase: Tran-
sient Kinetic Studies. To define the kinetics of the reactions
relating to YkuN or YkuP and the P450 BioI redox system,
a series of stopped-flow investigations were performed. The
electron-transfer reactions between the flavodoxins and P450
BioI, and between the flavodoxins and a prototypical
flavodoxin reductase (E. coliNADPH-flavodoxin/ferredoxin
oxidoreductase, FLDR, ref32) were investigated.

To determine the rate of electron transfer between reduced
YkuN or YkuP and P450 BioI, stopped-flow mixing of the
reduced (hydroquinone) forms of the flavodoxins with
substrate (palmitoleic acid)-bound and testosterone-bound
forms of P450 BioI was performed, as described in the
Experimental Procedures section. In the palmitoleate-bound
form, the P450 BioI heme iron is in an extensively high-
spin form and has a less negative reduction potential, and
reduction of the heme iron by the flavodoxins should be more
thermodynamically favorable. In the testosterone-bound
form, the heme iron is low-spin, the potential is more
negative, and electron transfer should be less favorable. The
stopped-flow experiments were done in an anaerobic glove-
box in carbon monoxide (CO)-saturated buffer. This results
in the rapid binding of CO to the ferrous heme iron following
electron transfer from the flavodoxins and the development
of the UV-visible spectrum characteristic for a CO-bound
P450 with Soret absorption maximum close to 450 nm (448
nm in the case of P450 BioI). Figure 10A shows spectral
data accumulated using the photodiode array attachment on
the stopped-flow instrument for the reaction of reduced YkuN
with fatty acid-bound P450 BioI. The predominant spectral
change observed is the shift of the BioI Soret band to 448
nm as the ferrous CO complex forms. In single-wavelength
mode (i.e., monitoring the∆A448), absorption transients were
collected across a range of concentrations of YkuN and YkuP
at a fixed concentration of palmitoleate-bound and testoster-
one-bound P450 BioI. The absorption transients fitted well
to a single-exponential function, and the reaction rate versus
flavodoxin concentration data were fitted to eq 1 to determine
apparent limiting electron-transfer rate constants (kred) for
heme reduction and to determine apparentKd values for the
flavodoxin/P450 BioI interactions. Under the same condi-
tions, heme reduction of palmitoleate-bound BioI was also
analyzed usingE. coli flavodoxin (FldA) and spinach
ferredoxin. The data resulting from these experiments are
shown in Table 4. A typical graph showing the dependence
of heme iron reduction rate for palmitoleate-bound BioI with
reduced YkuP is shown in Figure 10B. The data show that
both YkuN and YkuP are more efficient in first electron
transfer to the substrate-bound P450 BioI than are the spinach
ferredoxin orE. coli FldA with kred values∼2.6-2.9-fold
faster than the spinach ferredoxin and 12.5-13.9-fold faster
than FldA (Table 4). ApparentKd values are relatively similar
for all of the flavodoxins/ferredoxin. Thekred values for
YkuN- or YkuP-dependent heme reduction in the testoster-
one-bound forms are, as expected, considerably (>10-fold)
slower than those for the substrate-bound P450s. Interest-
ingly, the apparentKd value for YkuP determined from
analysis of reduction of testosterone-bound BioI is markedly
lower than for the palmitoleate-bound enzyme. This could
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obviously reflect P450 conformational changes accompany-
ing either testosterone binding or spin-state change that
impact on the binding sites of the YkuP flavodoxin (Table
4).

To determine the kinetics of interactions betweenE. coli
flavodoxin reductase (FLDR) and theB. subtilisflavodoxins,
a further series of stopped-flow experiments were performed
in which NADPH-reduced FLDR (various concentrations)

was mixed with oxidized YkuN and YkuP (single, fixed
concentration), and the electron-transfer rate was measured
as a function of the absorption increase at 591 nm, specific
for the development of the neutral blue semiquinone species,
as described in the Experimental Procedures section. The
flavodoxins stabilize the blue semiquinone species (Figure
5) but the FLDR does not in equilibrium titrations (32). Any
semiquinone formation on the FLDR during the reactions is
expected to occur concomitantly with that on YkuN and
YkuP. In agreement with this hypothesis, reaction transients
at 591 nm were monophasic and were fitted to a single-
exponential function. Reaction rate versus FLDR concentra-
tion data were plotted and fitted to eq 1 to yield parameters
of kred (apparent interflavin electron-transfer limiting rate
constant)) 3.75( 0.12 (YkuN) and 3.05( 0.15 s-1 (YkuP)
andKd ) 16.2 ( 1.7 (YkuN) and 10.6( 1.6 µM (YkuP).

Spectroscopic and Kinetic Interactions of YkuN and YkuP
with P450 BioI and NADPH-FlaVodoxin Reductase: Steady-
State Kinetics. To analyze the apparent turnover rates of
systems containing NADPH, FLDR, YkuN or YkuP, and
substrate-bound P450 BioI, steady-state studies were per-
formed as described in the Experimental Procedures section.
At fixed concentrations of FLDR, P450 BioI, fatty acid
substrate, and NADPH, the oxidation of NADPH (ε340 )
6.21 mM-1 cm-1) was measured across a range of concen-
trations of YkuN or YkuP. In this way, apparentKm values
for the flavodoxins could be determined, along with the
apparentkcat values for the systems, expressed as moles of
NADPH oxidized per minute per mole of P450. In prelimi-
nary experiments, the palmitoleic acid-induced oxidation of
NADPH was compared between systems in which either
YkuN, YkuP, orE. coli FLD were used to mediate electron
transfer between FLDR and P450 BioI. In these systems,
the apparentkcat values for YkuN and YkuP were similar
(25.7 ( 1.5 and 23.9( 1.0 min-1, respectively), but there
was neglible (<1 min-1) turnover with theE. coli FldA. The
kinetic parameters (apparentkcat andKm for flavodoxin) for
turnover of palmitoleic acid, lauric acid, myristic acid, and
palmitic acids with YkuN and YkuP are shown in Table 5.
These data indicate that turnover rates of up to∼100 min-1

are feasible with both YkuN and YkuP and the saturated
fatty acids, and that the affinity for YkuN is generally 2-3-
fold higher than that for YkuP. The magnitudes of the
apparent rate constants suggest that interflavin and flavin-
to-heme electron transfer reactions should be major contribu-
tory factors to rate limitation in these systems. This would

FIGURE 10: Electron transfer from YkuN and YkuP to P450 BioI.
Panel A shows photodiode array spectral data for the reduction of
substrate (palmitoleate)-bound P450 BioI (1.8µM) by YkuN (30
µM), as described in the Experimental Procedures section. Arrows
indicate direction of absorption change as the P450 is converted to
its ferrous-CO adduct. Panel B shows a plot of apparent palmi-
toleate-bound P450 BioI reduction rate versus concentration of the
flavodoxin (YkuP). Data are fitted to eq 1 to yield parameters of
limiting heme iron reduction rate (kred) ) 2.64 ( 0.05 s-1 and
apparent binding constant (Kd) ) 1.30 ( 0.33 µM.

Table 4: Reduction of P450 BioI by Flavodoxin and Ferredoxin
Redox Partnersa

molecule bound

palmitoleic acid testosterone
redox
partner
protein kred(s-1) Kd (µM) kred(s-1) Kd (µM)

YkuN 2.38( 0.05 0.32( 0.13 0.19( 0.01 0.54( 0.17
YkuP 2.64( 0.05 1.30( 0.33 0.29( 0.01 0.63( 0.31
spinach Fd 0.92( 0.02 0.24( 0.09 b b
E. coli FldA 0.19( 0.01 2.10( 0.25 b b

a The heme iron reduction rates were measured for palmitoleate-
bound (high-spin) P450 BioI as described in the Experimental
Procedures section. Limiting reduction rates (kred) and apparent binding
constants (Kd values) are given for the reductive reactions withB.
subtilis flavodoxins YkuN and YkuP,E. coli flavodoxin (FldA), and
spinach ferredoxin (spinach Fd). The kinetic parameters are compared
with those for reduction of the testosterone (inhibitor)-bound, low-spin
P450 BioI by YkuN and YkuP.b Not determined.

Table 5: Steady-State Turnover Rates for P450 BioI with YkuN
and YkuP as Redox Partnersa

redox partner and kinetic parameters

YkuN YkuPP450 BioI
substrate kcat(min-1) KM (µM) kcat(min-1) KM (µM)

palmitoleate 25.7( 1.5 11.5( 1.5 23.9( 1.0 14.7( 1.4
palmitate 72.3( 1.8 5.3( 0.6 88.9( 4.7 18.0( 2.4
myristate 75.3( 2.6 6.7( 0.9 82.9( 3.5 20.8( 2.2
laurate 81.5( 2.9 6.0( 0.9 103.9( 5.2 15.8( 2.2

a The steady-state turnover of palmitoleic acid (palmitoleate), palmitic
acid (palmitate), myristic acid (myristate), and lauric acid (laurate) was
analyzed as described in the Experimental Procedures section. The
apparentkcat andKM values for the YkuN and YkuP flavodoxins were
determined by varying concentration of the flavodoxins while maintain-
ing the concentration of P450 BioI constant in assays.
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also be consistent with the relatively slow rate of electron
transfer betweenE. coli FldA and the BioI heme iron
determined in stopped-flow studies and with the slow rate
of FLDR-to-FldA electron transfer reported previously (32).
Electron transfer between putidaredoxin and the P450 (as
opposed to, for example, substrate binding or release steps)
is considered to be rate-limiting in turnover of the well-
studied P450 cam system fromP. putida(51).

Analysis of Fatty Acid Oxidation in TurnoVer Systems
Containing YkuN or YkuP and P450 BioI.In preliminary
studies to examine production of oxygenated lipid products,
the effects of various parameters (including redox partner
[P450, FLDR, YkuN or YkuP] concentrations, pH, and
reaction volume) were investigated to establish conditions
optimal for best production of oxygenated myristic acid. The
major factors promoting high levels of product yield were
found to be high concentrations of P450 BioI and NADPH.
Product formation was followed using electrospray mass
spectrometry, as described in the Experimental Procedures
section. Under optimal conditions using YkuN, approxi-
mately 74% of myristic acid was converted to a monohy-
droxylated product by P450 BioI. Under the same conditions,
∼37% of myristic acid was similarly converted to mono-
hydroxylated product with YkuP as the redox partner. Given
the superior level of turnover achieved with the YkuN
flavodoxin, further studies of YkuN-supported fatty acid
oxygenation were performed using lauric acid, 13-methyl
myristic acid (a branched chain fatty acid present inB.
subtilismembranes), palmitic acid, and the monounsaturated
palmitoleic acid. Approximately 55% of the lauric acid was
converted to monohydroxylated product. However, there was
only ∼3% conversion of 13-methyl myristic acid to a
monohydroxylated product under the same conditions. While
palmitoleic acid and palmitic acid were not oxygenated as
efficiently as lauric acid and myristic acid, there was clear
evidence for the production of both mono- and dihydrox-
ylated forms of both palmitate (5.5% and 2.2%, respectively)
and palmitoleate (3.0% and 4.0%, respectively). No forma-
tion of oxygenated product was observed after extended
incubations with testosterone. In parallel control studies, only
a small amount of peroxide (<1% of the amount of NADPH
oxidized) was produced during turnover of the various fatty
acid substrates (37). However, since there is clearly not
complete coupling of NADPH oxidation to fatty acid
oxygenation in these systems (see data above), electrons must
also be diverted to superoxide and or water formation.
Potentially, more efficient turnover may occur in the presence
of a B. subtilisreductase.

The results show clearly that both YkuN and YkuP are
capable of supporting fatty acid oxygenation catalyzed by
P450 BioI. These results are consistent with previous studies
using theB. subtilisferredoxin Fer as the redox partner (16)
and with the flavodoxin (cindoxin) fromC. braakii (21). In
recent studies, De Voss and co-workers have characterized
the regioselectvity of hydroxylation of myristic acid (showing
hydroxylation atω-1, ω-2, andω-3 positions with theω-3
hydroxy product predominant) and of palmitic acid (hy-
droxylation at positions fromω-1 throughω-5 in roughly
similar proportions) (22). In their study, only monohydrox-
ylated products were observed under non-steady-state turn-
over conditions (4.8µM P450 BioI reacted with 2.4µM fatty
acid). However, evidence presented here is that at least

palmitic acid and palmitoleic acid can be oxygenated twice
with the monohydroxylated product acting as substrate for
a second round of oxygenation. Such behavior has been
observed in theB. megateriumP450 BM3 fatty acid
hydroxylase (50).

DISCUSSION

The B. subtilisgenome sequence indicated the presence
of two genes encoding putative flavodoxin-like proteins (20).
In this paper, we have expressed theykuNandykuPgenes
and demonstrated that both encoded proteins are FMN-
binding flavodoxins and have characterized their kinetic,
spectroscopic, biophysical, and thermodynamic properties.
DNA sequencing of several clones ofykuPrevealed a single
nucleotide difference from the published sequence. This
difference has an important impact on the classification of
the YkuP flavodoxin. According to the published genome
sequence, YkuP was predicted to be larger than YkuN (20.3
kDa, cf. 17.8 kDa) and thus to be a member of the long-
chain flavodoxin subclass of proteins (whereas YkuN is a
short-chain flavodoxin). SDS-PAGE analysis (Figure 4)
would be supportive of this assignment, since YkuP has
lower electrophoretic mobility than YkuN under denaturing
conditions. However, our resequencing ofykuPindicates that
the reading frame is altered in the latter part of the gene and
that a stop codon is encountered earlier than would be the
case from genome sequence data. This results in the predicted
mass of YkuP being only 16.9 kDa and its reclassification
as a short-chain flavodoxin. Amino acid sequence alignment
data (Figure 3) indicate strongly that this should be the case.
The additional YkuP amino acids predicted on the basis of
genome sequencing are not recognized as forming an “insert”
region seen intervening the final beta strand segment of the
long-chain flavodoxins. Instead, the alignment places them
at the end of the protein and not aligning with any regions
from the other flavodoxins. In contrast, the amino sequence
generated from our resequencing predicts a typical short-
chain flavodoxin, which aligns well with other flavodoxin
sequences. Additional confirmatory data supporting the
reclassification of YkuP as a short-chain flavodoxin comes
from mass spectrometry and from the fact that neither YkuN
nor YkuP have measurable affinity for riboflavin from
fluorescence quenching experiments.

Intriguing differences are noted between the general
structural features and stabilities of YkuN and YkuP. The
secondary structure (by far-UV CD) of YkuN holoprotein
and apoprotein are highly similar (Figure 8), indicating that
FMN-binding does not have a significant effect on folding
of the protein. In contrast, the apoprotein and holoprotein
forms of YkuP are significantly different, indicating that
binding of FMN impacts considerably on the final conforma-
tion of YkuP. The stability of holo-YkuN flavin binding and
secondary and tertiary structure to disruption by guanidinium
chloride is consistently greater than that of holo-YkuP. These
data are in agreement with the results from DSC analysis,
which indicate lower thermal stability for YkuP (Table 3).
Further evidence for the conformational differences between
the apo- and holo-forms of YkuP are that removal of FMN
destabilized secondary and tertiary structure in YkuN but
that the apoprotein form of YkuP is actually somewhat more
stable than the holoprotein. However, in general the stability
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of YkuN and YkuP to chaotropes appears quite similar to
that observed other flavodoxins (e.g., refs32 and39).

TheykuNandykuPgenes appear to be cotranscribed along
with ykuO (a gene of unknown function, based on the
identification of potential transcription signals on the nucle-
otide sequence: a vegetativeσA RNA polymerase promoter
sequence (5′-TTGACA-16nt-TTTAAA-3′) located 48 bp
upstream of the ATG start codon ofykuNand a transcrip-
tional termination sequence (5′-GGAACTGCTAAAACGGC-
TGTTCCTTTTTTT) located 11 bp downstream of the TGA
stop codon ofykuP (Figure 1). The adjacentykuQgene is
likely to encode a tetrahydropicolinateN-acetyltransferase
enzyme, which may participate in the biosynthesis pathways
for meso-diaminopimelate and lysine (52). There are two
potential Fur boxes (binding sites) overlapping theykuNOP
promoter region. In a recent paper dealing with gene
expression in response to peroxide and superoxide stress, it
was found that theykuNOP genes are upregulated after
addition of peroxide or paraquat (a superoxide generator)
(53). This induction is most likely via Fur. Thus, inB. subtilis
the two flavodoxin genes are expressed during iron limitation
where one could expect a ferredoxin deficiency. The data
reported here show that both YkuN and YkuP can support
the hydroxylation activity of P450 BioI and one or both of
these proteins could replace Fer (a Fe4S4 ferredoxin, which
has been reported to support P450 BioI function, ref17) as
an electron donor under conditions of iron limitation.
Potentially, this affords the bacterial cell the capacity to
ensure that the BioI reaction (required for biotin synthesis)
can continue regardless of the levels of iron in the environ-
ment. Despite the observed structural differences between
the flavodoxins, they both have similar potentiometric
properties and both support the hydroxylation function of
P450 BioI with similar efficiency. The reduction potentials
of the YkuN or YkuP oxidized/semiquinone (E1′) and
semiquinone/reduced (E2′) couples (-105/-105 mV and
-382/-377 mV, respectively) show similar large separations
between the couples as those seen for various other bacterial
flavodoxins, including those fromE. coli (FldA, E1′ ) -254,
E2′ ) -433 mV), D. Vulgaris (E1′ ) -143, E2′ ) -435
mV), andC. beijerinckii(E1′ ) -92,E2′ ) -399 mV) (32,
54, 55). In the fatty acid-bound form, the heme iron potential
of P450 BioI is-199 mV, indicating that electron transfer
from either YkuN or YkuP hydroquinone or semiquinone
could be feasible but that electron transfer from the fla-
vodoxin hydroquinone would be far more thermodynamically
favorable.

Turnover studies using a FLDR, YkuN or YkuP, and P450
BioI system demonstrate the generation of hydroxylated
products from a range of fatty acids. Other recent studies
indicate that there is not a strong regioselectivity of mono-
hydroxylation of myristic and palmitic acids by P450 BioI
with monohydroxylation at a range of positions betweenω-1
andω-3 (myristic acid), andω-1 andω-5 (palmitic acid) on
these substrates (22). Our studies extend the previous data
regarding the flavodoxin-dependent hydroxylation of fatty
acids, demonstrating that the P450 can oxygenate saturated
and monounsaturated fatty acids of chain length varying
between C12 and C16 and can perform two successive rounds
of oxygenation in the case of the C16 substrates. Our own
recent work on theB. subtilisCYP102A2 and CYP102A3
flavocytochromes P450 has shown that these enzymes mimic

the better-characterized P450 BM3 system fromB. mega-
teriumand catalyzeω-1 to ω-3 hydroxylation of fatty acids
(56). It is difficult to envisage that fatty acid oxygenation at
these positions could be the physiologically relevant reaction
of P450 BioI, given that reaction rates are severalfold slower
than those catalyzed by the CYP102A2 or CYP102A3
enzymes. Thus, it appears that the hydroxylation activities
observed with the isolated P450 BioI, YkuN or YkuP, and
FLDR redox systems in vitro are unlikely to reflect the true
in vivo role(s) of P450 BioI. Recent studies from De Voss’s
group have shown that very small amounts of pimelic acid
(a known intermediate in theB. subtilis biotin synthesis
pathway) can be synthesised by BioI and that this probably
occurs through successive rounds of oxidative attack on the
central carbons of long-chain fatty acids or fatty acyl CoA’s.
Specifically, oxygenation of a series of C14 substrates
indicated that pimelic acid (albeit in very small amounts)
could be produced most effectively usingR,R- andS,S-7,8-
dihydroxtetradecanoic acids (57). This appears to be con-
sistent with P450 BioI catalyzing successive oxidations at
central carbons on the lipid substrate, producing first alcohol
and then diol, and finally catalyzing bond cleavage to
generate monoacid and diacid products. A similar reaction
scheme is known to occur for the cholesterol side chain
cleavage enzyme P450scc (CYP11A1), which converts
cholesterol to pregnenolone (58). Assuming that the envis-
aged reaction scheme for BioI is correct, then the hydrox-
ylations observed close to theω-terminus of fatty acids
substrates will be competitive and inhibitory to the physi-
ologically relevant reaction. To generate an efficient in vitro
pimelic acid production system, the correct collection of
component proteins will be required. It is thought that the
host acyl carrier protein (ACP) loaded with lipid may be
the true means of substrate delivery to P450 BioI (21) and
may act to orientate P450 and substrate correctly for
oxidation(s) at relevant bonds. The redox partner systems
required to shuttle electrons from NAD(P)H to P450 BioI
in vivo are likely to involve either or all (under different
conditions) of Fer, YkuN, YkuP, and host flavodoxin/
ferredoxin reductase(s). In ongoing work, we have cloned
and expressed relevantB. subtilispartner proteins to recon-
stitute an efficient in vitro P450 BioI system that reproduces
effectively the true activity of the natural cellular complex.
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