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Flavodoxins are involved in a variety of electron
transfer reactions that are essential for life. Although
FMN-binding proteins are well characterized in pro-
karyotic organisms, information is scarce for eukaryotic
flavodoxins. We describe the 2.0-A resolution crystal
structure of the Saccharomyces cerevisiae YLROI1I1w
gene product, a predicted flavoprotein. YLRO11wp in-
deed adopts a flavodoxin fold, binds the FMN cofactor,
and self-associates as a homodimer. Despite the absence
of the flavodoxin key fingerprint motif involved in FMN
binding, YLR0O11wp binds this cofactor in a manner very
analogous to classical flavodoxins. YLRO11wp closest
structural homologue is the homodimeric Bacillus sub-
tilis Yhda protein (25% sequence identity) whose ho-
modimer perfectly superimposes onto the YLRO11wp
one. Yhda, whose function is not documented, has 53%
sequence identity with the Bacillus sp. 0Y1-2 azoreduc-
tase. We show that YLRO11wp has an NAD(P)H-depend-
ent FMN reductase and a strong ferricyanide reductase
activity. We further demonstrate a weak but specific
reductive activity on azo dyes and nitrocompounds.

The most frequently used cofactors in enzymatic redox reac-
tions are the pyridine (NAD and NADP) and the flavin (FAD
and FMN) nucleotides. Although NAD and NADP are soluble
cofactors used by dehydrogenases, FAD and FMN usually work
as prosthetic groups in flavoproteins to which they are tightly
bound. Flavodoxins are small monomeric flavoproteins (15-22
kDa) that noncovalently bind a single FMN molecule, acting as
a redox center (1). The flavodoxin scaffold contributes to the
mechanism of electron transfer by stabilizing the FMN mole-
cule in an environment that promotes the highly negative
redox potential required for its biochemical activity. This is
accomplished by sandwiching the FMN ring between two hy-
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drophobic side chains. Flavodoxins are involved in a variety of
electron transfer reactions that are essential in the metabolism
of pyruvate (2), nitrogen, and pyridine nucleotides (3). These
enzymes exist under three redox states: oxidized; partially
reduced (semiquinone); and fully reduced (hydroquinone). Un-
til now, flavodoxins have been identified in many prokaryotes
and also in some eukaryotic algae (4—6). In mammalian sys-
tems, flavodoxins have only been found as domains inserted in
larger redox proteins such as cytochrome P450 reductase
where they act as the electron transport intermediate between
FAD and the P450 iron center (7). Flavodoxin-like domains are
also found in mammalian nitric-oxide synthase (8) and in hu-
man erythrocyte NADPH-flavin reductase (9).

The Saccharomyces cerevisiae YLROI 1w open reading frame
codes for a protein of unknown function that has been found to
be up-regulated in response to low temperature exposure (10).
The sequence belongs to a COG4530 (Cluster of Orthologous
Genes) predicted to generally contain flavoproteins. Hence, the
YLRO11wp 21-kDa protein was proposed to be composed of a
single domain present in NADPH-dependent FMN reductases.
We have solved the 2-A resolution crystal structure, confirming
that it adopts a flavodoxin fold and binds the FMN cofactor.
YLRO11wp exists as a dimer in the crystal as well as in solu-
tion. The YLRO11wp closest structural homologue is the Bacil-
lus subtilis Yhda protein (Protein Data Bank code 1NNI) (11),
whose function is not documented but has 53% sequence iden-
tity with the Bacillus sp. OY1-2 azoreductase. These enzymes
are responsible for the reductive cleavage of azo dyes. Orga-
nisms producing azoreductase present a biotechnological inter-
est for the early step in detoxification of industrial dyes. This
type of activity has not been reported before in S. cerevisiae.
Therefore, we have attempted to characterize YLRO11wp re-
ductase activity by testing different azo dyes and nitrocom-
pounds but also ferricyanide as electron acceptors.

EXPERIMENTAL PROCEDURES

Cloning and Purification—The YLRO1Iw open reading frame DNA
was amplified by PCR using oligodeoxynucleotides synthesized by
MWG Biotech and cloned between the Ndel and Notl sites of pET29
vector from Novagen. The expression strain Rosetta was obtained from
Novagen. 2X YT medium (5 g of NaCl, 16 g of Bactotryptone; 10 g of
yeast extract) was purchased from BIO 101, Inc., and isopropyl--D-
thiogalactopyranoside was purchased from Sigma. Transformed Ro-
setta cells were grown at 37 °C up to an Ay, of 1. Expression was
induced with 0.5 mMm isopropyl-g-D-thiogalactopyranoside, and the cells
were grown for a further 12 h at 15 °C. Cells were collected by centrif-
ugation, washed, and resuspended in lysis buffer (20 mm Tris-HCI, pH
8, 300 mm NaCl, 10 mMm B-mercaptoethanol) at 4 °C. Cells were lysed by
3 cycles of freeze-thawing and 30 s of sonication and then were centri-
fuged. The His-tagged proteins were purified using a Ni%?* affinity

This paper is available on line at http://www.jbc.org
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column (Qiagen Inc.) according to the standard protocols. Eluted pro-
tein was further purified by gel filtration using a Superdex™ 75 column
(Amersham Biosciences) equilibrated against the buffer containing 20
mM Tris-HCl, pH 8, 100 mMm NaCl, and 20 mM B-mercaptoethanol. The
purity of the pooled fractions was checked by SDS-PAGE, and the
integrity of the protein samples was checked by mass spectrometry.
Selenium Met (Se-Met)'-labeled proteins were prepared as follows.
Transformed cells were grown in M63 medium at 37 °C up to an Agyg nm
of 1. The culture then was complemented with a mixture of amino acids
(L-Lys, L-Phe, and L-Thr at 100 mg/liter and L-Ile, L-Leu, L-Val, and
L-Se-Met at 50 mg/liter) within 30 min, and the recombinant protein
was overexpressed by the addition of 0.3 mM isopropyl-B-D-thiogalacto-
pyranoside within 12 h at 15 °C. The protein was purified as described
above. Seleno-methionine incorporation into the protein was >95% as
assayed by mass spectrometry.

Crystallization and Resolution of the Structure—Native and Se-Met
labeled protein samples were stored in 20 mM Tris-HCI, pH 8, 100 mm
NaCl, and 20 mMm B-mercaptoethanol. Prior to crystallization screen-
ings, 20 mM CaCl, and 2 mm FMN were added to the protein solutions.
Crystals of both the native and Se-Met-labeled protein were grown from
a 1:1-pul mixture of protein (6 mg/ml) with 10-15% polyethylene glycol
3000, 20% polyethylene glycol 400, and 0.1 M Tris-HCI, pH 8.5 (reser-
voir solution). Crystals with a maximal size of 100—200 um appeared
within 3 days. For data collection, the crystals were frozen in liquid
nitrogen after soaking in cryoprotectant buffer containing 10% polyeth-
ylene glycol 3000, 30% polyethylene glycol 400, and 0.1 M Tris-HCl, pH
8.5. Crystals of the native and Se-Met labeled proteins diffracted to 1.9
and 2.3 A, respectively (beamline BM30A at the European Synchrotron
Radiation Facility, Grenoble, France) (12).

The structure was determined using single wavelength anomalous
dispersion x-ray diffraction data collected from the Se-Met derivative
crystal. Data were processed using the HKL package (13). The space
group was P2,2,2 with two molecules per asymmetric unit. Two sele-
nium atom sites of three were found for each monomer with the pro-
gram SOLVE in the 80—2.8-A resolution range (14). After solvent flat-
tening and phase extension to a 2.3-A resolution with the program
RESOLVE (15), the quality of the electron density map allowed the
manual construction of most of the secondary structure elements with
the TURBO molecular modeling program (16). The model was com-
pleted using iterative cycles of model building using TURBO and re-
finement with the REFMAC program (17). The final model contains
residues 1-185 from monomer A, residues 2-30 and 39-186 from mon-
omer B, two FMN molecules, two calcium ions, and 111 water mole-
cules. All of these residues have well defined electron density and fall
within the allowed regions of the Ramachandran plot as defined by the
program PROCHECK (18). Data collection and refinement statistics of
the structure are summarized in Table I.

Enzyme Assays—YLRO11wp was assayed for FMN reductase activity
in a reaction mixture (1 ml of final volume) consisting of 150 um NADH
or NADPH, 100 um FMN, and 0.24 uM enzyme in 25 mm Tris-HCI, pH
7.5. NAD(P)H oxidization was followed at 30 °C by measuring the
decrease in absorbance at 340 nm (e = 6.22 mM ™ ' cm ™).

Azoreductase assay was performed in a reaction mixture (1 ml)
containing 35 uM azo dye, 100 um NADH or NADPH, 20 um FMN, and
2.4 pM of enzyme in 25 mm Tris-HCl, pH 7.5. The reaction was run at
30 °C, and the initial rate was determined by monitoring the decrease
in absorbance at optimal wavelength for each azo dye tested as a
substrate: 430 nm for Methyl Red (4-(dimethylamino)azobenzene-2'-
carboxylic acid); 450 nm for Ethyl Red (4-(diethylamino)azobenzene-2'-
carboxylic acid); 485 nm for Orange II (4-(2-hydroxy-1-naphthylazo)-
benzenesulfonic acid); and 597 nm for Reactive Black 5.

NAD(P)H-ferricyanide reductase assay was performed in a reaction
mixture (1 ml) consisting of 150 uM NADH or NADPH, 100 uMm ferri-
cyanide (potassium hexacyanoferrate(IIl), K;Fe(CN)g) and 9 nM of en-
zyme in 25 mM Tris-HCIL, pH 7.5. Ferricyanide reduction was followed at
30 °C by measuring the decrease in absorbance at 420 nm (e,; = 1 mm*
ecm ™). The effect of FMN on YFLO11wp NAD(P)H-ferricyanide reduc-
tase activity was tested by the addition of 20 um FMN to the reaction
mixture.

YLRO11wp was also assayed for nitroreductase activity. The reaction
mixture and protocol were identical as for the ferricyanide reductase
assay with the exception that ferricyanide was replaced by nitrofura-
zone and activity was monitored by measuring the decrease in absorb-
ance at 400 nm (ey; = 12.96 mM ' ecm ™).

1 The abbreviations used are: Se-Met, selenium Met; r.m.s.d., root
mean square deviation.
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RESULTS AND DISCUSSION

Overall Structure—The crystal structure of the 21-kDa
YLRO11w protein was solved by single wavelength anomalous
dispersion phasing using Se-Met-substituted protein crystals.
The asymmetric unit of the crystal contains two YLRO11lwp
molecules with identical structures (the r.m.s.d. for 229 Ca
positions is 0.44 A). Refinement of the structure against 2-A
resolution native data yielded R and Rg,.., factors of 20.4 and
26%, respectively. All of the residues of the final model are well
defined in the 2F, — F electron density map and occupy favor-
able regions of the Ramachandran plot as defined by PRO-
CHECK (18). All of the refinement data are gathered in
Table I.

The YLRO11wp monomer is a globular o/ protein of approx-
imate dimensions of 50 X 30 X 30 A3. The structure of the
YLRO11lwp has a single domain flavodoxin-like architecture
with a central five-stranded parallel B-sheet (strand order 32,
B1, B3, B4, and B5) flanked by helices a1 and o5 on one side and
by three helices («2—a4) on the other side (Fig. 1a). Searches for
the closest structural analogues of YLR011wp using the EBI
Macromolecular structure data base (www.ebi.ac.uk/msd/) re-
vealed good matches (Z score values between 6.5 and 6. 9) with
many flavodoxin proteins such as B. subtilis Yhda protein (25%
sequence identity, r.m.s.d. of 1.8 A over 143 Ca positions)
(Protein Data Bank code 1NNI) and flavodoxins from the cya-
nobacterium Anabaena (14% sequence identity, r.m.s.d. of 1.9
A over 118 Ca positions) (19) and from Helicobacter pylori (17%
sequence identity, r.m.s.d. of 1.9 A over 117 Ca positions) (6).

Flavodoxins have been classified into two subfamilies: 1)
short-chain flavodoxins, which are roughly 150 residues long,
and 2) long-chain flavodoxins with an insertion of ~20 amino
acid residues in the middle of the last strand of the B-sheet (20).
Although YLRO11lwp is made up of 191 residues, its final
B-strand (B5 in Fig. 1a) has no insert and hence this protein
belongs to the short-chain flavodoxin subfamily. The extra 40
amino acid residues of YLRO11wp are part of two other inser-
tions relative to classical short-chain flavodoxins. The first
insertion (Leu*®-Leu®) is found in the segment connecting
strands B2 and B3 and containing helix a2. This region is
longer by 30 amino acids compared with classical flavodoxins.
The N-terminal part of this segment is involved in homodimer
formation (see below). The second 10-residue insertion (Pro*?®-
11e'%%) is found in the linker between strand 5 and the C-
terminal helix «5. These two insertions are located at each
extremity of the YLRO11wp monomer. Because of the head-to-
tail organization of the homodimer (see below), the first inser-
tion from monomer A is facing the second insertion from mon-
omer B (Fig. 2a). This dimer contact forms a closed lid that
completely hides the dimethyl benzene part of the isoalloxazine
moiety of the FMN molecule (see below).

FMN Binding—Because YLR0O11wp sequence analysis sug-
gests that it is entirely made up by a FMN binding domain as
found in the NADPH-dependent FMN reductases, we incu-
bated the protein with 2 mm FMN prior to the initial crystal-
lization screening. During refinement of the structure, inspec-
tion of the electron density maps clearly revealed the presence
of a bound FMN cofactor in each monomer. As observed for
other flavodoxins, the cofactor lies on top of the C-terminal end
of the YLRO11wp central B-sheet inside a positively charged
pocket (Fig. 1la). The FMN phosphoribityl moiety is deeply
buried in the protein, whereas the isoalloxazine ring remains
partially accessible to the solvent. Each FMN is in contact with
both monomers, and only 10% of its surface is solvent-accessi-
ble. The main contribution of YLRO11lwp to FMN binding
comes from three loops. The linker that is connecting strand g1
to helix al is in contact with the phosphoribityl moiety,
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TABLE 1
Data collection and refinement statistics

Values in parentheses are for highest resolution shell. SAD, single wavelength anomalous dispersion.

Native SAD

Data collection
Resolution (A)

35-1.90 (1.94-1.90)

80-2.30 (2.35-2.30)

Space group . P2,2,2 P2,2,2
Unit cell parameters (A) a =62.9;b = 110.2; ¢ = 50.1 a=63;b=110.2;¢c =504
Total number of reflections 118,038 189,586
Total number of unique reflections 27,164 28,656
R, (%) 6.3 (53.7) 6.1(44.3)
Completeness (%) 96.9 (95.5) 95.1 (94.3)
I/o(I) 21.8 (1.7) 25.3 (2.5)
Redundancy 4.3 6.6
Phasing i
Resolution (A) 80-2.80
Figure of merit (after density modification) 0.285 (0.54)
Refinement
Resolution (A) 10-2.0
R/R,... (%) . 19.9/25.4
R.m.s.d. bonds (A) 0.003
R.m.s.d. angles (°) 0.743
Mean B factor (A?%)
Protein/FMN/ 43/29
Calcium/water 30/40
Ramachandran plot (%)
Most favored 94.9
Allowed 5.1
“Roerge = 221 — INE,3.L, ., where I, ; is the ith observation of the reflection A, whereas (I,,) is the mean intensity of reflection .

® Renetor = 2F,| — |FJVIF,|. Rgeo was calculated with a small fraction (5%) of randomly selected reflections.

whereas the loops between strand 83 and helix a3 and between
strand B4 and helix a4 are interacting with both FMN parts. In
total, each FMN molecule forms 12 direct hydrogen bonds
(Table II) and shields 570 A2 of its surface from the solvent
upon complex formation with the homodimer.

The isoalloxazine ring is mainly in contact with residues
from the loops connecting strand 83 to helix a3 (Pro®*-Trp®”)
and strand 4 to helix a4 (Gly'2°-Gly'2?), completed by contacts
with I1e%° and Asp® from the other monomer. It is stabilized
by five direct hydrogen bonds with the protein and has three
water molecules bound. The pyrimidine end of the isoalloxazine
is hydrogen-bonded to the GIn®* side chain (N, atom from
FMN) and to three main chain amide groups (Asn® H-bonds to
FMN Nj; and O, atoms, whereas Trp®” and Gly'?® H-bond to
FMN O, and O, atoms, respectively). The re-face of the
isoalloxazine ring lies against the hydrophobic side chain from
Tyr®®, whereas its partly solvent-exposed si-face is in contact
with I1e%° from the neighbor monomer.

The phosphoribityl moiety of the molecule is mainly stabi-
lized by electrostatic interactions (Fig. 16). The ribitol part of
the FMN molecule directly interacts with Arg!!, Val'®, Pro%,
Tyr'?4, Gly'2®, and Val'®”. Two oxygen atoms (O,* and O,*)
from this FMN moiety are indirectly hydrogen-bonded to the
protein backbone by water molecules. The FMN O,* atom is
hydrogen-bonded to three residues from the second insertion
region, i.e. the loop connecting strand B85 to helix 5 (Gly >8
amide and Pro'®® and Thr'®® carbonyls), whereas its O,* atom
forms H-bonds with GIn®* amide and Tyr!?* carbonyl groups.

The FMN phosphate group forms a bidentate salt bridge
with Arg!! and five hydrogen bonds (Fig. 1, b and ¢, and Table
II) with the Ser®, Tyr®, and Tyr'?* hydroxyl groups as well as
with the Val'® and Cys'® amides from the Bl-al loop. This
latter loop is the most invariant feature of the flavodoxin fold.
It bears the flavodoxin key fingerprint motif ((T/S)XTGXT),
which is always involved in interaction with the FMN phos-
phate moiety (5). Interestingly, the S. cerevisiae YLRO11lwp
FMN phosphate binding loop sequence (SVRAKRVC) (Fig. 3)
does not match the flavodoxin signature and is longer by 2
residues. This results in a clearly different conformation from
that of the canonical loop (r.m.s.d of the Ca atoms of the key

fingerprint motif around 3 A between YLRO11wp and flavodox-
ins), whereas this region varies by <1 A within the more
classical flavodoxins. Despite these differences, the YLRO11wp
FMN phosphate binding pocket is reminiscent of the corre-
sponding pocket in the typical flavodoxin proteins (Table II). In
flaxodoxins, the FMN phosphate oxygens are in interaction
with the amide groups of the five residues (XTGXT) from the
loop motif as well as with the Oyl and Nel atoms of Thr'# and
Trp®7, two invariant residues in bacterial flavodoxins (Fig. 1d).
In YLRO11lwp, only two hydrogen bonds are made with the
amide groups (Val'® and Cys'® in place of Val'? and Thr'*) but
Arg!! Ne and N7l atoms replace the amide groups from resi-
dues at positions 10 and 11 (GIn and Thr in the case of Ana-
cystis nidulans) (5) (Table II and Fig. 1, ¢ and d). Similarly,
residues Thr'# and Trp®?, which are invariant in classical fla-
vodoxins but not conserved in YLRO11wp (Fig. 3), are substi-
tuted by Tyr'2* and Tyr®® (this Tyr®® is invariant in YLRO11wp
orthologues) hydroxyl groups as hydrogen bond donor.

The vast majority of flavodoxin domains whose structure is
known have the six-residue-long flavodoxin key fingerprint
motif (T/S)XTGXT) in common. The sequence of the finger-
print motif of rubredoxin-oxygen reductase from Desulfovibrio
gigas deviates from the canonical motif, but this does not affect
the FMN binding mode (21). The structure of YLRO11wp pre-
sents a yet unobserved variation of the flavodoxin loop in FMN-
binding proteins. Although the flavodoxin loop of yeast
YLRO11wp and B. subtilis Yhda is longer by two residues, both
bind the FMN phosphate in a manner similar to other flavodox-
ins. A sequence motif search for this YLRO11lwp loop only
revealed its presence in a Schizosaccharomyces pombe ortho-
logue (46% sequence identity with YLRO11lwp) (Fig. 3) and
putative reductases from Streptomyces and Bordetella (having
an ~36% sequence identity).

Oligomerization State—Analytical gel-filtration chromatog-
raphy revealed that YLRO11wp exists as a dimer in solution
(data not shown). The asymmetric unit of the crystal contains
two copies of the molecule related by a 2-fold symmetry axis.
The contact area between these two molecules in the asymmet-
ric unit is 2900 A2, strongly suggesting that this configuration
corresponds to the biologically relevant dimer (22). This obser-
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a.

Insertion | \

Fic. 1. YLRO11wp structure ribbon
representation and FMN binding
mode. a, ribbon representation of the
YLRO11lwp monomer. Helices, strands,
and loops are colored blue, pink, and or- b.
ange, respectively. Insertions relative to
the canonical flavodoxin fold are colored
green (Insertion I) and red (Insertion II).
Bound FMN is represented by sticks. b,
stereoview of the FMN binding site with
the hydrogen bonds indicated by dashed
lines. The FMN phosphorus and the cys-
teine sulfur atoms are colored gray and
green, respectively. For clarity, amino
acid single letter code is used in every
figure. ¢ and d, stick representation of the
FMN phosphate binding mode in
YLRO11wp (c) and in “classical” flavodox-
ins (d) (flavodoxin from A. nidulans is
considered the classical flavodoxin proto-
type in our study (5)). For clarity, side
chains not involved in hydrogen bonds
have been omitted. Hydrogen bonds are
depicted by dashed lines.

vation is unexpected as most flavodoxin-related proteins,
whose structures have been solved, are monomeric (6, 23, 24).

The homodimer has a half-cylinder-like shape with approx-
imate dimensions of 75 X 45 X 40 A and a large flat solvent-
exposed surface. Dimerization occurs mainly via anti-parallel
side to side packing of helices a3 and a4 of each monomer (Fig.
2a). 21 residues from each monomer are involved in dimer
formation. These residues belong to the linkers connecting
strand B2 to helix a2 (insertion I: Leu*?; A1a49-Tyr53; and Ilegy)
and strand B3 to helix a3 (Tyr®>-Tyr®®) but also to helices a3
(Ala'®1) Alal®?) Lys'®* Asn'%, and Asp!®®) and a4 (GIn'35,
Glu'®8, Val'®® Gly'#2, and Leu'*®). This interface is mainly
formed by the packing of hydrophobic residues supplemented
by fourteen hydrogen bonds (Table III).

Most of these residues are either absent or not conserved in
the monomeric bacterial flavodoxin sequences. However, some
other FMN-binding proteins do exist as homodimers. This is
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Insertion Il

the case for Vibrio harveyi flavin reductase P (25), Escherichia
coli nitroreductase NfsA (33), D. gigas rubredoxin-oxygen re-
ductase (21), B. subtilis Yhda (Protein Data Bank code 1NNI),
and probably also for the E. coli Trp repressor-binding protein
WrbA (26) and S. cerevisiae Ycp4 (27), whose structures are
still unknown. A comparison of these dimer structures revealed
that E. coli NfsA and V. harveyi flavin reductase P, which share
a 52% sequence identity, can be superimposed with an r.m.s.d.
as low as 1 A. As expected from the lack of significant struc-
tural resemblance between NfsA (or flavin reductase P) and
YLRO11lwp monomers, the NfsA (or flavin reductase P) and
YLRO11wp homodimers do not match at all. For the D. gigas
rubredoxin-oxygen reductase enzyme homodimer, no signifi-
cant structural alignment can be found with other ho-
modimeric FMN-binding proteins. Among these proteins, the
bacterial Yhda is the only one to adopt the same quaternary
structure as YLRO11wp (r.m.s.d. of 1.5 A for 260 Ca positions)
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a.

a3 :
Insertion | Insertion II

Fic. 2. The YLRO11wp homodimer.
a, ribbon representation of the YLRO11wp
homodimer. The FMN molecules are
shown in sticks. The dimer in the right
panel is rotated by 90° along the x axis
compared with that in the left panel.
Color coding in this figure is the same
as in Fig. la. b, superimposition of the
B. subtilis Ydha (yellow) and the
YLRO11lwp (monomers A and B are in
green and blue, respectively) homodimers.
Bound FMNs are shown as sticks. ¢, con-
servation of the residues among the
azoreductase enzymes mentioned in Fig.
3. Coloring is from purple (highly con-
served) to gray (low conservation).

TaABLE II
Comparison of the polar contacts involved in FMN binding
YLRO11wp Classical flavodoxins®
Protein FMN Distance Protein FMN Distance

A A
Ser® O, 0o,P 2.4 Thr® O, o,P 2.6
Arg't N o,P 3.2 GIn'° N o,P 2.8

Arg" N, . o,P 3 Thr'' N o,P 3
Thr'* O, O,P 2.6

Gly'?> N o,P 3
Val'* N O,P 3 Val*®* N O,P 2.8
Cys'® N 0o,P 3.1 Thr* N o,P 2.8
Tyr‘:;On[p] 0o,P 2.7 Trpz N, 0o,P 2.8
Tyr'** O, O,P 2.5 Thr'* O, O,P 2.8
GIn** O, N, 3 Asn®” O N, 2.9
Asn”® N N, 2.8 Asn®® N N, 3.4
Asn®® N 0o, 3 Val®* N 0o, 3.2
97N 0, 3.2 Gly®* N 0, 2.7
Gly'** N 0O, 3 Asp” N 0O, 3.2
Thr®® O 0,* 2.6
Asp'*® O, 0% 2.7

“ Classical flavodoxins are those that possess the flavodoxin key fingerprint motif (T/S)XTGXT. Adapted from Drennan et al. (5). Water-mediated
hydrogen bonds were not considered.
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FiG. 3. Structure-based sequence alignment of YLR0O11wp orthologues and members of the azoreductase family. Strictly conserved
residues are in white on a black background. Partially conserved amino acids are boxed. YLR011wp positions involved in FMN binding, homodimer
formation or both are indicated under the sequence by the following symbols: *; #; and @.

TaBLE III
Polar and charged interactions involved in dimerization
1st molecule moZI:elgule Distance
A
Ala®® O Tyr®® O, 2.4
Tyr®® O, Ala®® O 2.3
Tyr®® O Lys'** N, 2.9
Asn® N, Asp'®® O, 2.7
Tyr®® O Lys™* Ny, 2.7
Tyr* O, GIn'** O_, 2.8
Lys™* Ny, Tyr®® O 2.8
Lys'® N, Tyr®® O 2.8
Asp'®® O, Asn® N, 2.9
GIn'*® O GIn'** N, 2.9
Gln'®® O, Tyr* O, 2.7
GIn'** N, GIn'*® O, 2.9
GIn'** N, GIn'®® O 2.9
Glu'*® O GIn™* N, 2.8

(aligned dimer structures are represented in Fig. 2b). This is
supported by a high degree of sequence conservation for most of
the residues involved in homodimer formation (Fig. 3). Hence,
all of the Yhda homologous proteins described in Bacillus sub-
species should adopt the same dimer architecture as Yhda and
S. cerevisiae YLRO11wp.

YLRO11wp Exhibits Various NAD(P)H-dependent Reductase
Activities—Sequence analysis of YLR011wp, whose function is
not annotated, assigned this protein to the NADPH-dependent
FMN reductase family. The present crystal structure of
YLRO11wp with bound FMN indeed confirms that it belongs to
the flavodoxin family. To our view, YLRO11wp forms an inter-
esting test case for deriving biochemical function from the
three-dimensional structure.

We first have assayed the enzyme for NAD(P)H-dependent
FMN reductase activity by following NAD(P)H oxidation at 340
nm. YLRO11wp was able to oxidize NADH and NADPH with a
slight preference for the latter. The reaction was strictly de-
pendent on exogenously added FMN (Fig. 4). The specific ac-

0,95 -L: ’

-FMN
g
S 09
=
T 0,85
8
+
§ o NADH
2
2 0761
+NADPH
0.7 T T T !
0 2 4 6 8

Time (minutes)

Fic. 4. YLR011wp NAD(P)H-FMN reductase activity. YLRO11wp
(0.24 um) was preincubated at 30 °C for 1 min in a mixture containing 150
uM NADH or NADPH. Reaction started with the addition of 100 uym FMN
(arrow), and oxidization of NAD(P)H was followed and recorded at
340 nm versus a control cuvette lacking NAD(P)H (e,; NAD(P)H =
6.22 mM !em ).

tivity of 0.9 umol of NADPH oxidized/min/mg protein was
measured, a value coherent with FMN reductase-specific activ-
ities described for Salmonella typhimurium nitroreductase (28)
and E. coli NfsA and NfsB nitroreductases (29). In many en-
zymes with NAD(P)H-dependent activity, the FMN reduction
step is a prerequisite to additional reductive reaction in which
FMNH,, acts as an electron donor (Fig. 5a). Therefore, if
YLRO11lwp has a natural acceptor for electron transfer via
FMN, the FMN reductase activity detected reflects either the
reduction of free oxidized FMN via enzyme-bound FMN (Fig.
5b) or the rapid exchange reaction between the reduced and
oxidized forms of FMN at the protein FMN binding site (Fig.
5¢). This latter exchange reaction might not occur when a
suitable downstream electron acceptor is present.

We have screened several compounds as electron acceptor can-
didates for NAD(P)H- and FMN-dependent reduction. We first
investigated the YLRO11wp capacity to reduce azo dyes in vitro.
This assumption was based on the close structural resemblance
between YLRO11wp and B. subtilis Yhda that has a 52.8% amino
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a
NAD(P)H + H* FMN Acceptoreq
NAD(P)* FMNH, Acceptoroy
b
NAD(P)H + H* FMN free FMNH,
NAD(P)* FMNH. free FMN

C

NAD(P)H + H" FMN free FMN

NAD(P)" FMNH free FMNH,

Fic. 5. General reaction schemes involving NAD(P)H and
FMN. a, reaction catalyzed by NAD(P)H- and FMN-dependent oxi-
doreductases. b and ¢, two alternative reactions leading to NAD(P)H-
dependent FMN reductase activity: 1) reduction of free FMN via en-
zyme-bound FMNH, () or 2) exchange reaction between reduced and
oxidized forms of FMN at FMN binding site (c¢).

acid sequence identity with the azoreductase from Bacillus sp.
0Y1-2 (11). These proteins also share a similar FMN binding
mode that is different from that of classical flavodoxins. In both
proteins, the FMN binding site presents the best-conserved sur-
face patch (Figs. 2¢ and 3). Furthermore, B. subtilis Yhda and
YLRO11wp form identical homodimers (Fig. 2b) clearly distinct
from quaternary structure arrangements observed for all of the
other flavodoxins. Azoreductase assays were performed with a
set of four commercially available azo dyes as putative substrate.
No activity could be detected with Methyl Red, Orange II, or
Reactive Black 5. Clear azoreductase activity could only be dem-
onstrated with Ethyl Red. The decrease in absorbance at 450 nm
was dependent on the simultaneous presence of YLRO11wp and
NADH in the reaction mixture (data not shown). This activity
was not dependent on the nature of the electron donor, because
both NADH and NADPH gave similar results (data not shown).
Ethyl Red reductase activity was almost zero in the absence of
exogenously added FMN but could be totally restored by the
addition of FMN during the assay (Fig. 6). These data strongly
suggest that FMN is necessary for YLRO11wp azoreductase ac-
tivity and that the electron transfer from NAD(P)H to Ethyl Red
occurs via FMN. The YLRO11wp azoreductase-specific activity
measured from our experiments (2-3 nmol of Ethyl Red reduced/
min/mg) is several orders of magnitude below the specific activ-
ities described for bacterial azoreductases (from a few tens of
nmol of azo dye reduced/min/mg up to mmol/min/mg depending
on enzyme and substrate) (11, 30-32). Therefore, Ethyl Red,
although reduced specifically by YLRO11wp, probably does not
represent the physiological substrate for YLRO11wp.

E. coli NfsA and NfsB nitroreductases are two other exam-
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Fic. 6. YLRO11wp azoreductase activity on Ethyl Red is FMN-
dependent. Readings were made versus a control cuvette containing a
reaction mixture without Ethyl Red. The absorption decrease at 450 nm
is shown as function of time (ey; Ethyl Red = 21.56 mM ™ ' ¢cm ™ 1). Protein
2.4 = 20 um FMN was incubated for 5 min with Ethyl Red (35 um).
Reaction started with the addition of 100 um NADH (left arrowhead).
After 10 min, the reaction mixture was supplemented with 20 um FMN
(right arrowhead). BSA, bovine serum albumin.
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Fic. 7. YLRO11wp ferricyanide reductase activity. Decrease in
absorbance was followed at 420 nm (e, ferricyanide = 1 mm ' cm ™).
Reaction mixture containing 150 uMm NAD(P)H =+ 20 um FMN as indi-
cated and 100 uMm ferricyanide was incubated at 30 °C for 1 min prior to
the addition of protein (YLRO11wp or bovine serum albumin (BSA) as a
control protein, 9 nM each, final concentration).

ples of enzymes exhibiting weak azo-dependent and standard
NAD(P)H-dependent FMN reductase activities but strong fer-
ricyanide reductase activity (29). Therefore, we have tested
YLRO11wp for ferricyanide and nitroreductase activities. As
illustrated in Fig. 7, ferricyanide reductase activity was unam-
biguously detected and, in our assay, NADPH was a more
efficient donor than NADH. The presence of 20 um FMN during
the assay increased sensibly the rate of the reaction. Therefore,
as already mentioned for YLRO11wp azoreductase activity, the
electron transfer from NAD(P)H to the ferricyanide acceptor
occurs via FMN. Ferricyanide proved to be an excellent accep-
tor as a specific activity of 625 umol of ferricyanide reduced/
min/mg was calculated from the assay with NADPH as a donor
and 20 um FMN (Fig. 7). This level of ferricyanide reductase
activity is comparable with the levels described for NfsA and
NfsB nitroreductases (29). However, only very weak nitrore-
ductase activity could be detected with YLRO11wp using nitro-
furazone as an electron acceptor compared with that of NfsA
and NfsB (10-20 nmol/min/mg for YLRO11wp and 73 and 13
umol/min/mg for NfsA and NfsB, respectively).

From these enzymatic data, it is still difficult to conclude on
the precise biochemical function of YLRO11wp. Although sev-
eral specific reductase activities have been characterized using
NAD(P)H as an electron donor and FMN as a cofactor, only
ferricyanide reductase assays gave high specific activity. We
propose that ferric iron, present in the ferricyanide complex,
may be the natural substrate for the reduction catalyzed by
this protein. Ferric iron reduction is the central reaction in
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cellular iron metabolism. Microbial cells have developed differ-
ent systems for iron uptake (33). In budding yeast, Arn1-4
permeases import extracellular ferric chelates and iron sid-
erophores, whereas Frtl plasma membrane transporter is spe-
cific for free ferric iron. In both cases, the cell indeed has to
convert cytosolic ferric iron (free or chelated) into ferrous iron
before its incorporation into heme- and nonheme iron-contain-
ing proteins. The cytosolic protein responsible for ferric iron
reduction is still unknown despite previous biochemical studies
(34). From our data, YLRO11wp is a good candidate for cytosolic
ferric iron reductase activity in yeast and further experiments
are needed to reinforce this hypothesis.

In conclusion, we clearly show that YLRO1llwp is a fla-
vodoxin that binds an FMN cofactor despite the absence of the
flavodoxin key fingerprint motif ((T/S) XTGXT) usually in-
volved in FMN phosphate binding. The protein exists as a
homodimer in the crystal as well as in solution. The biochem-
ical studies aimed to identify YLROllwp in vivo activity
showed that the protein bears several reductase activities that
are NAD(P)H-dependent and involve FMN as a cofactor. Fer-
ricyanide was by far the best substrate for reduction, strongly
suggesting that this protein could be involved in ferric iron
assimilation.
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