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Summary

Background: Studies performed within the last decade
have indicated that microbial reduction of Fe(lll) to Fe(ll)
is a biologically significant process. The ferric reductase
(FeR) from Archaeoglobus fulgidus is the first reported
archaeal ferric reductase and it catalyzes the flavin-
mediated reduction of ferric iron complexes using
NAD(P)H as the electron donor. Based on its catalytic
activity, the A. fulgidus FeR resembles the bacterial and
eukaryotic assimilatory type of ferric reductases. How-
ever, the high cellular abundance of the A. fulgidus FeR
(~0.75% of the total soluble protein) suggests a cata-
bolic role for this enzyme as the terminal electron ac-
ceptor in a ferric iron-based respiratory pathway [1].

Results: The crystal structure of recombinant A. ful-
gidus FeR containing a bound FMN has been solved at
1.5 A resolution by multiple isomorphous replacement/
anomalous diffraction (MIRAS) phasing methods, and
the NADP*- bound complex of FeR was subsequently
determined at 1.65 A resolution. FeR consists of a dimer
of two identical subunits, although only one subunit has
been observed to bind the redox cofactors. Each subunit
is organized around a six-stranded antiparallel 8 barrel
that is homologous to the FMN binding protein from
Desulfovibrio vulgaris. This fold has been shown to be
related to a circularly permuted version of the flavin
binding domain of the ferredoxin reductase superfamily.
The A. fulgidus ferric reductase is further distinguished
from the ferredoxin reductase superfamily by the ab-
sence of a Rossmann fold domain that is used to bind
the NAD(P)H. Instead, FeR uses its single domain to
provide both the flavin and the NAD(P)H binding sites.
Potential binding sites for ferric iron complexes are iden-
tified near the cofactor binding sites.

Conclusions: The work described here details the
structures of the enzyme-FMN, enzyme-FMN-NADP*,
and possibly the enzyme-FMN-iron intermediates that
are present during the reaction mechanism. This struc-
turalinformation helps identify roles for specific residues
during the reduction of ferric iron complexes by the A.
fulgidus FeR.

$To whom correspondence should be addressed (e-mail: dcrees@
caltech.edu [D. C. R.], imkes@microbio.ucla.edu [l. S.]).

Introduction

Iron plays an essential metabolic role as a component
of a diverse group of metalloproteins, as well as serving
as an energy source in catabolic iron metabolism. While
iron assimilation has been studied in many eukaryotic
and prokaryotic organisms, dissimilatory iron respira-
tion, a purely microbial feature, is not well understood.
Respiration with Fe(lll) is considered to be one of the
earliest forms of energy-generating metabolism, well
preceding the ability to respire with oxygen [2]. Due to
the possible photochemical oxidation of Fe(ll) in the
Archaean seas and the discharge of Fe(lll) from hydro-
thermal vent fluids, Fe(lll) was suggested to have been
an abundant substrate on the early earth. Several hyper-
thermophilic, deep-branching Archaea and Bacteria
have the demonstrated capability to reduce Fe(lll), indi-
cating that Fe(lll) reduction was most likely a respiratory
process of the last common ancestor.

Archaeoglobus fulgidus, a strictly anaerobic, hyper-
thermophilic archaeon [3], was found to reduce citrate-
complexed Fe(lll) [2]. A. fulgidus is a member of the
Archaeoglobales, which constitute the only known sul-
fate-reducing archaea [4, 5]. Although growth with Fe(ll1)
has not been demonstrated, the reduction of Fe(lll) with
H, gas is catalyzed by whole cells [2]. Recently, a highly
active ferric reductase (FeR) was isolated from A. ful-
gidus [1]. It catalyzes the reduction of EDTA or citrate-
complexed Fe(lll) with either NADH or NADPH as the
electron donor. The thermostable, homodimeric enzyme
has a molecular mass of 18.7 kDa (169 residues) per
subunit and lacks any prosthetic groups after purifica-
tion. At elevated temperature, the enzyme can be recon-
stituted with FMN (flavin mononucleotide), suggesting
that the A. fulgidus FeR enzyme is a flavoprotein. Similar
to the bacterial ferric reductases, the A. fulgidus FeR
requires flavin in the form of either FMN or FAD (flavin
adenine dinucleotide) as a cofactor for Fe(lll) reduction.
Flavin can be used as a substrate when complexed
Fe(lll) is not present.

The A. fulgidus FeR is homologous to a family of
NAD(P)H:flavin oxidoreductases that are involved in
the oxidative degradation of aromatic compounds and
hydrocarbons or in polyketide biosynthesis [1]. The
NAD(P)H:flavin oxidoreductase family includes the flavin
reductase components of several two-component mono-
oxygenase enzymes such as 4-hydroxyphenylacetate
(4-HPA) 3-monooxygenase from E. coli and enzymes
that are involved in the biosynthesis of antibiotics such
as antinorhodin, frenolicin, granaticin, and chlortetracy-
cline. It has been shown that the E. coli HpaC (the reduc-
tase component of the 4-HPA 3-monooxygenase) can
reduce Fe(lll) with high activity [6], although ferric reduc-
tase activity has not been detected so far in the reduc-
tase component of any other monooxygenases in this
family. Proteins with well-characterized ferric reductase

Key words: ferric reductase; flavoproteins; ferredoxin reductase
superfamily; iron metabolism; NAD(P)H:flavin oxidoreductase



Structure
312

activity, such as the E. coli flavin reductase (Fre) [7],
which is a member of the ferredoxin reductase super-
family and is the major ferric reductase in the iron metab-
olism of E. coli [8], do not exhibit obvious sequence
similarities to FeR.

To provide a molecular framework for characterizing
the catalytic mechanism of ferric reductase, we have
determined the three-dimensional structures of the re-
combinant A. fulgidus ferric reductase with a bound
FMN at 1.5 A resolution and in complex with NADP* at
1.65 A resolution. Unexpectedly, the A. fulgidus FeR
adopts a polypeptide fold similar to the FMN binding
protein (FMN-bp) from Desulfovibrio vulgaris Miyazaki
F [9, 10]. This fold consists of a six-stranded antiparallel
B barrel with a capping helix that interacts with the ribityl
phosphate group of the flavin. Following the structure
determination of FMN-bp, it was recognized that this 3
barrel is a circular permutation of the flavin binding do-
main of the ferredoxin reductase superfamily [11, 12].
The ferredoxin reductase superfamily has been exten-
sively characterized, with structures available for the E.
coli Fre [13]; ferredoxin:NADP™ reductase (FNR) from
Azotobacter vinelandii [14], spinach leaf [15-17], pea
[18], and cyanobacterium Anabaena [19]; flavodoxin re-
ductase from E. coli [20]; porcine cytochrome b; reduc-
tase [21]; nitrate reductase from corn [22, 23]; phthalate
dioxygenase reductase from Pseudomonas cepacia
[24]; and mammalian cytochrome P450 reductase [25].
Ferredoxin reductase-type proteins consist of two do-
mains, an FAD or FMN binding domain organized around
the six-stranded antiparallel g barrel and capping « he-
lix, and a Rossmann fold NAD(P)H binding domain. In
addition to the circular permutation of the B barrel, the
A. fulgidus FeR distinguishes itself from members of
the ferredoxin reductase family by the absence of the
Rossmann fold domain and instead has an extension
of two helices that provide binding sites for NAD(P)H.
Thus, A. fulgidus FeR constitutes a new subclass of
NAD(P)H binding enzymes.

Figure 1. Ribbon Diagrams lllustrating the A.
fulgidus FeR and the Comparison to the FMN-
bp from D. vulgaris

(a) A stereoview of the FeR dimer viewed per-
pendicularly to the dimer two-fold axis (verti-
cal). The FMN and NADP' molecules are
shown in ball-and-stick representation, with
oxygen atoms in red, nitrogen atoms in blue,
carbon atoms in gray, and phosphorus atoms
in magenta. The secondary structural ele-
ments are labeled.

(b) Superposition of the A subunits of FeR
and FMN-bp (PDB entry 1FLM), illustrating
the different relationships between subunits
in these dimeric proteins. Both FeR subunits
are colored gold, and they are viewed from
the same orientation as in Figure 1a. The two
subunits of FMN-bp are colored magenta and
blue, and the dimer two-fold axis is rotated
~42° clockwise in the plane of the page from
the FeR dimer two-fold axis. The atom color-
ing of the cofactors is the same as in Figure
1a, with the cofactor bonds colored gray and
green in FeR and FMN-bp, respectively.

Results and Discussion

Structure Description
The two subunits of the A. fulgidus FeR homodimer are
related by a molecular two-fold rotation axis that is a
noncrystallographic symmetry (NCS) operation in the
FeR crystal. A ribbon diagram of the dimer viewed per-
pendicularly to this two-fold axis is shown in Figure 1a.
The secondary structure, defined by PROCHECK [26],
consists of eight 8 strands, three o helices, and a short
31 helix as follows: residues 2-9 (3,(), 13-20 (1), 23-36
(32), 40-48 (B33), 50-59 («1), 61-68 (B34), 72-81 («2), 94-98
(35), 102-106 (36), 108-121 (B37), 125-139 (38), and 146~
155 («3). A cis peptide bond involving Pro39 is located
in the loop between 32 and B3. Each subunit consists
of a central six-stranded antiparallel 8 barrel (with strand
order 31, 2, B3, B8, B7, and B4) with a capping « helix
(a1) flanked by «2, B35, and B6 on the lateral side and
«3 and a 3, helix on the bottom side. The two subunits
are covalently linked by a disulfide bond between the
Cys121 residues of each subunit. The remaining cyste-
ines in each subunit, Cys25 and Cys45, form the mercury
binding sites in both thiomersal and ethyl mercuric phos-
phate derivatives. Residue Phe33 of each subunit, lo-
cated in B2 at the dimer interface, adopts two conforma-
tions of 40:60 relative occupancies that pack against
each other. Interestingly, only one of the subunits (sub-
unit A) contains FMN, and NADP* binds only to the
subunit that is preoccupied with FMN. Soaking of native
crystals in 10 mM FMN solutions failed to introduce
FMN into subunit B, even though this site is free of
intermolecular contacts that could block access. Like-
wise, soaking of native crystals in NADP* solution only
introduced NADP™ into subunit A, but not subunit B. The
introduction of NADP* did not perturb the preexisting
interactions between FMN and the active site residues.
The structures of the native and the NADP* com-
plexes are very similar to each other, with an rmsd of
0.22 A for residues 1-152 from both subunits A and B.



Structure of the A. fulgidus Ferric Reductase
313

ET0ss -5.027 0.000 4.999

Figure 2. Binding Sites for the FMN and NADP* Cofactors in a Posi-
tively Charged Groove Near the FeR Dimer Interface

The electrostatic potential of the A. fulgidus FeR dimer is mapped
onto the solvent accessible surface, as calculated with the program
GRASP [42]. The FMN and NADP* molecules are shown in yellow
and green, respectively. The color scheme for the electrostatic po-
tential is indicated in units of kcal/mole/electron, with red and blue
corresponding to negatively and positively charged surfaces, re-
spectively.

In both the native and NADP* complex structures, the
major structural differences between the two subunits
occur in two regions, a loop between residue 82 and 88
(involved in FMN binding) and the C-terminal residues
153-169 (involved in NADP* binding). As aresult of these
differences, Arg160 from the A subunit of a neighboring
molecule in the crystal sterically blocks the NADP* bind-
ing site on the B subunit, while the A subunit binding
site remains available for cofactor binding. Excluding
residues 82-88 and 153-159, the rmsd in Ca positions
between the two subunits are 0.42 and 0.49 A for the
native and the NADP* complex, respectively. The cen-
tral 3 barrel is structurally conserved between the sub-
units in the dimer, with an rmsd of 0.23 and 0.28 A for
the native and the NADP* complex, respectively.

A search with the program DALI [27] identified FMN-
bp [9, 10] as the most structurally similar protein to FeR
in the Protein Data Bank. Both proteins are organized
around a common six-stranded antiparallel 3 barrel that
binds flavin in similar fashions. A comparison of FMN-
bp and FeR with the program LSQMAN [28] superim-
posed 74 residues in the two structures (of which 10
[13.5%)] are identical), with an rmsd in Ca positions of
1.93 A. The fold is a circularly permuted version of the
B barrel found in the flavin binding domains of the ferre-
doxin reductase superfamily [11, 12]. Despite this differ-
ence, the flavin binding sites of FeR/FMN-bp and ferre-
doxin reductase-type proteins are spatially equivalent.
Members of the ferredoxin reductase superfamily have
a second, Rossmann fold domain that is used to bind
nicotinamide nucleotides; although NAD(P)H is a sub-
strate for ferric reductases, this domain is absent in FeR.

The dimer interface in FeR is flat and involves both
hydrophobic and hydrogen bonding interactions from
the symmetrically packed B strands (32, 33, 7, and
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Figure 3. Interactions between the Active Site Residues and FMN
in FeR

The solvent accessibility of the FMN is indicated by the intensity
of the yellow shading around each atom, with the brighter colors
representing more solvent accessible atoms. The solvent accessibil-
ity of FMN is calculated from the NADP*-free structure. The figure
was generated using LIGPLOT [43].

8), the N-terminal 3, helix, and the C-terminal residues
158-169. The N-terminal 3, helix and the first part of
B1 run antiparallel to each other and cross the dimer
interface to interact with g7 and B8 in the neighboring
subunit. The accessible surface areas for subunit A, B,
and the entire dimer are 9,050, 9,900, and 14,450 /33,
respectively, resulting in a buried surface area of ~4,500
A per dimer. While the crystal structure of FMN-bp also
revealed a dimeric organization for this homolog of FeR,
the subunit-subunit interactions are quite distinct from
those observed in FeR (Figure 1b). In FMN-bp, the dimer
interface involves residues located in regions equivalent
to B strands B1, 32, B4, and 37 of FeR. When one subunit
of FeR and FMN-bp are superimposed, the two-fold
axes of these dimeric proteins are tilted with respect to
each other by ~42° and displaced to opposite sides of
the B barrel.

FMN Binding Site

FMN is bound in a groove near the dimer interface (Fig-
ure 2). The groove is surrounded by the a1, a2, and a3
helices, the B2 strand, and an N-terminal 3, helix. The
FMN lies on the edge of the 3 strand plane containing
the B1, B2, B4, B7, and B8 strands, such that the plane
of the isoalloxazine ring is perpendicular to the plane of
these B strands. The 2,4-pyrimidinedione (uracil) moiety
of the isoalloxazine ring contacts the 2 and 33 strands.
The dimethylbenzene edge of the isoalloxazine ring is
located between the «2 and o3 helices and is sur-
rounded by hydrophobic residues Leul3, lle28, Phe81,
Tyr147, and Tyr150. The si face of the isoalloxazine is
buried and contacts the 32 strand. The ribityl phosphate
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(b)

His126

group of FMN runs along the edge of 3 strands, inter-
acting with the B2 strand and wedging between the o1
and a2 helices. The phosphate group is positioned at
the N terminus of the short « helix («1) that caps the 8
barrel. In addition to the positive electrostatic dipole
provided by the capping helix, the FMN is stabilized by
15 hydrogen bonds and 1 ion pair interaction (Figures
3 and 4a). Eleven of these sixteen interactions involve
main chain atoms (N or O), while the remaining five are

A. fulgidus FeR

pea ferredoxin:NADP* reductase

Figure 4. Stereoview of the FMN and NADP*
Binding Sites in A. fulgidus FeR

Atoms are colored according to the scheme
in Figure 1.

from side chain atoms (Thr, Ser, and Lys) of the active
site residues. It is noticeable that the majority of the
residues involved in the FMN binding in the A. fulgidus
FeR structure are not conserved in sequences of FeR
homologs; many of these residues (although not all)
interact with FMN through main chain N or O atoms.
Excluding N1 and O3*, every N or O atom of the FMN
forms at least one hydrogen bond to the surrounding
residues. Computer docking of FAD onto the FMN

Figure 5. Comparison of A. fulgidus FeR and
Pea FNR, lllustrating the Major Structural Dif-
ferences between FeR and Members of the
Ferredoxin Reductase Superfamily

The two structures are depicted on the same
scale and are viewed in equivalent orienta-
tions, with FeR on the left, and pea FNR ([18];
PDB entry 1QFY) on the right. The Rossmann
domain in FNR is replaced by two helices in
FeR. The regions in the flavin binding domain
that differ between FeR and FNR are identi-
fied by numbers in the figure.

(1) The loop between the a1 and the B3 is
shorter in FeR.

(2) FeR has a loop between 2 and 5 that is
involved in FMN phosphate binding.

(3) The NMN portion of NADP* in FeR is
flipped by ~180° relative to the NADP™ in the
1QFY structure of pea FNR.
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shows that there is sufficient space in FeR to accommo-
date the AMP moiety of an FAD molecule, consistent
with the observation that FeR can utilize either FMN or
FAD for Fe®*" reduction.

The binding mode of FMN is similar in all of the mem-
bers of the ferredoxin reductase family (Figure 5). The
si face of the isoalloxazine ring is in contact with the 8
barrel, with the FMN phosphate anchored to the start
of the capping helix a1. Hydrogen bonding interactions
between the protein and the isoalloxazine ring involve
structurally similar residues in the 32 and 33 strands and
the a1 helix. There are two general structural distinctions
between A. fulgidus FeR and other members of the fam-
ily in the flavin binding domain (Figure 5). First, a loop
between a1 and B3 in the A. fulgidus FeR is much shorter
than the corresponding loop in the other FAD-bound
superfamily members. Second, the A. fulgidus FeR has
an extra loop of 12 residues (82-93) between a2 and
B5, which is involved in FMN binding. The first part of
this loop interacts with the FMN phosphate group in
subunit A and is disordered in subunit B, where there
is no FMN molecule bound. There are also differences
in the detailed FMN-protein interactions between A. ful-
gidus FeR and the other members. For example, several
residues involved in FMN binding that are conserved in
other members of the superfamily are not found in FeR,
including an Arg residue that interacts with the ribityl
phosphate, a Tyr residue in contact with the re face of
the isoalloxazine ring, and a Ser/Thr located near the
edge of the isoalloxazine ring that is part of a conserved
RXY(S/T) fingerprint sequence that has been recognized
as a FAD/FMN binding motif in other flavoproteins [14].

NADP* Binding Site

NADP* is bound in a cleft between the FMN and the a3
and 3y, helices. The NMN (nicotinamide mononucleo-
tide) half of NADP" is packed against the isoalloxazine
ring of FMN, while the 2'-P-AMP half is extended out-
ward between the N-terminal 3;, and a3 helices. The
nicotinamide ring of NADP* binds to the re face of the
central ring of the FMN isoalloxazine and packs at an
angle of ~15° to the flavin isoalloxazine ring. The C4 of
the nicotinamide and the N5 atom of FMN are 3.8 A

Figure 6. Stereoview of the Mercury Binding
Site, Colored Gold, of the Thiomersal Deriva-
tive That is Located Near the Flavin of Subunit
A in the A. fulgidus FeR

As discussed in the text, this site represents
one of the putative binding sites on FeR for
ferric iron complexes. The NADP™ is superim-
posed from the structure of NADP* complex
solved in the absence of the mercurial deriva-
tive. The labels for residues in the A and B
subunits are colored blue and red, respec-
tively.

apart, in an arrangement that is typical for direct hydride
transfer in flavoproteins [29]. The N7 atom of nicotin-
amide is hydrogen bonded to His126 Ne2, while the NMN
phosphate interacts with Tyr147 Ov, Tyr150 O, and
His151 Ne2. His126 is conserved in all presently known
homologs of FeR. The adenine ring of the 2'-P-AMP half
is packed between Tyr7 and His151. The 2'-phosphate
of the 2’'-P-AMP faces the surface and contacts no pro-
tein residues, which is consistent with the observation
that FeR can utilize either NADPH or NADH as an elec-
tron donor for Fe®** reduction.

The structure of FeR complexed with NADP* directly
illustrates how nicotinamide interacts with the isoalloxa-
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Figure 7. The1.5 A Resolution Experimental Phase-Extended Elec-
tron Density Map Surrounding the FMN

This map was calculated using data between 20 and 1.5 Aresolution
and is contoured at 1.2 o.
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Table 1. Statistics for Data Collection and Heavy-Atom Phasing

Native NADP Thiomersal EMP?

Resolution (A) 1.5 1.65 3.0 2.8
Wavelength (A) 0.98 0.98 1.54 1.54
Total observations 286,113 168,005 54,389 55,834
Unique reflections 52,239 36,289 7,381 8,002
Completeness (%)° 92.0 (66.1) 86.1 (86.5) 99.3 (99.2) 88.2 (85.6)
Ryym (%)°>° 5.4 (33.9) 5.4 (20.4) 9.0 (20.4) 7.9 (19.4)
Phasing power?

Centric 2.29 2.52

Acentric 3.57 3.65
R-cullis®

Centric (isomorphous) 0.46 0.43

Acentric (isomorphous/anomalous) 0.41/0.76 0.41/0.72
Number of Hg sites 4 4
Overall FOM' 0.72
FOM (DM/phase extension) 0.82

2 EMP, ethyl mercuric phosphate.

®Values in the parentheses correspond to the highest resolution shell (1.55-1.50 A for native, 1.71-1.65 A for NADP complex, 2.9-2.8 A for
ethyl mercuric phosphate derivative, and 3.11-3.0 A for thiomersal derivative).
¢ Roym = S, 2o, 1 — <lpa™> D12, 1 <la™>, Where the I is the intensity of an individual measurement of the reflection with indices hkl, and

<lI> is the mean intensity of that reflection.

9 Phasing power is the rms heavy-atom structure factor amplitude divided by the rms lack of closure.
¢ Rouiis = 2||Fpy — Fpl — Ful/2|Fey — Fol, where Fy is the calculated heavy-atom structure-factor amplitude, and Fr and Fy are the native and

derivative structure-factor amplitudes, respectively.
fFOM, figure of merit.

zine ring in a wild-type member of the ferredoxin reduc-
tase superfamily, particularly concerning the details of
the stacking interactions between the nicotinamide and
isoalloxazine groups expected for this type of hydride
transfer reaction. From the crystal structure of A. ful-
gidus FeR, the re face of the isoalloxazine of the FMN
is completely open; therefore, the isoalloxazine ring is
accessible for the nicotinamide binding in the soaking
experiment. In other members of the ferredoxin reduc-
tase superfamily, it has not yet been possible to obtain
productive NADP* complexes by direct soaking of the
wild-type protein, presumably because many of these
other proteins have an aromatic residue from the C ter-
minus of the NADPH domain stacked against, and cov-

Table 2. Refinement Statistics

Native NADP*

Resolution range (A) 20-1.5 20-1.65
Reflections 50,566 35,546
R/Riee (%)? 20.5/21.9 19.1/21.5
Number of residues 1-161/1-168 1-161/1-168
Number of water 227 237
Number of FMN 1 1
Number of NADP 1
Average B factor (A?

Protein 26.2 19.5

Water 32.6 26.9

FMN 12.6 8.7

NADP 28.3
Ramachandran plot (%)°

Most favored/additional 93.7/6.3 93.5/6.5
Rmsd from idea values

Bond length (A) 0.011 0.008

Bond angle (°) 1.44 1.42

2 Ry is defined as R for 5% of the data omitted from the refinement.
> Most favored, additional, generally allowed, and disallowed re-
gions are defined by PROCHECK [26].

ering, the isoalloxazine ring. The presence of this stack-
ing residue has been proposed to protect the flavin from
side reactions and to modulate the binding affinity of
the protein for the nicotinamide cofactor [18]. Before
productive interaction between the nicotinamide and
flavin can take place, this aromatic residue would need
to move away [18]. Recently, the stacking residue W308
of pea FNR was replaced with serine in the W308S mu-
tant to obtain the structures for the complexes with
NADP* and NADPH [18]. In these structures, the nicotin-
amide ring packs against the isoallozaxine ring at an
angle of ~30°, with the C4 atom 3 A from the flavin N5
atom. The NADP* molecule is bound in an orientation
flipped 180° relative to the NADP " molecule in A. fulgidus
FeR (Figure 5).

Potential Fe®** Binding Sites

Ferric iron complexes could not be detected bound to
A. fulgidus FeR, either directly through soaking experi-
ments with Fe**(EDTA) or indirectly through inspection
of the electron density maps for the FMN and NADP*-
bound structures (data not shown). It is possible that
ferric complexes interact with the flavin near the ex-
posed dimethylbenzene moiety, as seen in other flavo-
proteins that participate in electron transfer processes
[30]. A second potential ferric complex binding site is
suggested by the binding site for organomercurials used
in the structure determination. One of the four mercury
sitesis located in a pocket, formed by His126 Ne2, Cys45
Sv, Leu35 O, and Thr31 Ov, that sits near the edge of
the 2,4-pyrimidinedione moiety of the flavin (Figure 6).
The His126 residue is completely conserved, and the
Cys45 residue is conserved as Cys/Ser among the 18
known homologs of A. fulgidus FeR [1]. Furthermore,
residues 36-39 (T/SXXP), one of the three highly con-
served regions in these sequences, are positioned near



Structure of the A. fulgidus Ferric Reductase
317

this mercury binding site on the other subunit. This Hg
atom is replaced by a water molecule in the structures
of the native (W39, B = 25 AZ) and the NADP* complex
(W19, B = 15 AZ). Neither the phosphate group of the
ethyl mercury phosphate derivative nor the thiosalicy-
late of the thiomersal derivative are observed in electron
density maps that might indicate how the ligands of
ferric complexes interact with FeR. The Hg site is located
6.0 A and 6.3 A from the N1 and N5 atoms, respectively,
of the isoalloxazine ring.

Proposed Catalytic Mechanism

Since the affinity of FeR for FMN (~0.3 pM) is much
greater than for NAD(P)H or ferric complexes such as
Fe®*"-EDTA (>~60 uM), itis likely that the reaction mech-
anism proceeds through an enzyme-bound flavin spe-
cies [1]. A possible reaction mechanism consists of the
following sequence:

E-FMN + NAD(P)H — E-FMN-NAD(P)H
E-FMN-NAD(P)H + H* < E-FMNH, + NAD(P)*
E-FMNH, + Fe**(EDTA) « E-FMNH,-Fe**(EDTA)
E-FMNH,-Fe** (EDTA) « E-FMNH* + Fe?*(EDTA) + H*

The E-FMNH® species could subsequently reduce a sec-
ond ferric complex or disproportionate to yield fully oxi-
dized and reduced flavins. The work described in this
paper provides structures of the E-FMN and the E-FMN-
NADP* complexes that represent two of the intermedi-
ates present in the reaction mechanism. Two potential
binding sites for the ferric iron complexes are identified
at opposing ends of the isoalloxazine ring; one is near
the dimethylbenzene group, and the other is near the
N3 position. The latter position was occupied by a mer-
cury in a heavy-atom derivative, and assuming this re-
flects the ferric iron binding site, it appears that there
would be insufficient space near the isoalloxazine ring
to simultaneously accommodate both the Fe®*(EDTA)
and nicotinamide. In this case, binding of these two
substrates would be mutually exclusive. The structural
information suggests an ordered reaction mechanism
by which NAD(P)H binds to the active site, reduces FMN,
and is released. Subsequently, complexed Fe*" binds
to the proposed metal binding site, where it receives its
electron from the reduced FMN. Whether only half of
the subunits of FeR are catalytically competent and ca-
pable of substrate binding, as suggested by the crystal-
lographic studies, remains an open question and will
require future studies addressing the kinetics and mech-
anism of this reaction.

Biological Implications

A. fulgidus FeR is a small protein that catalyzes the
flavin-mediated electron transfer from NADPH to Fe®".
It is homologous to the FMN binding protein of D. vul-
garis [9, 10], which is a circularly permuted variant of the
antiparallel B barrel found in the flavin binding domain of
members of the ferredoxin reductase superfamily. Each
subunit in the FeR homodimer consists of a single do-
main that provides both flavin and NADPH binding sites.
Compared to other proteins in the ferredoxin reductase
superfamily, the structural design of A. fulgidus FeR

provides one of the simplest solutions for solving a simi-
lar enzymatic problem. Perhaps because of the anaero-
bic environment of A. fulgidus, there is no need for an
aromatic residue to stack against the isoalloxazine ring
to protect the reduced flavin from being oxidized by
0,, and the Rossmann fold domain used to bind the
nicotinamide cofactors in other members of this super-
family has been replaced by two helices in FeR.

Experimental Procedures

Crystallization and Preparation of Heavy-Atom Derivatives
Purification and characterization of wild-type A. fulgidus FeR has
been reported previously [1]. The recombinant protein used in the
structural work was overexpressed in E. coli (E. J. and I. S., unpub-
lished data). The crystals of the homodimeric enzyme were grown
at 4°C by the hanging drop vapor diffusion technique, with protein
solution at a concentration of 25 mg/ml in 0.1 M Tris-HCI (pH 7.5)
and a reservoir consisting of 21%-22% w/v PEG4000, 0.1 M sodium
acetate, and 0.1 M Tris-HCI (pH 8.4). The crystallization drops were
microseeded after 20-24 hr. Rectangular plate-like crystals of di-
mensions 0.5 mm X 0.3 mm X 0.1 mm grew in 3—-4 days. The crystals
belong to space group P4,2,2 with unit cell parameters a = b =
56.4 A and ¢ = 214.6 A and contain one homodimer per asymmetric
unit. A search for heavy-atom binding produced two mercury deriva-
tives by soaking native crystals in the following conditions: 5 mM
thiomersal or 2 mM ethyl mercury phosphate in 30% w/v PEG4000,
0.1 M sodium acetate, 0.1 M Tris-HCI (pH 8.4), and 10% glycerol at
20°C over 1-2 days, followed by back-soaking the derivatized crys-
tals in the native mother liquor for 2 hr. The NADP* complex was
prepared by soaking the native crystals in 10 mM NADP*, 30% w/v
PEG4000, 0.1 M sodium acetate, and 0.1 M Tris-HCI (pH 8.4) at 4°C
overnight.

Data Collection

All diffraction data were collected under cryogenic conditions at
100K. Glycerol (20%) was added to the normal crystallization solu-
tion as a cryoprotectant. The crystals were soaked in this cryopro-
tectant solution for about 2 min, before being flash frozen directly
in the cold nitrogen stream. The native data were measured at the
Stanford Synchrotron Radiation Laboratory (SSRL) BL-9-2 using an
ADSC Quantum 4 CCD detector, while the NADP* complex data
were collected at SSRL BL-9-1 using MAR image plate. The data
for the two mercury derivatives were collected on an R-AXIS IV
image plate scanner using Cu-Ka radiation from a Rigaku rotating
anode generator. Data were processed with the programs DENZO
and SCALEPACK [31].

Structure Solution and MIRAS Phasing

Four heavy-atom positions for each of the mercury derivatives were
identified by the direct methods program SnB [32]. All of the mercury
derivative data were postprocessed using the program DREAR [33]
to generate the normalized difference structure factor amplitudes
(diffE values) from the anomalous differences, which were then used
by SnB to find the Hg positions. The 200 largest diffE values were
used to generate 2000 triplet invariants. A total of 500 random trials
were performed, and in each trial, 20 cycles of the SnB procedure
were used to refine the phases. The results from the 500 trials clearly
showed a bimodal distribution of SnB solutions with respect to the
final minimal function value and indicated that 9 of the random trials
had converged to a R, value of ~0.38. Each of these nine solutions
consistently showed four mercury sites. The thiomersal and ethyl
mercury phosphate derivatives shared four common sites, which
were later shown to be Cys25 and Cys45 in each monomer. The
heavy-atom positions and occupancies were refined against both
the anomalous and isomorphous differences to 2.8 A resolution
using the program MLPHARE [34]. The MIRAS phasing had an over-
all figure of merit (FOM) of 0.72 for reflections between 20-2.8 A
resolution. The MIRAS phases were further improved by solvent
flattening with a solvent content of 42%, histogram matching, and
phase extension to 1.5 A resolution over 400 density modification
cycles using DM [35]. The resulting electron density was of excellent
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quality, revealing, for example, the bound FMN with holes in the
isoalloxazine ring (Figure 7). A summary of the data collection and
MIRAS phasing statistics is presented in Table 1.

Model Building and Refinement

The program wARP [36] was used for automatic model building.
Following standard protocol suggested by the program, a total of
290 residues were traced over 6 hours in four chains that included
residues 2-36 and 39-155 of subunit A and residues 2-69 and 90—
150 of subunit B. All the side chains for these residues were then
docked unambiguously into the sequence. The rest of the model
was built manually using the program O [37]. All stages of refinement
were carried out using the program CNS [38]. A bulk solvent correc-
tion and an overall anisotropic scaling were applied to the diffraction
data. Several rounds of refinement and manual rebuilding resulted
in a final R factor of 20.5% (R.. = 21.9%) for all the data between
20 and 1.5 A. The final model contains residues 1-161 and a bound
FMN in subunit A, residues 1-168 in subunit B, and a total of 227
water molecules.

Residues 1-150 of each subunit in the native FeR model were
used as a starting model for the NADP* complex structure. The
model was refined with the data between 20-1.65 A resolution with
a bulk solvent correction and an overall anisotropic B factor scaling
applied using the program CNS. Several cycles of rigid body, simu-
lated annealing, and individual B factor refinement resulted in a final
R factor of 19.1% (Rie.. = 21.5%). The final model consisted of
residues 1-161, a bound FMN, and a bound NADP" in subunit A,
residues 1-168 in subunit B, and a total of 237 water molecules.
Based on planarity of the ring systems, the FMN and NADP* cofac-
tors in these structures are in the oxidized state. PROCHECK [26]
analysis of both structures showed that all residues were in either
the most favored or additionally allowed regions of the Ramachan-
dran plot. The final refinement statistics are summarized in Table 2.

Figure Preparation
Figures were prepared using RIBBONS v3.0 [39], MOLSCRIPT [40],
RASTER3D [41], GRASP v1.25 [42], and LIGPLOT [43].
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