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Cofactor F420 is a 5¢-deaza¯avin derivative ®rst dis-
covered in methanogenic archaea but later found also
to be present in some bacteria. As a coenzyme, it is
involved in hydride transfer reactions and as a pros-
thetic group in the DNA photolyase reaction. We
report here for the ®rst time on the crystal structure
of an F420-dependent oxidoreductase bound with F420.
The structure of F420H2:NADP+ oxidoreductase resol-
ved to 1.65 AÊ contains two domains: an N-terminal
domain characteristic of a dinucleotide-binding
Rossmann fold and a smaller C-terminal domain. The
nicotinamide and the deaza¯avin part of the two co-
enzymes are bound in the cleft between the domains
such that the Si-faces of both face each other at a dist-
ance of 3.1 AÊ , which is optimal for hydride transfer.
Comparison of the structures bound with and without
substrates reveals that of the two substrates NADP
has to bind ®rst, the binding being associated with an
induced ®t.
Keywords: crystal structure/drug design/F420/hydride
transfer/oxidoreductase

Introduction

F420 is a ¯avin analogue that can exist in an oxidized and a
reduced form, oxidoreduction taking place by hydride
transfer from and to C5 of the 5¢-deaza¯avin (Walsh,
1985), as exempli®ed for the F420H2:NADP+ oxidoreduct-
ase reaction in Figure 1 (DiMarco et al., 1990). It is found
in methanogenic archaea, sulfate-reducing archaea, halo-
archaea, mycobacteria, Streptomyces, cyanobacteria and
some eukaryotes, where it functions as a coenzyme of
oxidoreductases and/or as a prosthetic group of DNA
photolyases (Klein et al., 1996). F420 appears to be absent
in most bacteria, plants and animals. In Mycobacterium
tuberculosis, F420-dependent enzymes are involved in the
metabolic activation of some antitubercular compounds
(Stover et al., 2000).

Eight F420-dependent oxidoreductases are presently
known: F420-dependent N5,N10-methylenetetrahydro-
methanopterin reductase (Kunow et al., 1993a), F420-
dependent alcohol dehydrogenase (Klein et al., 1996),
F420-dependent glucose-6-phosphate dehydrogenase
(Klein et al., 1996), F420-reducing hydrogenase (Teshima
et al., 1985; Yamazaki et al., 1985; Fox et al., 1987), F420-
dependent formate dehydrogenase (Schauer et al., 1986),
F420H2 dehydrogenase complex (Kunow et al., 1993a;
Baumer et al., 2000), F420-dependent N5,N10-methylene-
tetrahydromethanopterin dehydrogenase (Kunow et al.,
1993a; Klein and Thauer, 1995) and F420H2:NADP+

oxidoreductase (Yamazaki et al., 1980; Kunow et al.,
1993b; Berk and Thauer, 1998; Elias et al., 2000). F420-
dependent methylenetetrahydromethanopterin reductase,
F420-dependent alcohol dehydrogenase and F420-depend-
ent glucose-6-phosphate dehydrogenase are homologous
enzymes, as demonstrated by sequence similarity (Shima
et al., 2000). The F420-binding subunits of F420-reducing
hydrogenase, F420-dependent formate dehydrogenase and
the F420H2 dehydrogenase complex show sequence simil-
arity. The other F420-dependent enzymes do not appear to
be phylogenetically related. They show neither sequence
similarity nor a common sequence motif for F420 binding.
However, all of the F420-dependent enzymes have in
common that they are Si-face speci®c with respect to C5 of
the deaza¯avin (Klein et al., 1996). The uniform
stereospeci®city is surprising because ¯avoproteins are
known that catalyse the reduction of synthetic 8-hydroxy-
5-deaza-FAD, some Si-face speci®c and others Re-face
speci®c (Sumner and Matthews, 1992).

However, of the eight F420-dependent enzymes, only the
structure of methylenetetrahydromethanopterin reductase
has been resolved, yet without F420 bound (Shima et al.,
2000). Here, we present the structure of F420H2:NADP+

oxidoreductase in complex with and without its two
substrates. The enzyme is a homodimer of a 24 kDa
polypeptide and catalyses the reversible reduction of
NADP+ by F420H2. In this reaction the proS hydrogen at
C5 of F420 is transferred into the proS position at C4 of
NADPH (Yamazaki et al., 1980; Kunow et al., 1993b)
(Figure 1).

Results and discussion

Overall structure
The structure of F420H2:NADP+ oxidoreductase (Fno)
from the hyperthermophilic sulfate-reducing archaeon
Archaeoglobus fulgidus, heterologously overproduced in
Escherichia coli, was initially established at 2.5 AÊ reso-
lution with the multiple anomalous dispersion (MAD)
phasing method (Hendrickson and Ogata, 1997) applied to
substrate-free protein crystals (crystal form 1) labelled
with selenomethionine (for details see Materials and

Structures of F420H2:NADP+ oxidoreductase with and
without its substrates bound
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methods). The structural data presented are based on a
substrate-free state (crystal form 2) at 1.8 AÊ resolution, and
on a state complexed with NADP+ and F420 (crystal form 3)
at 1.65 AÊ resolution. Note that the complex is not the
Michaelis±Menten complex, since it contains both co-
enzymes in the oxidized state rather than one in the
reduced and the other in the oxidized state. The quality of
the electron density map of the latter state is visualized
in Figure 2. A superposition of the monomers of the
substrate-free and -bound states gives a root mean square
deviation (r.m.s.d.) between the Ca atoms of 0.5 AÊ , which
is higher than the r.m.s.d. of 0.41 and 0.39 AÊ , respectively,
between the two monomers in the asymmetric units (GA-
FIT; May and Johnson, 1994). Details of the differences
between the two enzyme states are discussed below.

The homodimeric Fno reveals a brick-like shape
(Figure 3A), with dimensions of 81 3 44 3 42 AÊ 3. The
interface between the monomers is highly hydrophobic
and has an area of 1400 AÊ 2, which is 14% of the solvent-
accessible surface (Hubbard et al., 1991). The Fno
monomer shows a more globular shape composed of two
closely attached domains that form an a, b twisted
open-sheet structure (Figure 3B). The N-terminal domain
includes residues 1±135 and consists of two Rossmann
folding units babab that are arranged as a six-stranded
parallel b-sheet (b1±b6) ¯anked in a characteristic manner
by ®ve a-helices. This architecture is found in many other
dinucleotide binding proteins (Carugo and Argos, 1997).
A novel structural feature is a protruding b-hairpin
between sheet b5 and helix a5, which is involved in
interface formation. The smaller C-terminal domain
(residues 136±212) essentially consists of two parallel
b-strands (b7 and b8) and a-helices (a7 and a8). A short
third strand (b9) at the C-terminal end only touches the

two other strands. Together with helix a8, it is the major
constituent of the intersubunit contact area (Figure 3).

Both domains together form a common eight-stranded
b-sheet with an anti-parallel orientation of the two
constituting parallel b-sheets. Between the two domains
a deep active-site pocket is built up from the loop regions
following strands b4±b6 and from the C-terminal segment
(a8±b9). Because of the vicinity of the active site to the
dimer interface, dimerization might not only be important
for protein stability but also for catalysis.

Fno exhibits a structural relationship to other proteins of
the dinucleotide binding family despite the fact that there
is no signi®cant sequence similarity (<14%) between
them. The most similar structures, according to a search
using the DALI server (Holm and Sander, 1993), are
shown by the NADP-dependent dehydrogenases: human
L-3-hydroxyacyl CoA dehydrogenase (Barycki et al.,
1999), Arthrobacter N-(1-D-carboxylethyl)-L-norvaline
dehydrogenase (Britton et al., 1998), sheep 6-phospho-
gluconate dehydrogenase (Adams et al., 1991) and
Spinacia oleracea acetohydroxy-acid isomeroreductase

Fig. 2. Simulated annealing 2Fo ± Fc omit electron density maps of
Fno with bound substrates at 1.65 AÊ resolution contoured at 1.5s
for (A) NADP+ and (B) F420. Contacts are indicated schematically;
hydrogen bonds are illustrated as broken lines and hydrophobic
contacts as dotted lines. In (A) only solvent molecules conserved in
both subunits are shown, which are all bridges to the protein except for
O291, O305 and O306. The solvent molecules around F420 are not
equivalent in the two subunits. NADP is linked to the polypeptide
chain by 12 hydrogen bonds, F420 only by one.

Fig. 1. Reaction catalysed by F420H2:NADP+ oxidoreductase. The
Re-faces of the cofactors are shown. The amide group of NADP is
shown in the trans conformation.
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(Biou et al., 1997), with r.m.s.d. values of 2.7, 3.1, 2.8 and
2.9 AÊ , respectively, using in each case >70% of the Fno-Ca
atoms for alignment. Substantial differences between the
NADP domains are only observed in connecting segments
between the secondary structures (i.e. the additional
b-hairpin of ~15 residues) and in the C-terminal segment,
which exhibits a fold totally different from the enzymes
discussed.

The F420 binding site
Coenzyme F420 is associated mainly with the C-terminal
domain. The catalytically relevant deaza¯avin moiety dips
deeply into the active site pocket with atoms C6 and C7 of

the hydroxybenzyl ring (see Figure 1) directed towards the
bottom of the pocket and with the more polar 2,4-
pyrimidinedione ring towards the solvent. Whereas the
Si-face of the deaza¯avin faces the nicotinamide ring,
the Re-face looks towards a hydrophobic wall formed by
the side chains of Val98, Phe107, Thr192, Ile195, Leu196
and Met199. The only direct protein±F420 contact is
provided by the hydrogen bond between the benzyl
hydroxyl group of F420 and the carbonyl oxygen of
Leu207 (Figure 2B). Accordingly, the enzyme does not
catalyse the reduction of F420 derivatives lacking the
benzyl hydroxyl group (Yamazaki et al., 1982; Eker et al.,
1989). Moreover, a methyl group linked to atom C7, as in

Fig. 3. (A) Ribbon diagram of the homodimer of Fno from A.fulgidus. The interface area between the two monomeric Fnos is 75% non-polar
compared with 52% surface for the dimer. Dimer formation might be useful in increasing the stability of the protein but also in providing rigidity to
the active site pocket. The fold of Fno can be subdivided into an N-terminal NADP domain consisting of a typical dinucleotide binding fold (coloured
in royal blue and red), and a C-terminal F420 domain with an a/b-fold (coloured in sky blue and orange). (B) Stereo diagram of the Ca trace of a
monomer of Fno. The colour changes from blue (N-terminus) to red (C-terminus) along the peptide chain.
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¯avins, would interfere with the backbone at Thr134 of
Fno. Thus, these speci®c interactions seem to be crucial
for the orientation of the ring and the exclusion of a ¯avin
from binding within the pocket. In agreement with these
structural considerations, the enzyme does not catalyse the
oxidation of reduced FMN or FAD with NADP+ (Kunow
et al., 1993b). The hydroxybenzyl side of F420 is in van der
Waals contact with the backbone (i.e. with the loops after
strand b6 and before b9). This is markedly different from
the respective environment of the dimethylbenzyl moiety
of ¯avin in several NADP-dependent ¯avoenzymes
(Karplus and Schulz, 1989; Ziegler and Schulz, 2000).
This difference could be exploited for the design of drugs.

In contrast to the few F420±protein interactions, there are
multiple contacts between F420 and NADP, including
van der Waals and aromatic interactions between the ring
systems as well as polar interactions (Figure 2B). The
hydrogen bond between the ribitol hydroxyl O2R of F420

and the nicotinamide oxygen O7 (Figure 4) is apparently
strong enough to rotate (by ~10°) the carboxamide out of
the ring plane. This rotation increases the distance between
the nicotinamide oxygen and the peptide nitrogen of
Ala137 by ~0.15 AÊ . The other hydrogen bond between the
carbonyl-O4F of F420 and the nicotinamide ribose
hydroxyl O2 of NADP (2.7 AÊ ) is also unique in the
structurally characterized NAD(P)-¯avin systems (see
Figures 2 and 4).

The deaza¯avin ring is slightly bent, the wings pointing
towards the hydrophobic wall. Interestingly, the side
chains of Thr192 and Leu196 protrude from helix a8
towards the pyridine ring (Figure 4), and can be considered
as a `backstop' for maintaining the butter¯y conformation.
The ¯exibility is low throughout the deaza¯avin ring, the
lowest temperature factor being found for the atoms deep
in the pocket. In contrast, the temperature factor increases
continuously for the ribitol and the phosphate groups,
which are arranged parallel to the short helical region at
the N-terminus of the C-terminal domain without touching
them. This high ¯exibility and the fact that beyond the
phosphate group no electron density is visible lead to the
conclusion that the binding of F420 in Fno is based mainly
on the binding of the deaza¯avin.

The NADP binding site
The binding of NADP to the N-terminal domain is
analogous to those observed in other members of the
dinucleotide binding protein family (Carugo and Argos,
1997). The ADP moiety of NADP ®ts into a shallow
crevice formed at the C-terminus of the b-sheet and the
nicotinamide mononucleotide moiety is embedded into the
deeper active site pocket described above. The interactions
between NADP and the protein matrix are illustrated in
Figure 2A.

The nicotinamide ring is ¯anked at its Si-side by the
deaza¯avin ring of F420 (see above for the interactions)
and on its Re-side by several hydrophobic side chains
including Leu12. The only direct hydrogen bond between
the nicotinamide and the protein matrix is formed by the
amide oxygen and the peptide nitrogen of Ala137
(Figure 2A). It is assumed that this interaction determines
the trans conformation of the amide group, which is the
only one found in enzymatic systems (Torres et al., 1999).
As expected, the pyridine moiety of the oxidized NADP is
present in a planar conformation. Interestingly, the short
distance of 3.1 AÊ between the carbonyl oxygen of Ile135
and atom C4 of NADP might be of catalytic relevance
(Figure 4).

A central role in the binding of the ADP moiety is
played by the pyrophosphate and the ribose phosphate
groups. The solvent-exposed pyrophosphate moiety inter-
acts in typical fashion with residues of the glycine-rich
loop, and its negative charge is primarily compensated for
by a positive dipole formed at the N-terminal end of helix
a1 (Figure 3B). The negatively charged ribose phosphate
group is linked to the side chains of Thr9, Ser31, Arg32
and Lys36 (Figure 2A). These residues are conserved
in the Fno from the three organisms (A.fulgidus,
Methanothermobacter marburgensis and Methanococcus
jannaschii) with known primary structures. This large
number of interactions appears to re¯ect the physiological
necessity to discriminate between NADP(H) and NAD(H).

A comparison of the NADP binding site with and
without substrates indicates a substrate-induced conforma-
tional change (induced ®t) of the enzyme: the more open
and softened NADP binding site (Figure 5A) becomes

Fig. 4. Stereo diagram of the active site of Fno. The nicotinamide ring of NADP+ and the deaza¯avin ring of F420 are embedded face on face in the
hydrophobic pocket.
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closed and rigid upon NADP binding (Figure 5B), as has
been observed in principle for other NADP-dependent
dehydrogenases (Korkhin et al., 1998; Cobessi et al.,
1999). Especially large positional and temperature factor
changes are observed in the glycine-rich loop and in
regions involved in ®xing the adenosine moiety. For
example, the loop between strand b4 and helix a4, partly
distorted in the substrate-free enzyme, undergoes a
temperature factor decrease of ~30 AÊ 2 after NADP binding
and moves by ~3 AÊ towards the crevice, accompanied by
the formation of an additional turn at the N-terminus of
helix a4. Moreover, the ¯exible side chains of Arg32 and
Arg33 are rearranged with atoms displaced by >5 AÊ

towards the binding crevice upon NADP binding.
Substrate binding also leads to a contraction of the active
site pocket by ~0.5±1.6 AÊ , which strengthens the
hydrophobic interactions between non-polar side chains
and the nicotinamide and deaza¯avin ring systems.

The catalytic reaction
Kinetic measurements revealed a ternary complex cata-
lytic mechanism for Fno (Berk and Thauer, 1997), which
is now con®rmed by the structural data. The Km of Fno
from A.fulgidus for F420H2 was 20 mM and for NADP it
was 40 mM at 65°C and pH 8.0, the optimum pH for NADP
reduction with F420H2; the Km for F420 was 10 mM and for
NADPH it was 40 mM at 65°C and pH 5.5, the optimum
pH for F420 reduction with NADPH (Kunow et al., 1993b).
From the kinetic data it is not possible to deduce whether
binding of the two substrates is random or sequential and,
if sequential, which substrate binds ®rst (Koshland, 1958).

The crystal structure of Fno with both substrates bound
revealed that interaction of NADP with the enzyme is
much more extensive than that of F420 (see Figure 2), and
that F420 in part binds to the enzyme via NADP. This
®nding suggests that substrate binding is sequential, with
NADP having to bind ®rst. In order to ®nd out experi-
mentally the binding sequence of the substrates, equimolar
amounts of Fno and NADP+, NADPH and/or F420 were
mixed, subsequently ultra®ltrated and the concentration of
the substrate(s) determined in the ultra®ltrate. Both at
pH 7.5 and 6.0, >80% of NADP+ or NADPH but <5% of
F420 was bound in the binary enzyme±substrate com-
plexes. In the presence of NADP+ or NADPH, the binding
of F420 to Fno increased to ~20% at pH 6.0. The increase
was less pronounced at pH 7.5. These data clearly
demonstrate that NADP+ or NADPH is required for F420

binding. Moreover, the observed substantial positional and
conformational changes upon substrate binding suggest
that NADPH binding is associated with an induced ®t,
which preforms the F420 binding site.

Fno is the ®rst F420-dependent enzyme that provides the
structural basis for a discussion of the hydride transfer.
Basically, the active site of Fno formed at the interface
between the NADP and F420 domains is designed as a
hydrophobic pocket where the nicotinamide and deaza-
¯avin rings are packed together in a roughly parallel
arrangement. Both ring planes are ¯anked by non-polar
side chains, which lock them in a suitable relative position
and provide the exclusion of bulk solvent necessary for the
hydride transfer. A similar molecular design was observed
for NADP-dependent oxidoreductases with FAD as a
prosthetic group in, for example, glutathione reductase

Fig. 5. The NADP binding site of Fno in the states (A) without
substrates, (B) with bound substrates and for comparison the
superimposed structure without substrates in grey. The models are
coloured according to their temperature factors (blue for B <14 AÊ 2,
red for B >25 AÊ 2). The NADP binding site is highly ¯exible prior
to NADP binding and becomes rigid with NADP bound.
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(Karplus and Schulz, 1989) and adrenodoxin reductase
(Ziegler and Schulz, 2000), where the hydride transfer
occurs between isoalloxazine and nicotinamide ring
systems. In contrast, the deaza¯avin- and FAD-dependent
DNA photolyase (Tamada et al., 1997), the only other
known structure with a deaza¯avin bound, shows no
structural and mechanistic relationships with Fno.

Concentrating on the region directly involved in hydride
transfer reveals that the rings are not laid one upon
another, but are laterally shifted such that the amide group
of the nicotinamide is positioned above the deaza¯avin
moiety and the C4 atom of NADP exactly above the C5
atom of F420 (Figure 2B). Their distance of 3.1 AÊ is the
shortest one between the two substrates. This optimal
distance for the hydride transfer (Almarsson and Bruice,
1993) might have been adjusted by the bending of the
deaza¯avin ring and by the deviation from the parallel
arrangement of the ring systems. Theoretical papers on the
hydride transfer (Almarsson and Bruice, 1993; Young and
Post, 1996; Torres et al., 1999) propose a transition state
with a boat conformation for the pyridine part, which
would further reduce the distance between the interacting
carbon atoms. Quite recently, a distorted boat conform-
ation for NADH was found in the atomic resolution
structure of its complex with horse liver alcohol
dehydrogenase (Meijers et al., 2001). The present struc-
ture corroborates the model of a transient boat conform-
ation. First, the observation that the C4 atom shows the
highest B-values within NADP (mean values for the two
molecules). Secondly, the slight rotation of the carbox-
amide group of NADP due to a hydrogen bond with F420

weakens the nicotinamide aromatic system and in turn
reduces the activation energy for the boat conformation.
Thirdly, the boat conformation would again make the C4
atom roughly coplanar with NADP atoms C3, C7 and O7
(see Figures 1 and 4), which stabilizes this transition state.
Fourthly, the unfavourably short distance between C4 and
the carbonyl oxygen of Ile135 C4 [d(C±O) = 3.1 AÊ ] would
be increased. On the other hand, the close vicinity of this
carbonyl oxygen might ease the hydride transfer by
`guiding' the proR-H to its new position (Young and
Post, 1996). However, it has to be considered that the
structural data are based on oxidized states of both
substrates and that the actual redox reaction might imply
minor structural rearrangements.

The stereochemical analysis of the hydride transfer
leads to the conclusion that the observed orientation of the
Si-face of F420 towards the Si-face of NADP allows only
the transfer of the proS hydrogen at C5 to the proS position
at C4 and vice versa (Figure 6). The structural data are in
agreement with the observed Si-face stereospeci®city of
Fno with respect to both F420 and NADP (Yamazaki et al.,
1980; Kunow et al., 1993b). A general explanation for the
®nding that hydride transfer involving F420 always
proceeds Si-face stereospeci®cally cannot be inferred
from the Fno structure. Nevertheless, the conserved
nicotinamide orientation within the dinucleotide binding
family and the preferred orientation of the deaza¯avin ring
with its more non-polar hydroxy-benzyl group pointing to
the bottom of the pocket provide a comprehensible
structural explanation for the observed stereochemistry
in the case of Fno.

Materials and methods

Preparation of the enzyme
The product of gene AF0892 in the A.fulgidus genome (Klenk et al.,
1997) has signi®cant sequence similarity (36% identity) to Fno from
M.marburgensis (Berk and Thauer, 1998). The fno gene was ampli®ed by
PCR, cloned into the expression vector pET24b (Novagen) (Studier et al.,
1990) and overexpressed in E.coli BL21 (DE3) under the control of the
T7lac promoter of the expression plasmid following the protocol given by
the manufacturer. The recombinant E.coli strain grew at 37°C in mineral
salts medium (Sambrook et al., 1989). For selenomethionine labelling
experiments, the expression vector containing the fno gene was
introduced into a methionine auxotrophic strain, E.coli B834
(DE3)(pLysS). The recombinant E.coli strain grew in the medium
supplemented with 0.2 mM selenomethionine. When the OD600 of the
culture reached 0.6, fno gene expression was induced with 1 mM
isopropyl-b-D-thiogalactopyranoside. The cells were harvested after 16 h
induction.

The overproduced enzyme in the soluble fraction was puri®ed by heat
precipitation of E.coli proteins at 90°C in 1.5 M potassium phosphate
pH 8.0 for 30 min. After centrifugation at 4°C, the supernatant was
applied to Source 15 Phe (1.6 3 14 cm) (Pharmacia-Amersham Biotech),
which was equilibrated at 4°C with 2 M ammonium sulfate in 50 mM
MOPS±KOH pH 7.0. Fno eluted from the column at 1.0±0.6 M
ammonium sulfate in a linear decreasing gradient of the salt (145 ml,
2±0 M). The fractions containing Fno were combined and concentrated by

Fig. 6. Hydride transfer. The hydride is transferred from the Si-face
of F420 towards the Si-face of NADP. The distance between C5 of
F420 and C4 of NADP is 3.1 AÊ . The proR and proS hydrogen atoms
are modelled using the conformation of NADP+ as found in Fno
complexed with F420 and NADP+, and assuming identical
conformations in the oxidized and reduced state. Also shown
in dark red is the carbonyl O of Ile135.
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®ltration (30 kDa cut-off) (Millipore), and diluted with 10 mM potassium
phosphate pH 7.0. The solution was applied to a ceramic hydroxyapatite
column (1.3 3 10 cm) (Bio-Rad), which was equilibrated at 4°C with
10 mM potassium phosphate pH 7.0. Fno eluted at 50±125 mM potassium
phosphate pH 7 in a linear increasing gradient of the salt (130 ml,
10±500 mM). The fractions containing Fno were combined and
concentrated by ®ltration (30 kDa cut-off), and diluted with 10 mM
MOPS±KOH pH 7.0. The puri®ed enzyme exhibited a speci®c activity of
280 U/mg at 65°C under standard assay conditions (Kunow et al., 1993b).

Substrate af®nity measurement in solution
Binding of NADP+, NADPH and/or F420 to the enzyme was determined
by measuring the decrease in the free substrate concentration upon
addition of equimolar amounts of Fno: 25 ml of Fno solution (0.5 mM,
11.4 mg/ml) was mixed with 25 ml of 200 mM HEPES/NaOH pH 7.5 or
200 mM Mes/NaOH pH 6.0 containing the substrate(s) at 0.5 mM. The
mixture was incubated for 10 min at 4°C. The solution was then
ultra®ltrated at 4°C by centrifugation at 13 000 g through Microcon 10
(10 kDa cut-off, Millipore) and the concentration of the substrate(s) in the
30 ml ultra®ltrate was determined by UV/visible spectroscopy using
a Zeiss Specord S10 diode array spectrophotometer [light path,
0.3 cm; extinction coef®cients, 18.0 mM±1 cm±1 (NADP+) at 260 nm,
6.2 mM±1 cm±1 (NADPH) at 339 nm and 25.9 mM±1 cm±1 (F420) at 401 nm
(Dawson et al., 1986; DiMarco et al., 1990)]. From the substrate
concentration in the ultra®ltrate, the amount of substrate bound to the
enzyme was calculated assuming that the free substrate concentration in
the 20 ml concentrate was the same as in the 30 ml ultra®ltrate. The results
obtained were corrected for unspeci®c binding of the substrates to the
ultra®ltration membrane and to proteins, which was determined in blanks
containing bovine serum albumin (11.4 mg/ml) and the substrate(s).

Crystallization and data collection
Fno was crystallized in three different crystal forms at a temperature of
4°C using the hanging drop vapour diffusion method. Crystals grew in a
drop consisting of 1 ml of enzyme solution (12 mg/ml) and 1 ml of
reservoir solution. Initial screenings were performed using a sparse
matrix crystallization kit (Hampton Research) (Jancarik and Kim, 1991).
Crystals of form 1 were obtained using a reservoir solution composed of
29% methyl-2,4-pentanediol (MPD), 0.1 M acetate/NaOH pH 4.6 and
0.24 M CaCl2. Microseeding was required to produce large-size crystals
at this condition. Their space group was P6222 and the lattice parameters
were a = 87.4 AÊ and c = 93.6 AÊ , which is most compatible with one
monomer per asymmetric unit. Native data to 1.8 AÊ resolution were
collected at the Max-Planck beamline BW6 at the Deutsches Elektronen
Synchrotron in Hamburg (DESY) using ¯ash-frozen crystals. Data
processing and scaling were performed with the HKL suite (Otwinowski
and Minor, 1996) (see Table I). Crystals of form 2 were obtained using a
reservoir solution with 30% MPD, 0.1 M acetate/NaOH pH 4.6 and 0.4 M
MgCl2. The space group and the lattice parameters were P21 and
a = 38.64 AÊ , b = 72.14 AÊ , c = 70.40 AÊ and b = 90.12°, respectively,
indicating the presence of one dimer in the asymmetric unit. Diffraction
data were collected at ±180°C at the ESRF beamline ID 14-4 in Grenoble,
France (see Table I). For preparation of form 3 crystals, the enzyme
solution (12 mg/ml) was supplemented with 1 mM F420 and 1 mM NADP,
then combined with a reservoir solution containing 0.1 M HEPES/NaOH
pH 7.5 and 1.4 M sodium citrate. The space group was P212121 and the
lattice parameters were a = 54.9 AÊ , b = 69.8 AÊ and c = 145.5 AÊ , most
compatible with one dimer per asymmetric unit. Diffraction data up to a
resolution of 1.65 AÊ were collected at the microfocus beamline ID 13 at
ESRF, Grenoble, under cryogenic conditions (Table I).

Phase determination and model building
Phase determination was performed using the MAD method by collecting
a three-wavelengths data set (l = 0.9789, 0.9792 and 0.9395 AÊ ) of the
Se-methionine-substituted protein at the ESRF beamline ID14-4. The
calculations were carried out within the program SOLVE (Terwilliger
and Berendzen, 1999). After solvent ¯attening using DM (Cowtan, 1994),
the quality of the electron density was suf®cient to build a model, except
for the poorly resolved regions around residues 85 and 105 using the
program O (Jones et al., 1991) and the density skeletonization option of
program MAPMAN (Kleywegt and Jones, 1996). The phases for crystal
forms 2 and 3 were determined by the molecular replacement method
with AMoRe (Navaza, 1994) using the coordinates of crystal forms 1 and
2, respectively, as the search model.

Model re®nement and quality of the model
For unknown reasons, the model of crystal form 1 could not be re®ned to
an Rfree-factor sizeably below 40% (1.8±20 AÊ ), both for the native and the
Se-methionine data (CNS; BruÈnger et al., 1998). Tests for twinning were
negative. The re®nement worked successfully with crystal forms 2 and 3
by performing alternately computer-assisted molecular dynamics and
conjugate gradient minimization rounds and manual correction rounds
using program O (Jones et al., 1991). A bulk solvent correction at low
resolution up to 20 AÊ was achieved and water molecules were introduced
if the 2Fo ± Fc electron density was >1s, the Fo ± Fc electron density
>2s, and the shape of the electron density approximately spherical. The
molecules NADP and F420 were modelled into the electron density of
crystal form 3. Three electron density peaks were assigned to cations on
the basis of their coordination and interatomic distances. No non-
crystallographic symmetry restraints were applied during re®nement. For
crystal form 2, the Rcryst and Rfree factors converged to 18.5 and 22.1%
(1.8±20.0 AÊ ) and for crystal form 3 to 18.2 and 20.6% (1.65±30.0 AÊ ),
respectively (Table I). The quality of the ®nal model is summarized in
Table I. The ®nal model of crystal form 2 comprises 2 3 212 residues,
270 water molecules and three putative cations (two sodium and one
magnesium), and that of crystal form 3, 2 3 212 residues, two NADP and
0.9 and 0.8 F420, 324 water molecules and two sodium ions (at positions
equivalent to those in crystal form 2). The occupancy of the deaza¯avin of
F420 was ®tted by several cycles of alternate occupancy and temperature
factor re®nement. The reduced and vanished electron density of the
residual part of F420 was attributed to increasing disorder and modelled by
further reduced occupation. Alternative conformations were observed for
15 and 10 residues and the average temperature factor was 21.7 and
22.6 AÊ 2, respectively. Model errors were assessed with the programs CNS
and PROCHECK (Laskowski et al., 1993). In both structures, all non-
glycine and non-proline residues were either in most favoured (94% for
crystal form 2 and 95% for crystal form 3) or in additionally allowed
regions (6% for crystal form 2 and 5% for crystal form 3) of the
Ramachandran plot.

Preparation of ®gures
Figures 2±6 were generated using the programs MOLSCRIPT (Kraulis,
1991), BOBSCRIPT (Esnouf, 1997) and RASTER3D (Merritt and
Murphy, 1994).

Table I. Crystallographic and re®nement data of Fno from A.fulgidus

Crystal form

1 2 3

Space group P6222 P21 P212121

a (AÊ ) 87.4 38.64 54.9
b (AÊ ) 72.14 69.8
c (AÊ ) 93.6 70.4 145.5
b (°) 90 90.12 90
No. of molecules/

asymmetric unit
1 2 2

Solvent content (%) 48 35 54
Resolution (AÊ ) 1.8 (1.9±1.8) 1.8 (1.9±1.8) 1.65 (1.8±1.65)
Rsym (%) 2.7 (25.3) 5.7 (7.1) 8.3 (28.5)
I/s 33.0 (5.9) 17.2 (13.3) 12.3 (2.2)
Completeness (AÊ ) 95.5 (87.2) 98.5 (99.2) 91.1 (73.2)
Number of re¯ections 18 624 35 340 58 152
Multiplicity 3.9 3.7 4.7
Solution method MAD (Se) MR MR
Rcryst (%) 32 18.5 18.2
Rfree (%) 36 22.1 20.6
R.m.s.d. bonds (AÊ ) 0.006 0.010 0.013
R.m.s.d. angles (°) 1.36 1.48 1.59
Residues per monomer 212 212 212
Ligands per monomer ± ± 1 NADP, 1 F420

No. of water molecules 24 270 324
Ions 1 K+ 2 Na+, 1 Mg2+ 2 Na+

All data were measured under cryogenic conditions. Rsym, I/s and
completeness for the last resolution shell are given in parentheses.
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Coordinates
The coordinates have been deposited at the Protein Data Bank under
accession codes 1JAX and 1JAY.
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