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Coenzyme Binding in F420-Dependent
Secondary Alcohol Dehydrogenase,
a Member of the Bacterial Luciferase Family

netically characterized (Bleicher and Winter, 1991; Wid-
del and Wolfe, 1989). The enzyme catalyzes hydride
transfer from or to the Si-face of F420 (Klein et al., 1996),
as found for all characterized F420-dependent enzymes
(Thauer, 1998). The homodimeric enzyme is built up of
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Marie-Curie-Straße 15 cloned, sequenced, and expressed in Escherichia coli

(Berk, 1999). The heterologously produced enzyme wasD-60439 Frankfurt am Main
Germany only partially soluble; most of it was isolated as inclusion

bodies. The soluble fraction, however, contained Adf
with high activity.

Amino acid comparisons revealed Adf to be relatedSummary
to F420-dependent oxidoreductase from Streptomyces
(33% sequence identity) (Peschke et al., 1995), F420-F420-dependent secondary alcohol dehydrogenase
dependent hydride transferase 1 from Rhodococcus(Adf) from methanogenic archaea is a member of the
(27%) (Heiss et al., 2002), F420-dependent methylenetet-growing bacterial luciferase family which are all TIM
rahydromethanopterin reductase (Mer) from methano-barrel enzymes, most of which with an unusual non-
genic archaea (26%) (Nolling et al., 1995; Vaupel andprolyl cis peptide bond. We report here on the crystal
Thauer, 1995), bacterial luciferase (LuxAB) (25%) (Bald-structure of Adf from Methanoculleus thermophilicus
win et al., 1979), glucose-6-phosphate dehydrogenaseat 1.8 Å resolution in complex with a F420-acetone ad-
from Mycobacteria (22%) (Purwantini and Daniels, 1998),duct. The knowledge of the F420 binding mode in Adf
and alkanesulfonate monoxygenase (SsuD) (22%) (vanprovides the molecular basis for modeling F420 and
Der Ploeg et al., 1999) (Figure 2). From this enzymeFMN into the other enzymes of the family. A nonprolyl
family, referred to as the bacterial luciferase family, thecis peptide bond was identified as an essential part
F420-dependent glucose-6-phosphate dehydrogenaseof a bulge that serves as backstop at the Re-face of
from Mycobacteria has recently alerted more generalF420 to keep it in a bent conformation. The acetone
interest (Choi et al., 2001; Stover et al., 2000), sincemoiety of the F420-acetone adduct is positioned at the
the enzyme is involved in oxygen stress defense in theSi-face of F420 deeply buried inside the protein. Isopro-
pathogenic bacteria.panol can be reliably modeled and a hydrogen transfer

LuxAB (Fisher et al., 1996), Mer (Shima et al., 2000),mechanism postulated. His39 and Glu108 can be iden-
and SsuD (Eichhorn et al., 2002) of the bacterial lucifer-tified as key players for binding of the acetone or iso-
ase family are structurally characterized and consist pri-propanol oxygens and for catalysis.
marily of an (��)8 barrel. While LuxAB and Mer contain
an unusual nonprolyl cis peptide bond in strand �3, this

Introduction characteristic feature is missing in SsuD. Unfortunately,
none of the three enzymes were, until now, structurally

Methanogenesis is the final process of the anaerobic determined in complex with its coenzyme, FMN (LuxAB
degradation of biomass performed by methanoarchaea and SsuD) or F420 (Mer). The coenzymes could, however,
(Thauer, 1998). One third of the methane is generally be approximately modeled into the structures either, as
formed from CO2 by reduction with H2. In a few organ- in the case of LuxAB, by computer assisted conforma-
isms, alcohols, either ethanol or isopropanol, can also tional search methods (Lin et al., 2001) or qualitatively on
serve as electron donors for CO2 reduction. In methano- the basis of the flavin position found in other unrelated
gens, ethanol oxidation is catalyzed by a NADP-depen- flavin-containing TIM barrel enzymes, such as FAD-con-
dent alcohol dehydrogenase (Berk and Thauer, 1997), taining MetF (Guenther et al., 1999) and FMN-containing
which belongs to the medium-chain alcohol dehydroge- enzymes: old yellow enzyme (Fox and Karplus, 1994),
nases. Isopropanol oxidation is carried out by a coen- trimethylamine dehydrogenase (Lim et al., 1986), gly-
zyme F420-dependent secondary alcohol dehydrogenase colate oxidase (Lindqvist, 1989), and dihydroorotate
(Adf) (Widdel and Wolfe, 1989), which does not belong dehydrogenase A (Rowland et al., 1997). Another flavin-
to any of the known alcohol dehydrogenase families. dependent TIM barrel enzyme with known crystal struc-
F420 is a 5�-deazaflavin with a redox potential of �360 mV ture is the nonfluorescent protein (Moore and James,
(Figure 1). Notably, in several eukaryotes, isopropanol 1994). Despite its bacterial luciferase-like fold, the non-
oxidation to acetone is catalyzed by short-chain alcohol fluorescent protein deviates considerably from those
dehydrogenases using the NADP�/NADPH system for of the bacterial luciferase family, in that the two FMN
hydride transfer (Jornvall et al., 1995). molecules have completely different binding sites.

Adf has been isolated from Methanoculleus thermo- The coenzyme F420 is only transiently associated with
philicus and Methanofollis liminatans and has been ki- Adf in the catalytic reaction (Km � 18 �M in the case

of Adf from M. liminatans), like the other members of
bacterial luciferase family. However, in the case where*Correspondence: ulrich.ermler@mpibp-frankfurt.mpg.de
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into the interior of the TIM barrel is formed, in particular,
by a nonprolyl cis peptide bond between Cys72 and
Ile73. After the bulge, the direction of strand �3 changes
by nearly 45� (Figure 4). The driving force for forming
the energetically unfavorable nonprolyl cis peptide bond
is difficult to grasp, although sequence and structural
analysis clearly attribute a key function to the highly
conserved Asp38. The carboxylate side chain of Asp38
is directed toward the bulge and would partly interfere
with strand �3 if it would proceed straightforward. More-
over, the position of this carboxylate group is fixed by
a salt bridge to Arg79 and by hydrogen bonds to the
side chains of Tyr80 and Thr74, the latter stabilizing the
conformation of the bulge (Figure 4).

The connecting segments between � strands and �
helices of the TIM barrel core are mostly small, but four
of them, named as insertion segments (IS) 1 to 4, are
longer and are most likely of functional importance
(Figure 3C). IS1 (Phe40–Gly52), following strand �2, con-
sists of an extended loop without any secondary struc-
ture, and IS2 (Gly107–Pro120), following strand �4, is
characterized by a small � helix. IS3 (Pro234–Asp286),
following strand �6, is mainly composed of four short
� helices and one � strand, which constitutes together
with the prolonged strands �7 and �8 an additional

Figure 1. F420-Dependent Alcohol Dehydrogenase Catalyzes the three-stranded parallel � sheet nearly perpendicular to
Oxidation of Isopropanol to Acetone with the Concomitant Reduc-

the central sheet. These three insertion regions are intion of F420 to F420H2
tight contact to each other and cover the bottom of

The enzyme is Si-face-specific with respect to the C5 atom of F420.
the C-terminal end of the TIM barrel (Figure 3C). IS4Coenzyme F420 is composed of a deazaflavin ring, a ribitol, a phos-
(Gly141–Asp166), following helix �3 at the N-terminalphate, a lactate, and two or more glutamates. The rest R in F420 is

shown for F420-2, the coenzyme present in Methanoculleus. side of the barrel, is attached parallel to helix �4.
The monomers of the dimer are related by a crystallo-

graphic 2-fold symmetry axis that is located parallel to
Adf was purified from the M. thermophilicus cells culti- the central strands (Figure 3A). Larger interface regions
vated in the presence of 0.2% isopropanol in a 80% H2/ are formed between helix �2 and helix �2 of the symme-
20% CO2 atmosphere (see Experimental Procedures), try-related partner, between helix �3 and helix �1, IS1,
the enzyme has been observed to copurify with F420, plus the loop following strand �3, and between IS4 and
indicating that F420 binds rather tightly to this enzyme. We IS1 plus IS3. Altogether, the contact covers an area of
therefore chose this enzyme preparation to characterize 2215 Å2, corresponding to about 16.4% of the surface
the cofactor binding mode in the bacterial luciferase area of the monomer (NACCESS; Hubbard et al., 1991).
family. Notably, the same dimer arrangement was found in

LuxAB, Mer, and SsuD. The dimer formation has, of
Results course, a general stabilizing function, but structure anal-

ysis suggests additionally a direct function by fixing the
Structure of Adf conformations of IS1, IS2, and IS3, which are involved
The crystal structure of Adf has been resolved at 1.8 Å in F420 and substrate binding.
resolution in complex with a F420-acetone adduct using
the multiple isomorphous replacement method for
phase determination (Table 1). The enzyme is present F420 Binding

F420 binds into a 15 Å long cavity that extends from theas a homodimer with a size of 75 Å � 50 Å � 50 Å
(Figure 3A). Each monomer is basically built up of an C-terminal end of the TIM barrel to the protein surface

(Figure 3). The substituent of F420 consisting of a ribitol,(��)8 barrel or TIM barrel fold according to triosephos-
phate isomerase (Banner et al., 1975), the first structur- a lactate, a phosphate, and two glutamates (Figure 1)

is arranged perpendicular to the direction of the centralally elucidated protein of this architecture. The central
strands of the (��)8 barrel in Adf are arranged to form a strands in an elongated manner. The isoalloxazine ring

is bound to Adf in a bent conformation with an angle offunnel-shaped barrel broadened toward its C-terminal
end, thereby creating a large roughly oval bottom (Figure 26� between the peripheral rings (Figure 4). The coen-

zyme binding site is completely occupied by F420, as3). A similar TIM barrel core is found in LuxAB (Fisher
et al., 1996), Mer (Shima et al., 2000), and SsuD (Eichhorn indicated by roughly identical temperature factors

(�21 Å2) of the deazaflavin ring and its environment.et al., 2002).
An unusual feature of the central � sheet is a bulge The deazaisoalloxazine head of F420 is positioned partly

inside the barrel and is embedded into a pocket locatedinserted into strand �3 exactly at the same position as
described for LuxAB and Mer. This bulge that points at one side of the broadened bottom at the C-terminal
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Figure 2. Sequence Alignment of the Bacterial Luciferase Family

A larger subfamily is characterized by a nonprolyl cis peptide bond; a smaller subfamily to which SsuD belongs does not contain such a
bond. Identical residues are colored in yellow, and conserved residues are colored in blue. Arrows and bars above indicate the secondary
structure assignment based on the Adf structure. Residues involved in F420 binding are underlined.
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Table 1. Data Collection

Data Set Native1 Native2 Pt1a Pt2a Hg1a Pb1a

Resolution (Å) 2.6 (2.64–2.6) 1.8 (1.83–1.8) 3.0 (3.06–3.0) 3.0 (3.06–3.0) 3.0 (3.06–3.0) 3.0 (3.06–3.0)
Multiplicity 3.1(3.1) 3.9 (3.8) 2.3 (2.2) 2.3 (2.1) 2.6 (2.5) 3.2 (3.2)
Completeness (%) 96.2 (94.5) 99.2 (99.4) 94.2 (93.8) 82.0 (83.8) 94.0 (94.8) 90.9 (95.5)
I/	I 25.9 (5.9) 28.3 (3.2) 13.6 (5.3) 11.9 (3.5) 17.8 (7.0) 23.3 (10.3)
No. of crystals 3 7 1 1 1 1
Rsym, Rmerge (%)b 7.9 (24.6) 6.7 (35.0) 12.1 (30.3) 12.4 (33.2) 9.8 (24.5) 9.6 (21.1)
Rder (%)c (5–10 Å) 10.6 12.4 7.5 4.5
Phasing powerd 2.0 2.3 2.0 0.6

a Pt1: K2PtCl4, 0.9 mM (soaking concentration), 16 hours (soaking time); Pt2: di-�-iodo-bis (ethylenediamine) di-platinum II nitrate (PIP), 0.3
mM, 24 hours; Hg1: MeHgOAc, 0.1 mM, 16 hours; Pb1: Me3PbOAc, 0.9 mM, 16 hours.
b Rsym � 
hkl
i |Ii � �I�|/
�I�; Ii, intensity of the ith measurement per reflection hkl; �I�, average intensity for a reflection hkl.
c Rder � 
hkl ||FP| � |FPH||/
hkl|Fp|, |FP| and |FPH| are the structure factor amplitudes for the native protein and the heavy-atom derivatives.
d Phasing power is defined as �|FH|/
�; 
 �|FPH � |FP � FH|| is the residual lack of closure. FH is the calculated heavy-atom structure factor
amplitude, and FPH and FP are the structure factors with and without heavy atoms.

Figure 3. Structure of Adf from Methanocul-
leus thermophilicus

(A) Ribbon diagram of the dimer that shows
the TIM barrel architecture of the monomer.
The interface between the monomers is
formed by three peripherical � helices and
the insertion segments.
(B) Stereo representation of the C� chain of
the Adf monomer.
(C) Stereo plot of the Adf monomer (rotated
90� compared to [B]). The representation fo-
cuses on the conformation of the insertion
regions (IS 1 to 4 in blue, sky-blue, magenta,
and yellow) that are crucial for substrate bind-
ing and for the formation of the active site.
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Figure 4. The Nonprolyl cis Peptide Bond
in Adf

The nonprolyl cis peptide bond between
Cys72 and Ile73 is an essential constituent of
a bulge that is directed toward the F420 bind-
ing site, causing a bent conformation of the
deazaisoalloxazine ring. The well-conserved
Asp38, which would partly interfere with a
straight course of strand �3, is strongly linked
to the polypeptide chain and stabilizes the
bulge. These favorable interactions might
compensate for the energy lost when forming
the nonprolyl cis peptide bond.

end. The three-membered ring system is flanked by C5 atom of F420 was refined to 1.5 Å, and the arrangement
of the C1, C2, C3, and O atoms is clearly planar. Thestrands �2 and �6, and its Re-face is attached to strands

�3 and �5 (Figure 3). The so-called butterfly conforma- substrate binding pocket completely buried inside the
enzyme is formed by the deazaflavin ring and side chainstion is maintained at the Si-face by fixing the pyrimidine

and hydroxybenzyl wings via His39 and Glu108 and by of strands �1, �2, �6, and �7 and of IS1, IS2, and IS3.
These side chains comprising Phe8, His39, Trp43,Val193 and Ile227, respectively. The central pyridine ring

is kept in its position outside the plane by the nonprolyl Glu108, Val193, Trp229, Trp246, Cys249, and Phe255
are mainly bulky and hydrophobic, but a few are alsocis peptide oxygen of Cys72 and by the side chain of

Ile73 pointing toward its Re side and acting as a back- polar and apparently play an important functional role
(see below).stop (Figure 4). Incorporation of a cis proline at position

73 would substantially press the deazaflavin ring out of The binding of acetone is characterized by the interac-
tions between its carbonyl oxygen and the polypeptideits binding site, indicating the functional necessity of a

nonprolyl cis peptide bond. Interestingly, nonprolyl cis side chains (Figure 5B). The oxygen atom is in an ideal
distance for hydrogen bond formation to the carboxylatepeptide bonds are rarely found in proteins and always

have a specific function (Jabs et al., 1999). The isoalloxa- group of Glu108, protruding from strand �4, to the imid-
azole ring of His39, and to the indol group of Trp43, thezine ring is anchored to the protein matrix by several

interactions taking the amphipatic nature of the isoallox- latter residues originating from the loop following �3.
The carboxylate group of Glu108 and the imidazoleazine ring into account (Figure 5A). Except for His39 and

Ser173, hydrogen bonds are only formed to main chain group of His39 are kept in place via hydrogen bonds to
the amide group of Asn111 and to the carbonyl groupatoms, providing a rigid coenzyme binding mode. A

comparison between the Adf-derived and the calculated of His41, respectively. Trp43 is embedded in a hy-
drophobic pocket formed by Met210, Gly248, Cys249,binding site (Lin et al., 2001) resulted in a very similar

binding position. However, the orientation of the isoal- Val251, Met254, Phe255, and Val265. Interestingly, the
side chains of His39 and Glu108 are 3 Å apart, but aloxazine ring substantially deviates, such that the bulge

serves as a backstop in the Adf-based model and as a hydrogen bond can only be formed upon breaking the
bond to the oxygen of acetone and rotating the imidaz-hydrogen bond mediator in the calculated model.

The substituent of F420 is buried inside the protein ole ring (Figure 5B). Notably, the imidazole ring of His39
is also in van der Waals contact to the carboxylate groupuntil the first glutamate and contributes significantly to

coenzyme binding involving, in particular, IS1, IS2, and of Glu12, which is hydrogen bonded to Asp37. This latter
residue, Asp37, is solvent accessible and thus capableIS3 (Figure 5A). The second glutamate is solvent ex-

posed and highly flexible. Notably, residue 176, which of proton transfer to the outside of this protein (Figure
5B). It is conceivable that Glu12 is protonated, since itinteracts with the phosphate group, has to be a glycine

to avoid a clash with F420. This residue is not conserved is in a rather hydrophobic environment.
in the FMN-dependent luciferase and perhaps provides
a general distinctive feature for F420 and FMN-dependent Discussion
members of this family (Figure 2).

Flavin-Dependent TIM Barrel Structures
Adf is characterized by a TIM barrel fold, an unusualAcetone Binding

Additional electron density was rather unexpectedly nonprolyl cis peptide bond, and its specificity for the
deazaflavin F420, which acts as a coenzyme instead offound at the Si-face of F420 and was determined to be

isopropanol or acetone (Figures 3 and 5B). Several mod- a prosthetic group. These properties are characteristic
for most members of the bacterial luciferase family (Fig-els with and without acetone or isopropanol, either cova-

lently bound or in an unbound state, were refined. The ure 2). Within this family, only SsuD (and some very
related enzymes) does not contain the constituting non-resulting electron density maps at 1.8 Å resolution

clearly support the presence of an F420-acetone adduct. prolyl cis peptide bond. The other structurally known
flavin-dependent TIM barrel enzymes bind flavin as aThe distance between the C1 atom of acetone and the
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Figure 5. Stereo Plot Showing the Interac-
tions between the Coenzyme Molecule—
F420—and the Enzyme and the Relative Posi-
tions of the F420 and Acetone Moieties of the
F420-Acetone Adduct

(A) F420 is bound into a 15 Å long cavity ex-
tending from the C-terminal end of the TIM
barrel to the protein surface. It is linked to the
protein matrix by 11 direct hydrogen bonds,
mainly to main chain atoms. The negatively
charged phosphate group is hydrogen
bonded to the amide nitrogen of Gln126 and
to the peptide nitrogens of Met175 and
Gly176. The first glutamate of F420 is fixed by
helix �5, as the partially positive charge of
its N-terminal end interacts with the negative
charge of the carboxylate group.
(B) The acetone as part of the F420-acetone
adduct binds into a predominantly hydropho-
bic pocket at the Si-face of F420. Residues
His39, Glu108, and Trp43 are crucial for bind-
ing of the carbonyl oxygen of acetone. The
hydroxyl oxygen of isopropanol probably
binds to the same position and serves as an
anchor for modeling the substrate.

prosthetic group and have no sequence similarity to the tide subfamily, and the definition of a general fingerprint
(together with His39) for the larger group of the luciferasebacterial luciferase family.

According to a primary structure alignment, the resi- family. A major role is assigned to the highly conserved
Asp38 (in luciferase a glutamate) that stabilizes the bulgedues contacting F420 are not conserved (Figure 2) in the

luciferase family, reflecting the low overall sequence on one hand and would partly interfere with a straight
course of strand �3 on the other. Asp38 is strongly fixedidentity, the use of main chain atoms to provide polar

interactions, and the possibility of equivalently exchang- in its position, in particular, by a salt bridge to a positively
charged residue at position 79, either arginine or histi-ing hydrophobic contact residues. The sole exception in

the nonprolyl cis peptide family is the strictly conserved dine (Figures 2 and 3). The optimal binding situation for
Asp38 is speculated to be the driving force for formingHis39 whose imidazole side chain is involved in F420

binding and substrate binding as well as catalysis (see the energetically unfavorable nonprolyl cis peptide bond
that results in the formation of a bulge. The residues ofbelow). Surprisingly, conserved residues were found in

linker segments between the helices and strands at the the bulge are less well conserved, although they reveal
several common features. Residue 71 is either a prolineN-terminal side of the barrel, suggesting that they might

be involved in fine-tuning the directions of the strands. or a threonine, residue 72 is rather variable, residue 73
is either a isoleucine or a valine, and residue 74 is mostlyFor example, a hydrogen bond is formed between the

strictly conserved residues Thr64 and Arg99 to adjust a threonine or a branched aliphatic amino acid (Figure
2). Altogether, the following consensus sequence canstrands �3 and �4, which are both involved in F420 binding

(Figure 2). be derived: D/E-H-x(20-30)-I/L-S/G-x-I/V/A-x5-R/H.
In contrast to residues involved in flavin binding, the

amino acids surrounding the nonprolyl cis peptide bond Formation of the F420-Acetone Adduct
Adf was structurally characterized in complex with anare better conserved. This allows a clear discrimination

between the SsuD subfamily and the nonprolyl cis pep- F420-acetone adduct. The surprising formation of a cova-
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Figure 6. Proposed Mechanism of F420-Ace-
tone Formation and of Isopropanol Oxidation

(A) The reaction between acetone and oxi-
dized F420 can be understood on the basis
of the nucleophilic attack of the C1 atom of
acetone onto the C5 atom of F420. The C1
atom is electron rich, as seen in the enol or
enolate tautomere of acetone.
(B) Hydride transfer from the C2 atom of ace-
tone to the C5 atom of the Si side of the F420.
His39 is postulated to be the general catalytic
base that abstracts a proton from isopropa-
nol, whereas the protonated Glu108 and
Trp43 stabilize the partly generated alcohol-
ate anion in the transition state.

lent bond between the atoms C5 of F420 and C1 of ace- oxidized via an F420-dependent hydrogenase. This inter-
pretation is substantiated by the finding that the specifictone can be mechanistically explained considering the

nucleophilic character of the C1 atom, especially in the activity of Adf decreased continuously during a 2 day
incubation of cells under N2/CO2. Finally, the specificenolate form of acetone. The enol form is only present

in minor amounts (Keq � 1.5 � 10�7) in water (Figure 6A), activity was estimated to be lower than 10% of Adf
purified from cells before induction of adduct formation.but in the protein the keto/enol tautomerization equilib-

rium might be substantially shifted (Benach et al., 1999).
Due to the adjacent residues His39 and Glu108 that
can serve as hydrogen donors and acceptors, structural Substrate Binding and Hydride Transfer

The position of the acetone as part of the F420-acetoneanalysis favors binding of a hydroxyl group as compared
to an oxo atom. His39 would be optimally placed to adduct does not exactly correspond to that of isopropa-

nol prior to the reaction. Nevertheless, reliable modelingserve as general acid to protonate the keto group of
acetone, and simultaneously, Glu108 might accept a of isopropanol into its binding site is straightforward,

provided that the observed position of the acetone oxy-proton from the C1 atom placed 3.7 Å away from the
carboxyl group (Figure 5B). gen is also the binding site for the isopropanol oxygen

forming the same interactions with the polypeptide ma-Accordingly, the electron-rich C1 atom nucleophili-
cally attacks the electrophilic C5 atom of the oxidized trix (Figure 5B). Moreover, isopropanol must be bound

in a manner to orient the hydrogen of its C2 atom towardF420 and generates the adduct. His39 can additionally
function as a general base by accepting a proton from the C5 atom of the isoalloxazine (Figure 6B) like the C1

atom of acetone in the F420-acetone adduct (Figure 6A).the hydroxyl group during the carbon-carbon linkage
(Figure 6A). An analogous covalent NADP-acetone ad- According to these restraints, the C3 atom of isopropa-

nol is in a similar position as the C3 atom of the observedduct was previously found for Drosophila short-chain
alcohol dehydrogenase (Benach et al., 1999). The postu- F420-acetone adduct and in van der Waals contact to

Phe8, Glu12, Asp37, His39, Trp229, Trp246, and the dea-lated mechanism for its biosynthesis exactly corre-
sponds to that described for the formation of the F420- zaflavin ring. The C1 atom is in van der Waals contact

to Phe43, Trp229, and Cys249. In this orientation, theacetone adduct. The formation of such an adduct tighly
blocks the active site cavity of Adf and results in a dead- C3 atom is completely surrounded by protein atoms,

while there is space for at least one additional methylend enzyme.
As indicated above and outlined in Figure 6A, both group in front of the C1 atom. This structural finding

is in agreement with kinetic data that Adf can oxidizeacetone and oxidized F420 are required for the formation
of the F420-acetone adduct in the active site of Adf. This isopropanol, isobutanol, and isopentanol but cannot ox-

idize larger secondary alcohols (Bleicher and Winter,explains why adduct-containing Adf was primarily found
in cells incubated under N2/CO2 after growth on H2/CO2 1991). The specificity for these secondary alcohols

comes from the bulky and hydrophobic side chains.and isopropanol. Acetone accumulates during growth.
Then, during incubation under N2/CO2, coenzyme F420 is Thus, site-directed amino acid exchanges can be used
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at 55�C for 2 days, and then harvested (Berk, 1999; Widdel andto design binding sites with different specificities for
Wolfe, 1989). F420-dependent alcohol dehydrogenase (Adf) was iso-new substrates.
lated under anaerobic conditions using ammonium sulfate precipita-The position of F420 and isopropanol defines the active
tion and a Phenyl-Sepharose HiLoad 26/10 column as described

site for hydride transfer in the interior of Adf that is (Klein et al., 1996). For purification, buffers were supplemented with
completely shielded from bulk solvent. As observed in 15 mM mercaptoethanol. About 2.5 mg pure enzyme, with a specific

activity of 7.7 U/mg at 40�C under standard assay conditions (Widdelmany enzymes, the polypeptide framework keeps the
and Wolfe, 1989), could be isolated from 1 liter of culture. When thereaction partners in a favorable relative position. Ac-
cells were harvested after 5 days of growth, before 2 days incubationcordingly, the distance of 2.9 Å between the C2 atom
under N2/CO2, the purified Adf had a specific activity of 50 U/mg.of isopropanol and the C5 atom of F420 is optimal for
However, the highly active enzyme preparations did not crystallize

hydride transfer. Two structural features in Adf appear under the conditions employed. The same was true for heterolo-
to be functionally crucial and warrant additional discus- gously produced Adf in E. coli, which also had a specific activity of

50 U/mg.sion. First, the reduced deazaflavin ring is present in
The purified enzyme with the specific activity of 7.7 U/mg wasa bent conformation (Figure 4) which is, according to

unstable in low ionic strength buffers. Stabilization could bemolecular orbital calculations, energetically favorable
achieved by supplementing solutions of Adf with 40 mM sodiumfor the reduced but not for the oxidized state (Hall et
phosphate (pH 7), 200 mM sodium sulfate, 10 mM 2-propanol, and

al., 1987). If the butterfly conformation of F420 is approxi- 15 mM mercaptoethanol (Bleicher and Winter, 1991). Under these
mately maintained in the oxidized state, the three- conditions, the enzyme could be stored for several days without

considerable loss of activity.membered ring is strained and the concomitant higher
energy decreases the activation energy for reaching the

Crystallization and Data Collectiontransition state. Formation and stabilization of the but-
Shortly before crystallization, the stabilized enzyme was transferredterfly conformation is attributed to the bulge that is con-
into a buffer containing 10 mM MOPS/KOH (pH 7) and 15 mM mer-

stituted by a nonprolyl cis peptide bond in which the captoethanol. The protein concentration was 15 mg/ml. The search
carbonyl oxygen serves as backstop (Figure 4). Second, for initial crystallization conditions was carried out with Hampton
the polypeptide environment around the isopropanol Research crystallization kits (Jancarik and Kim, 1991) at a tempera-

ture of 4�C using the hanging drop vapor diffusion method. Crystalshydroxyl group allows abstraction of a proton and the
could be obtained with NaCl as precipitant. They grew best in asubsequent stabilization of the partially negatively
drop consisting of 2 �l of enzyme solution (12 mg/ml) and 2 �l ofcharged oxygen in the transition state (Figure 6B). From
reservoir solution consisting of 0.1 M citrate-NaOH (pH 4), 1% PEG

structural studies, the function of His39 or Glu108 as 8000, and 3.6 M NaCl. The obtained space group of C2221 and the
general bases cannot be definitely identified. Adjacent unit cell parameters of a � 86.8 Å, b � 156.3 Å, and c � 60.2 Å
histidine and glutamate residues are normally consid- are compatible with one monomer per asymmetric unit (Matthews,

1968). The solvent content is 51.6%. Since all applied cryoprotec-ered to be charged at neutral pH, but His39 and espe-
tants damaged the crystals substantially, data collection was per-cially Glu108 are buried in a hydrophobic region such
formed at temperatures of 4�–8�C using crystals mounted in finethat an uncharged state of one or both residues seems
glass capillaries. The high radiation sensitivity of the crystals re-

energetically attainable. We postulate a mechanism quired data collection from several crystals to obtain a complete
based on the uncharged state, but further structural and data set to higher resolution. For efficient data collection, STRAT-
functional studies with enzymes containing site-specific EGY (Ravelli et al., 1997) was applied. Data sets Native1, Pt1, Pt2,

Hg1, and Pb1 were measured at a temperature of 8�C using a Rigakuamino acid exchanges are essential for clarifying the
rotating Cu anode and a MarResearch image plate detector. Nativemechanism (see Figure 6B). Accordingly, if His39 acts
data to 1.7 Å resolution (Native2) were collected at Max-Planckas a general catalytic base for accepting the hydroxyl
beam line BW6 at the Deutsches Elektronen Synchroton in Hamburg.

hydrogen of isopropanol, the partially formed alcoholate Processing and scaling of the reflections were performed with the
anion would then be neutralized by hydrogen bonds to HKL suite (Otwinowski and Minor, 1997). The statistics of the data
Trp 43 and protonated Glu108. Moreover, the distance sets are summarized in Table 1.
between the carboxylate oxygen of Glu108 and the N10

Phase Determination and Model Buildingatom of the deazaflavin is 3.4 Å, so the protonation of
Phases of Adf crystals were determined by the method of multiplethe N10 atom by Glu108 is possible. Interestingly, the
isomorphous replacement on the basis of four heavy atom deriva-oxidation of a hydroxyl group can be enzymatically cata-
tives (Table 1). Crystallographic calculations were achieved within

lyzed rather differently. In zinc-dependent alcohol dehy- the CCP4 program suite (CCP4, 1994). The difference Patterson
drogenases, the transition energy is predominantly de- map of the derivatives Pt1 and Hg1 could be interpreted using
creased by coordinating the alcohol anion to a Zn2� SHELXD (Schneider and Sheldrick, 2002). Heavy-atom coordinate

refinement, phase determination, and the search for further heavy-(Eklund et al., 1982), and in secondary alcohol dehydro-
atom binding sites by difference Fourier techniques were preformedgenases (Benach et al., 1999) and in L-3-hydroxyacyl-
in SHARP (De La Fortelle and Bricogne, 1997). Phase statistics areCoA dehydrogenase (Barycki et al., 1999) by abstracting
listed in Table 1, the overall figure of merit being 0.54 in the resolution

a proton using the strong bases tyrosylate and histidine, range 100–2.6 Å. After solvent flattening (SOLOMON; Abrahams and
the latter being enhanced by a nearby glutamate. Leslie, 1996) calculated in the space group C2221, the quality of the

electron density was sufficiently high to incorporate a polypeptide
model with O (Jones et al., 1991) using the density skeletonizationExperimental Procedures
option (MAPMAN; Kleywegt and Jones, 1996). Model building was
facilitated by automatically fitting the segments ranging from Ser70Preparation of the Enzyme
to Gly150 and from Pro252 to Thr285 using MAID (Levitt, 2001).Methanoculleus thermophilicus (strain TCI; DSMZ 3915) deposited

in the Deutsche Sammlung von Mikroorganismen (Braunschweig,
Germany) was grown at 55�C in the presence of 0.2% isopropanol Model Refinement and Quality of the Model

Refinement was performed using CNS (Brunger et al., 1998),in an 80% H2/20% CO2 atmosphere for 5 days up to an optical density
of 0.2. Then the culture was supplemented with 0.5% isopropanol in applying standard protocols and manual correction using O (Jones

et al., 1991). Water atoms were selected automatically in two rounds;an 80% N2/20% CO2 atmosphere, further incubated without growing
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a few were picked manually. Two peaks were assigned to Cl� on Pannu, N.S., et al. (1998). Crystallography & NMR system: a new
software suite for macromolecular structure determination. Actathe basis of their coordination and interatomic distances, and one

was assigned to K�. The R values converged to R � 0.155 and Crystallogr. D Biol. Crystallogr. 54, 905–921.
Rfree � 0.187 in the resolution range 20–1.8 Å (0.205 and 0.236, CCP4 (Collaborative Computational Project 4) (1994). The CCP4
respectively, between 1.86 and 1.80 Å) with the model including 330 suite: programs for protein crystallography. Acta Crystallogr. D 50,
amino acids, 1 F420-acetone adduct, and solvent molecules (146 H2O, 760–763.
2 Cl�, 1K�). The average displacement factor is B � 26.5 Å2, and Choi, K.P., Bair, T.B., Bae, Y.M., and Daniels, L. (2001). Use of
the root-mean-square deviation from the standard values (Engh and transposon Tn5367 mutagenesis and a nitroimidazopyran-based
Huber, 1991) of the bond lengths is 0.016 Å and of the angles is 1.7�. selection system to demonstrate a requirement for fbiA and fbiB in
The quality of the model was checked within CNS and PROCHECK coenzyme F(420) biosynthesis by Mycobacterium bovis BCG. J.
(Laskowski et al., 1993). The Ramachandran plot showed all of the Bacteriol. 183, 7058–7066.
nonglycine or nonproline residues except one in the most favored

De La Fortelle, E., and Bricogne, G. (1997). Maximum likelihood(91.7%) or additionally allowed regions (8.0%).
heavy-atom parameter refinement for multiple isomorphous re-
placement and multiwavelength anomalous diffraction methods.Figure Preparation
Methods Enzymol. 276, 472–494.Figures 3, 4, and 6 were generated using MOLSCRIPT (Kraulis,
Eichhorn, E., Davey, C.A., Sargent, D.F., Leisinger, T., and Rich-1991), and Figure 5 was generated using BOBSCRIPT (Esnouf,
mond, T.J. (2002). Crystal structure of Escherichia coli alkanesulfo-1997).
nate monooxygenase SsuD. J. Mol. Biol. 324, 457–468.
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tion. J. Biol. Chem. 261, 15140–15146.

Lin, L.Y., Sulea, T., Szittner, R., Vassilyev, V., Purisima, E.O., and
Meighen, E.A. (2001). Modeling of the bacterial luciferase-flavin mo-
nonucleotide complex combining flexible docking with structure-
activity data. Protein Sci. 10, 1563–1571.

Lindqvist, Y. (1989). Refined structure of spinach glycolate oxidase
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