
Crystal Structure of NADP(H)-Dependent 1,5-Anhydro-D-fructose Reductase from
Sinorhizobium morelenseat 2.2 Å Resolution: Construction of a NADH-Accepting

Mutant and Its Application in Rare Sugar Synthesis†,‡
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ABSTRACT: Recombinant 1,5-anhydro-D-fructose reductase (AFR) fromSinorhizobium morelenseS-30.7.5
was crystallized in complex with the cofactor NADP(H) and its structure determined to 2.2 Å resolution
using selenomethionine SAD (refinedRwork andRfree factors of 18.9 and 25.0%, respectively). As predicted
from the sequence and shown by the structure, AFR can be assigned to the GFO/IDH/MocA protein
family. AFR consists of two domains. The N-terminal domain displays a Rossmann fold and contains the
cofactor binding site. The intact crystals contain the oxidized cofactor NADP+, whose attachment to the
cofactor binding site is similar to that of NADP+ in glucose-fructose oxidoreductase (GFOR) from
Zymomonas mobilis. Due to variations in length and sequence within loop regions L3 and L5, respectively,
the adenine moiety of NADP+ adopts a different orientation in AFR caused by residue Arg38 forming
hydrogen bonds with the 2′-phosphate moiety of NADP+ and cation-π stacking interactions with the
adenine ring. Amino acid replacements in AFR (S10G, A13G, and S33D) showed that Ala13 is crucial
for the discrimination between NADPH and NADH and yielded the A13G variant with dual cosubstrate
specificity. The C-terminal domain contains the putative substrate binding site that was occupied by an
acetate ion. As determined by analogy to GFOR and by site-directed mutagenesis of K94G, D176A, and
H180A, residues Lys94, Asp176, and His180 are most likely involved in substrate binding and catalysis,
as substitution of any of these residues resulted in a significant decrease inkcat for 1,5-AF. In this context,
His180 might serve as a general acid-base catalyst by polarizing the carbonyl function of 1,5-AF to
enable the transfer of the hydride from NADPH to the substrate. Here we present the first structure of an
AFR enzyme catalyzing the stereoselective reduction of 1,5-AF to 1,5-anhydro-D-mannitol, the final step
of a modified anhydrofructose pathway inS. morelenseS-30.7.5. We also emphasize the importance of
the A13G variant in biocatalysis for the synthesis of 1,5-AM and related derivatives.

The sugar 1,5-anhydro-D-fructose (1,5-AF)1 is the central
intermediate of the so-called anhydrofructose pathway, an
alternative starch- and glycogen-degrading pathway in

bacteria, fungi, plants, and mammals. 1,5-AF originates from
starch or glycogen and is produced byR-(1,4)-glucan lyase
(EC 4.2.2.13), which catalyzes the release of 1,5-AF from
the nonreducing end ofR-(1,4)-glucans (for a review, see
ref 1). In Escherichia coli, higher plants, and mammalian
tissues, the half-life of 1,5-AF is short as it is instantly
reduced to 1,5-anhydro-D-glucitol (1,5-AG) by a specific
NADPH-dependent anhydrofructose reductase (EC 1.1.1.263)
(2). Since only a small fraction ofR-(1,4)-glucans is degraded
via the anhydrofructose pathway, it was assumed that 1,5-
AF or 1,5-AG could play regulatory roles in glycogen
metabolism (3-5). In E. coli, 1,5-AG promotes glycogenoly-
sis (6), and in mammals, 1,5-AF or 1,5-AG stimulates insulin
secretion (7, 8). Although little is known about the physi-
ological importance of 1,5-AF and 1,5-AG in human glucose
homeostasis, differences in 1,5-AG serum concentrations
between healthy and diabetic individuals are observed, having
rendered 1,5-AG an established marker in diabetic control
(9). Furthermore, trials have been initiated to use 1,5-AF
and its derivatives against sugar metabolism disorder-related
disease (7, 10). To afford wider and more systematic studies
on the physiological role of 1,5-AF and its derivatives in
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mammals (11, 12), procedures for their chemical and
biocatalytic synthesis have been developed (1, 13, 14). In
this context, a microbial screening for new 1,5-AF-converting
enzymes was performed which led to the bacteriumSi-
norhizobium morelenseS-30.7.5 producing a new 1,5-
anhydro-D-fructose reductase (AFR) with a unique substrate
specificity and stereospecificity (Figure 1) (14). This AFR
from S. morelenseS-30.7.5 was characterized as a strictly
NADPH-dependent monomeric enzyme of 35.1 kDa cata-
lyzing the stereoselective reduction of 1,5-AF to 1,5-anydro-
D-mannitol (1,5-AM) and of a number of 2-keto aldoses
(osones) to the corresponding manno-configured aldoses (14).
The AFR gene was cloned fromS. morelenseS-30.7.5, and
on the basis of the derived polypeptide sequence of 333
amino acid residues, AFR was assigned to the GFO/IDH/
MocA family (14). It was also shown thatS. morelense
S-30.7.5 AFR was distinct from hepatic AFR (2) with respect
to the peptide sequence and stereoselectivity of 1,5-AF
reduction (14). On the basis of the specificity and high
stereoselectivity of AFR fromS. morelenseS-30.7.5, its
applicability in the synthesis of 1,5-AM and related deriva-
tives as well as for enzymatic analysis of 1,5-AF was
demonstrated (14).

To provide insight into the fold of this new NADPH-
dependent reductase, its cofactor and substrate specificity,
and the mechanism of the catalyzed reaction, we undertook
a crystallographic study of AFR fromS. morelenseS-30.7.5.
Here we report the crystal structure and the analysis of AFR
in complex with the oxidized cofactor NADP+. Possible
residues responsible for cofactor specificity, substrate bind-
ing, and catalysis are described. The results are presented in
the context of homologous proteins and established mech-
anisms. The biotechnological potential of a constructed AFR
variant (A13G) with dual cosubstrate specificity was dem-
onstrated in an effective stereoselective conversion of 1,5-
AF to 1,5-AM, using the cofactor NADH.

MATERIALS AND METHODS

Crystallization and Data Collection. Recombinant full-
length 1,5-AF reductase (AFR) fromS. morelensewas
produced inE. coli BL21(DE3) using pET-24a(+) as the
expression vector and purified to homogeneity from crude
bacterial extracts (14). Similarly, selenomethionine (Se-Met)-
substituted AFR was expressed inE. coli B834(DE3)

(Novagen) (15) using LeMaster medium supplemented with
L-Se-Met (10 mg/mL) for growth and enzyme production
(16). Selenomethionyl AFR was purified like native AFR
(14) but under reducing conditions in the presence of 2 mM
DTT. In crystallization trials, 20 mM DTT was used. Single
crystals of AFR were obtained by performing hanging drop
vapor diffusion experiments. For setting up the crystallization
drops, equal volumes (each 1µL) of reservoir solution [100
mM trisodium citrate (pH 5.6), 200 mM ammonium acetate,
and 30% (w/v) PEG5000 MME] and protein solution [20
mg/mL AFR, 20 mM Bistris-HCl (pH 7.0), and 1 mM
NADPH] were mixed on a cover slide and incubated over
500µL of reservoir solution. Small crystals of AFR appeared
after 3 days at 18°C with dimensions of 250µm × 80 µm
× 80 µm. For Se-Met-substituted AFR, 10 mM DTT was
added to the reservoir to keep the setup under reductive
conditions. Protein crystals with Se-Met substitution appeared
after 2 months with a morphology similar to that of the wild-
type crystals. For X-ray experiments, the crystals were
transferred into a cryo solution [100 mM trisodium citrate
(pH 5.6), 200 mM ammonium acetate, 30% (w/v) PEG5000
MME, 7% (v/v) glycerol, and 2 mM DTT], mounted in nylon
loops, and flash-frozen in liquid nitrogen. The space group
was identified asP21. For the determination of the oxidation
state of the cofactor NADP(H) in the crystals, UV-vis and
fluorescence spectra of the crystals (before and after X-ray
exposure) were collected (data not shown).

Structure Determination, Refinement, and Analysis. For
phasing, a single-wavelength anomalous dispersion (SAD)
data set at the Se peak wavelength (λ ) 0.9788 Å) was
collected at beam line X06SA (Swiss Light Source, Paul
Scherrer Institut, Villigen, Switzerland). Data were processed
and scaled usingMOSFLMandSCALAas implemented in
theCCP4program suite (17). AFR contains nine methionine
sites per molecule, including the methionine in the N-terminal
position. Analysis based on the Matthews coefficient (18)
was ambiguous and indicated five to eight molecules per
asymmetric unit. Therefore, the search for the selenium
positions was carried out with different numbers of anoma-
lous sites withSHELXD (19) in graphical user interface
HKL2MAP(20). The solutions were judged by the correlation
coefficient and were taken to be a good solution if the
correlation coefficient was double that of the wrong solutions
of the same run. The correct enantiomer of the heavy atom

FIGURE 1: General structure of substrates and catalyzed reaction of 1,5-AF reductase (AFR) fromS. morelense. 1,5-AF lacks the hydroxyl
group at the C1 position and hence is not a hemiacetal but a cyclic ether. 1,5-AF is reduced by AFR to 1,5-AM under consumption of
NADPH.
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sites could be distinguished by comparing the connectivity
and contrast value after a first round of density modification
and refinement of the heavy atom sites usingSHELXE(21).
Phasing of the anomalous data was performed withSHARP/
autoSHARP(22) using the previously refined Se sites from
SHELXE. An initial model was built using the auto build
function of RESOLVE(23, 24). In the model generated by
RESOLVE, six molecules of AFR could be identified per
asymmetric unit. The initial model could be further inter-
preted and completed by hand with the aid of the homologous
protein structure of glucose-fructose oxidoreductase from
Zymomonas mobilis[GFOR; PDB entry 1OFG (25)]. After
several rounds of model building usingO (26) and simulated
annealing and energy minimization usingCNS (27), Rwork

dropped to 26.9% andRfree to 29.3%.

A high-resolution native data set was collected at beamline
ID14-2 (ESRF, Grenoble, France) and processed withXDS
and XSCALE(28). Since the native crystals were isomor-
phous to those of the Se-Met-substituted protein, the refined
model of the Se-Met-substituted protein was taken as a
starting model for further refinement. The cofactor NADP+

could be clearly located in the electron density map and was
added to the model. A dictionary file of the cofactor was
created by thePRODRGserver (29). Further refinement was
carried out with REFMAC5 (17); model building was
performed withO (26). After the value forRwork dropped to
23% andRfree to 27%, water molecules were added using
ARP/wARP(30), and the suggested positions were manually
verified with O. Full statistics for data collection and
refinement are given in Table 1. The quality of the final
structure was evaluated withPROCHECK(31). The analysis
of the secondary structure composition was performed with
DSSP(32). Fold-similarity searches were performed with
DALIlite (33). All visualization and image production was
performed withPyMOL (34).

Site-Directed Mutagenesis of the AFR Gene.Plasmid
pPS18 containing the AFR gene (14) served as a template
for mutagenesis using the QuickChange site-directed mu-
tagenesis kit (Stratagene). PCR amplification was performed
according to the manufacturer’s instructions. The amplified
DNA sequences were cloned intoE. coli TOP10 (Qiagen)
for DNA sequencing and then subcloned into expression
vector pET-24a(+) as described recently (14).

Multiple-angle light scattering (MALS)was used to
determine the oligomerization state of AFR. The analysis
was performed with the Eclipse system (Wyatt Technology)
consisting of an asymmetric flow field flow fractionation
(AFFF) device connected to a miniDAWN multi-angle light
scattering (MALS) unit with an in-line Shodex RI-101
refractive index detector. The miniDAWN was calibrated
according to the manufacturer’s instructions, and bovine
serum albumin was used as a standard to evaluate the
accuracy of the system. All measurements were taken in 20
mM Bistris-HCL (pH 7.2) and 150 mM NaCl at 20°C. For
separation, 87µg of protein was injected into the AFFF
channel (1 mL/min channel flow and 3 mL/min cross-flow)
equipped with a 350µm spacer and an ultrafiltration cellulose
membrane (10K cutoff). The average molecular weight was
determined by the Zimm plot method as implemented in the
ASTRA Vsoftware package (Wyatt Technology).

RESULTS

Quality of the Model.The crystal structure of the bacterial
1,5-anhydro-D-fructose reductase (AFR) in complex with the
cofactor NADP+ has been determined at 2.2 Å resolution.
The structure was determined by single-wavelength anoma-
lous diffraction from Se-Met-labeled protein and refined
against a native data set in the resolution range of 20.0-2.2
Å, resulting in crystallographicR factors of 19.0% (working
set) and 25.1% (free set) with a good geometry according
to the Ramachandran plot (35). The final model includes
amino acid residues 2-333 in each monomer of the enzyme
and contains six protein molecules and 1305 water molecules
in the asymmetric unit (VM ) 3.0 Å3/Da). Each monomer
has one cofactor molecule NADP+ and one acetate ion
bound. Since UV-vis and fluorescence spectroscopy re-
vealed no detectable amounts of the reduced form of the
cofactor NADPH, almost complete oxidation of the cofactor
within the crystals is assumed. The average crystallographic
temperature factor (B factor) is 40.6 Å2 for the six monomers.

Table 1: X-ray Data Collection, Phasing, and Refinement Statistics

native Se-Met

data and phasing statistics
beamline ESRF ID14-2 SLS X06SA
temperature (K) 100 100
wavelength (Å) 0.9771 0.9788
space group P21 P21

unit cell parameters
a (Å) 96.9 97.2
b (Å) 84.7 86.4
c (Å) 150.4 153.3
â (deg) 96.1 96.9

resolution range (Å) 20-2.2 20-2.6
highest-resolution shell (Å) 2.3-2.2 2.7-2.6
no. of unique reflections 118884 77758
completeness (%)a 96.6 (89.8) 99.6 (100)
redundancy 9.8 3.8
Rsym (%)a,b 7.7 (40.2) 9.2 (44.5)
〈I/σ(I)〉a 10.8 (3.3) 11.3 (3.3)
WilsonB factor (Å2) 39.8 44.4
phasing power (before DM) 0.915
FOM acentric/centric (before DM) 0.27/0.10

refinement statistics
Rwork/Rfree value (%)c,d 19.0/25.1 26.9/29.3
Ramachandran plot (%)e

most favored region 88.0
allowed regions 10.0
generously allowed regions 0.4

estimated overall coordinate errorf

based onRfree (Å) 0.210
based on maximum likelihood (Å) 0.167

rms deviations from ideal values
bonds (Å) 0.014
angles (deg) 1.63

averageB factors (Å2)
protein (14 736 atoms) 40.6
NADP+ (288 atoms) 35.8
acetate (24 atoms) 48.4
water molecules (1305 molecules) 43.4

a Values in parentheses are for the high-resolution bin.b Rsym )
100∑h∑i|Ii(h) - 〈Ii(h)〉|/∑h∑iI i(h), whereIi(h) is the ith measurement
and〈Ii(h)〉 is the mean of all measurements ofI(h) for Miller indicesh.
c R ) ∑(|Fobs| - k|Fcalc|)/∑|Fobs|, whereFobs and Fcalc are observed
and calculated structure factor amplitudes, respectively.d TheRfree value
is the R value obtained for a test set of reflections, consisting of a
randomly selected 10% subset of the diffraction data not used during
refinement (77). e Calculated usingPROCHECK(31). f Calculated using
REFMAC5.
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The statistics for data collection and refinement are sum-
marized in Table 1.

OVerall Fold. AFR was crystallized in the presence of
oxidized cofactor NADP+ in space groupP21 with six
molecules per asymmetric unit. The structural analysis of
the six monomers within the asymmetric unit revealed root-
mean-square (rms) deviations of∼0.4 Å for monomers B-F
compared with monomer A. This indicates that the monomers
within the asymmetric unit are virtually identical. If not stated
differently, only molecule A will be discussed further. The
enzyme consists of two structural domains (Figure 2) with
the binding pocket for the dinucleotide cofactor NADP(H)

located between the two domains in a deep cleft. The
N-terminal domain (residues 2-120) displays a typicalR/â
dinucleotide binding motif, the so-called Rossmann fold (36).
It consists of a centralâ-sheet surrounded by sixR-helices,
of which one helix is contributed by the C-terminal domain.
The larger C-terminal domain (residues 121-333) also
possessesR/â topology and exhibits structural homology with
members of the family of glyceraldehyde-3-phosphate de-
hydrogenase-like proteins in the SCOP database (37). A fold-
similarity search withDALI (38) for homologous structures
in the Protein Data Bank (39) revealed the nearest structural
similarities of AFR with glucose-fructose oxidoreductase

FIGURE 2: Secondary structure ribbon model of the AFR structure. (a) AFR consists of two structural domains. The N-terminal domain
(R-helices colored red andâ-strands yellow) has the architecture of a Rossmann fold. The dinucleotide NADP+ (shown in stick representation)
is bound between the N-terminal and C-terminal domain (R-helices colored cyan andâ-strands magenta). (b) Stereo representation of the
CR trace of AFR (green) superimposed onto the structure of GFOR (gray). The dinucleotide NADP+ is shown in stick representation.
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from Z. mobilis(GFOR; PDB entry 1OFG). The best results
of the DALI search are summarized in Table 2. Since the
alignment withClustalW (40) or T-Coffee(41) for these
enzymes was error-prone, especially in the C-terminal region,
a structure-based sequence alignment withSEQUOIA(42)
was performed (Figure 3). Despite the highZ score, the
number of conserved residues within these enzymes is
remarkably low, and especially the C-terminal domain is
lacking conserved residues within the compared enzymes
(Figure 3).

N-Terminal Dinucleotide Binding Domain.Although the
Rossmann fold is a quite common motif in the group of
NAD(H)/NADP(H) binding proteins, their amino acid se-
quences are very diverse. Nevertheless, a so-called fingerprint
region could be determined which is conserved within
proteins displaying the architecture of the Rossmann fold
(43, 44). This region is approximately 30-35 residues long
and includesâ-strandsâ1 andâ2 and connecting helixR1.
In AFR, this region is formed by residues 3-33 (Figure 4).
The central motif of the fingerprint region is a glycine-rich
region betweenâ-strandâ1 andR-helix R1 with a GxGxxG
consensus sequence for NAD(H) binding proteins (43). A
low degree of sequence identity between dinucleotide binding
proteins led to an extension of the consensus sequence for
different protein families. For example, Jornvall et al. (45)
postulated GxxxGxG as a consensus sequence for members
of the short-chain dehydrogenase/reductase protein family
and Hanukoglu et al. (46) a GxGxxA motif for NADP(H)
binding proteins. The first and second glycine residues of
these sequence motifs are located at the beginning and end
of the loop betweenâ-strandâ1 and helixR1. The first
glycine is important for a tight turn of the loop between
â-strandâ1 and helixR1. In AFR, the torsion angles are in
a region (æ ) 130° andψ ) 135°) which cannot be achieved
with amino acids other than glycine. The third glycine or
the alanine in the case of NADP(H) binding proteins is
located in the first turn of helixR1 and is directed toward
the â-sheet. In AFR, the 8-GASTIA sequence is found in
this region (Figures 3 and 4a,b). Just the first glycine residue
is conserved. Instead of the second glycine, a serine residue
is found at position 10 in AFR, whereas Ala13 is conserved
in NADP(H) binding enzymes.

For NAD(H) binding proteins, Bellamancia et al. (43) and
Kleiger and Eisenberg (47) described the necessity of small
hydrophobic residues at the contact area between helixR1
and the centralâ-sheet which allows a close contact between
R-helix andâ-sheet. In AFR, this contact area is formed by
large hydrophobic residues (Trp4, Leu6, Val17, and Ile21)
(Figure 4a), which might prevent in combination with Ala13
a close contact between helixR1 and the centralâ-sheet.
Helix R1 displays a kink after the second turn, which is also

found in structurally homologous proteins such as GFOR
(25), aspartate-â-semialdehyde dehydrogenase (48), and
glucose-6-phosphate dehydrogenase (49). In these enzymes,
a proline residue in the third turn interrupts the hydrogen
bond network of the helix and enables an insertion of an
amino acid into the second turn of the helix. In AFR, Gly19
is found in a position analogous to that of the proline residue
(Figure 4a), causing the insertion of an amino acid residue
in the second turn. This kink might have influence on the
dipole moment of helixR1 and, therefore, might be important
for cofactor binding.

C-Terminal Domain. One characteristic feature of the
C-terminal domain is the large, mostly antiparallel oriented
eight-strandedâ-sheet, which terminates AFR at one side
(Figure 2a). Besides thisâ-sheet, five helices belong to this
domain. HelicesR8 andR10 are located in the deep cleft
between the two domains and participate on one hand in
cofactor and substrate binding, and on the other hand, they
accommodate amino acid residues which might contribute
to the active site of substrate conversion. HelixR6 interacts
with the C-terminalâ-sheet, whileR9, as described above,
completes the Rossmann fold by binding to theâ-sheet of
the N-terminal domain. The large C-terminalâ-sheet is on
the inside mainly hydrophobic, whereas large hydrophilic
and charged residues such as arginine or glutamate are
located on the outside. In the crystal packing, a major contact
between two AFR molecules is achieved by thisâ-sheet in
such a manner that six AFR monomers in the asymmetric
unit are arranged as three dimers (Figure 5). This crystal
contact covers 1800 Å2 of the monomer surface according
to the definition of Lee and Richards (50). Structurally related
enzymes are monomeric, like biliverdin-IXR reductase (51),
but are also arranged in an oligomeric state like the dimeric
glucose-6-phosphate dehydrogenase (49) and the tetrameric
GFOR (25). The contacts within these oligomers are
constituted by the C-terminalâ-sheet similar to the crystal
contact observed for ARF. However, the analysis of the
oligomerization state of AFR was not conclusive. Whereas
gel filtration chromatography clearly indicated the elution
of AFR as a monomer, multiple-angle light scattering
(MALS) experiments revealed the presence of a dimer in
solution (data not shown).

For the long-chain dehydrogenases, C-terminal glycine-
rich motifs (-GxGxxG- or -GxGxxGxxxG/A-) are described
as being important for cofactor binding (47). To analyze the
glycine-rich 204-GxGxxGxxxG sequence in the C-terminal
moiety of AFR for potential cofactor or substrate binding,
the G206I mutant was characterized. Since no kinetic effects
for AFR(G206I) could be observed (Table 3), this motif
seems not to be crucial for cofactor or substrate binding.
This is in agreement with the position of this sequence in
loop L15 far from the substrate binding site (Figures 2 and
3).

Nucleotide Binding Pocket.Electron density between the
N-terminal domain and the C-terminal domain could clearly
be assigned to the cofactor NADP(H) (Figure 6a). Since the
reduced cofactor NADPH generally is unstable under aerobic
and acidic conditions as used for crystallization of AFR, the
question of whether the bound cofactor was still reduced or
oxidized during crystallization arose. On the basis of the
electron density distribution, a differentiation between the
reduced and oxidized form was not possible. In solution, the

Table 2: Results of the Structural Similarity Search Using the
DALI Server

PDB entry Z score LALIa rmsdb % IDEc ref

1OFG 38.7 327 2.2 24 25
1TLT 30.9 291 2.5 16 78
1GCU 25.1 267 2.8 14 79
1DPG 19.4 293 3.8 12 49
a Total number of equivalent residues.b Positional root-mean-square

deviation of superimposed CR atoms (in angstroms).c Percentage of
sequence identity over equivalent positions.
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oxidation state of the cofactor can be determined by UV-
vis absorption and fluorescence measurements. Washed and
dissolved crystals did not exhibit the NAD(P)H characteristic
absorption at 340 nm. Since fluorescence measurements are
more sensitive [NAD(P)H exhibits significant fluorescence
at 440 nm when excited at 325 nm, whereas the oxidized
form, NAD(P)+, does not], for further evaluation we
performed fluorescence measurements within the protein
crystals using a newly designed fluorescence spectrometer
(52). Basically no fluorescence at 440 nm of the crystal (data
not shown) indicated that the cofactor was mainly oxidized
during crystallization, and the electron density distribution
has to be interpreted as NADP+. The cofactor is bound in a
stretched manner in a deep cleft between the domains. The

adenine ring and the nicotinamide ring are in an anti position
according to their glycosidic bond. In addition, further
undefined electron density could be assigned to one molecule
of acetate per AFR active site. The acetate ion is bound in
a pocket, which hosts most likely the active site, since
residues Lys94, Asp176, and His180, which might participate
in catalysis (see below), are surrounding this pocket. The
environment of the adenine is surprisingly different between
the GFOR-NADP+ and AFR-NADP+ complexes (Figures
6a-c and 7). Due to differences in the main-chain conforma-
tion and in sequence within loop region L4, the adenine rings
adopt different orientations. Whereas the 2′-phosphate is
bound in a similar pocket of the two proteins formed by AFR
residues Ala9, Ser33, Thr34, and Arg38 (Ser116, Gly117,

FIGURE 3: Sequence alignment of AFR with glucose-fructose oxidoreductase fromZ. mobilis(1OFG) (25), a potential oxidoreductase from
E. coli (1TLT) (78), and biliverdin-IXR reductase from rat (1GCU) (79). These three enzymes gave the highest score for the analysis of
structural similarity withDALI (Table 2). The structure-based sequence alignment was performed withSEQUOIA(42). The figure was
prepared withESPript (80) using a similarity score of ‘0.7 0.5 I’. Color code for text and background: white letters boxed with red
background for residues that are identical in all four proteins and red letters for similar residues. The secondary structure elements of AFR
are depicted above the sequence alignment (arrows indicateâ-strands and helicesR-helices). Green stars mark the mutated positions:
S10D, A13G, S33D, K94G, D176A, H180A, and G206I.
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Lys121, and Tyr139 in GFOR, respectively), the adenine ring
in the AFR complex is forced into a different orientation
due to a cation-π interaction with the guanidinium moiety
of Arg38 in parallel geometry (53) (Figures 6b and 7,
respectively).

An important region for the cofactor specificity and the
preference of AFR for the phosphorylated cofactor NADPH
is the region around the phosphate at the 2′-position of the
adenine ribose. On one hand, this phosphate is a bulky group
which needs space, which is provided by the action of Ala13
as described above. On the other hand, the negative charge,
generated by this phosphate moiety, has to be compensated
by the enzyme. The 2′-phosphate group fits in a binding
pocket and interacts beside the peptide bond nitrogen of Ala9
with the side chains of Ser33, Thr34, and Arg38 (Figures
6b and 7, respectively)

The negative charge of the pyrophosphate bridge of the
cofactor is stabilized by the positively charged N-terminus
of the helixR1 dipole (Figure 4c,d), as previously described
for proteins with Rossmann folds (43). On the opposite side,
the pyrophosphate group binds to a loop betweenâ-strand
â7 and helixR7 of the C-terminal subunit. This loop covers
the binding pocket and might prevent an easy diffusion of
the cofactor from AFR. Therefore, a conformational change
needed for cofactor binding can be proposed.

The nicotinamide and the connected ribose are positioned
in a pocket between the N-terminal and C-terminal domains

FIGURE 4: Structural alignment of the fingerprint region of AFR and GFOR. (a) The central motif of the fingerprint region is the loop
betweenâ-strandâ1 and helixR1 (yellow). The contact area between the centralâ-sheet and helixR1 is colored green. Ser33 interacts with
the 2′-phosphate group and is responsible for the coenzyme specificity. Arg3 forms a salt bridge with the conserved Asp65 at the beginning
of â-strandâ4 and is responsible for the stability of the fingerprint region. (b) Superposition of the fingerprint region of AFR and GFOR.
The main chain has nearly the same conformation in both enzymes. (c) Stabilization of the pyrophosphate moiety by the dipole moment
of helix R1. The conformation of the adenine moiety of the bound cofactor differs in both enzymes.

FIGURE 5: Crystal contact between two AFR monomers. The
contact is made via the large C-terminalâ-sheet. The covered area
is 1800 Å2, which corresponds to approximately 13% of the total
surface of AFR. The cofactor NADP+ is represented as sticks.
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(Figure 2). Ribose binding is mediated by hydrogen bonding
to a loop betweenâ-strand â5 and helix R5. This loop
includes the functional motif 93-EKP (25), which is part of
the 86-AGKHVxCEKP motif and conserved in the class of
sugar dehydrogenases (54). The side-chain carboxylate of
Glu93 makes a hydrogen bond to the carboxy amide group
of the nicotinamide ring. Furthermore, the side chain is in
close contact (2.7 Å) with the NC2 atom of the nicotinamide
ring, making a C-H‚‚‚O hydrogen bond feasible (55-57).
Similar C-H‚‚‚O hydrogen bonds around the nicotinamide
ring were observed for other NAD(P)H-dependent proteins
(SCOR enzyme family) and are discussed as being important
for cofactor binding (58). Whereas the main-chain carbonyl
group of Lys94 performs hydrogen bonding to the 2′- and
3′-OH groups of the nicotinamide ribose, the NZ atom of
Lys94 is close (5 Å) to the nicotinamide ring forming a
cation-π interaction (53). In addition, Lys94 might be
involved in substrate binding as described below. The peptide
bond between Lys94 and Pro95 adopts the cis conformation
and might be an important factor for the correct binding mode
of the nicotinamide ring and the substrate during the
enzymatic reaction, as been described for the homologous
residue, Pro149, in glucose-6-phosphate dehydrogenase (59).
An additional hydrogen bond with the 3′-OH group of the
ribose is made by His76, which is conserved in the GFO/
IDH/MocA protein family (60, 61).

To elucidate the similarity of AFR with GFOR and to
change the cofactor specificity of the strictly NADPH-
dependent enzyme to utilize NADH as well, different site-
directed mutations were analyzed (S10G, A13G, S33D,
S10G/A13G, and A13G/S33D). The AFR(A13G) enzyme
exhibited dual cofactor specificity and could utilize either
NADPH or NADH (Table 3 and Figure 8). However, the
Km for NADH was∼2 orders of magnitude higher than that
for NADPH. Amino acid Ser33 is positioned at the C-
terminal end ofâ-strandâ2 and is part of the fingerprint
motif. In NAD(H)-dependent enzymes, this position is
occupied by amino acids with a negatively charged side chain
(43) which forms hydrogen bonds with the 2′-hydroxy group
of the adenine ribose moiety of NAD(H). An acidic residue
at this position in AFR would form repulsive interactions
with the 2′-phosphate group of NADPH. Whereas the
mutation of the respective residue in GFOR caused the loss

for NADP(H) dependency and acceptance of NAD(H) as a
cofactor (54), the analogous S33D mutation for AFR resulted
in an inactive enzyme. No reducing activity toward 1,5-AF
and two other 2-keto aldoses as substrates could be observed
(62). This indicates that neither NADP(H) nor NAD(H) can
be bound any longer. This difference in the behavior between
AFR and GFOR is probably caused by the changed mode
of binding of the 2′-phosphate ribose adenine moiety (Figure
6).

ActiVe Site.The catalyzed reaction of AFR is a hydride
transfer from the nicotinamide ring of the cofactor to the
substrate. Therefore, the active site is supposed to be in a
solvent accessible pocket of the protein near the nicotinamide
moiety of the cofactor. This pocket is located between the
N-terminal domain and the C-terminal domain. A close-up
view of this pocket is given in Figure 6b. In the crystal
structure, an acetate ion, which was present in the crystal-
lization buffer, is bound within this pocket. The acetate ion
is directly coordinated or coordinated via hydrogen bonds
mediated by water molecules to the side chains of Lys94,
Arg163, Asp176, and His180. Since kinetic experiments
performed in acetate buffer revealed a slower turnover of
1,5-AF compared to that of Bistris-HCl and Tris-HCl buffer
(14), acetate might be a competitive inhibitor. Therefore, the
observed acetate molecule provides some insight into the
determinants of the binding pocket, and residues Lys94,
Arg163, and Asp176 are probably involved in substrate
binding as well. Since cocrystallization or soaking of crystals
with 1,5-AF or substrate analogues was not successful, the
K94G, D176A, and H180A mutations were used as a first
probe for the active site. The replacement of Lys94 with a
glycine did not change the binding affinity (Km) for the
cofactor but significantly increased theKm value for the
substrate, which was concomitant with a significant decrease
in kcat as well as the correspondingkcat/Km values (Table 3),
suggesting that this residue is involved in the binding of the
substrate and in the enzymatic reaction. Similar effects were
observed for the D176A and H180A variants (Table 3),
prompting us to propose that at least three residues, Lys94,
Asp176, and His180, are involved in substrate binding and
catalysis. In this context, His180 might serve as an acid-
base catalyst in polarizing the carbonyl function of 1,5-AF

Table 3: Kinetic Properties of AFR Variantsa

Km (mM) kcat (s-1) kcat/Km (M-1 s-1)

1,5-AFNADPH 1,5-AFNADH NADPH1,5-AF NADH1,5-AF 1,5-AFNADPH 1,5-AFNADH 1,5-AFNADPH 1,5-AFNADH

wild typenative 8.3( 0.04 nd 0.1( 0.02 ND 216( 5 ND 26020 ND
wild typerec 6.4( 0.01 nd 0.06( 0.01 ND 145( 13 ND 22650 ND
A13G 8.5( 0.02 11.1( 0.3 0.02( 0.01 1.1( 0.04 405( 6 12.4( 0.9 47650 1110
A13G/S10G 7.1( 0.05 39.0( 0.7 0.38( 0 1.2( 0.1 369( 5 5.5( 0.1 51970 140
A13G/S33D 20.2( 0.2 3.2( 0.5 1.0( 0 1.1( 0.05 6.3( 0.8 13.5( 0.7 310 4210
S10G 3.5( 0.1 nd 0.27( 0.1 ND 119( 9 ND 34000 ND
S33D nd nd ND ND ND ND ND ND
K94G 22.5( 1.5 nd 0.2( 0.05 ND 4.2( 0.2 ND 190 ND
D176A 49.0( 1 nd ND ND 1.3( 0.1 ND 26 ND
H180A 8.9( 0.4 nd ND ND 3.7( 0.1 ND 420 ND
G206I 8.3( 0.02 nd 0.06( 0.01 ND 156( 1 ND 18790 ND

a ND, not determined; nd, not detectable.kcat/Km values were calculated from the means of the respectiveKm andkcat values. Enzyme activities
were measured in the spectrophotometric assay for AFR (14) using an optimal buffer and pH for each variant. Usually, 100 mM Bistris-HCl (pH
6.5) was used except for D176A and H180A which were assayed in Tris-HCl at pH 7.5 and 8.0, respectively. If the 1,5-AF concentration was
varied forKm determinations, the NAD(P)H concentration (index) was kept constant at 0.28 mM. If the NAD(P)H concentration was varied, the
1,5-AF concentration (index) was kept constant at 30 or 100 mM, where appropriate (14).
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FIGURE 6: Binding cleft for the cofactor NADP+ and the substrate. (a) Stereoview of the electron density map around NADP+ together
with parts of the final refined model.|Fo| - |Fc| σa-weighted electron density omit map at the 2σ contour level obtained with the final
structure at 2.2 Å resolution after removal of NADP+ and the side chain of Arg38 and 10 subsequent cycles of restrained refinement with
REFMAC5. All residues contacting NADP+ are included and represented as sticks. (b) Stereoview of the NADP+ binding and the acetate
binding pocket of AFR. The carbon atoms of the cofactor are colored orange, and all other carbon atoms are colored green. Hydrogen
bonds are represented as blue dashed lines. The nicotinamide ring is coordinated by the conserved 93-EKP motif. In the crystal structure
at the putative active site pocket, an acetate ion is bound to Lys94, Arg163, and Asp176 directly or via water molecules. On the opposite
side of the nicotinamide ring, His180 is believed to act as an acid-base catalyst. His121 and His122 are probably supporting the action of
His180. (c) Stereoview and comparison of the NADP+ binding pocket in AFR and GFOR. The NADP+ and the bound acetate molecule
of AFR are represented in sticks with bonds colored green. The main-chain traces of AFR protein regions contacting NADP+ and acetate
are represented as green loops. The NADP+ and bound glycerol in the GFOR structure (PDB entry 1H6D) together with the interacting
residues of GFOR are superimposed and represented with gray sticks. The main-chain traces of the contacting regions of GFOR are represented
as dark gray loops. All residue numbers refer to GFOR. The adenine ring of AFR forms a cation-π stacking interaction with the side chain
of Arg38, whereas in GFOR, this orientation is not possible due to the presence of Tyr139 from loop L5. The active site of GFOR has
important contributions from residues Arg209 and Tyr269. In AFR, this part of the active site is formed by residues His121, His122, and
His180 (see panel b).
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to enable the transfer of the hydride from NADPH to the
substrate.

DISCUSSION

This is the first report on a crystal structure of an AFR
enzyme. It shows that AFR from the bacteriumS. morelense
S-30.7.5 is composed of two domains. The N-terminal
domain displays a Rossmann fold and is mainly responsible
for the cofactor binding and its specificity. The C-terminal
domain harbors the residues which are involved in substrate
binding and catalysis. Apparently, there are no structural
similarities between prokaryotic and eukaryotic AFR (2), as
the latter is similar in sequence to members of the aldose
reductase protein family possessing a TIM barrel as a typical

structural element (63). Rather, a fold-similarity search
revealed the closest structural match ofS. morelenseAFR
with glucose-fructose oxidoreductase fromZ. mobilis(GFOR;
PDB entry 1OFG) (54).

The sequence and structural alignment revealed four
conserved regions, which are important for binding of the
cofactor NADP(H) and the carbohydrate substrate:â1-L1-
R1 region, L3-R2-L4-â3-L5 region,â4-L7 region, and
R4-L8-â5-L9 region. Within theâ1-L1-R1 region, AFR
displays with the 8-GASTIA residues the most significant
difference in sequence for a characteristic glycine-rich loop
GxGxxG (43).

The first glycine is important for a tight turn of the loop
betweenâ-strandâ1 and helixR1. The second conserved
glycine should allow, due to the missing side chain, a close
contact between the protein backbone and the pyrophosphate
unit of the dinucleotide cofactor. However, the structural
alignment of AFR with GFOR and related proteins reveals
that Ser10 has an only slight influence on the loop conforma-
tion (Figure 4b). The third glycine of the GxGxxG motif in
NAD(H) binding proteins (43) is important for a close contact
between helixR1 and theâ-sheet of the Rossmann fold. In
AFR, but also in other NADP(H) binding proteins such as
glutathione reductase (64) or GFOR (25), this residue is
substituted with an alanine (46). This substitution is believed
to contribute together with the larger hydrophobic residues
in the contact area between helixR1 and strandâ1 to the
widening of the cofactor binding pocket and to create more
space for the additional bulky 2′-phosphate group (65). This
interpretation is in agreement with kinetic characteristics of
AFR(A13G) showing dual cofactor specificity.

A small uncharged residue at the end ofâ-strandâ2 is
needed to host the 2′-phosphate moiety in AFR (43). In
contrast, NADH binding proteins possess an acidic residue
at this position, which is believed to expel the phosphorylated
cofactor in these enzymes (66). With respect to AFR, this
effect could apply to the enzymatically inactive mutant S33D.
However, for a change in cofactor specificity, a single
mutation of Ser33 is not sufficient, indicating a synergistic
effect with, for example, Ser10 and Ala13.

The comparison of the binding mode of the bound cofactor
between AFR and GFOR revealed a different orientation of
the ADP moiety (Figures 6c and 7). Loop L3 adopts a
different conformation in GFOR, enabling Tyr139 of the
larger loop L5 to interact with the 2′-phosphate group of
NADP+ in GFOR (Figure 6c). Due to differences in the
sequence, conformation, and size of the corresponding loops
in AFR compared to GFOR, similar interactions are not
possible. Instead, the side chain of AFR residue Arg38
stabilizes the adenine ring in a different orientation.

AFR catalyzes the reduction of a carbonyl function to an
alcohol function which implies the polarization of the
carbonyl group for the hydride transfer. The mechanisms of
such reactions are well established for metal-independent
short-chain dehydrogenase/reductase (SDR) enzymes (67,
68). In SDR enzymes, a tyrosine acts as an acid transferring
the proton from its side-chain hydroxyl group to the carbonyl
group of the substrate (69). Since a pKa of ∼10 of the
tyrosine hydroxyl group is too high for it to act as an acid
under physiological conditions, an adjacent base residue
(arginine or lysine) and a substrate-stabilizing serine lower
the pKa and act as a catalytic triad (70). A tyrosine and a

FIGURE 7: Schematic diagram of the NADP+ binding site of AFR
and GFOR. NADP+ and bound acetate of AFR are given in stick
representation. Atoms are shown in standard colors: orange
(NADP+) and green (acetate) for carbon, blue for nitrogen, red for
oxygen, and magenta for phosphorus. The NADP+ and glycerol
molecule in the GFOR structure (PDB entry 1H6D) are superim-
posed and represented with black lines. Potential hydrogen bonds
are indicated with thin dashed lines; stacking interactions are
represented with thick dashed lines. Shaded boxes represent
(equivalent) residues of GFOR.

FIGURE 8: Conversion of 1,5-AF to 1,5-AM by AFR(A13G) using
NADH as a cofactor. Values represent means of double determina-
tions. The cofactor NADH was regenerated in situ through the
oxidation of formic acid to carbon dioxide by formate dehydroge-
nase (FDH). The bioconversion was performed in a 50 mL
Erlenmeyer flask with gentle stirring at 30°C. The reaction mixture
contained in a final volume of 8 mL the following reagents: 50
mM Bistris-HCl (pH 6.5), 29 units of AFR(A13G), 32 units of
formate dehydrogenase (FDH, Roche), 105 mM 1,5-AF, 105 mM
sodium formate, 0.6 mM NADH, and 2.5 mM NAD+.
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basic amino acid residue are constituents of the active sites
in GFOR and biliverdin-IXR reductase, which otherwise are
structurally distinct from SDR (25, 51). Nevertheless, the
spatial orientation of these residues implies a similar mech-
anism postulated for malate dehydrogenase (MDH) and
lactate dehydrogenase (LDH). In these enzymes, the catalytic
base is a histidine residue acting with an aspartate residue
as a proton relay system, thus polarizing the carbonyl
function (71, 72). With respect to AFR, both residues, His180
and Asp176, could be involved in catalysis as their substitu-
tions caused significant decreases inkcat. By spatial analogy
to Tyr269 in GFOR (Figures 6b,c and 7) and to His240 in
G6PD (73, 74), which superimposes very well with His180,
we propose His180 as the residue that acts as a general acid-
base catalyst in AFR to facilitate the transfer of the hydride
from NADPH to the carbonyl carbon of the substrate. His180
is close to acidic residue Asp176, but the distance of 5.9 Å
makes a proton relay system similar to that of MDH and
LDH unlikely. Nevertheless, the spatial arrangement around
His180 leaves the possibility that other residues participate
in the activation of the carbonyl group by His180. For
example, His121 and His122 are close enough to His180 to
enable the buildup of a hydrogen bonding cascade. However,
it has to be considered that the active site of AFR might
adopt a conformation with bound substrate subtly but
significantly different from that observed in the presence of
a bound acetate molecule. Furthermore, in GFOR and G6PD,
a more drastic reduction in catalytic activity has been
observed upon exchange of the proposed general acid-base
catalyst, while in AFR, substitution of His180 had a weaker
effect. Notably, the D176A substitution has an even greater
impact on thekcat decrease of AFR (∼170-fold) which could
arise in part from a conformation affecting the active site.

Biotechnological Importance of AFR.The elucidated
structure of AFR provids a rational basis for improving the
catalytic performance of this biocatalyst. Since 1,5-AF can
be produced in bulk amounts from starch withR-(1,4)-glucan
lyase, it has become an interesting synthon for various
syntheses (1). The stereoselective reduction of 1,5-AF yields
interesting cyclic polyols, of which at least 1,5-AM has the
potential to influence type II diabetes beneficially (7, 10).
The biocatalytic synthesis with AFR yields enantiomerically
pure 1,5-AM (14), in a degree of purity that cannot be
achieved by chemical synthesis (13), irrespective of envi-
ronmental concerns. As wild-type AFR strictly depends on
NADPH, which is 10 times as expensive and much less
stable than NADH (75, 76), we were interested in changing
the cosubstrate specificity of AFR by molecular techniques
to make the process economically feasible. As a first result,
we obtained two AFR variants (A13G and A13G/S33D) with
dual cosubstrate specificity and promising catalytic efficien-
cies (kcat/Km) in the presence of NADH, albeit thekcat/Km

for 1,5-AF of the A13G variant is still 40 times lower than
that of wild-type AFR. Nevertheless, AFR(A13G) proved
itself in a bioconversion of 100 mM 1,5-AF to 1,5-AM, as
the reaction was complete within a short period of time. Since
AFR also catalyzes the reduction of 2-keto aldoses (osones)
to the corresponding manno-configured aldoses, a broader
application of this enzyme in carbohydrate chemistry can
be envisaged (14).
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