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Sinorhizobium morelensat 2.2 A Resolution: Construction of a NADH-Accepting
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ABSTRACT. Recombinant 1,5-anhydm-ructose reductase (AFR) froBinorhizobium morelens®-30.7.5

was crystallized in complex with the cofactor NADP(H) and its structure determined to 2.2 A resolution
using selenomethionine SAD (refin®jo andRyee 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 NABRMRose attachment to the
cofactor binding site is similar to that of NADPin glucose-fructose oxidoreductase (GFOR) from
Zymomonas mobiliue to variations in length and sequence within loop regions L3 and L5, respectively,
the adenine moiety of NADPadopts a different orientation in AFR caused by residue Arg38 forming
hydrogen bonds with the’phosphate moiety of NADPand catior-sr stacking interactions with the
adenine ring. Amino acid replacements in AFR (S10G, A13G, and S33D) showed that Alal3 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, Aspl76, and His180 are most likely involved in substrate binding and catalysis,
as substitution of any of these residues resulted in a significant decrdasgan1,5-AF. In this context,
His180 might serve as a general aelihse 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-anbyah@anitol, the final step

of a modified anhydrofructose pathway $1 morelens&-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-anhydm-fructose (1,5-AP)is the central bacteria, fungi, plants, and mammals. 1,5-AF originates from
intermediate of the so-called anhydrofructose pathway, anstarch or glycogen and is produced d»(1,4)-glucan lyase
alternative starch- and glycogen-degrading pathway in (EC 4.2.2.13), which catalyzes the release of 1,5-AF from

the nonreducing end af-(1,4)-glucans (for a review, see

; . o ref 1). In Escherichia coli higher plants, and mammalian
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Ficure 1: General structure of substrates and catalyzed reaction of 1,5-AF reductase (AFF). frrelensel,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.

mammals {1, 12), procedures for their chemical and (Novagen) 15) using LeMaster medium supplemented with
biocatalytic synthesis have been developgdl@, 14). In L-Se-Met (10 mg/mL) for growth and enzyme production
this context, a microbial screening for new 1,5-AF-converting (16). Selenomethionyl AFR was purified like native AFR
enzymes was performed which led to the bacteri8m (14) but under reducing conditions in the presence of 2 mM
norhizobium morelenses-30.7.5 producing a new 1,5- DTT. In crystallization trials, 20 mM DTT was used. Single
anhydrop-fructose reductase (AFR) with a unique substrate crystals of AFR were obtained by performing hanging drop
specificity and stereospecificity (Figure 1)4). This AFR vapor diffusion experiments. For setting up the crystallization
from S. morelens&-30.7.5 was characterized as a strictly drops, equal volumes (eachul) of reservoir solution [100
NADPH-dependent monomeric enzyme of 35.1 kDa cata- mM trisodium citrate (pH 5.6), 200 mM ammonium acetate,
lyzing the stereoselective reduction of 1,5-AF to 1,5-anydro- and 30% (w/v) PEG5000 MME] and protein solution [20
p-mannitol (1,5-AM) and of a number of 2-keto aldoses mg/mL AFR, 20 mM Bistris-HCI (pH 7.0), and 1 mM
(osones) to the corresponding manno-configured alddggs ( NADPH] were mixed on a cover slide and incubated over
The AFR gene was cloned froB. morelens&-30.7.5, and  500uL of reservoir solution. Small crystals of AFR appeared
on the basis of the derived polypeptide sequence of 333after 3 days at 18C with dimensions of 25@m x 80 um
amino acid residues, AFR was assigned to the GFO/IDH/ x 80 um. For Se-Met-substituted AFR, 10 mM DTT was
MocA family (14). It was also shown thaB. morelense  added to the reservoir to keep the setup under reductive
S-30.7.5 AFR was distinct from hepatic AFB) (vith respect  conditions. Protein crystals with Se-Met substitution appeared
to the peptide sequence and stereoselectivity of 1,5-AF after 2 months with a morphology similar to that of the wild-
reduction (4). On the basis of the specificity and high type crystals. For X-ray experiments, the crystals were
stereoselectivity of AFR fron5. morelenses-30.7.5, its  transferred into a cryo solution [100 mM trisodium citrate
applicability in the synthesis of 1,5-AM and related deriva- (pH 5.6), 200 mM ammonium acetate, 30% (w/v) PEG5000
tives as well as for enzymatic analysis of 1,5-AF was MME, 7% (viv) glycerol, and 2 mM DTT], mounted in nylon
demonstrated1@). loops, and flash-frozen in liquid nitrogen. The space group
To provide insight into the fold of this new NADPH-  was identified a$2;. For the determination of the oxidation
dependent reductase, its cofactor and substrate specificity state of the cofactor NADP(H) in the crystals, BVis and
and the mechanism of the catalyzed reaction, we undertookfluorescence spectra of the crystals (before and after X-ray
a crystallographic study of AFR froi8. morelens&-30.7.5. exposure) were collected (data not shown).
Here we report the crystal structure and the analysis of AFR gy 1o Determination, Refinement, and AnalySisr

n (_:omplex with _the oxidized cofacto_r_l\_lADP Poss'ble_ phasing, a single-wavelength anomalous dispersion (SAD)
residues responsible for cofactor specificity, substrate b|nd-data set at the Se peak wavelength=f 0.9788 A) was
ing, and catalysis are described. _The results are presented i%ollected at beam line X0B6SA (Swiss Light Source, Paul
thg context Of. homologoqs proteins and established rnech'Scherrer Institut, Villigen, Switzerland). Data were processed
anisms. The biotechnological potential of a constructed AFR and scaled usinylOSFLMand SCALAas implemented in
variant (A13G) with dual cosubstrate specificity was dem- the CCP4program suite7). AFR contains nine methionine
onstrated in an effective stereoselective conversion of 1,5- _. : 2 I .
sites per molecule, including the methionine in the N-terminal

AF 10 1,5-AM, using the cofactor NADH. position. Analysis based on the Matthews coefficielf) (

MATERIALS AND METHODS was ambiguous and indicated five to eight molecules per

asymmetric unit. Therefore, the search for the selenium

Crystallization and Data CollectianRecombinant full- positions was carried out with different numbers of anoma-
length 1,5-AF reductase (AFR) fror8. morelensewas lous sites withSHELXD (19) in graphical user interface

produced inE. coli BL21(DE3) using pET-24af) as the HKL2MAP (20). The solutions were judged by the correlation
expression vector and purified to homogeneity from crude coefficient and were taken to be a good solution if the
bacterial extractsld). Similarly, selenomethionine (Se-Met)-  correlation coefficient was double that of the wrong solutions
substituted AFR was expressed B coli B834(DE3) of the same run. The correct enantiomer of the heavy atom
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sites could be distinguished by comparing the connectivity T e 1: X-ray Data Collection

and contrast value after a first round of density modification
and refinement of the heavy atom sites usBtdEL XE(21).
Phasing of the anomalous data was performed SHARP/

autoSHARR22) using the previously refined Se sites from f’;ﬁ?e“[;’fure &K) El§§ F1p14-2 fcl,'os X06SA
SHELXE An initial model was built using the auto build wavelength (A) 0.9771 0.9788
function of RESOLVE?23, 24). In the model generated by space group P2, P2,
RESOLVE six molecules of AFR could be identified per “”g ?}%l parameters 96.9 972
asymmetric unit. The initial model could be further inter- b (A) 84.7 86.4

preted and completed by hand with the aid of the homologous c(®) 150.4 153.3
protein structure of glucose-fructose oxidoreductase from B I(dt§39) A 926912 ) 2905_-52’6
Zymomonas mobiliEGFOR; PDB entry 10FG2E)]. After L?gsﬁeust'ﬂgsrirugt;r(] s)hell A P 5756
several rounds of model building usimy(26) and simulated no. of unique reflections 118884 77758

annealing and energy minimization usi@NS (27), Ruork

, Phasing, and Refinement Statistics

native

Se-Met

data and phasing statistics

completeness (%)

96.6 (89.8)
9.8

99.6 (100)
3.8

0 0 redundancy . .
dropped to 26.9/0 anRFree to 29.3%. . Ry (%60 77 (40.2) 0 (44.5)
A high-resolution native data set was collected at beamline  m/o(1)@ 10.8 (3.3) 11.3(3.3)
ID14-2 (ESRF, Grenoble, France) and processed Xidi$ \Aglsanfactor géz)f oM) 39.8 44(1)-4;15
; : ; _ phasing power (before .
and XSCALE(28). Since the natlve. crystals were isomor FOM acentric/centric (before DM) 0.27/0.10
phous to those of the Se-Met-substituted protein, the refined refinement statistics
model of the Se-Met-substituted protein was taken as a Ruon/Riee value (%§¢ 19.0/25.1 26.9/29.3
starting model for further refinement. The cofactor NADP Ramaihfa”dfag plot (%) 650
could be clearly located in the electron density map and was oS 1avored region '
L . allowed regions 10.0
added to the model. A dictionary file of the cofactor was generously allowed regions 0.4
created by th®RODRGserver 29). Further refinement was estimated overall coordinate error
based orRiee (A) 0.210

carried out with REFMACS (17); model building was
performed withO (26). After the value forR,« dropped to

based on maximum likelihood (&) 0.167
rms deviations from ideal values

23% andRyee to 27%, water molecules were added using bonds (A) 0.014
ARP/WARR30), and the suggested positions were manually angles (deg) 1.63
verified with O. Full statistics for data collection and average factors ()

. . . . . protein (14 736 atoms) 40.6
refinement are given in Table 1. The quality of the ﬁnal NADP* (288 atoms) 35.8
structure was evaluated witROCHECK(31). The analysis acetate (24 atoms) 48.4

of the secondary structure composition was performed with water molecules (1305 molecules) 43.4

DSSP(32). Fold-similarity searches were performed with
DALlIlite (33). All visualization and image production was
performed withPyMOL (34).

Site-Directed Mutagenesis of the AFR Geidasmid

aValues in parentheses are for the high-resolution bRym =
100y hYilli(h) — ()@Y nYili(h), whereli(h) is theith measurement
andi(h)Cis the mean of all measurementsl () for Miller indicesh.
CR = Y(IFobd — KIFcadl)/Y|Fond, WhereFqps and Feqc are observed
and calculated structure factor amplitudes, respectiVélifie Ryec value

pPS18 containing the AFR geng4j served as a template S the R value obtained for a test set of reflections, consisting of a
randomly selected 10% subset of the diffraction data not used during

for mUtageneSIS using the chkChg.nge. site-directed mu_refinement??). € Calculated usin@ROCHECK(31). f Calculated using
tagenesis kit (Stratagene). PCR amplification was performedrepmacs

according to the manufacturer’s instructions. The amplified
DNA sequences were cloned ink coli TOP10 (Qiagen)
for DNA sequencing and then subcloned into expression

vector pET-24at) as described recentlyl4). Quality of the ModelThe crystal structure of the bacterial
Multiple-angle light scattering (MALSWwas used to 1,5-anhydroe-fructose reductase (AFR) in complex with the
determine the oligomerization state of AFR. The analysis cofactor NADP has been determined at 2.2 A resolution.
was performed with the Eclipse system (Wyatt Technology) The structure was determined by single-wavelength anoma-
consisting of an asymmetric flow field flow fractionation lous diffraction from Se-Met-labeled protein and refined
(AFFF) device connected to a miniDAWN multi-angle light against a native data set in the resolution range of-22.9
scattering (MALS) unit with an in-line Shodex RI-101 A, resulting in crystallographi® factors of 19.0% (working
refractive index detector. The miniDAWN was calibrated set) and 25.1% (free set) with a good geometry according
according to the manufacturer’s instructions, and bovine to the Ramachandran plo8%). The final model includes
serum albumin was used as a standard to evaluate theamino acid residues-2333 in each monomer of the enzyme
accuracy of the system. All measurements were taken in 20and contains six protein molecules and 1305 water molecules
mM Bistris-HCL (pH 7.2) and 150 mM NaCl at 2. For in the asymmetric unit\(y = 3.0 A%¥Da). Each monomer
separation, 87«g of protein was injected into the AFFF has one cofactor molecule NADPand one acetate ion
channel (1 mL/min channel flow and 3 mL/min cross-flow) bound. Since UV-vis and fluorescence spectroscopy re-
equipped with a 35@m spacer and an ultrafiltration cellulose vealed no detectable amounts of the reduced form of the
membrane (10K cutoff). The average molecular weight was cofactor NADPH, almost complete oxidation of the cofactor
determined by the Zimm plot method as implemented in the within the crystals is assumed. The average crystallographic
ASTRA \software package (Wyatt Technology). temperature factoB(factor) is 40.6 A& for the six monomers.

RESULTS
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Ficure 2: Secondary structure ribbon model of the AFR structure. (a) AFR consists of two structural domains. The N-terminal domain
(o-helices colored red angtstrands yellow) has the architecture of a Rossmann fold. The dinucleotide N@&BBwn in stick representation)

is bound between the N-terminal and C-terminal domaiélices colored cyan angtstrands magenta). (b) Stereo representation of the

Ca trace of AFR (green) superimposed onto the structure of GFOR (gray). The dinucleotide™N&BRown in stick representation.

The statistics for data collection and refinement are sum- located between the two domains in a deep cleft. The

marized in Table 1. N-terminal domain (residues-2120) displays a typical/
Overall Fold. AFR was crystallized in the presence of dinucleotide binding motif, the so-called Rossmann f86).(
oxidized cofactor NADP in space groupP2; with six It consists of a centrg-sheet surrounded by six-helices,

molecules per asymmetric unit. The structural analysis of of which one helix is contributed by the C-terminal domain.
the six monomers within the asymmetric unit revealed root- The larger C-terminal domain (residues tZ&B3) also
mean-square (rms) deviations-00.4 A for monomers B-F possesses/f topology and exhibits structural homology with
compared with monomer A. This indicates that the monomers members of the family of glyceraldehyde-3-phosphate de-
within the asymmetric unit are virtually identical. If not stated hydrogenase-like proteins in the SCOP databd®e A fold-
differently, only molecule A will be discussed further. The similarity search wittDALI (38) for homologous structures
enzyme consists of two structural domains (Figure 2) with in the Protein Data Bank3Q) revealed the nearest structural
the binding pocket for the dinucleotide cofactor NADP(H) similarities of AFR with glucose-fructose oxidoreductase
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Table 2: Results of the Structural Similarity Search Using the
DALI Server

PDB entry Zscore LALR rmsd % IDE® ref
10FG 38.7 327 2.2 24 25
ITLT 30.9 291 2.5 16 78
1GCU 25.1 267 2.8 14 79
1DPG 19.4 293 3.8 12 49

aTotal number of equivalent residuéPositional root-mean-square
deviation of superimposedcCatoms (in angstromsy.Percentage of
sequence identity over equivalent positions.

from Z. mobilis(GFOR; PDB entry 10FG). The best results
of the DALI search are summarized in Table 2. Since the
alignment with ClustalW (40) or T-Coffee(41) for these

Dambe et al.

found in structurally homologous proteins such as GFOR
(25), aspartatgg-semialdehyde dehydrogenasé8); and
glucose-6-phosphate dehydrogena®.(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 helix.1 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-strande@—sheet, which terminates AFR at one side

enzymes was error-prone, especially in the C-terminal region, (Figure 2a). Besides thj$-sheet, five helices belong to this

a structure-based sequence alignment BEHQUOIA(42)
was performed (Figure 3). Despite the highscore, the

domain. Helicesn8 andal10 are located in the deep cleft
between the two domains and participate on one hand in

number of conserved residues within these enzymes iscofactor and substrate binding, and on the other hand, they

remarkably low, and especially the C-terminal domain is

accommodate amino acid residues which might contribute

lacking conserved residues within the compared enzymesto the active site of substrate conversion. Heliinteracts

(Figure 3).

N-Terminal Dinucleotide Binding Domaiilthough the
Rossmann fold is a quite common motif in the group of
NAD(H)/NADP(H) binding proteins, their amino acid se-

with the C-terminal-sheet, whilea9, as described above,
completes the Rossmann fold by binding to fheheet of
the N-terminal domain. The large C-terminiksheet is on
the inside mainly hydrophobic, whereas large hydrophilic

quences are very diverse. Nevertheless, a so-called fingerprinind charged residues such as arginine or glutamate are

region could be determined which is conserved within

located on the outside. In the crystal packing, a major contact

proteins displaying the architecture of the Rossmann fold between two AFR molecules is achieved by thisheet in

(43, 44). This region is approximately 3635 residues long
and includeg-strands31 and$2 and connecting helig1.

In AFR, this region is formed by residues-33 (Figure 4).
The central motif of the fingerprint region is a glycine-rich
region betweer-strandf1 ando-helix al with a GXGxxG
consensus sequence for NAD(H) binding protei#3).(A

such a manner that six AFR monomers in the asymmetric
unit are arranged as three dimers (Figure 5). This crystal
contact covers 1800 Zof the monomer surface according
to the definition of Lee and Richards@). Structurally related
enzymes are monomeric, like biliverdin-deductasef1),

but are also arranged in an oligomeric state like the dimeric

low degree of sequence identity between dinucleotide binding glucose-6-phosphate dehydrogenat® and the tetrameric
proteins led to an extension of the consensus sequence foGFOR @5). The contacts within these oligomers are

different protein families. For example, Jornvall et @5\

constituted by the C-termingl-sheet similar to the crystal

postulated GxxxGxG as a consensus sequence for membersontact observed for ARF. However, the analysis of the
of the short-chain dehydrogenase/reductase protein familyoligomerization state of AFR was not conclusive. Whereas

and Hanukoglu et al.46) a GxGxxA motif for NADP(H)

gel filtration chromatography clearly indicated the elution

binding proteins. The first and second glycine residues of of AFR as a monomer, multiple-angle light scattering
these sequence motifs are located at the beginning and endMALS) experiments revealed the presence of a dimer in

of the loop betweerp-strand$1 and helixal. The first
glycine is important for a tight turn of the loop between
f-strandf1 and helixal. In AFR, the torsion angles are in
aregion { = 130° andy = 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 helixx1 and is directed toward
the f-sheet. In AFR, the 8-GASTIA sequence is found 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 binding4). To analyze the
glycine-rich 204-GxGxxGxxxG sequence in the C-terminal
moiety of AFR for potential cofactor or substrate binding,
the G206l mutant was characterized. Since no kinetic effects
for AFR(G2061) could be observed (Table 3), this motif

this region (Figures 3 and 4a,b). Just the first glycine residue seems not to be crucial for cofactor or substrate binding.
is conserved. Instead of the second glycine, a serine residu€rhis is in agreement with the position of this sequence in

is found at position 10 in AFR, whereas Alal3 is conserved
in NADP(H) binding enzymes.

For NAD(H) binding proteins, Bellamancia et &.3) and
Kleiger and Eisenbergl{) described the necessity of small
hydrophobic residues at the contact area between hdlix
and the centrgb-sheet which allows a close contact between
o-helix andp-sheet. In AFR, this contact area is formed by
large hydrophobic residues (Trp4, Leu6, Vall7, and lle21)
(Figure 4a), which might prevent in combination with Alal3
a close contact between helixl and the centrab-sheet.
Helix a1 displays a kink after the second turn, which is also

loop L15 far from the substrate binding site (Figures 2 and
3).

Nucleotide Binding PockeElectron 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
guestion 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
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Ficure 3: Sequence alignment of AFR with glucose-fructose oxidoreductaseZromobilis(10FG) @5), a potential oxidoreductase from

E. coli (1TLT) (78), and biliverdin-IXa reductase from rat (LGCUY9). These three enzymes gave the highest score for the analysis of
structural similarity withDALI (Table 2). The structure-based sequence alignment was performe@BQ@OIA(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 indicateands and helices-helices). Green stars mark the mutated positions:
S10D, A13G, S33D, K94G, D176A, H180A, and G206l.

AFR LYETALAAFHiAIEGHGQ...PS'TGiDGVWSLAiGLiIVKAAATGQAAEIETGL ......

oxidation state of the cofactor can be determined by-UV  adenine ring and the nicotinamide ring are in an anti position
vis absorption and fluorescence measurements. Washed andccording to their glycosidic bond. In addition, further
dissolved crystals did not exhibit the NAD(P)H characteristic undefined electron density could be assigned to one molecule
absorption at 340 nm. Since fluorescence measurements aref acetate per AFR active site. The acetate ion is bound in
more sensitive [NAD(P)H exhibits significant fluorescence a pocket, which hosts most likely the active site, since
at 440 nm when excited at 325 nm, whereas the oxidized residues Lys94, Asp176, and His180, which might participate
form, NAD(P)", does not], for further evaluation we in catalysis (see below), are surrounding this pocket. The
performed fluorescence measurements within the proteinenvironment of the adenine is surprisingly different between
crystals using a newly designed fluorescence spectrometethe GFOR-NADP™ and AFR-NADP* complexes (Figures
(52). Basically no fluorescence at 440 nm of the crystal (data 6a—c and 7). Due to differences in the main-chain conforma-
not shown) indicated that the cofactor was mainly oxidized tion and in sequence within loop region L4, the adenine rings
during crystallization, and the electron density distribution adopt different orientations. Whereas thepRosphate is
has to be interpreted as NADPThe cofactor is bound ina  bound in a similar pocket of the two proteins formed by AFR
stretched manner in a deep cleft between the domains. Theaesidues Ala9, Ser33, Thr34, and Arg38 (Serl16, Gly117,
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a

AFR GFOR
8-GASTIA LGKY

S33

GFOR

Ficure 4: Structural alignment of the fingerprint region of AFR and GFOR. (a) The central motif of the fingerprint region is the loop
betweers-strandf1 and helixal (yellow). The contact area between the ceniraheet and helix1 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 -strandf34 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 al1. The conformation of the adenine moiety of the bound cofactor differs in both enzymes.

An important region for the cofactor specificity and the
preference of AFR for the phosphorylated cofactor NADPH
is the region around the phosphate at th@dsition of the
adenine ribose. On one hand, this phosphate is a bulky group
which needs space, which is provided by the action of Alal3
as described above. On the other hand, the negative charge,
generated by this phosphate moiety, has to be compensated
by the enzyme. The'zphosphate 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)

N-terminal C-terminal C-terminal  N-terminal
domain domain domain domain The negative charge of the pyrophosphate bridge of the
FiGURE 5: Crystal contact between two AFR monomers. The cofactor is stabilized by the positively charged N-terminus
contact is made via the large C-termigiasheet. The covered area  of the helixal dipole (Figure 4c,d), as previously described
is 1800 &, which corresponds to approximately 13% of the total for proteins with Rossmann fold43). On the opposite side,

surface of AFR. The cofactor NADPis represented as sticks. the pyrophosphate group binds to a loop betwAestrand

A7 and helixa7 of the C-terminal subunit. This loop covers
Lys121, and Tyr139 in GFOR, respectively), the adenine ring the binding pocket and might prevent an easy diffusion of
in the AFR complex is forced into a different orientation the cofactor from AFR. Therefore, a conformational change
due to a catior interaction with the guanidinium moiety —needed for cofactor binding can be proposed.
of Arg38 in parallel geometry53) (Figures 6b and 7, The nicotinamide and the connected ribose are positioned
respectively). in a pocket between the N-terminal and C-terminal domains
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Table 3: Kinetic Properties of AFR Variafts

Km (MM) Keat (1) kealKm (M1 s71)
1,5-ARvappn 1,5-ARwapn NADPHisar NADHisar  1,5-ARvaoe 1,5-ARuaon 1,5-ARvacen  1,5-ARuapn

wild typenative 8.3+0.04 nd 0.1+ 0.02 ND 216+ 5 ND 26020 ND
wild typérec 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.H005 39.0+:0.7 0.38+0 1.2+0.1 369+ 5 55+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 225+ 15 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
G206l 8.3+ 0.02 nd 0.06+ 0.01 ND 156+ 1 ND 18790 ND

aND, not determined; nd, not detectabke./Kn values were calculated from the means of the respegtivandk.. values. Enzyme activities
were measured in the spectrophotometric assay for AHRUsing an optimal buffer and pH for each variant. Usually, 100 mM Bistris-HCI (pH
6.5) was used except for D176A and H180A which were assayed in Tris-HCI at pH 7.5 and 8.0, respectively. If the 1,5-AF concentration was
varied forK,, 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 approfddgte (

(Figure 2). Ribose binding is mediated by hydrogen bonding for NADP(H) dependency and acceptance of NAD(H) as a
to a loop betweerg-strand 5 and helix a5. This loop cofactor 64), the analogous S33D mutation for AFR resulted
includes the functional motif 93-EKR2%), which is part of in an inactive enzyme. No reducing activity toward 1,5-AF
the 86-AGKHVxCEKP motif and conserved in the class of and two other 2-keto aldoses as substrates could be observed
sugar dehydrogenaseS4|. The side-chain carboxylate of (62). This indicates that neither NADP(H) nor NAD(H) can
Glu93 makes a hydrogen bond to the carboxy amide groupbe bound any longer. This difference in the behavior between
of the nicotinamide ring. Furthermore, the side chain is in AFR and GFOR is probably caused by the changed mode
close contact (2.7 A) with the NC2 atom of the nicotinamide of binding of the 2-phosphate ribose adenine moiety (Figure
ring, making a C-H-:-O hydrogen bond feasibl&%—57). 6).

Similar C=H--O hydrogen bonds around the nicotinamide ;o gjte The catalyzed reaction of AFR is a hydride

ring were observed .for other NAD(P)H-dependgnt proteins transfer from the nicotinamide ring of the cofactor to the
(SCOR enzyme family) and are discussed as being important

- : . substrate. Therefore, the active site is supposed to be in a
for cofactor binding $8). Whereas the main-chain carbonyl solvent accessible pocket of the protein near the nicotinamide
group of Lys94 performs hydrogen bonding to tHe &nd P P

3-OH groups of the nicotinamide ribose, the NZ atom of moiety of the cofactor. This pocket is located between the
Lys94 is close (5 A) to the nicotinamide ring forming a N-terminal domain and the C-terminal domain. A close-up

cation—g interaction B63). In addition, Lys94 might be view of this pocket i§ given.in Figure 6b. In.the crystal
involved in substrate binding as described below. The peptide SI'UCtUre, an acetate ion, which was present in the crystal-
bond between Lys94 and Pro95 adopts the cis conformation"zat'on buffer, is bound within this pocket. The acetate ion

and might be an important factor for the correct binding mode S diréctly coordinated or coordinated via hydrogen bonds
of the nicotinamide ring and the substrate during the Mediated by water molecules to the side chains of Lys94,
enzymatic reaction, as been described for the homologous”Ar9163, Asp176, and His180. Since kinetic experiments
residue, Pro149, in glucose-6-phosphate dehydrogebgse ( Performed in acetate buffer revealed a slower turnover of
An additional hydrogen bond with thé-®H group of the 1,5-AF compared to that of Bistris-HCI and Tris-HCI buffer
ribose is made by His76, which is conserved in the GFO/ (14), acetate might be a competitive inhibitor. Therefore, the
IDH/MocA protein family 60, 61). observed acetate molecule provides some insight into the
To elucidate the similarity of AFR with GFOR and to determinants of the binding pocket,_ and residues Lys94,
change the cofactor specificity of the strictly NADPH- Ar9163, and Aspl76 are probably involved in substrate
dependent enzyme to utilize NADH as well, different site- binding as well. Since cocrystallization or soaking of crystals
directed mutations were analyzed (S10G, A13G, S33D, With 1,5-AF or substrate analogues was not successful, the
S10G/A13G, and A13G/S33D). The AFR(A13G) enzyme K94G, D176A, and H180A mutations were used as a first
exhibited dual cofactor specificity and could utilize either Probe for the active site. The replacement of Lys94 with a
NADPH or NADH (Table 3 and Figure 8). However, the gdlycine did not change the binding affinit¢) for the
K for NADH was ~2 orders of magnitude higher than that cofactor but significantly increased th¢, value for the
for NADPH. Amino acid Ser33 is positioned at the C- substrate, which was concomitant with a significant decrease
terminal end of-strandf2 and is part of the fingerprint  in kear@s well as the corresponditg./Km values (Table 3),
motif. In NAD(H)-dependent enzymes, this position is suggesting that this residue is involved in the binding of the
occupied by amino acids with a negatively charged side chainsubstrate and in the enzymatic reaction. Similar effects were
(43) which forms hydrogen bonds with thé&ydroxy group observed for the D176A and H180A variants (Table 3),
of the adenine ribose moiety of NAD(H). An acidic residue prompting us to propose that at least three residues, Lys94,
at this position in AFR would form repulsive interactions Asp176, and His180, are involved in substrate binding and
with the 2-phosphate group of NADPH. Whereas the catalysis. In this context, His180 might serve as an-acid
mutation of the respective residue in GFOR caused the lossbase catalyst in polarizing the carbonyl function of 1,5-AF
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Ficure 6: Binding cleft for the cofactor NADP and the substrate. (a) Stereoview of the electron density map around N#&Qether

with parts of the final refined mode|F,| — |F¢| or-weighted electron density omit map at the @ontour level obtained with the final

structure at 2.2 A resolution after removal of NADBNd the side chain of Arg38 and 10 subsequent cycles of restrained refinement with
REFMACS All residues contacting NADPare included and represented as sticks. (b) Stereoview of the NADiding 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-duéde catalyst. His121 and His122 are probably supporting the action of
His180. (c) Stereoview and comparison of the NAD#nding pocket in AFR and GFOR. The NADRind the bound acetate molecule

of AFR are represented in sticks with bonds colored green. The main-chain traces of AFR protein regions contactinghthBéetate

are represented as green loops. The NARRd 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-castacking interaction with the side chain

of Arg38, whereas in GFOR, this orientation is not possible due to the presence of Tyrl39 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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structural element6@). Rather, a fold-similarity search
revealed the closest structural matchSofmorelenséFR
N.a, NN on with glucose-fructose oxidoreductase fr@mmobilis(GFOR;
R PDB entry 10FG) %4).
HOH LS 2 e [Lean] The sequence and structural alignment revealed four
(SR8 [ serss Joc Ty 4 conserved regions, which are important for binding of the
[[Met32]0 ueve HOH ot cofactor NAI;I_D(I;) and tgg carbohydraée substraﬁe:—Ll—d
- ol region, L3-a2—L4—/33—L5 region,34—L7 region, an
" G1 e\ ei[Tpiez] a4—L8—5—L9 region. Within thg81—L1—oal region, AFR
[Thr72 N . I . - = displays with the 8-GASTIA residues the most significant
i N difference in sequence for a characteristic glycine-rich loop
T —— VN S Tea ] GXGxxG @3).
chmmmwm \_.:._gt\.‘:‘_“cc':HCG The first glycine is important for a tight turn of the loop
Nz G ""'---an betweeng-strandf1 and helixal. The second conserved
[GaT80] [ Gios3 ] o1 v . "'*ag':t‘:“" glycine should allow, duelto the missing side chain, a close
contact between the protein backbone and the pyrophosphate
[Asn120] 0 I S Y unit of the dinucleotide cofactor. However, the structural
S o1 % Nez[ Histeo |[Tyr269] OH alignment of AFR with GFOR and related proteins reveals
His122 ND that Ser10 has an only slight influence on the loop conforma-
Arg209 | NE tion (Figure 4b). The third glycine of the GxGxxG motif in

FIGURE 7: Schematic diagram of the NADRinding site of AFR NAD(H) binding proteins43) is important for a close contact

and GFOR. NADP and bound acetate of AFR are given in stick P€tween helbal and thes-sheet of the Rossmann fold. In
representation. Atoms are shown in standard colors: orange AFR, but also in other NADP(H) binding proteins such as
(NADP*) and green (acetate) for carbon, blue for nitrogen, red for glutathione reductases4) or GFOR @5), this residue is
oxygen, and magenta for phosphorus. The NABR glycerol g pgfituted with an alaning). This substitution is believed
molecule in the GFOR structure (PDB entry 1H6D) are superim- ¢ tribute togeth ith the | hvdrophobi id
posed and represented with black lines. Potential hydrogen bondst© cONntribute together with the larger hydrophobic resiaues
are indicated with thin dashed lines; stacking interactions are in the contact area between hetid and strangBl to the

represented with thick dashed lines. Shaded boxes representwidening of the cofactor binding pocket and to create more

(equivalent) residues of GFOR. space for the additional bulky-phosphate grougsg). This
120 interpretation is in agreement with kinetic characteristics of
= 100 ———* AFR(A13G) showing dual cofactor specificity.
E g0 \ / A small uncharged residue at the endM$trandf2 is
S &0 \K A needed to host the'-phosphate moiety in AFR4Q). In
S 40 contrast, NADH binding proteins possess an acidic residue
g 20 s - at this position, which is believed to expel the phosphorylated
s 0 N n cofactor in these enzyme88). With respect to AFR, this
© 0 20 40 60 g0 effect could apply to the enzymatically inactive mutant S33D.
Time [min] However, for a change in cofactor specificity, a single

FIGURES: Conversion of 1,5-AF to 1,5-AM by AFR(AL3G) using mutation of Ser33 is not sufficient, indicating a synergistic
NADH as a cofactor. Values represent means of double determina-€ffect with, for example, Ser10 and Alal3.
tions. The cofactor NADH was regenerated in situ through the  The comparison of the binding mode of the bound cofactor
oxidation of forn;]ic abc_id to carbon dioxide b);(‘;‘r?%"égtei:e;yggogﬁl'_ between AFR and GFOR revealed a different orientation of
nase (FDH). The bioconversion was per : :
Erlenngeyer)ﬂaskwith gentle stirring at 3(IF.)The reaction mixture the ADP moiety (Flgures 6¢ and 7). _Loop L3 adopts a
contained in a final volume of 8 mL the following reagents: 50 different conformation in GFOR, enabling Tyr139 of the
mM Bistris-HCI (pH 6.5), 29 units of AFR(A13G), 32 units of  larger loop L5 to interact with the'zhosphate group of
formate dehydrogenase (FDH, Roche), 105 mM 1,5-AF, 105 mM NADP* in GFOR (Figure 6c). Due to differences in the
sodium formate, 0.6 mM NADH, and 2.5 mM NAD sequence, conformation, and size of the corresponding loops
) in AFR compared to GFOR, similar interactions are not
to enable the transfer of the hydride from NADPH to the possible. Instead, the side chain of AFR residue Arg38
substrate. stabilizes the adenine ring in a different orientation.
DISCUSSION AFR cataly_zes the_redL_jctio_n of a carbon)_/l fu_nction to an
alcohol function which implies the polarization of the
This is the first report on a crystal structure of an AFR carbonyl group for the hydride transfer. The mechanisms of
enzyme. It shows that AFR from the bacteri@mmorelense  such reactions are well established for metal-independent
S-30.7.5 is composed of two domains. The N-terminal short-chain dehydrogenase/reductase (SDR) enzy6igs (
domain displays a Rossmann fold and is mainly responsible 68). In SDR enzymes, a tyrosine acts as an acid transferring
for the cofactor binding and its specificity. The C-terminal the proton from its side-chain hydroxyl group to the carbonyl
domain harbors the residues which are involved in substrategroup of the substrate6f). Since a K, of ~10 of the
binding and catalysis. Apparently, there are no structural tyrosine hydroxyl group is too high for it to act as an acid
similarities between prokaryotic and eukaryotic ARR, @s under physiological conditions, an adjacent base residue
the latter is similar in sequence to members of the aldose (arginine or lysine) and a substrate-stabilizing serine lower
reductase protein family possessing a TIM barrel as a typical the K, and act as a catalytic triad@). A tyrosine and a
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basic amino acid residue are constituents of the active siteSACKNOWLEDGMENT
in GFOR and biliverdin-Ié reductase, which otherwise are
structurally distinct from SDR25, 51). Nevertheless, the
spatial orientation of these residues implies a similar mech-
anism postulated for malate dehydrogenase (MDH) and Markus Greiner and Carsten Burgard for MALS analysis.
lactate dehydrogenase (LDH). In these enzymes, the catalyticWe thank the beamline staff of ID14 at ESRF and C.
base is a histidine residue acting with an aspartate residuégp|ze-Briese and T. Tomizaki for assistance at the Swiss
as a proton relay system, thus polarizing the carbonyl | jght Source for excellent technical support during data

We are grateful to Ardina Gher for analysis via MALDI
mass spectrometry. We thank "BjoKlink for assistance
during data collection and for fluorescence spectroscopy and

function (71, 72). With respect to AFR, both residues, His180 q|jection.

and Aspl76, could be involved in catalysis as their substitu-
tions caused significant decrease&dn 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

SUPPORTING INFORMATION AVAILABLE

Table of oligonucleotide primers used for site-directed

mutagenesis. This material is available free of charge via
the Internet at http://pubs.acs.org.

from NADPH to the carbonyl carbon of the substrate. His180 REFERENCES

is close to acidic residue Aspl176, but the distance of 5.9
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-aeise
catalyst, while in AFR, substitution of His180 had a weaker
effect. Notably, the D176A substitution has an even greater
impact on thek.;;decrease of AFR~+170-fold) which could
arise in part from a conformation affecting the active site.

Biotechnological Importance of AFRThe 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 witt{1,4)-glucan
lyase, it has become an interesting synthon for various
synthesesl(). The stereoselective reduction of 1,5-AF yields
interesting cyclic polyols, of which at least 1,5-AM has the
potential to influence type Il diabetes beneficiallg; (0).

The biocatalytic synthesis with AFR yields enantiomerically
pure 1,5-AM (4), in a degree of purity that cannot be
achieved by chemical synthesi3], 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 ke.afKm) in the presence of NADH, albeit thea/Kn,

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 15

application of this enzyme in carbohydrate chemistry can
be envisagedld).
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