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ABSTRACT Gluconobacter sp. strain CHM43 oxidizes mannitol to fructose and then oxi-
dizes fructose to 5-keto-D-fructose (5KF) in the periplasmic space. Since NADPH-depend-
ent 5KF reductase was found in the soluble fraction of Gluconobacter spp., 5KF might
be transported into the cytoplasm and metabolized. Here, we identified the GLF_2050
gene as the kfr gene encoding 5KF reductase (KFR). A mutant strain devoid of the kfr
gene showed lower KFR activity and no 5KF consumption. The crystal structure revealed
that KFR is similar to NADP1-dependent shikimate dehydrogenase (SDH), which cata-
lyzes the reversible NADP1-dependent oxidation of shikimate to 3-dehydroshikimate.
We found that several amino acid residues in the putative substrate-binding site of KFR
were different from those of SDH. Phylogenetic analyses revealed that only a subclass in
the SDH family containing KFR conserved such a unique substrate-binding site. We con-
structed KFR derivatives with amino acid substitutions, including replacement of Asn21
in the substrate-binding site with Ser that is found in SDH. The KFR-N21S derivative
showed a strong increase in the Km value for 5KF but a higher shikimate oxidation activ-
ity than wild-type KFR, suggesting that Asn21 is important for 5KF binding. In addition,
the conserved catalytic dyad Lys72 and Asp108 were individually substituted for Asn.
The K72N and D108N derivatives showed only negligible activities without a dramatic
change in the Km value for 5KF, suggesting a catalytic mechanism similar to that of
SDH. With these data taken together, we suggest that KFR is a new member of the
SDH family.

IMPORTANCE A limited number of species of acetic acid bacteria, such as Gluconobacter
sp. strain CHM43, produce 5-ketofructose, a potential low-calorie sweetener, at a high
yield. Here, we show that an NADPH-dependent 5-ketofructose reductase (KFR) is
involved in 5-ketofructose degradation, and we characterize this enzyme with respect to
its structure, phylogeny, and function. The crystal structure of KFR was similar to that of
shikimate dehydrogenase, which is functionally crucial in the shikimate pathway in
bacteria and plants. Phylogenetic analysis suggested that KFR is positioned in a small
subgroup of the shikimate dehydrogenase family. Catalytically important amino acid res-
idues were also conserved, and their relevance was experimentally validated. Thus, we
propose KFR as a new member of shikimate dehydrogenase family.

KEYWORDS oxidoreductases, nicotinamide, substrate specificity, metabolism

Mannitol is one of the best compounds to support the growth of Gluconobacter spp.
(1), members of acetic acid bacteria. Gluconobacter sp. strain CHM43 (2) oxidizes man-

nitol to fructose by a membrane-bound, pyrroloquinoline quinone-dependent glycerol de-
hydrogenase (3). Fructose is further oxidized to 5-keto-D-fructose (D-threo-2,5-hexodiulose,
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5KF) by a membrane-bound, flavin adenine dinucleotide (FAD)-dependent fructose dehy-
drogenase (FDH) (Fig. 1) (4, 5). The electrons formed in these oxidation reactions are trans-
ferred to ubiquinone, and ubiquinol is then reoxidized in the respiratory chain by terminal
oxidases reducing oxygen to water (6). Periplasmic oxidation is a unique process in several
aerobic microorganisms, including the acetic acid bacteria, such as Gluconobacter spp., and
contributes to the formation of proton motive force across the cytoplasmic membrane and
thus to energy metabolism in these microorganisms (7). The oxidative biotransformation of
mannitol to 5KF takes place in a nearly stoichiometric manner (8). On the other hand, 5KF
metabolism in Gluconobacter spp. is not fully understood. Because the CHM43 strain is an
efficient 5KF producer (8), we used this strain to examine its 5KF metabolism. Previous in
vitro studies reported the function of a 5KF reductase (KFR), which catalyzes the reduction
of 5KF to fructose with NADPH (9–11). The occurrence of this enzyme suggests the exis-
tence of a metabolic pathway for 5KF in Gluconobacter cells, in which 5KF first enters the
cytoplasm via an unidentified transporter and is then reduced with NADPH to fructose by
KFR. Fructose can be phosphorylated to fructose-6-phosphate (Fig. 1) and, after isomeriza-
tion to glucose-6-phosphate, metabolized via either the pentose phosphate pathway or
Entner Doudoroff pathway (1, 12).

5KF is a unique substance produced from mannitol or fructose by Gluconobacter
strains (8, 13). 5KF is considered a potential low-calorie sweetener, because it cannot
be metabolized in the human body (14). It is found for example in wine made from
botrytized grapes (15). Thus, 5KF has received attention as a promising natural low-cal-
orie sweetener. The potential economic and human health values of 5KF encouraged
studying 5KF metabolism in Gluconobacter sp. Here, we identified the GLF_2050 gene
of the CHM43 strain as the gene encoding KFR. The crystal structure of KFR was similar
to that of NADP1-dependent shikimate dehydrogenase (SDH), and bioinformatics stud-
ies suggested that KFR is a member of a specific subclass in the SDH family. Amino
acid exchange experiments with KFR identified amino an acid residue that is important
for substrate binding by KFR.

RESULTS
Identification of GLF_2050 as the gene for 5KF reductase. We discovered

GLF_2050 as the gene for 5KF reductase (KFR) in the course of a study of NADPH-de-
pendent dihydroxyacetone reductase (NADPH-DHAR) of Gluconobacter thailandicus
(formerly Gluconobacter suboxydans) (16). We found that NADPH-DHAR reduces 5KF at
a much higher rate (more than 20 times) than dihydroxyacetone. Thus, we cloned the
GLF_2050 gene from the draft genome of Gluconobacter sp. strain CHM43 (17), which is

FIG 1 Putative metabolic pathway on mannitol in Gluconobacter sp. CHM43. GLDH, pyrroloquinoline
quinone-dependent glycerol dehydrogenase; FDH, FAD-dependent fructose dehydrogenase; KFR, 5-
ketofructose reductase (GLF_2050); GLF_2449, NADP1-dependent mannitol dehydrogenase (68, 69);
PPP, pentose phosphate pathway; EDP, Entner Doudoroff pathway.
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a homolog of the gene encoding NADPH-DHAR of G. thailandicus, to construct
recombinant Escherichia coli and Gluconobacter strains that overexpress GLF_2050. The
soluble fractions of the recombinant strains showed higher KFR activity than the con-
trol strains that harbor the empty plasmid vectors (see Fig. S1 in the supplemental ma-
terial). In addition, we constructed a mutant strain of Gluconobacter sp. CHM43 in
which the GLF_2050 gene (named kfr) was deleted. The KFR activity in the soluble frac-
tion of the Dkfr strain was lower than that of the wild-type strain, 0.366 0.02 and
1.26 0.08 U � (mg protein)21 in the Dkfr and wild type, respectively. These results indi-
cate that the GLF_2050 gene encodes KFR, even though an other gene(s) coding for
proteins with some KFR activity appears to be present in the CHM43 genome.
Schweiger et al. reported that Gluconobacter oxydans strain 621H possesses two stereo-
specific NADPH-dependent ketone reductases, GOX0644 (locus tag number) and
GOX1615 (18). Recently, Schiessl et al. reported that the GOX1432 and GOX0644 pro-
teins of G. oxydans 621H showed NADPH-dependent KFR activity, the reaction prod-
ucts of which are D-fructose and L-sorbose, respectively (19). Genes homologous to
GOX0644, GOX1615, and GOX1432 were found in the CHM43 genome, GLF_2244,
GLF_2040, and GLF_2249, respectively. Chen et al. also reported the presence of six
NADPH-dependent ketone reductases in G. oxydans 621H, including GOX0525
(GLF_2568), GOX1598 (GLF_0138), GOX1462 (GLF_2417), and GOX0290 (GLF_0357)
(20). The homologous proteins in the CHM43 strain might contribute the remaining
KFR activity measured in the Dkfr derivative (Fig. S1).

Physiological role of KFR in 5KF metabolism.We examined the physiological role
of KFR in fructose metabolism of Gluconobacter sp. strain CHM43 by analyzing the Dkfr
strain. The complemented Dkfr strain was also constructed by introducing a plasmid
carrying the kfr gene. The wild type, strain Dkfr, and complemented Dkfr mutant (Dkfr/
kfr1) were cultivated on fructose medium for 10 days to test their ability to consume
5KF (Fig. 2). The periplasmic oxidation system oxidizes fructose to 5KF (Fig. 1). All three
tested strains had completely consumed fructose at 3 days and produced 5KF with
high efficiency (greater than 75% molar yields). The wild-type strain showed diauxic
growth; two growth phases were observed before and after fructose was exhausted
(Fig. 2AB). The wild-type strain gradually consumed 5KF and kept the cell growth in
the second growth phase. Acetic acid production as a final metabolite (17, 21) was also
diphasic, which seems to be related to cell growth (Fig. 2C). The Dkfr mutant showed
repressed growth in the second phase, which seemed to be due to inhibited 5KF con-
sumption consistent with no increases in acetic acid production in the second phase
(Fig. 2). The repressed growth, decreased 5KF consumption, and acetic acid production
were alleviated in the complemented mutant. All if this taken together, we concluded
that the kfr gene codes for the physiologically relevant KFR.

Characterization of KFR. KFR was purified from the recombinant Gluconobacter sp.
strain CHM43 harboring pNMT72 (kfr1) to characterize its biochemical properties and
its crystal structure (Fig. S2). We attempted overexpression of KFR in E. coli, but the ac-
tivity was much lower than that of the recombinant Gluconobacter strain that overex-
presses KFR (Fig. S1). Although we did not carefully characterize these issues, codon
preference and protein folding in the Gluconobacter cell would be suitable for KFR. As
summarized in Table 1, KFR of Gluconobacter sp. strain CHM43 showed characteristics
similar to those of Gluconobacter cerinus NBRC3267 (formerly IFO3267) reported previ-
ously (10). The KFR activity was much higher for the reduction of 5KF with NADPH than
the reverse reaction, D-fructose oxidation with NADP1. The optimum pH and the
Michaelis constant for 5KF were similar to those of the KFR of other Gluconobacter spp.
in previous reports (10, 11, 22). We determined the molecular mass of KFR in solution
to be 71 kDa by gel filtration column chromatography, suggesting a dimer of approxi-
mately 30-kDa protomers.

Structural overview of Gluconobacter 5KF reductase. We determined the crystal
structures of the ligand-free KFR and the NADPH-bound KFR. The whole structure of the
ligand-free KFR and KFR-NADPH complex was modeled using CCP4 and COOT (23, 24).
The overall structure of the KFR-NADPH complex (Fig. 3A) showed a dimer with each
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protomer containing cofactor-binding and substrate-binding domains (Fig. 3B). Thus, it is
suggested that the two active sites in the dimer are involved in catalysis. Interprotomer
interactions in the structure were analyzed using the PISA service (25) at the European
Bioinformatics Institute. There are two KFR molecules in the asymmetric unit. The buried
surface between molecules A and B is about 1,213 Å2. Analysis of protein interfaces sug-
gests that the homodimer of molecules A and B with the free energy change of the

FIG 2 Growth on fructose and concentrations of fructose, 5KF, and acetic acid in the culture medium.
The wild-type strain harboring pCM62 (WT), the Dkfr strain harboring pCM62 (Dkfr), and the Dkfr
strain harboring p9KX6264 (D/1) were precultivated in 2-ml DP medium at 30°C with shaking at
120 rpm overnight. Then 1ml of preculture was inoculated in 100 ml of fructose medium in a 500-ml
Erlenmeyer flask, and the cultivation was done at 30°C with shaking at 200 rpm. Samples were taken
periodically to measure the OD600 (A) and to determine fructose (triangles in panel B), 5KF (circles in
panel B), and acetic acid (C) concentrations. Evaporation factors were also determined as described in
Materials and Methods to modify the OD600 value and the concentrations of fructose, 5KF, and acetic
acid. The mean values of triplicate cultivation were plotted, and the error bars represent the standard
deviation. Red and black asterisks indicate P values between the wild-type and Dkfr strains and
between the wild-type and complementary (D/1) strains, respectively, using Student’s t test. *,
P, 0.05; **, P, 0.01.
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intermolecule contact (DGint) value of 215.7 kcal/mol is stable in solution. The substrate-
binding domains of the two protomers were shown to face to each other in the dimer.
Also, one molecule of NADPH binds to the cofactor-binding domain of each subunit. In
the KFR-NADPH complex the residues interacting with NADPH through a hydrogen bond
or salt bridge were Ala132, Gly134, Ala135, Asn155, Arg156, and Asp157 (Fig. S3). Other
residues with close proximity to the cofactor include Gly133, Lys160, Ser199, Val255,
Gly248, and Leu252, which are shown to be important for cofactor recognition.

The difference in the distance between the C-a carbons of the main chains of the
superposed amino acid residues of the protomer of the ligand-free KFR onto the KFR-
NADPH complex was calculated using SUPERPOSE (26) of CCP4i. The average distance
between the C-a carbons was 0.42 Å, and its root mean square deviation (RMSD) was
0.46 Å, which shows that the two conformations are very similar (data not shown).
Therefore, it was revealed that KFR showed few conformational changes associated
with NADPH binding. In addition, the largest distance of 1.68 Å was found between the
C-a carbons of the Ser182 residue, which is presumably caused by the movement of
the side chain of the Arg156 residue associated with the binding of the adenine ring of
NADPH.

Prediction of substrate-binding site in 5KF reductase. We attempted to under-
stand the substrate binding in KFR by comparing the structure of apo-form KFR with the
substrate-bound form of a homologous protein. To identify the closest structural rela-
tives to KFR, the PDBefold program was used, and the top hit was for Escherichia coli
NADP1-dependent shikimate dehydrogenase (SDH), with a Z-score of 17.4 based on 264
aligned C-alpha atoms with an RMSD of 1.5Å (PDB entry 1VI2). The top 10 hits were all
SDHs from various species, followed by quinate dehydrogenase. Because of the highest
similarity to the SDH-shikimate complex, we used the structure of the ternary complex
of SDH from Thermus thermophilus with bound shikimate and NADPH to examine the
substrate binding in KFR. The substrate-binding site in Thermus SDH is composed of nine
amino acid residues—Ser14, Ser16, Asn58, Thr60, Lys64, Asn85, Asp100, Tyr207, and
Gln235 (Fig. 4). According to the structural comparison between the two enzymes, a pu-
tative substrate-binding site in KFR was predicted, where Asn58, Lys64, Asn85, Asp100,
and Gln235 of SDH corresponded to Asn66, Lys72, Asn93, Asp108, and Gn255 in KFR.

TABLE 1 Properties of KFRs of Gluconobacter spp.

Property

Data from:

This study Avigad et al. (10)
Optimum pH
5KF reduction (pH) 7.5 7.4
D-Fructose oxidation (pH) 10 NIa

Coenzyme specificity NADPH NADPH

Sp act [U�(mg protein)21]
5KF reduction 4406 30 627
D-Fructose oxidation 1.76 0.02 0.44b

L-Sorbose oxidation NDc 0.31b

Product of 5KF reduction D-fructose D-fructose

Kinetic constants
Km for 5KF (mM) 4.26 0.4 4.5
Vmax for 5KF [U�(mg protein)21] 9206 20 NI
Km for D-fructose (mM) 8.56 0.6 70
Vmax for D-fructose [U�(mg protein)21] 126 0.2 NI

Molecular massd 71 kDa NI
aNI, no information.
bEnzyme assay at pH 7.4.
cND, not detected.
dGel filtration.
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Residues Ser14, Ser16, Thr60, and Tyr207 of SDH were different from those in KFR—
Asn21, Thr23, Ser68, and Pro227, respectively (Fig. 4). Since Ser14, Ser16, and Tyr207 of
SDH interact with the carboxyl group of shikimate, which is absent in 5KF, the residues
Asn21, Thr23, and Pro227 in KFR may account for the substrate specificity of KFR, ena-
bling the binding of 5KF and disabling the binding of shikimate. In particular, Asn21

FIG 4 Superimposed image of the substrate-binding site of tripartite NADPH-shikimate-SDH complex
and the corresponding site of the NADPH-KFR complex. The substrate-binding site of SDH of Thermus
thermophilus HB8 (37) complexed with shikimate (green) and NADP1 (blue) includes 9 residues shown
in light blue except for Val6. The corresponding site in KFR of Gluconobacter sp. CHM43 shown in
yellow complexed with NADPH (light red) was similar to that of T. thermophilus SDH but differed in
four amino acid residues.

FIG 3 Crystal structure of KFR. (A) Overall structure of NADPH-bound KFR dimer; chains A (pink) and
B (blue) in the ribbon model with NADPH in the space-filling model. N, N terminus; C, C terminus. (B)
Subunit structure of the 5 KFR-NADPH complex. (C) Superimposed image of the NADPH-KFR complex
of Gluconobacter sp. CHM43 (purple) and tripartite complex of shikimate, NADPH, and SDH of
Thermus thermophilus HB8 (37) (gray). NADPH and shikimate are in blue and green, respectively.
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appears to sterically hinder the binding to the carboxyl group of shikimate. In order to
examine this hypothesis, we constructed KFR derivatives having single or double amino
acid replacements. Furthermore, we found that Lys72 and Asp108 in the substrate-bind-
ing site are conserved as the catalytic dyad in the SDH family (27, 28), which mediates a
hydride ion transfer from the substrate to NAD(P)1, producing the protonated « -amino
group in the Lys residue. We also examined the effect of amino acid replacements in the
catalytic dyad to evaluate the mechanism of KFR catalysis.

KFR belongs to a small subgroup in the shikimate dehydrogenase family. We
performed a phylogenetic analysis for KFR. According to the results mentioned above,
the structure of KFR is very similar to that of SDH. We retrieved homologous proteins
similar to KFR, AroE-like protein of Pseudomonas putida (Pp_Ael1) (28, 29), aminoshiki-
mate dehydrogenase of P. putida (Pp_RifI2) (30), SDH of Thermus thermophilus (Tt_AroE),
SDH-like protein of Haemophilus influenzae (Hi_SdhL) (31), SDH of Corynebacterium gluta-
micum (Cg_AroE) (32), and quinate dehydrogenase of C. glutamicum (Cg_QDH) (33), by
BLASTP on our RefSeq data set independently. All of the 1,930 protein hits were used for
the phylogenetic analysis (Fig. 5). We tentatively classified the phylogenetic tree into the
12 clades, 9 of which include functionally validated proteins, while 3 clades lack function-
ally characterized proteins (Fig. 5 and Table S1). The clades 1, 2, 7, 8, 10, and 12 contain
the members of SDH family with considerable shikimate oxidation rates (32, 34–38),
whereas the clades 4 and 9 contain YdiB of E. coli and SdhL of H. influenzae with low kcat
values for shikimate oxidation of 0.1 and 0.2 s21, respectively (31, 34). Clade 11 contains
members with moderate shikimate oxidation activity (30). KFR belongs to clade 4, which
is reasonable since it oxidized shikimate slowly with a kcat value of 0.028 s21. However,
no quinate oxidation (at a rate lower than 0.01 s21) was observed with KFR under the
conditions similar to those for the shikimate oxidation, although YdiB of E. coli, the repre-
sentative of clade 4, oxidizes quinate at a rate of 0.05 s21 (34). As described below, KFR
belongs to a subgroup within clade 4 that was termed subclade 4a and differs from
other members of clade 4 (subclade 4b) in terms of conservation of the residues in the
substrate-binding site (Fig. 5B).

We examined the conservation of the nine amino acid residues of the putative sub-
strate-binding site in the homologous proteins retrieved, i.e., Asn21, Thr23, Asn66, Ser68,
Lys72, Asn93, Asp108, Pro227, and Gln255 in KFR. Even though Asn21, Thr23, Ser68, and
Pro227 in KFR were different from the corresponding amino acid residues in other mem-
bers of the shikimate dehydrogenase family, the position of four amino acid residues,
Lys72, Asn93, Asp108, and Gln255, of KFR were aligned with the corresponding residues of
the other SDH family members (Fig. S4), allowing us to speculate that these nine amino
acid residues form the substrate-binding site in the 1,930 retrieved homologous proteins.
Clade-level analyses revealed distinct differences in the amino acid conservation patterns
of several clades, including clades 4, 9, 10, 11, and 12 (Fig. S5). Since KFR differs in four of
the nine amino acid residues in the substrate-binding site from those that are most fre-
quent in the 1,930 retrieved homologous proteins (Fig. 5B), we retrieved the proteins that
differ in maximally one of the nine amino acid residues found in the substrate-binding site
from that of KFR. From the original 1,930 homologous proteins, we found 30 homologous
proteins that show a conservation pattern in the substrate-binding site similar to that of
KFR (Table S1). These 30 proteins are shown in red in the phylogenetic tree (Fig. 5A). They
formed a small cluster named subclade 4a. Three of the amino acid residues, Asn21, Thr23,
and Pro227, of the substrate-binding site of clade 4a differed from the corresponding posi-
tions in other clade 4 members, subclade 4b (Fig. 5B).

Ser is found in most members of the SDH family in the position corresponding to
Thr23 in KFR, but Thr in this position is also found in other members of the SDH family
(Fig. 5B), such as quinate dehydrogenase of Corynebacterium glutamicum (Cgl0424) in
clade 12, which oxidizes shikimate with a kcat value of 85.2 s21 (38). Therefore, we
focused on two of the three residues, Asn21 and Pro227, to evaluate the impact of the
amino acid substitutions on substrate binding and the kinetic properties of KFR.

Properties of the KFR derivatives. We constructed an expression system for hexa-
histidine-tagged KFR in E. coli for biochemical characterization of the KFR derivatives
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FIG 5 Phylogenetic analysis and amino acid residues in the substrate-binding site of KFR. (A) Unrooted neighbor-joining
phylogenetic tree of SDH family proteins. The phylogenetic tree of 1,929 SDH homologs was constructed using the MEGAX

(Continued on next page)
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containing either single amino acid replacements of Asn21 to Ser (referred to as N21S)
or Pro227 to Tyr (P227Y) and the double replacement with N21S and P227Y (SY). To
evaluate the impact of the mutations on substrate binding, the kinetic properties of
the KFR derivatives were determined by using 5KF as the substrate and NADPH as the
cofactor. All of the KFR derivatives, including the wild-type enzyme, showed similar elu-
tion profiles in Ni21-chelate affinity chromatography (Fig. S6), suggesting that the
mutated KFR derivatives were expressed similarly to wild-type KFR in E. coli.

The N21S derivative showed a 300-fold decrease in the specific 5KF reductase activ-
ity compared to the wild-type enzyme. It also exhibited a significant change in the Km
value for 5KF, which was a 300-fold increase compared to wild-type KFR (Table 2).
Similarly, the P227Y derivative showed a 5-fold decrease in the specific 5KF reductase
activity. The Km value of the P227Y derivative for 5KF was increased 8-fold. The SY de-
rivative, which contained both the N21S and P227Y replacements, showed much lower
activity than wild-type KFR, so that it was difficult to determine the kinetic parameters.
As for oxidation direction, fructose dehydrogenase activities of the KFR derivatives
were determined (Fig. 6). KFR catalyzes the reaction predominantly in the reduction
direction using NADPH, but the Km values of 5KF and fructose are similar to each other
(Table 1) (10). The rates of fructose oxidation by the KFR derivatives were different; the
P227Y derivative showed relatively high activity, but the N21S derivative showed
much lower activity than wild-type KFR, and no activity was detected for the SY deriva-
tive. These amino acid replacements presumably resulted in a loss of affinity to fruc-
tose as well as loss of affinity to 5KF.

We attempted to detect 3-dehydroshikimate reductase activities in the KFR deriva-
tives with a maximal substrate concentration of 4mM due to the scarcity of the rea-
gent available, but no activity was found with any of the KFR derivatives. Then, we
examined NADP1-dependent shikimate dehydrogenase activities of the KFR deriva-
tives (Fig. 6). There are no apparent differences in shikimate dehydrogenase activity of
the P227Y and SY derivatives compared to wild-type KFR. On the other hand, the N21S
derivative showed an approximately 7-fold higher shikimate dehydrogenase activity
than the wild-type enzyme, whereas the fructose dehydrogenase activity was almost
completely abolished by this amino acid replacement (Fig. 6). We examined the affinity

TABLE 2 The kinetic parameters for His-tagged KFR and its derivatives

Parameter Sp act [U�(mg protein)21] Vmax [U�(mg protein)21] Turnover no. (s21)b Km (mM) Kcat/Km (s21 mM21)c

Wild type 3406 1 4106 6 680 2.16 0.1 320
N21S 1.46 0.1 1406 30 2.8 6206 160 0.58
P227Y 706 5 2206 5 140 176 1 28
SY 0.126 0.01 NTa 0.25 NT NT
K72N 0.186 0.01 0.206 0.005 0.36 3.46 0.3 0.11
D108N 0.0316 0.004 0.0716 0.002 0.063 6.76 0.7 0.0066
aNT, not tested.
bTurnover number was calculated from the specific activity by assuming that the KFR dimer possesses two catalytic sites from the crystal structure.
cCatalytic efficiency (kcat/Km) was calculated from linear regression of the Lineweaver-Burk plot.

FIG 5 Legend (Continued)
v10.1.8 package (65, 66). The scale bar represents 0.1 substitution per site. The 11 experimentally validated functional
sequences are designated as follows: KFR (blue circle), Ec_AroE (open red circle), Ec_YdiB (blue triangle), Pp_Ael1 (open red
triangle), Pp_RifI2 (closed red triangle), Bs_AroE (green triangle), Tt_AroE (closed red circle), Hi_SdhL (open purple circle),
Cg_AroE (green circle), Cg_QDH (purple triangle), and Go_AroE (filled purple circle). The tree was tentatively divided into
12 clades; clade 4 was further divided into the subclades 4a and 4b. (B) Conservations of amino acid residues in the
substrate-binding sites of 1,929 proteins and in the subclades 4a and 4b were illustrated with WebLogo using stacks of
symbols, one stack for each position in the sequence. The size of the symbols within the stack indicates the relative
frequency of each amino acid at that position (67). KFR, GLF_2050, KFR of Gluconobacter sp. CHM43; Ec_AroE, b3281, SDH
of E. coli (34); Ec_YdiB, b1692, quinate/shikimate dehydrogenase of E. coli (34, 70); Pp_Ael1, PP3002, AroE-like protein of
Pseudomonas putida (28, 29); Pp_RifI2, PP_2608, aminoshikimate dehydrogenase of Pseudomonas putida (30); Bs_AroE,
BSU25660, SDH of Bacillus subtilis (36); Tt_AroE, TTHA1050, SDH of Thermus thermophilus; Hi_SdhL, HI0607, SDH-like protein
of Haemophilus influenzae (31); Cg_AroE, cgR_1677, SDH of Corynebacterium glutamicum (32); Cg_QDH, Cgl0424, quinate
dehydrogenase of C. glutamicum (38); Go_AroE, GOX_1959, SDH of Gluconobacter oxydans (35).
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to shikimate of the N21S derivative, but it seemed similar to that of wild-type KFR.
Therefore, we considered that the elevated catalytic efficiency of the N21S derivative
was derived from the elevated specific activity to shikimate (Fig. S7).

In order to explore the catalytic mechanism of KFR, either the Lys72 or Asp108 resi-
due was replaced with Asn. The replacement of Lys and Asp with Asn may minimize
the changes in side chain van der Waals volumes but can eliminate the functions of
Lys and Asp in general acid-base catalysis (27, 28). We determined the kinetic parame-
ters of the KFR derivatives with 5KF as the substrate and NADPH as cofactor (Table 2).
The K72N and D108N derivatives exhibited approximately 1,900- and 11,000-fold
decreased turnover numbers compared to the wild-type enzyme. Nonetheless, both
KFR variants showed only minor changes in the Km values for 5KF, which were only 1.6-
and 3.2-fold increases compared to the wild-type enzyme (Table 2). Therefore, these
results support a role of the Lys72 and Asp108 residues in the catalytic mechanism
of KFR.

DISCUSSION

SDH is one of the crucial enzymes in the shikimate pathway in plants and microbes,
which is required for the biosynthesis of aromatic amino acids and other aromatic
compounds. The SDH family is a large protein family containing at least five discrete
enzymes, AroE as typical SDH, YdiB (QDH), aminoshikimate dehydrogenase RifI, SDH-
like protein SdhL, and AroE-like1 Ael1 (39). We examined the structure, phylogeny, and
enzymatic properties of KFR in this study. Although it has unique properties in the sub-
strate specificity, the overall structure of the KFR protein and the amino acid residues
responsible for NADPH binding were highly similar to those of members of the SDH
family. We also identified the unique amino acid residues that are important for 5KF
recognition. Considering these data together, we suggest that KFR of Gluconobacter
spp. is a member of a subclass in the SDH family.

We revealed that the GLF_2050 gene encodes KFR, which is responsible for most of
the cellular KFR activity and is physiologically relevant to 5KF metabolism in vivo. KFR
would reduce 5KF with NADPH to fructose and supply it to the pentose phosphate
pathway when Gluconobacter sp. CHM43 grows on mannitol. The Dkfr (DGLF_2050)
strain still possessed approximately 29% of the KFR activity of the wild-type CHM43
strain, suggesting that the Dkfr strain has at least one gene responsible for the remain-
ing KFR activity. Despite the residual KFR activity, the Dkfr strain did not consume 5KF
in our cultivation conditions, while the wild-type strain and the complemented Dkfr
mutant consumed it (Fig. 2). These results suggest that the GLF_2050 gene encodes
the KFR protein that is relevant to 5KF metabolism in vivo.

We attempted to propose a possible route for the development of KFR in evolution.
The overall structure of KFR was similar to that of SDH (Fig. 3). Although we failed to

FIG 6 Replacement Asn21 to Ser in KFR improves shikimate dehydrogenase activity. Fructose (white
bars) and shikimate (red bars) dehydrogenase activities of the KFR derivatives were examined in the
presence of NADP1. Turnover number was calculated from the specific activity by assuming that the
KFR dimer possesses two catalytic sites from the crystal structure.
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obtain a structure for a 5KF-bound form of KFR, we deduced the nine amino acid residues
for substrate binding based on the structural similarity to a substrate-bound form of SDH
(37, 40). Of the nine amino acid residues involved in substrate binding by SDH, four were
different in KFR, which is consistent with the different substrate specificities of the two
enzymes. When we examined the conservation of nine amino acid residues proposed to
be involved in substrate binding by KFR in the members of the SDH family (see Fig. S4
and S5 in the supplemental material), the homologs having similar patterns to KFR clus-
tered in the clade 4a. In clade 4b, which includes E. coli quinate/shikimate dehydrogenase
YdiB, three of the nine residues differ from those in clade 4a (Fig. 5). Thus, we suggest
that KFR is derived from a primordial protein of clade 4, which evolved to enable accom-
modation of 5KF. The HA49_09215 protein of Tatumella morbirosei, one of the KFRs that
Schiessl et al. characterized, belongs to the SDH family (19). The HA49_09215 protein and
Tatumella citrea KFR (A7K98_06190) characterized previously (41) and the DW_RS0115250
protein of Tatumella saanichensis that is found in our list of the SDH family (Table S1) and
belongs to clade 4a in the phylogenetic analysis of Fig. 5 are highly homologous with
greater than 90% similarity to one another. The nine amino acid residues involved in sub-
strate binding in the three Tatumella KFRs are identical to those of GLF_2050 (Fig. S8).

Based on the assumption mentioned above, we attempted to enhance reactivity of
KFR to shikimate or dehydroshikimate by site-directed mutagenesis at the substrate-bind-
ing site. Wild-type KFR can oxidize shikimate only at an extremely low rate (Fig. 6), while
partially purified SDH of G. oxydans (Go_AroE: GOX1959) with shikimate oxidation activity
of 24 U � (mg protein)21 showed no 5KF reduction activity [at a rate lower than 0.0018
U � (mg protein)21]. Analysis of the P227Y derivative of KFR revealed the importance of
Pro227 for 5KF binding by a 5-fold decreased turnover number and an 8-fold increased Km
value for 5KF (Table 2). However, the P227Y substitution resulted in SDH activity similar to
that of wild-type KFR (Fig. 6). The N21S derivative showed a 300-fold increase in the Km
value for 5KF, suggesting a crucial function of Asn21 in 5KF recognition (Table 2). Because
the N21S derivative showed a 7-fold increase in the shikimate oxidation activity, the N21S
substitution somehow enhances the catalytic efficiency of shikimate oxidation. More
detailed biochemical and structural analyses are needed to understand how this amino
acid substitution increases the reaction rate.

To understand the catalytic mechanism of 5KF reduction, we examined catalytic ef-
ficiency of the KFR derivatives that have the amino acid replacements in the catalytic
dyad Lys72 and Asp108 with Asn (27, 28, 40). Both amino acid replacements resulted
in large decreases in the Vmax value but small impacts on the Km value for 5KF, suggest-
ing that they affect the rate of catalysis but not substrate binding. From these results,
we suggest the catalytic mechanism of 5KF reduction by KFR, under which Lys72 is
protonated by the action of Asp108 to protonate C5 carbonyl oxygen of 5KF. NADPH
transfers hydride ion to the protonated 5KF to yield fructose and NADP1, as suggested
in SDHs of T. thermophilus and Aquifex aeolicus (37, 40).

The structure of the substrate for KFR is a subject of debate. It was reported that
gem-diol hydrate is the major form of 5KF in solution, which had been isolated from
Gluconobacter cultures (42, 43). However, the reduction of the gem-diol hydrate form
is chemically impossible in the reaction catalyzed by KFR. Blanchard et al. (42) detected
a chain form of 5KF in solution at 70°C, suggesting that this as a minor form of 5KF. It is
plausibly considered that 5-keto-D-fructopyranose is a possible intermediate in equilib-
rium between the gem-diol hydrate and the chain form (Fig. S9). We constructed mod-
eled structures of the substrate-bound KFR with the three possible forms of 5KF, i.e.,
the pyranose, chain, and gem-diol hydrate forms (Fig. S10). The pyranose and chain
forms of 5KF seem to be accommodated in the substrate-binding site in KFR. However,
Leu252 would be close to the hydroxyl group specific in the gem-diol hydrate form
within 3.0 Å, which may sterically hinder the binding itself. Thus, the structure model-
ing for the substrate-bound KFR supports that the substrate for KFR is the pyranose
and chain forms, even if the gem-diol hydrate is the predominant form of 5KF in
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solution. Because dihydroxyacetone was reduced by KFR (see Results), the chain form
of 5KF might be favored as the substrate for KFR.

MATERIALS ANDMETHODS
Chemicals. 5-Keto-fructose (5KF) was supplied by Kyowa-Hakko Bio (Tokyo, Japan). 5-Fluorocytosine

was purchased from Fluorochem (Glossop, UK). 3-Dehydroshikimate was prepared from quinate as
described previously (44). All other materials used were of analytical grade and obtained from commer-
cial sources.

Bacterial strains and culture conditions. Escherichia coli strain DH5a was used for plasmid con-
struction (45). The BL21 and BL21(DE3)/pLys strains were used for protein expression (46, 47). The
Gluconobacter strains and plasmids used in this study are listed in Table 3. Gluconobacter sp. strain
CHM43 and its derivatives were cultivated routinely at 30°C with shaking (200 rpm) in DP medium con-
sisting of 5 g of D-glucose, 20 g of glycerol, 10 g of yeast extract (Oriental Yeast, Tokyo, Japan), and 10 g
of hipolypepton (Nihon Pharmaceuticals, Osaka, Japan) per liter; mannitol medium consisting of 50 g of
D-mannitol, 3 g of yeast extract, and 3 g of hipolypepton per liter; or fructose medium consisting of 40 g
of D-fructose, 3 g of yeast extract, and 3 g of hipolypepton per liter. For the strain construction, the
CHM43 strain was cultivated on sorbitol medium consisting of 50 g of D-sorbitol, 3 g of yeast extract,
and 3 g of hipolypepton per liter. Escherichia coli strains were cultivated in Luria-Bertani (LB) medium at
30°C. Ampicillin was used at final concentrations of 50 and 500mg ml21 for E. coli and Gluconobacter,
respectively. Kanamycin and tetracycline were used at final concentrations of 50mg ml21 and 10mg
ml21, respectively.

Construction of plasmids. The genomic DNA of Gluconobacter sp. strain CHM43 was isolated by the
method of Marmur (48) with some modifications (5). The GLF_2050 gene was amplified by PCR with the
Herculase II fusion DNA polymerase (Stratagene, CA, USA), the CHM43 genomic DNA, and a pair of oligo-
nucleotides, ex-GLF_2050-5-Hin(1) and ex-GLF_2050-3-Xba(2) (Table 4). The PCR product was inserted
into the HindIII and XbaI sites of pJY19 (49) and pSHO8 (5), a derivative of the broad-host-range vector
pBBR1MCS-4 (50), carrying a promoter region for the adhAB gene of G. oxydans ATCC 621H, to construct
pNMT4 and pNMT72, respectively. The 1.7-kb KpnI and XbaI fragment of pNMT72 that carries the adhAB
promoter and the GLF_2050 gene was inserted in the corresponding sites of pCM62 (51) to construct
p9KX6264.

To delete the GLF_2050 gene in the CHM43 strain, the homologous arms in the 59 and 39 regions of
the GLF_2050 gene were amplified using two sets of oligonucleotides, DGLF_2050-5-Kpn(1) and
DGLF_2050-5-RI(2) for the 59 region and DGLF_2050-3-RI(1) and DGLF_2050-3-Xba(2) for the 39 region.
The two PCR products were inserted into the KpnI and XbaI sites of the suicide vector pKOS6b (52) to
construct pNMT91.

The N-terminally hexahistidine-tagged GLF_2050 was constructed by PCR with the oligonucleotide
RI-His6-3C-kfr(1). The PCR product was inserted into the HindIII and XbaI sites of pTTQ18 to construct
pbqNK1. The amino acid replacements in the GLF_2050 gene were constructed by PCR with the pairs of
oligonucleotides listed in Table 4, followed by DpnI treatment.

The GOX1959 gene was amplified by PCR using the genome DNA of Gluconobacter oxydans ATCC
621H and a pair of oligonucleotides, GOX1959-5-Eco(1) and GOX1959-3-SphBgl(2). The PCR product
was inserted into the NdeI and BamHI sites of pET3a (Novagen, Darmstadt, Germany) to construct

TABLE 3 Gluconobacter strains and plasmids used in this study

Strains and plasmids Relevant characteristics Source or reference
Gluconobacter strains
ATCC 621H Gluconobacter oxydanswild type ATCC
CHM43 Wild type 2
NMT912 CHM43 Dkfr This study

Plasmids
pKOS6b Suicide vector,mob codAB Kmr 52
pCM62 Broad-host-range vector,mob Tcr 51
pTTQ18 Expression vector, lacIQ Ptac Apr 71
pJY19 pTTQ18, opposite orientation of multiple cloning site 49
pBBR1MCS-4 Broad-host-range vector,mob Apr 50
pSHO8 pBBR1MCS-4, promoter for the adhAB gene of G. oxydans ATCC 621H 5
pET3a Expression vector, PT7 Apr Novagen
pNMT91 pKOS6b Dkfr This study
pNMT72 pSHO8 kfr (GLF_2050) This study
pNMT4 pJY19 kfr (GLF_2050) This study
p9KX6264 pCM62, promoter for the adhAB gene of G. oxydans ATCC 621H, kfr (GLF_2050) This study
pbqNK1 pTTQ18 his-kfr This study
pJ808 pET3a, aroEa (GOX1959) of G. oxydans ATCC 621H This study

aaroE, the gene for shikimate dehydrogenase.
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pJ808. Nucleotide sequences of all DNA fragments inserted into the plasmids were confirmed by the
Sanger method (BigDye Terminator v3.1 cycle sequencing kit; Applied Biosystems, Foster City, CA, USA).

Transformation of Gluconobacter sp. strain CHM43 and the construction of the gene deletion
variant. The CHM43 strain was transformed with the plasmids constructed in this study via electropora-
tion and selected on sorbitol agar medium with the appropriate antibiotics as described previously (53).
In the case of the construction of the kfr gene deletion variant, the recombinant strain obtained after
the first homologous recombination was inoculated on sorbitol agar medium containing 60mg ml21 5-
fluorocytosine to select the strains with a second homologous recombination event as described previ-
ously (52, 53).

Determination of fructose, 5KF, and acetic acid in the culture medium. The bacterial culture was
taken and centrifuged at 10,000� g for 5min at 4°C to remove the cells. The supernatant was filtered
with a filter with 0.4-mm-size pores (Merck Millipore, Burlington, MA, USA). The filtered supernatant was
analyzed using a high-performance liquid chromatography (HPLC) system equipped with a refraction
index (RI) detector and a photodiode array (PDA). Fructose, 5KF, and acetic acid were separated on an
ion-exclusion column (RSpak KC-811, 8.0mm inside diameter by 300mm length; Shodex, Showa Denko
KK, Kawasaki, Japan) at 60°C using 0.1% (wt/vol) phosphoric acid as a mobile phase at a flow rate 0.4ml
min21. Fructose and acetic acid were detected by RI, while 5KF was detected by PDA at 210 nm. The
retention times on fructose, 5KF, and acetic acid were 19.9, 18.1, and 26.9min, respectively. Fructose and
5KF were determined by the calibration curves based on the peak heights of the compounds on the
chromatograms, while acetic acid was determined by the peak squares.

We determined evaporation factors to accurately estimate the optical density at 600 nm (OD600)
value and the amounts of fructose, 5KF, and acetic acid by measuring fructose levels in abiotic incuba-
tion of the fructose medium as follows: 0 h, 1.006 0.009; 0.5 days, 1.02 6 0.009; 1 day, 1.026 0.01; 2
days, 1.046 0.007; 3 days, 1.056 0.008; 4 days, 1.066 0.007; 5 days, 1.076 0.008; 6 days, 1.086 0.01; 7
days, 1.106 0.01; 8 days, 1.136 0.012; 9 days 1.146 0.008; 10 days, 1.156 0.01. We modified the OD600

value and the concentrations of fructose, 5KF, and acetic acid in the culture medium with the evapora-
tion factors.

Purification of native KFR. Gluconobacter sp. strain CHM43 harboring pNMT72 was cultured in
500ml mannitol medium containing 500mg ml21 ampicillin with shaking at 30°C until the late exponen-
tial phase of growth. Cells were harvested by centrifugation at 10,000� g for 10min at 4°C, followed by
washing with 10mM K1-phosphate (pH 6.0) containing 1mM b-mercaptoethanol (b-ME). The cells were
suspended in the same buffer and passed through a French pressure cell press (1,100 kg cm22) twice.
Intact cells and cell debris were removed by centrifugation at 10,000� g for 10min at 4°C, and the mem-
branes were removed from the supernatant by ultracentrifugation at 100,000� g for 1 h at 4°C. The solu-
ble fraction was applied to a DEAE-cellulose column equilibrated with 10mM K1-phosphate (pH 6.0)
containing 1mM b-ME. After the column was washed with the same buffer, KFR was eluted using a lin-
ear gradient system that consisted of 10 and 200mM K1-phosphate (pH 6.0) containing 1mM b-ME.
The collected active fractions were dialyzed with 10mM K1-phosphate (pH 6.0) containing 1mM b-ME.
The dialysate was applied to a ceramic hydroxyapatite (Bio-Rad) column, which had been equilibrated
with the same buffer. The enzyme was eluted with a linear gradient system consisting of 100 and
300mM K1-phosphate (pH 6.0) containing 1mM b-ME. In order to concentrate the protein, the collected
active fractions were dialyzed and applied to a small DEAE-cellulose column and eluted by 200mM K1-
phosphate (pH 6.0) containing 1mM b-ME. The fraction with the highest activity was dialyzed to 10mM
K1-phosphate (pH 6.0) containing 1mM b-ME and was used for crystallization and other enzyme
characterization.

TABLE 4 Oligonucleotides used in this study

Name Sequence (59! 39)a Objectiveb

ex-GLF_2050-5-Hin(1) aagcttcagagacagtctcggaataag kfr1

ex-GLF_2050-3-Xba(2) tctagatggtatgaaaacccctgc kfr1

DGLF_2050-5-Kpn(1) ggtacccattacgcgactgaag Dkfr
DGLF_2050-5-RI(2) gaattccaccatcgccacggtag Dkfr
DGLF_2050-3-RI(1) gaattcggaacagaaaataagtaagc Dkfr
DGLF_2050-3-Xba(2) tctagaaggcagaattactttcctg Dkfr
RI-His6-3C-kfr(1) gaattcgcatcaccatcaccatcacctggaagttctgttccaggggcccagcggacaaggctt N-His6
5KFR-N21S(1) caccccctgcgccgacTCtcctaccgtggcgatg N21S
5KFR-N21S(2) catcgccacggtaggaGAgtcggcgcagggggtg N21S
5KFR-P227Y(1) gttgcggatgtcattTAcaacccgcctcagac P227Y
5KFR-P227Y(2) gtctgaggcgggttgTAaatgacatccgcaac P227Y
5KFR-K72N(1) ctccctgccccacaaCgtcgccgttctcgatc K72N
5KFR-K72N(2) gatcgagaacggcgacGttgtggggcagggag K72N
5KFR-D108N(1) gattggtcataacactAaTggcaagggctttc D108N
5KFR-D108N(2) gaaagcccttgccAtTagtgttatgaccaatc D108N
GOX1959-5-Eco(1) gaattccatatgattgacggtcacacgaaac aroE
GOX1959-3-SphBgl(2) agatctgcatgcggcgaccgtacttttcc aroE
aRecognition sites for the restriction endonucleases (KpnI, EcoRI, XbaI, HindIII, NdeI, SphI, and BglII) are underlined. Uppercase letters show substituted bases.
bDkfr, construction of the Dkfr strain; kfr1, construction of the expression plasmid; N-His6, construction of the gene for N-terminally hexahistidine-tagged KFR.
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Gel filtration column chromatography. The purified enzyme was loaded on a Superdex 200 col-
umn that had been equilibrated with 10mM K1-phosphate (pH 6.0) containing 0.1 M NaCl and 1mM
b-ME. The native molecular mass of KFR was determined by a calibration curve of a standard marker
protein mixture (Oriental Yeast, Tokyo, Japan), which comprised yeast glutamate dehydrogenase
(290 kDa), pig heart lactate dehydrogenase (142 kDa), yeast enolase (67 kDa), yeast myokinase (32 kDa),
and horse heart cytochrome c (12.4 kDa).

Crystallization, data collection, and structural determination of KFR. For crystallization, purified
KFR from the recombinant Gluconobacter sp. strain CHM43 was used. Initial sparse matrix crystallization
screening was performed at 295 K, by hanging-drop vapor diffusion, with 4-ml drops of enzyme against
reservoir solution, using a Hampton PEG/Ion screen kit. Native (ligand-free) KFR was crystallized using
7.6mg/ml enzyme solution and 18% (wt/vol) PEG3350, 0.95 M HEPES-Na (pH 8.0), 140mM calcium ace-
tate, 4.5% (vol/vol) ethylene glycol, and 5% (vol/vol) 1,4-butanediol as the reservoir solution. For crystalli-
zation of the KFR-NADPH complex, drops were prepared by mixing 2 ml of enzyme solution (17mg/ml)
with 1 ml of 20mM NADPH and 2 ml of reservoir solution and were equilibrated against 100 ml of reser-
voir solution at room temperature. Crystals were obtained in 16% (wt/vol) PEG3350, 45mM HEPES-Na
(pH 7.5), 180mM ammonium fluoride, and 19% (vol/vol) 2-methyl-2,4-pentanediol (MPD). The crystals
under both conditions appeared after 1week and grew to the size used for the measurement in 2weeks.
The crystal size used for the X-ray diffraction were approximately 0.13 by 0.07 by 0.02 mm3.

The X-ray diffraction data sets for the native KFR crystal and KFR-NADPH complex crystal were col-
lected from the Synchrotron Radiation Source at the PF beam line BL1A and the PF-AR beam line
NW12A (Tsukuba, Japan). Prior to measurement, the KFR crystals were dipped in a cryoprotectant with
15% glycerol and flash-cooled in a stream of cool nitrogen gas at 95 to ;100 K. As for the KFR-NADPH
complex, since the reservoir contained MPD, the crystals were used without additional cryoprotectant.
The native KFR crystal diffracted to 1.50 Å in cell dimensions of a= 41.53 Å, b=63.47 Å, c= 93.92 Å, and
b = 93.42° with the space group of P 21. The KFR-NADPH complex crystal diffracted to 1.95 Å in cell
dimensions of a=40.50 Å, b= 61.53Å, c= 96.86 Å, and b = 96.82° with the space group of P 21.
Processing and scaling were performed with the program XDS (54) scaling with POINTLESS (55, 56) and
SCALA (55) of CCP4 (23). The parameters of data collection and processing are summarized in Table 5.
The structure was solved by molecular replacement using MOLREP (57) with an initial model of SDH
from Methanocaldococcus jannaschii (PDB entry 1NVT [58]). The structure was manually built in COOT (24)
and refined with REFMAC5 (59) with subsequent rounds of model building, refinement, and structural analy-
sis until Rwork and Rfree of native KFR stabilized to 0.23 and 0.25, respectively. The structure of the KFR-NADPH
complex was refined until Rwork and Rfree stabilized to 0.21 and 0.26, respectively (Table 6). Electron density
for NADPH could be clearly seen in the NADPH-binding pocket. The final structural coordinates and electron
density maps were deposited in the Protein Data Bank (PDB codes 7COK and 7COL for the ligand-free and
NADPH complex forms, respectively). Structural visualization was performed in CCP4mg (60).

We constructed modeled structures of the substrate-bound KFR-NADPH complex on COOT using
Thermus SDH-NADP(H)-shikimate complex (2EV9) (37). Each 5KF form was manually placed on the sub-
strate-binding site of the KFR-NADPH complex by comparing 5KF and shikimate on the Thermus SDH, particu-
larly three hydroxyl groups on C3, C4, and C5 of 5KF and C3, C4, and C5 of shikimate. The structural coordinates
of the substrate were prepared using PRODRG (61).

TABLE 5 Data collection and processinga

Crystal Ligand free NADPH complex
Diffraction source KEK, PF, BL1A KEK, PF-AR, NW12A
Wavelength (Å) 1.1000 1.0000
Temp (K) 100 95.0
Detector Eiger X4M ADSC Quantum270r
Crystal-detector distance (mm) 74.63 244.00
Rotation range per image (°) 0.5 0.5
Total rotation range (°) 240 150
Exposure time per image (s) 1.0 2.0
Space group P21 P21
a, b, c (Å) 41.53, 63.47, 93.92 40.50, 61.53, 96.86
a, b ,g (°) 90.00, 93.42, 90.00 90.00, 96.82, 90.00
Mosaicity (°) 0.20 0.60
Resolution range (Å) 41.45–1.50 (1.58–1.50) 40.21–1.95 (2.06–1.95)
Total no. of reflections 351,914 105,580
No. of unique reflections 77,600 33,451
Completeness (%) 99.5 (99.8) 96.7 (93.1)
Rmerge 0.094 (0.510) 0.060 (0.151)
Redundancy 4.5 (4.7) 3.2 (3.0)
hI/s (I)i 9.4 (3.6) 13.1 (6.3)
Rr.i.m. 0.107 (0.577) 0.072 (0.184)
Overall B factor fromWilson plot (Å2) 13.941 20.890
aValues for the outer shell are given in parentheses.
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Purification of the KFR derivatives. The N-terminally hexahistidine-tagged KFR and the derivatives
with amino acid replacements were expressed in E. coli BL21 grown in 100ml of LB medium containing
50mg ml21 ampicillin. The recombinant E. coli cells were cultivated at 30°C for 12 h, and then isopropyl-
b-D-thiogalactopyranoside (IPTG) was added to the final concentration of 1mM to induce the synthesis
of His-tagged KFR by additional cultivation at 30°C for 12 h. Cells were collected by centrifugation at
10,000� g for 10min at 4°C and washed twice with 20mM Na1-phosphate (pH 7.8) containing 500mM
NaCl. Cells were disrupted with a French pressure cell press, and then the soluble fraction was obtained
by ultracentrifugation as described above. The soluble fraction (1ml) was mixed with 40ml of nickel-
nitrilotriacetic (Ni-NTA) affinity beads (Toyobo, Tokyo, Japan). The beads were washed twice with 20mM
Na1-phosphate (pH 6.0) containing 500mM NaCl and 10 mM imidazole. The His-tagged KFR was eluted
with 20mM Na1-phosphate (pH 6.0) containing 500mM NaCl and 75 mM imidazole.

Enzyme assay and kinetics. KFR activity was measured by monitoring the oxidation of 0.1mM
NADPH at 340 nm with 5mM 5KF in 50mM K1-phosphate (pH 7.5) in a total reaction volume of 1ml at
25°C. The oxidation reactions were measured by monitoring the reduction of 0.25mM NADP1 at 340 nm
with 10mM fructose or 100mM shikimate in 50mM Na1-glycine buffer (pH 10) in a total reaction vol-
ume of 1ml at 25°C. The background activity without substrate (5KF, fructose, and shikimate) was moni-
tored, which was subtracted from the activity with substrate to calculate the net activity. The Vmax and
Km values were determined on KaleidaGraph v4.5 (Synergy Software, Reading, PA, USA).

Sequence data retrieval and phylogenetic tree construction. The 1,964 genome sequences (one
genus per one genome) were downloaded from the NCBI Reference Sequence (RefSeq) FTP website at
ftp.ncbi.nlm.nih.gov/genomes/refseq/. For phylogenetic analysis, we performed a BLASTP search against
all protein-coding sequences from the 1,964 genomes using amino acid sequences of 6 functionally vali-
dated protein sequences, GLF_2050, AroE-like protein of Pseudomonas putida (Pp_Ael1) (28, 29), amino-
shikimate dehydrogenase of Pseudomonas putida (Pp_RifI2) (30), SDH of Thermus thermophilus (Tt_AroE),
SDH-like protein of Haemophilus influenzae (Hi_SdhL) (31), SDH of Corynebacterium glutamicum
(Cg_AroE) (32), and quinate dehydrogenase of C. glutamicum (Cg_QDH) (33) as the query (62). The ho-
mologous set was selected with a BLASTP filtering expectation value (E value) of #10210 and sequence
overlap of$70%. All homologous hits from each query were collected, and the merged unique
sequence data set was used for phylogenetic tree construction. Input amino acid sequences were
aligned using MUSCLE v3.8.31 and used for phylogenetic construction (63, 64). The MEGAX v10.1.8 pack-
age was used to generate the phylogenetic tree to study the phylogenetic relationships using the neigh-
bor-joining (NJ) approach (65, 66). Functionally validated protein sequences used as the queries for the
BLASTP searches were also included in the phylogenetic analysis.

Visualization of consensus sequences in active sites from each phylogenetic clade. The nine
active site amino acid residues from each phylogenetic clade were used as input into WebLogo to assess
the common consensus sequence. The sequences were illustrated with WebLogo using stacks of

TABLE 6 Structure solution and refinementa

Crystal Ligand free NADPH complex
Resolution range (Å) 41.453–1.500 40.213–1.950
Completeness (%) 99.367 96.440
s cutoff 0 0
No. of reflections, working set 73,708 31,710
No. of reflections, test set 3,862 1,723
Final Rwork 0.2319 0.2085
Final Rfreeb 0.2544 0.2637

No. of non-H atoms
Protein 3,992 4,005
Ligand (NADPH) 96
Water 231 399

RMS deviationsc

Bonds (Å) 0.0092 0.0092
Angles (°) 1.3870 1.4284

Avg B factors (Å2)
Protein 17.66 23.40
Ligand (NADPH) 33.97
Water 24.45 33.31

Ramachandran plot
Most favored (%) 98.9 97.8
Allowed (%) 1.1 2.0

aValues for the outer shell are given in parentheses.
bRfree was monitored with 5% of the reflection data excluded from the refinement.
cRMS, root mean square.
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symbols, one stack for each position in the sequence. The size of the symbols within the stack indicates
the relative frequency of each amino acid at that position (67).
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