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Abstract We describe here the characterization of a novel
enzyme called aldose-aldose oxidoreductase (Cc AAOR; EC
1.1.99) from Caulobacter crescentus. The CcAAOR exists in
solution as a dimer, belongs to the Gfo/Idh/MocA family and
shows homology with the glucose-fructose oxidoreductase
from Zymomonas mobilis. However, unlike other known
members of this protein family, Cc AAOR is specific for al-
dose sugars and can be in the same catalytic cycle both oxidise
and reduce a panel of monosaccharides at the C1 position,
producing in each case the corresponding aldonolactone and
alditol, respectively. Cc AAOR contains a tightly-bound nic-
otinamide cofactor, which is regenerated in this oxidation-
reduction cycle. The highest oxidation activity was detected
on D-glucose but significant activity was also observed on D-
xylose, L-arabinose and D-galactose, revealing that both hex-
ose and pentose sugars are accepted as substrates by Cc
AAOR. The configuration at the C2 and C3 positions of the
saccharides was shown to be especially important for the sub-
strate binding. Interestingly, besides monosaccharides, Cc
AAOR can also oxidise a range of 1,4-linked oligosaccharides
having aldose unit at the reducing end, such as lactose, malto-
and cello-oligosaccharides as well as xylotetraose. 1H NMR
used to monitor the oxidation and reduction reaction simulta-
neously, demonstrated that although D-glucose has the highest
affinity and is also oxidised most efficiently byCcAAOR, the

reduction of D-glucose is clearly not as efficient. For the over-
all reaction catalysed by Cc AAOR, the L-arabinose, D-xylose
and D-galactose were the most potent substrates.

Keywords Enzyme catalysis . Glucose-fructose
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Introduction

Plant biomass provides a convenient source of sugars for fu-
ture biorefineries, being renewable and providing a way to
reduce green-house gas emissions. D-glucose is currently the
most utilised monosaccharide for biotechnological processes,
such as bioethanol production. However, plant cell wall hemi-
celluloses could provide a range of other monosaccharides,
most notably D-xylose and L-arabinose, for further biochemi-
cal conversions, e.g. for sugar acids or sugar alcohols having a
wide set of application potential (Peng et al. 2012; Dumon
et al. 2012). We have been interested in finding enzymes for
sugar oxidation reaction pathways and have also carried out
biochemical characterisation of a set of different oxidative
enzymes involved in these pathways (Boer et al. 2010; Toivari
et al. 2012; Aro-Kärkkäinen et al. 2014).

The Cc aaor gene was discovered from the bacterial strain
ofCaulobacter crescentusCB15 by its sequence homology to
some xylose dehydrogenases (Johnsen and Schönheit 2004;
Berghäll et al. 2007), and it had originally been annotated as a
glucose-fructose oxidoreductase (GFOR, EC 1.1.99.28). The
glucose-fructose oxidoreductase of Zymomonas mobilis (Zm
GFOR) is the only well-characterised GFOR type of enzyme.
ZmGFOR is a periplasmic enzyme catalysing NADP+-depen-
dent oxidation of D-glucose to D-glucono-1,5-lactone coupled
to the reduction of D-fructose to D-sorbitol (Zachariou and
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Scopes 1986; Hardman and Scopes 1988; Kingston et al.
1996). Consequently, the enzyme has two substrates, D-glu-
cose and D-fructose, and two products, D-glucono-1,5-lactone
and D-sorbitol. The biological role of ZmGFOR is assumed to
be in resisting osmotic stress at high sugar concentrations
(Kingston et al. 1996). ZmGFOR has been reported to oxidise
besides D-glucose, also some disaccharides (lactose and malt-
ose), while the reduction reaction seems to require the keto
sugar D-fructose (Zachariou and Scopes 1986; Malvessi et al.
2013). The cofactor NADP+ is tightly bound to the enzyme
and alternates between the reduced NADPH and the oxidized
NADP+ states. Zm GFOR is synthesized in the bacterial cyto-
sol as an active precursor, called preGFOR, containing a sig-
nal peptide of 52 amino acids (Kanagasundaram and Scopes
1992; Wiegert et al. 1997). The 3D structure of ZmGFOR has
shown that it is a homotetrameric enzyme (4 × 42 kDa) where
an extended N-terminal region in each monomer is involved
in the tetramer formation (Kingston et al. 1996; Lott et al.
2000). Each monomer is composed of two domains. The N-
terminal domain displays a classical dinucleotide binding or
Rossmann fold, and the C-terminal substrate-binding domain
is characterised by an antiparallel nine-stranded β-sheet. The
active site pocket is located between these two domains. The
Cc aaor gene belongs to the Gfo/Idh/MocA family (Pfam:
PF01408), similarly to the GFOR type of enzymes, which is
characterized by the use of NAD(P) as a cofactor. Here, we
describe the purification and detailed biochemical characteri-
sation of the Cc AAOR enzyme. Using circular dichroism, a
colorimetric assay and 1H NMR spectroscopy on a panel of
mono- and oligosaccharides and related compounds, we were
able to assess details of the reactions carried out by CcAAOR
and show that the enzyme differs clearly in its properties from
those of Zm GFOR. Homology modelling was additionally
used to interpret our results. Our results demonstrate that Cc
AAOR is a unique enzyme having application potential in
various biorefinery-related applications.

Materials and methods

Cloning of the Caulobacter crescentus gene CC1225 (Cc
aaor)

The cloning of the glucose-fructose oxidoreductase type en-
zyme encoding gene from C. crescentus strain CB15
(CC1225, Gene ID: 941,619, AAK23207.1, NCBI), hereafter
called Cc aaor, was done using the synthetic Cc aaor gene
(codon optimized for Saccharomyces cerevisiae by Gene Art,
Germany; deposited sequence KR269738) that was ligated
into the BglII site between the PGK1 promoter and terminator
of the vector YEplac195+ PGK1PT (B1181) and transformed
into the S. cerevisiae strain CEN.PK 113-17A.

Expression of Cc AAOR in S. cerevisiae and enzyme
purification

The Cc AAOR protein was expressed in S. cerevisiae in 2 l of
selective medium lacking uracil with D-glucose as carbon
source. For purification purpose, the cells were collected and
suspended in 40 ml of lysis buffer (40 mM K-MES, pH 6.5),
supplemented with protease inhibitors (Complete Mini
EDTA-free protease inhibitor, Roche) and broken with glass
beads or with a combination of French press and sonication.
The CcAAORwas purified by a single cation exchange chro-
matography step using a 20 ml HiPrep 16/10 SP FF column
(GE Healthcare). The column was equilibrated with 40 mM
K-MES pH 6.5 buffer, and the protein was eluted using a
linear gradient of 400 mM KCl in the equilibration buffer.
Active fractions were pooled based on activity towards D-xy-
lose analysed by DCPIP-PMS assay (see below for more de-
tails for the assay) and concentrated by Vivaspin 20 centrifu-
gal concentrator (MWCO 10,000 Da). The buffer was
changed to 40 mM K-MES pH 6.5 by gel filtration on a PD-
10 column (GE Healthcare Life Science, Uppsala, Sweden).
Purification of the Cc AAOR enzyme was followed by SDS-
PAGE analysis (10 % Citerion Stain Free gel, Bio-Rad), and
the proteins were visualized using the Bio-Rad’s Criterion
Stain Free gel imaging system (Bio-Rad Laboratories Inc.,
Hercules, CA, USA).

The protein concentration of the cell extracts was measured
with the Bio-Rad DC protein assay kit using bovine serum
albumin (BSA) as a standard (Bio-Rad Laboratories). The
concentration of the purified protein was calculated from
A280 measured with a NanoDrop spectrophotometer
(NanoDrop technologies, Wilmington, Delaware, USA),
using a theoretical extinction coefficient calculated by
ProtParam (ε = 33,350 M−1 cm−1) (http://au.expasy.org/
tools/protparam.html).

Protein identification, molecular weight determination
of intact protein and N-terminal sequencing

The purified Cc AAOR was identified by peptide mass fin-
gerprint mapping after alkylation and trypsin digestion with
MALDI-TOF. Protein samples with BSA as a control were
separated on a 12 % SDS-PAGE gel (Bio-Rad Laboratories),
stained with PageBlue Coomassie stain (Fermentas) and
followed by in-gel digestion with trypsin (Rosenfeld et al.
1992). The peptide extraction from gel and sample preparation
was performed as described previously (Boer et al. 2010).

For protein mass determination, the purified Cc AAOR
was desalted using a C-18 matrix (Eppendorf Perfect Pure
C-18 Tip). The saturated matrix solution was prepared by
dissolving recrystallized sinapinic acid (Fluka) in a 50 % ace-
tonitrile in 0.1 % trifluoroacetic acid solution. Equal volumes
of desalted protein sample or calibration standard (protein
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calibration standard II, Bruker Daltonics, Germany) were
mixed with the saturated matrix solution and applied onto
the target (target plate ground steel T F, Bruker Daltonics).
The protein mass was determined by MALDI-TOF MS using
a Bruker Autoflex II mass spectrometer. FlexAnalysis soft-
ware (Bruker Daltronics) was used for the data analysis.

To determine the N-terminal amino acid sequence of the
intact Cc AAOR, the purified protein was electroblotted to a
PVDF membrane from a SDS-PAGE gel and the protein band
was analysed by N-terminal Edman sequencing using an ABI
494 sequencer by Alphalyse A/S Odense, Denmark.

Determination of the protein oligomeric state

Analysis of the oligomeric state of Cc AAOR was performed
at 22 °C using a Superdex 200 HR 10/30 column (GE
Healthcare). Cc AAOR (175 μg in 250 μl) was injected onto
the column equilibrated with the running buffer (50 mM Tris-
Cl, pH 6.5, 150 mMNaCl). The eluted fractions (0.5 ml) were
monitored at 280 nm and also analysed by SDS-PAGE gel
electrophoresis. The molecular mass standards used were fer-
ritin (440,000 Da), aldolase (158,000 Da), ovalbumin (44,
000 Da) and ribonuclease (13,700 Da). The void volume of
the column was determined by running thyroglobulin. A stan-
dard curve used for determining the oligomeric state of the Cc
AAOR was generated by plotting elution volume against log
MWand fitted to a linear equation.

Enzyme activity measurements

The oxidoreductase activity was measured with various
methods. The product formation from the oxidation reaction
of Cc AAOR with a given substrate was initially analysed by
circular dichroism (CD) (Jia et al. 2009). The reaction samples
for the CD were prepared by incubating 10.5 μg of the puri-
fied Cc AAOR enzyme with 800 mM of a given substrate in
the presence of 100 mM potassium phosphate buffer pH 6.5 in
a reaction volume of 400 μl at 22 °C. The reaction was
stopped by incubating the reaction mix at 100 °C for
10 min, spinning down any precipitates (14,800 rpm, 4 °C,
10min) and collecting the liquid phase. CD samples were then
incubated at 100 °C in pH 0.5–0.6 for 10 min prior to mea-
surements in order to convert the open sugar acid form to the
detectable lactone form (Pocker and Green 1973). A standard
curve was prepared for each lactone product (D-gluconate, D-
xylonate and D-lyxonate heated in acid prior to measurements)
over a range of 0 to 5 mM. All standard curves prepared were
fitted linearly with R2 > 0.98. The CD spectra were measured
using a Chirascan spectropolarimeter (Applied Photophysics)
equipped with a cooler unit (Julabo AWC100) and a thermal
monitor unit (Quantum Northwest TC125). CD spectra were
recorded using 190–280 nm spectral width in 0.5 nm incre-
ments, with a time-per-point setting of 0.5 s in a QS quartz

cuvette (Hellma) having a 1 mm light path. All spectra were
measured in duplicate and averaged, and the resulting spectra
smoothed with a window setting of 4. A wavelength of
230 nm was used for sugar acid quantification. This wave-
length was chosen to avoid interference from the substrate
solutions below 230 nm.

The oxidation reaction of purified Cc AAOR was also
measured spectrophotometrically using a phenazine
methosulfate (PMS) mediated reduction of 2,6-dichlorophe-
nol indophenol (DCPIP) measured continuously at 600 nm
(Rokosh et al. 1973). The measurements were conducted in
96-well microtitre plates in 100 mM potassium phosphate
buffer pH 6.5, 22 °C (Halaka et al. 1982). The reaction mix-
ture contained an aldose sugar as the substrate (typically
10 mM), 150 μMDCPIP and 100 μMPMS in a total reaction
volume of 300 μl. The reaction mix without the enzyme was
pre-incubated in the wells for 5–10 min at 22 °C before initi-
ating the reaction by adding the enzyme. The amount of en-
zyme (in the range of approximately 8–80 μg/reaction and
corresponding to 0.72–7.2 μM) used for each reaction was
varied according to the needs of the experiment. The substrate
concentration was also varied in the substrate specificity mea-
surements in the range of 0.1 to 50 mM. Later, this assay was
also carried out basically as described above but without PMS,
as PMS was shown not to be essential for the reaction.

pH optimum and stability of Cc AAOR

The pH optimum of the purified Cc AAOR oxidoreductase
(0.07 μg/μl) was determined in the pH range 2.5 to 10.0 using
10 mM D-xylose, 150 μM DCPIP and 100 μM PMS with
McIlvaine (50 mM, pH 2.5–7.3), Tris-HCl (100 mM,
pH 7.0–9.1) and glycine (100 mM, pH 9.0–10.1) buffers.
The storage stability of Cc XXOR was determined by incu-
bating the purified enzyme in 40 mM MES buffer, pH 6, at
−80 °C. The activity was followed for 4 months and was
assayed using 10 mM D-xylose as substrate.

NMR spectroscopy

The NMR spectra were acquired at 22 °C on a 600 MHz
Bruker Avance III spectrometer equipped with a QCI cryo-
probe and SampleJet sample changer. For the 1H NMR spec-
tra, 32 scans with four dummy scans were acquired, and the
water signal was suppressed by 4 s volume selective
presaturation (so called 1D noesy presaturation) (Neuhaus
et al. 1996) using Bruker’s pulse programme noesygppr1d.
The spectra were processed by Topspin software (Bruker, v
3.2) and integrated by Amix software (Bruker, v. 3.9.14). The
FIDs were multiplied by a 0.4 Hz line broadening function
prior to the Fourier transformation.

The 1H NMR monitoring of the Cc AAOR reactions was
carried out in 50 mMNa-phosphate buffer, pH 6.8. The NMR
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samples contained 40 % of D2O and 0.0025 % (w/w) of
3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, TSP (both from
Sigma Aldrich, St. Louis, MO, USA). In the reaction mixtures
used for the structure determination of the products, the sub-
strate concentration was 10 mM, while in the reaction where
the consumption rates of the substrates was followed, the sub-
strate concentration was 1 mM. When DCPIP was used in
these experiments, the concentration of 1.5 mM was used. In
all NMR experiments, 30 μg (corresponding to approx.
0.8 nmol) of purified Cc AAOR enzyme was used. Typically,
an NMR spectrum was first recorded without the enzyme,
after which the reaction was initiated by adding the enzyme
and the reaction was monitored by 1H NMR. The reactions
lasting for several days were conducted in parallel using the
preheater block of the SampleJet sample changer as an incu-
bator. This was achieved by a special modification of the
SampleJet firmware provided by Bruker. L-arabino-1,4-, D-
xylono-1,4- and D-galactono-1,4-lactones used as reference
compounds in the NMR studies were prepared from the cor-
responding commercial aldonic acids essentially as described
in Lien (1959)) by incubating in 0.1 M HCl at 95 °C for 2 h.
Their structures were verified by 2D DQFCOSY and HSQC
NMR experiments. In DQFCOSY, the suppression of the wa-
ter signal was achieved by 3-9-19 watergate pulse sequence
with gradients (Bruker pulse programme cosydfgpph19). For
multiplicity edited HSQC, Bruker’s pulse programme
hsqcedetgpsisp2.3 was employed.

Homology modelling of Cc AAOR

The primary amino acid sequence of Cc AAOR with the sig-
nal sequence (366 amino acids) was used to build a 3D model
of the enzyme by SWISS-MODEL (Peitsch 1995; Arnold
et al. 2006; Kiefer et al. 2009). The homology search was
extended to the whole RCSB Protein Data Bank using the
automated sequence search, and the best hit was found for a
structure of preGFOR in complex with glycerol (PDB acces-
sion code 1h6d). The preGFOR in this complex structure is a
mutant (R30K, R31K) of the Zm GFOR containing also the
signal sequence (Nurizzo et al. 2001). A superposition of the
template ZmGFOR (PDB:1h6d) and the modelled Cc AAOR
structures show an average RMSD (root mean square devia-
tion) value of 0.48 Å based on the backbone Cα atoms. The
Ramachandran plot of the model shows all but two of the
residues (Cys274 and Asn275) in the allowed regions (Gly
and Pro residues excluded). The QMEAN score (Benkert
et al. 2008) for the model structure was 0.66, and the estimated
absolute quality of this QMEAN score was −1.07 (Benkert
et al. 2011) as calculated by the QMEAN server (Benkert
et al. 2009). Images were prepared and RMSD values calcu-
lated with the programme CCP4MG (Potterton et al. 2004).
The Ramachandran plot was visualized with Swiss-
PDBViewer (Guex and Peitsch 1997).

Results

Production and purification of Cc AAOR

TheCc aaor gene, containing its predicted 27 amino acid long
signal sequence, was expressed in S. cerevisiae and purified
from cell extract. To facilitate purification, an affinity tag
(Strep II sequence) was initially attached to the protein
encoding sequence either at the N- or C-terminus or at the
N-terminus in combination with a TEV protease cleavage site.
However, none of the tagged proteins bound to the Strep-
tactin column, and therefore, non-tagged protein was
expressed instead and purified. Due to the high pI of Cc
AAOR (theoretical pI = 8.86 by ExPASy-ProtParam (http://
web.expasy.org/protparam), it was possible to purify the
enzyme with over 90 % purity using cation exchange
chromatography (Fig. 1). Approximately 9 mg of purified
protein was obtained from 1-l yeast cell culture.

The calculated molecular weight of the Cc AAOR protein
(with its signal sequence) is 39.8 kDa, and the major band
after purification migrated at about 35 kDa in a SDS-PAGE
gel (Fig. 1, lane 1). To confirm that the Cc aaor gene encoded
the observed protein band, tryptic peptide mass fingerprint
analysis of freshly purified protein was performed and the
identified peptides matched the predicted masses derived from
the translated sequence of theCc aaor gene. Upon storage at +
4 °C, however, the mass of the purified Cc AAOR decreased
slightly, and within 6 days, the protein migrated as a bandwith
a lower molecular weight (Fig. 1, lanes 2 to 5). No further
change in size was detected after longer storage times. Cc
AAOR was also found to retain more that 90 % of its activity
after storage for 4 months at −80 °C. The mass of the lower
molecular weight protein band was measured by MALDI-
TOF analysis to be 37.2 kDa, which is equal to the calculated
mass of Cc AAOR without its signal sequence, 37.2 kDa.
Furthermore, N-terminal sequencing of this protein band

Fig. 1 SDS-PAGE of Cc AAOR protein purified from yeast. Lane 1
indicates molecular weight marker in kDa; lane 2 indicates freshly
purified Cc AAOR; lanes 3–5 indicate purified Cc AAOR after 1, 2 and
5 days, respectively
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showed the four first amino acids to be Ala-Gln-Pro-Gly,
which confirmed that the purified stable Cc AAOR form
was lacking its signal sequence. By gel filtration chromatog-
raphy at pH 6.5,CcAAORwas shown to be approx. 70.4 kDa
in molecular mass, corresponding to a dimeric protein.

Properties of Cc AAOR

UV-vis absorption spectra of the purified Cc AAOR showed
an absorption peak at 274 nm. Upon addition of D-xylose to
the enzyme, another peak appeared at 340 nm without adding
free NADH or NADPH to the reaction. Since the reduction of
a nicotinamide cofactor is known to be accompanied by a
change in a major absorption band at 340 nm, this result sug-
gested the presence of an enzyme-bound nicotinamide cofac-
tor (Fig. 2). In the sequence of Cc AAOR, a conserved
glycine-rich fingerprint motif characteristic within proteins
displaying the dinucleotide-binding Rossmann fold can be
found, and our modelling studies (see below) further sug-
gested that the protein indeed contains a Rossmann fold.
The NADP+-binding site of the Gfo/Idh/MocA family mem-
bers with solved 3D complex structures (Zm GFOR and
Sinorhizobium morelense 1,5-anhydro-D-fructose reductase,
PDBs: 1h6d and 2glx, respectively) has a similar, positively
charged pocket for the 2′-phosphate group of the cofactor,
composed in the case of Zm GFOR of Ser116, Gly117,
Lys121 and Tyr 139 (Hanukoglu and Gutfinger 1989; Kings-
ton et al. 1996; Nurizzo et al. 2001; Dambe et al. 2006). On the
other hand, the NAD+-binding site in known Gfo/Idh/MocA
family members (e.g. Bacillus subtilis inositol dehydrogenase,
PDB:3nt2) often contain negatively charged residues (Asp or
Glu) in this region (Wiegert et al. 1997; Zheng et al. 2013).
Based on our 3D model and sequence alignments, the Cc
AAOR seems to contain the positively charged binding pock-
et for the 2′-phosphate group, where all the above-mentioned

four residues are conserved (Ser66, Gly67, Lys71 and Tyr89).
This suggests that the oxidised form of the nicotinamide co-
factor bound in Cc AAOR is NADP+ rather than NAD+.

Protein model of Cc AAOR

A 3D protein model of Cc AAOR was constructed using the
structure of Zm preGFOR (PDB:1h6d) as a template (Nurizzo
et al. 2001). This is a mutated version (R30K, R31K) of the
wild-type Zm GFOR, containing due to the two amino acid
mutations the uncleaved signal sequence (amino acids 1–52)
and having 46 % sequence identity with the Cc AAOR (con-
taining the signal sequence at amino acids 1–27). In the deter-
mined crystal structure of Zm preGFOR, the signal sequence
is, however, not detected and it is believed to be very flexible
and mobile. The 3D model structure of Cc AAOR spans the
residues 25–366 excluding most of the putative signal se-
quence, thus corresponding to the yeast purified Cc AAOR
protein lacking the signal sequence (see above). The Cc
AAOR monomer model displayed a bi-domain structure hav-
ing an N-terminal dinucleotide-binding Rossmann fold and a
C-terminal substrate-binding domain (Fig. 3). The Cc AAOR
model structure differs clearly at the N-terminal region, which
is only approximately seven amino acids long in Cc AAOR
but about 31 amino acids long, having basically no tertiary
structure, in the 3D structure of Zm preGFOR. This region has
been suggested to have a role in multimer formation of Zm
GFOR (Lott et al. 2000). Additionally, a conserved pair of
Asp and Tyr has been identified as the amino acids important
for the catalytic activity of Gfo/Idh/MocA family members,
where the Tyr (sometimes replaced by a His or an Asn) has
been suggested to act as the acid/base catalyst. In Zm
preGFOR, these residues correspond to Asp265 and Tyr269,
and this Asp-Tyr pair is also identified in CcAAOR (Asp212-
Tyr216) (Kingston et al. 1996; Nurizzo et al. 2001).

Determination of Cc AAOR activity by circular dichroism
and colorimetry

The product formation of the oxidation reaction by CcAAOR
was initially analysed by CD spectroscopy. The chiral prod-
ucts of Cc AAOR using D-xylose and D-glucose showed CD
spectra with negative CD bands at approx. 218 nm, which
were identical to the CD spectra for chemically produced
xylono- and gluconolactones (Figure S1). The CD study
showed that Cc AAOR is able to oxidize both a pentose (D-
xylose) and a hexose (D-glucose) monosaccharide into the
corresponding aldonolactone (Figure S1). No lyxono-lactone
was detected when D-lyxose was incubated with Cc AAOR,
suggesting that this sugar is not a substrate.

For more detailed measurements of the substrate specificity
concerning the oxidation half-reaction byCcAAOR, the com-
monly used colorimetric DCPIP-PMS assay was applied. This

Fig. 2 UV-VIS absorption spectra of 2 nmol of the purified Cc AAOR
before (dashed line) and after addition of 50 mM D-xylose (solid line).
The peak at 340 nm appeared after the addition of the substrate
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type of assay is faster to conduct and requires much less en-
zyme than monitoring the product formation by CD. The pH
optimum of Cc AAOR on D-xylose using the DCPIP-PMS
assay was determined to be 6.5 (data not shown), which, how-
ever, may reflect the pH optimum of the used redox mediator
DCPIP. Nevertheless, pH 6.5 was used for all activity assays
unless otherwise stated. The substrate specificity of the oxida-
tion reaction was first measured with 21 different
monosaccharide-based compounds, including various aldose
sugars, keto sugars, sugar alcohols and sugar acids (Table 1).
In general, only aldose sugars having a free anomeric carbon
seemed to be substrates for the oxidation reaction. Subse-
quently, also a panel of oligosaccharides of different type
and length was tested as substrates (Table 1). The results ob-
tained showed that Cc AAOR also oxidises oligosaccharides,
provided that they contain an aldose sugar at their reducing
end. Out of the 21 monosaccharide-based compounds, the
oxidation reaction of seven pentose and hexose sugars was
characterised in detail, using a range of substrate concentra-
tions (up to 50 mM) (Fig. 4). The highest oxidation activity
was detected on D-glucose (kcat = 2.1 min−1) but significant
activity was also observed on D-xylose, L-arabinose and D-
galactose. On mannose Cc AAOR exhibited much lower ac-
tivity than on the four most active sugars, and practically no
oxidation activity was detected on either D-ribose or D-lyxose
(Fig. 4). The low or lack of activity on D-mannose and D-
lyxose (which are both C2 epimers of the four monosaccha-
rides showing the highest activity, Fig. 4), as well as the low

activity on D-ribose (C3 epimer of the top four sugars, Fig. 4)
showed the -OH configuration at positions C2 and C3 of the
monosaccharides to be important for substrate recognition. By
using various substrate concentrations, the Km values for the
four best monosaccharides were found to vary between 0.03
and 0.52 mM (Table 2, Fig. 4). Consequently, the catalytic
efficiency constant (kcat/Km) was highest for D-glucose being
approx. 70 mM−1 min−1. The catalytic efficiency constants for
D-xylose and L-arabinose were fourfold lower and for D-ga-
lactose 17-fold lower than for D-glucose (Table 2).

Characterization of Cc AAOR catalysed reaction
and substrate specificity by NMR spectroscopy

Using 1HNMR, wewere able to follow both the reduction and
the oxidation half-reactions simultaneously over time and able
to identify the products of both reactions. A number of mono-
and oligosaccharides were studied as substrates of Cc AAOR
(Table 1) by following their conversion rates (disappearance
of their 1H NMR signals) with and without the presence of the
artificial electron acceptor DCPIP. Concerning the monosac-
charides, L-arabinose, D-galactose, D-xylose, D-glucose and D-
mannose were accepted as substrates invariably whether
DCPIP was added to the reaction or not (Table 2). The reac-
tions with D-fructose, L-rhamnose, 1-deoxy-glucose, 2-deoxy-
glucose and methylα-D-glucopyranoside were also studied by
1HNMR both in the presence and absence of DCPIP, but none
of these sugars were accepted as a substrate by the Cc AAOR

Fig. 3 Schematic figure of the
protein sequence motifs of Cc
AAOR and Zm GFOR (upper
panel) and the corresponding 3D
structures (lower panel). Ss signal
sequence, N N-terminal region, R
Rossmann fold, β open faced β-
sheet. Structural model of the Cc
AAOR (residues 25–366) (3D
structure on left) is based on a
template structure of a mutated
Zm preGFOR monomer in
complex with glycerol (PDB
entry 1h6d, residues 51–433) (3D
structure on right)
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(Table 1). These results confirmed that the enzyme both
oxidises and reduces these aldose substrates (L-arabinose, D-
galactose, D-xylose, D-glucose and D-mannose). Moreover,
this supported the importance of the free OH-group at C1
and C2 positions of the substrate for the reaction to occur,
although the slow conversion of D-mannose shows that equa-
torial configuration of the OH-group at C2 position is not an
absolute requirement. When the monosaccharides were stud-
ied as the substrates for both the oxidation and reduction, i.e.

without added DCPIP, the best substrate was L-arabinose. The
reactions with D-galactose and D-xylose were, however, al-
most as efficient (Fig. 5a, Table 2). The conversion of D-glu-
cose and D-mannose was, on the other hand, much slower.
Although the α and β anomers of the substrates can be detect-
ed separately by NMR, the much higher rate of the
mutarotation compared to the rate of Cc AAOR reaction ob-
structs determination of the anomer specificity of the enzyme
from these results.

Table 1 Summary of all the compounds used to test the substrate specificity of Cc AAOR analysed by DCPIP-PMS assay (at 10 mM concentration,
pH 6.5, 22 °C) or 1H NMR (at 1 mM concentration, pH 6.8, 22 °C)

Substrate Activity detected Measurement method

D-glucose + 1H NMR; DCPIP-PMS

D-galactose + 1H NMR; DCPIP-PMS

D-xylose + 1H NMR; DCPIP-PMS

L-arabinose + 1H NMR; DCPIP-PMS

D-mannose + 1H NMR; DCPIP-PMS

D-ribose − DCPIP-PMS

D-lyxose − DCPIP-PMS,

D-fructose − 1H NMR; DCPIP-PMS

D-fucose (6-deoxy-D-galactose) + DCPIP-PMS

L-rhamnose (6-deoxy-L-mannose) − 1H NMR; DCPIP-PMS

D-arabinose − DCPIP-PMS

1-deoxy-D-glucose (1,5-anhydroglucitol) − 1H NMR; DCPIP-PMS

2-deoxy-D-glucose − 1H NMR; DCPIP-PMS

Methyl α-D-glucopyranoside − 1H NMR; DCPIP-PMS

Sorbitol − DCPIP-PMS

Galactitol − DCPIP-PMS

Xylitol − DCPIP-PMS

Arabitol − DCPIP-PMS

Ribitol − DCPIP-PMS

D-gluconic acid − DCPIP-PMS

D-xylonic acid − DCPIP-PMS

Cellobiose (β-D-Glc-(1 → 4)-D-Glc) + 1H NMR; DCPIP-PMS

Maltose (α-D-Glc-(1 → 4)-D-Glc) + 1H NMR; DCPIP-PMS

Sucrose (glc-α-D-Glc-(1 → 2)-β-D-Fru) − 1H NMR; DCPIP-PMS

Lactose β-D-Gal-(1 → 4)-D-Glc + 1H NMR; DCPIP-PMS

Cellotriose + DCPIP-PMS

Maltotriose + 1H NMR; DCPIP-PMS

Raffinose
(α-D-Gal-(1 → 6)-α-D-Glc-(1 → 2)-β-D-Fru)

− 1H NMR; DCPIP-PMS

Cellotetraose + DCPIP-PMS

Maltotetraose + 1H NMR; DCPIP-PMS

1,4-β-D-xylotetraose + 1H NMR

1,5-α-L-arabinotetraose − 1H NMR

Stachyose (α-D-Gal-(1 → 6)-α-D-Gal-(1 → 6)-α-D-Glc-(1 → 2)-β-D-Fru) − DCPIP-PMS

Cellopentaose + DCPIP-PMS

Maltopentaose + DCPIP-PMS

Cellohexose + DCPIP-PMS

Maltohexose + 1H NMR; DCPIP-PMS
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In order to determine the structures of the reaction prod-
ucts, 1HNMR spectra were acquired after full conversion of L-
arabinose, D-xylose, D-galactose and D-glucose without the
addition of DCPIP. As an example, the NMR spectrum after
completion of the reaction with the best substrate, L-arabinose,
is shown in Fig. 6a. As is obvious from the figure, the spec-
trum of the reaction product is identical to the sum of the
spectra of arabitol and L-arabonate. Consistent with the above
observed importance of the C1 position for the Cc AAOR
reaction, this result indicates that both the reduction and the
oxidation reaction take place at C1 position of L-arabinose. A
similar result was obtained with the other three monosaccha-
rides, the products always being the corresponding alditol and
aldonate (data not shown).

When the reaction of L-arabinose was followed in real time
by 1H NMR, a third reaction product was transiently detected.
This is illustrated in Fig. 6b showing the 1H spectrum of the

reaction mixture before addition of the enzyme to the reaction
(Fig. 6b, top panel), at a time point when the third product is
easily detected during the course of the reaction (Fig. 6b, middle
panel) and after the completion of the reaction (Fig. 6b, lower
panel). The overall time course of the reaction (Fig. 6c) reveals
that in the beginning of the reaction, the production rate of L-
arabonate was slower than that of arabitol, whereas the concen-
trations of the two end-products converge at the end of the reac-
tion. Because the transient product was suspected to be a lactone
of the L-arabonate, a model compound was produced from com-
mercial L-arabonate by incubating it in low pH at 95 °C. This
converts the aldonic acid to the corresponding lactone (Lien
1959). The model compound had 1H NMR spectrum identical
to that of the transient product. Because 1,4-lactones in general
are more stable than 1,5-lactones (Theander 1980), it was
suspected that the model compound product is L-arabino-1,4-
lactone. In order to verify the structure and, in particular, to rule

Fig. 4 Oxidation of selected
pentose and hexose sugars by Cc
AAOR, measured here with three
different substrate concentrations
(0.1, 0.5 and 2.5 mM) at pH 6.5
and 22 °C, using the DCPIP
method (described in the
Materials and Methods section).
The Fischer projection of each
substrate is included under each
legend label for reference. Bars
represent averages with n = 3 and
the error bars represent SEM. The
activities were also measured in
all cases up to 50 mM
concentrations, but are omitted
from this figure as no extra
information was obtained

Table 2 Kinetic parameters and initial reaction rates of Cc AAOR for

L-arabinose, D-xylose, D-glucose, D-galactose and D-mannose. The kcat
and Km values for the oxidation reaction were measured using the

DCPIP-PMS assay at pH 6.5, 22 °C. The 1H NMR results carried out
in the presence of DCPIP reflect the oxidation reaction and without
DCPIP the overall reaction (oxidation and reduction) at pH 6.8

Substrate Km (mM)
DCPIP-PMS assay

kcat/Km (mM−1 min−1)
DCPIP-PMS assay

Oxidation rate
(μmol h−1) 1H NMR

Overall rate*
(μmol h−1) 1H NMR

L-arabinose 0.12 18 10 12

D-xylose 0.12 18 10 10

D-glucose 0.03 71 18 1.3

D-galactose 0.52 4 3.7 8.7

D-mannose ND ND 0.32 0.60

ND not determined

*Note that in the reaction without DCPIP, two monosaccharide molecules are consumed, one being oxidised and one reduced
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out the possibility of L-arabino-1,5-lactone, 2D DQFCOSYand
multiplicity edited HSQC NMR experiments were carried out
(Figure S2). The HSQC spectrum revealed a clear, over 10 ppm
downfield shift of the 13C signal of C4 due to the lactone forma-
tion while the C5 13C signal had only slightly shifted to higher
field. This proved that the model compound and consequently
also the transient product is, indeed, the L-arabino-1,4-lactone. It
is obvious that the primary oxidation product released from the

enzyme is the lactone, which then spontaneously opens to linear
L-arabonate. The same was observed also for D-xylose and D-
galactose having the D-xylono-1,4-lactone and D-galactono-1,4-
lactone, respectively, as the primary free oxidation product spon-
taneously opening to the corresponding aldonate (data not
shown). However, when D-glucose was studied as the substrate
forCcAAOR, only D-gluconate and D-sorbitol, but not a lactone,
were detected as the products.

The Cc AAOR reactions with L-arabinose, D-xylose, D-glu-
cose, D-galactose and D-mannose were also followed by 1H
NMR in the presence of the artificial electron acceptor DCPIP
(Fig. 5b). The reactions were conducted using concentrations of
1 mM sugar and 1.5 mM DCPIP. In the presence of DCPIP, Cc
AAOR converted the aldose sugars into the corresponding
aldonic acids, but no signals of alditols were detected in the
NMR spectra. Thus, in the presence of DCPIP, one substrate
molecule was consumed in each catalytic cycle (one aldose sugar
was converted into one aldonic acid); whereas in the absence of
DCPIP, two substrate molecules were consumed in each catalytic
cycle (one aldose sugarwas converted into one aldonic acid and a
second aldose sugar into an alditol). Contrary to the results with-
out added DCPIP, D-glucose was clearly the best substrate in the
presence of the artificial electron acceptor (Fig. 5b). The oxida-
tion of D-xylose and L-arabinose was slower than that of D-glu-
cose but faster than the oxidation of D-galactose. The consump-
tion of D-mannosewas slowest amongst the five substrates tested,
both in the absence and in the presence of DCPIP (Table 2).

In addition to monosaccharides, 1,4-linked oligosaccha-
rides, particularly cello-, malto- and xylo-oligosaccharides,
were shown to be substrates for Cc AAOR in the 1H NMR
experiments (Table 1). Interestingly, the oligosaccharides could
not be reduced by the enzyme, but needed a monosaccharide,
e.g. D-glucose, or an artificial electron acceptor, e.g. DCPIP as a
reductant. Thus, the enzyme was not able to reduce the oligo-
saccharides to the corresponding oligosaccharide alditols. Cc
AAOR catalysed the oxidation of the disaccharides maltose
and cellobiose as efficiently as the oxidation of the monosac-
charide D-glucose (Fig. 5c), acting on the glucose moiety at the
reducing end as was shown by 1H NMR experiments with
maltotriose (Figure S3). Lactose was also shown to be a good
substrate forCcAAOR andwas converted into lactobionic acid
(Table 1). The length of the oligosaccharide did not affect the
rate of the oxidation, since the longer oligosaccharides
maltotetraose and maltohexaose were as good substrates as
the disaccharides (Fig. 5c). Moreover, 1,4-β-D-xylotetraose
was a good substrate for Cc AAOR but interestingly, 1,5-α-L-
arabinotetraose was not accepted by the enzyme.

Discussion

We have characterised a novel bacterial enzyme from
C. crescentus , which we named as aldose-aldose

Fig. 5 Substrate specificity of Cc AAOR studied by real-time 1H NMR
on a 1 mM pentose and hexose sugars; b using 1 mM sugar and 1.5 mM
DCPIP and c using 1 mM oligosaccharides and 1.5 mM DCPIP
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oxidoreductase, Cc AAOR. The enzyme contains a bound
nicotinamide cofactor, most likely NADP+, and accepts only
aldose sugars, particularly D-glucose, L-arabinose, D-xylose
and D-galactose as substrates, whereas the keto sugar D-fruc-
tose, or any of the tested sugar alcohol or sugar acid was not
accepted as a substrate either for the oxidation or for the re-
duction reaction (Table 1). Our NMR results verified that all
the accepted aldose sugars were both oxidized and reduced at
C1 position in a single reaction cycle byCcAAOR to produce
the corresponding aldonate and alditol, respectively.

To our knowledge, the only similar enzyme from the Gfo/
Idh/MocA protein family (Pfam: PF01408) that has been
characterised is the glucose-fructose oxidoreductase from
Zm GFOR. Zm GFOR catalyses the oxidation of D-glucose
to D-gluconate with a concomitant reduction of D-fructose to
D-sorbitol using a tight bound NADP(H) cofactor. Compari-
son of the 3D model built for the Cc AAOR with the crystal
structure of Zm GFOR shows that the extended N-terminal
arm present in ZmGFOR is substantially shorter inCcAAOR.
Truncation of the N-terminal arm in Zm GFOR has been
shown to lead to an inactive dimeric form of the enzyme,
which is incapable of binding the cofactor irreversibly (Kings-
ton et al. 1996; Lott et al. 2000). According to our gel filtration
results,CcAAOR exists as a dimer, which might be due to the
shorter N-terminal arm. Although seemingly lacking the
wrapping arm, Cc AAOR is, however, clearly able to keep
the cofactor bound during the catalytic cycle.

In the proposed reaction catalysed by Cc AAOR (Fig. 7),
the nicotinamide cofactor NADP(H) remains tightly bound to
the enzyme throughout the reaction and cycles between the
oxidized and the reduced state. In the purified Cc AAOR
preparation, the cofactor existed in its oxidized form and
was reduced upon substrate oxidation. The oxidation half-
reaction of Cc AAOR can be studied in the presence of the
commonly used artificial electron acceptor DCPIP, which re-
places the reduction half-reaction by regenerating (i.e. oxidiz-
ing) the cofactor. To be able to analyse both the oxidation and
reduction half-reactions in a single method, we applied NMR
spectroscopy (Table 1, Fig. 5).
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�Fig. 6 NMR analysis of the reaction products from the reaction by Cc
AAOR with L-arabinose. The reaction was carried out using 10 mM L-
arabinose in 50 mM Na-phosphate buffer pH 6.8 at 20 °C. a The final
products L-arabitol and L-arabonate were confirmed by comparing the 1H
NMR spectrum after completion of the reaction (17 days) with the sum of
the spectra of commercial reference compounds. b Reaction as followed
by 600MHz 1HNMR spectroscopy after 0, 3 and 17 days. After 3 days L-
arabitol, the primary product of the oxidation reaction, i.e. L-arabino-1,4-
lactone, as well as L-arabonate from the spontaneous hydrolysis of the
lactone are all present. After 17 days, the Cc AAOR reaction has reached
completion and all lactone has opened to L-arabonate. c Real-time 1H
NMR analysis of the reaction of L-arabinose with Cc AAOR indicating
the consumption of the two anomeric forms (α- andβ-L-arabinose) of the
substrate, the consequent accumulation of the products, as well as the
conversion of the L-arabino-1,4-lactone to L-arabonate
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Cc AAOR was shown to accept L-arabinose, D-galactose,
D-xylose, D-glucose and D-mannose as substrates (Fig. 5). The
best substrate for the overall conversion, i.e. for oxidation and
reduction reactions, was L-arabinose, and the reactions with D-
galactose and D-xylose were almost as efficient, whereas the
overall conversion rates of D-glucose and D-mannose were
clearly lower (Fig. 5a, Table 2). The primary oxidation prod-
ucts detected were the 1,4-lactones of the corresponding
aldonates, which spontaneously opened up to linear sugar
acids at neutral pH. In the reaction with D-glucose, only D-
gluconate but not the lactone was detected. This may be due to
a shorter lifetime of the gluconolactone compared to the other
lactones (Jermyn 1960). Concerning the oxidation half-reac-
tion, D-glucose was consumed faster than L-arabinose, D-xy-
lose and D-galactose. This is in agreement with the spectro-
photometric studies, which also suggested the lowest Km val-
ue for the oxidation of D-glucose by Cc AAOR (Fig. 4,
Table 2). Overall, our results show that D-glucose is easily
oxidized by the Cc AAOR but poorly reduced. It appears that
the reduction of D-glucose occurs more slowly than that of,
e.g. of D-galactose (a hexose sugar) or D-xylose (a pentose
sugar). In addition, the lower activity and apparent affinity
of Cc AAOR towards the C2 and C3 epimers of L-arabinose,
i.e. D-mannose, D-lyxose and D-ribose, indicated that the OH
configuration at these positions is important for the substrate
recognition both for the oxidation and reduction reactions.

The kinetic properties of Zm GFOR have been studied
using D-glucose and D-fructose as substrates, and the enzyme
has been suggested to operate via a ping-pong mechanism
where the cofactor remains bound to the enzyme while only
one substrate binds at a time (Hardman and Scopes 1988).
When compared to Cc AAOR, Zm GFOR can oxidise D-glu-
cose with about 16-fold higher catalytic efficiency (kcat/Km).
However, Zm GFOR has very low affinities for both of its
substrates, the Km for glucose being approximately 10 mM
and for D-fructose as high as 400 mM (Zachariou and Scopes
1986; Hardman and Scopes 1988). It has been further postu-
lated, although direct evidence is lacking, that the Zm GFOR
binds and oxidizes D-glucose in its pyranose ring form, where-
as D-fructose is bound and reduced in its rare open-chain form,

thus leading to production of D-sorbitol, an acyclic compound
(Zachariou and Scopes 1986). It is also possible that different
forms of the aldose sugar, i.e. cyclic and open-chain form, are
oxidised and reduced by the Cc AAOR.

Interestingly, besides monosaccharides, Cc AAOR could
also oxidize a range of 1,4-linked oligosaccharides having
an aldose sugar moiety at the reducing end, i.e. lactose,
malto- and cello-oligosaccharides as well as xylotetraose.
The oxidation of the oligosaccharides could only happen in
the presence of a monosaccharide or an artificial electron ac-
ceptor, as Cc AAOR did not catalyse the reduction of oligo-
saccharides. Hexo-oligosaccharides were as efficiently
oxidised by Cc AAOR as disaccharides or the monosaccha-
ride D-glucose, which suggest that the reducing end of the
oligosaccharides binds to the active site followed by oxidation
of the anomeric C1 carbon. While 1,4-β-D-xylotetraose was
accepted as a substrate, 1,5-α-arabinotetraose, in which the
sugar units exist in furanose ring form, was not utilized by
Cc AAOR. This may indicate that only oligosaccharides hav-
ing pyranose ring in their reducing end are oxidised or, alter-
natively, only 1,4-linked oligosaccharides can sterically fit in
the active site of the enzyme.

If the binding of the sugars for both the oxidation and
reduction reaction occurs at single, or overlapping binding
site(s) in Cc AAOR, as is expected, the oxidation state of the
cofactor (NADPH) could determine whether oxidation or re-
duction will take place. It is also plausible that some confor-
mational changes in the protein structure are involved, simi-
larly as has been reported for Zm GFOR, where the oxidized
product, gluconolactone, is believed to trigger this conforma-
tional change (Fürlinger et al. 1998; Nurizzo et al. 2001). In
the genome of C. crescentus, a putative gluconolactonase
gene cc1224 is positioned next to the Cc aaor gene. This
lactonase may have a role in preventing an inhibitory effect
of the produced lactone and/or in driving the oxidation reac-
tion. Both mono- and oligosaccharides are oxidized by Cc
AAOR and could in theory also bind identically to the active
site. On the other hand, as only monosaccharides are reduced
by Cc AAOR, a different binding mode or some steric hin-
drance by the oligosaccharides could explain why oligosac-
charides are not reduced. A thorough understanding of the
structural elements involved in the cofactor and substrate
binding as well in oligomerization of Cc AAOR can only be
obtained by X-ray crystallographic analysis of the protein,
which is now on-going.

Our results demonstrate already now that, although the Cc
aaor gene was annotated as a glucose-fructose oxidoreductase
and showed relatively high sequence conservation with Zm
GFOR, the Cc AAOR enzyme is a novel oxidoreductase,
markedly different in its substrate spectrum and catalytic prop-
erties. This type of enzyme could have potential in
biorefinery-related applications, as demonstrated by our initial
results on concomitant D-xylonate and D-xylitol production

Fig. 7 Schematic figure of the reactions catalysed by Cc AAOR. The
nicotinamide cofactor remains tightly bound to the enzyme during the
catalysis. Aldonolactone is hydrolysed to aldonic acid spontaneously or
through the action of a lactonase
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from D-xylose in an engineered S. cerevisiae strain carrying
the Cc aaor gene (Wiebe et al. 2015). In the oxidation reac-
tion, the affinities of Cc AAOR for the sugar substrates were
shown to be at least an order of magnitude higher than for Zm
GFOR, which in combination with the relatively broad sub-
strate specificity could be a benefit in co-production of sugar
acids and alditols from sugar hydrolysates by Cc AAOR. In
general, organic acids derived from biomass sugars, such as D-
glucose, D-xylose and L-arabinose, could be used, e.g. as che-
lators and buffers and as monomeric precursors of biopoly-
mers, but also in food, pharmaceutical and cosmetics indus-
tries. Furthermore, sugar alcohols are used, e.g. as sweeteners,
as ingredients in products of personal care and for pharmaceu-
tical applications. Oxidised oligosaccharides in turn find ap-
plications, e.g. in washing agents, in medical and pharmaceu-
tical industry and in production of novel bio-based materials.
It is also worth noting that currently only a very limited set of
enzymes are known to oxidize oligosaccharides (Lin et al.
1991; Xu et al. 2001; Whittaker 2005; Lee et al. 2006; Heuts
et al. 2007; Kiryu et al. 2008).
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