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ABSTRACT

Carbohydrate-modifying enzymes could be used in producing sustainable fuels and
chemicals from plant biomass. The three-dimensional structure of these potential
enzymes needs to be solved in order to reveal their function and to be able to develop
more efficient biocatalysts and microbial routes necessary for industrial use. In this
study, X-ray crystallography was used for the structural characterization of three
carbohydrate-modifying enzymes: galactarolactone cycloisomerase and keto-deoxy-D-
galactarate dehydratase from Agrobacterium tumefaciens and aldose-aldose
oxidoreductase from Caulobacter crescentus.

Galactarolactone cycloisomerase and keto-deoxy-D-galactarate dehydratase from
Agrobacterium tumefaciens work in the oxidative pathway of D-galacturonate, which
is the main component of pectin. Galactarolactone cycloisomerase is an enzyme that
catalyzes the conversion of the cyclic D-galactaro-1,4-lactone into a linear 3-deoxy-2-
keto-L-threo-hexarate. The crystal structure of galactarolactone cycloisomerase was
solved to 1.6 A resolution. Its tertiary structure is a typical enolase family enzyme
structure with two domains: an N-terminal o+ capping domain and a modified TIM-
barrel domain. Furthermore, it has a long C-terminal extension packed against the N-
terminal domain. The quaternary structure is octameric. The attempts to solve the
complex structures of galactarolactone cycloisomerase were unsuccessful.

Keto-deoxy-D-galactarate dehydratase is a novel decarboxylating hydrolyase that
follows galactarolactone cycloisomerase in the oxidative pathway of D-galacturonate.
It converts the linear hexarate into a-ketoglutaric semialdehyde. The three-dimensional
structures of keto-deoxy-D-galactarate dehydratase without a ligand, in complex with
pyruvate, and in complex with 2-oxoadipic acid were determined to 1.7, 1.5, and 2.1 A
resolutions, respectively. The structures allowed us to propose a reaction mechanism
that was based on the grounds of these unique crystal structures and mass spectrometry
measurements.

Aldose-aldose oxidoreductase from Caulobacter crescentus is an enzyme catalyzing an
NADP-dependent oxidation/reduction cycle of several aldose monosaccharides to the
corresponding aldonolactones and alditols, respectively. Furthermore, it was also found
to be able to oxidize 1,4-linked polysaccharides. Its complex structures with glycerol,
D-xylose, D-glucose, maltotriose, and D-sorbitol were processed to 2.0, 1.8, 1.7, 1.9,
and 1.8 A resolutions, respectively. These complex structures provided new insights
into the reaction mechanism of this intriguing enzyme that is able to modify a panel of
biomass sugar substrates. The structural and functional features of the Gfo/Idh/MocA
protein family of Caulobacter crescentus aldose-aldose oxidoreductase were also
studied, and an extensive description is presented.
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1. INTRODUCTION

On Earth, the most abundant renewable carbon source is biomass. It is organic material
that has stored energy through photosynthesis. The unexploited, but substantial sources
of plant-based material are usually byproducts of forestry and agriculture, for example,
cellulose, hemicellulose, lignin, and pectin. These can be used as cattle feed or burned
to energy, but a considerable part is thought to be merely waste. In the search of
finding new sustainable ways of producing fuels and chemicals, they could also be
used as a source of raw materials. Cellulose-derived glucose has already been widely
studied and is an applied monosaccharide source in industry'™. To make the utilization
of the plant biomass more effective, less explored carbohydrate sources, hemicellulose
and pectin, should also be considered.

The natural polymers, hemicellulose and pectin, composed of carbohydrates are used
as a carbon and energy source by many microorganisms. There are several known
plant material decaying and modifying proteins, i.e., enzymes that exist in fungi and
bacteria, which could be harnessed in bioproduction. Enzymes are already extensively
used in food, pharmaceutical and cosmetics industries, and the application of
biocatalysts has led to more economical and environmentally friendly processes*®.

In order to be able to apply new enzymes for the biotechnological production of
platform chemicals, the enzyme function has to be determined. X-ray crystallography
is an accurate and precise method for revealing the atomic-detail three-dimensional
structures of macromolecules. Crystal structures will provide new insights into the
protein-ligand interactions and the enzymatic reaction mechanisms. Structure-function
studies are crucial for the comprehensive understanding of the microbial metabolism of
carbohydrates, which could then be used in developing new applications for the
conversion of biomass into fuel or chemicals.

In this work the structure and function of three carbohydrate-modifying enzymes were
studied: galactarolactone cycloisomerase and keto-deoxy-D-galactarate dehydratase
from the oxidative D-galacturonate pathway of Agrobacterium tumefaciens and aldose-
aldose oxidoreductase from Caulobacter crescentus. Also a bioinformatical study of
the Gfo/ldh/MocA protein family was performed. A short introduction on the three
enzymes is presented in the following sections.

“Enzymes are things invented by biologists
that explain things which otherwise require harder thinking.”

Jerome Lettvin 1920-2011
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1.1. THE OXIDATIVE D-GALACTURONATE PATHWAY

Pectin is a complex heteropolysaccharide rich in the primary cell walls and middle
lamellas of terrestrial plants, such as citrus and sugar beet” *. Several million tons of
pectin containing residues are produced every year, which is currently only used as
cattle feed thus creating a disposal problem’. The microbial conversion of these
carbohydrate rich residues into value-added products requires the extensive
identification of the existing pathways and the enzymes working on them.

The main component of pectin is D-galacturonate, a sugar acid, which composes
approximately 70% of pectin'’. Two catabolic bacterial D-galacturonate pathways have
been found: the isomerase and the oxidative pathway'' ™. The oxidative pathway has
been described to function in Agrobacterium tumefaciens (Af)"* and Pseudomonas
syringaels.

COOH o COOH Non-enz./ j;oog
AtUdh AtGLI ¢
HO™ ¥ 70 Ho'  “OH
OH galactaro-1,4-lactone
D-galacturonate galactaro-1,5-lactone
At Gci
0]
HO
a-KGSA o AtKDG o
HO
dehydrogenase 0 dehydratase
- OH
HO
o= o OH
a-ketoglutarate a-ketoglutaric 3-deoxy-2-keto-
semialdehyde L-threo-hexarate

Figure 1. The oxidative D-galacturonate pathway in Agrobacterium tumefaciens.

In the oxidative pathway (Fig. 1), the pyranose form of D-galacturonate is first
oxidized to galactaro-1,5-lactone by an NAD'-dependent uronate dehydrogenase (Udh,
EC 1.1.1.203)'* . Galactaro-1,5-lactone is then rearranged to galactaro-1,4-lactone
either non-enzymatically or with the help of galactaro-8-lactone isomerase (GLI)'™.
Next galactarolactone cycloisomerase (Gci, EC 5.5.1.-) catalyzes a novel ring opening
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reaction into a linear 3-deoxy-2-keto-L-threo-hexarate'®, which is then dehydrated and
decarboxylated to a-ketoglutaric semialdehyde by a decarboxylating hydrolyase, keto-
deoxy-D-galactarate (KDG) dehydratase (EC 4.2.1.41)*" ?'. Finally, a-ketoglutaric
semialdehyde (0-KGSA) dehydrogenase (EC 1.2.1.26) oxidizes a-KGSA to o-
ketoglutarate, a metabolite of the tricarboxylic acid cycle*" *.

1.1.1. GALACTAROLACTONE CYCLOISOMERASE

At Gei is an enzyme that catalyzes a ring opening reaction in which it converts D-
galactaro-1,4-lactone into a linear 3-deoxy-2-keto-L-threo-hexarate. At Gcei belongs to
the divergent enolase superfamily and shows approximately 30% sequence identity to
sugar acid dehydratases. According to a three-dimensional protein structure
comparison within the DALI-server”, the most similar structures are an enolase
Spea 3858 from Shewanella pealeana™, a putative dehydratase from Mesorhizobium
loti*, and a putative enolase from Salmonella typhimurium Lt2*.

The enzymes that belong to the enolase superfamily have a two-domain structure with
an a+p capping domain and a (0/B);p domain. The enolase superfamily can be divided
into seven subgroups®’: 1) enolase, 2) mandelate racemase, 3) muconate lactonizing
enzyme, 4) 3-methylaspartate ammonia lyase, 5) D-glucarate dehydratase, 6) D-
mannonate dehydratase, and 7) galactarate dehydratase subgroup. The partition of the
enzymes into the subgroups is allowed by the differences in their active site structures.
At Gei seems to belong to the mandelate racemase subgroup'’.

The enolase superfamily enzymes have similarities in their reaction mechanisms,
although catalyzing different overall reactions, such as the elimination of water or
ammonia and interconversion of enantiomers™ *. They use a common partial reaction
mechanism in which an active site base abstracts an o-proton of the carboxylic acid
containing substrate. This results in an intermediate that is stabilized by the
coordination to a Mg®" ion. This essential Mg®" ion and the catalytic residues are
situated at the C-terminal side of the modified TIM-barrel fold.

1.1.2. KETO-DEOXY-D-GALACTARATE DEHYDRATASE""

In A. tumefaciens, the conversion of the linear C6 hexarate into a C5 compound is done
by KDG dehydratase. 4# KDG dehydratase is an enzyme belonging to the Class I
aldolase superfamily®. These enzymes share a similar (a/f)s TIM-barrel fold and
catalyze various different reactions through a Schiff-base intermediate formed between
a conserved active site lysine and the o-keto acid of the substrate’. Members in this
family catalyze, for example, condensation, dehydration, and retro-aldol condensation

reactions®> >,
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There are several crystal structures solved from the Class I aldolase family, which
include: N-acetylneuraminate lyase from Escherichia coli®*, D-fructose-1,6-
bisphosphate aldolase from Oryctolagus —cuniculus”, and 2-keto-3-deoxy-6-
phosphogluconate aldolase from E. coli’®. Nevertheless, no structures and only a few
kinetic characterization studies exist of the D-4-deoxy-5-oxoglucarate dehydratase that
catalyzes an identical reaction as A4t KDG dehydratase™ *"*. 4t KDG dehydratase is a
novel type of decarboxylating and dehydrating enzyme and may be of great importance
for future industrial processes.

1.2. ALDOSE-ALDOSE OXIDOREDUCTASE"" "

Caulobacter crescentus aldose-aldose oxidoreductase (Cc AAOR, EC 1.1.99.-) is a
newly found enzyme that was discovered through its sequence homology to the xylose
dehydrogenase® during the search of novel D-xylose converting enzymes™. D-xylose
is one of the most abundant monosaccharides and a major component of
hemicellulose”, but its potential in biotechnological applications has not yet been fully
elucidated. In the preceding studies, Cc AAOR was found to be able to both oxidize
and reduce a panel of aldose saccharides to corresponding aldonolactones and alditols,
respectively™. No addition of an external cofactor or artificial electron acceptor was
needed in this single ping-pong reaction cycle® in which the tightly bound NADP(H)
cofactor is regenerated. Cc AAOR has the conserved Class I NAD(P) binding
sequence-motif, Gly,3-Xaa-Gly-Xaa-Xaa-Ala;s *. A schematic presentation of the
reaction cycle is presented in Figure 2.

Aldose sugar Aldonolactone

NADP*—> NADPH

Cc AAOR

NADP*<— NADPH

Alditol Aldose sugar

Figure 2. Schematic presentation of the Cc AAOR reaction cycle.
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Interestingly enough, Cc AAOR was not only able to oxidize and reduce
monosaccharides, but it was also found to be able to oxidize 1,4-linked
polysaccharides™. Currently only a limited set of enzymes able to oxidize
oligosaccharides is known*™". This kind of a novel oxidoreductase having a broad
substrate specificity and a dual activity could have a substantial potential in producing
sugar acids and alditols from sugar hydrolysates.

Cc AAOR belongs to the diverse Gfo/Idh/MocA protein family, which has not been
previously described. The abbreviations Gfo, Idh, and MocA refer to glucose-fructose
oxidoreductase, inositol 2-dehydrogenase, and the rhizopine catabolism protein MocA,
which could catalyze a dehydrogenase reaction involved in rhizopine catabolism. The
family contains several different enzymes that catalyze reactions, such as the oxidation
and reduction of carbohydrates’ ™, reduction of biliverdin®’, hydrolyzation of
glycosidic bonds™, and oxidation of trans-dihydrodiols™. Furthermore, structurally, a
transcriptional inhibitor belongs to this family, although it has no enzymatic activity®.

All the enzymes in this family catalyze NAD(P)-dependent reactions, even the
transcriptional inhibitor have been shown to associate with dinucleotides®’. Even
though the sequence identity between most of the members in this family is almost
absent, they all share a similar two-domain structure that has a classical N-terminal
nucleotide binding Rossman fold® © and a C-terminal domain with a large B-sheet
motif.

1.3. AIMS OF THE STUDY

The goal of this work was to solve the X-ray structures of different carbohydrate-
modifying enzymes in order to elucidate their reaction mechanisms. The specific aims
were:

1) To crystallize and determine the structures of 4¢ Gei, At KDG dehydratase, and Cc
AAOR

2) To determine complex structures of the enzymes with their substrates or products
or their analogues

3) To identify the roles of the active site amino acid residues

4) To elucidate the reaction mechanisms according to the three-dimensional
structures and high-resolution mass spectrometry measurements

5) To do a thorough bioinformatical analysis of the Gfo/Idh/MocA family according
to the structure and function of the proteins belonging to the family
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2. MATERIALS AND METHODS

2.1. MATERIALS

The enzymes were expressed, produced, and purified at VIT Technical Research
Centre of Finland. A¢ Gci with a C-terminal Strep-tag 11 was expressed in E. coli strain
BL21(DE3) transforming it with the generated plasmid, pBAT4-4¢ gci. The enzyme
was purified from the cell extract in a single-step using a Strep-Tactin Superflow
column. Furthermore, At KDG dehydratase also with a C-terminal Strep-tag 11 and its
site-directed Strep-tagged S211A mutant were expressed in E. coli and purified using
essentially the same protocol as for At Gci. Cc AAOR was expressed in
Saccharomyces cerevisiae strain CEN.PK 113-17A and purified from the cell extract
in a single cation exchange chromatography step using a SP FF column.

2.2. CRYSTALLIZATION

All crystallization experiments were performed with the hanging-drop vapor-diffusion
method mixing 2 pl of enzyme with an equal volume of reservoir solution and
equilibrated against 0.5 ml of reservoir solution at 20°C. Initial crystallization
conditions (Fig. 3A, C, and E) were found with commercial screening kits (Hampton
Research) and optimized further by varying the used reagents and their concentrations,
and the pH. Furthermore, changing the protein concentration was studied.

The best crystals of A¢ Gci for synchrotron source measurements were grown in 0.1 M
sodium acetate pH 5.0, 0.2 M calcium chloride, 4% 2-propanol after addition of a
detergent C-HEGA®-10 (Detergent screen, Hampton Research) into the conditions.
The crystals (Fig. 3B) grew approximately in 1 to 2 days to dimensions 0.3x0.4x0.3
mm. The crystals of 4¢ KDG dehydratase for X-ray diffraction measurements were
obtained in conditions containing 0.1 M Bicine pH 8.5, 0.2 M sodium formate, and
15% (w/v) polyethylene glycol monomethyl ether 5000. Three-dimensional crystals in
different shapes (Fig. 3D) grew in 3 to 4 days to dimensions of 0.4x0.2x0.2 mm
approximately. X-ray diffraction quality crystals of Cc AAOR were obtained under
several conditions (1.6 M ammonium/magnesium sulphate, 0.1 M MES monohydrate
pH 6.5, 7-10% 1,4-dioxane/2-propanol/glycerol). Plate-like crystals (Fig. 3F) grew in 7
to 10 days to dimensions of 0.4 x 0.2 x 0.05 mm approximately.

The crystals for the complex structure determinations were prepared by soaking the
crystals in a cryoprotectant solution containing the ligand in question. The crystals
were soaked for approximately 0.5 minutes before flash-cooling with liquid nitrogen.
In the case of Cc AAOR complexes with glycerol, D-xylose, D-glucose, and D-
sorbitol, the ligand acted also as a cryoprotectant. For A¢ Gei and 41 KDG dehydratase,
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glycerol acted as a cryoprotectant and for the Cc AAOR in complex with maltotriose,
sodium malonate was the cryoprotectant.

Figure 3. A) Initial 4¢ Gci crystals, B) At Gci crystals after optimization, C) Initial At KDG
dehydratase crystals, D) 4t KDG dehydratase crystals after optimization, E) Initial Cc AAOR
crystals, F) Cc AAOR crystals after optimization.

2.3. UV/VIS SPECTROSCOPY

UV/vis spectroscopy was used to determine the oxidization state of the NADP(H)
cofactor in the Cc AAOR crystals. The appearance of a major absorption band at 340
nm on the UV/vis spectrum is indicative for the reduced cofactor and can be used to
distinguish the oxidation/reduction state of nicotinamide cofactor®. The spectra were
measured before the X-ray diffraction experiments, except the sorbitol complex crystal
that was measured after X-ray radiation, in an offline mode at cryogenic temperature at
the Cryobench laboratory ID29S at European Syncrotron Radiation Facility (ESRF,
Grenoble, France)®.

2.4. MASS SPECTROMETRY

Mass spectrometry was used to confirm the reaction end-products of the enzymatic
reactions of At KDG dehydratase and its site-directed S211A mutant, which was
prepared to study the role of the conserved Ser-211 in the reaction mechanism. The
measurements were performed on a quadrupole ion trap (QIT) instrument (Esquire
3000 Plus, Bruker Daltonics, Bremen, Germany) using negative-ion electrospray
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ionization (ESI)®. The ions for the observed enzymatic reaction end-products were
further subjected to tandem mass spectrometry (MS/MS) by using collision-induced
dissociation (CID).

2.5. X-RAY DATA COLLECTION AND PROCESSING

The X-ray diffraction data of the flash-cooled crystals were measured with synchrotron
radiation at ESRF®” *® and Diamond Light Source (Didcot, United Kingdom). All data
sets were processed using XDS. The space groups were determined with
POINTLESS®, and the data quality and twinning was analyzed with phenix.xtriage™
"' The data sets of A¢ Gei, the At KDG dehydratase complex structures and the Cc
AAOR glycerol complex structure were also scaled with XSCALE”. The data
collection statistics are summarized in Tables 1 and 2 in which the values in
parentheses are for the highest resolution shell.

Table 1. Data collection and refinement statistics for A¢ Gei and 4t KDG dehydratase.

Enzyme At Gei At KDG At KDG AtKDG
dehydratase  dehydratase dehydratase
Ligand - - Pyruvate 2-Oxoadipic acid
Space Group 14 Cc2 C2 C2
Molecules in asu 2 4 4 4
Unit cell a (A) 110.0 168.9 169.8 169.5
b(A) 110.0 118.4 120.1 119.0
c(A) 139.8 743 74.1 743
B© 90 1123 112.0 112.2
Resolution (A) 1.6 1.7 15 2.1
R, (%) 53(27.1) 7.2 (57.8) 3.8(50.9) 13.6 (71.0)
CC,p 99.7 (93.5) 99.6 (80.4) 99.9 (79.4) 98.8 (71.3)
Completeness (%) 96.8 (89.3) 98.1 (95.6) 97.7 (97.4) 96.0 (92.8)
No. of unique reflections 105668 (9343) 159523 (25113) 214991 (15841) 76785 (5470)
Redundancy 3020 3534) 2.8(2.6) 35@3.5)
I/ol 12.6 (2.9) 10.0 (2.0) 15.6 (2.3) 84(2.0)
Ry (%)/Rye (%) 15.1/18.1 17.4/20.4 16.3/18.2 22.1/27.2
No. of atoms 11382 10508 10963 9603
Wilson B-factor 17.1 224 18.3 28.3
Average B-factor (A?) 253 26.9 23.7 325
Protein 24.1 25.8 219 325
rmsd bond lengths (A) 0011 0.007 0.006 0.009
rmsd bond angles (°) 12 1.1 1.1 12
Ramachadran favoured (%) 97.7 92.6 92.5 91.7

PDB code - 4URS 4UR7 4UR8
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Table 2. Data collection and refinement statistics for Cc AAOR.

Ligand Glycerol D-xylose  D-glucose Maltotriose D-sorbitol
Space Group P2, P2, P2, P2, P2,
Molecules in asu 6 6 6 6 6
Unit cell a (A) 101.3 101.2 101.1 100.3 101.2
b(A) 153.6 1534 153.5 151.5 154.1
c(A) 108.0 107.2 108.0 108.7 107.8
B© 109.9 109.5 109.3 108.7 110.0
Resolution (A) 20 1.8 1.7 19 1.8
R, (%) 11.1 (504) 95(558) 6.2(59.9) 8.5(61.9) 9.6 (67.7)
CC,p 99.2 (71.5) 99.5(743) 99.8(70.1) 99.7(72.5) 99.6 (64.4)
Completeness (%) 99.5(99.1) 969 (92.0) 99.0(97.0) 989(97.5) 98.6(92.7)
No. of unique reflections 208078 256341 338584 239447 264033
(15236) (393006) (53566) (38100) (39986)
Redundancy 3232 34(33) 35@3.5) 35@3.5) 43 (3.9
I/ol 74 (2.0) 106 (2.1) 12.7(2.0) 11.7(2.1) 114 (1.9
Ry (%)/Ryyee (%) 16.0/18.7 16.7/19.5 16.0/18.1 15.2/17.8 16.0/18.7
No. of atoms 17544 17880 18071 17857 18236
Wilson B-factor 22.7 214 21.3 234 222
Average B-factor (A?) 25.1 24.1 242 26.0 24.6
Protein 242 23.1 229 250 23.1
rmsd bond lengths (A) 0.008 0.007 0.007 0.007 0.008
rmsd bond angles (°) 1.1 1.1 1.1 1.1 1.1
Ramachadran favoured (%) 972 97.7 97.7 97.5 97.5
PDB code 5A02 5A03 5A04 5A05 5A06

2.6. STRUCTURE DETERMINATION

Molecular replacement was used to solve the phase ambiguity of all the structures. The
structures of A¢ Gcei and At KDG dehydratase without a ligand were solved using
MOLREP” from the CCP4 software suite’* ™ followed by a REFMAC5 rigid body
refinement. Phaser’’ from the PHENIX software suite” was used for the molecular
replacement of the complex structures of At KDG dehydratase and all the Cc AAOR
structures. AutoBuild was used to improve the initial atomic models with iterative
density modification, refinement, and model building”.

The models for the atomic structures were completed manually with COOT™, and the
refinements were performed with phenix.refine®. The atomic coordinates and the
structure factors of A# KDG dehydratase and Cc AAOR structures have been deposited
in the Protein Data Bank (PDB) in Europe (http://www.ebi.ac.uk/pdbe/)*. The
summarized statistics for the data sets and the PDB codes are presented in Tables 1 and
2.
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2.7. STRUCTURE COMPARISON AND ANALYSIS

The number of molecules in the asymmetric units was analyzed by calculating the
Matthews coefficients™ *. The oligomerization and the total interface areas were
determined with the PISA server at the European Bioinformatics Institute
(http://www.ebi.ac.uk/pdbe/prot_int/pistart.html)* confirming our results from the gel
filtration, dynamic light scattering measurements, and crystal structures. The enzymes
were compared with the homologous structures in PyMOL™, and the sequence
alignments were done with MacVector®’. The validation of the structures deposited to
PBD was done with MolProbity®™ and the wwPDB Validation Server™.

3. RESULTS AND DISCUSSION
3.1. GALACTAROLACTONE CYCLOISOMERASE
3.1.1. STRUCTURE DETERMINATION

The diffraction of the tetragonal A¢ Gci crystals was measured with synchrotron
radiation. The crystals belonged to space group 14, and the data was processed to 1.6 A
resolution. The structure of an enolase Spea 3858 from S. pealeana (PDB code: 3SIN)
with a 32% sequence identity was used as a template in the molecular replacement™.
The crystals were merohedrically twinned determined with phenix.xtriage, and
therefore a twin operator -hk,-l1 was included in the refinements. Matthews’s
coefficient Vyy was determined being 2.5 A’/Da with solvent content Vs of
approximately 51% corresponding to two molecules in the asymmetric unit. The
sequence of At Gci monomer, excluding the Strep-tag, had 379 residues. The solved
structure contained currently 700 amino acid residues and 827 water molecules. The
root-mean-square deviation (rmsd) between the monomers was only 0.2 A. The
structure had gaps in the electron density maps of the flexible loops around the active
site, in the loop between B1 and B2, the loop between 4 and a2, and the loop between
B11 and B12. The residues in the gaps were left out of the structure.

3.1.2. OVERALL STRUCTURE

At Gcei had the common enolase family two-domain structure that has an N-terminal
o+p capping domain with three antiparallel B-strands (B1—3) packed against a bundle
of four o-helices (01-4) and a modified TIM-barrel that has eight parallel B-strands
(B4—11) surrounded by seven a-helices (a5—al11). At the C-terminus, a long extension
with two B-strands (B12—13) and an a-helix (a12) packed against the N-terminal o+
capping domain exists. The overall fold has been presented in the Figure 4A.
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The oligomerization of At Gci was analyzed also with the interactive PISA tool
suggesting that the enzyme formed a stable octamer (Fig. 4B and C). The octamer was
formed by packing the o+p capping domains of two monomers together to form a
dimer around a 2-fold rotation axis with an interface area of approximately 1686 A%,
with the C-terminus of the monomer A extending all the way to the dimer-forming
interface next to the C-terminus of the monomer B. This was followed by formation of
an octamer around 4-fold rotation axis that formed three new monomer-monomer
interfaces between the o+f capping domains of monomer A and monomer B from
another dimer having an interface of ~1365 A?, and between the modified TIM-barrel
domains of B monomers and A monomers from different dimers with interfaces ~504
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Figure 4. A) Overall structure of 4¢ Gei monomer having a modified TIM-barrel in green, o/p-
capping domain in pink, and C-terminal extension in gray. B) The A¢ Gci octamer. Monomer A
colored as in Figure A, which forms the dimer with the monomer B in blue. C) The octameric
structure turned 90° to the left.
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The active site of 4¢ Gci was situated on the C-terminal side of the o/p-barrel (Fig. 5.)
and was solvent exposed in every monomer at the octameric oligomerization state. It
had the typical enolase family enzyme amino acid residues such as ligands for binding
the Mg”" cation at the ends of the strands 6 (Asp-195), B7 (Glu-221), and B8 (Glu-
247). It also had the common mandelate racemase subgroup His-Asp dyad, of which,
the His-297 was located at the end of the f10-strand and the Asp-270 at the end of the
B9-strand. Usually in the mandelate racemase group enzymes, the histidine residue of
the dyad acts as a general base and the general acid can be located at the end of B35, 6,
or 8.

N
,«.\;“ AN

e RN

A

24 R

“2

2K S

N -
% lp?i'}' -,

‘\z&'};‘-‘v\v R ol
D270 H297

Figure 5. The active site of A7 Gei. The conserved active site residues have been shown as stick
models with their 2F, — F, (in blue) electron density maps contoured at 1c.

3.1.3. ATTEMPTED COMPLEX STRUCTURE DETERMINATION

The essential magnesium ion is not tightly bound into the enzyme. Therefore, as there
was no magnesium in the enzymes’ buffer or in the crystallization conditions, there
was no density for the Mg”" ion at the active site after the molecular replacement.
Several magnesium-containing conditions were tested for crystallization, and adding
magnesium in the original conditions and into the protein solution was also tried, but
no optional crystallization conditions were found.

Complex formation was also studied in various conditions by soaking or co-
crystallization with a substrate or a product and with several different analogues, but
none of these conditions was successful. Without complex structures, no elucidations
of the substrate binding or the reaction mechanism can be done, which is the reason the
structure has not yet been published.
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3.2. KETO-DEOXY-D-GALACTARATE DEHYDRATASE""

3.2.1. STRUCTURE DETERMINATION

The X-ray diffraction of the monoclinical crystals of At KDG dehydratase belonging to
space group C2 was measured, and the three-dimensional structures of the enzyme
without a ligand was solved to 1.7 A, in complex with pyruvate to 1.5 A, and in
complex with 2-oxoadipic acid to 2.1 A resolutions. The structure of Bacillus clausii
dihydrodipicolinate synthase (PDB code: 3E96) that has only a 28% sequence identity
to At KDG dehydratase was used as a search model in the molecular replacement®.
The model was chosen according to the highest expectation value of a sequence search
using BLAST®' from the Research Collaboratory for Structural Bioinformatics PDB
(www.rcsb.org)’. Calculated Matthews coefficient Vi 2.5 A*/Da gave us an estimated
solvent content Vg of 51% corresponding to four molecules in the asymmetric unit.
The sequence of 4t KDG dehydratase monomer without the Strep-tag consisted of 303
residues. The final solved structure of the enzyme without a ligand was composed of
1219 amino acid residues, 1216 water molecules, seven glycerol molecules, and three
formate molecules. There was only an approximate 0.3 A rmsd between the monomers.

3.2.2. OVERALL STRUCTURE

The main fold of At KDG dehydratase is a typical (o/p)s-barrel with eight parallel -
strands (B1—PB8) surrounded by eight a-helices (a1—a8), and the active site was situated
at the C-terminal side of the a/B-barrel. Furthermore, it had an N-terminal a-helix (aN)
that packed against the N-terminal side of the a/B-barrel, and a C-terminal extension of
three a-helices (aC1-3) that was involved in the formation of the quaternary structure.
The overall fold has been presented in Figure 6A.

The oligomeric state of 4t KDG dehydratase was again confirmed with the interactive
PISA server suggesting that the enzyme formed a tetramer with 222 symmetry (Fig.
6B) that was also shown in the crystal structures. The tetramer was formed packing
first two monomers tightly together to form a dimer with an interface area of
approximately 1580 A” followed the by formation of a dimer of dimers with two new
relatively flat monomer-monomer interfaces of ~850 A.
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Figure 6. A) Overall structure of At KDG dehydratase monomer: o/B-barrel in green, N-
terminal helix in blue, C-terminal helices in cyan, and Strep-tag in gray. B) Tetrameric structure
of At KDG dehydratase. One of the monomers colored as in panel A, which forms the tight
dimer with the monomer in pink. This dimer forms again a dimer of dimers with the dimer in
grey. Active sites of the complex structures: C) Schiff-base formed between Lys-166 and
pyruvate showing also the unbound conformation of Lys-166, and D) Schiff-base between Lys-
166 and 2-oxoadipic acid. The 2Fo — Fc (in blue) electron density maps around the Lys-166
contoured at 16 and the Fo — Fc omit maps (in green) around the ligands are contoured at 3c.

3.2.3. LIGAND BINDING

To study the enzyme-substrate interactions, complex structures of 4¢ KDG dehydratase
were determined from crystals soaked into a cryoprotectant containing 10 mM
pyruvate or 50 mM 2-oxoadipic acid in addition. Clear electron densities for the
ligands forming a Schiff-base intermediate with the conserved Lys-166 at the active
site were detected after molecular replacement (Fig. 6C and D). In the structure
without a ligand, the Lys-166 was able to form a hydrogen bond from its e-amino
group to the Tyr-140 (Fig. 7A).
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Figure 7. Comparison of the active sites of Azt KDG dehydratase structures. A) Without ligand,
B) pyruvate (PYR) complex, and C) 2-oxoadipic acid (OXA) complex. Hydrogen bonds are
shown as dashed lines with the bond lengths in A.

In the complex structures, the carboxylate groups of the keto acid ends of the ligands
formed hydrogen bonds with the main-chain nitrogens of Gly-53 and Thr-54 and with
the side-chain hydroxyl group of Thr-54 (Figures 7B and C). Because the occupancy of
the pyruvate was only partial at the active site, the Schiff-base forming Lys-166 was
able to adapt a second conformation in which it formed a hydrogen bond to the Ser-
211 side-chain. The aliphatic chain of 2-oxoadipic acid was found to exist in several
conformations. In the monomer C, it was bound in a crevice formed by the loops
between B7 and a7 and between B8 and a8, and in a conformation in which the
aliphatic chain had the most extensive electron density. In this conformation (Fig. 7C),
the second carboxylate group of the ligand made hydrogen bonds with the main-chain
amino group of Ala-213 and the side-chains of Thr-54 and Ser-211.

3.2.4. REACTION END-PRODUCT ANALYSIS

In the reaction catalyzed by At KDG dehydratase, the KDG substrate is decarboxylated
and dehydrated into an o-ketoglutaric semialdehyde. The enzymatic reactions of At
KDG dehydratase and the S211A mutant were analyzed by negative-ion ESI-QIT mass
spectrometry. Reaction mixtures of the substrate, KDG (192 Da), with both the wild-
type enzyme and the site-directed mutant, were prepared and left to stand at room
temperature for 30 min. The mass spectrum of the pure substrate and the reaction
mixtures were measured. The spectra measured are shown in Figure 8.

In the spectrum of the pure substrate, only a single intense peak at m/z 191, which
corresponded to its singly charged [M—H] ion, was observed. In the spectra of the
reaction mixtures, a peak at m/z 129 appeared as the most abundant signal
corresponding to the expected singly charged ion of the reaction product, o-
ketoglutaric semialdehyde (130 Da). The intensity of the product ion was not as high
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for the enzymatic reaction of the S211A mutant as it was for the enzymatic reaction of
the wild-type enzyme and this observation supports the loss of activity with the
mutation of this conserved amino acid residue. The 30-fold lower activity of the
S211A mutant was shown also with biochemical activity measurements (data not

shown).
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Figure 8. A) ESI-MS spectrum of KDG. B) ESI-MS spectrum of KDG after 30 min reaction
with 4t KDG dehydratase. C) ESI-MS/MS spectrum of the 4t KDG dehydratase reaction
product (m/z 129). D) ESI-MS spectrum of KDG after 30 min reaction with A KDG
dehydratase Ser211Ala mutant. E) ESI-MS/MS spectrum of the Ar KDG dehydratase
Ser211Ala mutant reaction product (m/z 129).
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MS/MS experiments were used to verify the m/z 129 product ions’ structure. CID
activation gave fragments at m/z 85 that corresponded to the neutral loss of CO, (44
Da), and m/z 57 corresponded to a following neutral loss of CO (28 Da). The
additional peak observed at m/z 156 corresponded to the deprotonated buffer salt, Tris-
HCI, used as a solvent of the enzyme. These results are consistent with the enzymatic
formation of a-ketoglutaric semialdehyde, and no other reaction products were
observed.

3.2.5. REACTION MECHANISM

Even though the members in the Class I aldolase family catalyze various reactions,
they all have common Schiff-base intermediate forming reaction mechanisms®> . At
KDG dehydratase catalyzes the dehydration followed by decarboxylation of 3-deoxy-
2-keto-L-threo-hexarate to a-ketoglutaric semialdehyde, which would also start with
the formation of the Schiff-base, a covalent bond between the neutral side-chain of
Lys-166, and the KDG substrate (Fig. 9). This happens with an imine formation (step 1
in Fig. 9) when the amine nitrogen of Lys-166 attacks the electrophilic C2 carbonyl of
KDG. Isomerization to an enamine (step 2) form happens when a proton from the 3-
carbon of KDG is transferred by the general acid/base (B in Fig. 9) that is presumably
Tyr-140 in At KDG dehydratase (Fig. 10A). This Lys-Tyr catalytic dyad is a
characteristic feature for the enzymes in the Class I aldolase protein family’>.

o
o- .
substrate KDG 2. enamine formation 3. protonation of 4-hydroxyl 4. dehydration

1. imine formation
H,0
o)

product a-KGSA 7. product release 6. imine formation

20
5. decarboxylation

Figure 9. Proposed At KDG dehydratase reaction mechanism.
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The formation of enamine at step 2 is a unique feature for 4t KDG dehydratase when
comparing the reaction mechanism with the one of Sulfolobus solfataricus 2-keto-3-
deoxygluconate aldolase (Ss KDGA). Ss KDGA uses the same substrate as At KDG
dehydratase, but catalyzes the cleavage of a carbon-carbon bond by retro-aldol
reaction’’. This is due to the fact that the conformation of the bound substrate is
completely different in Ss KDGA caused by the differences at the active site. The
conformation of the substrate in Ss KDGA results in deprotonation from 4-hydroxyl,
instead of 3-hydroxyl as in At KDG dehydratase, and this leads to retro-aldol reaction
without enamine formation. Superimposition of the active sites of At KDG dehydratase
complexed with 2-oxoadipic acid and Ss KDGA complexed with 3-deoxy-D-
lyxohexonic acid (PDB code: 1W3T) is presented in Figure 10B showing the
differences in the amino acid residues in the active site.
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Figure 10. A) Docked enamine intermediate (in cyan) of the substrate in the active site of A¢
KDG dehydratase (in green). 2-Oxoadipic acid complex structure in gray. The distance
between the hydroxyl oxygen of Tyr-140 and B-carbon of 2-oxoadipic acid is shown with
dashed line and bond length in A. B) Superimposition of 4+ KDG dehydratase (in green)
complexed with 2-oxoadipic acid (in cyan) and Ss KDGA (in gray) complexed with 3-deoxy-D-
lyxohexonic acid (in yellow). The purple lines show the proposed proton abstraction by a
general base.

In the reaction mechanism of A¢# KDG dehydratase, the enamine formation is followed
by the protonation of 4-hydroxyl (step 3) that is presumably via Ser-211 (A in Fig. 9),
which would cause the loss of activity in the S211A mutant. The 4-hydroxyl is then
eliminated by El-type of dehydration (step 4) and is followed by another El-type
elimination (step 5) for the decarboxylation reaction”’. The product is then released to
its imine form by breaking the bond to Lys-166 (step 6), which is finally
interconverted to the enol form with common keto-enol tautomerism (step 7).
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3.3. ALDOSE-ALDOSE OXIDOREDUCTASE"

3.3.1. STRUCTURE DETERMINATION

The Cc AAOR crystals belonged to the monoclinic space group P2;. The measured X-
ray diffraction data sets for the glycerol, D-xylose, D-glucose, maltotriose, and D-
sorbitol complex structures were determined to 2.0, 1.8, 1.7, 1.9, and 1.8 A resolutions,
respectively. The structures were solved by molecular replacement using a
R30K/R31K double mutated version of the precursor form of glucose-fructose
oxidoreductase from Zymomonas mobilis (Zm GFOR, PDB code: 1H6A)** with a 49%
sequence identity to Cc AAOR as a template. In molecular replacement, six monomers
in the asymmetric unit were found, which corresponds to a calculated Matthews
coefficient, Vi, of 3.6 A*/Da with a solvent content, Vs, of 65 percent. The Cc AAOR
monomer without its signal sequence had 339 amino acid residues. The final Cc
AAOR glycerol complex structure asymmetric unit was composed of 2010 amino acid
residues, six NADPHs, 1550 water molecules, 16 glycerol molecules, and eight sulfate
ions. The average rmsd was 0.2 A when superimposing the six monomers in the
asymmetric units from all the structures.

3.3.2. OVERALL STRUCTURE

Cc AAOR had the typical two-domain structure of an enzyme that belongs to the
Gfo/ldh/MocA family. It had eleven a-helices and fourteen f-strands, from which the
N-terminal Rossmann fold was comprised of seven parallel 3-strands (f1-f7) forming
a sheet surrounded by five a-helices (al and a2 on one side and a3-a5 on the other
side). The N-terminal nucleotide-binding domain was tightly packed against the C-
terminal o/ domain involved in substrate binding and dimerization. It contained an
open-faced [-sheet formed of seven, mainly anti-parallel, B-strands (f8-f14) and six
o-helices (a6-al1) on the one side of the B-sheet. The helices a8 and a10 that were
located in the middle of long loops were especially important for packing the two
domains together. The overall fold is presented in Figure 11A.

Using the PISA server, the oligomerization state of the crystal structure of Cc AAOR
was confirmed to be a dimer with a two-fold rotation axis between the monomers.
Packing the open-faced -sheets of two monomers together, a tight dimer with a total
interface area of approximately 1470 A? was formed by creating an o/B/P/o sandwich
type of a structure to the dimer interface (Figure 11B). Furthermore, Cc AAOR was
found to be a dimer in solution defined by dynamic light scattering (data not shown).
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Figure 11. A) The overall structure of the Cc AAOR monomer. The N-terminal nucleotide-
binding domain is shown in cyan and the C-terminal domain in magenta. B) Cc AAOR dimer
formed by stacking the C-terminal 3-sheet of monomer A (colored as in panel A) against the 8-
sheet of monomer B (in dark grey). NADP(H) cofactors are shown in violet.

3.3.3. NUCLEOTIDE BINDING

After molecular replacement, the electron density maps showed an evident positive
difference density for the NADP(H). The cofactor was bound on the C-terminal side of
the B-sheet on the Rossmann fold at the cleft between the loops from B1 and B5 in
which there was a change in the direction of the B-strand order. The syn-conformation
of the adenine moiety of NADP(H) was unusual, but it was in parallel with the bound
cofactor in Zm GFOR™ The cofactor formed an extensive network of interactions to
the enzyme (Fig. 12) making it tightly bound even though it is relatively highly
exposed to solvent.



Figure 12. The active site of the Cc AAOR glycerol complex structure presenting the bonding
of NADP" (in black) and glycerol (in green) to the active site residues (colored as in Fig. 11A).

Based on the UV/vis measurements of the crystals, the oxidized NADP" was placed in
the densities at the active sites of the glycerol complex structure and the reduced
NADPH in the active sites of the D-xylose, D-glucose, maltotriose, and D-sorbitol
complex structures. This indicated that an electron transfer reaction had already
occurred in the NADPH-containing complex structures. Because the UV/vis spectrum
of the sorbitol soaked crystal was measured only after X-ray radiation, it could not be
identified if the reduction of the NADP" had happened due to electron transfer reaction
between the substrate and the enzyme or due to radiation damage. No conformational
changes were observed at the active site between the structures with either the oxidized
or reduced cofactor. The UV/vis spectra measured are shown in Figure 13.



28

2 -
1.8 1
1.6 1
1.4 1
—Glycerol
D-xylose
®12
Q -
= D-Glucose
© )
.e 1 —Maltotriose
? bito
D-sorbito
Qo
<
0.8 1
0.6 1
0.4 1 \
0.2 1
0 r T r r r
250 290 330 410 450 490

370
Wavelength/nm

Figure 13. Measured UV/vis spectra of the oxidization state of the NADP(H) cofactor in the Cc
AAOR crystals.

3.3.4. LIGAND BINDING

Five complex structures were solved to study the binding of different ligands in Cc
AAOR. Clear electron densities for the two monosaccharides in pyranose forms (D-
glucose and D-xylose), for the trisaccharide (maltotriose) composed of a-1,4-linked D-
glucose units in pyranose form, and for the acyclic sugar alcohols (glycerol and D-
sorbitol) were observed next to the nicotinamide ring of the cofactor, which is clearly a
prerequisite for the substrate binding. The binding of glycerol is shown in Figure 12.

From the superimposition of the D-glucose, D-xylose, and maltotriose complex
structures (Fig. 14A), we can see their similar binding where the O1 hydroxyls made
hydrogen bonds with Lys-104 and Tyr-189, and the O2 and O3 hydroxyls made
hydrogen bonds with Arg-172 and Asp-185. Additionally, the pyranose rings were in
close contact with the phenyl ring of Tyr-267. The O6 of D-glucose was able to make a
hydrogen bond with Arg-132. Furthermore, the middle glucose residue of maltotriose
formed additional contacts with the enzyme: a hydrogen bond from the O6 to Asn-248,
and a hydrophobic interaction by stacking clearly against the Phe-163 ring.
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According to the complex structures and characterization studies*’, the configurations
of the hydroxyl groups in the substrate play a big role in the substrate specificity.
Substrates having a free equatorial O1 (B) hydroxyl group seemed to be the only
accepted substrate for the oxidation reaction, and equatorial hydroxyl groups at the C2
and C3 were also substantially preferred. The best substrate for Cc AAOR was shown
to be L-arabinose with the amount of [P-L-arabinose decreasing faster than o-L-
arabinose, which is in agreement that f-anomer would be the reactive substrate.

A \\Q | B
N248 F163
D185

Figure 14. A) The binding of the pyranose ring substrates in the active site of Cc AAOR. D-
xylose is shown in green, D-glucose in violet, maltotriose in yellow, cofactor in black, and
active site substrate binding residues are colored as in Figure 9A. B) The active site of Cc
AAOR in D-sorbitol (in orange) complex superimposed with D-glucose (in violet). The key
distances (taken from the glucose complex structure A monomer) between the ligands, the
catalytic residues (in cyan), and the cofactor are shown (in A).

The acyclic glycerol and D-sorbitol could bind in different conformations in the active
site. For glycerol, only one predominant conformation occurred in which the three
oxygen atoms of the glycerol’s hydroxyl groups were located in the same positions as
the O1, O2, and O3 of the pyranose ring containing substrates with the similar
hydrogen bonding. On the other hand, the binding of D-sorbitol in the Cc AAOR
active site happened in several different orientations. The most extensive electron
density for D-sorbitol was in the active site of monomer A, which had the
conformation presented in the Figure 14B superimposed with D-glucose. In this
conformation, the C5 atom occupied approximately the same position as the C1 atom
of the D-glucose ring.

In order for the hydride ion (H") transfer to happen between the cofactor and a
substrate, the C1 carbon atom from the substrate needs to be oriented towards the
reactive C4 carbon of the nicotinamide ring of the cofactor. In all the ligands, the
distance between the carbon oriented towards the cofactor (C1 in the D-xylose, D-
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glucose, and maltotriose complex structures, C3 in the glycerol complex structure, and
C3 or C5 in the D-sorbitol complex structure) and the C4 carbon of the nicotinamide
ring was 3.1-3.5 A allowing the hydride ion to be transferred from the substrate to the
NADP" thus reducing the cofactor and leading consequently to the substrate oxidation.

3.3.5. COMPARISON WITH ZM GFOR

Zm GFOR is a well-characterized enzyme catalyzing the NADP(H) dependent
oxidation of D-glucose to glucono-1,5-lactone and reduction of D-fructose to sorbitol®>
% Zm GFOR is the only significantly homologous sequence to Cc AAOR with
previously published structures™ ***". Despite the considerable sequence identity of
49%, Cc AAOR had notable differences in its three-dimensional structure and
function. The average rmsd for the structures was 0.9 A.

N-terminal arm

BN-strand

Figure 15. A) Zm GFOR monomer. B) Cc AAOR monomer. Surface representations of the
active sites: C) Zm GFOR, where the N-terminal arm (in grey) of an adjacent molecule covers
the active site and the cofactor of the red monomer, D) Cc AAOR, where we see the solvent-
exposed cofactor (in violet).
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The major difference in the structures was the 25 residues longer N-terminal of Zm
GFOR, namely the N-terminal arm, which was the main reason for the tetrameric
oligomerization state of Zm GFOR. This N-terminal extension wraps around an
adjacent molecule covering up its active site while burying the cofactor entirely. It has
been shown that the truncation of the N-terminal arm of Zm GFOR led its
oligomerization to change to dimer and also to weaken the cofactor binding, thus
leading to loss of catalytic activity”’. Interestingly enough, even though Cc AAOR had
the oligomeric state of a dimer and an surface exposed cofactor, there was no
NADP(H) dissociation observed, and the enzyme retained its activity without addition
of external cofactor. Furthermore, Phe-317 from the loop following the additional BN-
strand extends towards the substrate-binding site. The structural differences have been
compared in Figures 15 and 16.

Figure 16. The superimposition of the oligomeric structures of Cc AAOR (dimer in cyan and
blue) and Zm GFOR (tetramer in red and grey).
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3.3.6. REACTION MECHANISM

Based on our results, we presented a general scheme for the oxidation and reduction
reactions of D-glucose catalyzed by Cc AAOR (Fig. 17).

a-D-glucose D-glucose p-D-glucose
HO OH OH o} HO
o) F | o
HO - HO : — HO
HO 1 > 1 - HO 1
OH z z OH
OH OH OH OH
X l oxidation
reduction
HO
o
OH gH OH HO

z HO 1
HO ~
1 OH (o]

glucono-1,5-lactone

HO

OH OH

D-gluconate

&
S

HO (0]
glucono-1,4-lactone

Figure 17. The overall reaction scheme of Cc AAOR for D-glucose in which the B-anomer is
oxidized with NADP", and the small amount of free aldehyde form existing in solution can be
reduced by NADPH. Number 1 indicates the carbon C1 in the molecules.

The structures of Cc AAOR with relevant ligands gave us novel information about the
roles of the active site amino acid residues in the enzymatic catalysis. NADP(H)
played a key role in the hydride ion transfer to the C1 position of the substrate. The
structures unambiguously showed very short distances from the O1 of the ligand to the
phenolic oxygen On of Tyr-189 and to the N{ atom of Lys-104 (2.4-2.6 A). This
means both could, in theory, accept or donate a proton that is needed in the reaction
after the hydride ion transfer. The mutual distance between Orn atom of Tyr-189 and
N atom of Lys-104 is clearly longer, 4.2 A, indicating that they do not form a catalytic
dyad even though suggested by previous studies’.
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The roles of the catalytic amino acid residues have been widely studied, for example,
by site-directed mutations, but they are not unambiguously clear”. Nevertheless, the
crystal structures suggest that both amino acid residues, Lys-104 and Tyr-189, are
essential residues for Cc AAOR to catalyze the reduction of a linear form of a
monosaccharide substrate and the oxidation of a pyranose form of the same substrate
in a reaction cycle, during which the bound cofactor is regenerated, but their mutual
role in the reaction mechanism was difficult to dissect.

3.4. GFO/IDH/MOCA PROTEIN FAMILY"

The proteins belonging to the Gfo/ldh/MocA family were found according to extensive
literature, structure, and sequence searches within the worldwide PDB'® using the
search engines at the PDB in Europe® and the Research Collaboratory for Structural
Bioinformatics PDB (www.rcsb.org)’> as well as within the DALI-server”. The
searches were performed using the sequences of Cc AAOR and Zm GFOR and the
protein family name as search items. Several structures were found, but only eleven
different proteins were chosen for the final comparison excluding similar enzymes
from different sources and structures without a defined function (no publication
available). The used crystal structures have been listed in Table 3 with their PDB
codes, EC numbers, number of amino acid residues (AA), quaternary structures,
utilized cofactors, and calculated rmsds. The average rmsd values have been calculated
by superimposing the secondary structures to Cc AAOR.

In addition to Cc AAOR and Zm GFOR, the proteins in the comparison were: 1)
glucose-6-phosphate dehydrogenase (G6PD) from Leuconostoc mesenteroides’, 2)
biliverdin reductase (BVR) from Rattus norwegicus ', 3) 1,5-anhydro-D-fructose
reductase (AFR) from Sinorhizobium meliloti'”, 4) a-N-acetylgalactosidase (A-zyme)
from Elizabethkingia meningosepticum’, 5) transcriptional inhibitor Gal80p from
Kluyveromyces lactis®, 6) dihydrodiol dehydrogenase (DD) from Macaca
fascicularis®® '®, 7) uridine-5’-phosphate-2,3-diacetamido-2,3-dideoxy-D-mannuronic
acid dehydrogenase (WIbA) from Thermus thermophilus™, 8) myo-inositol
dehydrogenase (IDH) from Bacillus subtilis’® '™, and 9) C-3"-ketoreductase (KijD10)
from Actinomadura kijaniata™. The sequence identities were generally low, under
20%, but the overall three-dimensional structures were strikingly similar. The
topological diagram of Cc AAOR, with the key residues at the active site, has been
presented in Figure 18, which was similar to all the other proteins.
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Table 3. Crystal structures used in the comparison

EC AA  Quaternary RIV{SD
Protein PDB code number count structure Cofactor A
Cc AAOR 5A02,5A03,5A04, 1.1.99.- 339 dimer1 NADP 0
5A05, 5A06
AFR 4KOA 1.1.1.263, 332 dimerl NADP 19
1.1.1.292
A-zyme 21XA, 21XB 32.1.49 444 dimer1 NAD 2.6
BVR 1GCU, 1LCO0, 1LC3 1.3.1.24 295 monomer NAD 24
DD 2048,204U, 2POQ, 1.3.1.20 334 dimer1 NADP 2.5
30HS
Gal80p 2NVW - 479 dimer1 - 24
Zm GFOR  10FG, 1EVJ, IH6A, 1.1.99.28 381 tetramer | NADP 0.9
1H6B, 1H6C, 1H6D,
IRYD, IRYE
G6PD 1DPG 1.1.1.49 485 dimer2 NADP 3.1
KijD10 3RBV, 3RC1, 3RC2, 1.1.1.- 350 tetramer| NADP 24
3RC7,3RC9,3RCB
myo-IDH 3MZ0,3NT2,3NT4, 1.1.1.18, 344 tetramerl NAD/NADP 2.3
3NTS5, 3NTO, 3NTQ, 1.1.369
3NTR, 4L8V, 4L9R
WIbA 30A0,309Z 1.1.1.374 (7) 318 tetramer?2 NAD 22

All the structures had a two-domain structure containing the N-terminal nucleotide-
binding domain, and the C-terminal substrate-binding o/Bf-domain that was frequently
also involved in the oligomerization. The C-terminal domain consisted of a two-layer
a/p-sandwich in which the B-sheet was predominantly antiparallel having six to nine
B-strands. Both faces of the B-sheet were usually hydrophobic with one face
participating in the homodimer formation as described before for Cc AAOR and the
other face packing against the a-helices between the domains. These helices were in
the N- and C-terminal regions of the a/pf-domain and in the polypeptide chain after the
first B-strand of the B-sheet. The monomers of the proteins compared in the study have
been presented in Figure 19.
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Figure 18. Topology diagram of the Cc AAOR monomer. The cofactor-binding domain is
presented in cyan and the C-terminal o/f-domain in purple. The central fo-motif has been
highlighted with darker color, and the key amino acid residues at the active site have been
labeled in red. The figure was produced using TopDraw'®® from the CCP4 suite.
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Figure 19. The monomers of the proteins used in the comparison: A) Cc AAOR, B) AFR, C)
A-zyme, D) BVR, E) DD, F) G6DP G) Gal80p, H) IDH, I) Zm GFOR, J) WIbA, K) KijD10.
The N-terminal nucleotide-binding domains are in green and the C-terminal domains in red.

The B-sheet of the a/B-domain could be divided into three sections. There were two -
hairpin-like motifs consisting of three to four adjacent antiparallel f-strands at the both
ends of the B-sheet. The first strand of the f-sheet was located between them. This first
strand was parallel to the first motif and antiparallel to the second motif. This first -
strand was topologically important because the catalytic residues were located in the
conserved helix after this B-strand. Together these secondary structure elements
formed the Po-motif, which was a characteristic feature of Gfo/ldh/MocA protein
family. Figure 20 presents the simplification of the major structural elements of the
Gfo/Idh/MocA protein fold.
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Figure 20. The simplification of the major structural elements of the Gfo/I[dh/MocA protein
fold (as in Cc AAOR). The central fo-motif is shown in magenta and the cofactor binding
Rossman fold in cyan. NADP, and the glucose ligand (GLU) are shown as stick models. The
side chains for the residues in the five key sites (indicated with a red number) are also shown as
stick models.

All of the enzymes in the Gfo/Idh/MocA family catalyzed reactions using a nucleotide
cofactor. In the structures where the NAD(P) was bound to the enzyme, it was binding
in the expected binding-site at the C-terminal edge of the Rossmann fold, having,
however, many possible conformations. To analyze the catalytic and substrate binding
residues, the few available complex structures from the Gfo/ldh/MocA protein family
were analyzed. Our analysis indicated positions for five residues at the active site
having a key role (presented as stick models in Fig. 20 and numbered in red). The first
two residue sites were putative catalytic residues, which could either donate or accept a
proton from the substrate. The catalytic residue at the site one, which was typically a
lysine, was located at the end of a N-terminal B-strand (6 in the topology diagram of
Cc AAOR). It made a hydrogen bond with the O2’ of the ribose next to the
nicotinamide ring of NAD(P) in many crystal structures. A negatively charged residue
(Asp or Glu) was typically occupying the third site, and the fourth site was in general a
positively charged residue (Lys or Arg). The fifth residue, located at the N-terminal
domain, was packing against the reactive nicotinamide ring of the cofactor and varied
considerably, having aliphatic, aromatic, or even a positively charged side chain.
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Figure 21. The quaternary structures of Gfo/Idh/MocA family proteins shown as cartoon
models: A) AAOR dimer, B) GFOR tetramer, C) G6PD dimer, and D) WIbA tetramer. One
monomer is presented in green and the other units are in grey.

Also the quaternary structures of the Gfo/Idh/MocA family were analyzed. BVR was
the only protein found to be monomeric. The most common quaternary structure was
the dimeric structure found in Cc AAOR (Fig. 21A), which was also found in AFR, A-
zyme, DD, and Gal80p. A similar tetramer formation, as in Zm GFOR (Fig. 21B), was
found also in KijD10 and myo-IDH. Also in G6PD, the (-sheet of the o/B-domain
participated in the formation of the dimer, but the packing of the 3-sheets against each
other utilized another face of the $-sheet (Fig. 21C) because the C-terminus included a
short a-helix that packed against the flat 3-sheet face preventing similar packing as in
Cc AAOR. Finally, the WIbA tetramer (Fig. 21D) represented the arrangement in
which B-sheet of the a/f-domain did not have a role in the formation of the tetramer.
In this WIbA structure, the monomer-monomer interfaces were predominantly located
in the N-terminal nucleotide-binding domain.
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4. CONCLUSIONS

The three-dimensional structures of three carbohydrate-modifying enzymes
galactarolactone cycloisomeraze (Gci) and keto-deoxy-D-galactarate (KDG)
dehydratase from Agrobacterium tumefaciens, and aldose-aldose oxidoreductase from
Caulobacter crescentus (Cc AAOR) were solved by X-ray crystallography, and their
function was studied by complex structure determination, UV/vis measurements, and
mass spectrometry. These results provide valuable information about the protein-ligand
interactions and the enzymatic mechanisms of A¢ Gcei, At KDG dehydratase, and Cc
AAOR. These findings may be used to improve the future utilization of these enzymes
in the applications for sustainable chemical production.

The novel enolase family enzyme A¢ Gcei was crystallized by hanging-drop vapor-
diffusion method that improved the crystals for synchrotron measurements by addition
of a detergent. The native structure was solved to 1.6 A resolution, which showed us
the general structure of the active site with essential amino acid residues. The attempts
to solve the structure with a bound Mg*" ion, required for the catalysis, and in complex
with a substrate, product, or analogue of either one have so far been unsuccessful.

The structure of At KDG dehydratase and its complexes with pyruvate and 2-oxoadipic
acid, two substrate analogues, were solved to 1.7, 1.5, and 2.1 A resolutions,
respectively. These are, to our knowledge, the first crystal structures for a
decarboxylating hydrolyase and led us to propose a structure-based reaction
mechanism. The solved structures, along with the kinetic characterizations on this
novel type of a Class I aldolase family enzyme, add to our understanding about the
oxidative D-galacturonate pathway and promote the efforts of designing mutations to
improve the properties and specificity of 4t KDG dehydratase.

The structure of an oxidoreductase Cc AAOR, in complex with its cofactor, and
several saccharides and sugar alcohols, was solved. These complex structures gave us
insight in the ligand-binding interactions and demonstrated an unequalled arrangement
in which two active site residues, Lys-104 and Tyr-189 could both, in principle,
participate in a similar way in the catalysation. Cc AAOR can both oxidize and reduce
a panel of saccharides to the corresponding aldonolactones and alditols, respectively,
and would have enormous potential in modifying biomass sugars.

The structural and functional features of the diverse Gfo/ldh/MocA protein family
were also analyzed. This family contains enzymes that catalyze various different
reactions, but have a similar two-domain structure even though their sequence identity
is generally very low. All the enzymes in this family have a central fa-motif carrying
the catalytic residues in the conserved helix, a characteristic feature of the
Gfo/Idh/MocA protein family.
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