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INTRODUCTION

Glycosaminoglycans such as chondroitin, hyaluronan, and heparin are highly negatively
charged polysaccharides with a repeating disaccharide unit consisting of an uronic acid residue
(glucuronic or iduronic acid) and an amino sugar residue (glucosamine or galactosamine) (Iozzo,
1998). Chondroitin consists of D-glucuronic acid (GlcA) and N-acetyl-D-galactosamine (GalNACc)
along with a sulfate group(s) at position 4 or 6 or at both positions. Hyaluronan, which is also a
member of the glycosaminoglycan family, is composed of GlcA and N-acetyl-D-glucosamine
(GIcNAc). These major components of the mammalian extracellular matrix are responsible for
cell-to-cell association, and are widely present in human tissues such as the eye, brain, liver, skin,
and blood (Lindahl & Hook, 1978).

Glycosaminoglycans in the extracellular matrix are enzymatically degraded by hydrolases
and lyases (Emst et al., 1995). Generally, hydrolases, which cleave bonds between glycosidic
oxygen and anomeric carbon atoms through the addition of a water molecule, play an important role
in the metabolism of glycosaminoglycans in mammals. Microbial pathogens that invade host cells
degrade glycosaminoglycans primarily by the action of lyases (Hascall et al., 1995; Linker et al.,
1955). Microbial lyases recognize the uronic acid residue in polysaccharides and produce
unsaturated disaccharides with the uronic acid residue having a C=C double bond at the
nonreducing terminus through the p-elimination reaction. Typical pathogens that degrade
glycosaminoglycans include streptococci such as Streprococcus agalactiae, Streptococcus
pneumoniae, and Streptococcus pyogenes. Streptococci cause severe infectious diseases, e.g.,
pneumonia, bacteremia, sinusitis, and meningitis; these bacteria degrade glycosaminoglycans by
using polysaccharide lyases, which function as virulence factors (Jedrzejas, 2001).

Unsaturated glucuronyl hydrolase (UGL), a member of glycoside hydrolase family GH-88

in the CAZy database (Henrissat, B., Coutinho, P, and Deleury, E., 1999;



http://afmb.cnrs-mrs. fr/~cazy/CAZY/index.html), acts on unsaturated oligosaccharides that have an
unsaturated GlcA (AGIcA) with a a-glycoside bond, i1.e., AGIcA-GalNAc produced by chondroitin
lyase, AGIcA-GIcNAc produced by hyaluronate lyase, AGlcA-mannose (Man)-glucose (Glc)
produced by xanthan lyase, and AGIcA-Glc-thamnose (Rha)-Glc produced by gellan lyase
(Hashimoto ef al., 1999) (Fig. 1). The enzyme probably produces AGIcA and the leaving saccharide
from these unsaturated oligosaccharides through the hydrolytic reaction. The resultant product,
AGIcA, is thought to be spontaneously converted to the open chain form because the ringed form of
AGIcA is not obtained due to keto-enole equilibrium (Linker e a/, 1955; Hashimoto e al., 1999).
UGL and its gene were first identified in Bacillus sp. GL1 and were considered to be involved in the
degradation of mammalian glycosaminoglycans and bacterial biofilms (Sphingomonas gellan and
Xanthomonas xanthan) (Hashimoto ef al., 1999). Proteins showing high homology with UGL of
Bacillus sp. GL1 were subsequently found to be encoded in the genomes of pathogenic bacteria, 1.¢e.,
bacteroides, enterococci, mycoplasma, streptococci, and vibrio (Fig. 2). The enzyme thus appears to
be responsible for the complete degradation of glycosaminoglycans. In fact, streptococcal
hypothetical proteins homologous to UGL were recently found to exhibit enzyme activity

(Hashimoto et al., in preparation).
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Fig. 2. Amino acid sequence alignment of UGL and
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Structural analysis of lyases and UGL is indispensable for clarifying molecular
mechanisms underlying the recognition and degradation of unsaturated saccharides and sequential
reaction mechanisms involved in polysaccharide depolymerization by bacteria. The crystal
structures of polysaccharide lyases acting on chondroitin AC (Féthiére et al., 1999; Lunin et al,,
2004), chondroitin B (Huang et al., 1999), chondroitin ABC (Huang et al., 2003), hyaluronate (Li ez
al., 2000; Li & Jedrzejas, 2001; Jedrzejas et al., 2002; Smith ef al., 2005), and xanthan (Hashimoto
et al., 2003; Maruyama ef al., 2005) have been determined, and the structure-function relationships
of these lyases have been studied.

In this thesis, in order to clarify the structure-function relationship of unsaturated glycoside
hydrolases (UGL from Bacillus sp. GL1 and its tertiary structural homologue YteR from Bacillus
subtilis), the determination of the X-ray crystal structure of UGL (CHAPTER 1), the identification

of YteR as unsaturated galacturonyl hydrolase (CHAPTER II), and the elucidation of the catalytic



reaction mechanism of these unsaturated glycoside hydrolases (CHAPTER IIT) were carried out.
These results provide useful information on the molecular design of drugs for the treatment of

infectious diseases in mammalian and plant cells.
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CHAPTER I
CRYSTAL STRUCTURE OF A NOVEL
UNSATURATED GLUCURONYL HYDROLASE

Together with polysaccharide lyases, bacterial UGL plays an important role in
depolymerizing polysaccharides constituting mammalian extracellular matrix and/or bacterial
biofilm. A large number of UGL homologues are encoded in the genome of pathogenic bacteria
such as streptococci and vibrio, suggesting that these are crucial for invasion of bacterial cells into
host cells through the depolymerization of the extracellular matrix. Structural and functional
analyses of UGL as wall as polysaccharide lyases are therefore important for the clarification of the
ecosystem of pathogenic and/or biofilm-dependent bacteria and for the establishment of a novel
therapy for bacterial infectious diseases. Although many polysaccharide lyases, e.g. chondroitin
(Féthiére et al., 1999; Lunin et al., 2004; Huang ef al., 1999, 2003), heparin (Shaya et al., 2006),
hyaluronate (L1 et al., 2000; Li & Jedrzejas, 2001; Jedrzejas et al., 2002; Smith et al., 2005), and
xanthan lyases (Hashimoto ef al., 2003; Maruyama et al., 2005), have functionally and structurally
been well characterized, little information on structure-function relationship of UGL has been
accumulated.

In order to obtain clues to clarify structural characteristics, this chapter deals with the

determination of crystal structure of Bacillus sp. GL1 UGL by X-ray crystallography.

Materials and Methods
Crystallization and X-ray diffraction
UGL of Bacillus sp. GL1 was overexpressed in Escherichia coli, purified, and crystallized
by sitting-drop vapor diffusion as described previously (Mori et al., 2003a, b). UGL crystals were

soaked in a heavy-atom derivative solution containing 1 mM K;PtCl,, 1 mM Hg(CH;COO),, or 0.5



mM NaAuCl, for 15-50 minutes at 20°C. These heavy-atom solutions were prepared in 52% (v/v)
2-methyl-2,4-pentanediol (MPD), 0.12 M sodium chloride, 0.1 M glycine, and 0.1 M Tris-HCI (pH
7.6). The crystals were removed from a droplet on a mounted nylon loop (Hampton Research,
Laguna Niguel, CA, USA), and placed in a cold nitrogen gas stream at -173°C. X-ray diffraction
images of the UGL crystal (Native 1) were collected using a Quantum 4R CCD area detector
(ADSC, CA, USA) with synchrotron radiation at a wavelength of 0.72 A at the BL-38B1 station of
SPring-8 (Japan). Images were processed with DENZO and SCALEPACK software (Otwinoswki &
Minor, 1997) to a resolution of 1.8 A (Table 1). Diffraction images of another crystal (Native 2) and
derivative crystals for phasing were collected with a Bruker Hi-Star multiwire area detector using
CuKo radiation generated by a MAC Science M18XHF rotating anode generator, and were

processed with SADIE and SAINT software (Bruker, Karlsruhe, Germany).

Table 2. Phasing statistics

Table 1. Synchrotron radiation data and for a UGL crystal (Native 1)

Crystal system Hexagonal Compound Native 2 K3PtCly Hg(CH;CO0), NaAuCly
Space group P62 Concentration GnM)®* 1.0 1.0 0.5
Unit cell parameters (A) a=b=103.01, c=223.04 Soaking time (min) 50 30 15
Molecules/Assym. Unit 1 Resolution {imit (A) 2.7 3.5 3s 35
Data collection Phasing power 1.08 1.23 1.06

Resolution fimit tast shell)® () 25.0—1.80 (1.86 —1.80) Reuss 0.612 0.652 0701

Meastred reflections 300292 (24083) R 0.088 o.a11 0.104

Unique reflections 63892 (6175) Nomber of sites 2 2 2

Redundancy 4739 Binding sites Met-1, Cys-150, Cys-150,

Completeness (1>ail) (%) 97.6(96.0) Met-121 Cys-287 His-210

Reerge 04 6 9.6 (29.5) *Soaking solution consisted of 52% (v/¥) MPD, 0.12 M of sodium chloride, 0.1 M of glycine,
Refinement and 0.1 M of Tris - HCl buffer (pH 7.6).

Final model 377 residues, 478 water, Mean figure of merit: 0.426.

4 glycine, 2 DTT, and 1 MPD

Resolution limit (&) 25.6-1.80 (1.91 -1.80)

Used reflections 63316 (9024)

Completeness (F>20(F) (%) 96.7 (93.9)

Average B-factor (A% 163

Refactor (%) 16.8(224)

Riee O0)° 18.9(24.6)

ms deviations

Bond (A) 122
Angle (deg) 0.005

* Data in highest resolution shells is given in parentheses.

° R = T, — <21 x 100, where L is the intensity of individual reflection and </> the mean intensity of all
reflections.

¢ R-factor = X)F, - F|/Z|F,| x 100, where F, is the observed structure factor and £ the calculated structure factor.
4 Ryee was caloulated from a randomly chosen 10% of reflections as defined by the CNS.




Structure determination and refinement

The UGL crystal structure was determined by multiple isomorphous replacement (mir).
Phase calculation and refinement were done with Native 2 and derivative data sets using a PHASES
program (Furey & Swaminathan, 1997). Major sites of heavy atoms were determined by the
interpretation of difference Patterson maps calculated at a resolution of 6.0-3.5 A. Additional
heavy-atom sites were determined from difference Fourier maps. Phasing results are listed in Table
2. The mean figure of merit was 0.426. The phase was greatly improved and the mean figure of
merit increased to 0.754 after solvent flattening (Wang, 1985) with PHASES program. Initial model
building was done with Native 2 data sets and the phase at 3.5 A using the TURBO-FRODO
program (AFMB-CNRS, Marseille, France) on a Silicon Graphics Octane computer. Simulated
annealing refinement was done with this model and 25-2.5 A resolution data from Native 1 data sets
with CNS ver. 1.1 (Briinger et al., 1998). The model was heated to 3,000 K, then slowly cooled to
300 K (time step, 0.5 fs; decrease in temperature, 25 K; number of steps at each temperature, 50),
and 200 cycles of Powell minimization were done. F, - F, and 2F, - F, maps were used to locate the
correct model. Several rounds of positional and B-factor refinement, followed by manual model
building, were done to improve the model by increasing data to a resolution of 1.8 A. Water
molecules were incorporated where the difference density exceeded the mean by 3.0 ¢ or more and
the 2F, - F, map showed a density exceeding 1.0 6. Seven fragments of nonprotein or nonwater
density were modeled into four glycine molecules, two dithiothreitol (DTT) molecules, and one
MPD molecule from the crystallization medium, and density was excellent for the whole molecule.
The final R-factor was 16.8% for 63,316 data points with F > 2.0 ¢ (F) in a resolution of 25.0-1.8 A
(96.7% completeness). The R-free value calculated for randomly separated 10% data was 18.9%.
The stereoquality of the model was assessed using the PROCHECK (Laskowski ef al., 1993) and
WHAT-CHECK (Hooft ef al., 1996) programs. Structural similarity was searched for in the RCSB

Protein Data Bank (Berman er al, 2000) using the DALI program (Holm & Sander, 1993).



Coordinates of hypothetical protein YteR (INCS5) were taken from the RCSB Protein Data Bank.
UGL and YteR models were superimposed by a fitting program in TURBO-FRODO. Ribbon plots
were prepared using the MOLSCRIPT (Kraulis, 1991), Raster3D (Merrit & Murphy, 1994), and
GRASP (Nicholls et al., 1991) programs.
Mutagenesis and CD spectra measurement

Asp-88 or Asp-149 in UGL was replaced with an asparagine residue by the use of a
QuickChange site-directed mutagenesis kit (Stratagene) and mutation was confirmed by DNA
sequencing. The plasmid pET3a-UGL, which is the expression vector for wild-type UGL (Mori et
al, 2003b), was used as a template. Primers were as follows: D88N (Asp-88 — Asn-88),
5’-AGAATCTCGATCATCACAACATCGGCTTCCTATACTC-3’ and
5’-GAGTATAGGAAGCCGATGTTGTGATGATCGAGATTCT-3’; and DI149N (Asp-149 —
Asn-149), 5’-GGACGCATCATCATCAACTGCCTGCTGAATCTG-3’ and
5’-CAGATTCAGCAGGCAGTTGATGATGATGCGTCC-3" (mutations are indicated by bold
letters). The E. coli BL21(DE3) was transformed with plasmids having a mutation, i.e.,
pET3a-UGL(D88N) and pET3a-UGL(D149N). Mutant enzymes were expressed and purified as for
wild-type UGL (Mori ef al., 2003b). Structural conformations of purified wild-type and mutant
enzymes were evaluated by far-UV circular dichroism (CD) spectroscopy using a Jasco J720
spectropolarimeter at 190-260 nm with a demountable quartz cell having a 0.1 mm path length.

Enzyme assay

UGL reactions for the wild-type and mutants were conducted at 30°C as follows: The
reaction mixture consisted of 50 mM sodium phosphate (pH 6.5), 20 — 500 uM substrate, and
enzymes in a 500 ul reaction volume. Enzyme activity was measured by monitoring the decrease in
absorbance at 235 nm, corresponding to the loss of the C=C double bond of the substrate because
the pyranose ring of the released AGlcA readily opens so that it is nonenzymatically converted to

a-keto acid through the loss of the double bond (Fig. 1d, Introduction) (Linker ez al., 1955;



Hashimoto ef al., 1999). Enzyme concentration was determined by UV spectrophotometry using
theoretical molar extinction coefficient g,5 = 99,570 (M™cm™). Enzyme purity was assessed by
SDS-PAGE followed by Coomassie Brilliant Blue staining. The gellan lyase product
(AGlcA-Glc-Rha-Glc) for the UGL substrate was prepared as described elsewhere (Hashimoto et al.,
1997). Hyaloronate lyase product (AGIcA-GIcNAc) and chondroitin lyase product
(AGIcA-GalNAc) were obtained from Seikagaku Corporation (Tokyo, Japan). kcat and Km

parameters were determined by nonlinear fitting to the Michaelis-Menten equation.

Results and Discussion
Crystallization and structure determination
UGL of Bacillus sp. GL1 is a monomeric enzyme with a molecular mass of about 43 kDa
(377 amino acid residues) (Hashimoto ef al, 1999). A UGL crystal (0.1 x 0.1 x 0.5 mm) was
obtained by sitting-drop vapor diffusion as described previously (Mori et al., 2003a). The space
group was determined to be P6522 with unit cell dimensions of a =b = 103.01 and ¢ = 223.04 A,
and the solvent content was 69% assuming one molecule per asymmetric unit. Results of native data
collection using synchrotron radiation at the BL-38B1 station of SPring-8 are summarized in Table
1. The phase of the structure was solved by mir. Table 2 shows phasing statistics at a resolution of
35A.
Quality of refined model
The refined model of UGL consists of 377 amino acid residues, and 478 water molecules,
four glycine molecules, two DTT molecules, and one MPD molecule. The entire polypeptide chain
sequence was well traced, and the electron densities of the main-chain and side-chain were
generally very well defined in the 2Fo - Fc map, except for N-terminal amino acid residue Met-1
and C-terminal amino acid residue Arg-377, whose electron density was too low for them to be

identified completely. Other ligand molecules were also well fitted. The final overall R-factor for



the refined model was 16.8%, with 63,316 unique reflections at a resolution of 25.0-1.8 A. The final
free R-factor was 18.9%. Final root-mean-square (rms) deviations from standard geometry were
0.005 A for bond lengths and 1.22° for bond angles. Based on theoretical curves in the plot
calculated according to Luzzati (1952), the absolute positional error was estimated to be clos\e to
0.17 A at a resolution of 5.0-1.8 A. Most (88.3%) nonglycine residues lie within most favored
regions, and other residues (11.3%) within additionally allowed regions of the Ramachandran plot
as defined in PROCHECK (Laskowski ez al, 1993). Ser-345 (¢ = 38°, y = 65°), however, falls in
generously allowed regions, exhibiting well-defined density in the 2Fo - F¢ map and located in a
sharp bend of the loop neighboring a helix. There are no residues in disallowed regions.
Overall UGL structure

The overall structure of UGL is shown as ribbon models (Fig. 1a, b) and a molecular
surface model (Fig. 1c). The enzyme is approximately 45x 45x 40 A and consists of an as/as-barrel
structure with a deep pocket that is likely to be the active site (described below). Fig. 2 shows the
UGL structure’s topology. The structure consists of 12 long a-helices (HI1, 3-20; H2, 44-58; H3,
61-79; Hda, 89-94; H4b, 96-104; H5, 107-120; H6, 154-164; H7, 167-183; HS, 220-237, HO,
240-254; H10, 279-294; H11, 301-320; and H12, 351-366), 3 antiparallel B-sheets consisting of 2-3
strands and designated SA to SC (SA1, 24-28; SA2, 34-37;, SB1, 124-125; SB2, 130-131; SClI,
145-147; SC2, 194-197; and SC3, 204-208), 2 short 3j-helices (121-123 and 148-153) adjoining
the long a-helices, and some loops: H4 has one additional residue, Leu-95, whose oxygen atom has
no hydrogen bond with the nitrogen atom of a paired residue. This a-helix (H4) was thus divided
into two segments, H4a and H4b. The o-helix bends at this point, the angle being 30° between H4a
and H4b. The ae/as-barrel structure is formed by six outer helices (H1, H3, H5, H7, H9, and H11)
running in roughly the same direction and six inner helices (H2, H4, H6, H8, H10, and H12)
oriented in the opposite direction. These helices are connected, in a nearest-neighbor and an

up-and-down pattern by short and long loops. Loops between o-helices, such as H1 and H2, are

-10-



referred to as L-H1:H2. One side of the barrel has short loops (L-H2:H3, L-H4:HS, L-H6:H7,

L-H8:H9, 2 residues; and L-H10:H11, 6 residues). The other side, including the pocket, consists of

long loops (L-HI1:H2, 23 residues; L-H3:H4, 9 residues; L-HS5:H6, 33 residues; L-H7:H8, 36

residues; L-H9:H10, 24 residues; and L-HI1:H12, 30 residues). These long loops are packed

together and form the wall of the deep funnel-shaped pocket roughly 15-20 A in diameter at the lip

and about 15 A deep (Fig. 1c). This pocket is widely surrounded by aromatic residues.

Fig. 2. Topology of the fold in UGL. UGL includes an ag/ag-barrel. The 12
a-helices in the ag/ag-barrel are numbered from the N-terminal, H1 to H12, as in
Fig. 1. Six boxes (H1, H3, H5, H7, H9, and H11) are outer a-helices facing the

solvent. The other six boxes (H2, H4, H6, H8, H10, and H12) are inner a-helices.

The 3;¢-helix is also shown as boxes. The three short, antiparallel B-sheets,
designated SA to SC, are shown as arrows.

=21I18=

Fig. 1. Overall structure of UGL bound with
molecules. (a), (b) Colors denote secondary
structure  elements  (pink, a-helices; cyan,
B-strands; yellow, loops and coils), glycine (blue),
DTT (red), and MPD (green) molecules (a, front;
b, side). (c) The structure is represented as a white
molecular surface model. Aromatic residues are
pink. Bound molecules are presented by bond
models and colored yellow.

H11 320



Structural comparison

UGL consists of an a/o-toroidal fold. This basic fold is common in glycoside hydrolases,
polysaccharide lyases, and terpenoid cylases/protein prenyltransferases in the SCOP database
(http://scop.mrc-lmb.cam.ac.uk/scop/index. html) (Murzin et al., 1995). UGL has the ag/as-barrel
found in the six-hairpin enzyme superfamily of the SCOP database, which includes glucoamylases
(Aleshin ef al., 1992, 2003; Sevtik ef al., 1998), cellulase catalytic domains (Juy ef al., 1992; Alzari
et al., 1996; Sakon et al., 1997), N-acyl-D-glucosamine 2-epimerase (AGE) (Itoh et al., 2000), the
maltose phosphorylase central domain (Egloff ez al., 2001), and hypothetical protein YteR. Based
on the structural similarity in the RCSB Protein Data Bank (Berman et al., 2000) observed with the
DALI (Holm & Sander, 1993) program, three proteins, 1.e., hypothetical protein YteR from Bacillus
subtilis, glucoamylase from Thermoanaerobacterium thermosaccharolyticum (Aleshin et al, 2003),
and AGE from the porcine kidney (Itoh ef al., 2000), in the SCOP database superfamily exhibited
the highest degree of similarity. These proteins exhibited Z-scores of 32.7, 21.1, and 19.4. The rms
distance was 2.80 A for the superimpositioning of 323 Co. atoms of UGL on those of YteR, 3.50 A
for that of 287 Ca atoms of UGL on those of glucoamylase, and 3.30 A for that of 278 Ca atoms of
UGL on those of AGE, although they exhibit no amino acid sequence similarity and catalyze
different types of reactions. UGL is an exo-hydrolase acting on unsaturated oligosaccharides
produced by polysaccharide lyases, while YteR is a hypothetical protein of unknown function. The
crystal structure of YteR determined by the Midwest Center for Structural Genomics has not been
published, although its coordinates are available in the RCSB Protein Data Bank. Glucoamylase is a
polysaccharide exo-hydrolase found in some prokaryotic and many eukaryotic microorganisms.
AGE has the og/0¢-barrel structure and catalyzes the epimeric reaction for N-acetyl-D-glucosamine
and N-acetyl-D-mannosamine (Itoh ez al., 2000). Fig. 3 shows the superimpositioning of UGL on
YteR; their structures show the best fit overall. The 12 helices of the ag/as-barrel are very similar

for UGL and YteR in position, direction, and angle, but significant differences exist between UGL
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and YteR in the loop structure. The L-H1:H2 loop of UGL is longer (23 residues) than that of YteR
(13 residues). The L-H7:H8 loop of UGL protrudes from the wall to the outside, while that of YteR
is directed into the pocket. L-H11:H12 of UGL makes the pocket open wide, while that of YteR

makes the pocket close.

Fig. 3. Structural comparison of overall
structures of UGL (pink) and hypothetical
protein YteR (blue). Superimposed results are
shown schematically in Ca-traces. Coordinates of
YteR (INCS) were taken from the RCSB Protein
Data Bank.

Fig. 4. Stereoview of the active site in the UGL

pocket. Amino acid residues face the putative

active site, glycine, and DTT molecules.

Side-chains are red (Asp), blue (Arg), purple (Trp,

Tyr, Phe), cyan (His), and green (Gln). Glycine and

DTT molecules are yellow. Hydrogen bonds are
\  shown as dotted lines.

Ligands in the active site

The UGL structure contains four glycine molecules (Glycine-401, 402, 403, 404), two DTT
molecules (DTT-501, 502), and one MPD molecule (MPD-601) (Fig. 1). These molecules were
present in the crystallization medium (Mon ef al., 2003a). Glycine molecules are bound on the
surface mainly through ionic interactions. The positive-charged side-chains of Arg-221, Arg-334,
and Arg-303 face the carboxyl groups of three Glycine-401, Glycine-402, and Glycine-404
molecules, and the negative-charged side-chains of Asp-149 and Asp-60 face amino groups of two
Glycine-401 and Glycine-403 molecules. DTT and MPD molecules are bound in the cavity
predominantly through a hydrophobic interaction. Aromatic side-chains of Tyr-338 and Trp-134

contact the DTT-501 and DTT-502 molecules, and Tyr-55 the MPD-601 molecule.
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Notably’ one g]ycine molecule Table 3. Ligands and UGL Interaction at the active site
Hydrogen bonds (< 3.2 A)

. Molecule Atom  Paired atom in UGL Element Distance (&)
(Glycine-401) and two DTT molecules S or mem — —
(@) Gin-211 Ne2 Hg 3.0
(DTT-501, 502) are bound in the deep 02 Tps Ne L8 30
N Asp-149 OBl H6 29
DTT-501 02 His-210 Ne2 L-H7HS8 3.0

pocket, which was confirmed to be an

van der Waals contact (C-C distance < 4.5 A)

Molecule Atom  Paired atom in UGL Element
active site in og/06-barrel enzymes, and is Glwined0l C w42 Car, G200, Cm, 02 LHIH
Tp219  CL2 L-H7:HE

formed by residues belonging to inner A2zl e
Ca  Tip42  C82, Ce2, Ce3, CL2, O3, Cniz LHIH2

Ap149 Cy H6
helices and long loops (Aleshin et al., o L0
Tyr-338 Cel, C§ L-HI11HI12
1992, 1996, 2003; Sevcik ef al., 1998; Juy @ detoom -
C3 His-210 Ca2 L-H7:H8
4 His-210 C82, Ce2 L-H7:H8
et al., 1992; Alzari et al., 1996; Sakon et Gna1  crcs LH718
Tyr-338  Cel, O LHI1:HI2
al., 1997; Itoh et al., 2000; Egloff et al., Hieaio i
DTT-502 a Trp-134  CB,Cy LHS:H6
c2 Trp-134  CB, Cy, €582 LHS:H6
2001; Guerin et al., 2002; Parsiegla et al., 3 T opca 03,00 LHSHG
Cc4 His-210 Cel L-H7:H8

2000; Van Petegem et al., 2003) (Figs. 1c
and 4). The two O atoms of the carboxyl group of the Glycine-401 molecule, bound to the bottom
surface of the pocket, are hydrogen-bonded to the Arg-221 Nn2 atom (2.9 A), Gln-211 Ne2 atom
(3.0 A), and Trp-225 Nel atom (3.0 A), and the N atom of its amino group to the Asp-149 Q51
atom (2.9 A). For DTT molecules, in addition to hydrophobic interaction, the O2 hydroxyl group of
DTT-501 is hydrogen-bonded to the His210 Ne2 atom (3.0 A) (Table 3). The inherent substrates,
i.e., products of lyases (Fig. 1, Introduction), of UGL include carboxyl and hydroxyl groups, and
| pyranose rings of substrates appear to exhibit a stacked hydrophobic interaction with aromatic
residues, as is often seen in complexes of polysaccharide lyases with substrates (Hashimoto et al.,
2003; Huang ef al., 1999, 2001; Mello et al., 2002; Ponnuraj & Jedrzejas, 2000). Glycine has a
carboxyl group, and DTT contains two hydroxyl groups and a hydrophobic moiety. These structural
characteristics of glycine and DTT molecules resemble those of substrates. The distance between
Glycine-401 and DTT-502 is about 14 A, which corresponds to the distance of a trisaccharide. Since

UGL can act on unsaturated di-, tri-, and tetrasaccharides (Fig. 1, Introduction), these molecules
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(Glycine-401, DTT-501, and DTT-502) are thought to interact with UGL in the active site, and to be
located at the three subsites for saccharide substrates. At the active site, side-chains of aromatic
residues (Trp-42, Trp-134, Trp-219, Trp-225, Phe-91, and Tyr-338), positively-charged residues’
(Arg-221, His-86, His-87, and His-193), negatively-charged residues (Asp-88 and Asp-149), and a
polar residue (GIn-211), which are completely conserved in UGL and its homologues (Fig. 2,
Introduction), were observed. Other residues, whose side-chains also face the solvent at the active
site, are His-210 of Bacillus sp. GL1 (Arg of other homologues), His-339 (Ser), Glu-141 (Ser), and
Asn-142 (Asp, His). These differences in amino acid residues may imply substrate specificity.
Structural basis for catalysis

UGL releases nonreducing terminal AGIcA from unsaturated oligosaccharides by splitting
the bond between the anomeric carbon of AGIcA and glycosidic oxygen (C1-O; a-1,3, a-1,2, or
a-1,4). The reaction mechanism underlying unsaturated glucuronyl hydrolysis and the anomeric
configuration of the released AGIcA have yet to be clarified. The pyranose ring of the released
AGIcA, however, readily opens accompanying the loss of the double bond in C4=CS5, and the
saccharide is nonenzymatically converted to a-keto acid (Fig. 1d, Introduction) (Linker ef al., 1955;
Hashimoto et al.,1999). This makes it difficult to analyze the anomeric configuration in the UGL
reaction. To verify implications about the active site of UGL above, and to determine the anomeric
configuration of the intermediate monosaccaride, the preparation of enzyme crystals bound with
sugars, substrates, or products by soaking or cocrystallization was attempted, but failed. The
presence of ligand molecules (one glycine and two DTT) in the active pocket interfered with the
binding of sugars. A catalytic mechanism was therefore proposed based on the UGL structure,
conserved amino acid residues, and knowledge of glycoside hydrolysis, detailed below. Asp-88,
Asp-149, His-86, His-87, His-193, and Arg-221, the ionizable residues nearest to the glycine
molecule corresponding to the AGIcA binding site, are completely conserved in UGL and its

homologues (Fig. 4 ahd; Fig. 2, Introduction), and may play an important role in glycoside
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hydrolysis. The carboxyl group of Glycine-401 is believed to be located on that of AGIcA and has
an ion-pair interaction with the side-chain of Arg-221, as described above. Arg-221 is therefore a
residue important for AGIcA recognition. Two basic mechanisms, inversion and retention, have
been proposed for glycoside hydrolases and are classified based on net retention or inversion of the
anomeric configuration of the reaction product (Davies & Henrissat, 1995). Both reaction
mechanisms involve two catalytic ionizable groups of carboxyl and carboxylate groups. Asp-88 and
Asp-149 are thus the most likely catalytic residues for UGL. One is thought to act as the
carboxylate group and nucleophilile/base for anomeric carbon and the other as the carboxyl group
and proton donor/acid for glycosidic oxygen in the first step in both reactions. Asp-88 and Asp-149
are 7.3 A apart, a distance suitable for glycoside hydrolases that catalyze through inversion (average
10.0 A) (McCarter & Withers, 1994). This inversion is generally accepted for almost all glycoside
hydrolases with an og/ag¢-barrel, such as glucoamylases, endoglucanase CelD, CelA, and
endo/exocellulase E4. In addition to glycoside hydrolases, another ag/as-barrel enzyme, i.e.,
Lactobacillus maltose phosphorylase, is also an inversion enzyme.

To investigate the two candidates (Asp-88 and Asp-149 for catalytic residues), two mutants
(D88N and D149N) having a substitution of Asn for Asp were prepared and assayed (Table 4). CD
spectra for wild-type and mutant enzymes showed almost the same profiles (data not shown),
indicating that both mutants have no significant conformational change compared to the wild-type
enzyme. Specific activity (kcat/Km) of D88N (2.9 x 10° uMs™) and D149N (9.8 x 10° pM™'s™)
was, however, significantly lower than that of the wild-type enzyme (8.1 x 10 yM™'s™) for gellan
tetrasaccharide (AGlcA-Glc-Rha-Glc). Both mutants are almost inactive. The kcat values of D88N
(0.00057 s™) and D149N (0.0059 s™) were reduced by ~1000-10,000-fold compared to that of the
wild-type enzyme (7.3 s7), while few fluctuations were observed in Km values among the three
enzymes (wild-type, 90 uM; D88N, 200 uM; D149N, 60 uM). These kinetics for D88N and D149N

suggest that Asp-88 and Asp-149 are essential for catalysis and support the hypothesis postulated by
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X-ray crystallography that one acts as the nucleophilile/base and the other as the proton donor/acid.
Intriguingly, the active site of

UGL resembles that of hypothetical

Table 4. Kinetic parameters for wild-type and mutant UGL

protein YteR (Fig. 5) more than that of any e
Earyme Substrate ieat (8) = (300 kow/ 1m0 's) ot £ (M9
kS % o Wildtype  AGICA-GleRha-Clc 73203 90211 00m 10027 100
other Smlcmra-"y similar Slx-hall'pln AGIcA-GleNAc 40203 26e2 002120011 2
AGcA-OaliAc 15209 200226 0073 £ 0.008 ”
enzyme_ The arnino aCid sequence ldentlty DEN AGIA-Glc-Rba-Clc 000037 2 0.000042 200238 0.0000029 £ 0000014 0.006
DISN  AGKAGIcRM-Glc 000392000018 t33 0.00009% $ 0.000001 012

is very low (less than 10%) between UGL

and YteR, however, and long loops are arranged differently, as discussed above (Fig. 3). Asp-88 in
UGL corresponds to Asp-88 in YteR, and in the same way, Asp-149 to Asp-143, His-193 to His-189,
Arg-221 to Arg-213, Trp-134 to Trp-141, Trp-219 to Trp-211, and Trp-225 to Trp-217. Trp-42 in
UGL is replaced by Tyr-41 in YteR. The side-chains of residues in YteR that correspond to those of
His-86 and His-87 in UGL are in opposite directions. Instead of these residues, the space of His-86
and His-87 in UGL is occupied by His-132 and Lys-133 in YteR. The space corresponding to
Phe-91 in UGL is also occupied by Met-147 in YteR. The space corresponding to the side-chains of
the four residues, His-210, GIn-211, Tyr-338, and His-339, is occupied by the five sequential
331-335 residues of the long loop, L-H11:H12, in YteR. Due to this protruding loop, the putative
active site of YteR is smaller than that of UGL. This high structural similarity of putative active
sites suggests that YteR binds to a similar UGL substrate (or ligand) or exhibits similar activity.

Fig. 5. Structural comparison of the active
site arrangement of UGL and hypothetical
protein YteR. Main-chains are pink for
UGL and blue for YteR. Side-chains are red
for UGL and cyan for YteR.
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CHAPTER 11
ANOVEL GLYCOSIDE HYDROLASE FAMILY 105

Pectin, one of the most complex polysaccharides in plant cell walls, contains both linear
(polygalacturonate) and ramified (rhamnogalacturonan, RG) regions (Albersheim et al., 1958). Two
types of ramified region have been identified, i.e., RG-I and RG-II (Schols ez al., 1995). RG-I has a
backbone of a repeating disaccharide unit that consists of galacturonic acid (GalA) and rhamnose
(Rha) residues and is fully depolymerized by a range of enzyme activities (Fig. 1). Long chains of
neutral polymers (arabinans and galactans) are attached as side-chains to about 50% Rha present in
RG-I (McNeil et al., 1984). RG-II is a very complex polysaccharide containing some 30 different
monosaccharides, including GalA, Rha, and several uncommon saccharides (O’Neill ez al., 1996).

GalA present in RG-1 and RG-II is often acetylated at the O2 or O3 positions.

Arabina
It S RG acetyl esterase
Arabinase —» \
b Ara ! (YesT, YesY)
‘\ ra /
. N

PN \ . .
aln  Galdh Galdh  GalA Gala RG-I main chain

Ve
G Y
N7 N\, 7 N, 7 N\ s/
//_>Rha—“*~\ Rha Rha-""""*~._  Rha
L Ga -galactosidase Gak *
' C—%g—(-ﬁg? ; G\‘oil\—-AL‘a M

URH . Oayvebz)  RGhase 1 g, ',
(YesR, YteR) cal! (YesW, YesX)\ Gal-ara/
, Galactan al /'Arabinogalactan

Fig. 1. Postulated RG-I-degrading pathway in B. subtilis strain 168. Cleavage sites of RG-1 depolymerization enzymes (URH,
RG lyase, RG acetyl esterase, arabinase, and galactosidase) are indicated by arrows. RG lyases (YesW and YesX) produce
unsaturated RG from the RG-I main-chain. URHs (YesR and YteR) hydrolyze unsaturated RG. RG acety! esterases (YesT and YesY)
possibly release the acetyl (Ac) group from the acetylated GalA. The RG side-chains such as arabinan and galactan are degraded by
arabinase and B-galactosidases.

Many pathogenic plant bacteria produce enzymes responsible for the degradation of plant
cell walls containing RG (Salmond, 1994). Among such bacteria, the enterobacterium Erwinia
chrysanthemi has fully been characterized for plant cell wall degradation. The bacterium causes soft

rot diseases in different plants (Bauer ef al., 1994) and produces several types of pectin (or
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RG)-related active enzymes such as pectin methylesterases, pectin (or RG) acetylesterases, exo- and
endopectate (or RG) lyases, exopolygalacturonases, and exooligogalacturonate lyase.
(Hugouvieux-Cotte-Pattat ef al., 1996; Shevchik e al., 1999). Endopectate (or RG) lyases are the
main virulence factors in bacterial pathogens that cause maceration. Through B-elimination, pectate
(or RG) lyases recognize GalA present in polysaccharides and cause the release of saccharides with
unsaturated galacturonic acid (AGalA, 4-deoxy-B-L-threo-hex-4-enepyranosyl uronic acid) that
have a C=C double bond at the nonreducing terminus (Barras et al., 1994). Exooligogalacturonate
lyase acts on unsaturated oligogalacturonate (AGalA-(GalA)n) produced from polygalacturonate by
the action of pectate lyases and releases AGal A via B-elimination (Shevchik ez al, 1999). No reports
have been made, however, on “unsaturated galacturonyl hydrolase” (URH) catalyzing the cleavage
of the glycoside bond between AGal A and sugars through hydrolysis.

Typical microbial pathogens invade mammalian tissues by degrading extracellular matrix
“glycosaminoglycans” via the action of polysaccharide lyases and hydrolases similar to plant
pathogens that invade plant cell walls (Sawitzky, 1996; Boulnois, 1992). YteR, a hypothetical
protein with unknown functions, is derived from Bacillus subtilis strain 168, and its overall
structure, with the exception of some loops, significantly resembles that of UGL (Figs. 3 and 5,
Chapter I), although it exhibits little amino acid sequence identity with UGL (Fig. 2). A deep pocket
shared in YteR and UGL seems to be an active site. In this pocket, possible residues involved in
substrate recognition and catalysis are conserved in YteR and UGL (Fig. 5, Chapter I). YteR family
proteins are highly conserved in bacteria and fungi, and its crystal structure was determined in a
structural genomics project at the Midwest Center (Zhang et al., 2005). In B. subtilis strain 168,
another gene coding for YesR, which is homologous to YteR, is also present.

This chapter deals with the identification of YteR and its homologous protein YesR as
URH and the characterization of these proteins responsible for the degradation of RG-1 in B. subtilis

Strain 168.
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Fig. 2. Amino acid sequence alignment of YteR
and other homologous proteins using ClustalWV
program analysis (Thompson ef al, 1994). YteR,
YteR protein of B. subtilis strain 168 (Accession
No., CAB14990); YesR, YesR protein of B.
subtilis strain 168 (Accession No., CAB12519);
RhiN, RhiN protein of E. chrysanthemi
(Accession No., CAC83616); UGL, unsaturated
glucuronyl hydrolase of Bacillus sp. GLI
(Accession No., BAA84216). Identical amino acid
residues among the three proteins are indicated by
asterisks. The green box indicates invisible
residues obtained by X-ray crystallographic
analysis. a-helices are indicated by red boxes.
Residues marked in red or blue are located at the
active pocket.

Materials and Methods

Molecular cloning of YteR and YesR genes

(Sambrook er al.,

A genomic DNA of B. subtilis strain 168 was isolated based on the method used generally

1989). To subclone YteR and YesR genes into expression vector pET21d

(Novagen, WI, USA), polymerase chain reaction (PCR) was done using KOD plus polymerase

(Toyobo, Tokyo, Japan), genomic DNA as a template, and two synthetic oligonucleotides with Ncol

and Xhol restriction sites added to their termini as forward and reverse primers. The nucleotide
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sequences of the primers used in PCR were
5'-GGATCCCATGGGATCAATGGATCAATCAATCGCTG-3' (forward) and
5'-CCGCTCGAGTCATTTCCCCGCTGACCTAAAAAGAG-3' (reverse) for the YteR gene and
5'-GGATCCCATGGCACAGCTTATCTTTGATGAAGAAAAG-3’ (forward) and
5'-CCGCTCGAGTTACTGATACAAGCGTTTTTTCGTTTTC-3' (reverse) for the YesR gene; the
residues in bold letters indicate recognition sites for Ncol or Xhol. Amplified genes were digested
with Ncol and Xhol, then ligated with the Ncol- and Xhol-double-digested expression vector.
Resultant plasmids containing YteR and YesR genes were designated pET21d-YteR and
pET21d-YesR. The accuracy of the two genes was confirmed by DNA sequencing. Phylogenetic
analysis was done using the BLAST (Altshul ez al., 1990) and ClustalW (Thompson et al., 1994)
programs on the DDBJ server (Shizuoka, Japan).
Purification of YteR and YesR

E. coli BL21(DE3) was used as a host cell for the overexpression of YteR and YesR. To
purify enzymes expressed in E. coli that harbored the plasmid (pET21d-YteR or pET21d-YesR),
cells were aerobically precultured at 30°C in 1.5 L of Luria-Bertani medium. When the turbidity at
600 nm reached 0.5, the culture was supplemented with 1 mM isopropyl-p-D-thiogalactopyranoside,
followed by further incubation at 18°C for 15 h. Cultured cells were collected by centrifugation at
6000 g and 4°C for 5 min and washed with a buffer containing 20 mM Tris-HCI, pH 7.5 (Tris), 1
mM phenylmethylsulfonyl fluoride, and 0.1 pM pepstatin A; cells were then resuspended in the
same buffer and ultrasonically disrupted (Insonator Model 201M, Kubota, Tokyo, Japan) at 0°C and
9 kHz for 20 min. The clear solution obtained after centrifugation at 15,000 g and 4°C for 20 min
was used as the cell extract. The cell extract was applied to a HiLoad 16/10 Q Sepharose HP
column (Amersham Biosciences Corp., NJ, USA) that was equilibrated with 20 mM Tris. Enzymes
‘were eluted with a linear gradient of sodium chloride (0-1.0 M) in 20 mM Tris (480 ml). YteR and

YesR were eluted with approximately 0.5 M sodium chloride in 20 mM Tris. Fractions containing
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enzymes were dialyzed overnight against 20 mM Tris at 4°C and applied to a Mono Q 10/10 HP
column (Amersham Biosciences Corp., NJ, USA) equilibrated with 20 mM Tris. Enzymes were
eluted with a linear gradient of sodium chloride (0-0.7 M) in 20 mM Tris (180 ml). YteR and YesR
were eluted with approximately 0.5 M sodium chloride in 20 mM Tris. Fractions containing
enzymes were combined, saturated with ammonium sulfate (30%), then applied to a
Butyl-Toyopearl 650 M column (1.6 x 8 cm; Tosoh, Tokyo, Japan) that was equilibrated with 20
mM Tris saturated with ammonium sulfate (30%). Enzymes were eluted with a hinear gradient of
ammonium sulfate (30%-0%) in 20 mM Tris (300 ml). YteR and YesR were eluted with 20 mM Tris
saturated with ammonium sulfate (approximately 20%-25%). Enzyme solutions were dialyzed
overnight against 20 mM Tris at 4°C and used as purified enzyme sources. Enzyme purity was
assessed by SDS-PAGE followed by Coomassie Brilliant Blue R-250 staining. N-terminal amino
acid sequences of these proteins were determined by Edman degradation using Procise 492 protein
sequencing (Applied Biosystems, CA, USA).
Preparation of unsaturated RG disaccharide

Unsaturated RG disaccharide as a substrate for URH was prepared using potato RG-I
(Megazyme International Ireland Ltd., Wicklow, Ireland) and RG lyases (YesW and YesX from B.
subtilis strain 168) as described below. RG-I was saponified with 50 mM sodium hydroxide at
100°C for 15 min. Saponified and neutralized RG-I was hydrolyzed with 50 mM hydrochloric acid
at 80°C for 72 h. The RG-I main-chain was isolated by using a Q-Sepharose Fast Flow
anion-exchange column (1.6 x 10 cm; Amersham Biosciences Corp., NJ, USA) with a linear
gradient of ammonium bicarbonate (0.01-1.0 M) in distilled water (400 ml) and was depolymerized
by RG lyases (YesW and YesX). Unsaturated RG saccharides with varying oligomeric degrees were
separated from the polysaccharide by using a Bio-Gel P2 gel permeation column (1.6 x 120 cm;
Bio-Rad Laboratories, CA, USA) that was equilibrated with distilled water. The unsaturated RG

disaccharide (AGalA-Rha) fraction was purified further by an aminopropyl normal-phase column
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(Cosmosil SNH,-MS, Nacalai Tesque, Kyoto, Japan) that was equilibrated with 70% (v/v)
acetonitrile. The purity of saccharide samples was assessed by thin layer chromatography (TLC) as
described below.
TLC
RG oligomers and degradation products of AGalA-Rha obtained by the action of URH
were analyzed on a TLC plate (E. Merck, Darmstadt, Germany) with a solvent system of
1-butanol:acetic acid:water (3:2:2, v/v). Products were visualized by heating the plate at 110°C for 5
min after spraying with 10% (v/v) sulfuric acid in ethanol.
Detection of a-keto acid
The reaction with thiobarbituric acid (TBA) for detection of a-keto acid was as follows
(Weissback & Hurwitz, 1959); Products (0.1 ml) from AGalA-Rha by the action of URH were
added to 0.1 ml of 2% sodium acetate and 0.5 N HCI. After 0.4 ml of 0.3% TBA was added, the
mixture was heated at 100°C for 10 min. The TBA-reactive product was determined by measuring
the absorbance at 548 nm and was also separated on a TLC plate. The TBA reaction (0.1 ml) was
also done with products from AGlcA-GalNAc by the action of UGL, and the resultant TBA-reactive
product was used as a TLC standard. The reaction with semicarbazide was done as follows
(MacGee & Doudoroff, 1954): Products (0.1 ml) from AGalA-Rha by the action of URH were
added to 0.1 ml of 1% semicarbazide hydrochloride and 1.5% sodium acetate. The reaction mixture
was incubated at 30°C for 15 min, diluted to 0.5 ml with water, and subjected to measurement of the
absorbance at 250 nm.
Enzyme assay
URH reactions for YteR and YesR were conducted at 30°C as follows: The reaction
mixture (0.5 ml) consisted of 50 mM sodium acetate (pH 4.0) for YteR or sodium phosphate (pH
6.0) for YesR, the substrate, and corresponding enzyme. Enzyme activity was measured by

monitoring the decrease in absorbance at 235 nm; this corresponded to the loss of the C=C double
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bond of the substrate (molar extinction coefficient &535 = 5,200 (M'cm™)) (McKie ez al, 2001)
because the pyranose ring of the released AGalA readily opens, enabling its conversion to a-keto
acid due to the loss of the double bond (Hashimoto et al., 1999; Linker et al., 1955). The protein
concentration was determined by UV spectrophotometry using the theoretical molar extinction
coefficient €5 = 94,590 (Mcm™) for YteR or 71,690 (M'cm™) for YesR. Unsaturated hyaluronate
disaccharide (AGIcA-GIcNAc) and unsaturated chondroitin disaccharide (AGlcA-GalNAc)
produced by the action of polysaccharide lyases were obtained from Seikagaku Corporation (Tokyo,
Japan). Unsaturated oligogalacturonate (AGalA-(GalA)n) was prepared as described previously
(Hashimoto et al., 1999). Parameters kcat and Km were determined by nonlinear fitting to the
Michaelis-Menten equation. Optimal pH, temperature, and thermal stability were evaluated based
on kcat/Km. When the substrate concentration [S] was significantly lower than Km ([S] << Km),
reactions followed the conditions of first-order reactions. First-order rate constants were converted
to second-order rate constants (kcat/Km). The optimal pH of enzyme reactions was determined
using 50 mM sodium acetate (pH 3.5-6.0) for YteR or 50 mM sodium phosphate (pH 4.8-8.2) for
YesR. The thermal stability of enzymes was determined after preincubating purified enzymes at
temperatures ranging from 30 to 60°C for 10 min, then measuring the remaining enzymatic activity
as described. To determine the optimal temperature, reactions were done at temperatures ranging
from 30 to 65°C.
Crystallization and structure determination

YteR was crystallized by hanging drop vapor diffusion described by Zhang et al. (2005).
The YteR crystal was soaked in a solution containing 400 mM AGIcA-GalNAc for 15 min at 20°C.
The solution was prepared in 1.2 M citrate and 0.1 M Tris. The crystal was placed in a cold nitrogen
gas stream at -173°C. X-ray diffraction images were collected using a Jupiter210 area detector
(Rigaku, Tokyo, Japan) with synchrotron radiation at a wavelength of 0.80 A at the BL-38B1

station of SPring-8 (Hyogo, Japan). Images were processed to a resolution of 1.7 A using DENZO
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and SC ALEPACK SO ftware (Ta_ble 1 ) Table 1. Data collection and refinement statistics for a YteR/AGlcA-GalNAc crystal

Data collection

(Otwinowski & Minor, 1997). The YteR Resolution limit (last shell)* (A) 50.0-1.70 (1.76-1.70)
Measured reflections 504184
1 . l . h Unique reflections (last shell) 47953 (4772)
crysta structure m complex wit Redundancy (last shell) 10.5 (10.1)
Completeness ([/[>oi]) (last shell) (%) 98.1(96.3)
AGIcA-GalNAc was determined by — Ree oo 54057
Refinement
. Final model 363 residues (11-373), 675 water, and
molecular replacement using the CNS ver. AGleA-GalNAe moecules
Resolution limit (last shell) (A) 10.0-1.70 (1.76-1.70)
1. 1 program (Brﬁnger et al_ , 1998) w1th Used reflections (last shell) 45283 (4458)
Completeness (F>0F) (last shell) (%) 91.0(93.1)
. Average B-factor (A%) 24.2
the previously reported YteR structure as .. o1
‘Water 45.1
the reference model. Coordinates of UGL =~ adea 274
GalNAc 81.8
R-factor (last shell) (%) 16.2(28.5)
(1VD5), UGL mutant . . 2
ms deviations
D88N/AGIcA-GalNAc complex (2AHG), Bond (A) 0.008
Angle (A) 0.026
. Ramachandran plot (%)
and YteR (INCS) were obtained from the e 057
Disallowed 0.0
RC SB Protein D ata B ank ® Data of highest resolution shells is provided in parentheses.
4 Runerge = Zii — <I>YZL x 100, where [ is the intensity of individual reflection and <J> the mean
intensity of all reflections.
(http://pdbbeta.rcsb.org). Several rounds of ... - \F, - FJ/EIF.| x 100, where F, is the obscrved structure factor and #, the caleulated
structure factor.

reﬁnement followed by manual mo del 4 Ries Was calculated from randomly chosen 5% reflections.

building wusing the TURBO-FRODO

program (AFMB-CNRS, Marseille, France) were done to improve the model by increasing data
resolution to 1.70 A using the SHELXL program (Sheldrick & Schneider, 1997). The final R-factor
was 16.2% for 45,283 data points with a resolution of 10.0-1.70 A (91.0% completeness). The
R-free value calculated for the randomly separated 5% data was 21.9 (Table 1). Structural alighment
was done by superimposing using a fitting program in TURBO-FRODO. Ribbon plots were

prepared using the MOLSCRIPT (Kraulis, 1991) and Raster3D (Merrit & Murphy, 1994) programs.

-27-



Results
Genetic analysis of YteR

Although little amino acid sequence identity exists between YteR and UGL (<10%), their
three-dimensional structures are very similar (root mean square distance = 2.80 A for the
superimpositioning of 323 Ca; Figs. 3 and 5, Chapter I). Zhang ef al. have shown that 71 proteins
with unknown functions belong to the YteR family and are widely conserved in bacteria and fungi
(2005). A large number of glycoside hydrolases containing UGL have been analyzed so far, and
based on their primary structure, most can be classified into more than 100 families in the CAZy
database (Coutinho & Henrissat, 1999). The amino acid sequence of YteR (or YteR family),
however, shows no homology with these glycosidases in the CAZy database.

In the YteR family, BLAST and ClustalW programs showed that the amino acid sequence
of YteR from B. subtilis stramn 168 shows homology those of YesR from B. subtilis strain 168 (26%
identity in 306 amino acid residues overlap; Accession No., CAB12519) and E. chrysanthemi RhiN
(26% 1dentity in 332 amino acid residues overlap; Accession No., CAC83616) (Fig. 2). Information
on the functions of YteR family proteins is limited, with the exception of RhiN, which has been
shown to reduce the absorbance of RG derivatives at 235 nm, probably of unsaturated RG after RG
is treated with RG lyase (Hugouvieux-Cotte-Pattat, 2004). Although detailed kinetic studies on
RhiN are insufficient and results are extremely preliminary, RhiN appears to be involved in the
degradation of unsaturated RG during RG metabolism. It has been predicted that hypothetical
proteins coded by a genetic cluster including the YesR gene are related to RG metabolism in B.
subtilis strain 168, e.g., the RG lyases, namely, YesW and YesX (polysaccharide lyase family 11)
(Pages et al., 2003) and the RG acetyl esterases, namely, YesT and YesY (carbohydrate esterase
family 12) (Molgaard et al., 2000). They appear to form a single cluster for RG-I depolymerization.
Based on this information on the Erwinia RhiN and the Bacillus genetic cluster, the identification of

YteR family proteins as enzymes responsible for RG metabolism was carried out.
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a M O12 M 34 b Fig. 3. Functional expression of YteR and YesR.
(a) SDS-PAGE profile of YteR and YesR. Purified

" - - e YteR and YesR were subjected to SDS-PAGE (11%
ol 4 T . gel). Protein bands were stained with Coomassie
o - s - . Brilliant Blue R-250. Lane M, molecular weight
e < o ’ standards; lane 1, cell extract of E. coli harboring

pET21d-YteR; lane 2, purified YteR; lane 3, cell
SR | - . extract of E. coli harboring pET21d-YesR; lane 4,
[TV d

Tees : purified YesR (b) Reaction products incubated with
AGalA-Rha and the corresponding enzyme were
subjected to TLC analysis. Lane 1, 25 pg of standard
S i Rha; lane 2, 25 pg of standard GalA; lane 3, 50 pg

substrate AGalA-Rha; lane 4, reaction products after
incubation at 30°C for 60 min with YesR (1 pg) and
AGalA-Rha (50 pg); lane 5, reaction products after
incubation at 30°C for 60 min with YteR (1 pg) and
— AGalA-Rha (50 pg). (c) Monitoring of YteR (1 pg)
d : and YesR (1 pg) reactions with AGalA-Rha (50 pg)

e at 30°C. Decrease in absorbance at 235 nm during

the reaction (YteR (m) and YesR (®)). Increase in
e W N e reaction product (a-keto acid) detected by TBA in
e N e U absorbance at 548 nm during the reaction ((YteR (o)

and YesR (©)). (d) Reaction products (TBA complex)

L were subjected to TLC analysis. Lane 1, 0.1 pg of

g as standard AGIcA-TBA complex (UGL reaction

ol product-TBA complex); lane 2, 0.1 pg of YesR

M reaction product-TBA complex; lane 3, 0.1 pg YesR

12 3 o reaction product-TBA complex. (e) unsaturated RG
R disaccharide (AGalA-Rha).

Expression and purification of YteR and YesR

The E. coli BL21(DE3) transformant that expresses the plasmid (pET21d-YteR or
pET21d-YesR) under control of the T7 promoter and terminator produced a large amount (~20%) of
YteR or YesR protein within bacterial cells (Fig. 3a). YteR and YesR purified to homogeneity from
E. coli cells showed monomeric forms with molecular masses of 43 (YteR) and 39 (YesR) kDa as
determined by SDS-PAGE (Fig. 3a) and gel permeation chromatography (data not shown); this
observation corresponds to molecular masses calculated from their predicted open reading frames.
N-terminal amino acid sequences of the proteins were determined to be NH,-GSMDQ (YteR) and
NH,-AQLIF (YesR), which also correspond to their predicted sequences (Fig. 2), although their
first amino acid residues (Met-1) were excised by E. coli amino peptidase.

Characterization of YteR and YesR
To clarify their functions, YteR and YesR were subjected to enzyme assay in a mixture

containing various unsaturated disaccharide substrates. YteR and YesR were found to specifically
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degrade unsaturated RG disaccharide (AGalA-Rha) produced from RG (Fig. 3b, ¢, d, e), but the
activity of YteR was found to be lower than that of YesR (Fig. 3b, c). kcat and Km of YteR were
0.28 + 0.011 s and 100 + 14 pM, while those of YesR were 13.9 + 0.7 s and 719 + 75 uM.
Specific activity (kcat/Km) of YteR was 0.0028 M''s, while that of YesR was 0.014 M's™, Neither
enzyme acts on other unsaturated saccharides (AGIcA-GalNAc, AGIcA-GIcNAc, and
AGalA-(GalA)n), which are UGL substrates containing AGIcA and exooligogalacturonate lyase
substrate containing AGalA. The resultant product Rha obtained via the enzyme reaction was
detected by using TLC analysis (Fig. 3b). Absorbance at 235 nm in the reaction mixture of
AGalA-Rha with YteR or YesR decreased, indicating the loss of the C=C double bond of AGalA
(Fig. 3c). The product derived from AGalA-Rha by the action of YteR or YesR reacted with
semicarbazide and the resultant reaction product showed significant absorbance at 250 nm, which is
specific to a-keto acid. a-Keto acid was also detected as a TBA-reactive compound showing an
absorbance at 548 nm during the reaction (Fig. 3c). Rf of the enzyme (YteR or YesR) reaction
product complexed with TBA was identical to that of the UGL reaction product (AGlcA) complexed
with TBA (Fig. 3d). AGalA is identical to AGIcA due to the absence of the hydroxyl group at the C4
position and spontaneously converted to the chain form, because the ring of AGIcA (AGalA) is
unstable due to keto-enole equilibrium (Fig. 3e) (Hashimoto ef al., 1999; Linker et al., 1955). These
analyses indicated that products of the action of YteR or YesR were AGalA and Rha, meaning that
both YteR and YesR are shown to catalyze the hydrolytic reaction of unsaturated disaccharide.

The bell-shaped pH profiles of YteR

0.02

o e
Soons]- . KN and YesR are shown in Fig. 4. Similar to UGL,
éom ' YesR showed maximum activity at pH 6. pH 4
0.0t - ; i
g »
< ... A - . .
z . b was the optimal pH for the YteR reaction; this
2 0.005]- .
< )

% ~9 was lower than that required for the UGL and

% y : % 7 : ,
pH YesR reaction. YteR and YesR were stable

Fig. 4. pH profiles of YteR (0) and YesR (o)
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below 50°C and showed maximum activity at 50°C. Temperature profiles of YteR and YesR are
similar to those of UGL.

Based on the above results, YteR and YesR were identified to constitute a novel enzyme,
“unsaturated galacturonyl hydrolase”, that is responsible for the degradation of the RG-I main-chain

in B. subtilis strain 168.

Saccharide binding
Table 2. Interaction between YteR and AGicA
YteR cannot act on UGL substrates Hydrogen bonds (< 33 A)
AGleA atom Paired atom in YteR Distance (A)
containing AGIcA at the nonreducing terminus, oz Ll N 3l
02 Ty-136  On 32
. o3 Ser-334 Oy 2.6
although the active pockets of YteR and UGL are oA e o 2
Q6B His-40 Ne2 3.0
very similar (Fig. 5, Chapter I). Since the UGL van der Waals contact (CC distanco <45 &
AGIcA atom Pairedresiduc in YteR
. .o (o) Tyr-136, Trp-141
substrate, e.g., AGlcA-GalNAc, is very similar to o T 141, The338, Ser334
c4 Gly-332, Thr-333
the YteR substrate (AGalA-Rha), a crystal of YteR < His40, Tyr41, His 42, Gy-332

in complex  with a  pseudosubstrate

(AGIcA-GalNAc) (Fig. 5a) was prepared according to the crystallization condition described by
Zhang et al. (2005). Although YteR has the binding ability of AGIcA-GalNAc at the gate of the
deep pocket, the arrangement of the saccharide in YteR/AGIcA-GalNAc differs from that of the
UGL inactive mutant D88N/substrate complex (Fig. 5b).

The apo and holo forms of YteR have essentially identical structures, with no
conformational change observed in the binding of AGlcA-GalNAc. The root mean square distance
was 0.06 A for the superimposition of all residues (363 Co atoms). In the deep pocket, they also
share almost similar structures with their side-chains, while AGlcA-GalNAc in its holo form was
modeled in the place of some waters of apo form. AGIcA interacts with YteR residues—His-40,
Tyr-41, His-42, Lys-133, Tyr-136, Trp-141, Gly-332, Thr-333, and Ser-334 (Fig. 5a and Table 2). In
particular, hydrogen bonds play an essential role in the binding of AGIcA. The positively charged

side-chains of His-40 and His-42 face the carboxyl groups of AGIcA. The two O atoms (O6A and
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06B) of the carboxyl group form hydrogen bonds directly with residues. Direct hydrogen bonds are
responsible for the association between O2 and O3 atoms and Lys-133, Tyr-136, and Ser-334. The
hydrophobic side-chains of Tyr-41, Tyr-136, and Trp-141 partially interact with the AGIcA pyranose
ring via hydrophobic interactions. GalNAc does not directly interact with the residues (Fig. 5a).
Although some hydrogen bonds with water molecules are present, GaINAc is highly flexible and
clings to AGIcA. This is supported by the fact that the average B-factor of AGIcA is significantly

lower than that of GalNAc (Table 1).

Fig. 5. Crystal structure of YteR complexed with
AGIcA-GalNAc. (a) Structure of YteR bound with
AGIcA-GalNAc at the active pocket. The active pocket of

' ag/ug-barrel is shown in gray. Labeled residues represented
by blue bond models interact with AGlcA-GalNAc.
AGIlcA-GalNAc is denoted by a green bond model (oxygen
atom, red; carbon atom, black; nitrogen atom, blue). Water
molecules are represented as cyan balls. Hydrogen bonds
arc shown as red lines. The numbers of carbon atoms of
AGIcA-GalNAc is also indicated in a model. (b)
Comparison  of  YteR/AGIcA-GalNAc and UGL
(D88N)/AGIcA-GalNAc complex (2AHG) structures at the
active site. Amino acid residues are blue (YteR) and
magenta (UGL). The blue ribbon model represents the
protruding loop of YteR (amino acid residues, 331 through
335). AGlcA-GalNAc structures are denoted by green (YteR
complex) and yellow (UGL complex) bond models (oxygen
atom, red; carbon atom, black; nitrogen atom, blue). Water
molecules of YteR/AGIcA-GalNAc (cyan) and UGL
(D88N)/AGIcA-GalNAc (red) are represented as ball
models.

a

Discussion

Novel glycoside hydrolase

YteR and YesR were first identified as a novel glycoside hydrolase URH. Since YteR
family proteins show little homology with glycoside hydrolases analyzed to date, it is proposed that
YteR and YesR constitute a novel glycoside hydrolase family. Henrissat et al. recognized this and
assigned YteR and YesR to glycoside hydrolase family 105 in the CAZy database (Henrissat, B.,

Coutinho, P, and Deleury, E.: http://afmb.cnrs-mrs.fr/CAZY/).
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Active pocket

In the active pocket, residues are highly conserved between YteR and UGL (Fig. 5,
Chapter I). The space corresponding to the side-chains of the four residues, His-210, GIn-211,
Tyr-338, and His-339 in UGL is occupied by five sequential 331-335 residues of the long loop in
YteR (Fig. 5, Chapter I). The five sequential residues, 331 to 335, in YteR reduce the width of the
gate of the active pocket (Fig. 5a, b). Due to the protruding loop containing residues from 331 to
335, the +1 subsite of YteR is narrower than that of UGL. Based on the crystal structures of YteR
complexed with AGIcA-GalNAc and UGL complexed with AGIcA-GalNAc, the saccharide
binding-ability and active site of the enzyme was clarified (Fig. 5b). The structures prdvide
information on -1 to +2 subsites, although AGlcA in YteR/AGIcA-GalNAc occupies the +1 subsite,
and not the -1 subsite. The ring of GalNAc in the UGL complex cannot be superimposed on that of
AGIcA in the YteR complex by rotating along the glycoside bond. The size of GalNAc containing
the large functional group, i.e., the N-acetyl group, is larger than that of Rha. GalNAc would be
sterically hindered by the +1 subsite.

RG-I depolymerization in B. subtilis strain 168

Based on phylogenetic analysis and enzyme characterization, the RG-I depolymerization
pathway in B. subtilis strain 168 is postulated in Fig. 1. The RG-I main-chain is deacetylated by RG
acetylesterase (YesT and YesY) (Molgaard et al., 2000) and degraded to unsaturated saccharide by
the action of RG lyase (YesW and YesX) (Pages ef al., 2003). The AGalA residue is released from
unsaturated RG by the action of URH (YesR and YteR) that is present for the complete
depolymerization of the RG-I main-chain. The RG-I side-chain (galactan, arabinan, and
arabinogalactan) is depolymerized by B-galactosidase (YesZ, glycoside hydrolase family 42) (De
Vries et al., 2002) and arabinan-endo 1,5-a-L-arabinase (Sakamoto et al., 1997). With the exception
of the arabinase and YteR genes, the genes of predicted enzymes, which are responsible for RG-I

metabolism, are located closely in the genome. They appear to form a single cluster for RG-I
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depolymerization. E. chrysanthemi causes soft rot diseases in plants by enzymatically degrading
pectin in plant cell walls (Hugouvieux-Cotte-Pattat et al., 1996). RhiE (RG lyase) and RhiN
(predicted to be URH) are highly induced during plant infection caused by E. chrysanthemi and are
believed to participate in RG-I metabolism (Hugouvieux-Cotte-Pattat, 2004). These enzymes of B.
subtilis strain 168 are thus probably regulated and induced during plant infection and RG-I

metabolism.
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CHAPTER 111
ANOVEL ENZYME REACTION CATALYZED BY UNSATURATED
GLYCOSIDE HYDROLASES

Section 1

Structure of Unsaturated Glucuronyl Hydrolase Complexed with Substrate

UGL 1is peculiar in that the enzyme acts on unsaturated saccharides but not on usual
saccharides, 1.e., saturated saccharides. This suggests that the enzyme catalyzes a novel reaction
distinct from general glycosidases.

In Chapter I, the crystal structure of UGL (PDB, Accession No.: 1VDS5) was determined
and showed that it includes a ag/ag-barrel topology, which is found in the o/a-toroidal fold in the
six-hairpin glycosidase superfamily. In glycosidases, two carboxyl and carboxylate groups are
reported to generally function as catalytic residues, and based on structural and mutagenesis studies,
two candidate residues (Asp-88 and Asp-149) were proposed to be located in the pocket. The
catalytic reaction mechanism of the enzyme remains to be elucidated, however. In this section, the
catalytic reaction mechanism of UGL was elucidated through the determination of the crystal

structure of a mutant UGL and its complex with a substrate (AGIcA-GalNAc).

Materials and Methods
Crystallization and X-ray diffraction
Wild-type and a UGL mutant having Asp-88 substituted with Asn (D88N) were
overexpressed in Escherichia coli and purified. The purified enzymes were concentrated by
vivaspin 0.5 ml concentrators with 10,000 molecular weight cut off (MWCO) membranes

(Vivascience, Hannover, Germany) to a final concentration of 10 mg/ml. The concentrated enzymes,
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in 20 mM potassium phosphate (pH 7.0),
were then used in the crystallization step.
Crystals were obtained by using hanging
drop vapor diffusion and microseeding.
Hanging drops were prepared by mixing
3 upl of the enzyme solution with an
equal volume of reservoir solution
containing 40% (w/v) polyethylene
glycol 10000 and 0.15 M Tris-HCI (pH
8.6), and equilibrated with 0.5 ml of the
reservoir solution at 20°C. After two
weeks, minute crystals formed in drops.
These initial crystals were crushed by a
stainless steel needle and transferred to

hanging drops equilibrated under

Table 1. Data collection and refi statistics
Wild-type DBEN DEEN/AGIcA-GalNAe
Space group iy F21212y U2y
Unit cell parameters (A) a=B£.0,b=953, a=87.9,b=95.4, 1=87.9,b=950,
c=953 c=953 c=954

Data collection
Resolution limit Qast shell)* (A)
Measured reflections
Unique reflections
Redundancy
Completeness (I>oli] (96)
Tre(y)
Rugs @8
Refinement
Final model

Resolution limit (3)
Used reflections
Compleeness ({F1>olF) (%)
Average B-factor (A
Protein {(A-molecule, B-molecule)
AGIcA-GalNAc (A) (AGIcA, GalNAg)
AGlcA-GalNAc (B) (AGIcA, GalNAQ
Water
R-factor (%)°
Raeo (00
Root-mean-square deviations
Bond (3)
Angle (deg)
Ramachandran plot (%)
Most-favoredregions
Additionally-allowed regions

Generousy-all owed regions

50.0-1.60 (1.66-1.60)
403641 (33327)
93414 (10099)
4303
87.7 (96.1)
16.4 2.3)
79Q76)

754 (377 x 2) resicaes,

835 water molecules

50.0-1.60 (1.67-1.60)
93134 (10078)

87.7 962)

13.0,16.8

257

188 (25.5)
221 (28.1)

50.0-1.52 (1.57-1.52)
631135 (41083)
119866 (11412)
53(36)
97.2 936)
16.5(1.2)

65(39.2)

754 (377 x 2) residues,

B66G water molecules

50.0-1.52 (157-1.52)

119790 (11142)

97.0 914)

139,171

263

18.7 (30.0)

212 (305)

0.005
120

9.6

0.1

50.0-1.90 (197-1.90)
310585 (9352)
58182 (4251)
53022)
913 (67.7)
7.9(1.6)
88 Q49)

754 (377 x 2) residues, 766
‘water molecules,

2 AGIcA-GalNAc
50.0-1.90 (1.97-1.90)
58150 (4260)

91.4 (67.9)

16.5,20.4
20.5,37.6
375,573
278
185 29.0)
235 (32.2)

* Data in highest resolution shells is given in parentheses,

® Ruae = ZIi — <I>JZF x 100, where ; is the intensity of individual reflection and <I> isthe mean intensity of all reflections

© Refactor = Z|F, — R T)F3] X 100, where F is the observed structure factor and 7 isthe cal culated structure factor.

? Rons was calculated from 10% of reflections randomly selected, as defined by the CNS,

conditions similar to those used for initial crystals, except for 25% (w/v) polyethylene glycol 10000.
Rod-shaped crystals grew to a maximum 0.1 x 0.1 x 0.5 mm during the three months after seeding.
One D88N crystal was soaked in the substrate solution containing 400 mM AGIcA-GalNAc
(chondroitin disaccharide di-0S sodium salt; Sigma, St. Louis, MO, USA), 25% (w/v) polyethylene
glycol 10000, and 0.15 M Tris-HCI (pH 7.5) for 10 min at 20°C. The pH optimum of the enzyme is
about pH 6. pKa, is about pH 7.6. Crystals used here were therefore moved into the solution
containing Tris pH 7.5. Crystals were placed in a cold nitrogen gas stream at —173°C. X-ray
diffraction images of crystals were collected using a JUPITER 210 CCD detector (Rigaku, Tokyo,
Japan) with 1.00 A

synchrotron radiation at a wavelength of 0.80 (D88N) or

(D88N/AGIcA-GalNAc complex and wild-type) at the BL-38B1 station of SPring-8 (Hyogo, Japan).
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Images were processed using DENZO and SCALEPACK software (Otwinowski & Minor, 1997) to
a resolution of 1.60, 1.52, or 1.90 A (Table 1).
Structure determination and refinement

Structures were determined using molecular replacement and refined using CNS program
ver. 1.1 (Briinger ef al., 1998) with the UGL structure (1VDS5) as the reference model. Several
rounds of positional and B-factor refinement were conducted, followed by manual model building
using the TURBO-FRODO program (AFMB-CNRS, Marseille, France) to improve the model by
increasing data to a resolution of 1.60, 152, or 1.90 A for wild-type, D88N, and
D88N/AGIcA-GalNAc with the CNS program (Table 1). The stereoquality of the model was
assessed using the PROCHECK (Laskowski et al., 1993) and WHAT-CHECK (Hooft et al., 1996)
programs. Structural alighment was conducted by superimposition using a fitting program in
TURBO-FRODO. Ribbon plots were prepared using the MOLSCRIPT (Kraulis, 1991), Raster3D
(Merrit & Murphy, 1994), and GRASP (Nicholls er al., 1991) programs. Carbohydrate
conformations (puckering parameters) as defined by Cremer and Pople (1975) were analyzed using
the PLATON program (Speck, 2001).

Site-directed mutagenesis

Arg-221, His-193, or GIn-211 in UGL was replaced with an alanine residue by using a
QuickChange site-directed mutagenesis kit (Stratagene Co., CA, USA); mutations were confirmed
by DNA sequencing. The plasmid pET3a-UGL, which is the expression vector for wild-type UGL
(Hashimoto er al., 1999), was used as a template. The following primers were used: R221A
(Arg-221 - Ala-221), 5'-AGCACGTGGACGGCCGGCCAGGCTTGG-3' and
5'-CCAAGCCTGGCCGGCCGTCCACGTGCT-3"; HI93A (His-193 —  Ala-193), 5'-
CGACGATTCGAGCTATGCGACGTTCTACTTCGACC-3' and 5'-
GGTCGAAGTAGAACGTCGCATAGCTCGAATCGTCG-3"; and Q211A (GIn-211 — Ala-211),

5'-GGCGGCACGCACGCGGGCAACACCGAC-3 and 5'-
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GTCGGTGTTGCCCGCGTGCGTGCCGCC-3' (mutations are indicated by bold letters). Cells of E.
coli BL21(DE3) were transformed with mutant plasmids, 1.e., pET3a-UGL(R221A),
pET3a-UGL(H193A), and pET3a-UGL(Q211A). Mutant enzymes were expressed and purified
using a procedure similar to that used for wild-type UGL. Enzyme purity was assessed by
SDS-PAGE followed by Coomassie Brilliant Blue R250 staining,
Enzyme assay

Enzyme-substrate reactions for the wild-type enzyme and mutants were conducted at 30° C
as follows: the reaction mixture consisted of 50 mM sodium phosphate (pH 6.5), the substrate, and
enzyme in a 500 pl reaction volume. Since a large amount of glycosaminoglycan disaccharides was
unavailable, gellan tetrasaccharide (AGlcA-Glc-Rha-Glc) produced from gellan by gellan lyase was
used as the UGL substrate. Enzyme activity was measured by monitoring the decrease in
absorbance at 235 nm, corresponding to the loss of the C=C double bond of the substrate (Fig. 1d,
Chapter I). kcat and Km parameters were determined by nonlinear fitting to the Michaelis—Menten
equation. Enzyme concentration was determined by UV spectrophotometry by using theoretical
molar extinction coefficient 550 = 99,570 (M~ cm™?). The dependénce of kcat/Km on pL (pH or pD)
was measured in solutions consisting of 50 mM acetate pL 3.5 — 5.5 or sodium phosphate pL 5.2 -
8.2. pD values were estimated by adding 0.41 to the pH meter reading (Convington et al., 1968).
The dependence of kcat/Km on pL was fitted to the following equation: (kcat/Km)*™ =
(kcat/Km)®/(1 + 10 PReI'PL 4 10 PLPR2y The solvent kinetic isotope effect (SKIE) on kcat and Km
was measured near the optimum pL (pH 6.0 or pD 6.6).

Gas chromatography/mass spectrometry (GC/MS) analysis

Enzyme reaction mixtures [2 umol sodium phosphate (pH 6.5), 2.5 mg AGlcA-GalNAc,
and 30 ug UGL in a 100 ul reaction volume with 88, 50, /0% B0 water (180, 95%, Cambridge
Isotope Laboratories, MA, USA)] were incubated at 30°C overnight. Enzyme molecules in reaction

mixtures were removed by vivaspin 0.5 ml concentrators with 10,000 MWCO membranes.
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Reduction, methylation, and GC/MS analysis were conducted based on the method of Chai et al.
(1995) as follows: After filtrated products (10 ul) were lyophilized and incubated with 0.5 ml of 1%
NaBH; at room temperature overnight, excess NaBH; was decomposed by 50% acetic acid.
Reduced products were purified five times with 100% methanol. Methylation was conducted by the
NaOH-CH;I method with reduced products (Ciucanu & Kerek, 1984). Methylated products were
extracted with chloroform, dried with Na,;SQ4, and redissolved in chloroform for GC/MS analysis.
GC/MS analysis was conducted on a Hewlett Packard HPS890A gas chromatograph (Agilent
Technologies, CA, USA) with a IMS-DX303 mass spectrometer (Jeol, Tokyo, Japan) and a Supelco
SPB-5 capillary column (31 m x 0.25 mm i.d. x 0.25 pum film thickness; Sigma-Aldrich Corporate,
MO, USA) with He as the carrier gas. The initial column temperature of 60°C was held for 1 min
and increased to 280°C at 8° C/min. Mass spectra (m/z 35-500) were acquired at 70 eV, 300 pA,

and a source temperature of 250°C.

Results and Discussion
Structure determination

UGL of Bacillus sp. GL1 is a monomeric enzyme with a molecular mass of approximately
43 kDa (377 amino acid residues) (Hashimoto et al., 1999). The hexagonal crystal structure of
wild-type UGL has been described in Chapter I. This structure contains one glycine and two DTT
molecules derived from the crystallization solution in the deep pocket (1VDS5), making it difficult to
determine the structure of the enzyme-substrate complex. Asp-88 is located in the deep pocket, and
is completely conserved in UGL and its homologues (Fig. 2, Introduction). The molecular activity
(kcat = 0.00057 s™) of mutant D88N is about 13000-fold lower than that (kcat = 7.3 s™') of the
wild-type enzyme, although the Michaelis constants (Km) of both are comparable. Due to the lack
of enzyme activity, a mutant having an affinity for the substrate has a greater advantage in forming

the enzyme-substrate complex than the wild-type enzyme. Orthorhombic crystals (wild-type and
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D88N) were obtained by hanging drop vapor diffusion and microseeding by using polyethylene
glycol 10000 as a precipitant.

AGIcA-GalNAc produced from chondroitin by chondroitin lyase is a disaccharide and a
good substrate for UGL (Fig. la, Introduction). The structure of the D88N/substrate complex was
first determined using AGIcA-GalNAc (D88N/AGIcA-GalNAc). The results of data collection for
structures using synchrotron radiation are summarized in Table 1.

Refined models consist of 754 (377 x 2 monomers) amino acid residues and 2
AGIcA-GalNAc molecules (Fig. 1a). Two identical monomers are in an asymmetric unit, designated
A- and B-molecules for convenience. The two AGIcA-GalNAc models are well fitted, but the
average B-factor of the B-molecule is higher than that of the A-molecule (Table 1). The

AGIcA-GalNAc (A) is better characterized than the B-molecule. AGIcA (A) is particularly well

settled (Fig. 2b).

Fig. 1. Crystal structure of UGL complexed with
substrate. (a) Overall structure of UGL bound with
substrates. Two ag/ugbarrels are shown in red
(A-molecule) and gray (B-molecule). Two yellow CPK
models indicate AGlcA-GalNAc. Other colors denote
secondary structure elements (cyan and magenta,
B-strands; yellow and blue, loops). (b) Electron density
of the AGlcA-GalNAc substrate in the omit (Fo-Fc)
map calculated without the substrate and contoured at
the 2.5 o (magenta) and 3.0 o (cyan) levels. Characters
indicate atom names of the substrate.

Structures of orthorhombic crystals (wild-type, D88N, and D88N/AGIcA-GalNAc)

S0



coincide, except for an active site, described later. The structures are very similar to the hexagonal
crystal structure of the wild-type enzyme, showing no significant difference from the overall
structure. The barrel structure forms a deep pocket consisting of long loops and P-sheets, where the
substrate is bound in D88N/AGIcA-GalNAc. The deep pocket, approximately ~20 A in diameter at
the lip and ~15 A in depth, is strongly suggested to be an active site.

AGlcA-GalNAc bound at the active site

The structure of the enzyme-substrate complex contains one substrate, the AGlcA-GalNAc
molecule, per monomer. Two planes of sugar rings are almost parallel with the axis of symmetry of
the ag/0g-barrel structure (Figs. 1a and 2). The substrate is bound at the bottom of the deep pocket,
indicating that 1t occupies two subsites, -1 and +1, at the active site. The nomenclature of subsites
complies with that described by Davies et al. (1997). AGlcA-GalNAc is bound at the surface
surrounded by aromatic amino acid residues (Phe, Trp, and Tyr) (Fig. 2). The puckering parameters
(Cremer & Pople, 1975) of bound AGlcA-GalNAc were Q = 0.52 A, ® = 50°, and ® = 85° for
AGIcA, and Q = 0.59 A, ©® = 4°, and ® = 354° for GalNAc. AGIcA has a half-chair configuration
(*Hy) and GIcNAc a stable chair configuration (*Cy). The C3, C4, and C5 atoms of AGIcA are on the
same plane due to the C4=C5 double bond restriction. AGIcA therefore has an unusual
configuration. The dihedral angles of the a-1,3-linkage between AGIcA and GalNAc are ¢
(05a61ca-ClAc1ea-03Gainac-C3camac) = -74° and Y (Clacloa-O3Ganac-C3aamac-C3gamac) = -146°.
These torsion angles are preferable and stable in the lowest energy region of the chondroitin
disaccharide 1soenergy map (Zsiska & Meyer, 1993).

The number of interactions between D88N and GalNAc is fewer than that between D88N
and AGIcA (Fig. 2b and Table 2). UGL also acts on other unsaturated oligosaccharides such as
AGIcA-GIcNAc, AGIcA-Man-Glc, and AGIcA-Gle-Rha-Gle (Fig. 1, Chapter I). Although UGL
activity toward these substrates differs to some extent, all of these substrates contain AGIcA at the

nonreducing terminus. It appears that subsite +1 can accommodate various saccharides. In other
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words, UGL strictly recognizes AGIcA at subsite -1 rather than the saccharide at subsite +1. This is
supported by the fact that the average B-factor of AGIcA is significantly lower than that of GalNAc
(Table 1).

molecular surface model (magenta, Trp-42, Trp-134, and

Tyr-338; red, Asn-88 and Asp-149; blue, Arg-221; green,

GIn-211). The bound substrate (AGlcA-GalNAc) is

represented by yellow bond models. (b) Residues interacting

with the substrate are represented by bond models.
Side-chains are indicated in red (Asp and Asn), blue (Arg),
purple (Trp, Tyr, Phe), cyan (His), and green (Gln). The
substrate is denoted by a yellow bond model (oxygen atom,
red; carbon atom, black; nitrogen atom, blue). Two water
molecules (Wat-1 and Wat-2) are represented as light blue
balls. Hydrogen bonds are shown as dashed lines.

Fig. 2. The structure of UGL bound with the substrate at
the active site. (a) The structure is represented as a white

AGIcA interacts with Trp-42, Asn-88, Phe-91, Trp-134, Asp-149, GIn-211, Trp-219,
Arg-221, Trp-225, and Tyr-338 residues (Fig. 2b and Table 2). All of these residues are completely
conserved in UGL and its homologues (Fig. 2, Introduction). In particular, the aromatic side-chain
of Trp-42 shows a stacking interaction with the sugar ring of AGIcA and plays an essential role in
binding AGIcA. The side-chain of Trp-225 forms a hydrogen bond to the carboxyl group of AGIcA.
Other aromatic side-chains partially interact with the AGIcA pyranose ring hydrophobically. The
positively charged side-chain of Arg-221 faces the carboxyl groups of AGIcA. The two O atoms
(O6A and O6B) of the carboxyl group form hydrogen bonds directly with Arg-221, GIn-211, and
Trp-225. Through direct hydrogen bonds, O2 and O3 atoms associate with Asn-88, Asp-149, and
Trp-134 at the bottom surface. The OS5 atom interacts with Asp-149, His-193, and GIn-211 through
a water molecule (Wat-1). For some polysaccharide lyases such as chondroitin lyase (Lunin et al,

2004), hyaluronate lyase (Jedrzejas ef al., 2002), and xanthan lyase (Maruyama ef al., 2005), the
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asparagine residue is close to the carboxyl group and is important for catalysis because it acts to
neutralize the negative charge of the carboxyl group. Thus, to determine the effect of Arg-221 on
the substrate, the mutant enzyme, R221A, was prepared and assayed (Table 3). The kinetic
parameters of R221A are comparable to those of the wild-type enzyme, suggesting that the
interaction between Arg-221 and the carboxyl group of AGIcA is not essential to bind the substrate
or to participate in catalysis. Other than Arg-221, there are two residues (GIn-211 and Trp-225)
forming hydrogen bonds to this group. AGIcA is bound at the positive end of the inner a-helix of the
de/as-barrel, suggesting that two residues (GIn-211 and Trp-225) and a helix dipole would be more
effective for neutralizing the substrate than the side-chain of Arg-221. UGL cannot act on the
substrate with GlcA at the nonreducing terminus (Hashimoto et al., 1999); this suggests that the
presence of the C4 hydroxyl group of GIcA may inhibit enzyme action due to unsuitable
accommodation at subsite -1, but the superimposition of GIlcA on AGIcA shows that no
three-dimensional obstacle particularly surrounds the C4 hydroxyl group. The possible reason for

the inability of UGL to act on usual glucuronyl saccharides is discussed later.

Table 2. D8SN/AGIcA-GalNAc and UGL interaction at the active site

Hydrogen bonds (<3.3 &) van der Waals contact (C—C distance <4.5 &)
Sugar Atom  Protein atom Distance (&) Sugar Atom  Protein atom Sugar Atom  Protein
Aciea o2 Asn-88 [13] 2.5 AGlcA 1 Trp42 81,2, Cez, ¢y, cl2 GalNAc c3 Trp42 coz
Trp-134  Nel 29 Trp-134 clz Trp-134  Cl2
03 Asn-88 N6z 30 cz Trp-134 Cce2,C{2 c4 Gin-211 C§
Asp-149  ©b2 3.0 Asn-88 [+3 Tyr-338  Cel,C§
05 Wat-1 32 €1 Tip42 B2, Ce2, Ce3, Cn2, C§2, C43 cs Tyr338  Cel,Ce2, €t
06A A2l Ne 27 A8 Cy cs oz Cb
Tp225  Nel 33 Phe-51 cel Tyr338  Csl,Ce2, Cf
06B  @ln2ll Nez 32 Asp-149  CP,Cy His339  CB,C82,Cy
Ang221 Nz 29 4 Tp42 ©82, Cez, Ce3, Cn2, €42, O3 c7 Trp-134  CB1,C82, Ce2
GalNAc o4 His210  Nez 30 Asp-149 CBCy [ His-86  CB,Cel,Cy
05 Wat-2 33 5 Tpaz ¢82, Ce2, Cn2, CL2, CE3
06 Wat-2 28 6 Trpaz ©82, e, Cl2
o7 Trp-134  Nel 33 Trp219 O, Cf2
Arg221  Cf
Tyr338  Cel

GalNAc interacts with Trp-42, His-86, Trp-134, His-210, Tyr-338, and His-339 residues
(Fig. 2b and Table 2). The N-acetyl group of GalNAc (N2, C7, C8, and O7 atoms) has few

interactions with the enzyme and is thus disordered (Fig. 2b and Table 2). Another substrate for
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UGL has Man or Glc residue at subsite +1, which contains no such group (Fig. 1, Introduction).
Two residues (His-210 and His-339) in UGL are replaced with arginine and serine in other
homologues (Fig. 2, Introduction). Based on the broad specificity of subsite +1 and conserved
residues, the hydrophobic moiety, e.g., the pyranose ring, is important for accommodation at subsite
+1 through hydrophobic interactions with aromatic side-chains of Tyr-338 and Trp-134, although

some hydrogen bonds are present in binding GalNAc.

Table 3. Kinetic parameters for wild-type and mutant UGLs

Enzyme keat (s™) Km (uM) keat/Km (M 'ms™)  Relative kcat/Km (%)

Wild-type 73+03 90+ 11 81+27 100

D88N 0.00057 + 200 + 38 0.0029:+ 0.014 0.0036
0.000052

D149N 0.0059 + 60+ 5.8 0.098 £ 0.031 0.12
0.00018

R221A 42403 69112 61+24 75

HI193A 0.42+ 0.012 980 + 47 0.43 £0.25 0.53

Q211A 0.20+ 0.015 170 + 26 1.1 +£0.57 1.4

Comparison to the substrate-free structure

The overall structures of the wild-type enzyme (hexagonal crystal form and orthorhombic
one), D88N, and D88N/AGIcA-GalNAc are essentially identical as stated above. In the deep pocket,
they share structures almost similar except for the side-chains of Asp-149 and Trp-134, which move
based on ligand binding (Fig. 3). Although the side-chain of Asp-149 was modeled with two
alternate conformations in the wild-type/apo form (Fig. 3a, wild-type model), it is fixed with the
ligand in the holo form by rotating about 85° (Fig. 3, D88N/AGIcA-GalNAc and Fig. 3b, hexagonal
wild-type models). The side-chain of Trp-134 is also fixed based on ligand binding by rotating
about 110°. Although apo forms (orthorhombic wild-type and D88N) have more water molecules at
the ligand than the complex form (D88N/AGlcA-GalNAc and hexagonal wild-type), the Wat-1
molecule is located at the same position in all structures (Figs. 2b and 3). The hexagonal wild-type

structure has one additional glycine residue, two DTT molecules derived from the crystallization
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solution, and two water molecules at the active site (Fig. 3b). The location of the carboxyl group of
the glycine molecule in the wild-type enzyme corresponds to that of AGIcA in substrate-bound
D88N, and both carboxyl groups interact with the enzyme identically. Two hydroxyl groups (02
and O3) of AGIcA that form hydrogen bonds with Asn-88 are replaced with two additional water
molecules bound to Asp-88 through hydrogen bonds. One DTT molecule is located at subsite +1
corresponding to the position of GalNAc, and has hydrophobic interactions with Tyr-338. The

second DTT molecule interacts mainly with the aromatic side-chain of Trp-134.

Fig. 3. Active site structure. (a) Structural
comparison of  wild-type, D88N, and
D88N/AGIcA-GalNAc complex structures at the
active site. Amino acid residues of wild-type are
shown in blue, D88N in green, and
D88N/AGIcA-GalNAc in magenta. The substrate
(AGIcA-GalNAc) structure is denoted by a yellow
bond model (oxygen atom, red; carbon atom, black;
nitrogen atom, blue), similar to Fig. 2. Water
molecules of wild-type (cyan), D88N (deep green),
and D88N/AGIcA-GalNAc (red) are represented as
ball models. Hydrogen bonds in wild-type and D88N
are shown as dashed lines. (b) Structural comparison
of the DB88N/AGIcA-GaINAc complex and
wild-type/glycin-DTT complex structures at the active
site. The wild-type complex structure is indicated in
blue. Glycine and DTT molecules of the wild-type
complex structure are denoted by green bond models
(oxygen atom, red; carbon atom, black; nitrogen atom,
blue; sulfur atom, yellow). Water molecules of the
wild-type complex are shown as purple ball models.
Hydrogen bonds in the wild-type complex structure
are shown as dashed lines.

Catalytic mechanism

UGL acts strictly on unsaturated oligosaccharides with AGIcA at the nonreducing terminus,
and is inert on saccharides containing GlcA. Products obtained through the enzyme reaction are
4-deoxy-L-threo-5-hexosulose-uronate and the leaving saccharide with a new nonreducing terminus
(Fig. 1d, Introdution). General B-glycosidase cannot act on unsaturated saccharides with AGIcA at
the nonreducing terminus. The reaction mechanism of the hydrolysis of these unsaturated
saccharides thus remains unclear.

The structure of UGL in a complex with the substrate (D88N/AGIcA-GalNAc) determined
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in the present study may provide valuable clues to the nature of the catalytic reaction mechanism.
Regarding the binding of AGIcA to the active site, no atom is located close to glycosidic oxygen
(O3 atom of GalNAc) within the hydrogen bond distance (<3.5 A). The characteristic environment
of the active site is as follows (Fig. 2b): a water molecule (Wat-1) is present at the “a-face position”
of the AGIcA pyranose ring and forms four hydrogen bonds with Asp-149 (3.1 A), His-193 (2.7 A),
GIn-211 (2.6 A), and O5 atom (3.2 A) of AGIcA, but not with glycosidic oxygen (4.2 A); Wat-1 is
also located close to the C5 carbon atom (3.4 A) but not to the C1 carbon atom (3.9 A); Asp-149 is
close to the C4 atom (2.9 A) but not to glycosidic oxygen (5.8 A) and C1 carbon (4.8 A) atoms;
Asn-88 located at the mutation site (wild-type, Asp-88) is also far from glycosidic oxygen (4.9 A)
and C1 carbon (4.3 A) atoms; no water molecule exists at the “B-face position” of the pyranose
ring; AGIcA has an alkene C4=C5 double bond, enriched in electrons and termed an “electron sink.”
These characteristics are unusual in glycoside hydrolases (Davies & Henrissat, 1995; Rye &
Withers, 2000). In particular, no hydrogen bonds are formed with glycosidic oxygen. A catalytic
reaction mechanism of UGL is therefore postulated as follows; the enzyme catalyzes a water
addition reaction (hydration) of the vinyl ether group (C4=C5-05) and subsequent hydrolysis of the
glycosidic bond in AGIcA. This postulation is based on the structure of the enzyme-substrate
complex, the characteristic of the substrate [i.e., susceptibility of the vinyl ether group with an
“electron sink” in AGIcA to the water addition reaction (Aoyama ef al., 2004; Kresge, 1987)],
enzyme properties determined through kinetics on site-directed mutants as described later. A
possible catalytic reaction mechanism of UGL is shown in Fig. 4. Asp-149 acts as a general acid
catalyst and donates a proton to the double bond (C4 atom). Asp-149 acts as a general base catalyst
and deprotonates the water molecule (Wat-1); the deprotonated water molecule then attacks the C5
atom of AGIcA. The product hemiketal is unstable and readily converts to a-keto acid (hemiacetal).
Due to aldehyde-hemiacetal equilibrium, the resultant hemiacetal finally converts to the aldehyde

(4-deoxy-L-threo-5-hexosulose-uronate) and the leaving saccharide through cleavage of the
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glycosidic bond. These consecutive reactions appear to be similar to the oxymercuration of
unsaturated hyaluronate disaccharide AGIcA-GIcNAc (Ludwigs et al., 1987). In other words, the
water addition reaction (hydration) of the vinyl ether group in AGIcA and spontaneous conversion
of hemiketal to aldehyde and the leaving saccharide via o-keto acid (hemiacetal) are also
demonstrated in the reaction mixture of AGlcA-GIcNAc and mercuric salts.

Many glycosidases hydrate C1 anomeric configuration-free unsaturated substrates
(D-glycals, C2=C1-O5 or D-glyco-enitols, O5-C1=C). Their catalytic mechanism and anomeric
configuration of products are regulated by their own specificities in hydrolysis, such as “retaining”
or “inverting mechanisms” (Lehmann & Schréter, 1972; Schlesselmann et al, 1982; Weiser et al,
1988). UDP-GIcNAc 2-epimerase catalyzes the epimerization of UDP-GIcNAc¢ and
UDP-N-acetylmannosamine (UDP-ManNAc) in bacteria, or the conversion of ManNAc¢ and UDP in
mammals. Their reactions involve elimination to generate a vinyl ether group (2-acetamidoglucal:
C2=C1-05) and the readdition of UDP in bacteria or a water molecule in mammals (Morgan et al.,
1997; Chou et al., 2003). The proposed mechanism of UGL is similar. In particular, the carboxylate
group (Asp-149: UGL) acting as the general acid/base catalyst to protonate the vinyl group and
deprotonate the catalytic water molecule is equivalent to those of retaining glycosidases. The
reaction mechanism consisting of the hydration of the vinyl ether group (C4=C5-05) triggering
hydrolysis of the glycosidic bond and the arrangement of the active site residue, however, are novel
and intriguing (Figs. 2b and 4).

The location of Asp-149 is suitable for the protonation of the C4 atom of AGIcA (Fig. 2b),
and Asp-149 is completely conserved in UGL and its homologues. A mutant enzyme D149N shows
significantly reduced molecular activity (0.12%) when compared to the wild-type enzyme, as
described previously (Table 3). To appropriately function as a general acid catalyst and donate a
proton to the C4 atom of AGIcA, Asp-149 must be protonated (high pKa). The environment of

Asp-149 is polar and there are few hydrogen bonds with Asp-149 in the complex structure (Fig. 2b).
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They would serve to elevate its pKa. This side-chain accepts its own NH backbone group, being

essential for properly orienting this side-chain for catalysis.
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His-193, which is completely conserved in UGL and its homologues, is also located close
to AGIcA and has an ionizable side-chain (Fig. 2b). To determine the possibility of His-193 as a
catalytic residue, a mutant enzyme (H193A) was prepared and assayed (Table 3). kcat of HI93 A
(0.42 s is lower than that of the wild-type enzyme (7.3 s™); but significantly higher than that of
D149N (0.0059 s™'). Km of HI193A (980 uM) is considerably higher than that of the wild-type
enzyme (90 pM) and D149N (60 uM). The difference in Km between H193A and the wild-type
enzyme is thought to be due to the conformational change of the active site. Kinetic parameters for
D149N and H193 A suggest that Asp-149 is the most conceivable general acid/base catalyst among
residues located nearest to AGIcA. Since kcat of mutants H193 A and Q211A is lower than that of
the wild-type enzyme, His-193 and GIn-211 probably play a crucial role in fixing Wat-1 at a suitable
position for catalysis (Table 3).

Asp-88 is also completely conserved in UGL and its homologues, and mutant enzyme

D88N is almost inactive (0.0036% activity of the wild-type enzyme) and less active than D149N

-49 -



(0.12%) (Table 3). Asp-88 is thought to both stabilize the carbenium ion at C5 of AGlIcA during
catalysis and mainly to tie protons of hydroxyl groups of O2 and, most importantly, O3 in hydrogen
bonds (Figs. 2b and 4). Otherwise, the O3 hydroxyl group would be able to form a hydrogen bond
to the side-chain of Asp-149, preventing its protonation and also directing it away from C4 and
toward O3 (Fig. 2b).

The SKIE was measured to confirm the participation of the general acid and water
molecule in the reaction. The SKIE on the second-order rate constant (kcat/Km) of UGL depends on
the pL (pH or pD). The optimal pL (pH = 6.0 or pD = 6.6) and the two pKas (pKa; = 4.4 or 5.2,
pKa, = 7.6 or 8.2) increased in D;O. The shift of 0.6 units in pKa,, thought to be pKa of the
side-chain of Asp-149, is typically seen for acids (Laughton & Robertson, 1969). There is a
significant SKIE on both kcat and kcat/Km near the optimal pL. Catalysis in HO (pH 6.0) showed
keat = 6.8 £ 0.7 (s7), Km = 62 £ 13 (uM), and kcat/Km = 0.11 (uM's™); that in D,O (pD 6.6) gave
kcat =33 £ 0.2 (s7), Km = 66 + 11 (uM), and kcat/Km = 0.05 (uM"'s™). The SKIE is thus 2.1 for
kcat and 2.2 for kcat/Km. General acid catalysis is associated with the SKIE for kcat of 1.5-2.5 (Fife
& Brod, 1970). These observed SKIEs are typical for general acid catalysis and indicate the
mechanism involving proton transfer in the rate-determination step (Oyama & Tidwell, 1976).

The structural basis for hydration of the intrinsic substrate with the vinyl ether group
through enzymatic catalysis by the asparagine residue has been reported with isochorismatase
(PhzD) from Pseudomonas aeruginosa (Parsons et al., 2003). PhzD is involved in phenazine
biosynthesis and catalyzes the hydrolysis of the vinyl ether group of 2-amino-2-deoxyisochorismate.
Although UGL and PhzD show no similarity in amino acid sequence or overall structure, their
amino acid residues interacting with the substrate are comparable as follows: the catalytically
important residue (Asp-149) in UGL is equivalent to Asp-38 in PhzD, and the other important
residues (Trp-42 and Tyr-338) in UGL correspond to those of Trp-94 and Tyr-151 in PhzD. Asp-38

in PhzD is considered to be a general acid catalyst and is thought to hydrate the vinyl ether group
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(Parsons et al., 2003). The magnitude of kcat (~10 s™') of UGL is close to that of PhzD. This
evidence suggests that both UGL and PhzD have a similar enzyme reaction mechanism (hydration),
and that the protonation of the vinyl ether group by aspartate residues is the rate-limiting step of the
reaction.

The detailed structural analysis of the reaction product of UGL has not been clarified,
although the product is confirmed to be a-keto acid derived from AGlcA. GC/MS analysis on the
reaction product was conducted. Fig. 5 shows the electron ionization mass spectrum of reduced and
methylated AGIcA after the UGL reaction in 0, 50, or 88% '*O water. The fragmentation pattern of
this product (m/z 101, 129, 133, 141, 161, 173, and 191) was equivalent to that of reduced and
methylated AGIcA released through the reaction of unsaturated heparin disaccharide and mercuric
salts (Chai et al., 1995) (Fig. S). Only three ion peaks (m/z 105, 163 and 193) were observed,
however, with the 'O water hydrolysis sample, and these peak heights increased with an increasing
30 water ratio (Fig. 5b, ¢). Further fragmentation ion peaks (m/z 73 and 131) produced by the loss
of methanol from m/z 105 and 163 were difficult to interpret, possibly due to their low content, the
several methyl groups, and stable isotope ion peaks. The 2 mass differences in the three ion peaks
between H,'°0 and H,'30 reactions correspond to those between 150 and '*0. No 2 mass different
ion peak was observed except m/z 105, 163, and 193, and no m/z 135 (133 + 2) ion was observed
(Fig. 5). These fragmentation ion peaks may suggest that '*O existed on the C5 atom of AGIcA but
not on the C1 atom after hydrolysis with 0 water.

In conclusion, the structure of UGL in a complex with unsaturated chondroitin disaccharide
provides the basis for substrate binding and insights into the novel catalytic reaction mechanism for
glycoside hydrolase. Although the chemical mechanism of acid-catalyzed hydration of the vinyl
ether group and the similar mechanism in glycosidases are well characterized, the reaction
mechanism involving the hydration of the vinyl ether group triggering the hydrolysis of the

glycosidic bond is novel and intriguing. Almost all glycoside-related enzymes (hydrolases and
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phosphorylase) with a ag/ag-barrel (six-hairpin glycosidase superfamily of the SCOP database;
http://scop.mrc-lmb.cam.ac.uk/scop), such as glucoamylases, endoglucanase CelD, endoglucanase
CelA, endo/exocellulase E4, and maltose phosphorylase, are “inverting glycosidases.” The CAZy
database divides these enzymes into two clans, i.e., clan GH-L (glucoamylase and maltose
phosphorylase) and GH-M (cellulase), based on the active site architecture. UGL is therefore the

first ag/os-barrel enzyme with hydration of the vinyl ether group and hence may be classified into a

new clan.
a Fig. 5. Mass spectra of AGlcA after reduction and
BTN methylation.  Hydrolysis  products  incubated  with
5 : AGlcA-GalNAc and UGL at 30°C ovemight were reduced,
’:;52- . o methylated, and subjected to GC/MS analysis. (a) UGL
£ A ; - hydrolysis with 0% 'O water. The inset shows the
B TN i el DL - fragmentation pattern of the reduced and methylated AGlcA
b e (Chai et al., 1995). (b) UGL hydrolysis with 50% B0 water. (¢)
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Section 2

Substrate Recognition of Unsaturated Glucuronyl Hydrolase

A novel catalytic mechanism specific for UGL was proposed based on the crystal structure
complexed with chondroitin disaccharide (D88N/AGIcA-GalNAc, PDB accession no. 2AHG) in
Section 1, Chapter III. The substrate recognition by UGL, however, remains to be clarified. This
section deals with the identification of amino acid residues responsible for binding substrates
through determination of crystal structures of UGL in complexes with two different substrates
(unsaturated hyaluronan disaccharide and gellan tetrasaccharide). Based on the results obtained, the

substrate recognition by UGL was clarified.

Materials and Methods
Enzyme assay

UGL reactions were conducted at 30°C as follows. The reaction mixture (0.5 ml) consisted
of 50 mM sodium phosphate (pH 6.5), 10-500 uM of the substrate (AGlcA-Glc-Rha-Glc), and 10
nM of the enzyme. Enzyme activity was measured by monitoring the decrease in absorbance at 235
nm; this corresponded to the loss of the C=C double bond of the substrate because the released
AGIcA is converted to a-keto acid through the loss of the double bond (Fig. 1d, Introduction).
Enzyme concentration was determined by UV spectrophotometry using the theoretical molar
extinction coefficient € = 99,570 (M’cm'). The unsaturated gellan tetrasaccharide
(AGlcA-Glc-Rha-Glc) used as the UGL substrate was prepared. The parameters kcat and Km were
determined by nonlinear fitting to the Michaelis-Menten equation. The enzyme reaction was also
performed in the presence of various concentrations (0-100 mM) of an inhibitor (glycine). The type
of inhibition was determined by the Dixon plot ([I]o vs. [E]o/Vo) at two substrate concentrations

([S]o = 56 and 115 pM).
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Crystallization and X-ray diffraction

UGL and its mutant D88N from
Bacillus sp. GL1 were overexpressed in
Escherichia coli, purified, and crystallized
by the wvapor diffusion method.
Orthorhombic crystals of D88N were
placed into the substrate solution
containing 400 mM AGIcA-GIcNAc
(Seikagaku Corporation, Tokyo, Japan) or
400 mM AGIlcA-Glc-Rha-Glc in a mixture
of 25% (w/v) polyethylene glycol 10000
and 0.15 M Tris-HCl (pH 7.5); the crystals
were incubated for 10 min at 20°C.
Subsequently, they were placed in a cold

nitrogen gas stream at —-173°C. X-ray

Table 1. Synchrotron radiation data and
D88N/AGIcA-Gle-Rha-Gle  D8SN/AGIcA-GleNAe  Hex_wildtype/apo
Space group P2,2,2, P2242, P6:22
Unit cell parameters (4) a=877,b=935, a=877,b=949, a=b=102.8,
c=954 c=954 ©=223.2
Data collection
Resolution limit (last shell)® (A) 50.0-1.90 50.0-1.73 50.0-1.80
(1.97-1.90) 1.79-1.73) (1.86-1.80)
Measured reflections 284976 429344 646399
Unique reflections 62121 (6030) 79850 (6526) 63925 (6265)
Redundancy 4.6 (4.0) 54(4.2) 10.1(6.2)
Completeness ([f>oll)) (%) 99.2(97.6) 953 (78.9) 98.2(984)
Roerg O8)" 5.7(24) 71(333) 8.7 (30.8)
Refinement
Final model 377 x 2 residues, 692 water, 377 x 2 resicues, 789 377 residues, 396
AGleA-Gle-Rha-Gle water, 2 AGIcA-GlcNAe water, 9 MPD
Resolution limit (A) 15.0-1.90 15.0-1.73 15.0-1.80
(1.97-1.90) (1.79-1.73) (1.86-1.80)
Usedreflections 60367 (5147) 79669 (6567) 64105 (6291)
Completencss (A>o|F) (%) 99.0(83.3) 954 (79.6) 984 (98.5)
Average B-factor (A9 226 19.9 29.1
R-factor (%) 19.8(244) 17.9(26.5) 16.7 24.6)
Rine (%)° 254(312) 21.1(29.3) 188 (28.8)

Root-mean-square deviations
Bond (A)
Angle (deg)

0.003
1.20

0.005
120

0.005
118

“Data in highest resolution shells are given in parentheses.

®Rinecge = ZM; - <BA/ZJ, * 100, where J; is the intensity of individual reflection and <F> is the mean intensity of all

reflections.

“R-factor = T|F, — FJ/Z|F| x 100, where F, is the cbserved structure factor and ¥, is the calculated structure factor.

*Rie Was calculated from 10% of reflections that were randomly selected, as defined by the CNS.

diffraction images of the crystals were collected using a MarCCD detector (Mar USA, Iilinois,

USA) at the BL-41XU station of SPring-8 (Hyogo, Japan) or a Rigaku Jupiter 210 CCD detector

(Tokyo, Japan) at the BL-38B1 station of SPring-8 with synchrotron radiation at a wavelength of

1.00 A. The images were processed using the DENZO and SCALEPACK softwares (Otwinowski ez

al., 1997) to a resolution of 1.73 to 1.90 A (Table 1).

Structure determination and refinement

The structures were determined by the molecular replacement method and refined using

CNS program ver. 1.1 (Briinger ef al., 1998); the UGL structure (PDB accession no. 1VDS5) was

used as the reference model. Several rounds of positional and B-factor refinement were performed.

Following this, manual model building was attempted using the TURBO-FRODO program
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(AFMB-CNRS, Marseille, France) to improve the model by increasing the resolution of the data
from 1.73 to 1.90 A with the CNS program (Table 1). The stereo quality of the model was assessed
using the PROCHECK (Laskowski ef al., 1993) and WHAT-CHECK (Hooft ef al.,1996) programs.
Structural alignment was carried out by superimposing with the aid of a fitting program in
TURBO-FRODO. Ribbon plots and surface models were prepared using the MOLSCRIPT (Kraulis,

1991), Raster3D (Merrit & Murphy, 1994), and GRASP (Nicholls et al., 1991) programs.

Results
Inhibition by glycine
The hex wild-type/glycine structure, which was the first UGL structure that was
determined (PDB accession no. 1VDS5) in Chapter I, contains one glycine molecule derived from
the crystallization solution. Based on the enzyme-substrate complex structures that are described
later, the location of this glycine was found to correspond to that of the carboxyl group of AGIcA at
the nonreducing terminus of the substrate (Fig. 1a). Next, the effect of glycine on UGL activity was
examined. Enzyme activity was inhibited by glycine in a dose-dependent manner (Fig. 1b). The
results obtained with the double reciprocal plot revealed that glycine competes with the substrate to
bind at subsite -1, which is located at the bottom of the active site, and has a Ki value of 6.5 mM
(Fig. 1b, inset graph).
Structure determination
Two orthorhombic crystal complex structures (D88N/AGIcA-Glc-Rha-Glc and
D88N/AGIcA-GIcNAc) were determined (Fig. 2a, b). Results of data collection and refined models
are summarized in Table 1.
The hexagonal and orthorhombic crystals are similar in their overall structures, with the
exception of their active sites. The active site of the enzyme is situated at the bottom of the large

pocket that is surrounded by aromatic amino acid residues; the pocket is formed by the long loops
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and the inner helices of the barrel (Fig. 2c, d).

Vo (UM s')

Fig. 1. Interaction of UGL with glycine. (a) The active site of
hex_wild-type/glycine (PDB accession no. 1VDS). The amino acid residues are
indicated by blue bond models. Glycine and DTT molecules are also represented by
green bond models. Water molecules are represented using red ball models.
Hydrogen bonds are shown as dashed lines. (b) Inhibition of UGL activity by glycine.
The inset graph shows double reciprocal plots of the inhibition kinetics of UGL by
glycine. The circles represent experiments carried out with a substrate concentration
[S]o of 115 pM, while squares represent those with [S}, of 56 pM.

Fig. 2. The structure of UGL complexed with a substrate.
Electron density of the AGIcA-Gle-Rha-Gle (a) or
AGlcA-GleNAc (b) substrates (yellow bond model) in the
2Fo-Fc map (green) is shown contoured at the 1.0 (a) or 0.7
(b) sigma level. (c) AGlcA-Gle-Rha-Glc bound in the pocket
of the enzyme (yellow bond model). Amino acid residues are
indicated in magenta (Trp, Phe, and Tyr), green (Ala, Val,
Leu, Ile, Pro, and Met), cyan (His), red (Asp and Glu), and
blue (Lys and Arg). (d) Overall structure of UGL (Ca
tracing) bound with the tetrasaccharide substrate (yellow
bond model). The numeric values indicate the amino acid
residues or subsites.

AGlcA-Glc-Rha-Glc bound at the active site

The unsaturated gellan tetrasaccharide (AGlcA-Glc-Rha-Glc) was bound along the wall

leading to the active site and fitted into a concavity of the wall (Figs. 2b and 3a). UGL strongly

recognizes AGIcA at subsite -1 rather than the saccharides at subsites +1 to +3. Contrary to most
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glycosidase-substrate complexes, no direct Table 2. Interactions between UGL and substrate
Hydrogen bonds (<3.5 A)

. . Protein residues Subsites (saccharide)
interaction was observed between UGL and the Hin 87, Amn(ng) 55, Aep 145, Gina11, Arg 291, Trp 225 1 (aGlen)
Tyr-338, His-339 +1 (Gle)
glycosidic bond to be cleaved. AGICA was  mp13soman +1(GLeNA)
His-339 +2 (Rha)
. . Ser-345 +3 (Glo)
stabilized by several tight hydrogen bonds (<3.5 Hydrophobic inforactions (<4.5 A)
Protein residues Subsites (saccharide)
A) from residues His-87, Asn-88, Asp-149, 12 Hiss7, Am(Asp)-s, Phes1, Asp-149, Trp-219, Arg:221 -1 (AGleA)
Trp-42, GIn-211, Tyr-338, His-339 +1 (Gle)
Trp-134, Tyr-338, His-. 1 (GlcNA
GIn-211, Arg-221 and Trp-225 and van der 7 -1r¥si® 1 GINAS
Tyr-338, His-339, Ile-344 +2 (Rha)

Ile-344 +3 (Glo)

Waals contacts (<4.5 A) from residues Trp-42,
His-87, Asn-88, Phe-91, Asp-149, Trp-219, and Arg-221 (Fig. 3a and Table 2). In particular, the
stacking interaction with Trp-42 was observed to play an essential role in AGIcA binding. These
residues are strictly conserved in GH-88 family proteins. The hydrophobic interactions are
important for subsite +1 to +3 saccharides (Figs. 2¢, 3a and Table 2). Glc at subsite +1 interacts
with Trp-42, GIn-211, Tyr-338, and His-339 residues. The His-339 residue in UGL is replaced with
serine in the UGL homologues. Rha at subsite +2 interacts with Tyr-338, His-339, and Ile-344
residues. Glc at subsite +3 interacts with Ile-344 and Ser-345 residues. Variations are observed in
residues responsible for interactions of saccharides at subsites +1 to +3 among UGL homologues
(Ile-344 in UGL is His or Lys in other GH-88 proteins; Ser-345 is Ala or Gly; Fig. 2, Introduction).
This indicates that the strict interaction between UGL and AGIcA at subsite -1 is more important for
enzyme catalysis.
AGIlcA-GIlcNAc bound at the active site

The unsaturated hyaluronan disaccharide (AGIcA-GlcNAc) was bound at the active site in
D88N/AGIcA-GlcNAc, although its electron density and average B-factor (46.3 A?) were thin and
large, respectively (Fig. 2b). The side-chain of Asp-149 was modeled with two alternate
conformations. These features differed from those for AGIcA-GalNAc in D88N/AGIcA-GalNAc
(average B-factor, 30.8 A?). However, the molecular weight of AGIcA-GlcNAc was the same as that

of AGlcA-GalNAc since both are isomeric at the C4 hydroxyl group. The substrate concentration of
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the complex solution is much higher than its Km value (approximately 2000 fold). Thus,
AGIcA-GIcNAc is believed to be disordered at the active site (Figs. 2b and 3 b).

The interactions between AGlcA and UGL are common to the structures that complexed
with either unsaturated chondroitin disaccharide, hyaluronan disaccharide, or gellan tetrasaccharide.
The absence of a direct interaction between the enzyme and the glycosidic bond that is to be
cleaved is also characteristic of UGL. Hydrophobic interactions are also important for GIcNAc (Fig.
3b and Table 2). While some hydrogen bonds are involved in binding GlcNAc, the two aromatic
side-chains of Tyr-338 and Trp-134 are observed to sandwich the pyranose ring of GIcNAc and are
important for accommodating GIcNAc at subsite +1, as in the case of unsaturated chondroitin or
gellan oligosaccharide.

Wild-type crystal structure without glycine

The crystal structure of the wild-type enzyme without glycine (hex wild-type/apo) is
similar to that of other UGLs; these structures differ only with respect to the position of the
side-chains of Asp-149 and Trp-134 at the active site, the position of which changes depending on
ligand binding (Fig. 4). The side-chain of Asp-149 forms a hydrogen bond with that of Asp-88 in
the hex_wild-type/apo, while in the complex (e.g., D88N/AGIcA-Glc-Rha-Glc), it forms a hydrogen
bond with a water molecule (Wat-1) and is directed to the C4 atom of the substrate by
approximately 70° rotation (Fig. 4b). Although two MPD molecules in hex_wild-type/apo and one
Glc molecule in D88N/AGIcA-Glc-Rha-Glc show similar hydrophobic interactions with Trp-134
and Tyr-338, the direction of the side-chain of Trp-134 is different across the structures (Fig. 4a, c).
Glc is restrained at the a-glycoside bond, and these results in the two pyranose rings of AGlcA and
Glc almost being parallel. The MPD molecule is smaller than saccharide. Thus, the two MPD
molecules could bind to two sites in the space between Trp-134 and Tyr-338, accompanying the
conformational change of the side-chain of Trp-134. In other words, the side-chain of Trp-134 can

suitably reorient by rotating approximately 120°, depending on the type of ligand attached (Fig. 4c).
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Fig. 3. Structure of UGL bound to the substrate at the active site,
(a) DBBN/AGIcA-Gle-Rha-Gle and (b) D88N/AGIcA-GleNAc,
Residues interacting with the substrate are represented by the bond
models. Side-chains are indicated in red (Asp and Asn), blue (Arg),
purple (Trp, Tyr, Phe), cyan (His), and green (Val, Ser, Ile, and Gln).
The substrate is denoted by a yellow bond model. Water molecules
are represented as light blue balls. Hydrogen bonds are shown as
dashed lines. (c) Structural comparison of
D88N/AGIcA-Gle-Rha-Gle (green), D88N/AGIcA-GlcNAc
(magenta), and D88N/AGlcA-GalNAc (blue) in the active site.

)4”?7 } //p/”j

p y g
ADes s (D) )

Fig. 4. Active site structure. (a) Structural comparisons of
hex_wild-type/apo (red) and D88N/AGIcA-Gle-Rha-Gle (blue).
MPD molecules of hex wild-type/apo are denoted by yellow
bond models, while AGlcA-Gle-Rha-Glc is denoted by the green
bond model. (b) The surroundings of Asp-149 side-chain. The
side-chain rotates by 70° to facilitate substrate binding. (¢) The
surroundings of the Trp-134 side-chain. The side-chain rotates
by 120° to facilitate the substrate binding.
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Discussion

In this section, the crystal structures of UGL complexed with various substrates clarify the
substrate recognition mechanism of the enzyme. AGIcA is specifically recognized at subsite -1
through the formation of several hydrogen bonds and stacking interactions in which highly
conserved residues of the GH-88 family participate (Fig. 3 and Table 2). In particular, the carboxyl
group of AGIcA interacts with the enzyme through the formation of hydrogen bonds, and it is
stabilized by the positive end of the inner o-helix dipole of the ae/as-barrel. This observation has
been supported by an inhibition experiment performed using glycine. The glycine molecule, which
also contains a carboxyl group, could bind to the active site of UGL and competitively inhibits the
enzyme (Fig. 1).

The unsaturated gellan tetrasaccharide (AGlcA-Glc-Rha-Glc) was bound from the bottom
of the pocket to the wall that was completely covered with aromatic or hydrophobic amino acid
residues (Fig. 2c). Although several amino acid residues at subsite +3 are not conserved in GH-88
family proteins and some hydrogen bonds are involved in binding the substrate, hydrophobic
interactions are important for binding the saccharides at subsites +1 to +3 (Figs. 2¢, 3 and Table 2).
Subsite +1 is mainly formed in the space between the side-chains of Tyr-338 and Trp-134. The
side-chain of Tyr-338 forms hydrogen bonds with Trp-42 and Asp-41. Thus, Tyr-338 is stabilized
and does not change its position. However, the side-chain of Trp-134 has high flexibility and can
move suitably by rotation in order to bind substrates or ligands (Figs. 3 and 4). This flexibility is
believed to provide a wider range of substrate specificity at subsite +1 (e.g., GaINAc, GIcNAc, Man,
or Glc). The concavities at subsites +2 and +3 are mainly formed by the aromatic (Tyr-338 and
His-339) and hydrophobic (Ile-344) side-chains, which contribute to hydrophobic interactions with
the substrate. The two pyranose rings fit into this hydrophobic surface at subsites +2 and +3. In
comparison with the strong recognition for AGIcA through formation of hydrogen bond networks,

the interactions between the enzyme and the saccharides at subsites +2 and +3 are very weak. The

-61 -



amino acid residues that participate in the interactions at these subsites are not highly conserved in
the GH-88 family. It is believed that subsites +2 and +3 are not essential for catalysis.

On the other hand, the catalytic mechanism of UGL has been clarified in which the enzyme
triggers the hydration of the vinyl ether group in AGlIcA (Fig. 4, Section 1, Chapter III). In order to
donate a proton to the C4 atom of AGIcA, which acts as a general acid catalyst, Asp-149 must be
protonated. In the substrate-free structure (hex wild-type/apo), an unusual contact between Asp-149
and Asp-88 through the formation of a hydrogen bond was observed (Fig. 4b). This hydrogen bond
would provide the protonation of Asp-149. It is speculated that Asp-88 may act as a proton donor
for Asp-149 and modulate the pKa of Asp-149. This aspartic acid dyad is also observed in
cellobiohydrolase Cel6A from Trichoderma reesei (Koivula et al., 2002; Wohlfahrt et al., 2003).
Asp-88 plays a crucial role not only in controlling the pKa of Asp-149 but also in connecting
protons of the hydroxyl groups of AGlcA O2 and O3 through the formation of hydrogen bonds.
Otherwise, the O3 hydroxyl groups would prevent Asp-149 protonation and also direct it away from
C4 and toward O3.

The average B-factor of AGIcA-GIcNAc was much higher than that of AGIcA-GalNAc
although AGIcA-GIcNAc and AGlcA-GalNAc are isomeric at the C4 hydroxyl group. The
side-chain of Asp-149 was modeled with two alternate conformations. The two alternate positions
in D88N/AGIcA-GIcNAc were similarly located at the positions in the substrate binding or the free
structures. The kcat value (0.022 pM™'s™) of AGIcA-GIcNAc is much smaller than that of
AGlcA-GalNAc (0.075 pM's™), although their Km values are comparable. Thus, it was considered
that the binding arrangement of AGIcA-GalNAc¢ was more favorable for catalysis than that of
AGIcA-GIcNAc. GIcNAc causes steric hindrance to the active site in comparison with GalNAc. The
N-acetyl group of GlcNAc also moves and affects the position of Trp-134 (Fig. 3¢). As a result, it
changes the relationships among Asp-88, Asp-149, and the O2 and O3 hydroxyl groups of AGIcA.

This movement probably prevents the proper orientation of the Asp-149 side-chain for catalysis and
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reduces the kcat value. In conclusion, these enzyme complex structures clarify the active site
architecture of the four subsites. UGL strongly recognizes AGIcA at subsite -1 through the
formation of hydrogen bonds and stacking interactions, and prefers GalNAc and Glc rather than

GlcNAc as a residue accommodated in subsite +1, due to the steric hindrance.
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Section 3

Structure of Unsaturated Galacturonyl Hydrolase Complexed with Substrate

YteR and its homologous protein YesR from Bacillus subtilis strain 168 were identified as
the unsaturated galacturonyl hydrolase and categorized into a novel glycoside hydrolase family 105
in Chapter II. YteR and YesR act specifically on unsaturated RG produced from RG type-I treated
with RG lyases and release AGalA from the substrate. This section deals with the clarification of
catalytic mechanism and substrate recognition of YteR through the determination of crystal

structure of its mutant (D143N) in complex with the intrinsic substrate (AGalA-Rha).

Materials and Methods
Mutagenesis
Asp-143 in YteR (or Asp-135 in YesR) was replaced with an asparagine residue by the use
of a QuickChange site-directed mutagenesis kit (Stratagene) and mutations were confirmed by DNA
sequencing. The plasmid, which is the expression vector for YteR (or YesR), was used as a template.
Primers were as follows: YteR/D143N, 5’-CCAAATGTGGCTTAATGGCTTATACATGGG-3’ and
5’-CCCATGTATAAGCCATTAAGCCACATTTGG-3’ (mutations are indicated by bold letters) (or
YesR/D135N, 5’-GAACAGGCATGGGCGAATACGCTGATGATG-3’ and
5’-CATCATCAGCGTATTCGCCCATGCCTGTTC-3’). Mutant proteins were expressed and
purified as done for the wild-type described in Chapter I1.
Crystallization and data collection
D143N was crystallized by hanging drop vapor diffusion described by Zhang et al. (2005).
Substrate (AGalA-Rha) for YteR was prepared using potato RG-I (Megazyme International Ireland
Ltd., Wicklow, Ireland) and RG lyases (YesW and YesX from B. subtilis strain 168) as described in

Chapter IT. A single crystal was soaked in the solution containing 120 mM AGalA-Rha, 1.2 M
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citrate and 0.1 M Tris-HCI (pH 7.5) for 15 min at 20°C.

The crystal was placed in a cold nitrogen gas stream at -173°C. X-ray diffraction images
were collected using a Jupiter210 area detector (Rigaku, Tokyo, Japan) with synchrotron radiation
at a wavelength of 1.0 A at the BL-38B1 station of SPring-8 (Hyogo, Japan). Images were
processed to a resolution of 1.9 A using DENZO and SCALEPACK software (Table 1)
(Otwinowski et al., 1997).

Structure determination and analysis

The crystal structure was determined Table 1 Data and
Data collection
. Resolution (fast shell)® (4) 50.0-1.90 (1.97-1.90)
by molecular replacement using the CNS ver.  mewswsd refiections 270713
Unique reflections 35001 (3106)
1.1 program (Briinger et al., 1998) with the ™? 8305
Redundancy 7736
s Completeness (%) 97.7 (88.8)
reported YteR wild-type/apo structure as the &, oo 70061
reference model. Coordinates of UGL mutant ™= ,
Final model 363 residues (11-373), 287 water, and AGalA-Rha molecules
Average B-factor (%)
D88N/AG]CA-G&1NAC complex (2AHG) and Protcin 342
Water 43.5
YteR wild-type/apo (INCS5) were obtained = "
2 X
. Refactor (%)° 18.9(32.1)
from the RCSB Protein Data Bank x.es B3I
Root mean square deviations
(http://pdbbeta.rcsb.org). Several rounds of 2’"?‘2’@ "
gle (de; .
. Ramachandran plot (%)
positional and B-factor refinement followed Most fuvored regions )
Additional allowed regions 4.0
Disallowed 0

by manual model building using the

® Data on highest resolution shells is given in parentheses.

b Renerge = 2 — <I>|/2J; % 100, where [, is the intensity of individual reflection and <I> the mean intensity of all
TURB O'FROD O progl’ am (AF MB "CNRS 5 reflections.

© R-factor = J1F, — FJ/ZIF,| » 100, where F, is the observed structure factor and F, the caleulated structure factor.
4 Rpee Was calculated from randomly chosen 5% reflections.

Marseille, France) were done to improve the

model using the CNS program to a resolution

of 1.9 A (Table 1). The stereoquality of the model was assessed using the PROCHECK (Laskowski
et al., 1993) and WHAT-CHECK (Hooft e al., 1996) programs. Structural alignment was done by
superimposition using a fitting program in the TURBO-FRODO program. Ribbon plots were

prepared using the MOLSCRIPT (Kraulis, 1991) and Raster3D (Merrit & Murphy, 1994) programs.
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Electrostatic surface potential was calculated using the GRASP (Nicholls ez al., 1991) program. The
full.crg was used for charge assignment, where the histidine residue has a positive charge.
Carbohydrate conformations (puckering parameters) as defined by Cremer and Pople (1975) were

analyzed using the PLATON program (Speck, 2001).

Results and Discussion
Structure determination

YteR is a monomeric enzyme with a molecular mass of 43 kDa (373 amino acid residues).
Based on structural comparison between YteR and UGL, Asp-143 seems to be a candidate for the
catalytic residue. In fact, the mutant D143N of YteR substituting Asn-143 for Asp-143 was inactive
as described below. This inactive mutant D143N was crystallized based on crystallization described
by Zhang et al. (2005) in order to obtain enzyme-substrate complex. AGalA-Rha is a disaccharide
and good substrate for YteR. The crystal was soaked in this substrate solution. Datasets of the
crystal were obtained at 1.9 A resolution by synchrotron radiation (Table 1). The complex structure
(D143N/AGalA-Rha) was determined at 1.9 A resolution by molecular replacement (Fig. 1 and
Table 1). The refined model consists of 363 amino acid residues (Lys-11 to Lys-373), 287 water
molecules, and one AGalA-Rha molecule. The first Met-1 residue was excised by E. coli
aminopeptidase. The entire polypeptide chain sequence was well traced, and electron densities of
the main- and side-chains were generally very well defined in the 2Fo-Fc¢ map, except for
N-terminal amino acid 9 residues (Gly-2 to Val-10) whose electron densities were too low to be
identified. All nonglycine residues are localized within most favored or additional allowed regions
of the Ramachandran plot, as defined by the PROCHECK program (Table 1). The AGalA-Rha
model also fitted well in the map (Fig. 2a), but the average B-factor of Rha (34.4 A%) was slightly

higher than that of AGalA (25.5 A?) (Table 1). The difference in B-factors is related to the fewer
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interactions between Rha and the enzyme, as discussed later. The enzyme molecule has a

as/as-barrel structure (Fig. 1a). The ag/og-barrel structure consists of six outer helices running in

roughly the same direction and six inner helices oriented in the opposite direction. These helices are

connected in a nearest-neighbor and an up-and-down pattern by short and long loops. One side of

the ag/og-barrel structure consists of long loops containing short B-sheets, and contributes to the

formation of a pocket.

Fig. 1. Structure of YteR complexed with substrate. (a) Overall
structure of YteR bound with AGalA-Rha. The ag/ug-barrel is shown in
blue (helix), magenta (strand), and cyan (loop). The yellow bond model
indicates the substrate (AGalA-Rha) (oxygen atom, red; carbon atom,
black). (b) The electrostatic potential surface of YteR bound with
substrate. The structure is represented as a white molecular surface
model. The electrostatic potential surface is drawn in the range from
-40k;T (red) to +40k,T (blue), where kp is Boltzmann’s constant and T
is absolute temperature (K). The substrate is also represented by the
yellow bond model.

Fig. 2. The substrate bound in the active site. (a) Electron density of
AGalA-Rha (substrate) in the omit (Fo-Fc) map calculated without the
substrate and contoured at 3.0 ¢ (magenta). Characters indicate atom
names of the substrate. (b) Residues interacting with the substrate are
represented by bond models. Residues are indicated in red (Asp and
Asn), blue (Arg), purple (Trp, Tyr, and Phe), cyan (His), and green
(Thr, Gly, and Met). The substrate is denoted by a yellow bond model
(oxygen atom, red; carbon atom, black). Water molecules (Wat-1 and
Wat-2) are represented as a cyan ball. Hydrogen bonds are shown as
dashed lines.
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YteR-AGalA-Rha complex

The dlsacch al‘lde AGalA_Rha (Sub Strate) Table 2. Interaction between D143N and AGalA-Rha at subsite -1 and +1
Hydrogen bonds (<3.3 A)

. Atom Paired atom in D143N Distance (A)

was bound at the bottom of the pocket (Figs. 1 and “ax
o2 Asp88  OF 25
2), indicating that it occupied two subsites, -1 and +1, ©  fe2 W 27
03 Asp-88 ot 2.8
. . . . 05 The-333 O 2.8
at the active site. The active pocket is formed by the o5 31
O6A  Asn-143  N% 33
positive end of the inner o-helix of the o¢/ag-barrel ~ 4  Aw23 N 30
06A  Trp-217 N 3.0
. . 06B  Arg213 N% 28
and long loops. It has a shape with a depth and width o 33 29

Rha

of ~10 A and is surrounded by the positive potential ©* V2 26
02 Tyr-41 o 33
, .. . A . 03 Tyr-41 o" 2.6
derived from the positive side-chains of His-40, o4  wieso w¢ 29

van der Waals contact (C-C distance < 4.5 A)

His-42, His-132, His-189, His-332, and Arg-213 _Aom Purcdresiducin DL

AGIcA

. . . . . c1 Trp-141, Thr-333
residues and the inner helix dipole (Figs. 1b and 2b). ¢ s sist32, 700

c3 Tyr-41, Asp-88, His-132, Asn-143, Met-147
AGalA has a carboxyl group and is a negatively € Todl Am-lis Metda7

cs Tyr-41

. . c6 Trp-211, Arg-213, Gly-332, His-352

charged saccharide, although Rha is a neutral g,

c2 Gly-332
saccharide. The positive charged pocket is suitable —© ~ Tréh Hed Gyasz

C4 His-40, Tyr-41, His-42

for concentrating the negative substrate. The
puckering parameters of bound AGalA-Rha were Q = 0.48 A, ® = 50°, and ® = 92° for AGalA, and
Q=0.59 A, ®=3° and ® = 96° for Rha. AGalA has a half-chair configuration (°H;) and Rha a
stable chair configuration (‘Cy). The C3, C4, and C5 atoms of AGalA are on the same plane due to
the C4=C5 double bond restriction. AGalA therefore has an unusual configuration. The dihedral
angles of the B-1,2-linkage between AGalA and Rha are ¢ (O54aa-C1acaia-O2rna-C2r1a) = 69° and
VY (Clacaa-O2grna-C2rpa-Clria) = 78°. These torsion angles are stable in the lowest energy region of
the isoenergy map (Mazeau & Pérez, 1998).

AGalA-Rha interacts with residues, His-40, Tyr-41, His-42, Asp-88, His-132, Trp-141,
Asn(Asp)-143, Met-147, Arg-213, Trp-217, Trp-211, Gly-332, Thr-333, and His-352 (Fig. 2b and

Table 2). All these residues, excepting for His-40, Tyr-41, Asp-88, and His-352 affecting subsite +1,
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are almost conserved in YteR and its homologues. The aromatic side-chain of Tyr-41 shows a
stacking interaction with the sugar ring of AGalA and thus plays an essential role in binding AGalA,
although Tyr-41 is Trp in the other YteR homologues. The side-chain of Trp-217 forms a hydrogen
bond to the carboxyl group of AGalA. Other aromatic side-chains (Trp-211 and Trp-141) partially
bind to AGalA through hydrophobic interactions. The positively charged side-chain of Arg-213
faces the carboxyl group of AGalA and forms a salt-bridge with the group. The carboxyl group also
forms hydrogen bonds with Asn(Asp)-143 and Thr-333. Through direct hydrogen bonds, 02 and O3
atoms associate with Asp-88 and His-132 at the bottom surface. Although Asp-88 is thought to be
an residue essential in binding AGal A with hydrogen bonds, it is Asn in the other YteR homologues.
The O35 atom directly interacts with Thr-333. The residues, Asn(Asp)-143, His-189, and Thr-333,
also interact with the OS5 atom through a water molecule (Wat-1).

Rha interacts with His-40, Tyr-41, His-42, and Gly-332 residues (Fig. 2b and Table 2).
These residues, except for Gly-332, are not conserved in YteR and its homologues. Hydrogen bonds
and hydrophobic interactions play an essential role in the binding of Rha. Positively charged and
aromatic side-chains of His-40 and His-42 face the hydroxyl groups of Rha. The number of
interactions between the enzyme and Rha is fewer than that between the enzyme and AGalA (Fig.
2b and Table 2). The subsite +1 residues are less conserved in family GH-105. The average B-factor
of AGalA is lower than that of Rha (Table 1). AGalA is expected for a more deeply buried than Rha.
In other words, YteR strictly recognizes AGalA at subsite -1 rather than Rha at subsite +1.

Comparison with substrate-free structure

The ligand-free wild-type YteR structure (wild-type/apo) was determined by Zhang et al.
in a structural genomics project at the Midwest Center (2005). The overall structures (wild-type/apo
and DI143N/AGalA-Rha) were essentially identical. No overall conformational change was
observed in the binding of AGalA-Rha. The root mean square distance was 0.11 A for the

superimposition of all residues (363 Co atoms). At the active site, superimposition (Fig. 3a) shows a
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local change in which the side-chain of Tyr-41 shifts about 1 A closer to glycosidic oxygen (02
atom of Rha) and forms hydrogen bonds with the glycosidic oxygen and O3 atom of Rha (Table 2).
Residues, His-40, His-42, Lys-133, and Trp-217, move slightly, about 0.4-0.7 A, to the substrate
and interact with it. Arg-213 moves about 0.4 A away from the carboxyl group of AGalA and forms
hydrogen bonds with the group. The side-chains of Trp-211 and His-352 move about 2.5 A to the
substrate. Based on the local change of His-352, the main-chain (Leu-351 to Gly-353) near the
positive end of the 12th a-helix of the os/as-barrel shifts slightly, about 0.5-1.3 A. Seven water
molecules are excluded from the active site, while specific hydrogen bonds among polar groups and

hydrophobic interactions among nonpolar groups are formed between the enzyme and the substrate

as described above.

Fig. 3. Structures of ligand-free and bound YteRs. (a)
Comparison of wild-type apo form (INCS5; magenta) and mutant
holo form (D143N/AGalA-Rha; blue) at the active site. The
ribbon model represents the protruding loop (amino acid residues,
331 through 335). (b) Comparison of D143N/AGalA-Rha (blue)
and D143N/AGIcA-GalNAc (2D8L; magenta) structures at the
active site. (¢) Comparison of D143N/AGalA-Rha (blue) and UGL
(D88N)/AGIcA-GalNAc complex (2AHG; magenta) structures at
the active site.

Comparison to YteR/AGIcA-GalNAc structure

The crystal structure of wild-type YteR complexed with the UGL substrate
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(AGIcA-GalNAc) was determined in Chapter II. Although YteR cannot act on AGlcA-GalNAc, it is
able to bind the disaccharide. The disaccharide binds at the gate of the active site of YteR (Fig. 3b).
The overall structures (wild-type/AGIcA-GIcNAc and D143N/AGalA-Rha) were essentially
identical. The root mean square distance was 0.12 A for the superimposition of all residues (363 Co.
atoms). At the active site, local change similar to that described above was observed. The side-chain
of Tyr-41 moves about 0.9 A. Residues, His-40, His-42, Arg-213, Trp-211, and Trp-217, move
slightly, about 0.4-0.6 A. The side-chain of His-352 also moves about 2.5 A and the main-chain
(Leu-351 to Gly-353) shifts about 0.5-1.4 A.

RG consists of a a-1,4-linkage between Rha and GalA. In AGIcA-GalNAc, the linkage is
a-1,3 between AGIcA and GalNAc. The O3 atom of GalNAc appears to share the same position as
the O1 atom of Rha (Fig. 3b) and the a-1,3-linkage of bound AGlcA-GalNAc is thought to share the
same position as the a-1,4-linkage between Rha and the next GalA. Although some hydrogen bonds
with water molecules are present, GalNAc does not interact directly with YteR, is highly flexible,
and clings to AGIcA in the wild-type/AGIcA-GalNAc structure. Thus, subsite +2 for GalA of the
unsaturated RG oligomer (trisaccharide <) is thought to interact partially with YteR and to be in the
solvent region.

Comparison to GH-88 family UGL

The three-dimensional structure of YteR significantly resembles that of UGL (root mean
square distance = 0.6 A for the superimposition of 284 Co), although they constitute different
glycoside hydrolase families (GH-105 and GH-88) and their amino acid sequence identity is
negligible (< 10%). In this section, the structure of YteR complexed with AGalA-Rha clarifies the
active site architecture, in particular, subsites -1 and +1. Ionizable residues, His-132, Asn(Asp)-143,
His-189, and Arg-213, interact with the substrate and are conserved in YteR and its homologues, as
described above (Fig. 2b). Residues are also highly conserved between YteR and UGL (Fig. 3c).

Asp-143 in YteR corresponds to Asp-149 in UGL, as does His-189 to His-193 and Arg-213 to
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Arg-221. The space of His-132 in YteR is occupied by His-87 in UGL.

Fig. 4. Proposed catalytic
reaction mechanism of YteR.
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Based on the crystal structure of D143N/AGalA-Rha and the proposed catalytic reaction
mechanism of UGL, a catalytic reaction mechanism of YteR is also postulated as follows; a water
addition reaction (hydration) of the vinyl ether group (C4=C5-05) and subsequent hydrolysis of the
glycoside bond in AGalA (Fig. 4) based on the crystal structure of D143N/AGalA-Rha and the
proposed catalytic reaction mechanism of UGL. For YteR, Asp-143 can donate a proton to the
double bond (C4 atom) of AGalA as a general acid catalyst because the location of Asp-143 is
suitable for the protonation of the C4 atom of AGalA, according to the superimposition with the
UGL (D88N)/AGIcA-GalNAc structure (Fig. 3¢), and Asp-143 is completely conserved in YteR and
its homologues (Fig. 2, Chapter II). In YesR, the residue is predicted to be Asp-135 (Fig. 2, Chapter
IT). Subsequently, Asp-143 deprotonates the water molecule (Wat-1) as a general base catalyst and
the deprotonated water molecule attacks the C5 atom of AGalA. The product hemiketal is unstable
and readily converts to a-keto acid (hemiacetal). Due to aldehyde-hemiacetal equilibrium, the
resultant hemiacetal is finally converted to an aldehyde (4-deoxy-L-threo-5-hexosulose-uronate),
leaving saccharide through the cleavage of the glycoside bond (Fig. 4). These consecutive reactions

are similar to the oxymercuration of unsaturated hyaluronate disaccharide AGIcA-GIcNAc
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(Ludwing et al., 1987). The water addition reaction of the vinyl ether group in AGIcA and
spontaneous conversion of hemiketal to aldehyde, leaving saccharide via a-keto acid (hemiacetal),
are also demonstrated in the reaction mixture of AGIcA-GIcNAc and mercuric salts. Many
glycosidases hydrate unsaturated substrates (D-glycals, C2=C1-05 or D-glyco-enitols, O5-C1=C).
Their catalytic mechanism and the anomeric configuration of products are regulated by their own
specificities in hydrolysis, such as “retaining” or “inverting mechanisms” (Lehmann & Schréter,
1972; Hehre et al., 1977, 1980, Brockhaus & Lehmann, 1977; Schlesselmann ef al., 1982; Lehmann
& Zieger, 1977, Weiser et al., 1988). To investigate candidates, Asp-143 in YteR and Asp-135 in
YesR, for catalytic residues, two mutant proteins, YteR/D143N and YesR/D135N, having a
substitution of Asn for Asp were assayed. These mutants are completely inactive for the substrate
(AGalA-Rha). These mutant proteins suggest that Asp-143 in YteR and Asp-135 in YesR are
essential for catalysis and support the proposed mechanism that these residues act as the general
acid/base.

His-189, which is also completely conserved in YteR and its homologues (Fig. 2, Chapter
1), is also located close to AGalA and has an ionizable side-chain. It is considered that His-189
probably plays a crucial role in fixing Wat-1 onto a suitable position for catalysis (Fig. 2b).

Although Asp-88 (YteR) is not completely conserved in the GH-105 family, Asp-88 (YteR)
and Asp-88 (UGL) play an essential role in typing protons of hydroxyl groups of O2 and, most
importantly, O3 in hydrogen bonds (Figs. 2b and 3¢). Asp-143 (YteR) and Asp-149 (UGL) as acid
catalysts should be protonated. The O3 hydroxyl group would be able to form a hydrogen bond to
the side-chain of Asp-143 (YteR) or Asp-149 (UGL). Asp-88 thus prevents the acid catalyst from
ionization and also directs them away from O3 and toward the C4 atom of AGalA or AGIcA.

The optimal pH (pH 4) of the YteR reaction differed from that (pH 6) of the YesR reaction
(Fig. 4, Chapter II). Although amino acid residues, whose side-chains are exposed to the surface of

the active site, are mostly conserved in the YteR family (Fig. 2b; Fig. 2, Chapter II), two residues,
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Tyr-41 (Trp in other enzymes) and Asp-88 (Asn in other enzymes) in YteR are not conserved. Thus,
the two residues (Tyr-41 and Asp-88) may be essential to modulating pKa of the Asp-143 carboxyl
group to a suitable value and the pH of the enzyme to the optimum.

The five sequential residues, 331 to 335 in YteR, reduce the width of the gate of the active
pocket. Due to the protruding loop containing residues from 331 to 335, subsite +1 of YteR is
narrower than that of UGL (Fig. 3¢). The GalNAc in the UGL complex can not be superimposed on
that of Rha in the D143N complex by rotating along the glycoside bond. GalNAc would create
steric hindrance with subsite +1 of YteR. The protruding loop of YteR prevents the effective
binding of the UGL substrate.

The crystal structure of YteR mutant D143N complexed with the substrate (AGalA-Rha),
which spans subsites -1 and +1, reveals the active site architecture and the substrate specificity of
YteR. YteR strictly recognizes AGalA at subsite -1 rather than Rha at subsite +1. AGalA is strongly
recognized by several tight hydrogen bonds to the carboxyl and hydroxyl groups of AGalA and the
stacking interaction of Tyr-41. The overall structures (wild-type/apo, wild-type/AGlcA-GlcNAc and
D143N/AGalA-Rha) were essentially identical. Although no overall conformational change was
observed in the binding of disaccharide, local change in Tyr-41 was found at the active site. The
residue shifts to the substrate and plays an essential role in binding the substrate with hydrogen
bonds and van der Waals contacts. The general acid/base catalyst and the catalytic water are
conserved between YteR (GH-105) and its structural homologous UGL (GH-88) as indicated by
comparison to their substrate-enzyme complex structures. The proposed catalytic mechanism is also
strongly supported by comparison to the structures of YteR and UGL in complex with their intrinsic
substrates. The active pocket of YteR, however, has a specific shape for AGalA-Rha. The UGL
substrate (AGIcA-GalNAc) is repulsed by the protruding loop of YteR, preventing YteR from acting

on the UGL substrate.
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CONCLUSION

1. The X-ray crystallographic structure of UGL from Bacillus sp. GL.1 was first determined at 1.8
A resolution. It includes os/os-barrel topology which is found in the a/a-toroidal fold in the
six-hairpin glycosidase superfamily.

2. YteR and YesR from Bacillus subtilis strain 168 were identified as a novel enzyme,
“unsaturated galacturonyl hydrolase,” and classified as a new glycoside hydrolase family 105
based on their gene arrangements in genome and enzyme properties. This enzyme acts
specifically on AGalA-Rha produced from plant cell wall RG type-I treated with RG lyases,
releasing AGal A from the substrate.

3. The reaction mechanism catalyzed by UGL that triggers the hydration of the vinyl ether group
in AGIcA was elucidated based on the structural analysis of the UGL-substrate
(AGIcA-GalNAc) complex and biochemical analysis. This mechanism differs from the
generally accepted mechanism in glycosidases.

4. The other structures of UGL-substrate (AGIcA-GIcNAc and AGIcA-Glc-Rha-Glc) complexes
clarified the substrate recognition mechanism of UGL.

5. The structure of YteR in complex with substrate (AGalA-Rha) was determined. This structural

feature directly contributes to the postulation of the enzyme reaction mechanism.

The coordinates of UGL and YteR structures have been deposited in the RCSB Protein Data Bank
(http://'www.rcsb.org/pdb/Welcome.do).

Hexagonal UGL/Glycine/DTT/MPD (1VDS); Hexagonal UGL (2FUZ);, Orthorhombic UGL
(2D5J); UGL(D88N)/AGIcA-GalNAc (2AHG); UGL(D88N)/AGIcA-GIcNAc  (2FV1);
UGL(D88N)/AGIcA-Glc-Rha-Glc 2FVO); YteR(D143N)/AGlcA-GalNAc (2DSL)
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