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ABSTRACT: Xanthan is a bacterial heteropolysaccharide composed of pentasaccharide repeating units, i.e.,
a cellobiose as a backbone and a trisaccharide consisting of two mannoses and one glucuronic acid as a
side chain. Nonreducing terminal mannose residues of xanthan side chains are partially pyBaciled.

sp. GL1 xanthan lyase, a member of polysaccharide lyase family 8, acts specifically on pyruvated side
chains of xanthan and yields pyruvated mannose throyfyblenination reaction by using a single Tyr255
residue as base and acid catalysts. Here we show structural factors for substrate recognition by xanthan
lyase through X-ray crystallographic and mutational analyses. The enzyme accommodates mannose and
pyruvated mannose at thel subsite, although both inhibitor and dissociation constants of the two
monosaccharides indicated that the affinity of pyruvated mannose for xanthan lyase is much higher than
that of mannose. The high affinity of pyruvated mannose is probably due to the formation of additional
hydrogen bonds between the carboxyl group of pyruvated mannose and amino acid residues of Tyr315
and Arg612. Site-directed mutagenesis of the two residues demonstrated that Arg612 is a key residue in
recognizing pyruvated mannose. Arg612 is located in the protruding loop covering the substrate, suggesting
that the loop functions as a lid that is responsible for the proper accommodation of the substrate at the
active site.

Polysaccharide lyases recognize uronic acid residues in  Xanthan is a heteropolysaccharide producedXayth-
polysaccharides, cleave their glycosidic bonds through a omonas campestrig pathogenic plant bacteriurg, @), and
B-elimination reaction, and produce unsaturated saccharidessuggested to be involved in causing black rot by this
with C=C double bonds at nonreducing terminal uronate bacterium {0, 11). The polysaccharide consists of pentasac-
residues. This suggests the presence of common structura¢haride repeating units, i.e., a main cellulosic backbone
features responsible for catalytic reactions shared in polysac-(cellobiose) with a trisaccharide side chain composed of one
charide lyases, i.e., uronate recognition ghdlimination  glucuronyl (GICUA} and two mannosyl (Man) residues at
reaction. In fact, among polysaccharide lyase families PL- C-3 positions of alternate glgcosyl resu_jues. Some internal
1—18 in the CAZy database (afmb.cnrs-mrs-thzy/CAZY/ and terminal mannosyl residues of side chains have an
index.html), family PL-1 and -10 enzymes have common O-acetyl group at the C-6 position and a pyruvate ketal at
steric arrangements of catalytic residues despite their distinc—the C'_4 and C-6 positions (Figure 1)'. Due 1o its superior
tive overall structures and amino acid sequendds The viscosity and stability at low concentrations and over a wide
proposed catalytic reaction mechanisms for PL-5, -7, and -8 pH range, Xamh?” IS e>_<tenswe]y “S‘?d as a gelling and
lyases and a nonclassified lyase, heparinase Il, are similar st'ab|l|zmg agent in a va}rlety O.f fields, mcludmg the f.OOd’
although no sequence identity is obsen@d'() amo,ng these ‘oil, and pharmac_eutlcal mdqstrlgm( 13)_. In a_ddltlon_ to its

S . excellent rheological properties, it has biological activity such
enymes. Little information about common structural features

. . as decreasing serum uric acid and urea nitrogen concentra-
responsible for substrate recognition has been gathered. tions and adsorbing cholesterdl( 15). The production of

modified xanthans with altered properties would thus increase
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Ficure 1: Structure of the xanthan polymer and mode of cleavage by xanthan lyase. The thin arrow denotes the cleavage site for xanthan
lyase and the thick arrow the degradation reaction. Xanthan lyase liberates PyrMan but not Man.

xanthan lyase is therefore important in the application of involved in substrate binding. With hyaluronate lyase,
modified xanthan to polymer industries and the establishmentinterdomain movements are thought to be important for
of a novel therapy for xanthomonas-infectious rot in plants. substrate binding and product relea$8)( The loop move-
Xanthan lyase fronBacillus sp. GL1 acts on pyruvated ment of chondroitin AC lyase appears to be involved in
side chains of xanthan and yields pyruvated mannosesubstrate binding4), although the corresponding loop is
(PyrMan) and a truncated xanthan polymer through a absent from other PL-8 enzymés).(Substrate recognition
f-elimination reaction (Figure 1). On the basis of the primary mechanisms of PL-8 enzymes are thus probably specific to
structure, the enzyme is classified into PL-8, including each enzyme. To determine how xanthan lyase recognizes
hyaluronate and chondroitin AC lyases. Xanthan lyase doesthe substrate, we determined structures of the ligand-free
not act on other polysaccharides, such as hyaluronan,mutant and the wild-type enzyme in complex with Man
chondroitin A, pectin, heparin, gellan, fucoidan, or alginate bound at the-1 subsite and determined kinetic parameters
(17). Mannose could not be detected as a product of the by using mutant enzymes with a mutation at the active site.
enzyme reactionl(?); i.e., the enzyme specifically recognizes This article deals with the clarification of a structural factor
PyrMan. We recently reported on the crystal structure of a responsible for substrate recognition by xanthan lyase. The
mutant xanthan lyase, N194A, complexed with a pentasac-results we obtained provide valuable information about the
charide substrates). On the basis of the structural charac- structural similarity in substrate recognition between xanthan
teristics of the complex, it has been proposed that the enzymedyase and PL-5 alginate lyase and the substrate specificity
catalyzes th@-elimination reaction by using a single Tyr255 of xanthan lyase.
as base and acid catalysts. In addition to the enzyme reaction
mechanism, the mode of binding of sugars to the enzyme EXPERIMENTAL PROCEDURES
has been partially realized. At the catalytic site, only two ] ) .
sugars bound at thel (PyrMan) and+1 (GIcUA) subsites Materials. Pyruvated xanthan was obtained from Kohjin
were visible, and the other three sugars were thought to be(Tokyo, Japan). Its molecular mass was<210° Da, and
structurally disordered. The avera@efactors of PyrMan  the degree of pyruvation of the terminal mannosyl residue
atoms were significantly lower than those of GIcUA, In side chains was-50%. PyrMan was purified as dgscrlbed
suggesting that PyrMan bound strongly to the enzyme. These€lsewhere 19). Man was purchased from Nacalai Tesque
facts may indicate that the1 subsite is crucial for substrate  (Kyoto, Japan).
recognition by xanthan lyase. Its substrate recognition Expression and Purification of Wild-Type and Mutant
mechanism responsible for specificity remains, however, to Xanthan Lyases. Escherichia coélls with the xanthan lyase
be clarified. gene were cultivated and disrupted using the same procedures
Both PL-5 and -8 lyases are known to have in common as described elsewher20j. Briefly, BL21(DE3)pLysS cells
an a/a-barrel fold in their catalytic domain and a reaction with a plasmid (pET17b-XL4) grown in a LB medium at
mechanism in which a single tyrosine residue acts as basel6 °C were collected by centrifugation at 6@pand 4°C
and acid catalyst2( 4, 5). In the PL-5 alginate lyase, loop  for 5 min, suspended in 20 mM potassium phosphate buffer
movement is involved in substrate binding and product (KPB, pH 7.0), and then disrupted ultrasonically (Insonator
release ). PL-8 enzymes have no conserved loop structure model 201M, Kubota, Tokyo, Japan) af0 and 9 kHz for
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20 min. Cell extracts were fractionated with ammonium
sulfate. The precipitate of the{B0% saturation fraction was

dissolved in 20 mM KPB (pH 7.0) and then applied to a
DEAE-Toyopearl 650M column (Tosoh, Tokyo, Japan)
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bis(2-hydroxyethyl)glycine (Bicine) (pH 9.0). The initial
protein concentration was 7 mg/mL. To structurally deter-
mine the wild-type enzymeMan complex, crystals were
soaked at 20C for 60 min in 100 mM Man in solution A

equilibrated with the same buffer. The enzyme was eluted [0.1 M Tris-HCI (pH 7.4), 24% PEG4000, and 0.2 M

with a linear gradient of NaCl (from 0 to 0.5 M) in 20 mM
KPB (pH 7.0). Active fractions, which were eluted at 0.4 M

ammonium formate]. Diffraction data for the Man-soaked
xanthan lyase crystal were collected with a Bruker Hi-Star

NaCl, were combined and dialyzed against 20 mM KPB (pH multiwire area detector at 20C using Cu K radiation
7.0). The dialysate (97 kDa precursor form) was kept at generated with a MAC Science M18XHF rotating anode

4 °C for ~3 months. After confirmation of processing, i.e.,
conversion of the precursor to the mature fora@)( the

enzyme was applied to a monoQ 10/100 (Amersham Bio-

science) column equilibrated with 20 mM KPB (pH 7.0) and
eluted with a linear gradient of NaCl (from 0 to 0.5 M) in
20 mM KPB (pH 7.0). Active fractions, which were eluted

generator and then processed with SADIE and SAINT
software (Bruker, Karlsruhe, Germany). A crystal of R612A
was flash-cooled under a cold nitrogen stream using 20%
PEG400 in solution A as a cryoprotectant. Diffraction data
for the R612A crystal were collected at= 1 A using a
Jupiter 210 CCD detector at the BL38B1 Station of SPring-8

at 0.4 M NacCl, were combined and dialyzed against 20 mM (Hyogo, Japan) and processed with HKL20@Q)(

tris(hydroxymethyl)aminomethane (Tris) HCI (pH 7.5). The
dialysate was used as a purified protein.
Protein Measuremen®urified proteins were quantified

Structure Refinement and ManipulatioBoordinates of
ligand-free xanthan lyase obtained from the Protein Data
Bank (PDB; entry 1J0M) were used as the initial model of

by measuring the absorbance at 280 nm. The absorptionwild-type xanthan lyase complexed with Man and the R612A

coefficient used for the wild type and all mutant xanthan
lyases Ezgg) was 2.06.

Kinetic AnalysisThe activity of xanthan lyase was assayed
as described elsewherg)( Briefly, the enzyme was incu-
bated h a 1 mLreaction mixture containing xanthan and 50
mM sodium acetate (pH 5.5) at 3C€. Different concentra-

mutant. A randomly selected 5% of the reflections were
excluded from refinement and used to calculdte. After
each cycle of energy minimization amdfactor refinement
with CNS 2), models were adjusted manually using Turbo-
Frodo (AFMB-CNRS). Isolated electron densities exceeding
30 on theF, — F. map and/or 1.2 on the , — F; map

tions of xanthan solutions, i.e., 0.05, 0.1, 0.2, 0.4, 0.8, and were assigned as water molecules when their locations were

1.6 mg/mL, were used for the kinetic study of the wild type,

sterically reasonable. PyrMan complex data were collected

R313A, and Y315F, and 0.25, 0.5, 1, 2, 3, and 4 mg/mL and described previouslyl® and re-refined here using
xanthan solutions were used for that of R612A. The enzyme another restraint parameter for PyrMan. Diffraction data and

concentration was 0.Ag/mL. Activity was determined by
monitoring the increase in absorbance at 235 Km.and
keat Were calculated using the MichaetiMenten equation
with KaleidaGraph (Synergy Software, Reading, PA).

Ki Determination.Inhibition of xanthan lyase activity by

coordinates of xanthan lyase complexed with PyrMan were
obtained from PDB (entry 1JON). The structure was re-
refined using CNS with the parameter file for PyrMan at
the PRODRG site (http://davapcl.bioch.dundee.ac.uk). Cis
peptide restrictions were added to peptide bonds between

PyrMan and Man was assessed. The enzyme assay wa3yrl45 and Asnl146, Ala338 and Pro339, and Ala753 and
conducted with and without sugars (0, 5, and 10 mM PyrMan Pro754 B, 19). The final model quality was checked with

and 0, 200, and 400 mM Man). Xanthan concentrations usedPROCHECK 23). We superimposed protein models and
in this assay were 0.1, 0.25, 0.5, 1.0, and 2.0 mg/mL. The calculated their root-mean square (rms) deviation with

enzyme concentration was Ouy/mL in 50 mM sodium
acetate (pH 5.5 (v, initial velocity of enzyme activity)

LSQKAB (24), part of the CCP4 suite26, 26). Hydrogen
bonds and €C contacts between the enzyme and sugar

was plotted against the sugar concentration in the reactionatoms were evaluated using CONTACT in CCP2B)(

mixture, andK; was determined by calculating the intersec-
tion of fitting lines.
UV Absorption Difference SpectroscopyV absorption

Figures for protein structures were prepared using Molscript
(27) with Raster3D 28), Bobscript 29) with Raster3D 25),
Turbo-Frodo (AFMB-CNRS), or MolFeat (FiatLux, Tokyo,

difference spectra were obtained with a Shimadzu MPS-2000Japan).

spectrophotometer and double-compartment cellg;L26f
the sugar solution (3.6 M Man or 0.1 M PyrMan) was titrated

against the enzyme solution (1 mg/mL). Measurements weresized the following six oligonucleotides:

taken in 50 mM sodium acetate (pH 5.5).
Fluorescence Studie$he fluorescence was measured on

Site-Directed Mutagenesi$o substitute Arg313, Tyr315,
and Arg612 for Ala, Phe, and Ala, respectively, we synthe-
R313A sense
primer, 3-GCGCGGACGGGAGATTTCCGCCAGCTACG-
CGCAGG-3; R313A antisense primer,' £&CTGCGCG-

a JASCO spectrofluorophotometer (model FP-6500). Emis- TAGCTGGCGGAAATCTCCCGTCCGCGC3Y315F sense
sion spectra of the fluorescence of tryptophans upon excita-primer, 3-GGAGATTTCCCGCAGCTTCGCGCAGGAT-
tion at 280 nm were detected between 300 and 400 nm. TheCATGCGG-3; Y315F antisense primer;-ECGCATGATC-

enzyme concentration was 0.04 mg/mL; 20 of the sugar
solution (3.6 M Man or 0.1 M PyrMan) was titrated.

CTGCGCGAAGCTGCGGGAAATCTCC-3R612A sense
primer, 3-GGAAGCAGATCAACAATGCCCCGGCCACG-

Measurements were taken in 50 mM sodium acetate (pH 5.5).CCCTCTACC-3; and R612A antisense primer-6GTA-

Crystallization and Data CollectionCrystals were pre-

GAGGGCGTGGCCGGGGCATTGTTGAT-CTGCTTCC-

pared by hanging-drop vapor diffusion. Single crystals of 3'. Underlining in oligonucleotide sequences indicates the

wild-type and R612A enzymes were grown at 20 in a

position of mutations. Site-directed mutagenesis was con-

mixture of enzyme, 22% polyethylene glycol 4000 (PEG4000) ducted using plasmid pET17b-XL2@) as a template and

(Nacalai Tesque), 0.2 M ammonium formate, and 0.} ,M-

synthetic oligonucleotides as sense and antisense primers
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Man complex is comparable to structures, reported elsewhere,

Table 1: Inhibitor Constants of Xanthan Lyases .
of ligand-free and PyrMan-bound xanthan lyasgs).(The

Ki (mM) density peak for Man was observed at the subsite of the

PyrMan Man catalytic cleft located at one end of tledomain (Figure

wild type 2.21+1.22 837+ 113 2a,b) as seen in the enzymByrMan complex (Figure 2c).
R612A 19.2+1.35 410+ 39.3 Prior to structural comparison with the enzyrfyrMan

) o complex, we re-refined its structure because the sugar ring
according to the manufacturer’s directions (Stratagene Co.)conformation of PyrMan in the previous wild typ@yrMan
for a Quick Change site-directed mutagenesis kit. Resulting complex was somewhat distorted. Higher-resolution analysis
plasmids with mutations were designated as pR313A, of the N194A-PyrMan complex showed that this ring
PY315F, and pR612A. Mutations were confirmed by DNA  formed a stable chair conformation. These differences are
sequencing. Cells of th&. coli host strain [BL21(DE3)-  thought to be due to the parameter files used for structure
pLysS] were transformed with plasmids pR313A, pY315F, refinement§). After re-refinement, the sugar ring of PyrMan
and pRE12A. o . was found to form a chair conformation in the wild type
DNA Sequence and DNA ManipulatioNucleotide se-  pyrMan complex as seen in the N194RyrMan complex,
quences of xanthan lyase genes were determined by dideoxyyhile little conformational difference was observed in the
chain termination using a model 377 automated DNA pyryvated group of the sugar and amino acid residues of the
sequencer (Applied Biosystems Division, Perkin-EIma€) ( enzyme.
Subcloning, transformation, and gel electrophoresis were Comparison of Actie Site StructuresFigure 2d shows
conducted as described elsewhe3#)( superimposed structures of xanthan lyases complexed with
RESULTS PyrMan and_ Man. The rms deviation for alt@omsis 0.14
A, suggesting that the enzyme binds to Man without
Sugar Binding Affinity of Xanthan Lyas&o clarify the conformational change. The locations of Man and PyrMan
difference in affinity for xanthan lyase between Man and are essentially the same. The conformation and direction of
PyrMan, we assessed inhibition of the enzyme reaction by the Man pyranose ring are very similar to those of PyrMan.
these sugars. Enzyme activity was inhibited proportionally ~ To find out what determines the difference in affinity of
with respect to the concentration of sugar added, indicating the enzyme for PyrMan and Man, we compared active site
that Man also binds to xanthan lyase. The mechanism of structures of complexes for PyrMan and Man (Figure 3).
the inhibition seems to be competitive rather than uncom- Close contacts between sugar and protein or water atoms
petitive or noncompetitive. On the basis of the Dixon plot, are listed in Table 3. The sugar pyranose ring is stacked with
we estimated inhibitor constants (Table 1). The affinity of Trp148. Tyr255 and Arg309 form hydrogen bonds with O-1
PyrMan was~400 times stronger than that of Man. Dis- atoms of PyrMan and Man, which accept a proton from a
sociation constantd) of PyrMan and Man for dissociation — general base catalyst through the enzyme reaction. The
from xanthan lyase were also estimated from the fluorescenceguanidinium group of Arg309 also contacts the O-2 atom.
of tryptophan residues with excitation at 280 nm and by UV Arg313 interacts with O-2 and O-3 atoms. These contacts
absorption difference spectroscopy at 280 nm. Fluorescenceare all the same in xanthan lyase in complexes with PyrMan
decreased with the increased concentration of sugar titratedand Man, indicating similar modes of binding to xanthan
yielding a saturation curve. Dissociation constants were lyase. Differences arise in interactions between the pyruvate
estimated to be 10.£ 0.40 mM for PyrMan and 419 89 group and amino acid residues. Both the hydroxyl group of
mM for Man. Similarly, absorbance at 280 nm decreased Tyr315 and the guanidinium group of Arg612 form hydrogen
with titration of the sugar solution. Thi€s estimated from bonds with the carboxyl group of PyrMan. These hydrogen
the titration curve was 8.9 0.35 mM for PyrMan and bonds are not formed in the enzymiglan complex because
444 + 71 mM for Man, agreeing well with fluorescence of the lack of a pyruvate group. In contrast, interaction
experiment results. These results indicate that the affinity between the O-6 atom of Man and’Nof Arg612 occurs
of PyrMan for xanthan lyase is much stronger than that of particularly in the enzymeMan complex.
Man. Mutation AnalysesAs indicated in Table 3, Tyr315 and
Crystal Structures of Xanthan Lyases Complexed with Arg612 are residues that form hydrogen bonds with the
PyrMan and Man.Xanthan lyase consists of two distinct pyruvate group of sugar in the enzymeyrMan complex
structural domains connected by a short polypeptide linker, but not in the enzymeMan complex. Conformational
i.e.,, an N-terminala-helical domain ¢-domain) and a  differences between structures before and after rerefinement
C-terminal 5-sheet domain 4-domain). The a-domain indicate that there are some biases in the restraint parameters
contains 13 helices arranged in aw/d)s-barrel structure.  that are used. We therefore carefully investigated other
The-domain is predominantly composed of five antiparallel residues probably interacting with the pyruvated group of
f-sheets. The protein structure is detailed elsewh&® (  PyrMan. Arg313 is also a possible residue interacting with
To determine how xanthan lyase distinguishes structuresthe PyrMan carboxyl group; the distance betweet df
of PyrMan and Man at the-1 subsite, we determined the Arg313 and O-7 of PyrMan is 3.5 A. We substituted Arg313,
crystal structure of xanthan lyase complexed with Man at Tyr315, and Arg612 for Ala, Phe, and Ala, respectively, and
2.4 A resolution (Figure 2a). The structure of the enzyme  studied the effect of mutation on enzymatic activity. Kinetic
Man complex was refined to a model with good geometry parameters of mutants R313A, Y315F, and R612A are
and crystallographic quality. Table 2 summarizes the data summarized in Table 4. R313A decreasggddramatically
collection of and refinement statistics for xanthan lyase but did not changeK,, suggesting that this residue is
complexed with Man. The overall structure of the enzyme important for catalysis, which appears to be reasonable
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(@)

(c)

FiGUurRE 2: Stereo crystal structures of xanthan lyases complexed with monosaccharides: (a) overall structure of xanthan lyase complexed
with Man, electron density map at the active site of xanthan lyase complexed with Man (b) and PyrMan (c), and the superimposition of two
xanthan lyases complexed with monosaccharides (d). Electron density maps coloredFgreéi, (contoured at @) were calculated using

models without sugars. Blue and red in panel d represent structures of the enzyme complexed with PyrMan and Man.

because the loss of interaction of the Arg313 side chain with lyase family 8 (PL-8) enzymes, including lyases for xanthan,
0-2 and O-3 atoms of the PyrMan pyranose ring may causehyaluronan, and chondroitin AC19), also supports the
an unstable conformation at the catalytic site. Conservationimportance of this residue in catalysis. Compared to that of
of the Arg313 sequence and conformation in polysaccharidethe wild-type enzyme, thé., of Y315F did not change
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Table 2: Data Collection and Refinement Statistics for Wild-Type and Mutant Xanthan Lyases

wild type—Man wild type—PyrMar R612A
crystal data
X-ray source Culg Cu Ka SPring-8 BL38B1
space group P212:2; P2:2:2; P2;
cell dimensions a=5436 Ab=91.46A, a=5436 Ab=91.31A, a=53.81Ab=90.23 A,
c=159.65A c=159.26 A c=78.10A3=97.56
no. of molecules per asymmetric unit 1 1 1
resolution range (A) 0—2.36 (2.45-2.36} 26.3-2.40 (2.49-2.40y 50-2.15 (2.23-2.15}
no. of observed reflections 99615 55703 221980
no. of unique reflections 29738 28677 39353
completeness (%) 88.6 (4229) 89.9 (73.7% 97.3(77.8)
erge 0.064 (0.254 0.091 (0.376) 0.113 (0.324)

refinement data
resolution range (A)
averageB factor (A2)

502.4 (2.49-2.40)

amino acid residues 245
water molecules 27.8
calcium ions -
saccharides 29.9
PEGs -
R factor
Reyst 0.165 (0.230)
Riree 0.210 (0.299)
no. of atoms
amino acid residues 5697
water molecules 230
calcium ions 0
saccharides 12
PEG 0
rms deviation from ideality
bond lengths (A) 0.005
bond angles (deg) 1.25
Ramachandran plot
most favored (%) 88.2
disallowed (%) 0.2

50—2.4 (2.49-2.40)

50-2.15 (2.23-2.15}

21.9 18.7
21.4 25.3
26.7 -
19.6 -
- 28.0
0.170 (0.288) 0.174 (0.2073)
0.215 (0.326) 0.218 (0.2384)
5697 5689
217 559
1 0
17 0
0 7
0.006 0.005
1.29 1.25
87.8 86.7
0.2 0.2

aData for highest-resolution shells are given in parenthédeata statistics are cited from a previous repd)(

significantly and thek,, was increased slightly. Thi€y, of
R612A increased dramatically. The high of R612A made
the kinetic assay difficult because the reaction solution

flexibility of this region in R612A was due to the mutation
of Arg612 to Ala.

became viscous and absorbance at 235 nm increased witf?!SCUSSION
xanthan concentration. Substrate concentrations used for \We have structurally clarified modes of binding of xanthan

kinetically assaying R612A ranged from 0.25 to 4.0 mg/
mL, which are insufficient for determining exat, andk.x
values for R612A, which accounts for the large error in
parameters for R612A. It is certain, in any case, thatdhe

of R612A is much higher than that of the wild-type enzyme.
The increase iy, indicates a decrease in affinity between
the substrate and R612A. Using inhibition analysis, we
studied the sugar affinity of R612A. The inhibitor constant
of PyrMan for R612A was estimated to be 19.2 mM (Table
1), which is 9 times higher than that for the wild-type
enzyme, suggesting a low affinity between PyrMan and
R612A. The affinity of R612A with Man increased compared
to that of the wild type with Man (Table 1).

Crystal Structure of R612AT0 investigate the effect of
mutation on higher-order structures, the crystal structure of
R612A was determined (Table 2). The overall structure of
R612A is equivalent to that of wild-type xanthan lyase.
Despite the good quality of crystallographic data and
refinement statistics, electron density maps for A612 and its
neighbor were poor (Figure 4a). In contrast, corresponding
maps for the wild type (Figure 4b) and N194A (Figure 4c)

lyase to PyrMan and Man, finding binding positions and
conformations of PyrMan and Man to be very similar. No
significant difference was observed in surrounding amino
acid conformations. Differences were mainly due to the
presence or absence of a pyruvate group. Specifically, the
hydrogen bond formed between the carboxyl group of
PyrMan and Tyr315 or Arg612 in the enzymByrMan
complex was not observed in the enzyniMan complex.
R612A significantly increasel{, for the xanthan polymer
and K; for PyrMan, suggesting that the side chain of the
arginine residue is responsible for the affinity between
xanthan lyase and PyrMan.

Xanthan lyase is classified into PL-8 in the CAZy
database. The overall structure of xanthan lyase consisting
of a- and f-domains and its active site architecture are
common in lyases belonging to this family, such as lyases
for hyaluronate 2, 33) and chondroitin AC 4, 34, 35).
Hyaluronate lyase without th&-domain has been reported
to still be active (12% of wild-type enzyme activity3€),
indicating that thex-domain alone is sufficient for enzyme
activity. The role of thgg-domain of family PL-8 enzymes

were clear. The space group and diffraction data collection remains unknown. As in the case of R612A in this study, a
of R612A differed from those of the wild-type enzyme but mutant of hyaluronate lyase, N580G, dramatically increased
were the same as those of N1943),(indicating that the Km (37). Asn580 is the only residue in th@-domain of



Substrate Recognition by Xanthan Lyase Biochemistry, Vol. 46, No. 3, 2007787

p—

R612

Ficure 3: Interaction between xanthan lyase and monosaccharides. Stereodiagrams of the active site structure of xanthan lyase complexed
with PyrMan (a) and Man (b). Sugar carbon atoms are colored gray and oxygen atoms red. Hydrogen bonds between amino acid residues
and sugar residues are represented by dashed lines.

Table 3: Close Contacts between Xanthan Lyase or Water Table 4: Kinetic Parameters of Xanthan Lyases
Molecules and Bound Sugar Atoms ket K

_ : distance (A)_ Km (Mmg/mL) Keat (57 mgtmLs? %
sugar protein or wild type—PyrMan  wild type—Man wildtype 0.25+0.015 2170t 44 8630 100
atom _ water atom complex complex R313A  0.37£0071 9.92t 0.67 26.8 0.31
0-1 Tyr255 O 2.9 2.7 Y315F 0.46+ 0.068 1730t 84 3760 43
0O-1 Arg309 N2 3.2 3.3 R612A 2.9+ 0.44 61204+ 500 2110 24
0-2 Arg309 N2 3.2 2.9
0-2 Arg313 N2 3.0 2.9 .
0-2 wagter 2.6 (230) (37). Asn424 of xa_nthan I)_/ase _correspondmg to Asn580 of
0-3 Arg313 N! 3.2 1 hyaluronate lyase is a residue in the loop, termed LB3, that
0-3 water 2.7 (43’)f 2.8 (43y lies along the active site cleft of the enzyme and interacts
0-4  water 2.9 (16D) 3.2(178Y with the GIcUA residue of the substrat8)( In addition to
0-5 water 3.2(123) 2.9 (127y X L
0-6 Trp148 ¢ 33 LB3, another loop, LB16, from thg-domain participates
0-6 water 3.2 (15%) in active site formation in xanthan lyasg&9j. Arg612 is a
0-6 water 3.0 (112) residue in loop LB16. Compared to other PL-8 enzymes,
06  Arg612N 83 LB16 is specific to xanthan lyas&,(19). Because Arg612
C-6 water 3.3 (203) . .
07 TyrBl50 25 forms the edge of the-1 subsite, the border of thel subsite
0O-7 water 2.7 (16D is open more widely in R612A than in the wild-type enzyme.
0-8 Arg612 N* 3.0 Distinct from the case of the N580G mutant of hyaluronate
0-8 water 2.7 (15%)

lyase, this substitution has no influence on the accessibility
2Distance of<3.3 A.® Numbers of water molecules are given in  of the xanthan polymer in xanthan lyase, since the main chain
parentheses. of xanthan appears to lie along the surface of thé Subsite
of the enzymeX&) and xanthan is too large to enter the subsite
hyaluronate lyase that directly contacts the substrate and isfrom the “—" side. Table 1 shows that the substitution of
thought to regulate access of the substrate to the enzymeArg612 with Ala strengthens the affinity of the enzyme for
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(a) 4 &

Ficure 4: Stereoview of the electron density majps ¢ F¢, contoured at @) for Arg612 and its neighbor in R612A (a), wild type (b),
and N194A (c). Electron density maps were calculated using models without residue8I&L0This figure was drawn using MolFeat
(FiatLux).

Man. Increased affinity with Man in R612A is probably due substrate binding and catalys®.(The corresponding loop
to the easier access of Man because it lacks the long sidés absent from the--domain of xanthan lyase. Compared to

chain of Arg612 at the-1 subsite. _ ~ the lid loop of Al-lll, however, LB16 in xanthan lyase
It is known that the overall structure and active site protrudes from the opposite side and occupies a similar
conformation of PL-5 alginate lyase (Al-lll) frophin-  position (Figure 5a). In addition to the overall structure of

gomonasp. Al greatly resemble those@fdomains of PL-8  the catalytica-domain and the lid loop structure, several
enzymes 19, 38, 39). In SCOP (http.//scop.er-!mb-(_?a' structural features are common to lyases for xanthan and
m.ac._uk/scop/), a database for the structural _classmcatlon Ofalginate. Intrinsic catalysts, tyrosine residues, and products
proteins, thg complete struciure of PL-5 algmatg Iygse and binding at the—1 subsite in the two lyases superimpose well
thea-domain structure of PL-8 lyases are classified into the (Figure 5a,b). As shown in Figure 5b, additional important

same family. When the A1-IIl structure is superimposed onto * e . L .
that of thea-domain of xanthan lyase using the DALI server residues, histidines and asparagirg$), which interact with
uronate residues atl subsites, are common between the

(http://www.ebi.ac.uk/dali/), their entire tertiary structures i~ . ,
overlapped well. Coordinates were further fitted usiry C W0, although the positions of these residues differ. The
atoms within 2.0 A by RIGID included in Turbo-Frodo Trp148 side chain in xanthan lyase that stacks with the
(AFMB-CNRS) (Figure 5a). Their rms deviation was 1.4 A pyranose ring of PyrMan at thel subsite corresponds to
(for 127 C atoms). The lid loop covers the active site cleft the Trp141 side chain in Al-lll (Figure 5b). These structural
in the Al-lll—product complex and moves away when similarities suggest that LB16 in xanthan lyase functions as
product is released. This loop movement is involved in a lid loop responsible for fixation of the structure.
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Ficure 5: Structural comparison between PL-5 and -8 lyases. Stereoscopic comparison of overall (a) and active site (b) structures between
PL-5 alginate lyase (A1-lll, orange) and xanthan lyase (blue). Coordinates for Al-1ll were obtained from PDB (entry 1HV6). Proposed
catalytic residues (Tyr246 in Al-1ll and Tyr255 in xanthan lyase) and bound sugars atltlsebsite §-o-mannuronate for Al-1ll and

PyrMan for xanthan lyase) overlap well. Loop LB16 of ffrelomain of xanthan lyase occupies a position similar to that of the flexible lid

loop of Al-lll. Catalytically important amino acid residues, Trp, His, and Asn, are also in both despite the nonconserved position. This
figure was prepared using Turbo-Frodo.

There are two main reasons that replacement of Arg612 Man and xanthan lyase and the inhibition by PyrMan, we
with Ala decreases substrate affinity. First, loop LB16 investigated whether xanthan lyase yields Man from high-
containing Arg612 is involved in substrate binding as concentration, chemically depyruvated pentasaccharide of
described above (Figure 5a). Interactions of the Arg612 side xanthan. Mannose was not, however, detected as a product
chain with other amino acid residues, including a hydrogen (data not shown). These results suggest that in addition to
bond between Arg612 and Tyr315 (Figure 3), may be the differences in affinity between PyrMan and Man for
necessary to maintain the rigid conformation of loop LB16 y5nthan lyase determined mainly by Arg612, other factors
on the enzyme surface._ The lack of _these interacti_ons iNinvolved in substrate specificity may be present. The
RE12A results in thg erX|bIg confor.m'atlon of LBl.6 (Flgure substrate structure itself is probably important for xanthan
4a). Second, arginine _re5|due_s I_|n|ng _th_e active site of lyase activity. One significant difference between Man and
enzymes are often crucial for binding acidic substrates and PyrMan structures is that GBH in Man is fixed by the
determine substrate specificity at subsité8<42). Due to oyruvate Ketal in PyrMan. C#DH in Man is flexible so that

the lack of the positive charge of the arginine residue in its hydroxyl group can interact with the carboxyl group of

R612A, the mutant fails to bind to the PyrMan carboxyl : _
group. Either or both of the two are probably responsible GIcUA. The higher-order structure of xanthan is also thought

for the decrease in substrate affinity when Arg612 is replaced 10 Pe altered depending on the side chain modification, as
with Ala. suggested by a molecular simulation study of xanthan with

Structural similarity between xanthan lyases complexed and without acetylation4@). All xanthan lyases that have
with PyrMan and Man also suggests the possibility that the been purified from different microbes and characterized
glycoside bond between Man and GIcUA in xanthan can be thus far are PyrMan-specificl{, 44, 45), supporting the
cleaved when the substrate concentration is sufficiently high importance of a higher-order structure of xanthan for lyase
in the reaction mixture. Considering the low affinity between activity.
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