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Abstract: Some probiotics including lactobacilli, colonize host animal cells by targeting glycosaminogly-
cans (GAGs), such as heparin, located in the extracellular matrix. Recent studies have shown that several
lactic acid bacteria degrade GAGs. Here we show the structure/function relationship of Lacticaseibacillus
rhamnosus 4-deoxy-L-threo-5-hexosulose-uronate ketol-isomerase (Kdul) crucial for metabolism of un-
saturated glucuronic acid produced through degradation of GAGs. Crystal structures of ligand-free and
bound Kduls were determined by X-ray crystallography and the enzyme was found to consist of six iden-
tical subunits and adopt a p-helix as a basic scaffold. Ligands structurally similar to the substrate were
bound to the cleft of each enzyme subunit. Several residues located in the cleft interacted with ligands
through hydrogen bonds and/or C-C contacts. In addition to substrate analogs, a metal ion coordinated to
four residues, His198, His200, Glu205, and His248, in the cleft, and the enzyme activity was significantly
inhibited by a chelator, ethylenediaminetetraacetic acid. Site-directed mutants in Arg163, Ile165, Thr184,
Thr194, His200, Arg203, Tyr207, Met262, and Tyr269 in the cleft exhibited little enzyme activity, indicat-
ing that these residues and the metal ion constituted an active site in the cleft. This is the first report on the
active site structure of Kdul based on the ligand-bound complex.
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INTRODUCTION

The animal extracellular matrix provides physicochemi-
cal support, connects neighboring cells, and plays important
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roles in cell-cell communication and cell proliferation and
differentiation.” Glycosaminoglycans (GAGs), the major
extracellular matrix components, are highly negatively
charged polysaccharides. They are composed of typical
repeating disaccharide units consisting of an uronic acid
residue (glucuronic or iduronic acid) and a frequently
N-acetylated amino sugar residue (glucosamine or galactos-
amine).” According to their sugar composition, mode of
glycoside bond, and sulfate pattern, GAGs are classified as
hyaluronan, chondroitin sulfate, dermatan sulfate, keratan
sulfate, heparin, and heparan sulfate® (Fig. 1). Except for
hyaluronan, most GAGs covalently bind core proteins,
forming proteoglycans.”

Some indigenous and/or pathogenic bacteria target GAGs
to adhere to and/or infect host cells.®” The Streptococcus
species, typical indigenous bacteria (some of them are
opportunistic pathogens), produce GAG (heparan sulfate)-
binding proteins on their cell surface® and degrade hyaluro-
nan.?'®  Streptococci depolymerize hyaluronan into an
unsaturated disaccharide on the cell surface through a
B-elimination reaction catalyzed by hyaluronate lyase
(HysA).!") Our previous papers documented how streptococ-
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ci transport, degrade, and metabolize the resultant unsatu-
rated disaccharide.'””®'¥ The phosphotransferase system
(PTS) transfers the disaccharide to the cytoplasm where the
cytoplasmic unsaturated glucuronyl hydrolase (UGL) further
degrades it into its two constituent monosaccharides [unsatu-
rated glucuronic acid (AGIcUA) and N-acetylglucosamine
(GIcNAc)]. The resultant AGIcUA is nonenzymatically
converted to 4-deoxy-L-threo-5-hexosulose-uronic acid
(DHU), which is metabolized to glyceraldehyde-3-phosphate
(G3P) and pyruvate (pyr) via 3-deoxy-D-glycero-2,5-hexod-
iulosonate (DK-II), 2-keto-3-deoxy-D-gluconate (KDG),
and 2-keto-3-deoxy-6-phosphogluconate (KDGP) by
successive reactions catalyzed by an isomerase (Dhul), an
NADH-dependent reductase (DhuD), a kinase (KdgK), and
an aldolase (KdgA) (Fig. 1). These proteins responsible for
depolymerization, import, degradation, and metabolism of
hyaluronan are encoded in a GAG genetic cluster (Fig. S1A;
see the J. Appl. Glycosci. Web site).

Several probiotics (including Lacticaseibacillus recently
reclassified but known as lactobacilli,'® Lactobacillus, and
Enterococcus species) with a similar GAG genetic cluster
(Fig. S1B; see the J. Appl. Glycosci. Web site) degrade
heparin, and a few of them may bind to human intestinal
cells via heparin.'® However, the molecular mechanism of
heparin metabolism remains unclear in probiotics. 4-Deoxy-
L-threo-5-hexosulose-uronate ketol-isomerase (Kdul) and
2-keto-3-deoxygluconate 5-dehydrogenase (KduD) were
first identified as a hexuronate-metabolizing isomerase and
reductase for pectin metabolism, respectively.!” Unsaturated
galacturonic acid (AGalUA), produced from pectin reacting
successively with polysaccharide lyase' and unsaturated
galacturonyl hydrolase,'” is nonenzymatically converted to
DHU, because the lack of a hydroxy group at the C4 position
of AGIcUA and AGalUA makes them identical. Thus, Kdul
converts DHU into DK-II (Fig. 1), and KduD converts
DK-II into KDG. Kdul and KduD, therefore, correspond to
Dhul and DhuD, respectively. In fact, Lacticaseibacillus
rhamnosus Kdul (LrhKdul) and KduD (LrhKduD) metabo-
lize AGIcUA derived from chondroitin sulfate.'® Although
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the enzymatic properties of bacterial Kdul are well
documented??" and a crystal structure of Escherichia coli
Kdul (EcoKdul) is available,?® little knowledge on the
structure/function relationship of Kdul has emerged. This
article deals with the active site structure of LrhKdul through
structure determination of ligand-free/bound LrhKduls and
site-directed mutagenesis.

MATERIALS AND METHODS

Materials. Rhamnogalacturonan-I (RG-I) derived from
potato pectin was purchased from Megazyme International
Ireland (Bray, Ileland). Oligonucleotides were synthesized
by Hokkaido System Science Co., Ltd. (Sapporo, Japan).
DNA-modifying enzymes were purchased from TOYOBO
Co., Ltd. (Osaka, Japan). All other analytical grade chemicals
used in this study were commercially available.
Bacteria and cell culture. As the host for plasmid amplifica-
tion, E. coli strain DH5a (TOYOBO) cells were routinely
cultured at 37 °C in Luria—Bertani (LB) medium [1 % (w/v)
tryptone, 0.5 % (w/v) yeast extract, and 1 % (w/v) NaCl]
containing sodium ampicillin (0.1 mg/mL). E. coli strain
BL21(DE3) (Novagen/Merck KGaA, Darmstadt, Germany)
was used as the host for the expression of LrhKdul. For
expression in E. coli, cells were aerobically precultured at
30°C in LB medium supplemented with sodium ampicillin
(0.1 mg/mL). When the turbidity reached about 0.5 at 600
nm, isopropyl-p-D-thiogalactopyranoside was added to the
culture at a final concentration of 0.1 mM, and the cells were
further cultured at 16 °C for 48 h.
Expression and purification of LrhKdul. E. coli cells
harboring the plasmid containing the LrhKdul gene were
harvested by centrifugation at 11,200 X g and 4 °C for 10
min, resuspended in 20 mM Tris-HCI (pH 7.5), and ultrason-
ically disrupted at 0 °C and 9 kHz for 20 min (Insonator
Model 201M, Kubota Corporation, Tokyo, Japan). After
centrifugation at 17,400 X g and 4 °C for 20 min, the superna-
tant was used as the cell extract.

LrhKdul was further purified from the cell extract by
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Fig. 1.  Structure of GAGs and bacterial degradation/metabolism pathway of heparin.

Heparin is depolymerized into an unsaturated disaccharide by heparin lyases II and/
or III (HeplII/III). The resultant unsaturated disaccharide is degraded into its two con-
stituent monosaccharides [unsaturated glucuronic acid (AGlcUA) and N-acetylglucos-
amine (GIcNAc)] by unsaturated glucuronyl hydrolase (UGL). The metabolism of

AGIcUA is detailed in the text.
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affinity chromatography (TALON Metal Affinity Resin:
Clontech Laboratories, Inc., Mountain View, CA, USA) and
gel filtration chromatography (Superdex 200 prep grade: GE
Healthcare Japan Corporation, Tokyo, Japan) as described
previously.'® Protein purity was assessed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE),*
followed by staining with Coomassie Brilliant Blue (CBB).
The purified LrhKdul was dialyzed at 4 °C for 3 h against 20
mM Tris-HCI (pH 7.5) and the dialysate was subjected to the
enzyme assay or crystallization.

Enzyme assay. The isomerase assay of LrhKdul was carried
out as described previously.'® Briefly, 0.5 mM unsaturated
chondroitin disaccharide with a sulfate group at C6 site of
N-acetylgalactosamine residue was incubated in 50 mM
Tris-HCI (pH 7.5) with 0.03 mg/mL Streptococcus agalac-
tiae UGL," 0.2 mg/mL LrhKdul, and 0.2 mg/mL LrhKduD
in the presence of 0.2 mM NADH. In the case of active
isomerase, NADH was oxidized by KduD according to
reduction of the reaction product derived from the Kdul
reaction.

Preparation of DHU. To obtain enzyme/substrate complex,
a substrate of Kdul, DHU, was prepared from readily
available RG-I using RG-I lyase YesX*¥ and unsaturated
galacturonyl hydrolase YesR!® because DHU is generated
from GAG and RG-I. The resultant DHU was a mixture with
rhamnose, and the DHU concentration was determined by
thiobarbituric acid method.?”

Crystallization and X-ray diffraction. LrhKdul was
crystallized at 20 °C by the sitting-drop vapor-diffusion
method using crystallization kits purchased from Hampton
Research Corp. (Aliso Viejo, CA, USA), Jena Bioscience
GmbH (Jena, Germany), Emerald Biostructures Inc.
(Bainbridge Island, WA, USA), Qiagen GmbH (Hilden,
Germany), and Molecular Dimensions, Inc. (Holland, OH,
USA). LrhKdul (1 pL) was mixed with the reservoir solution
(1 pL) to form a drop and incubated at 20 °C. The enzyme
was crystallized in a drop containing 10 % polyethylene
glycol 8,000 and 0.2 M magnesium acetate [crystallization
condition (i)]. LrhKdul in the presence of 1 mM DHU was
also crystallized under conditions of (ii) 10 % polyethylene
glycol 6,000 and 0.1 M 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) (pH 6.5), (iii)) 12 %
polyethylene glycol 4,000 and 0.1 M 2-morpholin-
4-ylethanesulfonic acid (MES) (pH 6.5), and (iv) 12 %
polyethylene glycol 4,000 and 0.1 M 3-morpholinopropane-
1-sulfonic acid (MOPS) (pH 6.5). For cryoprotection, a
protein crystal was soaked in the drop solution containing 20
% glycerol. A crystal was picked up from the soaking
solution with a mounted nylon loop (Hampton Research)
and placed directly into a cold nitrogen-gas stream at — 173
°C. X-ray diffraction images were collected with a
MAR225HE detector (Rayonix, L.L.C., Evanston, IL, USA)
with synchrotron radiation at wavelength 1.00 A on the
beamline BL26B1, BL38B1, or BL44XU of SPring-8
(Hyogo, Japan). The data were indexed, integrated, and
scaled using the HKL-2000 program.?> The structure was
determined through molecular replacement method with the
Molrep program® in the CCP4 program package using
structure of Enterococcus faecalis Kdul (EfaKdul) (PDB ID,
IYWK) as a search model. Structure refinement was
conducted using the phenix refine program in the PHENIX

program package.?” After each refinement cycle, the model
was adjusted manually with the winCoot program.”® The
atomic coordinates and structure factors [PDB ID, 7VGK
for LrhKdul under the crystallization condition (i), 7E4S for
LrhKdul under the crystallization condition (HEPES) (ii),
7YE3 for LrhKdul under the crystallization condition (MES)
(i), and 7YRS for LrhKdul under the crystallization
condition (MOPS) (iv)] were deposited in the Protein Data
Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.
org/).

Alignment of amino acid sequences of Kdul. The amino
acid sequences of Kdul orthologs of other species were
obtained from Uniprot KB (https://www.uniprot.org/help/
uniprotkb). The obtained sequences were subjected to
multiple alignment using Clustal Omega (https://www.ebi.
ac.uk/Tools/msa/clustalo/).

Site-directed mutagenesis. To substitute Argl63, Ilel65,
Thr184, Thr194, His200, Arg203, Tyr207, Met262, and
Tyr269 of LrhKdul with Ala or Phe, oligonucleotides shown
in Table S1 (see J. Appl. Glycosci. Web site) were used.
Site-directed mutagenesis was performed using plasmid
pET21b-Kdul'® as a template and synthetic oligonucleotides
as sense and antisense primers using the methods described
in a QuickChange site-directed mutagenesis kit manual
(Stratagene Co., San Diego, CA, USA), except that
KOD-Plus-Neo was used as DNA polymerase for polymerase
chain reaction (PCR). The above-described DNA manipula-
tions such as subcloning, transformation, and gel electro-
phoresis were performed as previously described.”® The
resultant plasmids with mutations were used for mutant
expression. Mutations were confirmed by DNA sequenc-
ing.*® E. coli host strain BL21(DE3) cells were transformed
using each plasmid. Similarly, the mutant proteins were
purified as described above.

RESULTS AND DISCUSSION

Structure determination of Lacticaseibacillus Kdul.
Although crystal structure of EcoKdul has first been
determined as a hexuronate-metabolizing enzyme,”” no
structure of enzyme/substrate complex has been reported
and structure/function relationship of Kdul remains to be
clarified. We have recently identified LrhKdul as 4-deoxy-L-
threo-5-hexosulose-uronate ketol-isomerase responsible for
metabolism of GAGs.'® Thus, LrhKdul was crystallized to
determine its structure by X-ray crystallography.

The enzyme was crystallized in the absence of the
substrate DHU under the condition (i) as described above.
The crystal of LrhKdul was diffracted to 3.1 A resolution
(Table 1). Crystal structure of ligand-free LrhKdul was
determined by molecular replacement using coordinates of
EfaKdul (PDB ID, 1YWK) as a search model, and statistics
of diffraction and refinement data are shown in Table 1. No
report on crystal structure of EfaKdul has been published.
The final model of LrhKdul was refined to Rwork of 19.0 %
and Rifrec of 23.9 % up to a resolution of 3.10 A (Fig. 2A,
Table 1). Ramachandran plot analysis revealed that 95.0 %
of residues were in the favored regions and 5.0 % were in the
additional allowed regions. Due to thin electron density
map, residues (Thr194—Arg203) are missing in the crystal
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Table 1. Data collection and refinement statistics.

LrhKdul LrhKdul LrhKdul
LrhKdul

_HEPES ~MES ~MOPS

PDB 7VGK 7E4S 7YE3 7YRS
Data collection

Wavelength (A) 1.0000 1.0000 1.0000 1.0000
Space group P2:2:12, 2 2 2
Unit-cell parameters a=942 a=943 a=93.0 a=90.4
ab c(Af b=131 b=189.3 b=189.1 b=187.4
B’(QS c=157 c=117.8 c=114.9 ¢=108.9

B=106.2 B=107.1 B=112.5
Resolution range (A) 50-3.10 50-2.80 50-2.55 50-2.80

& (3.15-3.10)" (3.15-3.10)° (2.97-2.80)* (2.97-2.80)*
Total observed reflections 202706 148144 403935 158079
Unique reflections 35643 89592 119595 78223
Redundancy 5.7(5.7)¢ 1.65 (1.66) 3.38 (3.51)* 2.02 (1.99)
Completeness (%) 99.4 (99.4) 92.3 (93.6)" 98.3 (97.9) 96.2 (96.1)
1/o(I) 20.7 (3.10) 6.59 (0.80)" 17.34 (2.22)" 6.36 (1.63)*
Rueree (%) 8.6 (52.9)* 13.8 (133.1)" 5.00 (63.0)* 10.2 (39.1)
Refinement
Resolution range (A) 45.12-3.10 47.31-2.80 47.47-2.55 49.55-2.80
& (3.20-3.10)* (3.02-2.80)* (2.59-2.55)* (3.02-2.80)*
Rwork (%) 18.96 (27.66)* 16.46 (38.60)* 20.55 (36.66)* 18.51 (31.78)®
Riwee (%) 23.85(36.57) 23.82 (44.63)" 27.04 (47.02) 26.44 (43.18)"
Residues/HOH/
GOL/Ligand/Zn 1539/0/0/0/0 1646/31/0/6/5 1644/9/0/4/6 1646/0/0/4/6
Root-mean-square deviation

Bond lengths (A) 0.009 0.008 0.013 0.011
Bond angles (°) 1.2 1.1 1.6 1.7

* The highest resolution shell is shown in parentheses.

Fig. 2. Crystal structure of LrhKdul.

(A) Crystal structure of the ligand-free LrhKdul monomer. (B) Crystal
structure of the ligand-free active LrhKdul hexamer. (C) Crystal structure of
metal ion (red ball)-bound LrhKdul monomer. (D) Crystal structure of metal
ion (red ball)-bound LrhKdul hexamer.
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structure. Six enzyme molecules are included in the
asymmetric unit of the crystal (Fig. 2B). In combination
with the crystal packing, the enzyme (32 kDa as a monomer)
was eluted as around 150 kDa protein by gel filtration
column chromatography, suggesting that LrhKdul consisted
of homohexamer. Because, similar to EcoKdul and EfaKdul,
LrhKdul has a B-helix as a basic scaffold, the enzyme is
considered to be a member of all  proteins class/double-
stranded B-helix fold/RmlC-cupin superfamily/Kdul-like
family in the SCOP (Structural Classification of Proteins)
database (Figs. 2A, B).

Structures of LrhKdul in complex with substrate analogs.
To clarify the structure/function relationship of Kdul, we
tried to determine the three-dimensional structure of
LrhKdul in complex with DHU. LrhKdul was crystallized in
the presence of DHU under various conditions. As a result,
high-resolution diffraction data were collected from three
crystals obtained under (ii), (iii), and (iv) conditions as
described above. Crystal structures of LrhKdul under (ii),
(ii1), and (iv) conditions were refined at 2.80, 2.55, and 2.80
A, respectively, after molecular replacement by using the
ligand-free enzyme coordinates as a search model. Statistics
of diffraction and refinement data are also shown in Table 1.
Thr194-Arg203 residues, missing in the ligand-free
LrhKdul, showed the electron density maps in these
structures.

On the basis of molecular surface model, a large cleft was
observed in the center of each enzyme monomeric molecule
(Figs. 3A-D). The volume of the cleft in the ligand-free
enzyme was estimated to be 4,140 A’ by a program of
ProFunc.’ Structural refinement of three crystals obtained
in the presence of DHU indicated that another electron
densities of the small molecule distinct from the enzyme
molecule were observed inside the cleft in the three
structures. The electron density map (Fo-Fc) at 3.0 ¢ in each
structure is shown in Figs. 3A—C. The small molecule was
found to be a component of crystallization buffer such as
HEPES, MES, and MOPS based on the size and the shape of
each map. The temperature factors of these buffer
components showed high values (HEPES, 120.5 A% MES,
120.8 A%, and MOPS, 96.8 A?), indicating the low affinity of
the buffer components with LrhKdul. The reason why no
DHU was bound to the enzyme was considered to be a
reactive feature of DHU. The molecule DEH (4-deoxy-L-
erythro-5-hexoseulose uronic acid) derived from unsaturat-
ed guluronic acid obtained through alginate degradation is
highly reactive and toxic to bacterial and yeast cells due to
the presence of aldehyde group.*” Because both of DHU and
DEH are classified to be a-keto acids containing aldehyde
group, DHU is suggested to be highly reactive and unstable.

Superimposition of the three buffer components revealed
that all molecules were located at similar positions inside the
cleft of LrhKdul (Fig. 3D). We investigated the similarities
between buffer components and the substrate DHU.
Figure 3E shows electrostatic potential maps created by a
program of Jmol. Although the molecular weight of DHU is
slightly smaller than that of buffer components, the linear
structure due to opening of the pyranose ring and the negative
charge at both ends and the center of the molecule are similar
to those of buffer components. Therefore, these buffer
components seem to behave as a substrate analog of

LrhKdul, suggesting that the substrate analog-binding cleft
acts as a catalytic site.

Metal ion in the cleft. As described above, Kdul belongs to
the cupin superfamily. Most proteins/enzymes classified to
the superfamily include metal ions such as iron, copper,
zinc, cobalt, nickel, or manganese ion in the active site and
these metal ions function as a cofactor.?® In fact, EcoKdul
contains zinc ion and four residues (His196, His198, Glu203,
and His245) are coordinated to the zinc ion.*® In the case of
LrhKdul, in addition to substrate analogs, an electron density
map corresponding to a metal ion was also observed at the
vicinity of the substrate analogs in the cleft of the enzyme
(Figs. 2C, D and 4A). Four residues, His198, His200,
Glu205, and His248 are coordinated to the metal ion
(Fig. 4B). These four residues of LrhKdul are well superim-
posed onto those of zinc ion-bound EcoKdul (Fig.4C),
suggesting that the metal ion bound to LrhKdul is a zinc ion.
The enzyme activity of LrhKdul was significantly inhibited
by ethylenediaminetetraacetic acid (EDTA) at 5 mM,
indicating that the metal ion was involved in the catalytic
reaction or construction of the active site structure.
Catalytic residues in the cleft. To identify catalytic residues
in the cleft, distances between amino acid residues of
LrhKdul (a certain subunit of hexamer) and buffer
components were calculated (Table 2). From this result,
some amino acid residues, such as Argl63, Thr184, Thr194,
His198, Arg203, Glu205, Phe258, Trp260, Met262, and
Tyr269, were estimated to interact with the substrate. In
other subunits, Ile165 and Tyr207 were also found to interact
with the substrate analog. These amino acid residues are
highly conserved in some bacterial Kduls (Fig. S2: see J.
Appl. Glycosci. Web site). The metal ion-binding residue
His200 is also well conserved. In order to investigate the
role of such residues in the Kdul reaction, seven mutants,
R163A, 1165A, T184A, T194A, H200A, R203A, and
M262A with Argl63, Ile165, Thr184, Thr194, His200,
Arg203, and Met262 residues substituted with Ala and two
mutants, Y207F and Y269F, with Tyr207 and Tyr269
residues substituted with Phe were constructed and purified
to homogeneity (Fig. 5A). The mutants were subsequently
subjected to the enzyme assay. Because the NADH-dependent
enzyme KduD reduced the reaction product by Kdul, the
absorbance at 340 nm in the reaction mixture composed of
DHU prepared from chondroitin sulfate disaccharide by S.
agalactiae UGL, LrhKdul [wild-type enzyme (WT), R163A,
1165A, T184A, T194A, H200A, R203A, Y207F, M262A,
and Y269F], LrhKduD, and NADH was measured (Fig. 5B).
In the reaction mixture using LrhKdul WT, its absorbance at
340 nm was drastically decreased, indicating that NADH
was oxidized to NAD* and subsequent reactions by Kdul
and KduD occurred. On the other hand, the reaction mixture
containing each of LrhKduls R163A, I165A, TI84A,
T194A, H200A, R203A, Y207F, M262A, and Y269F
showed little decrecase of the absorbance at 340 nm,
demonstrating that all mutants of LrhKduls exhibited little
enzyme activity (Fig. 5B). This result supported that the
cleft constituted by residues such as Argl163, [le165, Thr184,
Thr194, His200, Arg203, Tyr207, Met262, and Tyr269
contained an active site (Fig. 6). Argl63 and Thr184 were
considered to be important for binding to substrates based on
formation of hydrogen bonds and electrostatic interactions
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E
Substrate Buffer components
DHU HEPES MES MOPS
Molecular formula CgHgOs CgH1gN,0,S CgH3NO,S C;H45NO,S
Molecular weight 176,12 238.30 195.2 209.26

Structure '

Electrostatic potential map: - . _ +

Fig. 3. Crystal structures of LrhKdul in complex with substrate analogs.

(A) Molecular surface model of HEPES-bound LrhKdul. (B) Molecular surface
model of MES-bound LrhKdul. (C) Molecular surface model of MOPS-bound
LrhKdul. Electron density map at 3.0 o (Fo—Fc). (D) Superimposition of HEPES
(purple), MES (cyan), and MOPS (orange) bound to LrhKdul. (E) Comparison of
DHU, HEPES, MES, and MOPS.
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Fig. 4. Active site in LrhKdul.

(A) LrhKdul residues interacting with MES. (B) Four residues coordinated to
metal ion. (C) Superimposition of metal ion-bound LrhKdul (green) with zinc ion-
bound EcoKdul (gray).
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Table 2. Interactions between LrhKdul and buffer components.

HEPES MES MOPS
Atoms Amino Acid  Distance (A) Atoms Amino Acid  Distance (A) Atoms Amino Acid  Distance (A)
Hydorogen bond (<3.4 A) Hydorogen bond (<3.4 A) Hydorogen bond (<3.4 A)
O1S 194T N 32 018 163R NE 2.9 02 184T OG1 3.1
028 184T OG1 3.1 018 163R NH2 2.7 03 163R NE 3.3
08 203R NH2 33 028 184T OG1 2.8
03S 194T N 3.3
C-C contact (<4.4 A) C-C contact (<4.4 A) C-C contact (<4.4 A)
C2 260W CE2 4.3 C2 205E CD 4.2 Cl 258F CE2 4.2
C3 269Y CD2 4.1 C2 260W CD2 3.9 Cl 258F CZ 3.7
C3 269Y CE2 3.5 C2 260W CE2 4.1 C3 260W CD1 4.0
C5 205E CD 3.5 C2 260W CE3 3.9 C3 260W CE2 4.0
C5 260W CD2 3.6 C2 260W CH2 4.2 C5 198H CE1 4.3
C5 260W CE2 4.0 C2 260W CZ2 4.2 Co6 260W CD2 3.9
C5 260W CE3 3.8 C2 260W CZ3 4.0 C6 260W CE2 4.2
C5 260W CG 4.0 C2 262M CE 3.5 Co6 260W CE3 3.6
C5 260W CZ3 4.2 C3 205E CD 4.0 Co6 260W CH2 3.8
C5 262M CE 3.7 C3 260W CD1 4.2 C6 260W CZ2 4.2
Co6 205E CD 4.1 C3 260W CD2 3.9 Co6 260W CZ3 3.5
Co6 260W CB 4.3 C3 260W CE2 4.1 C6 262M CE 3.8
Co6 260W CD1 3.9 C3 260W CE3 4.3 C6 269T CE2 4.1
Co6 260W CD2 3.9 C3 260W CG 4.0 C7 260W CD1 4.2
Co6 260W CE2 4.1 Cc7 260W CD2 3.4
C6 260W CG 3.8 C7 260W CE2 3.6
C7 205E CD 4.0 C7 260W CE3 3.5
C7 262M CE 3.8 Cc7 260W CG 3.8
C8 262M CE 3.5 C7 260W CH2 4.1
C8 269Y CD2 3.7 C7 260W CZ2 4.0
C8 269Y CE2 3.9 Cc7 260W CZ3 3.9
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Fig. 5. Enzyme activity of site-directed mutants of LrhKdul.

(A) SDS-PAGE profile of the enzymes used in the assay. (left) M, marker; 1, S.
agalactiae UGL; 2, LthKdul WT; 3, LrhKdul R163A; 4, LrthKdul H200A; and 5,
LrhKduD. (right) M, marker; 1, LrhKdul WT; 2, LrhKdul R163A; 3, LrhKdul
1165A; 4, LrhKdul T184A; 5, LrhKdul T194A; 6, LrhKdul R203A; 7, LrhKdul
Y207F; 8, LrhKdul M262A; and 9, LrhKdul Y269F. (B) Enzyme activity of LrhK-
dul mutants. WT activity was taken as 100 %. WT + EDTA indicates the LrhKdul
WT enzyme in the presence of EDTA. Each data represents the average of triplicate
individual experiments, except for H200A.
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Fig. 6. The estimated DHU-binding site and the mutated residues (stereo-view).
The carbons in the mutated residues are drawn in green. Those of the ligated
residues of probable Zn (red) and Trp260 are drawn in cyan. Those of MES and
DHU are drawn in purple and yellow, respectively. The DHU is fitted to the density
of MES by Coot assuming the carboxyl group occupies the phosphate group of
MES. The MES omit map (Fo-Fc map) is drawn with 2.5 . The root-mean-square
deviation between MES and DHU was calculated to be 0.71 A for common 9 atoms.

with buffer components. 1le165, Thr194, Arg203, Tyr207,
Met262, and Tyr269 were suggested to play a role in fixing
the position of substrates through van der Waals interactions.
This site-directed mutagenesis indicated the active site
located in the cleft of LrhKdul postulated through structural
analysis of the enzyme/substrate analog complexes.

In conclusion, the active site and catalytic residues were
first identified in GAG-metabolizing enzyme Kdul through
structural and functional studies.
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