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Pathogenic Streptococcus agalactiae produces polysaccha-
ride lyases and unsaturated glucuronyl hydrolase (UGL), which
are prerequisite for complete degradation of mammalian ex-
tracellular matrices, including glycosaminoglycans such as
chondroitin and hyaluronan. Unlike the Bacillus enzyme,
streptococcal UGLSs prefer sulfated glycosaminoglycans. Here,
we show the loop flexibility for substrate binding and struc-
tural determinants for recognition of glycosaminoglycan sul-
fate groups in S. agalactiae UGL (SagUGL). UGL also degraded
unsaturated heparin disaccharides; this indicates that the en-
zyme released unsaturated iduronic and glucuronic acids from
substrates. We determined the crystal structures of SagUGL
wild-type enzyme and both substrate-free and substrate-
bound D175N mutants by x-ray crystallography and noted that
the loop over the active cleft exhibits flexible motion for sub-
strate binding. Several residues in the active cleft bind to the
substrate, unsaturated chondroitin disaccharide with a sulfate
group at the C-6 position of GalNAc residue. The sulfate group
is hydrogen-bonded to Ser-365 and Ser-368 and close to Lys-
370. As compared with wild-type enzyme, S365H, S368G, and
K370I mutants exhibited higher Michaelis constants toward
the substrate. The conversion of SagUGL to Bacillus sp. GL1
UGL-like enzyme via site-directed mutagenesis demonstrated
that Ser-365 and Lys-370 are essential for direct binding and
for electrostatic interaction, respectively, for recognition of the
sulfate group by SagUGL. Molecular conversion was also
achieved in SagUGL Arg-236 with an affinity for the sulfate
group at the C-4 position of the GalNAc residue. These resi-
dues binding to sulfate groups are frequently conserved in
pathogenic bacterial UGLs, suggesting that the motif
“R-//-SXX(S)XK” (where the hyphen and slash marks in the
motif indicate the presence of over 100 residues in the enzyme
and parentheses indicate that Ser-368 makes little contribu-
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tion to enzyme activity) is crucial for degradation of sulfated
glycosaminoglycans.

Glycosaminoglycans (e.g. hyaluronan, chondroitin, and
heparin) are mammalian extracellular matrix polysaccharides
with a repeating disaccharide unit that consists of a uronic
acid residue, such as p-glucuronic acid (GIcUA)? or L-idu-
ronic acid (IdoUA), and an amino sugar residue, such as b-
glucosamine (GlcN), N-acetyl-p-glucosamine (GlcNAc), or
N-acetyl-p-galactosamine (GalNAc) (1, 2). These extracellular
matrices, which are present in various mammalian tissues,
play an important role in cell signaling, growth and differenti-
ation, and cell-to-cell association to maintain the architecture
of connective tissues (3). A large number of glycosaminogly-
cans, with the exception of hyaluronan, are frequently sul-
fated (4), and the sulfate groups together with uronic acids
enhance the negative charge of the polysaccharides. For in-
stance, chondroitin has sulfate group(s) at the C-4 and/or C-6
positions of the GalNAc residue and/or at the C-2 position of
the GIcUA residue (5).

Degradation of glycosaminoglycans has been studied previ-
ously from the viewpoint of bacterial infections and neural
regenerations. Bacterial pathogens, such as streptococci, de-
grade glycosaminoglycans to invade host cells by producing
polysaccharide lyases (6). Distinct from polysaccharide hydro-
lases, glycosaminoglycan lyases recognize the uronic acid resi-
due, cleave the linkage between sugars through the -elimina-
tion reaction, and produce unsaturated oligosaccharides,
resulting in the unsaturated uronic acid residue having a C=C
double bond at the nonreducing terminus (7) (see Fig. 14).
Many pathogenic streptococci produce hyaluronate lyases as

2 The abbreviations used are: GIcUA, p-glucuronic acid; IdoUA, L-iduronic
acid; GIcN, p-glucosamine; GIcNAc, N-acetyl-p-glucosamine; UGL, unsat-
urated glucuronyl hydrolase; AGIcUA, unsaturated GlcUA; BacillusUGL,
Bacillus sp. GL1 UGL; A6S, unsaturated chondroitin disaccharide sulfated
at C-6 position of GalNAc residue; SagUGL, S. agalactiae UGL; WT, wild
type; D175N, SagUGL mutant with Asp-175 substituted with Asn;
AldoUA, unsaturated iduronic acid; T235A, SagUGL mutant with Thr-235
substituted with Ala; R236H, SagUGL mutant with Arg-236 substituted
with His; S365H, SagUGL mutant with Ser-365 substituted with His;
S368G, SagUGL mutant with Ser-368 substituted with Gly; K370I, SagUGL
mutant with Lys-370 substituted with lle; H210R, BacillusUGL mutant
with His-210 substituted with Arg; H339S, BacillusUGL mutant with His-
339 substituted with Ser; G342S, BacillusUGL mutant with Gly-342 substi-
tuted with Ser; 1344K, BacillusUGL mutant with lle-344 substituted with Lys;
A0S, unsaturated sulfate-free chondroitin disaccharide; A4S, unsaturated
chondroitin disaccharide sulfated at C-4 position of GalNAc residue.
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a spreading factor; these enzymes are capable of degrading
both sulfated and unsulfated chondroitin as well as hyaluro-
nan (8 —12). Researchers have extensively studied the struc-
ture and function of streptococcal hyaluronate lyases to ulti-
mately facilitate the development of therapeutic agents for
inhibition of the lyases (13, 14). On the other hand, bacterial
polysaccharide lyases (e.g. chondroitin lyase ABC) have been
demonstrated to promote neural regeneration (15). Neurons,
especially their axons, experience difficulty in regeneration
due to the presence of some inhibitory molecules, such as
chondroitin sulfate proteoglycans (16). Enzymatic degrada-
tion of chondroitin sulfate at the site of an injury enables neu-
rons to regenerate axons and to restore postsynaptic activity.
Therefore, elucidation of the bacterial mechanism underlying
glycosaminoglycan degradation is important for establish-
ment of therapy against bacterial infections and neural injury.

Unsaturated glucuronyl hydrolase (UGL) acts on unsatur-
ated glycosaminoglycan oligosaccharides that are produced by
polysaccharide lyases and catalyzes the hydrolytic release of
unsaturated GlcUA (AGIcUA) from saccharides (17) (see Fig.
1A). UGL is peculiar among general glycoside hydrolases in
that it triggers hydration of vinyl ether groups specifically
present in unsaturated saccharides but not of glycoside bonds
(18). On the basis of its primary structure, UGL was catego-
rized as a member of the glycoside hydrolase family 88 in the
CAZy database (19, 20) after we first identified the gene for
Bacillus sp. GL1 UGL (BacillusUGL) (21). The putative genes
for UGL are present in the genome of various pathogenic bac-
teria, such as streptococci, enterococci, and vibrios. We re-
cently clarified enzymatic characteristics of UGLs from path-
ogenic streptococci, including Streptococcus agalactiae,
Streptococcus pneumoniae, and Streptococcus pyogenes, and
determined the crystal structure of S. agalactiae UGL
(SagUGL) (22). The enzyme gene is inducibly transcribed in S.
agalactiae cells grown in the presence of glycosaminoglycan,
indicating that the bacterium produces UGL as well as po-
lysaccharide lyase for complete degradation of glycosamin-
oglycans. All of the streptococcal UGLs that have been char-
acterized to date actively degrade unsaturated chondroitin
and hyaluronan disaccharides and exhibit a preference for
sulfated chondroitin disaccharide, especially for A6S, an un-
saturated chondroitin disaccharide with a sulfate group at the
C-6 position of the GalNAc residue.

This study deals with the identification of loop movement
for substrate binding and structural determinants for sub-
strate specificity in streptococcal UGL through x-ray crystal-
lography of SagUGL in complex with A6S, kinetics of site-
directed mutants, and molecular conversion of bacterial
UGLSs with altered substrate specificity.

EXPERIMENTAL PROCEDURES

Materials—Unsaturated glycosaminoglycan disaccharides
were purchased from Seikagaku Biobusiness or Sigma-Aldrich.
Silicagel 60/Kieselguhr F,., TLC plates were obtained from
Merck. DEAE-Toyopearl 650M was from Tosoh. HiLoad
16/60 Superdex 75pg and Mono Q 10/100 GL were from GE
Healthcare. Restriction endonucleases and DNA-modifying
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enzymes were from Toyobo. Other analytical grade chemicals
were obtained from commercial sources.

Microorganisms and Culture Conditions—For expression
of SagUGL and BacillusUGL, Escherichia coli strain
HMS174(DE3) cells transformed with pET21b-SagUGL (22)
and E. coli strain BL21(DE3) cells transformed with pET3a-
BacillusUGL (19) were aerobically cultured at 30 °C in LB me-
dium (23) supplemented with sodium ampicillin (0.1 mg/ml).
When the turbidity at 600 nm reached 0.3—0.7, isopropyl 3-p-
thiogalactopyranoside was added to the culture at a final con-
centration of 0.1 mM, and the cells were further cultured at
16 °C for 44 h.

Purification—E. coli cells harboring pET21b-SagUGL or
pET3a-BacillusUGL were grown in LB medium, collected by
centrifugation at 6,700 X gand 4 °C for 5 min, and resus-
pended in 20 mMm potassium phosphate (pH 7.0). The cells
were ultrasonically disrupted (Insonator model 201M, Kub-
ota) at 9 kHz and 0 °C for 5 min, and the clear solution ob-
tained by centrifugation at 28,000 X g and 4 °C for 20 min was
used as a cell extract. SagUGL and BacillusUGL were purified
from the cell extract to homogeneity by several steps of col-
umn chromatography (19, 22). Briefly, SagUGL and Bacil-
lusUGL were purified by anion exchange chromatography
(DEAE-Toyopearl 650M) followed by gel filtration chroma-
tography (HiLoad 16/60 Superdex 75 pg) and finally by anion
exchange chromatography (Mono Q 10/100 GL). The degree
of purification was checked by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (24).

TLC—The products derived from unsaturated glycosamino-
glycan disaccharides through the reaction of bacterial UGLs
were separated by TLC using a solvent system of 1-butanol/
acetic acid/water (3:2:2, v/v). The products were visualized by
heating the TLC plates at 130 °C for 5 min after spraying with
10% (v/v) sulfuric acid in ethanol.

Crystallization and X-ray Diffraction—Purified SagUGL
enzymes of wild type (WT) and mutant D175N with Asp-175
replaced by Asn were concentrated by ultrafiltration using
Centriprep (10,000 molecular weight cutoff) (Millipore) to 10
and 5 mg/ml, respectively. Both WT and D175N were crystal-
lized by sitting drop vapor diffusion. The 3 ul of proteins were
mixed with an equal volume of a reservoir solution. The res-
ervoir solution for WT crystallization contained 30% (w/v)
polyethylene glycol 200, 1% (w/v) polyethylene glycol 3000,
and 0.1 M Hepes (pH 7.0). WT crystals grew up at 20 °C for a
week. The reservoir solution for D175N crystallization in-
cluded 40% (w/v) ethylene glycol, 5% (w/v) polyethylene gly-
col 3000, and 0.1 m Hepes (pH 7.5). D175N was crystallized at
20 °C for a month. To prepare a complex form of SagUGL and
A6S, the D175N crystal was soaked at 20 °C for 10 min in a
reservoir solution containing 0.2 M A6S before x-ray diffrac-
tion experiments. Crystals were placed in a cold nitrogen gas
stream at —173 °C. X-ray diffraction images of crystals were
collected using a Jupiter 210 charged-coupled device detector
(Rigaku) for the WT crystal or a Quantum 210 charged-cou-
pled device detector (Area Detector Systems Corp.) for
D175N crystals with synchrotron radiation at a wavelength of
1.00 A at the BL-38B1 station of SPring-8 (Hyogo, Japan). The

JOURNAL OF BIOLOGICAL CHEMISTRY 6263



Degradation of Sulfated Glycosaminoglycans by Streptococci

data were processed and scaled with the HKL2000 program
(25).

Structure Determination and Refinement—The structure
was determined through molecular replacement with the
Molrep program (26) supplied in the CCP4 interface program
package (27) by using previously determined coordinates of
SagUGL WT (Protein Data Bank code 2ZZR) as an initial
model. Structure refinement was conducted with the Refmac5
program (28). Randomly selected 5% reflections were ex-
cluded from refinement and used to calculate R;,... After each
refinement cycle, the model was adjusted manually using the
winCoot program (29). Water molecules were incorporated
where the difference in density exceeded 3.0 o above the
mean and the 2F, — F_ map showed a density of more than
1.0 0. The structure of the enzyme-sugar complex was refined
using the Refmac5 and the winCoot program with the
chondroitin disaccharide parameter file constructed using
PRODRG (50). Protein models were superimposed, and their
root mean square deviation was determined with the
LSQKAB program (30), a part of the CCP4 program package.
Final model quality was checked with the PROCHECK pro-
gram (31). Figures for protein structures were prepared using
the PyMOL program (32). Electric charge on the molecular
surface of bacterial UGLs was calculated using the APBS pro-
gram (33). Coordinates used in this work were taken from the
Protein Data Bank of the Research Collaboratory for Struc-
tural Bioinformatics (34).

Site-directed Mutagenesis—Thr-235, Ser-365, Ser-368, and
Lys-370 of SagUGL were substituted with Ala, His, Gly, and
Ile, respectively, and His-210, His-339, Gly-342, and Ile-344
of BacillusUGL were substituted with Arg, Ser, Ser, and Lys,
respectively. UGL mutants were constructed using a
QuikChange site-directed mutagenesis kit (Stratagene). The
plasmid pET21b-SagUGL (22) or pET3a-BacillusUGL (19)
was used as a PCR template, and the synthetic oligonucleo-
tides used as sense and antisense primers are shown in sup-
plemental Table S1. PCR was carried out using KOD-FX
polymerase (Toyobo) in place of Pfu polymerase. Mutations
were confirmed by the dideoxy chain termination method
(35) using automated DNA sequencer model 3730x] (Ap-
plied Biosystems). The cells of the E. coli host strain
(HMS174(DE3)) were transformed with the mutant plasmids.
Expression and purification of the mutants were conducted
by using the same procedures as for SagUGL or BacillusUGL
WT as described above. DNA manipulations such as plasmid
isolation, subcloning, transformation, and gel electrophoresis
were performed as described (23).

Kinetic Analysis—Kinetics parameters of SagUGLs (W,
T235A, S365H, S368G, and K370I) and BacillusUGLs (WT,
H339S, G342S, and 1344K) toward A6S or sulfate-free unsat-
urated chondroitin disaccharide (AOS) were determined as
follows. The activity of UGLs was assayed at 30 °C by moni-
toring the decrease in absorbance at 235 nm arising from the
double bond (molar extinction coefficient €,55 = 4,800 M~
cm ™) in the substrates. The reaction mixtures consisted of
substrate, 20 mm Tris-HCI (pH 7.5), and enzyme. The range
of substrate concentration was fixed at 0.05—1.0 mm because
the absorbance at 235 nm of the substrate at over 1.0 mm ex-
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ceeded measurement limitations on the spectrometer. K, and
k_,. were calculated using the Michaelis-Menten equation

cat

with KaleidaGraph software (Synergy Software).

RESULTS AND DISCUSSION

Streptococcal UGL Involved in Heparin Degradation—In
our previous studies (21, 22), Bacillus and streptococcal UGLs
have been identified to degrade unsaturated chondroitin and
hyaluronan disaccharides. Both chondroitin and hyaluronan
include B-GIcUA as a component, whereas a-IdoUA, a C-5
epimer of GlcUA, is predominant (ratio in uronates, >70%) in
heparin molecules (3). There is also a difference in glycoside
bond pattern between chondroitin/hyaluronan and heparin/
heparan sulfate. The 1—3 glycoside bond is present between
uronate and amino sugar residues in chondroitin and hyalu-
ronan, although both heparin and heparan sulfate contain the
1—4 glycoside bond between uronate and amino sugar resi-
dues. Thus, the enzyme activity of SagUGL was investigated
using unsaturated heparin disaccharides with and without
sulfate group(s) as a substrate. The sulfate-free unsaturated
heparin disaccharide was completely degraded to unsaturated
uronic acid and GlcNAc by SagUGL (Fig. 1B, lane 5). In com-
bination with previously reported data, this result indicates
that the enzyme acts on unsaturated a-IdoUA (AIdoUA) as
well as unsaturated B-GlcUA residues in substrates and
cleaves both glycoside bonds 1—3 and 1—4. The formation of
a double bond between C-4 and C-5 atoms leads to loss of
epimerization in GIlcUA and IdoUA. In fact, C-3, C-4, C-5,
and C-6 atoms of AGIcUA were determined to be located in a
single plane through structural analysis of UGL and unsatur-
ated glycosaminoglycan disaccharide (18). Thus, the degrada-
tion of both unsaturated chondroitin and heparin disacchar-
ides by UGL was chemically appropriate because each
nonreducing terminus showed the same conformation.

The activity of UGL on AGIcUA- and AldoUA-containing
glycosaminoglycan disaccharides suggests that each glyco-
saminoglycan in mammalian extracellular matrices is first
depolymerized to unsaturated disaccharides by a specific po-
lysaccharide lyase, and the resultant unsaturated disacchar-
ides are degraded to the constituent monosaccharides by a
single enzyme, UGL. Sulfate-bound disaccharides, such as
unsaturated heparin disaccharides with sulfate group(s) at
either or both the C-6 position of the GIcNAc residue or the
nitrogen position of the GlcN residue, were also degraded by
SagUGL (supplemental Fig. S1). Similar to chondroitin and
heparin, heparan sulfate and dermatan sulfate include IdoUA
and/or GIcUA and sulfate group(s) in their molecules (3).
Therefore, streptococcal UGLs are considered as one of the
key enzymes for degradation of all uronate-including glyco-
saminoglycans, chondroitin, hyaluronan, heparin, heparan
sulfate, and dermatan sulfate after reactions of polysaccharide
lyases.

Enzyme Affinity for Sulfated Substrate—Streptococcal
UGLs, including SagUGL, showed a preference for sulfate-
bound unsaturated disaccharides from glycosaminoglycans
(e.g. chondroitin and heparin) (22). Because this preference of
streptococcal UGLs was thought to be dependent on sub-
strate binding, catalytic action, or both, SagUGL and Bacil-
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FIGURE 1. UGL reaction. A, scheme of heparin degradation by UGL. The heparin molecule contains GlcUA and IdoUA. Dotted and solid arrows indicate the
cleavage sites for polysaccharide lyases and UGL and the degradation pathway for polysaccharides, respectively. B, unsaturated glycosaminoglycan disac-
charides were incubated at 30 °C with SagUGL, and the resultant products were detected on the TLC plate. Lane 1, GIcUA (70 nmol); lane 2, GIcNAc (70
nmol); lane 3, GalNAc (70 nmol); lane 4, unsaturated heparin disaccharide (52.5 nmol); lane 5, unsaturated heparin disaccharide (52.5 nmol) with SagUGL;
lane 6, A0S (52.5 nmol); lane 7, A0S (52.5 nmol) with SagUGL; lane 8, unsaturated hyaluronan disaccharide (52.5 nmol); and lane 9, unsaturated hyaluronan
disaccharide (52.5 nmol) with SagUGL. C, A4S (150 nmol) was incubated at 30 °C with SagUGL or BacillusUGL, and the resultant products were detected on
the TLC plate. Lane 1, A4S (150 nmol); lane 2, A4S (150 nmol) with SagUGL; lane 3, A4S (150 nmol) with BacillusUGL WT; and lane 4, A4S (150 nmol) with Ba-

cillusUGL H210R.

TABLE 1
Kinetic parameters of bacterial UGLs
A6S A0S
K, Keat keail K, K, Keat keail K,
mm st s tmm ! mm st s tmm !
SagUGL
WwWT 0.100 * 0.0283 10.2 = 0.662 102 1.27 = 0.0941 2.69 £ 0.128 2.12
T235A 1.75 = 0.344 3.96 = 0.554 2.26 ND“ ND ND
S365H 2.36 = 0.160 3.85 £0.199 1.63 0.763 = 0.215 1.69 £ 0.255 2.21
S368G 0.191 * 0.0269 24.8 £1.12 130 1.40 = 0.332 10.8 = 1.71 7.71
K370I 1.47 = 0.191 41.6 = 3.84 28.2 0.371 = 0.0692 3.97 £0.297 10.7
BacillusUGL
WT 18.6 = 6.61 549 * 18.3 2.95 0.381 = 0.0394 14.1 = 0.625 36.8
H339S 7.19 £ 1.54 24.5 £ 4.70 341 0.861 = 0.147 16.9 = 1.40 19.6
G342S 7.00 £ 2.65 20.9 £7.09 2.99 0.504 = 0.0405 18.2 + 0.665 36.1
1344K 2.20 £ 0.105 39.8 £ 141 18.1 0.566 = 0.0928 23.8 £ 1.86 42.0

“ ND, kinetic parameters could not be determined due to the very low activity.

lusUGL were kinetically analyzed using sulfate-free (A0S) and
-bound (A6S) unsaturated chondroitin disaccharides as sub-
strates (Table 1). We interpreted the kinetic parameters listed
in Table 1 as follows. We treated kinetic parameters with
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higher Michaelis constants (K, over 1 mm) as estimations
because kinetic studies of bacterial UGLs with the higher con-
centrations (over 1 mm) of substrate were difficult to perform
because of their high absorbance at 235 nm. We determined
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kinetics parameters of SagUGL toward AOS and A6S. The K,
value (1.27 mm) toward AOS was over 10-fold higher than that
(0.100 mm) toward A6S, whereas turnover number (k_,,) to-
ward AOS was about 3.8-fold smaller than that toward A6S. In
comparison with the great difference in the affinity for sub-
strate (K,,,), the difference in k_,, was considered to be insig-
nificant. This result indicates that the enzyme exhibits a
higher affinity for A6S than A0S, and its substrate specificity
mostly depends on substrate binding. In contrast, Bacil-
lusUGL showed a preference for the unsulfated substrate
rather than the sulfated substrate because of its high affinity
(around 50-fold), although the differences in &, of the en-
zyme toward AOS and A6S were less than 4-fold.
Based on the kinetics of SagUGL and BacillusUGL, we con-
clude that the activity on the sulfated substrate was mainly
dependent on the affinity for the substrate rather than turn-
over number. This lesser effect of k_,, on substrate specificity
was likely due to the multiple actions of UGL strictly on
AGIcUA but not on amino sugar (18), i.e. (i) proton donation
to the C-4 atom of AGIcUA, (ii) deprotonation of the water
molecule, (iii) addition of the water molecule to the C-5 atom
of AGIcUA, (iv) cleavage of the glycoside bond, and (v) con-

version of AGIcUA to a-keto acid. Hereafter, substrate speci-

ficity was analyzed based on the affinity (K,,,) for the substrate.

The substrate specificity of SagUGL is suggestive of its
structural features for specific binding to sulfate groups in the
substrate. To clarify structural determinants for sulfate bind-
ing, we performed x-ray crystallography of the enzyme-sub-
strate complex.

Loop Movement over Active Cleft—In a previous study,
SagUGL was crystallized in a drop solution using ammonium
sulfate as the major precipitant, and the crystal structure of
the ligand-free enzyme was determined at 1.75-A resolution
(22). In this study, we conducted many experiments to pre-
pare the enzyme-substrate complex through a soaking treat-
ment of crystals in the substrate solution but failed to obtain
the complex. Thus, crystallization conditions were rescreened

to accommodate the substrate at the active site of the enzyme.

Another crystal of SagUGL WT formed in a drop solution
using polyethylene glycol as the major precipitant, and it
showed crystallographic properties different from the previ-
ously reported crystal (22). This crystal belongs to the C2
space group with unit cell dimensions of 2 = 104.8 A, b =
53.2 A, ¢ =70.1 A, and B = 96.6°. Furthermore, we subjected
the crystal to structure determination at 1.95-A resolution via
molecular replacement using the previous structure (Protein
Data Bank code 2ZZR) as an initial model. The details of data
collection and model refinement statistics are summarized in
supplemental Table S2.

The overall structure, (a/a)4-barrel, of SagUGL in the C2
crystal was very similar to the previously determined struc-
ture (22) (Fig. 24), although residues 151-171 were not as-
signed because of disorder. Furthermore, we observed a con-
formational change, i.e. loop movement over the active cleft,
in this model that suggests that the loop (residues 219 -236)
has flexible motion. Because this loop covers the active cleft
to interact with the substrate in the resulting structure of the
enzyme-substrate complex (Fig. 2, B and C), the enzyme
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adopts a “closed form.” We estimated the oscillation length of
the loop at the edge (Thr-227) to be 16.3 A (Fig. 24). The
loop flexibility was also evidenced based on the average
B-factor. The B-factor of the loop showed a high score
(40.3 A?), although the entire molecule of the enzyme had
a B-factor of 21.9 A% The flexibility of the loop (residues
219-236) was found to be important for enzyme activity
through the following structure determination of the en-
zyme-substrate complex and site-directed mutagenesis ex-
periments. Briefly, we found that Gly-233 and Thr-235,
both of which are located in the loop region, directly inter-
act with the substrate (Fig. 2C), and the T235A mutant ex-
hibited little enzyme activity (Table 1).

Structure of Enzyme-Substrate Complex—To analyze the
interaction between SagUGL and substrate, we used the pre-
viously constructed mutant D175N with Asp-175 substituted
with Asn for crystallization because the mutant exhibits no
enzyme activity. The role of Asp-175 is as follows. Asp-175
acts as a general acid catalyst and donates a proton to the
double bond (C-4 atom). Subsequently, Asp-175 also acts as a
general base catalyst and deprotonates the water molecule.
We treated the freshly prepared D175N crystals belonging to
the C2 space group with and without A6S and subjected them
to structure determination. Crystal structures of A6S-free and
-bound D175N were determined by the molecular replace-
ment method using the previous structure (Protein Data Bank
code 2ZZR) as an initial model (Fig. 2B). The details of data
collection and the model refinement statistics are summa-
rized in supplemental Table S2. Both D175N and D175N-A6S
models are structurally identical to the closed form of WT
(D175N, root mean square deviation = 0.708 A for 364 Cq;
D175N-A6S, root mean square deviation = 0.644 A for 370
Ca) and lacked about 20 residues (D175N, residues 153-171;
D175N-A6S, residues 152—171) because of disorder. The sub-
strate A6S is well fitted in the electron density map with an
average B-factor of 42.6 A? (Fig. 34) and bound to the active
cleft (Fig. 2B).

The crystal structure of D175N-A6S revealed the binding
mode of the substrate A6S molecule to the active site cleft
(Fig. 3B). There are several interactions between the enzyme
and substrate through hydrogen bonds and van der Waals
contacts (Table 2). Subsites are defined such that —#u repre-
sents the nonreducing terminus and +# represents the reduc-
ing terminus, and cleavage occurs between the —1 and +1
sites (36). Because the glycoside bond in unsaturated glyco-
saminoglycan disaccharides is cleaved through the UGL reac-
tion, uronate and amino sugar residues are positioned at —1
and +1 subsites, respectively. AGIcUA residue is accommo-
dated at the —1 subsite via six hydrogen bonds by four resi-
dues (Asp-115, Asn-175, Arg-247, and Trp-251) and stacking
with six residues (Trp-69, Asp-115, Phe-118, Asn-175, Trp-
245, and Arg-247). In particular, a Trp-69 residue is parallel to
the pyranose ring of AGIcUA through a stacking interaction.
These interactions of SagUGL with AGIcUA are comparable
with those of BacillusUGL with AGIcUA (D88N-AO0S) (18).

At subsite +1, seven hydrogen bonds by five residues (Asp-
115, Gly-233, Thr-235, Ser-365, and Ser-368) as well as stack-
ing and electrostatic interactions with five residues (Trp-69,
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A  Thr-227

Thr-227

FIGURE 2. Conformational change of SagUGL. A, superimposition of closed (red) and open (blue) forms of SagUGL WT (stereodiagram). The flexible loop
moves with an oscillation width of 16.29 A as indicated by the broken line. B, A6S (yellow) is accommodated at the active site of SagUGL D175N (cyan) in the
closed form (stereodiagram). C, Gly-233 and Thr-235 binding to the substrate (stereodiagram).

Thr-235, Tyr-364, Ser-365, and Lys-370) are formed between
the enzyme and the GalNAc residue with a sulfate group at
the C-6 position (GalNAc6S). Distinct from those interactions
between the enzyme and AGIcUA, there is a difference in the
binding mode between SagUGL (D175N-A6S) and Bacil-
lusUGL (D88N-AO0S) to the amino sugar residue (18), al-
though the difference is partly generated from the presence of
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a sulfate group in the amino sugar (GalNAc6S). Of note, Gly-
233 and Thr-235 bound to the pyranose frame of GaINAc6S
are located in the flexible loop.

The carbonyl oxygen atom of Gly-233 in the flexible loop is
directly hydrogen-bonded to O-1 of GaINAc6S (Fig. 2C and
Table 2). In addition, the side chain of Thr-235 in the loop
also binds to GaINAc6S through formation of both hydrogen
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FIGURE 3. Active site structure of SagUGL D175N in complex with A6S. A, electron density of A6S in the omit (F, — F.) map calculated without the sub-
strate and contoured at the 2.5 (green) and 3.0 o (red) levels. B, interaction of SagUGL D175N with A6S (stereodiagram). Several residues bind to A6S
through the formation of hydrogen bonds (broken lines). Atoms carbon, oxygen, nitrogen, and sulfur of A6S are colored yellow, pink, blue, and green, respec-
tively. C, superimposition of SagUGL D175N-A6S complex (red) and BacillusUGL D88N-A0S complex (blue).

bonds and van der Waals contacts. To clarify the role of Thr-
235 in the enzyme reaction, we constructed a site-directed

mutant, T235A, and subjected it to an enzyme assay (Table 1).

In comparison with WT (K, = 0.100 mm), T235A exhibited
less affinity (K, = 1.75 mm) for the substrate A6S. Further-
more, in the case of AOS as the substrate, no enzyme activity
of T235A was detected. These results suggest that interaction
of the flexible loop with GalNAc6S in A6S or GalNAc in A0S
is essential to the enzyme reaction.

Sulfate Group-binding Residues—Because SagUGL exhibits
a maximal activity toward A6S among various glycosamin-
oglycan disaccharides mostly due to its high affinity for the
substrate (Table 1), hereafter we focused on examination of
SagUGL recognition of the sulfate group at the C-6 position
of the GalNAc residue in the substrate. There are three direct
hydrogen bonds between the sulfate group and the enzyme
(Table 2): O-1S+Ser-365 Oy (2.9 A), O-1S-Ser-368 Oy (2.6
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A), and 0-25-+Ser-368 Oy (3.0 A). In addition, a positively
charged residue, Lys-370, is situated around the negatively
charged sulfate group in the substrate. No water molecules
are included around the sulfate group in the D175N-A6S
complex. The residues Ser-365, Ser-368, and Lys-370 are
completely conserved in UGLSs of other pathogenic strepto-
coccal species (S. pneumoniae and S. pyogenes) that are highly
active on the sulfated substrate A6S but not in BacillusUGL,
which indicates a preference for the unsulfated substrate AOS.
In the case of BacillusUGL, Ser-365, Ser-368, and Lys-370
instead correspond to His-339, Gly-342, and Ile-344, respec-
tively. Thus, we constructed three SagUGL mutants, S365H
(Ser-365 to His), S368G (Ser-368 to Gly), and K370I (Lys-370
to Ile), which were overexpressed in E. coli cells, and purified
each of them to homogeneity. Subsequently, we kinetically
analyzed the enzyme characteristics of these mutants (Table
1). Compared with SagUGL WT, all three of these mutants,

“BSENE\
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TABLE 2
Interaction between SagUGL D175N and A6S
Hydrogen bonds (<3.3 A) van der Waals contact (C-C distance <4.5 A)
Sugar Atom Protein Atom Distance Sugar Atom Protein Atom
A
AGIcUA 0-2 Asp-115 082 2.6 AGIcUA C-1 Trp-69 Cé2,CL2, Cy, Cél, Ce2
0-3 Asn-175 0é1 3.1 C-2 Asp-115 Cy
Asp-115 082 3.2 C-3 Asn-175 Cy
0-6A Arg-247 Nn2 2.7 Asp-115 Cy
0-6B Trp-251 Nel 3.1 Trp-69 C82, Ce3, C{3, Cn2, CL2, Ce2
Arg-247 Ne 2.9 Phe-118 Cé1, Cel
GalNAc6S O-1 Gly-233 (@] 2.8 C-4 Asn-175 Cy
0-4 Thr-235 Oyl 2.5 Trp-69 C82, Ce3, C3,Cn2, CL2, Ce2
0O-5 Thr-235 Oyl 3.2 Phe-118 Cel
0O-7 Asp-115 0éd1 3.0 C-5 Trp-69 C{3,Cn2, CL2, Ce2
0O-1S Ser-365 Oy 2.9 C-6 Trp-245 Cn2, C{2
Ser-368 Oy 2.6 Trp-69 Cn2,C{2
0-2S Ser-368 Oy 3.0 Arg-247 C¢
GalNAc6S C-3 Trp-69 Cé1
C-4 Tyr-364 Cel, C¢
C-5 Tyr-364 Cel, C¢
C-6 Thr-235 Cy2
Tyr-364 Cel, Ce2, C¢
Ser-365 CcB
C-7 Trp-69 Cé1
C-8 Trp-69 Cé1

especially S365H and K3701, showed greatly increased K,
values for A6S, indicating that the affinity of the mutants for
the substrate was drastically reduced. In contrast, the binding
affinity of S365H and K3701 for A0S increased, and their K,
values toward AOS were determined to be lower than those
for the mutants toward A6S. These results indicate that
S365H and K370I are converted to a BacillusUGL-like enzyme
with a preference for unsulfated substrates.

To verify that the Ser-365, Ser-368, and Lys-370 residues
are responsible for binding to the sulfate group at the C-6 po-
sition of the GalNAc residue in A6S, we also carried out the
sequence conversion of BacillusUGL to a SagUGL-like en-
zyme. Three mutants of BacillusUGL, H339S (His-339 to Ser),
G342S (Gly-342 to Ser), and 1344K (Ile-344 to Lys), were con-
structed and subjected to an enzyme assay. We determined
that the K, values of the three mutants toward A6S were
lower than that of BacillusUGL WT, demonstrating that the
mutants showed higher affinity for A6S than WT. To the con-
trary, the affinity of the mutants for AOS was slightly lower
than that of WT, although the mutants still exhibited a pref-
erence for the unsulfated substrate rather than the sulfated
substrate.

Because sulfate groups are negatively charged, we examined
the electrostatic level on the molecular surface of both
SagUGL and BacillusUGL. Although the active pocket bind-
ing to acidic AGIcUA was positively charged on both en-
zymes, the SagUGL region that interacted with the sulfate
group showed a highly positive charge mainly due to the pres-
ence of Lys-370 (Fig. 4). This positive charge, which is crucial
for sulfate binding, was also supported by mutational analysis
of K370L In contrast, the corresponding region of Bacil-
lusUGL was determined to be negatively charged.

In our recent study (22), Arg-236 was suggested to be one
of the key residues involved in degradation of unsaturated
chondroitin disaccharide with a sulfate group at the C-4 posi-
tion of the GalNAc residue (A4S) through site-directed mu-
tagenesis and in silico modeling. Because Arg-236 corre-
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FIGURE 4. Electric charge on molecular surface of UGL active site.
A, SagUGL D175N-A6S complex. B, BacillusUGL D88N-A0S complex. Positive
and negative charges at pH 7.0 are colored blue and red, respectively.

sponds to His-210 in BacillusUGL, we constructed and
characterized a mutant of BacillusUGL, H210R. The substrate
A4S was degraded by BacillusUGL H210R similarly to
SagUGL but not by BacillusUGL WT (Fig. 1C). This molecu-
lar conversion indicates that Arg-236 of SagUGL is responsi-
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ble for recognition of the sulfate group at the C-4 position of
the GalNAc residue in A4S.

In this study, SagUGL was found to act on unsaturated
chondroitin, hyaluronan, and heparin disaccharides, demon-
strating that this enzyme is involved in complete degradation
of various uronate-containing glycosaminoglycans after treat-
ment with polysaccharide lyases. Other than Bacillus and
streptococcal enzymes, previous studies have also character-
ized two UGLs of a soil isolate, Flavobacterium heparinum
(37, 38). One of the flavobacterial UGLs was found to be spe-
cific for unsaturated heparin disaccharides with a 1—4 glyco-
side bond, and the other was determined to prefer unsatur-
ated chondroitin and hyaluronan disaccharides with a 1—3
glycoside bond. A single copy of UGL is included for each
Streptococcus in the CAZy database, whereas Flavobacterium
johnsoniae UW101, a probable close relative of F. heparinum,
has two mutually homologous genes that code for UGL in the
genome. Both the broad activity of streptococcal UGL toward
various glycosaminoglycans and its single gene copy in the
genome provide evidence that the enzyme is unique in strep-
tococci responsible for degrading uronate (AGIcUA and
AldoUA)-containing glycosaminoglycan disaccharides.

In addition to Arg-236, three other residues, Ser-365, Ser-
368, and Lys-370, were shown to be involved in binding to
sulfate groups in unsaturated chondroitin disaccharides, al-
though the mutant (S368G) exhibited sufficient enzyme activ-
ity for binding. Therefore, the arrangement of four residues is
identified to form the motif “R-//-SXX(S)XK” that is crucial
for degradation of sulfated glycosaminoglycans. The hyphen
and slash marks in the motif indicate the presence of over 100
residues in the enzyme. The parentheses indicate that Ser-368
makes little contribution to enzyme activity. This motif is
completely conserved in various UGLs from pathogenic spe-
cies, including Clostridium perfringens, Enterococcus faecalis,
Erysipelothrix rhusiopathiae, Mycoplasma fermentans, and
streptococci such as S. agalactiae, Streptococcus equi, S. pneu-
moniae, S. pyogenes, and Streptococcus suis. In contrast, non-
pathogenic soil isolates Bacillus sp. GL1 and F. heparinum
include no such motif (supplemental Fig. S2). Some bacteria
such as F. heparinum (39, 40) and Bacteroides thetaiotaomi-
cron (41) can assimilate glycosaminoglycans as a sole carbon
source. Glycosaminoglycan lyases and UGL are also prerequi-
sites for cell growth in these bacteria. Although the motif for
degradation of sulfated glycosaminoglycans is not induced in
F. heparinum UGL, this bacterium produces some sulfatases
involved in desulfation of glycosaminoglycans (42, 43).

The adhesion of pathogenic bacteria to mammalian cells is
regarded as a primary mechanism of bacterial infection and
plays an important role in the various secondary effects of the
infectious process. Glycosaminoglycans present as an impor-
tant component of the cell surface matrix are typical targets
for microbial pathogens that invade host cells (44). Many spe-
cific interactions between pathogens and glycosaminoglycans
have been described previously (45). Among these bacteria,
pathogenic enterococci and streptococci have been shown to
interact with various human glycosaminoglycans as follows. E.
faecalis binds to heparin and heparan sulfate (46). A cell sur-
face protein, alpha C protein, of S. agalactiae recognizes gly-
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cosaminoglycans, likely heparin and heparan sulfate (47). S.
pneumoniae binds to chondroitin sulfate, heparin, and hepa-
ran sulfate (48). S. pyogenes binds to dermatan sulfate, hepa-
rin, and heparan sulfate (49). These targeted glycosaminogly-
cans (i.e. chondroitin sulfate, heparin, and heparan sulfate) are
frequently sulfated; the sulfation level per repeating disaccha-
ride unit was found to be 2.4 for heparin, 1.0 for chondroitin
sulfate, and 0.8 —1.4 for heparan sulfate (45). Therefore, sul-
fate groups in glycosaminoglycans are important for interac-
tions between pathogenic bacteria and human cells. These
interactions play a crucial role in promoting bacterial adhe-
sion and invasion into human host cells. Although a large
number of bacteria encode genes for UGL as well as for glyco-
saminoglycan lyases classified to the polysaccharide lyase
family 8 in the CAZy database, it seems that pathogenic bac-
teria with the motif R-//-SXX(S)XK in the UGL sequence in-
teract with sulfated glycosaminoglycans. Little knowledge has
been accumulated on the molecular mechanism for the inter-
action between streptococci and glycosaminoglycans with the
exception of the alpha C protein; therefore, further studies are
necessary for elucidation of the involvement of glycosamin-
oglycan degradation in streptococcal adhesion to mammal
cells.

In conclusion, this is, to our knowledge, the first report on
the substrate recognition mechanism of streptococcal UGL
through determination of crystal structure of the enzyme-
substrate complex. This bacterial UGL can act on unsaturated
heparin disaccharides in addition to unsaturated chondroitin
and hyaluronan disaccharides because the enzyme triggers
hydration of the vinyl ether group in unsaturated uronate res-
idues (AGIcUA and AIdoUA). Examination of the active site
structure of the sulfated substrate-bound UGL mutant and
subsequent site-directed mutagenesis suggest that the motif
R-//-SXX(S)XK in UGL is prerequisite for degradation of sul-
fated substrate.
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