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Background: The three-dimensional structures of B-glucuronidase have been solved only for the GH2 enzymes.

Results: AcGIcA79A is composed of a (8/a)g-barrel domain and a B-domain.

Conclusion: The substrate binding site of AcGIcA79A is adapted for recognition of GIcA as a substrate.

Significance: This is the first report describing the crystal structure, mechanism, and catalytic residues of a GH79 enzyme.

We present the first structure of a glycoside hydrolase family
79 B-glucuronidase from Acidobacterium capsulatum, both as a
product complex with B-p-glucuronic acid (GlcA) and as its
trapped covalent 2-fluoroglucuronyl intermediate. This enzyme
consists of a catalytic (8/a)g-barrel domain and a 3-domain
with irregular Greek key motifs that is of unknown function.
The enzyme showed f3-glucuronidase activity and trace levels of
B-glucosidase and B-xylosidase activities. In conjunction with
mutagenesis studies, these structures identify the catalytic resi-
dues as Glu'”? (acid base) and Glu?>®” (nucleophile), consistent
with the retaining mechanism demonstrated by "H NMR analy-
sis. Glu*®, Tyr?*3, Tyr?*>-Gly**%, and Tyr*>* form the catalytic
pocket and provide substrate discrimination. Consistent with
this, the Y292 A mutation, which affects the interaction between
the main chains of GIn*>** and Gly*** and the GlcA carboxyl
group, resulted in significant loss of B-glucuronidase activity
while retaining the side activities at wild-type levels. Likewise,
although the B-glucuronidase activity of the Y334F mutant is
~200-fold lower (k_,,/K,,) than that of the wild-type enzyme, the
B-glucosidase activity is actually 3 times higher and the f3-xylo-
sidase activity is only 2.5-fold lower than the equivalent param-
eters for wild type, consistent with a role for Tyr>>* in recogni-
tion of the C6 position of GlcA. The involvement of Glu*® in
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discriminating against binding of the O-methyl group at the C4
position of GlcA is revealed in the fact that the E45D mutant
hydrolyzes PNP-B-GlcA approximately 300-fold slower (k.,./
K,,) than does the wild-type enzyme, whereas 4-O-methyl-
GlcA-containing oligosaccharides are hydrolyzed only 7-fold
slower.

B-Glucuronidases hydrolyze 8-glucuronic acid (GlcA)®-con-
taining carbohydrates to release GlcA and are generally found
in microorganisms, plants, and animals. GlcA is a component of
proteoglycans, such as chondroitin sulfate proteoglycan, hepa-
ran sulfate proteoglycan, and hyaluronan from animals and ara-
binogalactan proteins from higher plants. Because B-glucu-
ronidases are involved in the metabolism of proteoglycans,
they are of biochemical, physiological, and medical interest.
B-Glucuronidases have been used as reporter genes in many
biological experiments in a manner similar to the use of green
fluorescent protein and luciferase. B-Glucuronidases are clas-
sified into three glycoside hydrolase (GH) families, GH1, GH2,
and GH79, according to their amino acid sequences in the Car-
bohydrate-Active EnZymes (CAZy) database (1, 2). The GH79
family includes heparanase (EC 3.2.1.166), baicalin-B-p-glucu-
ronidase (EC 3.2.1.167), 4-O-methyl-B-glucuronidase, and
B-glucuronidase (3-7). GH79, along with GH2, belongs to the
GH-A clan (1, 2). The first reported crystal structure of a 3-glu-
curonidase was of the human GH2 enzyme (8), which was fol-
lowed by the report of the Escherichia coli GH2 B-glucuroni-
dase structure (9). The GH2 family consists of only exo-acting

® The abbreviations used are: GlcA, glucuronic acid; AcGIcA79A, B-glucuron-
idase from A. capsulatum; GH, glycoside hydrolase; MeGIcA, 4-O-methyl-
GlcA; PNP, p-nitrophenol; PNP-B-Glc, PNP-B-glucopyranoside; PNP-B-Xyl,
PNP-B-xylopyranoside; PNP-B-GIcA, PNP-B-glucuronide; MeGlcA-B-1,6-
Gal,, MeGIcA-B-1,6-Gal-B-1,6-Gal; DNP-2FGIcA, 2',4'-dinitrophenyl 2-
deoxy-2-fluoro-B-p-glucuronide.
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enzymes, such as B-galactosidases, [-mannosidases, and
B-glucuronidases, whereas the GH79 family consists of both
exo-acting (B-glucuronidase) and endo-acting (heparanase)
enzymes. Human heparanase plays a decisive role in disease-
related processes, such as cell invasion, angiogenesis, and can-
cer metastasis. Several structural models of heparanase have
been generated by computer programs using known clan GH-A
structures as templates (10 -12). However, to date, no experi-
mental structure or even a preliminary crystallization report of
a GH79 enzyme is available; the three-dimensional structure of
a GH79 enzyme is eagerly anticipated.

For many years, bacterial B-glucuronidases were believed to
be restricted to E. coli and closely related Enterobacteriaceae.
Recently, however, the enzyme activity has been found among
non-enterobacterial, anaerobic residents of the digestive tract,
such as Bacteroides and Clostridium (13-15). Although these
species exhibit lower 3-glucuronidase activity than E. coli, they
are ~100-fold more abundant. Hence, it is suggested that they
make a significant overall contribution to the enterohepatic cir-
culation. Other bacterial genera with B-glucuronidase activity
are Streptococcus, Staphylococcus, Corynebacterium, Alcali-
genes, and many soil bacteria (16). In these bacteria, the enzyme
is involved in carbohydrate and energy metabolism and may
contribute to invasion during bacterial pathogenesis.

In contrast, GH79 B-glucuronidases from Arabidopsis thali-
ana, Aspergillus niger, and Neurospora crassa have been
reported to act on plant proteoglycans (5-7). The A. niger and
N. crassa enzymes have been shown to release both GlcA and
4-O-methyl-GlcA (MeGlcA) from arabinogalactan proteins (6,
7). No GH2 B-glucuronidases are known in plants, and no GH2
B-glucuronidase homologous sequences have been found in
plants (17). Therefore, GH79 enzymes appear to play important
roles in the metabolism of plant proteoglycans.

Thus, B-glucuronidases play an important role in plants, ani-
mals, and probably microorganisms. In this study, we present
the three-dimensional structure of B-glucuronidase from Aci-
dobacterium capsulatum (AcGlcA79A); this is the first struc-
ture of a GH79 enzyme. We also performed mutagenesis stud-
ies based on the structure of the enzyme-GlcA complex. Our
results clearly demonstrate the structure-function relationship
of GH79 B-glucuronidase and will help guide studies of other
GH79 enzyme systems.

EXPERIMENTAL PROCEDURES

Substrates—p-Nitrophenyl (PNP)-glycosides including PNP-3-
glucopyranoside (PNP-B-Glc), PNP-B-xylopyranoside (PNP-S-
Xyl), and PNP-B-glucuronide (PNP-B-GlcA) were purchased
from Sigma. MeGlcA-B-1,6-Gal-B-1,6-Gal (MeGlcA--1,6-Gal,)
was prepared as described previously (6), and 2',4’-dinitrophenyl
2-deoxy-2-fluoro-B-p-glucuronide (DNP-2FGIcA) was synthe-
sized according to a method described previously (18).

Expression of AcGlcA79A and Mutant Generation—A. cap-
sulatum NBRC15755 was obtained from the National Institute
of Technology and Evaluation (Kazusa, Japan). The gene
encoding a putative B-glucuronidase (ACP_2665; GenBank™
accession number AC0O32043) was amplified from A. capsula-
tum genomic DNA by PCR using Phusion DNA polymerase
(Finnzymes, Espoo, Finland) and the following primers: for-
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TABLE 1

Data collection and structure refinement statistics of AcGIcA79A
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B-Glucuronidase from A. capsulatum

TABLE 2
Activity of wild type (WT) and mutants of AcGIcA79A against 1S
PNP-B-GIcA 22
Each set of results is based on the average of three independent measurements. g e N
Results are means = S.E. _
Relative S E’ oo
K, ke kK, to WT 20| °2
- - gx| XX
mm st v s ;3 : ;
wT 0.015 * 0.001 34 +1 2303 1 =
E173G 0.5 20X 10* R
E173A 0.1 56X 1073 < ls222
E287G 0.2 9.1%x10°° = 3T xxx
—: = 3
Y334F 57 %05 67 %5 12 52X 1073 2| | fonw
Y243A 0.55 24X 107* Q o
Y219A 0.030 = 0.001 31+1 1026 0.5 B o ¥
H327N  55*04 454 8 35X 1073 & coo
H327S 0.57¢ 25X 107* DORY
E45D 48+ 0.6 36 +3 8 33x10°° OFONA
“The enzyme (0.1 um) was incubated with PNP-B-GIcA at a concentration of 1.5 i 3 f‘ :;
uM. Kinetic parameters were not determined because mutants were too inactive 3l I
to obtain individual kinetic constants. The activity of the rest of mutants such as Lob
E173Q, E287A, E287Q, Y334W, Y292A, H327K, H327T, and E45Q was not de- R
4 . X X X
tected under this condition. '~ o %
g
ward, 5'-CAT ATG GCT TTT GCC CGC GGC GGA CTG | =
GCT-3'; reverse, 5'-AAG CTT AGC GAA TTC GAG CAA K| Ehla
TGC GCC GGA-3'. The amplified DNA was cloned into .
pET30(+) (Novagen, Darmstadt, Germany) at Ndel and % ;
HindIII restriction enzyme sites (underlined). Recombinant ze| _%
enzymes were expressed using the T7 expression system in _
E. coli BL21-Gold(DE3) (Novagen) and purified with a C-termi- 5 S| Lo
nal histidine tag (supplemental Fig. S1). Amino acid substitu- I E g X%
. . . . 2w 1]
tions in AcGIcA79A were generated by inverse PCR using the £18 ol 28
expression vector pET30/AcGIcA79A as template DNA and g 2 TR
. . . ) . 2
the appropriate primers. Expression of mutants and their puri- 8|3 MEEEE
. . . . = o 3 L X X X
fication were performed in the same way as for wild-type A gl < Einacx
AcGIcA79A. Further details can be found in the supplemental = i 2 e
Experimental Procedures. > i % 72 72 “72
Crystallization, Data Collection, and Structural Deter- Zz X X
o
mination—Initial crystallization screening of AcGIcA79A was T g | S38
conducted by the sitting drop, vapor diffusion method at 20 °C, N | A
mixing 0.3 ul of the protein solution (4.6 mg ml™') and an equal 0 £ sog
volume of precipitant against 50 ul of reservoir solution using ;'.'- g Xxx 3
the following commercially available kits: JCSG+ Suite (Qia- Fa SRS 2
gen, Diisseldorf, Germany), Crystal Screen HT, and Index HT < = 249 E
L . Voo S
(Hampton Research, Aliso Viejo, CA). After refinement of the O 5 | S 3
P s . ] — o g
crystallization conditions, AcGIcA79A was crystallized by the ;'.‘- g —o < !
sitting drop, vapor diffusion method with a precipitant solution Zz z o 7 g
. . - 5 =K =] o
composed of 2.0 M sodium phosphate monobasic monohy- 82 £ » =
drate/potassium phosphate dibasic (0.5:9.5 (v/v), pH not £ g ze a %’
. . . . — —n S
adjusted) and with a protein concentration of 2.5 mg ml ', 8 = <3 i
. . . . =] ~ —_— =
Crystals with maximum dimensions of 200 X 200 X 500 um £ £ | e 83%
. . cels > |7 v
were consistently obtained within a few days at 20 °C. Sel- 25 % N ‘§ gaglesl
. . S o — -
enomethionine (Se-Met)-labeled AcGlcA79A was produced g 2 |& . |E5E
. , L. o ] — s
using the E. coli B834(DE3) methionine auxotroph and was 2z g Jae T :E
crystallized under the same conditions as for the native enzyme. % £ = 35 % %'{%
The GIcA complex was prepared by soaking the AcGIcA79A < _§ = == :
crystals in crystallization liquor containing GlcA powder for 5 E g d = 3 s GU Z ’Z\
min. The fluorinated glucuronide (2FGlcA) intermediate com- 5 o S I B
plex was prepared by adding the crystallization liquor contain- - S (£ %
ing 0.3% (w/v) DNP-2FGIcA into the AcGIcA79A crystalliza- “é §’ o 28 £
tion drop and incubating for 5 min. w22 g - 3 KX g
Diffraction experiments were conducted at the Photon Fac- a 2 _E S| 209(|x<E
tory (PF) or the PF-Advanced Ring (PF-AR), High Energy E <8 e
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TABLE 4

Activity of AcGIcA79A wild type and E45D mutant for PNP-B-GIcA and MeGlIcA--1,6-Gal,
The assay using MeGlcA-B-1,6-Gal, was performed in duplicate. Results are means = S.E.

kea/K,,,
PNP-B-GIcA MeGIcA-B-1,6-Gal, Ratio” (MeGlcA/GlcA) Relative to WT
mm L1
Wild type 2,303 = 355 7.7X10%*+12X103 3.0X10°° 1
E45D 75+ 1.7 1.1 X1072+0.1x103 1.3X107* 43

“ (keat/K,,, for MeGlcA-B-1,6-Gal,)/(k /K, for PNP-B-GIcA).

Accelerator Research Organization, Tsukuba, Japan. The crys-
tals were moved into the mother liquor containing 20% (v/v)
glycerol as a cryoprotectant, and a single crystal was scooped in
a nylon loop and flash frozen in a nitrogen gas stream at
—178 °C. Diffraction data were collected with the Quantum 270
CCD detector (Area Detector Systems Corp., Poway, CA). Data
were integrated and scaled using the programs DENZO and
Scalepack in the HKL2000 program suite (19). AcGlcA79A
crystals diffracted to ~1.4-A resolution (space group /4,22).
Assuming that the asymmetric unit of the crystal contained one
AcGIcA79A molecule, the Matthews coefficient was calculated
to be 2.7 A®> Da~ ! (20); this corresponded to the 55% solvent
content of the crystals.

Structural analysis of AcGIcA79A was conducted through
the multiwavelength anomalous dispersion method using Se-
Met-labeled AcGIcA79A crystals. Seven selenium atom posi-
tions were determined, and initial phases were calculated using
the AutoSol and AutoBuild wizards in the PHENIX program
suite (21). The obtained initial model was further improved
using the program ARP/WARP (22). Manual model rebuilding,
introduction of water molecules, and molecular refinement
were conducted using Coot and Refmac5 (23, 24). One phos-
phate ion and several glycerol molecules were added into the
model. For the analyses of GlcA- and 2FGIcA-binding struc-
tures of AcGIcA79A, structural determination was conducted
using the ligand-free structure as the starting model, and the
bound ligand was observed in the difference electron density
map. Refinement parameters for the ligands were generated by
the GlycoBioChem PRODRG?2 Server (25). Data collection and
structure refinement statistics are given in Table 1. Stereo-
chemistry of the models was analyzed with the program Ram-
page (26) in the CCP4 program suite (27). Structural drawings
were prepared by the program PyMOL (Schrodinger, LLC, New
York).

Enzyme Assays—B-Glucuronidase activity was assayed using
PNP-B-GIcA at 37 °C in Mcllvaine buffer (pH 3.0) as described
in the supplemental Experimental Procedures. The amount of
PNP released was detected at A, (extinction coefficient =
7284 M~ '«cm ™). One unit of enzyme activity was defined as the
amount of enzyme that released 1 umol of PNP/min. The
effects of pH and temperature on enzyme activity were investi-
gated as described previously (28). The effect of pH on enzyme
activity was examined with or without 90 mm formic acid or 90
mM acetic acid as described above.

The substrate specificity of AcGlcA79A toward various PNP-
glycosides was determined. The assay method was identical to
that described for PNP-B-GIcA. The kinetic parameters of the
wild type and mutants of AcGIcA79A for PNP-S-GlcA, PNP-
B-Glc, and PNP-B-Xyl were determined as follows. The reac-
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tions were performed in Mcllvaine buffer (pH 3.5) contain-
ing 0.01-10 mwm substrates, 0.1% (w/v) bovine serum
albumin, and 0.9 nmM-10.0 mm enzyme at 37 °C for up to 10
min. The amount of PNP released was determined from the
Ao data. The kinetic parameters k_,, and K,,, were deter-
mined by Lineweaver-Burk plot from three independent
experiments and at five substrate concentrations. The sub-
strate specificity and the catalytic efficiency of the wild type
and mutants of AcGlcA79A were analyzed using MeGlcA-$-
1,6-Gal,. Briefly, the enzyme (5 um) was incubated with the
substrate (10 wM) in Mcllvaine buffer (pH 3.5) at 37 °C. At
regular time intervals, the amount of degradation of each
substrate was quantified by high performance anion
exchange chromatography with pulsed amperometric detec-
tion (29). The assay was performed in duplicate.

Determination of Stereochemistry of Hydrolysis by "H NMR—
The substrates and recombinant enzymes were lyophilized
twice from D,O before use. A solution of 15 mMm PNP-f-
GlcA (Koch-Light, UK) in 0.04 M deuterated sodium acetate
buffer (pH 3.7) was incubated with 0.5 mg of AcGIcA79A. This
enzyme concentration was needed to achieve a rapid substrate
hydrolysis to minimize the effect of mutarotation on determina-
tion of the anomeric configuration of the primary product of
hydrolysis. "H NMR spectra were recorded at different time inter-
vals on a Varian 400-MR (400-MHz) spectrometer.

RESULTS AND DISCUSSION

Expression and Characterization of AcGlcA79A—The clon-
ing and expression of AcGIcA79A are described in the supple-
mental Experimental Procedures. Recombinant AcGIcA79A
activities were tested using various PNP-glycosides as sub-
strates. AcGIcA79A showed significant activity only for PNP-
B-GlcA with negligibly weak or no activity for other substrates.
Using PNP-B-GIcA as the substrate, maximal enzyme activity
was detected at pH 3.0 and 50 °C. The enzyme was stable
between pH 2.8 and 4.5 at 30 °C for 1 h and at pH 3.0 at <55 °C
for 1 h. The K, and k_,, values of AcGlcA79A for PNP-B-GlcA
were 0.015 = 0.001 mm and 34 = 1 5™, respectively (Tables 2
and 3). These values of AcGIcA79A are similar to the previously
reported values of GH79 enzymes (7). The K, values of the A.
nigerand N. crassa recombinant GH79 enzymes were 0.030 and
0.038 mwm, respectively, and the k_,, values were 26.9 and 13.5
s~ !, respectively (7). Because the A. niger and N. crassa enzymes
showed 4-O-methyl-B-glucuronidase activity, the activity of
AcGIcA79A for the MeGlcA-containing oligosaccharide
MeGIcA-B-1,6-Gal, was tested. AcGlcA79A barely hydrolyzed
MeGlIcA-B-1,6-Gal,, and its activity for MeGlcA-B-1,6-Gal,
was 102 times lower than that for PNP-B-GIcA (Table 4). These
results suggest that AcGlcA79A is a genuine 3-glucuronidase.

VOLUME 287+-NUMBER 17+APRIL 20,2012
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FIGURE 1. Structure of AcGIcA79A. A, stereoview of the ribbon model of AcGlIcA79A-GIcA complex in rainbow-ordered colors. Two catalytic residues are
displayed in red. The bound GlcA molecule and phosphate ion are shown as stick models. B, schematic topological diagram of AcGIcA79A. a-Helices are shown
as cylinders, a3, 4-helices are shown as shaded cylinders, and B-strands are shown as arrows. The colors correspond to those in A. Two catalytic residues are

labeled in red.

Three-dimensional Structure of AcGlcA79A—The crystal
structure of AcGIcA79A was determined by the multiwave-
length anomalous dispersion method using Se-Met derivative
data. Native and GlcA complex structures were determined
successively. Structure refinement statistics are summarized in
Table 1. The quality and accuracy of the final structures were
further demonstrated to show that all residues fall within the
common regions of the Ramachandran stereochemistry plot.

APRIL 20, 2012+VOLUME 287+NUMBER 17

Recombinant AcGlcA79A is composed of a single polypeptide
chain of 488 amino acids with the additional C-terminal resi-
dues (*’°KLAAALEHHHHHH"*®*®) derived from the expression
vector and purification tag. Seventeen N-terminal residues
(Met'-Ser'”) and five C-terminal residues (His*®*—His*®®)
were not identified because of a lack of electron density. Three
cis-peptide bonds were found at Gly***-Pro*'®, Gly***-Pro**’,
and Ser**”-Gly**®. The final model consists of one AcGlcA79A

JOURNAL OF BIOLOGICAL CHEMISTRY 14073
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molecule with one or two phosphate ions and one or four glyc-
erol molecules. The overall structures of the ligand-free and
GlcA complexes were almost the same, and the calculated root
mean square difference was 0.2 A for the Ca atom pairs.

The protein consists of domains A and C (Fig. 1). The N-ter-
minal B-strand (Val*°-Ile®®) is inserted into the domain C, and
the peptide folds into the (B/a)g-barrel of domain A (Gly*'-
Ala®*) and finally enfolds the B-domain of domain C. The sec-
ondary structure elements of AcGlcA79A are numbered in Fig.
1B.

Domain A consists of a (8/a)g-barrel, which is the catalytic
domain in many glycoside hydrolases. The GlcA binding site is
located at the C-terminal end of the central B-barrel and was
designated as the catalytic pocket. GH79 and GH2 enzymes are
classified into the same GH-A clan, and the overall folding of
their structures shows certain similarities. The root mean
square difference for the core Cor atoms between the catalytic
domains of AcGIcA79A and E. coli GH2 B-glucuronidase was
calculated to be 2.6 A. In addition to the core secondary struc-
tures of the (B/a)g-barrel, several loops fold into some small
substructures and contribute to the formation of the catalytic
pocket (Fig. 1).

Domain C consists of nine B-strands with strands C0 and
Cp4 aligned parallel and the others in interacting antiparallel
configurations (Fig. 1B). The eight strands other than C80 com-
prise a typical antiparallel B-domain structure containing
Greek key motifs (Fig. 1). This C-terminal domain structure is
observed in many glycoside hydrolases, although in many cases
its function remains unknown.

Active Site and Catalytic Mechanism—The active site of
AcGIcA79A is located at the C-terminal end in the central
(B/a)g-barrel and is represented by a pocket shape (Fig. 1). In
the GlcA complex structure, Glu'”? is located near the O1 atom
of GlcA (2.3-2.4 A), and Glu®®” is located close to the C1 atom
(3.0 A). The distance between Glu'”? and Glu®®*” of AcGlcA79A
is 5.25 A. The location of these acidic amino acids suggests that
Glu'” and Glu*® are the catalytic residues of AcGIcA79A,
functioning as acid/base and nucleophile, respectively, consis-
tent with the expected retaining mechanism (Fig. 2). It has been
reported that the distance between two catalytic residues is
7-10 A in inverting glycosyl hydrolases and 5— 6 A in retaining
glycosyl hydrolases (30). This is also apparent from the rule of
the clan GH-A (4/7 superfamily) catalytic module in which the
two catalytic residues are located posteriorly in AB4 and AB7
(31). The locations of Glu'”® and Glu*®*” of AcGIcA79A are the
same as those of the catalytic residues of GH2 enzymes and
correspond to the 4/7 superfamily rule.

To verify the identities of the catalytic residues of
AcGIcA79A, Gly, Ala, and Gln mutants of Glu'”® and Glu**’
were constructed. As expected, the activities of all mutants
were at least 10* times lower than those of the wild-type enzyme
(Table 2). The k., /K, values of E173G, E173A, and E287G
mutants were 0.5, 0.1, and 0.2 mm~ 's ™, respectively. Chemi-
cal rescue experiments were subsequently performed for
E173G, E173A, E287@, and E287A using formic acid and acetic
acid as exogenous nucleophiles (see supplemental Experimen-
tal Procedures). The B-glucuronidase activities of the mutants
were measured in Mcllvaine buffers (0.1 M citric acid and 0.2 m
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FIGURE 2. Ligand-binding structure of AcGIcA79A. A, stereoview of the
catalytic pocket of AcGIcA79A complexed with glucuronic acid. B, electron
density for bound GIcA. Carbon atoms of GlcA are numbered. C, electron den-
sity for covalently bound 2FGIcA. D, superimposed model of the bound GlcA
(vellow and red) and covalently bound 2FGIcA (cyan and red).

Na,HPO,) of various pH values with or without 90 mm formic
acid and 90 mwM acetic acid (supplemental Fig. S2). The pH
activity profiles of E173G and E173A were the same with or
without the chemicals, and the enzyme activities of the mutants
remained significantly lower than that of the wild type. How-
ever, the pH activity profiles of E287G and E287A with formic
acid were different in the pH range 2—5. The enzyme activity of
E287G with formic acid near the optimum pH (2.6 —3.5) recov-
ered completely to the same level as that of the wild type. For
E287A, 25% of the enzyme activity was recovered. In contrast,
acetic acid did not affect the enzyme activities of E287G and
E287A most likely because acetic acid is too large to enter the
pocket created by the mutation. These data further suggest that
Glu®* is the nucleophile.

Because the catalytic mechanism of GH79 enzymes had not
been verified experimentally, the anomeric configuration of the
hydrolysis product was determined (Fig. 3). The hydrolysis of
PNP-B-GlcA with AcGIcA79A in D,O was followed by *H
NMR analysis. The enzyme load was sufficient to complete the
hydrolysis of 15 mm substrate in about 4 min. As shown in Fig.
3, the disappearance of the H1 signal of the glucuronide at 5.3
ppm was accompanied by parallel changes of the PNP aglycone
signals into PNP signals (signals between 6.8 and 8.3 ppm). Free
uronic acid was generated as the B-anomer as evidenced by the
rapid appearance of the H13 resonance at 4.7 ppm. The a-ano-
mer signal only appeared later as a result of mutarotation (Fig. 4
and supplemental Fig. S3). These results show that AcGIcA79A
is a retaining enzyme utilizing a double displacement mecha-
nism of hydrolysis. It is very probable that all enzymes belong-
ing to this family will prove to be retaining. Consistent with this
mechanism, we detected transglycosylation products gener-
ated by AcGIlcA79A (data not shown). Similar transglycosyla-
tion reactions catalyzed by GH79 B-glucuronidase from A.
niger have been reported previously (6, 7).
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FIGURE 3. Stereochemistry of hydrolysis by "H NMR.

FIGURE 4. Surface representation of catalytic pocket of AcGIcA79A.
A, overall structure. B, close view around the catalytic pocket. C, cross-sec-

tional view of the contact surface in the GIcA complex structure.
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Ligand-binding Structure—The catalytic center of AcGIcA79A
is pocket-shaped as is typically found in exo-acting enzymes (Figs.
2, A and B, and 4). In the GIcA complex structure, the aromatic
ring of Tyr**® lies parallel to the pyranosyl ring of GlcA, providing
stabilizing hydrophobic interactions. The O2 and O3 atoms of
GlcA are recognized by hydrogen bonds, such as those between
the O2 and Asn'”>-N&2 atoms and between the O3 and both
Glu®-O€2 and Asn®-N atoms. The O4 atom of GlcA is sur-
rounded by Pro'®* and His**” and forms a hydrogen bond with
Asp'®. Recognition of the GlcA carboxyl group is achieved by
hydrogen bonds between O6A and GIn**>-N and between O6B
and both Gly***-N and Tyr***-On (Fig. 2). Fig. 4C shows a cross-
sectional view of the active site pocket of the GlcA complex struc-
ture and clearly indicates that there is no extra space around the
substrate. This was also indicated by a sugar soaking experiment in
which no residual sugar was observed when the AcGIcA79A crys-
tals were soaked with Glc, Xyl, or GalA.

2-Deoxy-2-fluoroglycosides, which act as mechanism-
based inhibitors to form covalent intermediates, are power-
ful chemical tools for identifying the active site nucleophile
in retaining glycosidases as reported by Withers and Aeber-
sold (18). By adding DNP-2FGIcA to the AcGlcA79A crystal,
the fluorinated glucuronide residue (2FGIcA) was observed
to be covalently bound to Glu®®*” (Fig. 2C) through an a-con-
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figured linkage. The positions of the O2 and O3 atoms of
2FGIcA are almost the same as with GlcA, but the C1 atom is
shifted by 1.3 A toward Glu*®*” because of covalent bond
formation (Fig. 2D).

Mutagenesis Study of AcGlcA79A—To investigate the basis
of substrate specificity of AcGlcA79A, appropriate muta-
tions were introduced at the residues that interact with
GlcA, and the properties of the constructed mutants were
characterized (Tables 2 and 3). Although GlcA and Glc are
structurally different only at the C6 position (-COOH for
GlcA and -CH,OH for Glc), AcGlcA79A discriminates
greatly between GlcA and Glc. To address this discrimina-
tion, a Y334F mutant was constructed along with Y334W
and Y292 A mutants to alter the space around the C6 position
of GlcA and change the position of the main chain of GIn*®?
and Gly***, Around the C6 position of GlcA, the main chain
atoms of GIn**? and Gly*** and Tyr®***-On interact with the
carboxyl group of GlcA (Fig. 2).

As shown in Table 3, the catalytic efficiency of the Y334F
mutant for hydrolysis of PNP-B-GIcA is lower than that of the
wild type due to an increased K, value. In contrast, the activity
for PNP-B-Glc is close to that of the wild type. Consequently,
the activity ratio for PNP-B-Glc to PNP-B-GlcA (Glc/GlcA
ratio) is 567 times higher than that of the wild type, suggesting
that the para-OH of Tyr*** is necessary for recognizing the
carboxyl group of GlcA. Tyr*** enables AcGlcA79A to interact
predominantly with GlcA and exhibit higher B-glucuronidase
activity. The Y334W mutant could not cleave PNP-B-GlcA at
all presumably due to steric hindrance. When Tyr*** was sub-
stituted with tryptophan, the space around the C6 position of
GlcA appeared to be filled with the aromatic ring of tryptophan
so that GlcA could not possibly bind. The Y292A mutant also
lost all activity for PNP-B-GlcA, whereas its catalytic efficiency
with PNP-B-Glc was close to that of the wild-type enzyme. The
positions of GIn**? and Gly*** may be influenced by the substi-
tution of Tyr*** with alanine so that GlcA is unable to bind in
the catalytic pocket. The catalytic efficiencies of Y334F and
Y292A for PNP-B-Xyl were 0.37 and 0.65 times lower, respec-
tively, than that of the wild type. However, the activity ratio of
PNP-B-Xyl to PNP-B-GlcA (Xyl/GlcA ratio) was higher for
both mutants. Y334F had a 72 times higher activity ratio than
the wild-type enzyme. Although the mutants showed broader
substrate specificity than the wild type, none of the activities for
GlcA reached the level of the wild type. AcGIcA79A appears to
discriminate GlcA through the residues around C6, including
Tyr®*, Tyr*?, GIn®*®, and Gly***, while maintaining high
enzyme activity toward GlcA.

Although some GH79 enzymes exhibit 4-O-methyl- 3-glucu-
ronidase activity, AcGIcA79A barely hydrolyzes the MeGlcA-
containing oligosaccharide (Table 4). As shown in Fig. 4C, there
is no extra space for a methyl group around the C4 position of
GIcA in the GlcA complex structure. To investigate the dis-
crimination mechanism for the 4-O-methyl group of MeGIcA,
mutations at Glu*® and His**’, which surround the C4 hydroxyl
group of GlcA, were designed to make space for the 4-O-methyl
group. The enzyme activities of His**” mutants for PNP-3-
GlcA were eliminated or drastically reduced by 10~*-10"7
times relative to the wild-type AcGlcA79A with similar results
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being seen for Glu*® mutants (Table 2). In the case of the E45D
mutation, the k_,, and the K, values for PNP-3-GlcA were 36 +
3 s 'and 4.8 = 0.6 mm, respectively, resulting in a 3.3 X 10?
times reduction in activity relative to that of the wild-type
enzyme (Tables 3 and 4). The carboxyl group of Glu*® is close to
the O4 atom of GlcA at a distance of 3.2 A and is hydrogen-
bonded with the Thr®*-O+y1, Thr®'-N, Asp®*-N, and His**’-
Ne2 atoms. E45D might cause a structural distortion of the
hydrogen-bonding network around the C4 position of GlcA
and change the surrounding environment of C4. By contrast,
the catalytic efficiency of the E45D mutant for MeGlcA-3-1,6-
Gal, was only 7 times lower than the wild type. As a result,
the activity ratio for MeGlcA-B-1,6-Gal, to PNP-S-GlcA
(MeGlcA/GIcA ratio) of the E45D mutant was 43 times higher
than that of the wild type, strongly suggesting that Glu®” is one
of the key residues by which AcGlcA79A distinguishes the 4-O-
methyl group of GlcA.

The substrate binding site of AcGIcA79A is specialized for
recognition of GlcA as a substrate. A mutagenesis study
revealed that Tyr®** and Tyr?°? interact with the C6 position
of GlcA and that Glu*® recognizes the C4 position of GIcA.
Single amino acid mutations did not drastically change the
substrate specificity because part of the substrate binding
site was formed by the main chain atoms of the protein.
These results will help guide studies of other GH79 enzyme
systems.
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