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The oligomeric organization of enzymes plays an important role in many biological processes, such as
allosteric regulation, conformational stability and thermal stability. a-Glucuronidases are family 67 glycosi-
dases that cleave the a-1,2-glycosidic bond between 4-O-methyl-p-glucuronic acid and xylose units as part of an
array of hemicellulose-hydrolyzing enzymes. Currently, two crystal structures of a-glucuronidases are avail-
able, those from Geobacillus stearothermophilus (AguA) and from Cellvibrio japonicus (GlcA67A). Both enzymes
are homodimeric, but surprisingly their dimeric organization is different, raising questions regarding the
significance of dimerization for the enzymes’ activity and stability. Structural comparison of the two enzymes
suggests several elements that are responsible for the different dimerization organization. Phylogenetic anal-
ysis shows that the a-glucuronidases AguA and GlcA67A can be classified into two distinct subfamilies of
bacterial a-glucuronidases, where the dimer-forming residues of each enzyme are conserved only within its own
subfamily. It seems that the different dimeric forms of AguA and GlcA67A represent the two alternative dimeric
organizations of these subfamilies. To study the biological significance of the dimerization in a-glucuronidases,
we have constructed a monomeric form of AguA by mutating three of its interface residues (W328E, R329T, and
R665N). The activity of the monomer was significantly lower than the activity of the wild-type dimeric AguA,
and the optimal temperature for activity of the monomer was around 35°C, compared to 65°C of the wild-type
enzyme. Nevertheless, the melting temperature of the monomeric protein, 72.9°C, was almost identical to that
of the wild-type, 73.4°C. It appears that the dimerization of AguA is essential for efficient catalysis and that the
dissociation into monomers results in subtle conformational changes in the structure which indirectly influ-
ence the active site region and reduce the activity. Structural and mechanistic explanations for these effects are

discussed.

The oligomeric organization of proteins, and especially of
enzymes, provides an additional level of complexity and plays
an important role in numerous biological processes. Indeed,
many enzymes are found as oligomers, and changes in enzy-
matic activity very commonly accompany oligomer dissocia-
tion. Such changes are part of allosteric regulation mechanisms
in a number of enzymes (32), while in other enzymes and
proteins, the assembly of oligomers contributes to both con-
formational and thermal stabilities (15, 31). One of the major
driving forces for protein oligomerization originates from
shape complementarity between the associating molecules,
brought about by a combination of hydrophobic and polar
interactions (e.g., hydrogen bonds and salts bridges) (16,
17). Another common mechanism for protein oligomeriza-
tion is three-dimensional domain swapping, in which a seg-
ment of the monomeric protein is replaced by an identical
segment from a second monomer (2).

The importance of protein oligomerization can be studied by
comparing the catalytic and biochemical properties of the mo-
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nomeric and oligomeric forms. However, the conditions re-
quired to dissociate oligomeric proteins into their monomeric
subunits usually lead to inactive proteins, thus preventing the
seclusion of the state of oligomerization as the only parameter
measured. Another approach to examine the role of quater-
nary structures of proteins is to artificially create the mono-
mers by mutating specific residues that are directly involved in
intersubunit interactions within the protein oligomer. By using
such an approach, it has been shown that mutations of different
enzymes resulted in either active or inactive monomers (1, 24,
26). One of the most studied enzymes in this regard is triose-
phosphate isomerase, which usually forms a stable and tightly
bound dimer (4). Several studies on triosephosphate isomer-
ases from various sources showed that different mutations in
the dimer interface lead to monomers with different levels of
activity. Some of these mutants showed concentration-depen-
dent specific activity, suggesting that the inactive monomers
can associate, at least to some degree, to give an active
dimer (4, 19, 27, 34).

a-Glucuronidases (EC 3.2.1.139) cleave the «-1,2-glycosidic
bond between 4-O-methyl-D-glucuronic acid and xylose units in
short B-1,4-xylooligomers, as part of an array of hemicellulose-
hydrolyzing enzymes. In the sequence-based classification of
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carbohydrate-active enzymes (available on the CAZy server at
http://atmb.cnrs-mrs.fr/CAZY), the different bacterial and fun-
gal a-glucuronidases are classified as glycoside hydrolase fam-
ily 67 (GH-67). The enzymes of this family were found to use
a single displacement-inverting mechanism for the hydrolysis
of the glycosidic bond (3). Currently, complete three-dimen-
sional structures of only two representatives of GH-67 enzymes
are available, the a-glucuronidase from Cellvibrio japonicus
(formerly Pseudomonas cellulosa), GIcA67A (22, 23), and the
a-glucuronidase from Geobacillus stearothermophilus, AguA
(12). The overall structures of these two enzymes appear to be
quite similar. Each of them contains three domains, the central
of which has a (B/a)g barrel fold that accommodates the active
site. The combination of biochemical analysis of mutant en-
zymes and structural analysis of enzymes complexed with their
substrates or products enabled the identification of three car-
boxylic acids as the catalytic residues of these enzymes. The
two enzymes were previously reported to be homodimeric pro-
teins in solution (21, 35), but, surprisingly, according to their
crystal structures, the dimeric organization of the two enzymes
seems to be different. The fact that structurally and function-
ally very close enzymes form different oligomeric organizations
raises questions regarding the significance of the dimerization
for the activity and stability of these enzymes.

In the present work, we performed a sequence and structural
comparison of AguA and GIcA67A and found several ele-
ments that are responsible for the different dimeric forms of
these enzymes. Based on phylogenetic analysis, it seems that
bacterial a-glucuronidases can be divided into two distinct
subfamilies and that the different dimeric forms of AguA and
GIcA67A represent the two different dimeric forms of these
subfamilies. Mutagenesis of three of the dimer-forming resi-
dues of AguA resulted in the formation of a protein that was
stable as a monomer in solution. This allowed us to compare
the catalytic activity and thermostability of the enzyme in its
dimeric and (mutated) monomeric forms. The crystal structure
of AguA in complex with its reaction products (12) provides
structural explanations for the different characteristics of the
dimeric and monomeric forms of this enzyme.

MATERIALS AND METHODS

Mutagenesis, protein expression, and purification. The agud gene (GenBank
accession number AF098273) from G. stearothermophilus T-6 was cloned in the
pET9d vector and overexpressed in Escherichia coli BL21(DE3). Site-directed
mutagenesis was performed by using a QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, Calif.). The mutagenic primers for the mutant genes were
as follows (the mutated nucleotides are italicized): W328E-R329T, 5'-CTGCC
AGCAGGATGAGACCGATCGGACGACC-3" and 5'-GGTCGTCCGATCG
GTCTCATCCTGCTGGCAG-3'; R665N, 5'-CGAGATGTCATCAATACCTA
CTTTTACAACAAGTCAGGAATAGACGACC-3' and 5'-GGTCGTCTATTC
CTGACTTGTTGTAAAAGTAGGTATTGATGACATCTCG-3'. The mutated
genes were sequenced to confirm that only the desired mutations were inserted.
The wild-type (WT) and mutated proteins were overexpressed and purified in a
procedure that included heat treatment at 60°C for 30 min and size exclusion
chromatography, as previously described (35). Protein concentrations were de-
termined by the Bradford method, with bovine serum albumin as a standard (5).

Enzyme assay, effect of temperature on activity, and thermostability. a-Glu-
curonidase activity was determined by measuring the release of 4-O-methyl-a-
D-glucuronic acid from aldotetraouronic acid [2-O-a-(4-O-methyl-a-p-glucu-
ronosyl)-xylotriose] by using the Milner and Avigad assay for uronic acids (20) as
described previously (35). The effect of temperature on the reaction rate was
determined by performing the standard reaction at different temperatures, rang-
ing from 20 to 75°C, in 100 mM sodium cacodylate-HCI buffer, pH 7.0. The
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thermal stability was determined after incubating purified enzyme solutions in 10
mM phosphate buffer solution (pH 7.0) in the presence of 1 mg of bovine serum
albumin per ml for 20 min at different temperatures. The residual activity was
measured under the standard assay conditions described above at 55°C for the
WT enzyme or 35°C for the mutant enzyme. All activity measurements were
performed with newly made dilutions of the enzymes.

Size exclusion chromatography. Following heat treatment, the WT and mu-
tant AguA proteins were subjected to size exclusion chromatography on a Su-
perdex 200 26/60 gel filtration column (AKTA explorer; Pharmacia). Protein
samples (10-ml) were applied on the column and eluted at room temperature
with 50 mM Tris-Cl buffer (pH 7.0), 100 mM NaCl, and 0.02% sodium azide,
running at 2.5 ml/min. Molecular weights were determined from regression
analysis of the log relative molecular weight (M,) of protein standards as a
function of K,,. K,,, the available partition coefficient, is defined as (V, —

V)IV,—V,), where V, is the elution volume of the protein from the column, V,
is the void number of the column, and V is the total column volume. The protein
standards used were a-arabinofuranosidase (M,, 343,308), B-xylosidasel (M,
232,004), B-xylosidase2 (M,, 159,788), xylanase (M,, 43,808) and intracellular
xylanase (M, 39,357), all from G. stearothermophilus T-6, and the cellobiohydro-
lase CelS (M., 80,796) from Clostridium thermocellum.

DSC. The melting temperatures of the proteins were determined by using
differential scanning calorimetry (DSC) (VP-DSC MicroCalorimeter; MicroCal
Inc., Northampton, Mass.). Protein samples (0.5 mg/ml) were extensively dia-
lyzed against 100 mM NaCl-50 mM Tris-Cl buffer at pH 7.0, and the actual
dialysis buffer was used as the reference solution for the DSC scan. Samples were
analyzed at a heating rate of 1°C/min over a temperature range of 50 to 90°C. A
scan with a buffer solution in both cells was subtracted from each data set, and
the molar heat capacity, C,,, was obtained. The melting temperature was defined
as the temperature at the maximum molar heat capacity. Analysis of calorimetric
data was carried out with Origin 5.0 (MicroCal).

RESULTS

Sequence and structural analyses of GH-67 members. Cur-
rently, there are 20 different complete sequences of bacterial
and fungal a-glucuronidases classified within the GH-67 fam-
ily. The phylogenetic tree of these enzymes is presented in Fig.
1, and their partial sequence alignments are shown in Fig. 2.
The phylogenetic analysis shows that GH-67 a-glucuronidases
can be divided into three subfamilies: groups I and II are
bacterial proteins and group III proteins are fungal. Currently,
no archaeal, plant, or higher-animal a-glucuronidase genes are
known. The fact that no plant a-glucuronidases have been
found to date is especially surprising, since the substrate 4-O-
methyl-pD-glucurono-xylooligomer is part of xylan, the most
abundant hemicellulose in the plant cell wall. In addition, plant
genomes were found to contain significantly more glycosidase
and glycosyltransferase-related genes than any organism se-
quenced to date, explained mainly by the complex structure of
the plant cell wall (8). On the other hand, ancient plants do not
contain 4-O-methyl-D-glucuronoxylan, which may imply that
a-glucuronidases have evolved relatively recently, as was sug-
gested by Nagy et al. (21). This explanation may account for
the lack of a-glucuronidase genes in the currently available
plant sequences. Among the bacterial a-glucuronidases, there
is no obvious correlation between the two subfamilies and the
bacterial 16S ribosomal RNA phylogenetic tree (7). Group I
a-glucuronidases includes gram-positive bacteria (Bacillus, Geo-
bacillus, and Streptomyces), gram-negative Proteobacteria (Aero-
monas), and hyperthermophiles (Thermotoga). Group II includes
mainly Proteobacteria (Cellvibrio, Xanthomonas, and Caulo-
bacter) but also Bacteroides.

The differences in the amino acid sequences of the three
subfamilies are clustered mainly in the N- and C-terminal ends
of the proteins. The middle part of the alignments show a
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FIG. 1. The phylogenetic tree of the GH-67 a-glucuronidases. The
abbreviations for the a-glucuronidases are as follows (GenBank acces-
sion numbers of the proteins are in parentheses): GstT1 (or AguA),
G. stearothermophilus T-1 (AAL32057); Gst236, G. stearothermophilus
236 (AAGO09715); Bhal, Bacillus halodurans C-125 (BAB04780);
Apun, Aeromonas punctata (BAA74508); Tmar, Thermotoga maritima
(AAD35149); Save, Streptomyces avermitilis MA-4680 (BAC69160);
Cjap (GIcA67A), Cellvibrio japonicus (AAL57752); Cmix, Cellvibrio
mixtus (AALS57753); Xaxo, Xanthomonas axonopodis (AAM39062);
Xcam, Xanthomonas campestris (AAM43323); Ccre, Caulobacter cres-
centus CB15 (AAK24775); Bthe, Bacteroides thetaiotaomicron VPI-
5482 (AAO77729); Anig, Aspergillus niger CBS 120.49 (CAC38119);
Atub, Aspergillus tubingensis NW756 (CAA75605); Apul, Aureobasi-
dium pullulans (AAR87862); Teme, Talaromyces emersonii (AAL33576);
Anid, Aspergillus nidulans FGSC A4 (EAA66353); Ncra, Neurospo-
ra crassa OR74A (EAA29095); Hjec, Hypocrea jecorina RutC-30
(CAA92949); Mgri, Magnaporthe grisea 70-15 (EAA53369). The tree was
constructed by the GrowTree program of the GCG Wisconsin package
(Accelrys Inc.) and visualized with the program TreeView (25).

higher degree of similarity between the different proteins, in
agreement with the location of the active site within this do-
main. The three subfamilies differ also in the lengths of their
amino acid sequences. On average, group II proteins are
longer at the C terminus by about 22 residues compared to
group I proteins. The fungal a-glucuronidases (group III) are
much longer than the bacterial proteins, containing about 110
additional residues at the C terminus.

The two crystal structures of a-glucuronidases which are
currently available represent the two bacterial subfamilies: the
a-glucuronidase from G. stearothermophilus (AguA) belongs
to group I, whereas the a-glucuronidase from C. japonicus
(GlcA67A) belongs to group II. The two proteins share se-
quence identity of 42% and sequence similarity of 59% out
of 665 aligned residues. A superposition of the AguA and
GIcA67A structures is shown in Fig. 3A. In addition to the
relatively high similarity at the primary structural level, con-
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siderable similarity is observed also for the tertiary structures
of the two proteins. As expected, the highest structural homol-
ogy between the two structures is at the central (B8/a)g domain,
which contains the active site. The root mean square deviation
between the two structures is 1.02 A for all Ca atoms and 0.7
A between Ca atoms of only the (B/a)g domains (structural
alignments were performed by using the K2 server) (29). The
longer C-terminal polypeptide chain of GIcA67A is located on
the outer side of the enzyme monomer, interacting with other
residues of the C-terminal domain, as well as with residues of
the middle (B/a)g domain.

As previously described, both AguA and GIcA67A exist as
homodimers in solution (21, 35). Indeed, in the crystal struc-
ture of GIcA67A, a dimer was found in the crystallographic
asymmetric unit (Fig. 3B) (23). In the crystal structure of AguA,
however, only one molecule of the enzyme was found in the
crystallographic asymmetric unit under the crystallization con-
ditions used (12, 30). Generation of all the symmetry-related
molecules in the crystallographic unit cell of AguA revealed
one dimeric form which seems to be the most biologically rel-
evant (12). The interface region of this form includes W328
and R329, located on a loop in the (B/a)g domain, and E536,
R548, E654, D657, R665, and K666, located in the C-terminal
domain (Fig. 3C). The assignment of this dimerization contact
is supported by mutagenesis and biochemical studies described
below. Two more possible dimers were generated from sym-
metry-related molecules in the crystal structure of AguA (data
not shown), but in both of them significantly fewer conserved
residues are involved compared to the dimeric organization
described above. It should be noted that none of the three
crytallographically possible dimers of AguA is similar to the
reported dimer organization of GIcCA67A (23).

The family GH-67 sequence alignment reveals a very good
correlation between the different dimerization points sug-
gested for AguA and GIcA67A and the conservation pattern of
these residues in the different GH-67 subfamilies (Fig. 2). For
example, most of the dimer-forming residues of AguA, such as
W328, R329, E536, E654, and R665, are completely conserved
within group I enzymes but are not conserved in group II
enzymes. Residues W328 and R329 in AguA are located on a
loop that in the GIcA67A structure is shorter and has a differ-
ent conformation (Fig. 3A). Similarly, several of the dimer-
forming residues of GIcA67A, such as 1163, Q220, R451, and
P701, are completely (or almost completely) conserved within
group II a-glucuronidases but are significantly less conserved
in group I sequences. The last residue, P701, is located on the
long polypeptide chain at the C terminus of GIcA67A that is
absent in the group I enzymes.

It is interesting that many fungal a-glucuronidases were
found to be monomeric proteins (11, 18, 33). Indeed, the
residues found in the dimerization positions of both groups I

FIG. 2. Partial amino acid sequence alignments of the GH-67 a-glucuronidases. The a-glucuronidases are the same as shown in Fig. 1. The
alignments were generated with the PRETTY program of the GCG Wisconsin package (Accelrys Inc.), with plurality of 18 out of 20 for the
consensus sequence (shown in uppercase letters). The sequences of the three subfamilies are indicated. Only the regions that are involved in the
dimerization of either AguA or GlcA67A are shown, and the number of omitted residues in representative sequences of each of the subfamilies
is shown. Residues involved in the dimerization of AguA or GlcA67A are highlighted in boxes, with the residue numbers of the corresponding
sequence shown above them. The three catalytic residues (E285, D364, and E392 in AguA) are in bold.
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1 285 328-9
mtagyepcWL 139 WDNmd 43 NNVNvhktetklitdhfl 65 KAASEfrpGP 30 VYncqq..dwrldrttDra 24
eanhrgadpcWL WDk 1d NNVNvhereswliklpml KAASEsrpGP vyncfq. . dwrldrt tbra
nrgetgye.tWL WDNmd NNVNvheeetklitrkfl KAASEhrpGP vYnclqg. . qwrjdrktDRa
nalsgpgydaWL WDNvd NNVNvhrresl flteryl KAASEnrpGP vynckqg. . drs tDRa
md yrmcWL WDN 14 NNVNvkkrevylidsivyl KAASEfnpGP vYnclq. .dwrldyktDRa
WDNva NNVNvhateahlltdr .i KAJSEggpGP VYdhrqg. . qwrldrstDRa
1 6 292
magt dlgydmnt NNVNadp. . 65 KAASEgQpGP 30 VY.hpdie....... DRf 24
mHL NNVNadp. . KAnSEggpGP VY.spdig....... DRE
sahayleL NNVNana. . . KANSEgqpGP VyYshegpd....... DRa
tahaengydlWL NNVNaka. .. KAnSEggpGP V¥shegpd... .... DRa
aarayleL NNVNaka...dsltapfi KAnSEggpGP V¥shegpe... .... DRa
eifaesgyelWL NNVNana...kslrtewl KAnSEggpGP VYkneryv....... DRv
a..aedgydgWL 130 WDNmd 43 NNVNanat...lllpenm 65 KAASEggpGP 30 VYd.dnlnes. dwkaDRa 24
a..aedgyngWhL WDNmd NNVNanat...lllpenm KAASEggpGP V¥n.dnlnes. dwkaDRa
1..aetgldgWL WDN1d NNVNanas...ilspgni KAnSEggpGP VYn..glnes. dwraDRa
a..aengldgWlL WDN1d NNVNanas...iltadni KAASEggpGP V¥n..glnes. dwkaDRa
av.aedglaaWL WDN1qg NNVNanet...iltgenm KAnSEggpGP V¥dhenlnetl dwkaDRa
sa.lengingWL WDNmd NNVNanan...lltdani KAnSEggaGPp VYd.nhingpa. dlkaDRa
pvfaesgidaWL WDN1n NNVNadan. .. llnetnl KAnSEggpGP VYd. .glnet . dwkaDRa
. .raedgsaaWL WDN1ld NNVNsnpg. .. ilspgni KAnSEggpGP VvYd..hladwtnpklDRa
7777777777 WL WDN - - NNVN------------ - KA-SE---GP vVY-------------DR-
364 392 524 536
GpmDFQVREPVSPLFgampkTngmmEvqi TGQEYE Gq 44 VeNiGsdvonWtG 66 mvnlglgh.HyGpnv. .dgvlelyshwg 106
GpiDFQvQEPvsPLFgtmpaTngmlEl1giTgEYt Gg VsNi1Gdd rnWtG HyGPnv..dgylelysrwg
GpmDFQVREPvsPLFgampkTngmlEfgqiTGEYt Gg VsNvGnd enWtG HyGPnv. .dgylelysvig
GpuDFQVREavsPLFgamenTngviEfgqiTQEYt Gg VsNiGadacWtG .HyGPnv. .dgylelyskwg
GpuDFQVREPvNPLFggmekTngilElgiTgEYE Gg VsNvGds vnWEG HyGPnp . . egylelyskwg
GpmDFQVREPvgPvigamprTrlavEvgaTgEYt Gg VsNaGdd pyWtG .HyGPsv. .dgylelyspWg
365 393 451
GpiDFQpPREPf saLFagmsrTnmmmEfgqiTQEYEGE 43 ViNpGtdfygnWtG 66 lys aggd.HyGPapwtddlpradWt 107
GpiDFQpREPysaLFsamekTnommEfqvTqEYEGE VinthEnth lys ggd.HyGPapwtense rpdWt
GaiDFQPREPf hPLFgamrkTplmpEEfqiTKkEY1GE VaNiGad hnWsG 1mg r gh.HyGPapwdagse rpdwd
GaiDFQPREPf hPLFgamrkTplmpEfgiTKEY1GE VaNiGadEnWsG 1mg r gh.HyGPapwdagse rpdWd
GaiDFQpREPf hPLFgampkTnlgmELgiTKEY1GE VaNiGsd|gnWsG gmg e gh . HyGPgpwvsggp radwWt
GpiDFQpREPfhPLFgkmpnTalslEfgiTgEN1IGh VsNvGtd lnWtG imn £ ht.HnGPepwhdd. . .plWt
GpiDFQVREPt sPLFanlyhTrntaikEleveqEY1Gg 44 VVNvGtnrtW1G 66 1tdilytHyGPnp..atgdnngWg 106
GpiDFQVREPt sPLFanlyqTrntaikElevsgEY1Gqg VVNvGtnrtW1G 1td11ytHyGPnp..atqgdnngWg
GpiDFQvREPasPLFanlfhTntaiElevTgEY1Gqg VvNvGtngtW1G 1td1ilytHfGPnp. .gsgd nngWg
GpiDFQVREPtpPLFahlrnTstaiElevTgEY1Gq VvNvGtn ttW1G 1tdi11ytHEGPnp. .asqdnngWg
GpiDFQVREPvsPLFahlsqTasavElgqvTgEY1Gq VvNvGInttW1G 1tdi11lgHyGPnp. .asqdgnpWg
GpiDFQVREPasPLFanipgTntaiElgiTgEY1Gq VvNvGtn ttW1G 1tdilytHyGPnp. .asqgdnngWg
GpiDFQVvREPasPLFanlpkTavsiElevTgQEY1Gqg ViNvGmd dtW1G ltdilytHyGanp. .asqdnngWg
GpiDFQVREPpsPLFahlptTdtviElgQvTQEY1Gqg VvNvGtdanWlG lad 1 1htHfGPgp. .gsqgd gngWg
G- -DFQ-REP--PLF----- T----E---T-EY-G- V-N-G----W-G -------H-GP----------~- W-
654 657 665-6
OvehaklglWrlvi . .ntyfylgidsgiddgygrkiyr
Qaecharle/wrDgi. .ntyfyfridsgipdeqgreiy
QaehakWRE\v,i ..ntyfyfrisgipdekkrtiypi
dtlhsitlRmliamnp
Olehaklelrdvi. .ntyfyfrtgipdekgrkiyp
Olrgarle[rRDhi . .nsyfflridsgvpdahgrrih
654 701
QeldeavrWR nscvl. .yfgsvagrpipanyegpehdleyykmlarttyvpdpwhpasssrvlk
QelddaiiwrR Dscvl..yfgtysgklipagyekpkhdleyyktlartryvpsgplwhpaessgfss
QqldeagwWR Dasia. .yfaqnvsgrplpagvsppahplayygal. .. tfpyaplgnpk
QgdeagwWRDasia..yfqggvsgralpagtappahplayyqgal...kfpyaplonpk
QraeaquRDasia..wfqtfakrplpagepapnhtleyykal...gfpf-ﬁgi
QeEeavwWRDacll..ffkeysqmpipevyessrysldyykkip...fpyd.wnktquk
QaghsivWRDai. .nnfyynmtgipdvagrvghhpwrieaesmrldgygtytvspfeaasnttaiitt 100 yivllppglvd
QaghsivWRDai..nnfyynmtgipdvagrvghhpwrieaesmrldgyqgtytvspfeaasnttaiitt yvvllppgvvad
QaghslvWRDai..vnfyhnisgiadengrvgnhpyrieaesmtlngyepyavspfetasdyyavvts yvvilpkgmid
QaghsivWRDai..tnfyfnlsgipdeagrvdhhpwrveaesmtlsgcktyavspfetafnttaivts yvavlpggvvd
QaghalvWRDsi. .tnfyynksgipdeagrvgnhpyrieaedmeldgyepylvspfeaasgshcivts yvsilpegvid
QaghsivWRDsi. .cqgfyynlsgipdstgrvgkheyrieaeamalknykltgvnpvetasnltavvly yiavlpggvvd
QtghslvWRDai. .tefyrnlssipdglnrvrnhphrieaedmdlsgftvvnvsptecaskykailat. yvsilpggvvad
QaghalvWRDsi. .cnfynnmtsipdekgrvgnhpyrieaenmemegyrvynvdpfhmasarravitt yvailpdgivd

Q------ WRD- - -
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and II enzymes are no longer conserved in the group III fungal
a-glucuronidases, in correlation with their observed mono-
meric characteristics.

Construction of a monomeric form of AguA. Site-directed
mutagenesis was performed to test whether the suggested
dimeric structure of AguA is the biologically relevant dimer of
the WT enzyme in solution. Three of the interface-forming
residues, W328, R329, and R665, which are conserved only
within group I sequences, were mutated into the corresponding
residues in the sequences of the fungal enzymes. Two mutant
AguA proteins were constructed: a double mutant W328E-
R329T and a triple mutant W328E-R329T-R665N. The mu-
tant enzymes were overexpressed and purified similarly to the
WT enzyme, in a procedure that included heat treatment (60°C
for 30 min) and gel filtration chromatography (35). According
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analyses that followed the purification steps, both mutants had
M s of about 78.5 X 10°, in agreement with their calculated M,
of 78,381 and 78,339 for the double and triple mutants, respec-
tively. It seemed that only small amounts of the proteins pre-
cipitated after the heat treatments (results not shown); thus,
the mutants retained the thermostability of the WT protein.
The M,s of the native double and triple mutant AguA proteins
in solution were estimated by gel filtration chromatography
calibrated by using protein markers of known molecular mass.
Both mutants eluted from the column at different elution vol-
umes than the WT AguA (Fig. 4). The elution volume of the
major peaks of the mutants corresponded to proteins with a M,
of about 88 X 10°, whereas the elution volume of the WT
AguA corresponded to a protein with a M, of about 180 X 10°.
About 10% of the double mutant protein and 5% of the triple
mutant protein eluted in elution volumes similar to that of the
WT protein. Further characterization therefore was per-
formed with the triple mutant W328E-R329T-R665N. The
calculated M, of the WT dimeric enzyme is 156,986, and it
hence appears that the three replacements, W328E, R329T,
and R665N, were sufficient to transform almost all of the
AguA molecules from their natural dimeric form to a mono-
meric form. These results confirm that the dimeric crystal
structure which was suggested previously (12) and is presented
in Fig. 3C is the true biological dimeric structure of the enzyme
also in solution. Crystallization experiments for the monomeric
AguA are now under way.

Catalytic and biophysical properties of the monomeric
AguA. The catalytic activities of the two mutant monomeric
AguA proteins W328E-R329T and W328E-R329T-R665N
were similar and were significantly lower than the catalytic
activity of the WT dimeric enzyme. From the temperature-
dependent activity profile of the triple mutant, it seems that the
optimal temperature for activity of the monomeric form had
shifted to around 35°C, compared to 65°C of the WT enzyme
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FIG. 4. Gel filtration chromatograms (overlaid) of the WT dimeric
AguA (solid line) and the W328E-R329T-R665N mutant AguA (bro-
ken line). The inset shows the linear regression of the protein stan-
dards used for M, determination (filled circles) and the position of the
dimeric and monomeric forms of AguA on this curve (open circles).

(Fig. 5). The highest activity of the monomeric AguA (at 35°C)
was 240-fold lower than the WT activity at this temperature
and 2 X 10*fold lower than the maximal activity of the WT
activity at 65°C.

To examine whether the lower optimal temperature of the
monomeric AguA results from reduced stability of the protein
at high temperatures, the thermostability of the monomeric
AguA was compared to that of the WT enzyme. As described
above, during the purification procedure only a small amount
of monomeric AguA precipitated after the heat treatment of
60°C for 30 min, indicating that most of the protein did not
undergo denaturation at this temperature. The residual activity
profile of the monomeric enzyme after a 20-min incubation at
different temperatures was very similar to that of the WT
enzyme, and both forms retained about 90% of their activity
even after incubation at 70°C (Fig. 6). After incubation at 75°C,
a significant decrease in the residual activity was observed for
both forms, but while the WT AguA retained about 30% of its
activity, the monomeric form was completely inactivated. The
melting temperatures of the two proteins were determined by
DSC and were also found to be similar. The melting temper-
ature of the monomeric AguA was 72.9°C, and that of the WT
dimeric form was 73.4°C (Fig. 7). Altogether, these results
demonstrate that the thermostability of the protein was not
reduced as a result of the three mutations and the resulting
dissociation of the AguA dimer into monomers.

FIG. 3. (A) Superposition of the crystal structures of the a-glucuronidases AguA from G. stearothermophilus (blue) and GIcA67A from C.
Japonicus (gold), shown in two orientations. The two arrows point to the structural elements that are proposed to be responsible for the differences
in the oligomerization of the two enzymes: the loop containing residues 323 to 329 in AguA (left) and the additional 29-residue polypeptide at the
C terminus of GlcA67A (right). Superimposition was performed by the K2 server (29). (B) Two views of the GIcA67A dimer related by a 90°
rotation (protein data bank code 1GQI). (C) Two views of the suggested AguA dimer related by a 90° rotation (protein data bank code 1L8N)
(top). The lower part of the panel is an enlargement of the dimer interface region of AguA, showing the hydrogen bonds between the two subunits.

The figures were generated by PyMOL (10).
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FIG. 5. The effect of temperature on the catalytic activity of WT
AguA (filled circles and solid line) and the W328E-R329T-R665N

mutant (monomeric) AguA (open circles and broken line). The results
are averages of at least three independent measurements.

As mentioned above, a small fraction of the triple mutant
AguA eluted in an elution volume identical to that of the
dimeric WT enzyme (Fig. 4). This raises the possibility that
monomer-dimer equilibrium takes place, where the monomer
is catalytically inactive and the observed activity reflects a small
fraction of active dimer. Such dimerization-dependent activity
profiles have been demonstrated for other enzymes (19, 24). In
these cases, since the concentration of the enzyme influences
the equilibrium between monomers and oligomers, time-de-
pendent inactivation upon enzyme dilution, as well as concen-
tration-dependent specific activities, are expected (32). In the
case of AguA, however, the specific activity of the monomeric
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FIG. 6. Thermostability of the WT (dimeric) AguA (filled circles
and solid line) and its W328E-R329T-R665N mutant (monomeric)
form (open circles and broken line). The enzymes were incubated for
20 min at the given temperatures and cooled to room temperature, and
the residual activities were measured at 55°C for the WT enzyme and
35°C for the mutant enzyme. The residual activity is shown as a per-
centage of the maximal activity of each form of the enzyme.
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FIG. 7. Melting temperature of WT AguA (solid line) and the
W328E-R329T-R665N mutant (monomeric) AguA (broken line).
Heat capacity curves were obtained by DSC. The scans were per-
formed at heating rates of 1°C/min. The melting temperature was
defined as the temperature at the maximum molar heat capacity, C,,.

mutant at 30°C was independent of the initial sample concen-
tration, and the same specific activity was measured when the
enzyme was diluted 5- to 1,000-fold, 5 h prior to the assay. In
addition, the activity was not time dependent, and following a
100-fold dilution, the specific activity was practically constant
after periods of 1 min to 20 h (data not shown). These results
suggest that even if there is equilibrium between monomeric
and dimeric forms of the mutant AguA, its rate is very slow.
Since all activity measurements were performed with newly
made dilutions of the enzymes and were carried out in time
scales of up to a few hours, it seems that the activity measured
for the monomeric mutant is its intrinsic activity and not the
residual activity of a small fraction of the dimer.

DISCUSSION

The sequence-based classification of glycosidases into fam-
ilies demonstrates that enzymes grouped within one family
share the same stereochemical course of the catalytic mecha-
nism (retaining or inverting), the same identity and location of
the catalytic residues in the active site, and the same overall
structure (13, 14). Indeed, the two structures of GH-67 a-glu-
curonidases discussed here, AguA from G. stearothermophilus
and GIcA67A from C. japonicus, show high structural similar-
ity, especially in the active site and its surroundings (12, 23).
Surprisingly, the organization of the two monomeric subunits
into a functional homodimer appears to be completely differ-
ent in each of these enzymes. In this regard, GIcA67A was
reported to be an extracellular cell-associated (21) enzyme,
whereas AguA was found to be an intracellular enzyme (28).

Two structural elements seem to be mainly responsible for
the difference in the oligomerizations of the two enzymes (Fig.
3A). In AguA, residues W328 and R329, which play an impor-
tant role in the dimerization, are located on a loop that is much
longer than the corresponding loop of GlcA67A. This differ-
ence in length seems to be critical for the ability of these two
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FIG. 8. The structural elements suggested to be responsible for the
reduced activity and lower optimal temperature of the monomeric
AguA. (A) The solvent-accessible surface of one monomer of the
dimeric AguA in complex with its reaction products. The surface of
important residues is colored as follows: interface residues that are in
distance of <5 A from the second monomer are cyan; the interface
residues that were mutated to form the monomeric AguA are blue; the
catalytic residues are magenta. The products are shown in stick represen-
tation in green (carbons) and red (oxygens). The location of P524, which
is the interface residue closest to the active site (~6 A), is indicated by
an arrow. The figure was generated by using SPOCK (6). (B) Interac-
tions around P524 that could potentially affect the active site of AguA
upon dimer dissociation. One subunit is shown in cyan and the other
subunit is in blue; potential hydrogen bonds (less than 3.5 A long)
are shown as dotted lines; the three catalytic residues of the first
subunit are shown in pink; and the bound reaction products, 4-O-
methyl-D-glucuronic acid (MeGlcA) and xylobiose (xyl 1 and xyl2),
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residues to form efficient intermolecular contacts. Probably
more important is the fact that in GlcA67A the additional
polypeptide at the C terminus (29 residues) is located exactly
on the surface of the molecule whereas the corresponding
AguA monomer forms the dimeric intermolecular contacts.
This extra polypeptide, which is absent in AguA, is therefore a
major factor in the dimer organization of the two enzymes,
since in the case of GIcA67A it prevents monomer-monomer
interactions similar to those observed in AguA. The phyloge-
netic analysis of all GH-67 sequences (Fig. 2) suggests that
these two dimeric forms may represent two possibilities of
dimerization for bacterial a-glucuronidases. AguA and its ho-
mologous enzymes (group I) adopt one dimeric form, while
GIcA67A and its homologous enzymes (group II) adopt an-
other form. Obviously, additional bacterial a-glucuronidases
should be structurally examined to validate the generality of
such an explanation. It is possible also that in fungal a-glucu-
ronidases, the much longer extra polypeptide chains at their C
termini (~110 residues) completely prevent the formation of
dimers of the types observed in either AguA or GIcA67A and
stabilize the monomers in solution. Such an arrangement is
consistent with the reported monomeric forms of the fungal
a-glucuronidases obtained by biochemical studies (11, 18, 33).
It is noted that whereas all known bacterial a-glucuronidases
are intracellular or cell associated, the fungal a-glucuronidases
are extracellular. Thus, the monomeric forms of the fungal
enzymes might be a consequence of their physiological role as
extracellular enzymes.

The construction of the triple mutant AguA, which appears
to be mostly monomeric, allowed us to evaluate the signifi-
cance of the dimerization for the catalytic activity and stability
of AguA. In the suggested dimeric structure of AguA, there
seems to be only one major hydrophobic interaction between
the two subunits, involving W328 and V658. In addition, the
hydrophobicity of the suggested interface is not larger than the
hydrophobicity of the rest of the protein (data not shown). On
the other hand, there are eight amino acid residues from each
AguA monomer that could participate in the dimerization by
forming altogether 18 possible intersubunit hydrogen bonds.
The replacements of W328, R329, and R665 would remove 12
of these potential interactions (Fig. 3C). As evident from the
results of size-exclusion chromatography, the combination of
the three mutations (W328E, R329T, and R665N) leads to an
almost total dissociation of the original AguA WT dimer into
monomers, confirming the central role of these residues for
dimer formation.

The biochemical characterization of the monomeric AguA

are shown in green. In the dimer structure, P524 of one subunit is 4.1
A from P524 of the second subunit. The adjacent G525 can form a
hydrogen bond of 2.6 A with the 3-OH of xyl 2. (C) The interactions
around W328-R329 that could affect the active site of AguA upon
dimer dissociation. The color coding is the same as in panel B. W328
and R329 are located on the same loop as Y322, which can form a
hydrogen bond of 2.6 A with the catalytic acid E285. The loop on which
E285 is located was previously found to be flexible, and can adopt a
closed active conformation, or an open inactive one. Thus, the removal
of W328 and R329 and the dimer dissociation could alter the impor-
tant hydrogen bond between Y322 and E285 and consequently affect
the stability of the flexible loop.
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revealed a puzzling picture: whereas the optimal temperature
for activity was reduced from 65°C for the WT enzyme to 35°C
for the monomeric enzyme, the thermostability of the enzyme
was not changed as a result of the dimer dissociation (as judged
by an almost identical melting temperature) (Fig. 7). Since the
catalytic activity of the monomeric protein was measurable and
showed temperature dependency, it seems that the overall
three-dimensional structure of the enzyme remained generally
unchanged. In addition, since the activity of the monomeric
AguA was not concentration dependent, it appears that the
measured activity is indeed the activity of the mutant form and
not an activity of a small fraction of the mutant that was still
capable of forming dimers. Thus, the reduced activity of the
monomeric AguA resulted not from lower thermostability but
probably from minute structural changes that affected the ac-
tive site itself. The most pronounced influence of the three
mutations is the dissociation of the dimeric structure into
monomers. As a result, residues that were hidden in the inter-
face between monomers became exposed to the solvent. Such
exposure to the solvent could change the capability of these
surface residues to form hydrogen bonds and electrostatic and
hydrophobic interactions. Evidently, these changes were not
significant enough to disrupt the protein structure in a way that
would change its melting temperature. Figure 8A shows the
dimer contact region on the AguA monomer surface. Of all the
residues that are in proximity to residues from the other sub-
unit (in a distance of less than 5 A), P524 is the closest residue
to the active site (Fig. 8B). The backbone carbon atom of P524
is 6 A away from the xylose unit of the substrate in the +2
subsite (subsite nomenclature according to Davies et al. [9]).
The exposure of P524 to the solvent could influence the activity
also through the adjacent G525, whose backbone oxygen atom
is an acceptor of a hydrogen bond (2.6 A) from one of the
hydroxyls of the xylose at the +2 subsite. Thus, the dimer
dissociation could affect the binding of the substrate by chang-
ing this interaction. Interestingly, P524 shows the same se-
quence conservation pattern as the dimer-forming residues of
AguA. All group I a-glucuronidases have proline in the homo-
logue position, while other residues are found in the homolo-
gous position of the sequences of a-glucuronidases from
groups II and III.

Residues W328 and R329 that were mutated to form the
monomeric AguA are about 15 A from the general acid cata-
lytic residue E285. Such distance is definitely too long to pro-
duce a direct influence on the catalytic activity. Nevertheless,
these residues are located on the same loop as Y322, a com-
pletely conserved residue that forms a hydrogen bond 2.6 A
long with the catalytic residue E285 (Fig. 8C). The loop car-
rying this catalytic residue (residues 283 to 287) was previously
found to be flexible in the structures of AguA: it was not
resolved in some of the enzyme structures, but it was visualized
in its “open” (inactive) and “closed” (catalytic) conformations
in other structures of AguA (12). It is possible, therefore, that
the replacement of W328 and R329 altered the hydrogen-
bonding network involving residues around E285, making the
loop at residues 283 to 287 even more flexible. Assuming such
increased flexibility in the AguA mutant, its higher activity at
lower temperatures could be attributed to the slightly higher
rigidity of this critical loop at lower temperatures.

In conclusion, our results indicate that the phylogenetic and
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biochemical analyses of family 67 a-glucuronidases are in good
agreement with the structural data. Taken together, it appears
that bacterial a-glucuronidases can have two different dimeric
organizations, one for each of the subfamilies. The evolution-
ary conservation of the residues involved in the dimerization of
each of the subfamilies suggests that the dimeric structure is
important for the catalytic activities of these enzymes. From
the crystal structure of the dimeric form of AguA, it seems that
the dimerization itself does not have a direct role in catalysis
since the active site is located far from the dimer interface.
However, as can be seen from the biochemical comparison of
the dimeric and monomeric forms of AguA, the assembly of
the dimer is essential for efficient catalytic activity, in agree-
ment with the phylogenetic analysis. It appears that the com-
plex network of hydrogen bonds surrounding the active site is
affected by the exposure of the dimer interface surface to the
solvent. Currently, there are no available three-dimensional
structures for fungal a-glucuronidases, which were found to
function as monomers. Once a structure of one of them is
available, it would be interesting to see how the extra C-ter-
minal segment is arranged as to allow structural stability and
efficient catalysis in monomeric a-glucuronidases.
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