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ABSTRACT: Organization of glycoside hydrolase (GH) families into clans expands the utility of information
on catalytic mechanisms of member enzymes. This issue was examined for GH27 and GH36 through
biochemical analysis of GH36R-galactosidase fromThermotoga maritima(TmGalA). Catalytic residues
in TmGalA were inferred through structural homology with GH27 members to facilitate design of site-
directed mutants. Product analysis confirmed that the wild type (WT) acted with retention of anomeric
stereochemistry, analogous to GH27 enzymes. Conserved acidic residues were confirmed through kinetic
analysis of D327G and D387G mutant enzymes, azide rescue, and determination of azide rescue products.
Mutation of Asp327 to Gly resulted in a mutant that had a 200-800-fold lower catalytic rate on aryl
galactosides relative to the WT enzyme. Azide rescue experiments using the D327G enzyme showed a
30-fold higher catalytic rate compared to without azide. Addition of azide to the reaction resulted in
formation of azideâ-D-galactopyranoside, confirming Asp327 as the nucleophilic residue. The Asp387Gly
mutation was 1500-fold catalytically slower than the WT enzyme onp-nitrophenylR-D-galactopyranoside.
Analysis at different pH values produced a bell-shaped curve of the WT enzyme, but D387G exhibited
higher activity with increasing pH. Catalyzed reactions with the D387G mutant in the presence of azide
resulted in formation of azideR-D-galactopryanoside as the product of a retaining mechanism. These
results confirm that Asp387 is the acid/base residue ofTmGalA. Furthermore, they show that the
biochemical characteristics of GH36TmGalA are closely related to GH27 enzymes, confirming the
mechanistic commonality of clan GH-D members.

R-D-Galactosidases (EC 3.2.1.22) are exo-acting glycoside
hydrolases that cleaveR-linked galactose residues from
carbohydrates commonly found in legumes and seeds, such
as melibiose, raffinose, stachyose, and gluco- or galacto-
mannans (1). R-Galactosidases and related enzymes are of
interest for both physiological and biotechnological applica-
tions. In humans, Fabry’s disease is an X-linked lysosomal
storage disorder, in which glycosphingolipids form with
terminal R-galactosidase sugars. Inactive mutantR-galac-
tosidase enzymes cannot remove these terminal galactose
sugars, thus preventing degradation of the glycosphingo-

lipids. Enzyme replacement therapy has been shown to
successfully treat the disease (2, 3). Similarly, deficiencies
in R-N-acetylgalactosaminidases cause a related genetic
lysosomal storage disorder, Schindler disease (4). R-Galac-
tosidases have been used for biotechnological purposes,
including pretreatment of animal feed to hydrolyze nonme-
tabolizable sugars, thereby increasing the nutritive value (5),
degradation of raffinose to improve the crystallization of
sucrose (6), processing of soy molasses and soybean milk
(7), improvement of the viscosity and gelling properties of
galactomannan (8, 9), stimulation of oil/gas wells through
hydrolysis of the propant matrix (10), and conversion of
B-type blood antigens to produce type O blood (11-14).
Because of their medical and technological importance, a
number ofR-galactosidases from eukaryotic and microbial
sources have been studied (15-19).

R-Galactosidases have been classified by substrate speci-
ficity (8) and by sequence similarity using hydrophobic
cluster analysis (20). With respect to substrate specificity,
group I R-galactosidases hydrolyze oligosaccharides, such
as melibiose, stachyose, raffinose, and verbacose; group II
R-galactosidases are active on polysaccharide substrates, such
as galactomannan and glucomannan. In the carbohydrate-
active enzyme family classification scheme, which groups
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glycoside hydrolases (GH)1 on the basis of amino acid
sequence and structural similarities [http://afmb.cnrs-mrs.fr/
CAZY/index.html (20-22)], R-galactosidases are found in
GH4, GH27, GH36, and GH57.R-Galactosidases from
eukaryotic organisms are predominantly grouped into family
GH27, whereas those from microbial sources are primarily
grouped into families GH4, GH36, and GH57. Of these,
families GH27 and GH36 are thought to share a common
ancestral gene, forming the glycoside hydrolase clan (GH-
D) with a common triosephosphate isomerase (TIM) barrel
structure (20, 23).

Seven apo and ligand-complex three-dimensional struc-
tures for GH27 enzymes from four organisms have been
determined, including anN-acetyl-R-galactosaminidase from
Gallus gallus (chicken) (24), an R-galactosidase A from
Homo sapiens(human) (25), an R-galactosidase from the
fungusHypocrea jecorina(néeTrichoderma reesei) (26, 27),
and anR-galactosidase fromOryza satiVa (rice) (28). Early
work on the mainR-galactosidase from the white-rot fungus
Phanerochaete chrysosporium(29) established that enzymes
in GH27 act through a double-displacement mechanism
involving retention of the stereochemistry of the anomeric
center (Figure 1) (30). Specific mechanism-based inactiva-
tion, coupled with mass spectrometry, was subsequently used
to identify the conserved catalytic nucleophile in this family
for both theP. chrysosporium(31) and theCoffea arabica
(coffee) (32) R-galactosidases. The analysis of three-
dimensional enzyme-product complexes later facilitated
identification of the conserved catalytic general acid/base
residue (24-26, 28, 33).

In contrast to GH27 members, the molecular details
governing catalysis by GH36 enzymes are less clear.
Members of GH36 are particularly interesting enzymes with
respect to their potential for carbohydrate synthesis through
protein engineering, since both hydrolytic (R-galactosidase
and N-acetyl-R-galactosaminidase) and transglycosylation
activities (raffinose and stachyose synthase) are represented
in this group. Previously, global protein sequence analysis
established the relationship of GH27 and GH36 in clan GH-D
(22), thus implying a conserved overall (â/R)8 tertiary
structure and retaining catalytic mechanism. However,
sequence similarity within clan GH-D was too low to
accurately predict the location of key amino acids. Structural
information on the GH36R-galactosidase fromThermotoga
maritima(TmGalA) enzyme has recently been deposited (34),
facilitating efforts to compare catalytic mechanisms of GH27
and GH36. As such, site-directed mutagenesis and detailed

kinetic analysis ofTmGalA have led to identification of the
key catalytic and active site residues in GH36, suggesting
that a common mechanism governs enzymes in clan GH-D.

EXPERIMENTAL PROCEDURES

Materials and General Procedures.Chemicals, growth
media, and buffer reagents were obtained from Fisher
Scientific (Hampton, NH) and Sigma-Aldrich (St. Louis,
MO). All protein structure figures were produced
using PyMOL v0.98 or v0.99, available at URL
http://pymol.sourceforge.net/.

Synthesis ofR-Galactosides.All o-nitrophenyl andp-
nitrophenyl (Gal-PNP) glycosides were purchased from
Sigma-Aldrich (St. Louis, MO). 4-Bromophenyl, 3,4-dim-
ethylphenyl, 4-methoxyphenyl, phenyl, andm-nitrophenyl
R-D-galactopyranosides were synthesized from galactose by
acetylation, fusion of the acetates with corresponding phenol
and anhydrous zinc chloride as described (35), and Zemple´n
deacetylation. 2,4-Dinitrophenyl, 2,5-dinitrophenyl, and 2-naph-
thyl R-D-galactopyranosides were synthesized from tetra-O-
acetylR-D-galactopyranosyl chloride (36), and sodium salts
of corresponding phenols in HMPA were prepared as
described elsewhere (37, 38). Dinitrophenyl derivatives were
deacetylated at 4°C in anhydrous methanol saturated with
HCl (29). Deprotection of 2-naphthylR-D-galactoside was
achieved by the Zemple´n procedure. All products were
obtained in crystalline form and characterized by1H NMR
analysis (Supporting Information). These data were consistent
with the expected structure and literature data (when avail-
able) in each case.

Cloning, Mutagenesis, Protein Expression, and Protein
Purification. RecombinantEscherichia coli strains were
grown in Luria broth containing 50 mg/L kanamycin. The
R-galactosidase gene (galA) from T. maritimaMSB8 (ORF
TM1192) was amplified from genomic DNA by PCR using
primers (direct, 5′-CGCGCCATGGAAATATTCGGAAA-
GACCTTCAG-3′; reverse, 5′-GCGCGAATTCTACCT-
GAGTTCCATCATT-3′), which introducedNcoI andEcoRI
restriction sites (underlined) and, in the process, mutated the
first codon of the gene from GTG to ATG. The PCR
fragment was inserted into pET24d (Novagen, San Diego,
CA) and sequenced to verify cloning. Mutant clones were
generated using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA) with the corresponding primer
listed in Table 1 and its complement. RecombinantR-ga-
lactosidase (TmGalA) and its derived mutants were expressed
in E. coli BL-21(DE3) from cultures grown overnight, and
the proteins were purified as previously described (39). In
the case of the mutants, new column matrix was used for
each mutant. Protein concentrations were determined using
the Bio-Rad protein assay (Bio-Rad, Hercules, CA) with
bovine serum albumin as standard.

NMR and MS Analyses of Reaction Products.All 1H
spectra were recorded with an AMX-500 Bruker spectro-
photometer. Prior to analysis by NMR,TmGalA wild type
(WT), D327G and D387G mutants, buffer materials, and
substrates were freeze-dried twice with D2O. The1H NMR
measurements were performed in 50 mM sodium acetate (pH
5.0) buffer with acetone used as an internal standard (δ 1H
2.23). Product formation and stereochemistry of Gal-PNP
hydrolysis were determined using1H NMR spectroscopy,

1 Abbreviations: Gal-PNP,p-nitrophenylR-D-galactopyranoside; GH,
glycosyl hydrolase; N3RGalp, azideR-D-galactopyranoside; N3âGalp,
azideâ-D-galactopyranoside;TmGalA, Thermotoga maritimaR-galac-
tosidase; WT, wild-type enzyme.

FIGURE 1: Retaining glycosidase mechanism in which a double
displacement mechanism generates a product with the same
anomeric configuration as the initial substrate.
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by on-line detection of the products formed. Galactose
concentrations at different time intervals during the reaction
were determined using specific chemical shifts:R-galactose,
δ ) 5.26; â-galactose,δ ) 4.58. NMR analysis of azide
rescue experiments for D327G and D387G mutants was
carried out as follows.1H NMR spectra were collected for
hydrolysis of 1 mM Gal-PNP with 0.02 unit of each enzyme
in 50 mM sodium phosphate, pH 6.5, with 100 mM NaN3.
Spectra were recorded every 15 min until the reaction was
completed.

Products of the azide rescue reaction of D327G enzyme
were separated using a Spherisorb C8 column (250× 4.6
mm; Supelco Inc.). Mass spectrometric analysis of these
products was performed with a Q-Tof 2 mass spectrometer
fitted with a nanoflow ion source (Waters Corp., Micromass
MS Technologies, Manchester, U.K.) as described (40).

Reaction Kinetics and Biochemical Characterization.
Kinetic studies ofTmGalA WT and D327G were performed
on a Jasco V-560 UV-vis spectrometer, equipped with a
circulating water bath, using 1 cm path length quartz cuvettes.
The buffer employed for all kinetic experiments with WT
enzyme was 50 mM sodium acetate (pH 5.0), containing 0.5
mg/mL BSA in the case of the WT enzyme. Extinction
coefficients for phenols were determined by measuring the
absorbance of each compound in the same buffer at 37°C.
This temperature was chosen to minimize spontaneous
hydrolysis of the substrates. The wavelength monitored and
molar extinction coefficients used for each substrate were
as follows (∆ε, mM-1 cm-1): 2′,4′-dinitrophenyl, 440 nm,
8.48; 2′,5′-dinitrophenyl, 440 nm, 3.44; 4′-nitrophenyl, 400
nm, 7.61; 2′-nitrophenyl, 265 nm, 2.15; 4′-methylumbel-
liferyl, 355 nm, 2.87; 3′-nitrophenyl, 380 nm, 0,49; 4′-
bromophenyl, 289 nm, 0.94;â-naphthyl, 330 nm, 1.47; 4-O-
methylphenyl, 285 nm, 1.93; 3′,4′-dimethylphenyl, 285 nm,
1.29; phenyl, 277 nm, 0.863.

Substrate hydrolysis was initiated with the addition of an
appropriate aliquot of enzyme (0.47µg of WT protein and
39-62 µg of D327G mutant enzyme); the initial rate of
phenolate release was monitored at 37°C at an appropriate
wavelength relative to a reference cuvette containing no
enzyme. The rate of enzyme-catalyzed hydrolysis was
determined by varying substrate concentrations (typically
10-12 points) ranging from 0.5× 5 to 10Km, when possible.
The kinetic parameters were estimated by direct fit of the
data to the Michaelis-Menten equation using the program
Origin 7.5 (OriginLab Corp., Northampton, MA). Logarith-
mic plots of kinetic parameters (kcat andkcat/Km) were fitted
by linear regression with the leaving group pKa values. The
Brønsted coefficients,âlg, were calculated from the slopes
of these plots.

Azide rescue reactions using the D327G mutant were
performed in 50 mM sodium acetate buffer with 0-400 mM
sodium azide, measuring hydrolysis of 2.5 mM Gal-PNP at
37 °C for 20 min. Reactions were stopped by the addition
of 10% sodium carbonate. Addition of azide resulted in an
increase of pH from 5.0 to 6.2 for 400 mM NaN3. Hydrolysis
was monitored using the Jasco spectrometer as described
above.

Kinetic studies on the D387G mutant were conducted at
37°C using Gal-PNP as substrate on a Perkin-Elmer Lambda
Bio 20 spectrophotometer (Wellesley, MA), heated by a
Perkin-Elmer PTP-1 Peltier system. Experiments were run
in 200 mM sodium citrate buffer (pH 5.0). The activity assay
was modified to increase sensitivity by changing to an end
point assay, which was stopped after 5 min by addition of 1
M Na2CO3. This changed the extinction coefficient to 18
mM-1 cm-1. Michaelis-Menten kinetic parameters were
calculated by least-squares regression in Excel (Microsoft,
Redmond, WA). The influence of external nucleophiles on
WT and D387G was studied using Gal-PNP at concentrations
from 12 µM to 2 mM. Azide rescue experiments were
conducted in the presence of 2 M sodium azide with 200
mM sodium citrate, pH 5.0 (after addition of azide). Formate
rescue experiments were conducted in 2 M sodium formate
buffer (pH 5.0).

The pH dependence of enzymatic hydrolysis was inves-
tigated by determiningkcat andKm values for a series of pH
values between 2.5 and 8.5. Hydrolysis of Gal-PNP at 37
°C was continuously monitored at 400 nm. Only pHs for
which the enzyme was stable for at least 25 min were used.
All buffers [citrate-phosphate buffer solutions (pH 2.8-
7.5); glycine buffers (pH 8.0-10.5)] were at a final
concentration 50 mM and contained 0.05 M NaCl. Reaction
mixtures (total volume of 600µL) were prewarmed until
the reaction was initiated by the addition of 0.4µg of WT,
approximately 60 mg of D327G, or 147 mg of D387G.
Kinetic parameters determined at each pH were then fitted
with a function describing a bell-shaped pH profile (eq 1a,b)
using Origin 7.5, yielding the apparent pKa of the ionizable
groups.

Differential Scanning Microcalorimetry.Purified proteins
were dialyzed overnight against 2 L of filtered 50 mM

Table 1: Primer Pairs forT. maritimaR-Galactosidase Site-Directed Mutants (Complementary Primer Not Shown)

mutation primer

D103A GG AAC CTC CAG AGC GCC TAT TTC GTG GCT GAA GAA GG
D220A C GAG GTC TTC CAG ATA GCC GAC GCC TAC GAA AAG GAC
D220G C GAG GTC TTC CAG ATA GGT GAC GCC TAC GAA AAG GAC
D220A G GTC TTC CAG ATA GAC GCC GCC TAC GAA AAG GAC ATA GG
D229A C TAC GAA AAG GAC ATA GGT GCC TGG CTC GTG ACA AGA GG
D275A GTA TTC AAC GAA CAT CCG GCC TGG GTA GTG AAG GAA AAC GG
D299A G ATA TAC GCC CTC GCT CTT TCG AAA GAT GAG GTT CTG AAC TG
D327A C TAC AGG TAC TTC AAG ATC GCC TTT CTC TTC GCG GGT GC
D327G C TAC AGG TAC TTC AAG ATC GGC TTT CTC TTC GCG GGT GC
D387G GG ATG AGG ATA GGA CCT GGT ACT GCG CCG TTC TG

kcat )
(kcat)max × 10pH-pKa1

102pH-pKa1-pKa2 + 10pH-pKa1 + 1
(1a)

kcat/Km )
(kcat/Km)max× 10pH-pKa1

102pH-pKa1-pKa2 + 10pH-pKa1 + 1
(1b)
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FIGURE 2: Structure-based protein sequence alignment ofTmGalA (PDB 1ZY9, UniProt O33835) andO. satiVa R-galactosidase (PDB
1UAS, UniProt Q9FXT4). The respective PDB file residue numbering systems are used. Secondary structural elements extracted by PyMOL
from the PDB data are highlighted. Secondary structure element numbering for 1UAS is from Fujimoto et al. (28). Residues in loop regions
are shown in italics. Spatially equivalent residues in the enzyme active sites are denoted with “)”. The following underlined residues are
also approximately equivalent in the active site: 1ZY9 W65) 1UAS W164; 1ZY9 F328 and W291) 1UAS C101-C132 disulfide and
S102. The catalytic nucleophile residue in each enzyme is marked with an N and the general acid/base residue with a B. Residues 526-
551, in parentheses, were not observed in the crystal structure ofTmGalA.
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sodium phosphate, pH 7.2, with 150 mM NaCl. Samples of
1.5-3.0 mg/mL protein were run on an N-DSC (Calorimetry
Sciences Corp., Lindon, UT) from 25 to 125°C at 0.5°C/s.
Results were analyzed using CpCalc 2.0 (Calorimetry
Sciences Corp.), and the maximum excess heat capacity was
used as the melting temperature of the proteins.

RESULTS

Substrate Specificity of TmGalA on Glycosides.A series
of 4-nitrophenyl glycosides and natural galactosylated sub-
strates were used to determine the substrate specificity. Using
accepted nomenclature (41), the glycone occupies the-1
subsite in the enzymatic active site pocket, while the
departing group occupies the+1 subsite. As there was no
detectable enzymatic activity on xylo-, fuco-, manno-, or
glucopyranosides (data not shown), it appears thatTmGalA
prefers substrates with galactopyranoside as the glycone.

Site-Directed Mutagenesis of TmGalA ActiVe Site Resi-
dues.The primary sequence ofTmGalA is shown in Figure
2. Conserved acidic amino acid residues in GH36 were
identified by sequence alignments with other GH36R-ga-
lactosidases (42), and alanine mutants were generated for
the conserved residues D103, D220, D221, D229, D275,
D299, D327, and D387. Site-directed mutations, D220A,
D327A, and D387A, generated products that exhibited less
than 1% of the wild-type (WT) enzyme activity on Gal-PNP
in sodium acetate at 80°C, implicating their role in catalysis.
These residues were mutated to glycine for further analysis.

Stereochemical Course of the Hydrolytic Reaction.1H
NMR provides a direct method for determining a stereo-
chemical outcome of the glycoside hydrolysis. Chemical
shifts and coupling constants of the anomeric protons inR-
andâ-glycosides, as well as in the product hemiacetals, are
distinct and readily observed. Figure 3 shows the kinetics
of the formation ofR- and â-anomers of galactose in the
hydrolysis of Gal-PNP. TheR-anomer was initially formed
in the presence of the WT enzyme and accumulated in
amounts sufficient for detection, followed by a noticeable
amount ofâ-anomer, which appeared due to mutarotation.
Mutarotation proceeded until the normal anomer ratio of 30%
R- and 70%â-galactopyranose was established (60 min after
the reaction was stopped). The data unequivocally demon-
strate that enzymatic hydrolysis proceeds with the retention
of the anomeric configuration, presumably as a result of a
double displacement reaction (43). The stereochemical
outcome of the hydrolysis of Gal-PNP catalyzed by D387G
was monitored by NMR. An accumulation ofR-D-galactose
as an initial reaction product was observed, followed by the
appearance of a small amount ofâ-anomer arising due to
mutarotation. This fact indicates the D387G mutant to be a
retaining glycoside hydrolase similar to the WT.

Analysis of Structural Features of TmGalA with Respect
to the Biocatalytic Mechanism.The tertiary structure of
TmGalA consists of three domains (Figure 4): an N-terminal
â-supersandwich domain (residues 1-179; see Figure 2 for
primary sequence), a core (â/R)8 barrel (residues 180-482),
and a C-terminal antiparallelâ-sheet domain (residues 483-
525) (34). As expected, based on common clanship in GH-D
(22) (URL: http://afmb.cnrs-mrs.fr/CAZY/),TmGalA from
GH36 shares a homologous (â/R)8-barrel catalytic domain
with all of the known three-dimensional structures of GH27
enzymes (Figure 5). DaliLite (44) was used for pairwise
comparison ofTmGalA with representative structures from
H. sapiensR-galactosidase A (PDB 1r46) (25), H. jecorina
(née T. reesei) R-galactosidase (PDB 1SZN) (26), O. satiVa
R-galactosidase (PDB 1UAS) (28), andG. gallus N-acetyl-
R-galactosaminidase (PDB 1KTB) (24). As shown in Table
2, comparison of the complete structures indicated modest
structural overlap, as judged by the rmsd values of the CR

atoms, despite very low sequence similarity. Both the rmsd
values andZ-scores were slightly improved when only the
corresponding (â/R)8-barrel domains were compared, which
indicates minimal structural homology of the C-terminal
â-sheet domain observed in GH27 enzymes. Indeed, there
is an apparent lack of overlap of the CR trace ofTmGalA

FIGURE 3: 1H NMR analysis of the stereoselectivity for the WT
TmGalA catalyzed reaction.

FIGURE 4: Wall-eyed stereo overview of theTmGalA tertiary structure and secondary structural elements. The N-terminal, (â/R)8-barrel,
and C-terminal domains are colored in blue, violet, and red, respectively.
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with that of the representativeO. satiVa R-galactosidase
(Figure 5). Furthermore, nearly 30 residues at the C-terminus
of TmGalA were not observed crystallographically. No
binding nor catalytic function has been previously ascribed
to this domain in GH27.

The three-dimensional structures of the GH27 enzymes
have been rigorously compared and show little variation with
regard to tertiary structure (24-26, 28). The (â/R)8 and
C-terminal domains are clearly superimposable (45), while
only theT. reeseiR-galactosidase (PDB 1SZN) is peculiar
with regard to two loop extensions on the (â/R)8 barrel (26).
Due to the high structural similarity within GH27, we
selected theO. satiVa R-galactosidase (PDB 1UAS) as an
illustrative structure for further comparison withTmGalA
of GH36 (Figure 5). Manual analysis of the superimposed
O. satiVa andT. maritimaenzymes was used to derive the
primary sequence alignment shown in Figure 2.

The N-terminal â-supersandwich has no homologous
structure in family GH27 enzymes of clan GH-D (cf. Figures
2 and 5) but bears the highest structural similarity to chain
D of bovine lysosomalR-mannosidase (bLAM, PDB 1O7D)
from GH38 (46). Analysis using Dali v.2.0 (47), via the Dali
server (URL: www.ebi.ac.uk/dali/), indicated that residues
1-179 ofTmGalA (PDB 1ZY9) align with PDB 1O7D:chain
D with a Z-value of 8.0, an rmsd value of 3.7 Å, and a
sequence identity of 11% over 138 of 269 residues. The
Secondary Structure Matching (SSM) server (48) (URL:
www.ebi.ac.uk/msd-srv/ssm/) similarly returned PDB 1O7D:
chain D as the top hit, with an rmsd value of 2.8 Å for 132
aligned residues with 11 aligned secondary structural ele-
ments, 14 gaps, and 11% sequence identity. A superposition
of the N-terminal domain ofTmGalA with the D peptide of

bLAM based on the SSM output is shown in Figure 6.
Interestingly, this domain contributes a key substrate-binding
residue (W65) to the active site ofTmGalA, which replaces
the homologous W164 (Figures 2 and 7).

Indeed, a high degree of homology was observed between
the active sites ofTmGalA and theO. satiVa R-galactosidase
(Figure 7). Galactose, observed as an equilibrium mixture
of R- andâ-anomers in theO. satiVa structure, provides a
convenient point of reference for the identification of the
corresponding catalytic and substrate-binding residues in the
active site ofTmGalA, which are summarized in Figure 2.
Many active site residues are identical between the two
enzymes, or are conservative substitutions, while in some
cases more radical replacements are observed. As mentioned
above,TmW65, which is found on the loop joiningâ7 and
â8 of the N-terminalâ-supersandwich, replacesOsW164
from the loop joining â5 and R5 of the (â/R)8 barrel.
Likewise, the side chains of F328 and W291 inTmGalA
approximately assume the position occupied by the S102 and
C101-C132 cystine residue in theO. satiVa enzyme. The
TmW191-OsD17 replacement is similarly nonconservative,
but is compensated for, in part, by theTmC428-OsM217
substitution. The conserved catalytic nucleophile and general
acid/base residues in GH27, represented by D130 and D185
in theO. satiVa R-galactosidase, are clearly observed to have
structural homologues inTmGalA, namely, D327 and D387,
respectively.

Thermal Denaturation of WT and TmGalA Mutants.The
melting behavior of the WT and mutant enzymes revealed
that D327G had a nearly identicalTmelt to the WT (89.8°C),
whereas D220G and D387G melted close to 83°C (Table
3). Despite the role of D387 in catalysis, mutation of this

FIGURE 5: Superposition of the CR traces of GH36TmGalA (PDB 1ZY9, orange) and the GH27O. satiVa R-galactosidase (PDB 1UAS,
cyan). The wall-eyed stereoview is down the axis of the (â/R)8-barrel domain; the perspective is identical to that in Figure 4. Galactose,
observed as an equilibrium mixture ofR- andâ-anomers in theO. satiVa structure (28), highlights the position of the enzyme active sites.

Table 2: Structural Similarity betweenTmGalA (PDB Code 1ZY9) and GH27 Membersa

GH27 enzyme PDB code
input residues

(PDB numbering) Z-score
aligned CR

residues
rmsd
(Å)

sequence
identity (%)

H. sapiensR-galactosidase A 1R46 (chain A) 32-421 (complete) 19.7 240 2.9 14
32-328 [(R/â)8 domain] 22.2 236 2.7 14

H. jecorina(néeT. reesei) R-galactosidase 1SZN 1-417 (complete) 18.6 276 2.9 18
1-319 [(R/â)8 domain] 22.5 235 2.6 20

O. satiVa R-galactosidase 1UAS 1-362 (complete) 21.1 268 2.8 16
1-278 [(R/â)8 domain] 23.4 233 2.6 18

G. gallus N-acetyl-R-galactosaminidase 1KTB 1-388 (complete) 19.6 271 2.9 15
1-298 [(R/â)8 domain] 22.5 236 2.7 15

a Pairwise structural alignments were performed using DaliLite (44) (accessed at the European Bioinformatics Institute at URL http://www.ebi.ac.uk/
dali/index.html. For alignment with other complete sequences,TmGalA residues 1-525 (PDB numbering) were used as input. For alignment of
(R/â)8 domains,TmGalA residues 180-479 were used as input.
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amino acid adversely affected the stability of the enzyme.
Residue D220 is positioned near the active site pocket, and
the mutation affected the enzymatic activity of the enzyme
as well as the stability of the protein, possibly due to
elimination of a salt bridge with K325.

pH Dependence of Glycoside Hydrolysis.WT hydrolysis
of Gal-PNP followed a standard bell-shaped (Figure 8), pH
dependence, as expected for glycosidases, presumed to result
from the ionization of the two active site carboxylic acids
(49). The pH curve for D327G was similar in shape to the
WT curve, but with a slight increase in pH optimum forkcat

(Figure 8a). The D387G pH profile, however, showed
increasing activity with increasing pH (Figure 8). This has
also been shown for theâ-xylosidase fromBacillus stearo-
thermophilus(49) and theR-arabinosidase fromGeobacills
stearothermophilus(50) acid/base mutants. In the case of
the D387G, at high pH values there is no reduction in activity
due to elimination of the acid/base residue. D220G exhibited
a standard bell-shaped pH profile with a pH optimum of
about 5.0 (results not shown) but with reduced activity
relative to the WT protein.

Catalytic Properties of D327G and D387G Mutants.A
series of arylR-galactosides was used to examine the kinetic
parameters of WT and D327G enzymes (Table 4). For both
the WT and the D327G mutant, Brønsted plots and coef-
ficients (see Figure 9) indicated that there was a linear,
monotonic relationship between arylR-D-galactopyranosides
and the leaving group (WTâ1g ) -0.05 for bothkcat and
kcat/Km; D327Gâ1g ) -0.15 and-0.11 forkcat andkcat/Km,
respectively). The catalytic rates of the WT enzyme were
200-800-fold greater than the rates for the D327G mutant,
while Km values were of the same order of magnitude. This
resulted in a lower (300-1700-fold) catalytic efficiency for
the mutant relative to the WT. The reaction rates for WT
and D387G enzymes for hydrolysis of Gal-PNP showed that
the WT had approximately a 1500-fold higher catalytic rate
than did D387G and a 1000-fold higher catalytic efficiency
(Table 5).

External nucleophile rescue methodology was attempted
using azide for WT, D327G, and D387G enzymes. No
increase in the catalytic rate or efficiency was observed for
the WT in the presence of either azide or formate. However,
as expected, a noticeable restoration of hydrolytic activity
for the nucleophilic mutant (D327G) was observed when
azide was added into the reaction with Gal-PNP. The increase
in rate was about 30-fold and clearly dependent on exogenous
nucleophile concentration (Figure 10). Even a small con-
centration of azide (40 mM) restored the activity of this
mutant up to 10-fold. Components of the reaction mixture
with the D327G mutant after the hydrolysis of Gal-PNP in

FIGURE 6: Wall-eyed stereoview of the N-terminal domain (residues 1-179) of GH36TmGalA (PDB 1ZY9, orange) superimposed on
peptide D of GH38 bovine lysosomalR-mannosidase (PDB 1O7D:chain D, cyan).

FIGURE 7: Superposition of the active sites of GH36TmGalA (PDB 1ZY9, violet) and the GH27O. satiVa R-galactosidase (PDB 1UAS,
cyan). Bound galactose, as well as the catalytic nucleophile (D130) and general acid/base (D185) residues, in theO. satiVa structure is
shown in yellow/red. The corresponding nucleophile and acid/base residues in theTmGalA structure are D327 and D387, respectively
(green/red). Residue numbering is shown forTmGalA, following the numbering scheme in PDB 1ZY9.

Table 3: Thermal Denaturation ofTmGalA and Mutants

enzyme melting temp (°C)

wild type 89.8
D220G 82.8
D327G 89.0
D387G 83.3
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the presence of 100 mM NaN3 were analyzed by TLC, NMR,
and MS spectroscopic techniques and revealed the appear-
ance of a new product (Rf ) 0.53) distinct fromR-D-
galactopyranoside (Rf ) 0.27) and Gal-PNP (Rf ) 0.64). This
new product was identified as azideâ-D-galactopyranoside
(N3âGalp): 1H NMR (D2O, 500 MHz)δ 4.64 (1H, d,J1,2 )

8.6 Hz, H1), 3.98 (1H, d,J3,4 ) 3.38 Hz, H4), 3.79 (1H, dd,
J5,6a ) 7.4 HzJ6a,6b ) 11.6 Hz, H6a), 3.77 (1H, dd,J5,6b )
5.25 Hz, H6b), 3.75 (1H, dd, H5), 3.68 (1H, dd,J2,3 ) 9.7
Hz, H3), 3.55 (1H, dd, H2);m/z228.0598 [N3âGalp + Na]+

(calcd 228.0596).
During hydrolysis of Gal-PNP by the D387G enzyme in

the presence of 100 mM NaN3 there was a minimal, 40%
increase of hydrolysis rate or catalytic efficiency. NMR
revealed that an additional associated signal with a chemical
shift at δ ) 5.55 ppm appeared as well as the expected
signals ofR- andâ-anomers ofD-galactose. After 60 min,
the concentration of a new product was estimated to be 0.57
mM (57% of all products obtained). The assignment of
chemical shifts for this compound showed it to be azideR-D-
galactopyranoside (N3RGalp): 1H NMR (D2O, 500 MHz)δ
5.55 (1H, d,J1,2 ) 4.63 Hz, H1), 4.05 (1H, ddd,J5,6a) 7.25
Hz, J5,6b ) 4.94 Hz,J5,4 ) 1.31 Hz, H5), 3.99 (1H, dd,J4,3

) 3.31 Hz, H4), 3.93 (1H, dd,J2,3 ) 10.2 Hz, H2), 3.77
(1H, dd, J6a,6b ) 11.8 Hz, H6a), 3.74 (1H, dd, H3), 3.74
(1H, dd, H6b).

DISCUSSION

Several common strategies were used to confirm that
GH36 TmGalA, like clan-D member GH27 enzymes (29),
catalyzes hydrolysis through a double-displacement retaining
mechanism (43), which involves two consecutive steps
(glycosylation and deglycosylation) proceeding via two
transition states surrounding the formation of a covalently
linked glycosyl-enzyme intermediate (43, 51). As a result
of nucleophilic substitution in each step, the C1 atom of
the sugar ring is inverted twice, resulting in an overall
net retention of the initial stereochemistry. Furthermore,

FIGURE 8: pH dependence of kinetic parameters. (a) log[((kcat/Km)/
(kcat/Km)max] of wild-type, D327G, and D387G enzymes versus pH.
Calculated values for pKa1 and pKa2: 3.3 and 6.29 (WT); 4.92 and
8.57 (D327G); 4.83 and 9.34 (D387G). (b) log[(kcat)/(kcat)max] of
wild-type, D327G, and D387G enzymes versus pH. Calculated
values for pKa1 and pKa2: 3.3 and 6.29 (WT); 2.73 and 6.46
(D327G); 4.95 and 9.51 (D387G). Lines were fit to experimental
data using eq 1a,b (see Experimental Procedures).

Table 4: Steady-State Kinetic Parameters for the Hydrolysis of Aryl
R-Galactosides byTmGalA WT and D327G Enzymes

aglycon pKa enzyme
kcat

(s-1)a
Km

(mM)
kcat/Km

(s-1 mM-1)

2,4-dintrophenyl 3.96 WT 12.23 0.037 330.5
D327G 0.085 0.135 0.630

2,5-dintrophenyl 5.15 WT 11.20 0.143 78.3
D327G 0.042 0.243 0.173

4-nitrophenyl 7.18 WT 8.58 0.080 107.3
D327G 0.030 0.083 0.361

2-nitrophenyl 7.22 WT 13.67 0.143 95.6
D327G 0.035 0.133 0.263

3-nitrophenyl 8.39 WT 10.50 0.096 109.4
D327G 0.042 0.140 0.300

4-bromophenyl 9.34 WT 12.58 0.111 113.3
D327G 0.016 0.104 0.154

â-naphthyl 9.51 WT 6.26 0.039 160.5
D327G 0.021 0.225 0.093

phenyl 9.99 WT 5.71 0.176 32.4
D327G 0.027 0.324 0.083

4-O-methylphenyl 10.2 WT 6.69 0.048 139.4
D327G 0.010 0.088 0.114

3,4-dimethylphenyl 10.32 WT 10.39 0.086 120.8
D327G 0.010 0.089 0.112

FIGURE 9: Brønsted plots of WT and D327GTmGalA enzymes
for aryl galactosides. (a) Effect of leaving group onkcat/Km: âlg )
-0.05 (WT) andâlg ) -0.11 (D327G). (b) Effect of leaving group
on kcat: âlg ) -0.05 (WT) andâlg ) -0.15 (D327G). Leaving
group ability represented as pKa: 2,4-dinitrophenyl (4.0); 2,5-
dinitrophenyl (5.2); 4-nitrophenyl (7.2); 2-nitrophenyl (7.2); 3-ni-
trophenyl (8.4); 4-bromophenyl (9.3);â-naphthyl (9.5); phenyl
(10.0); 4-O-methylphenyl (10.2); 3,4-dimethylphenyl (10.3).
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primary amino acid sequence analysis of GH36 enzymes with
respect to those in GH27 revealed a number of conserved
acidic amino acid residues. The mutant versions ofTmGalA,
D327G and D387G, were shown to have less than 1%
residual activity on Gal-PNP, consistent with recent reports
that residues corresponding to D327 and D387 were the
nucleophile and acid/base residues on theR-galactosidase
from the hyperthermophileSulfolobus solfataricus(52).

Crystallographic data available for glycoside hydrolase
clan D have only been available for GH27 enzymes from
H. sapiens, G. gallus, O. satiVa, andH. jecorina. These data
have been used to investigate the structural features of
lysosomal storage disorders, such as Fabry and Schindler
diseases, and show highly conserved catalytic pockets within
GH27 (45). Structural alignment ofTmGalA (1ZY9) con-
firmed the structural and catalytic similarities between GH27
and GH36 (Figures 2 and 5). Superposition of theTmGalA
catalytic pocket withO. satiVa R-galactosidase indicated that
theTmGalA nucleophile is D327 and the acid/base catalyst
is D387, based on alignment withO. satiVa residues D130
and D185, respectively, as shown in Figure 7. This result
points to the shared common ancestry of GH27 and GH36
families (23). In GH36, catalytic residues are separated by
approximately 6.3 Å, rather than the 5.5 Å generally found
for retaining enzymes (30), which is consistent with an
average separation for GH27 catalytic residues of 6.5 Å (45).
As indicated by structural alignment, the N-terminal domain
of TmGalA (residues 1-179) has no homologous structure
in GH27 enzymes (Figure 5). This domain, which is found
in longer variants in a number of other GH36R-galactosi-
dases, makes an important contribution to the enzyme active
site located within the (â/R)8 barrel by providing the key
substrate-binding residue W65. Deletion of this domain

would likely produce an incorrectly folded and nonfunctional
enzyme variant.

To further support the structure-based identification of the
catalytic residues, kinetic parameters of the D327G and
D387G mutants were compared to those of the WT enzyme.
Brønsted analysis ofkcat andkcat/Km values for the hydrolysis
of a series of arylR-galactosides by the WT and D327G
enzymes was also performed to obtain information regarding
the rate-determining step of catalysis. In the canonical
retaining glycoside hydrolase mechanism, the leaving group
(aglycon or saccharide) is released during the first step of
the reaction with concomitant formation of a covalent
glycosyl-enzyme intermediate (enzyme glycosylation). This
intermediate is subsequently decomposed by reaction with
an exogenous nucleophile, resulting in formation of free
enzyme and product by glycosyl transfer (enzyme deglyco-
sylation) (43, 51). Kinetic constants which define the minimal
mechanism shown in eq 2 are as follows:kcat ) k2k3/(k2 +
k3), Km ) (k-1 + k2)k3/(k2 + k3)k1, andkcat/Km ) k1k2/(k-1 +
k2), wherek2 andk3 are the first-order rate constants of the
enzyme glycosylation and deglycosylation steps, respectively.

Brønsted plots were constructed for WT and D327G
TmGalA enzymes (Figure 9) from the kinetic parameters
summarized in Table 4.Km (0.04-0.18 mM) andkcat (5.71-
13.67 s-1) values for the WT enzyme did not exhibit large
variation across the range of substrates tested. Correspond-
ingly, log(kcat) and log(kcat/Km) were essentially independent
of the pKa values of the departing phenol; plots were linear
and monotonic with a slope near zero (Figure 9). While the
lack of dependence ofkcat values on leaving group ability
would itself normally be indicative of rate-limiting break-
down of the glycosyl-enzyme intermediate (k3), the inde-
pendence ofkcat/Km values on leaving group pKa precludes
this simple conclusion. Regardless of the rate-determining
step, the expressionkcat/Km ) (k1 k2)/(k-1 + k2) should reflect
the first chemical step in the mechanism (governed byk2,
which is necessarily dependent on leaving group ability),
except in the case of “sticky” substrates, for whichk-1 ,
k2. In this case, the expression describingkcat/Km reduces to
kcat/Km ) k1, the rate constant for the association of enzyme
and substrate. Observed values ofkcat/Km would therefore
be expected to approach the diffusion-controlled reaction rate
limit of 109-1011 M-1 s-1 (53). However,kcat/Km values are
ca. 105 for all aryl R-galactosides examined over a pKa range
of 6, so catalysis is unlikely to be limited by the encounter
frequency of the enzyme and substrate. A lack of dependence

Table 5: Kinetics ofTmGalA WT and Acid-Base Mutant in the Presence of External Nucleophiles

aglycon pKa enzyme kcat (s-1)
ratiokcat

(WT/D387G) Km (mM)
kcat/Km

(mM-1 s-1)
ratiokcat/Km

(WT/D387G)

4-nitrophenyl 7.18 WT 33 1500 0.052 620 1000
D387G 0.022 0.036 0.61

4-nitrophenyl+ azide 7.18 WT 38 1400 0.077 490 1400
D387G 0.027 0.074 0.36

4-nitrophenyl+ formate 7.18 WT 31 1000 0.044 700 910
D387G 0.031 0.040 0.77

FIGURE 10: Azide rescue of the nucleophile mutant D327G.
Reaction conditions: 50µg of D327G mutant, 50 mM sodium
acetate buffer with 0-400 mM sodium azide, and 2.5 mM Gal-
PNP, at 37°C for 20 min.
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of kcat/Km on pKa is atypical for retaining glycosidases (54-
58) but is nonetheless precedented. Through detailed kinetic
analysis of the hydrolyses of aryl glucosides and glucosyl
pyridinium ions by yeastR-glucosidase, together with
primary and secondary kinetic isotope measurements, Hosie
and Sinnott attributed the insensitivity of kinetic parameters
on leaving group phenol pKa to the existence of a rate-
limiting noncovalent step preceding the first bond cleavage
event (59). On the basis of considerations of the conforma-
tional itinerary of the sugar ring during the course of the
reaction, it was proposed that the rate-limiting step in this
case involved a change from the ground state4C1 chair
conformation of the substrate to a2,5B boat. Although it is
tempting to speculate that a similar effect may occur in the
TmGalA, which shares identical reaction stereochemistry,
much more extensive kinetic analysis would be necessary
to test this hypothesis. The family membership of the yeast
R-glucosidase studied by Hosie and Sinnott is not known
with certainty; however, it is clearly not closely related to
TmGalA as genome sequencing ofSaccharomyces cereVisiae
S288C has revealed no GH36 or GH27 sequences (http://
afmb.cnrs-mrs.fr/CAZY/geno/4932.html). Therefore, direct
mechanistic inferences can, unfortunately, not be drawn
between the two enzymes.

Removal of the nucleophilic residue led to a decrease of
only 2 orders of magnitude in the rate of hydrolysis of aryl
R-galactosides and 3 orders for the catalytic efficiency in
comparison with the WT enzyme. The decreased rate and
efficiency was independent of the substrate leaving group
(Figure 9). This decrease was less than expected for the
catalytic efficiency (kcat/Km) for the nucleophilic mutant
(D327G) compared with WTTmGalA (in contrast to more
common 105-108 decrease inkcat/Km values after mutation)
(60, 61). To exclude contamination during purification
procedures, new resin was used for each chromatography
step for each of the WT and mutant enzymes. Another
possible explanation might be a mistranslation of the mRNA
codon in theE. coli host cell. Smaller decreases (104-105)
have been reported for nucleophilic mutants of otherR-gly-
cosidases:Bacillus circulanscyclodextrin glycosyltrans-
ferase (62), R-L-fucosidase fromT. maritima(60), andR-L-
arabinofuranosidase fromG. stearothermophilis(54). In the
mutation of theR-L-arabinofurnosidase, the double-nucleotide
substitution for the targeted amino acid was shown to have
a greater difference between WT and nucleophilic enzyme
catalytic efficiencies than single-nucleotide substitutions (54).
A single-nucleotide substitution was used to generate the
D327G mutant. While the D327G mutation led to a decrease
in activity, additional experiments prove that D327 is the
nucleophilic residue.

Values ofkcat/Km andkcat were measured at different pH
values. Dependence of both parameters on pH produced bell-
shaped curves for the WT and D327G mutant. For the WT,
this curve reflects the ionization of the free enzyme and the
free substrate (kcat/Km vs pH) and the enzyme/substrate
complex (kcat vs pH). In the case ofkcat, these curves illustrate
the pH dependence of the rate-limiting step. For the
hydrolysis of Gal-PNP (pKa 7.2) by WT this rate-limiting
step is deglycosylation (Figure 9). Mutating the nucleophile
(D327G) may result in a concomitant change in the ionization
state of the whole catalytic pocket, causing the shift in pH
optimum. The pH dependence of catalytic efficiency (kcat/

Km) changed more drastically and may be explained by the
decrease in substrate affinity at low pH due to mutation. In
the case of D387G, the activity does not decrease at
increasing pH. In this case, the pKa of the remaining catalytic
residue was raised, and the nucleophilic residue is deproto-
nated more effectively at higher pH; hence the reaction
rate increases (63, 64). This characteristic response for an
acid/base mutant enzyme is observed forTmGalA D387G
(Figure 8).

The external nucleophile rescue methodology can provide
unambiguous evidence for identification of the putative
catalytic residues and the proposed two-step mechanism of
catalysis. First is a restoration of the mutant activity in the
presence of a small anion, like azide, which occupies cavities
in the mutated glycosidase active site. Second is an appear-
ance of a glycosyl azide with inverted (in the case of the
nucleophile mutant) or initial (for the acid/base mutant)
anomeric configuration. Detection of corresponding products
in the reaction mixtures would confirm assignment of the
two catalytic residues. Rescue of D327G with azide produced
a 30-fold increased hydrolysis rate compared to D327G
without azide. The rate clearly depended on the exogenous
nucleophile concentration (Figure 10). It was shown that even
a small concentration of azide (40 mM) restored the activity
of this mutant up to 10-fold, representing a typical behavior
for nucleophile mutants of retaining glycosidases (60, 65).
Moreover, we have identified by1H NMR and mass
spectrometry that a new product, N3âGalp, appeared in the
reaction. Obviously, azide reactivates the D327G mutant
through a single inverting displacement to give theâ-galac-
tosyl azide product, conclusively proving that D327 is the
catalytic nucleophile.

Restoration of activity using external nucleophiles (azide
and formate) was attempted on both WT and D387G. The
WT did not show any increase in activity in the presence of
these nucleophiles, with Gal-PNP as substrate. This is
consistent with data on theS. solfataricusR-galactosidase,
where there was no restoration of activity by azide (52). The
effect of azide, an exogenous nucleophile, on the hydrolysis
of Gal-PNP for the D387G mutant was analyzed by1H NMR.
A small concentration of azide (100 mM) led to only a 40%
increase of mutant hydrolytic activity. However, a new
product withR-configuration, N3RGalp, was observed, which
should have been formed only at the deglycosylation stage
of the process. Formation of N3RGalp in the case of D387G
mediated the reaction, and the absence of such a result with
the WT is likely due to weakening of the base catalyst in
the D387G mutant, suggesting that D387 is an acid/base
catalytic amino acid residue. Overall net retention of the
anomeric configuration of the C1 atom of the substrate was
observed by NMR analysis of products of D387G-catalyzed
hydrolysis of Gal-PNP.

These data, combining the pH effect, azide rescue and
product characterization, and structural alignment and analy-
sis, conclusively indicate that D327 is the nucleophile and
D387 is the acid/base catalytic residues inTmGalA. Addition
of sodium azide to the reactions catalyzed by both mutants
resulted in restoration of the enzyme activity and formation
of new products, N3âGalp in case of D327G and N3RGalp
in case of D387G. This provides substantial evidence for
the double-displacement mechanism of reaction catalyzed
by theTmGalA. This study clearly highlights the common
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active site structure and catalytic mechanism shared between
GH27 and GH36 enzymes in clan GH-D. It is anticipated
that this contribution to understanding protein structure-
function relationships in this clan will serve to direct future
efforts focusing on catalytically engineering these enzymes
for biotechnological purposes.

SUPPORTING INFORMATION AVAILABLE

1H NMR analysis for the substitutedR-D-galactopyrano-
sides. This material is available free of charge via the Internet
at http://pubs.acs.org.
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