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ABSTRACT: GlvA, a 6-phospho-R-glucosidase fromBacillus subtilisassigned to glycoside hydrolase family
4, catalyzes the hydrolysis of maltose 6′-phosphate via a redox-elimination-addition mechanism requiring
NAD+ as cofactor. In contrast to previous reports and consistent with the proposed mechanism, GlvA is
only activated in the presence of the nicotinamide cofactor in its oxidized, and not the reduced NADH,
form. Significantly, GlvA catalyzes the hydrolysis ofboth 6-phospho-R- and 6-phospho-â-glucosides
containing activated leaving groups such asp-nitrophenol and does so with retention and inversion,
respectively, of anomeric configuration. Mechanistic details of the individual bond cleaving and forming
steps were probed using a series of 6-phospho-R- and 6-phospho-â-glucosides. Primary deuterium kinetic
isotope effects (KIEs) were measured for both classes of substrates in which either the C2 or the C3
protons have been substituted with a deuterium, consistent with C-H bond cleavage at each center being
partially rate-limiting. Kinetic parameters were also determined for 1-[2H]-substituted substrates, and
depending on the substrates and the reaction conditions, the measurements ofkcat andkcat/KM produced
either no KIEs or inverse KIEs. In conjunction with results of Brønsted analyses with both aryl 6-phospho-
R- and â-glucosides, the kinetic data suggest that GlvA utilizes an E1cb mechanism analogous to that
proposed for theThermotoga maritimaBglT, a 6-phospho-â-glucosidase in glycoside hydrolase family 4
(Yip, V.L.Y et al. (2006)Biochemistry 45, 571-580). The pattern of isotope effects measured and the
observation of very similarkcat values for all substrates, including unactivated and natural substrates,
indicate that the oxidation and deprotonation steps are rate-limiting steps in essentially all cases. This
mechanism permits the cleavage of bothR- andâ-glycosides within the same active site motif and, for
activated substrates that do not require acid catalysis for cleavage, within the same active site, yielding
the product sugar-6-phosphate in the same anomeric form in the two cases.

Glycoside hydrolases comprise a large class of enzymes
that catalyze the hydrolysis of glycosidic linkages. An
abundance of structural and mechanistic data is available for
these enzymes, and this information is catalogued in the
frequently updated CAZY website (http://www.cazy.org/
index.html) (1, 2), which groups glycosidases into different
families on the basis of primary sequence similarity. Clans
have also been established to assemble different families that
share similar structures (3). Enzymes belonging to the same
glycoside hydrolase family have structural and mechanistic
commonalities (2, 3), with the vast majority using either a
direct or a double displacement mechanism with inversion
or retention of the substrate anomeric configuration, respec-
tively (4-6). Of the more than 100 different families
described thus far, only glycoside hydrolase family 4 (GH41)

contains bothR- and â-glycosidases. All other glycoside
hydrolase families contain only enzymes that display the
same specificity for substrate anomeric configuration2. GH4
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1 Abbreviations: 4C2NPâG6P, 4-chloro-2-nitrophenyl 6-phospho-
â-D-glucoside; 4CNPâG6P, 4-cyanophenyl 6-phospho-â-D-glucoside;
C6′P, cellobiose 6′-phosphate; 35DCPâG6P, 3,5-dichlorophenyl 6-phos-
pho-â-D-glucoside; 24DNPâG6P, 2,4-dinitrophenyl 6-phospho-â-D-
glucoside; 25DNPâG6P, 2,5-dinitrophenyl 6-phospho-â-D-glucoside;
34DNPRG6P, 3,4-dinitrophenyl 6-phospho-R-D-glucoside; 34DNPâG6P,
3,4-dinitrophenyl 6-phospho-â-D-glucoside; ESI MS, electrospray
ionization mass spectrometry; G6P, glucose 6-phosphate; G6PDH,
glucose 6-phosphate dehydrogenase; GH4, glycoside hydrolase family
4; KIE, kinetic isotope effect; M6′P, maltose 6′-phosphate; MeRG6P,
methyl 6-phospho-R-D-glucoside; 1[2H]MeRG6P, methyl 1-[2H]-6-
phospho-R-D-glucoside; MeâG6P, methyl 6-phospho-â-D-glucoside;
NAD+, â-nicotinamide adenine dinucleotide; NADH,â-nicotinamide
adenine dinucleotide, reduced; NADP+, â-nicotinamide adenine di-
nucleotide phosphate; NADPH,â-nicotinamide adenine dinucleotide
phosphate, reduced; 2NPâG6P, 2-nitrophenyl 6-phospho-â-D-glucoside;
3NPâG6P, 3-nitrophenyl 6-phospho-â-D-glucoside; 4NPRG6P, 4-ni-
trophenyl 6-phospho-R-D-glucoside; 1[2H]4NPRG6P, 4-nitrophenyl
1-[2H]-6-phospho-R-D-glucoside; 2[2H]4NPRG6P, 4-nitrophenyl 2-[2H]-
6-phospho-R-D-glucoside; 3[2H]4NPRG6P, 4-nitrophenyl 3-[2H]-6-
phospho-R-D-glucoside; 4NPâG6P, 4-nitrophenyl 6-phospho-â-D-
glucoside; 1[2H]4NPâG6P, 4-nitrophenyl 1-[2H]-6-phospho-â-D-
glucoside; 2[2H]4NPâG6P, 4-nitrophenyl 2-[2H]-6-phospho-â-D-
glucoside; 3[2H]4NPâG6P, 4-nitrophenyl 3-[2H]-6-phospho-â-D-
glucoside; PRG6P, phenyl 6-phospho-R-D-glucoside; PâG6P, phenyl
6-phospho-â-D-glucoside; UV-vis, ultraviolet-visible.
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enzymes are uniquely identifiable by their absolute require-
ment for both NAD+, a divalent metal (Mn2+, Ni2+, Co2+,
Mg2+, or Ca2+), and reducing conditions for catalytic activity
(7-13). GH4 enzymes have been found to employ an
elimination mechanism rather than the traditional nucleo-
philic displacement mechanisms (13-16).

The unusual properties of GH4 enzymes have recently
been studied through a number of structural and mechanistic
analyses. A common mechanism has been proposed for both
the R- and â-glycosidases in this family. Key steps in the
proposed reaction include (1) C3 hydride abstraction by the
NAD+ cofactor and consequent oxidation of the C3 hydroxyl;
(2) abstraction of the C2 proton via general base catalysis;
(3) R,â-elimination of the aglycone; (4) 1,4-Michael-like
addition of water to theR,â-unsaturated intermediate; (5)
reprotonation at C2; and finally (6) reduction of the C3
carbonyl via oxidation of the on-board NADH cofactor
(Figure 1) (13, 15, 16).

Detailed mechanistic analysis has been reported for a GH4
6-phospho-â-glucosidase, BglT fromThermotoga maritima
(14), with the proposed mechanism being originally derived
from a key piece of evidence. Solvent deuterium exchange
at the C2 position was observed when the enzymatic reaction
was carried out in D2O, indicating that the C2-H2 bond is
cleaved (13). Subsequent X-ray crystallographic data, kinetic
isotope effect measurements, and Brønsted analyses provided
strong support for this hypothesis (14, 15). The NAD+

cofactor found in the active site of the enzyme was perfectly
oriented with respect to the substrate for abstraction of the
C3 hydride. Primary kinetic isotope effects indicated that
oxidation of the C3 hydroxyl and deprotonation of C2 are
both partially rate-limiting. In contrast, cleavage of the C1-
O1 bond is relatively fast, as indicated by the flat Brønsted
plots and absence of an isotope effect at C1, which is
suggestive of an E1cb-type mechanism (14).

The 6-phospho-R-glucosidase, GlvA, was proposed to
undergo the same redox-elimination-addition mechanism on
the basis of the observation of solvent deuterium incorpora-
tion into the substrate and X-ray crystallographic data (16).
However, despite these results, the details of the reaction
steps have not yet been established for any GH4R-glycosi-
dases. This is of importance because GlvA catalyzes the
hydrolysis ofboth6-phospho-R- and 6-phospho-â-glycosides
containing activated leaving groups such asp-nitrophenol.
Accordingly, a detailed mechanistic analysis of GlvA was
required to provide a solid mechanistic understanding of both
R- andâ-glycosidic bond cleavage by GH4 enzymes. Such
an analysis is provided in this article.

MATERIALS AND METHODS

General Methods.All NMR spectra were recorded on
Bruker Avance 300 and Bruker Avance 400 spectrometers
at 300 and 400 MHz, respectively. All NMR spectra were
collected at neutral pH. Chemical shifts are reported on the
δ scale in parts per million from tetramethylsilane (TMS)
and were referenced to D2O. 31P NMR signals were
externally referenced to 85% H3PO4 in H2O, and19F NMR
signals were externally referenced to CF3COOH. Low- and
high-resolution mass spectra were collected by the mass
spectrometry laboratory at the University of British Colum-

2 The presence of bothR-L-iduronidases andâ-D-xylosidases (Nieman
et al. (2003)Biochemistry 42, 8054-8065) in GH39 does not indicate
any inherent problem with family classifications because the absolute
anomeric configurations ofR-L-iduronides andâ-D-xylosides are the
same. The apparent discrepancy is a consequence of the nomenclature
rules forD- andL-sugars.

FIGURE 1: Proposed E1cb mechanism of GlvA.
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bia. Elemental analysis was performed by Minaz Lakha of
the microanalysis laboratory at the University of British
Columbia. Preparation of GlvA was as described by Th-
ompson et al. (10).

Materials. All chemicals and reagents were purchased
from Sigma-Aldrich unless stated otherwise. All solvents
were freshly distilled except where mentioned. Column
chromatography was performed on 230-400 mesh silica gel.

Synthesis of Aryl Glucosides.The syntheses of all aryl
6-phospho-â-D-glucosides as well as cellobiose 6′-phosphate
were reported in Yip et al. (14). p-Nitrophenyl R-D-
glucopyranoside was purchased from Sigma-Aldrich. 3-[2H]-
D-Glucopyranose was synthesized on the basis of published
procedures (17, 18) from 1,2:5,6-di-O-isopropylidene-R-D-
ribo-3-hexulofuranulose hydrate, which was purchased from
CMS Chemicals Ltd. 1-[2H]-D-Glucopyranose and 2-[2H]-
D-glucopyranose were purchased from Cambridge Isotope
Laboratories, Inc. The deuteratedp-nitrophenyl 2,3,4,6-tetra-
O-acetyl-R-D-glucopyranosides were synthesized from deu-
terated 1,2,3,4,6-penta-O-acetyl-D-glucopyranose using stan-
nic chloride catalyst as described by Audichya et al. (19)
with minor modifications. All other arylR-D-glucosides were
synthesized from 1,2,3,4,6-penta-O-acetyl-D-glucopyranose.
Phenyl 2,3,4,6-tetra-O-acetyl-R-D-glucopyranoside was syn-
thesized by the stannic chloride-catalyzed glycosidation of
phenol. 3,4-Dinitrophenyl 2,3,4,6-tetra-O-acetyl-R-D-glu-
copyranoside was synthesized using the BF3-diethyl etherate
catalyzed method described by Lee et al. (20). 3,4-Dinitro-
phenyl 2,3,4,6-tetra-O-acetyl-R-D-glucopyranoside was depro-
tected with HCl in methanol (21). All other aryl R-D-
glucosides were deprotected using sodium methoxide in
methanol (22). Selective phosphorylation at O6 of arylR-D-
glucosides was accomplished with POCl3 according to
published procedures (23) with minor modifications. Methyl
R-D-glucoside and methylâ-D-glucoside were phosphorylated
using diphenyl chlorophosphate and deprotected via catalytic
hydrogenation essentially as described by Cawley et al. (24).
The synthesis of maltose 6′-phosphate will be published
elsewhere. Characterization of the products is provided
below.

4-Nitrophenyl 6-Phospho-R-D-glucoside (4NPRG6P).1H
NMR (400 MHz, D2O) δ 8.10 (2 H, d,JAr2,Ar3 ) JAr5,Ar6 )
9.2 Hz, Ar3, Ar5), 7.15 (2 H, d,JAr2,Ar3 ) JAr5,Ar6 ) 9.2 Hz,
Ar2, Ar6), 5.66 (1 H, d,J1,2 ) 3.6 Hz, H1), 3.92-3.87 (1
H, m, H6a), 3.83-3.78 (1 H, m, H3), 3.69-3.57 (4 H, m,
H2, H4, H5, H6b); 13C NMR (100 MHz, D2O) δ 161.35 (C),
142.24 (C), 125.96 (2 CH), 116.65 (2 CH), 96.72 (C1), 72.51
(d, J5,P ) 7.2 Hz, C5), 72.21, 70.99, 68.17, 61.92 (d,J6,P )
4.0 Hz, C6);31P NMR (162 MHz, D2O) δ 4.80 (t,JH6,P )
5.8 Hz); ESI-MSm/z: calcd for [C12H15NO11PNa2]+ 426.0178.
Found: 426.0180. Anal. Calcd for C12H14NNa2O11P·3H2O:
C, 30.07; H, 4.21; N, 2.92. Found: C, 30.47; H, 3.93; N,
2.70.

4-Nitrophenyl 1-[2H]-6-Phospho-R-D-glucoside (1[2H]-
4NPRG6P).1H NMR (400 MHz, D2O) δ 8.12 (2 H, d,JAr2,Ar3

) JAr5,Ar6 ) 9.3 Hz, Ar3, Ar5), 7.15 (2 H, d,JAr2,Ar3 ) JAr5,Ar6

) 9.3 Hz, Ar2, Ar6), 3.92-3.86 (1 H, m, H6a), 3.81 (1 H,
t, J2,3 ) J3,4 ) 9.3 Hz, H3), 3.69-3.57 (4 H, m, H2, H4,
H5, H6b); 13C NMR (100 MHz, D2O) δ 161.35 (C), 142.24
(C), 125.95 (2 CH), 116.66 (2 CH), 72.50 (d,J5,P ) 6.7 Hz,
C5), 72.21, 70.90, 268.19, 61.91 (d,J6,P ) 5.8 Hz, C6);31P
NMR (121 MHz, D2O) δ 5.54 (t,JH6,P ) 6.1 Hz); ESI-MS

m/z: calcd for [C12H14DNO11PNa2]+ 427.0241. Found:
427.0239.

4-Nitrophenyl 2-[2H]-6-Phospho-R-D-glucoside (2[2H]-
4NPRG6P).1H NMR (400 MHz, D2O) δ 8.13 (2 H, d,JAr2,Ar3

) JAr5,Ar6 ) 9.3 Hz, Ar3, Ar5), 7.17 (2 H, d,JAr2,Ar3 ) JAr5,Ar6

) 9.3 Hz, Ar2, Ar6), 5.67 (1 H, s, H1), 3.90 (1 h, ddd,J )
12.4, 7.7, 2.6 Hz, H6a), 3.81 (1 H, d,J3,4 ) 8.8 Hz, H3),
3.66-3.58 (3 H, m, H4, H5, H6b); 13C NMR (100 MHz,
D2O) δ 161.34 (C), 142.23 (C), 125.95 (2 CH), 116.64 (2
CH), 96.69 (C1), 72.54 (d,J5,P ) 6.9 Hz, C5), 72.13, 68.16,
61.84 (d,J6,P ) 4.6 Hz, C6);31P NMR (162 MHz, D2O) δ
4.98 (t, JH6,P ) 5.2 Hz); ESI-MSm/z: calcd for [C12H14-
DNO11PNa2]+ 427.0241. Found: 427.0243. Anal. Calcd for
C12H13DNNa2O11P·4H2O: C, 28.91; H, 4.62; N, 2.81.
Found: C, 29.27; H, 4.96; N, 2.92.

4-Nitrophenyl 3-[2H]-6-Phospho-R-D-glucoside (3[2H]-
4NPRG6P).1H NMR (400 MHz, D2O) δ 8.13 (2 H, d,JAr2,Ar3

) JAr5,Ar6 ) 9.3 Hz, Ar3, Ar5), 7.16 (2 H, d,JAr2,Ar3 ) JAr5,Ar6

) 9.3 Hz, Ar2, Ar6), 5.67 (1 H, d,J1,2 ) 3.7 Hz, H1), 3.90
(1 H, ddd,J ) 12.2, 7.6, 2.6 Hz, H6a), 3.69-3.58 (4 H, m,
H2, H4, H5, H6b); 13C NMR (75 MHz, D2O) δ 162.85 (C),
143.75 (C), 127.46 (2 CH), 118.17 (2 CH), 98.24 (C1), 74.05
(d, J5,P ) 7.1 Hz, C5), 72.45, 69.61, 63.41 (d,J6,P ) 5.4 Hz,
C6); 31P NMR (162 MHz, D2O) δ 4.88 (t,JH6,P ) 6.1 Hz);
ESI-MS m/z: calcd for [C12H14DNO11PNa2]+ 427.0241.
Found: 427.0239. Anal. Calcd for C12H13DNNa2O11P·
5.5H2O: C, 27.43; H, 4.95; N, 2.67. Found: C, 26.96; H,
4.51; N, 2.46.

Maltose 6′-Phosphate (M6′P). 1H NMR (400 MHz, D2O)
δ 5.25 (1 H, d,J1′,2′ ) 3.7 Hz, H1′), 5.10 (1 H, d,JR1,R2 )
3.6 Hz, RH1), 4.52 (1 H, d,Jâ1,â2 ) 8.0 Hz, âH1), 0.27-
7.24 (2 H, m, Ar), 7.06-7.00 (3 H, m, Ar), 5.50 (1 H, d,
J1,2 ) 3.7 Hz, H1), 3.95-3.87 (1 H, m), 3.80 (1 H, t,J )
9.3 Hz), 3.70-3.56 (4 H, m);13C NMR (100 MHz, D2O) δ
99.99, 99.95, 95.91, 92.02, 77.45, 77.38, 76.30, 74.71, 74.09,
73.33, 72.66, 72.24, 72.01, 71.93, 71.39, 70.08, 69.00, 63.03,
60.82, 60.60;31P NMR (162 MHz, D2O) δ 4.04; ESI-MS
m/z: calcd for [C12H22O14PNa2]+ 467.0546. Found: 467.0543.

Phenyl 6-Phospho-R-D-glucoside (PRG6P).1H NMR (300
MHz, D2O) δ 7.27-7.24 (2 H, m, Ar), 7.06-7.00 (3 H, m,
Ar), 5.50 (1 H, d,J1,2 ) 3.7 Hz, H1), 3.95-3.87 (1 H, m),
3.80 (1 H, t,J ) 9.3 Hz), 3.70-3.56 (4 H, m);13C NMR
(100 MHz, D2O) δ 155.83 (C), 129.80 (2 CH), 123.02 (C),
117.05 (2 CH), 97.04 (C1), 72.31, 72.11 (d,J5,P ) 7.0 Hz,
C5), 71.13, 68.34, 61.90 (d,J6,P ) 4.2 Hz, C6);31P NMR
(162 MHz, D2O) δ 5.49 (1 P, t,J6H,P ) 6.5 Hz); ESI-MS
m/z: calcd 381.0327; found, 381.0325.

3,4-Dinitrophenyl 6-Phospho-R-D-glucoside (34DNPRG6P).
1H NMR (400 MHz, D2O) δ 8.03 (1 H, d,JAr5,Ar6 ) 9.2 Hz,
Ar5), 7.55 (1 H, d,JAr2,Ar6 ) 2.4 Hz, Ar2), 7.39 (1 H, dd,
JAr5,Ar6 ) 2.4 Hz, Ar6), 5.68 (1 H, d,J1,2 ) 3.6 Hz, H1),
3.91-3.85 (1 H, m), 3.77 (1 H, t,J ) 9.3 Hz), 3.69-3.53
(4 H, m); 13C NMR (100 MHz, D2O) δ 160.41 (C), 144.67
(C), 135.39 (C), 128.06 (CH), 119.92 (CH), 113.36 (CH),
97.54 (C1), 72.91 (d,J5,P ) 6.5 Hz, C5), 72.24, 70.95, 68.17,
62.09 (d,J6,P ) 3.8 Hz, C6);31P NMR (162 MHz, D2O) δ
5.55 (1 P, t,JH6,P ) 6.5 Hz); ESI-MSm/z: calcd 471.0029;
found, 471.0026.

Methyl 6-Phospho-R-D-glucoside (MeRG6P). 1H NMR
(400 MHz, D2O) δ 4.52 (1 H, d,J1,2 ) 3.7 Hz, H1), 3.81-
3.68 (2 H, m, H6a, H6b), 3.44-3.24 (4 H, m, H2, H3, H4,
H5), 3.13 (3 H, s, CH3); 13C NMR (100 MHz, D2O) δ 99.30
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(C1), 72.61, 71.17, 70.84 (1 C, d,J5,P ) 7.4 Hz, C5), 68.79,
62.83 (1 C, d,J6,P ) 4.4 Hz, C6), 55.02;31P NMR (121
MHz, D2O) δ 3.90 (1 P, t,J6H,P ) 4.6 Hz); ESI-MSm/z:
calcd 319.0171; found, 319.0170. Anal. Calcd for C7H13O9-
PNa2‚0.5H2O: C, 25.69; H, 4.28. Found: C, 25.59; H, 4.58.

Methyl 1-[2H]-6-Phospho-R-D-glucoside (1[2H]MeRG6P).
1H NMR (400 MHz, D2O) δ 3.92-3.86 (1 H, m, H6a), 3.77-
3.73 (1 H, m, H6b), 3.53-3.39 (4 H, m, H2, H3, H4, H5),
3.24 (3 H, s, CH3); 13C NMR (100 MHz, D2O) δ 98.85 (t,
J1,D ) 24.9 Hz, C1), 72.37, 71.04-70.94 (2 C), 68.54, 62.13
(d, J6,P ) 3.9 Hz, C6), 54.85 (CH3); 31P NMR (162 MHz,
D2O) δ 5.58 (1 P, t,J6H,P ) 6.5 Hz); ESI-MSm/z: calcd
320.0234; found, 320.0235. Anal. Calcd for C7H12DO9PNa2‚
2.5H2O: C, 23.08 H, 4.95. Found: C, 22.51; H, 4.50.

Methyl 6-Phospho-â-D-glucoside (MeâG6P). 1H NMR
(400 MHz, D2O) δ 4.22 (1 H, d,J1,2 ) 8.0 Hz, H1), 4.01-
3.96 (1 H, m, H6a), 3.93-3.88 (1 H, m, H6b), 3.40-3.30 (6
H, m, H3, H4, H5, CH3), 3.13-3.08 (1 H, m, H2);13C NMR
(100 MHz, D2O) δ 103.44, 75.60, 74.75 (d,J5,P ) 8.0 Hz,
C5), 73.17, 69.06, 63.88 (d,J6,P ) 4.9 Hz, C6), 57.41 (CH3);
31P NMR (121 MHz, D2O) δ 1.86; ESI-MSm/z: calcd
319.0171; found, 319.0173. Anal. Calcd for C7H13O9PNa2‚
2.25H2O: C, 23.44; H, 4.92. Found: C, 23.31; H, 4.71.

Enzyme Kinetics.All kinetic assays were conducted in 1
cm path length matched quartz cuvettes with a Cary 300
UV-vis spectrometer equipped with a circulating water bath
or a Cary 4000 UV-vis spectrometer attached to a Cary
Temperature Controller. Unless stated otherwise, GlvA was
preincubated in the assay buffer at 37°C for 5 min prior to
the addition of substrate to initiate the enzymatic reaction.
All data fitting was performed with GraFit 4.0 or Cary
WinUV, Kinetics Application, Version 3.00.

The following buffer systems were employed: Buffer A,
50 mM HEPES (pH 7.5), 1 mM MnCl2, 0.1 mM NAD+, 10
mM 2-mercaptoethanol, and 0.1% (w/v) BSA; Buffer B, 50
mM Tris-HCl (pH 8.4), 1 mM MnCl2, 0.1 mM NAD+, 10
mM 2-mercaptoethanol, and 0.1% (w/v) BSA.

Conditions for the Measurement of Initial Rates. The
concentration of GlvA used for each substrate was chosen
such that less than 10% of the total substrate was consumed,
thus ensuring that linear time courses were measured. GlvA
was preincubated with the assay buffer mixture for 5 min,
and the reaction was initiated by the addition of the
appropriate substrate. The initial rate of hydrolysis was
followed spectrophotometrically upon the addition of the
appropriate aryl 6-phospho-D-glucoside at the wavelength
of maximal absorbance difference between the released
phenol and the respective aryl 6-phospho-D-glucoside. The
kcat values were calculated using the molecular weight of
the subunit at 50513 Da.

Conditions for the Substrate Depletion Method(25). The
kcat/KM analyses were performed by the depletion method
using low substrate concentrations and by monitoring the
change in absorbance at the wavelength of maximal absor-
bance difference between the released phenol and the
respective aryl 6-phospho-D-glucoside until the reaction was
complete (approximately 30 min). The data sets were fit to
a first-order equation, and thekcat/KM values were obtained
by dividing the pseudo-first-order rate constant by the
enzyme concentration.

pH Dependence.GlvA was incubated at a series of pH
values, and periodically, aliquots were removed for assay at

pH 7.5. These studies revealed that GlvA was stable in the
pH range from 4.0 to 10.0. The pH dependence ofkcat/KM

was then determined by measurement ofkcat/KM at a series
of pH values using the substrate depletion method. All
experiments were carried out at 37°C in 50 mM NaCl, 1
mM MnCl2, 0.1 mM NAD+, 10 mM 2-mercaptoethanol, and
0.1% (w/v) BSA containing the appropriate buffer system:
20 mM AcOH/NaOAc (pH 4.0-4.5), 20 mM MES (pH 6.1-
6.7), 20 mM HEPES (pH 6.5-8.2), or 20 mM CHES (pH
8.4-9.4). The enzyme (final GlvA concentration of 13.1 or
26.2µg/mL) was preincubated with the above solutions (final
assay volume) 1 mL) at 37°C for 5 min, and 4NPRG6P
(final concentration) 6.7 µM) was added to initiate the
enzymatic reaction. Thekcat/KM values were obtained by
dividing the pseudo-first-order rate constant by the enzyme
concentration. The pH dependence ofkcat/KM was fit to an
equation describing a reaction governed by two essential
ionizations using the program GraFit.

The pH dependence ofkcat was then determined by
measuring the initial rate of hydrolysis of saturating con-
centrations of 4NPRG6P at various pH values. All experi-
ments were carried out at 37°C in 50 mM NaCl, 1 mM
MnCl2, 0.1 mM NAD+, 10 mM 2-mercaptoethanol, and 0.1%
(w/v) BSA containing 20 mM AcOH/NaOAc (pH 4.0-4.5),
20 mM MES (pH 6.1-6.7), 20 mM HEPES (pH 6.5-8.2),
or 20 mM CHES (pH 8.4-10.0). The enzyme (final
concentration of 4.1µg/mL) was preincubated with the above
solutions (final assay volume) 200µL) at 37°C for 5 min,
and the reaction was initiated by the addition of 4NPRG6P
(final concentration) 1.34 or 2.67 mM). The differences in
extinction coefficients (∆ε) between 4NPRG6P and the
p-nitrophenolate anion at various pH conditions were deter-
mined by the method described by Kempton and Withers
(26). Two different substrate concentrations were used at
each pH value to ensure substrate saturation for the deter-
mination ofVmax. The kcat values were calculated from the
observed data. The pH dependence ofkcat was fit to an
equation describing a reaction governed by two essential
ionizations using the program GraFit.

Determination of the Kd Value for Mn2+. One milliliter of
GlvA (1 mg/mL) was first dialyzed against 5× 3 L of 50
mM HEPES (pH 7.5) to remove any bound divalent metals
prior to manipulation. Samples of dialyzed GlvA (final
concentration of 6.5µg/mL) and Mn2+ (varied from 20µM
to 1 mM) were preincubated in 50 mM HEPES (pH 7.5) or
50 mM Tris-HCl (pH 8.4), 0.1 mM NAD+, 10 mM
2-mercaptoethanol, and 0.1% (w/v) BSA at 37°C for 5 min,
then 4NPRG6P (final concentration>10 KM) was added to
the reaction mixture to give a final volume of 200µL and
initial rates measured. The reaction rate was plotted against
the concentration of Mn2+ to generate ligand-binding
curves.

Determination of the Kd Value for NAD+. One milliliter
of GlvA(1 mg/mL) was first dialyzed against 5× 3 L of 50
mM HEPES at pH 7.5 to remove any bound NAD+ prior to
manipulation. Samples of dialyzed GlvA (final concentration
of 6.5 µg/mL) and NAD+ (varied from 5 to 100µM) were
preincubated in 50 mM HEPES (pH 7.5) or 50 mM Tris-
HCl (pH 8.4), 1 mM MnCl2, 10 mM 2-mercaptoethanol, and
0.1% (w/v) BSA at 37°C for 5 min, then 4NPRG6P (final
concentration>10 KM) was added to the reaction mixture
to give a final volume of 200µL and initial rates measured.
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The reaction rate was plotted against the concentration of
NAD+ to generate ligand-binding curves.

Michaelis-Menten Kinetics of 4NPRG6P and 4NPâG6P.
All experiments were carried out in Buffer A or Buffer B.
The activity of GlvA was measured with 4NPâG6P or
4NPRG6P by monitoring the release of thep-nitrophenolate
anion. The initial linear rate of increase in absorbance at 400
nm is measured upon the addition of the substrate. The
differences in extinction coefficients (∆ε) between the
substrate and thep-nitrophenol released at pH 7.5 and 8.4
were determined by the method described by Kempton and
Withers (26). The catalytic parameters were determined by
a direct fit of the data to the Michaelis-Menten equation.

Stereochemical Outcome Determination. Methanolysis
Reaction.All buffers and chemicals were lyophilized twice
from 99.9% D2O. GlvA was exchanged into deuterated buffer
solutions via repeated (three times) dilution and concentration
using a centrifugal filter unit (Millipore) with a nominal
molecular weight limit (NMWL) of 10 kDa. The enzymatic
reaction was performed under the following conditions: 50
mM HEPES at pH 7.5, 1 mM MnCl2, 0.1 mM NAD+, 0.2
mg/mL GlvA, and 5 M CD3OD. 4NPâG6P (20 mg) was
incubated at 37°C in 5 mL of the above solution, and the
reaction was monitored by TLC (2:1:1 1-butanol/H2O/acetic
acid). Upon completion, the enzyme was removed using a
10 kDa NMWL centrifugal filter unit. One-hundred mil-
ligrams of Chelex 100 resin (BioRad) was added to the
filtrate and stirred at room temperature for 30 min to remove
metal ions. The suspension was then filtered, and the solution
was lyophilized, then redissolved in D2O for 1H NMR
analysis.

Kinetic Isotope Effect Measurements.For kH/kD measure-
ments, GlvA (final concentration of 3.3 mg/mL (pH 7.5) or
1.6 µg/mL (pH 8.4)) and substrate (final concentration was
approximately equal to 10KM) were combined to obtainkcat

values from initial rates. Reactions were carried out in 1 mL
assay volumes. Measurements for substrates, 4NPâG6P,
1[2H]4NPâG6P, 2[2H]4NPâG6P, 3[2H]4NPâG6P, 4NPRG6P,
1[2H]4NPRG6P, 2[2H]4NPRG6P, and 3[2H]4NPRG6P, were
repeated at least 6 times each in Buffer A and in Buffer B.
Initial rates for the substrates containing the 4-nitrophenol
leaving group were measured by monitoring the reaction
spectrophotometrically at 400 nm. For MeRG6P and 1[2H]-
MeRG6P, initial rates were measured using the G6PDH and
NADP+ coupled assay described later in 1 mL assay volumes
containing 6.5µg/mL GlvA, 20 units of G6PDH, 2 mM
NADP+, and 8.0 mM substrate. Each measurement was
repeated at least 6 times in Buffer A and in Buffer B, and
the initial rates of NADPH formation were monitored
spectrophotometrically at 340 nm. In each case, the (kcat)H/
(kcat)D value was calculated by dividing the rate for the protio
substrate by the rate for the deuterio substrate.

For (kcat/KM)H/(kcat/KM)D measurements, GlvA (final con-
centration chosen such that the reaction was complete in less
than 1 h) was assayed with 4NPâG6P, 1[2H]4NPâG6P, 2[2H]-
4NPâG6P, 3[2H]4NPâG6P, 4NPRG6P, 1[2H]4NPRG6P,
2[2H]4NPRG6P, and 3[2H]4NPRG6P (final concentration
was chosen such that it was less than 0.2KM). The
absorbance at 400 nm was monitored until the substrate was
depleted. The data set was fitted to a first-order curve, and
the kcat/KM values were obtained by dividing the pseudo-
first-order rate constant obtained by the enzyme concentration

in each case, with measurements for the protio and deuterio
substrate being performed in alternation. Each measurement
was repeated 6 times, and the (kcat/KM)H/(kcat/KM)D value was
calculated by dividing each of the pseudo-first-order rate
constants for the protio substrate by that obtained for its
deuterio substrate partner. For MeRG6P and 1[2H]MeRG6P,
the substrate depletion method was used with the G6PDH
coupled assay, and the change in absorbance at 340 nm upon
formation of NADPH was monitored.

Kinetic and Spectroscopic InVestigation of NAD+ Reduc-
tion. For the kinetic analysis, a sample of dialyzed GlvA
(final concentration) 3.3µg/mL ) 65 nM) and NAD+ (final
concentration) 100µM) was preincubated in Buffer A for
5 min, then 4NPRG6P (final concentration of 669µM > 10
KM) was added to the reaction mixture (final volume) 200
µL). In a second reaction, dialyzed GlvA (final concentration
) 3.3 µg/mL ) 65 nM), NAD+ (final concentration) 100
µM), and NaBH4 (final concentration) 10 mM) were
preincubated in Buffer A for 5 min, and 4NPRG6P (final
concentration of 669µM) was added to a final assay volume
of 200 µL. The change in A400 was monitored for 18 min
prior to the addition of 10µL of 200 µM NAD + to rescue
enzyme activity. The change in A400 was then measured for
another 20 min. A similar experiment was repeated in Buffer
B.

The absorbance spectra (from 250 to 400 nm) of the
following three dialyzed enzyme samples were measured in
1 mL, 1 cm path length-matched quartz cuvettes: 100µM
GlvA; 100 µM GlvA incubated with 100µM NAD +; and
100 µM GlvA incubated with 100µM NAD + and 10 mM
sodium borohydride. Measurement of sample pH after
reaction confirmed that 10 mM sodium borohydride did not
significantly alter the pH of the solution.

Glucose 6-Phosphate Dehydrogenase Coupled Assay.
MeRG6P and M6′P. Reaction rates for non-chromogenic
substrates were measured using a glucose 6-phosphate
dehydrogenase (G6PDH and NADP+) coupled assay. All
experiments were carried out at 37°C in Buffer A or Buffer
B, containing 2 mM NADP+ and 20 units of G6PDH. and
activity was measured spectrophotometrically at 340 nm.
Initial rates were measured upon the addition of MeRG6P
to the reaction mixture (final volume) 200 µL). Eight to
12 data points were collected under the following condi-
tions: MeRG6P, final substrate concentration range) 100-
1700µM; final enzyme concentration) 6.5µg/mL (pH 7.5)
or 3.3 µg/mL (pH 8.4). Similar conditions were used for
M6′P. Seven data points were collected with the following
concentration ranges: M6′P, final substrate concentration
range) 75-1500 µM; final enzyme concentration) 2.0
µg/mL. The molar extinction coefficient of 6,220 M-1 cm-1

(∆ε of NADPH) was used for the calculation of initial rates
of substrate hydrolysis, and the catalytic parameters were
determined on the basis of a direct fit of the data to the
Michaelis-Menten equation. The concentration of GlvA was
doubled for two data points, and the observed rate was also
seen to double, confirming that the GlvA reaction was indeed
the rate-limiting process. In order to ensure that the presence
of NADP+ and G6PDH did not affect the 6-phospho-R-
glucosidase activity, GlvA was assayed with 4NPRG6P in
the presence of 2 mM NADP+ and, separately, 20 units of
G6PDH. In each case, the observed rate was the same as
that when GlvA was assayed alone. In addition, an ap-
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proximateKi value for MeRG6P was determined by measur-
ing the reduction in GlvA activity with 4NPRG6P in the
presence of MeRG6P. GlvA was added to assay mixtures
containing a fixed concentration of 4NPRG6P and varying
amounts of MeRG6P. Because MeRG6P and its hydrolyzed
products are not chromogenic, inclusion of MeRG6P does
not interfere with the detection of thep-nitrophenolate anion
liberated by the hydrolysis of 4NPRG6P, and MeRG6P can
be considered as a competitive inhibitor. (See Determination
of Ki.)

Brønsted Analyses.Initial rates were measured for each
aryl 6-phospho-â-D-glucoside and aryl 6-phospho-R-D-glu-
coside in Buffer A and Buffer B using 7-10 different
substrate concentrations ranging from 0.7 to 7KM. The
concentration of GlvA used in the final assay volume of 200
µL was varied from 1.0 to 16µg/mL. The differences in
extinction coefficients (∆ε) between the aryl 6-phospho-â-
D-glucoside and the phenol released at pH 7.5 and at pH 8.4
were determined by the method described by Kempton and
Withers (26), and these∆ε values were used in the
calculation of the initial rates of substrate hydrolysis. The
catalytic parameters (kcat and KM) were determined on the
basis of a direct fit of the data to the Michaelis-Menten
equation.

Determination of Ki. Inhibition studies were performed in
Buffer A or Buffer B using the appropriate amount of GlvA
(final assay volume) 200µL). ApproximateKi values were
determined by measuring the reduction in rates of GlvA-
catalyzed hydrolysis of a fixed concentration of 4NPRG6P,
in the presence of varying concentrations of inhibitor. The
experiments were repeated at different concentrations of
4NPRG6P. The data were graphed on a Dixon plot (1/ν vs
[competitive inhibitor]). A horizontal line drawn through
1/Vmax in the Dixon plot intersects the experimental lines at
an inhibitor concentration equal to-Ki.

RESULTS

pH Dependence.The pH dependences ofkcat andkcat/KM

were investigated. The plot ofkcat/KM versus pH and the plot
of kcat versus pH are shown in Figure 2a and b, respectively.
The data were fit to classic bell-shaped curves indicative of
two essential ionizable groups, and the pHopt and pKa values
calculated from the fits are summarized in Table 1.

Stereochemical Outcome Determination. Methanolysis
Reaction.GlvA was previously shown to be a retaining
R-glycosidase (16), catalyzing the methanolysis of 4NPRG6P
with net retention of the anomeric configuration to yield
MeRG6P. Because we had shown that GlvA also hydrolyzes
activated aryl 6-phospho-â-glucosides, it was of considerable
interest to determine the stereochemical outcome of that
reaction too. Therefore,1H NMR analysis of the methanolysis
of 4NPâG6P was performed, revealing only MeRG6P and
the hydrolysis product G6P in the reaction mixture, indicating
that the addition of water or methanol to the proposedR,â-
unsaturated intermediate occurs at C1 from the axial position
regardless of the anomeric configuration of the substrate.
Thus, for these substrates, GlvA acts as an inverting
glycosidase.

Determination of the Kd Value for Mn2+. GlvA was
assayed in the presence of various concentrations of Mn2+,
the enzyme being completely inactive in the absence of

Mn2+. The data were fit to a simple hyperbolic binding
equation andKd values of 54µM (pH 7.5) and 99µM (pH
8.4) for the binding of Mn2+ to GlvA determined. The data
are summarized in Table 2.

Determination of the Kd Value for NAD+. GlvA was
assayed in the presence of various concentrations of NAD+,
the enzyme being completely inactive in the absence of
NAD+. The data were fit to a simple hyperbolic binding
equation andKd values of 17µM (pH 7.5) and 29µM (pH
8.4) for the binding of dinucleotide cofactor to GlvA
determined. The data are presented in Table 2.

Kinetic and Spectroscopic InVestigation of Cofactor
Reduction.The absorbance spectra (from 320 to 400 nm) of
GlvA were recorded under three different conditions: 100
µM GlvA; 100 µM GlvA incubated with 100µM NAD +;
and 100µM GlvA incubated with 100µM NAD + and 10
mM sodium borohydride (Figure 3). The peak in absorbance
at 340 nm corresponding to NADH appears upon reduction
with 10 mM sodium borohydride and is consistent with the
quantitative reduction of NAD+ to NADH. On the basis of
the smallKd value of 17µM (pH 7.5) for NAD+, over 90%
of GlvA has NAD+ or NADH bound to its active site under
these conditions, and very little remains free in solution.
GlvA activity was assayed in the presence of NAD+, and
the activity was compared to that obtained in the presence

FIGURE 2: pH activity profiles (a)kcat/KM vs pH and (b)kcat vs pH
for the hydrolysis of 4NPRG6P by GlvA.

Table 1: Summary of pKa Values Determined from the pH
Dependence ofkcat andkcat/KM

kcat vs pH profile kcat/KM vs pH profile

pHopt 7.6 8.3
pKa1 7.0( 0.1 7.7( 0.1
pKa2 8.2( 0.1 8.9( 0.1

Table 2: Ligand Binding Properties of the NAD+ and Mn2+

Cofactors

Kd (µM) at pH 7.5 Kd (µM) at pH 8.4

NAD+ 17 29
Mn2+ 54 99
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of NADH (quantitatively reduced from NAD+ using sodium
borohydride) as shown in Figure 4. The enzyme was
completely inactive in the presence of NADH (reduced form)
alone. However, upon addition of excess NAD+, full activity
was rapidly restored (Figure 4). The loss of activity upon
reduction was therefore solely attributable to the dinucleotide
cofactor being present in the non-functional redox state
(NADH), as opposed to protein denaturation or significant
changes in pH of the assay solution.

Linear Free Energy Relationship: Brønsted Analysis.To
determine whether cleavage of the glycosidic bond is itself
rate-limiting, a Brønsted analysis was performed using four
different 6-phospho-R-D-glucosides (34DNPRG6P, 4NPRG6P,
PRG6P, M6′P, and MeRG6P). The pKa values of the leaving
groups range from 5.36 to 15.5 (Tables 3 and 4). Values of
kcat and KM were determined for each substrate at pH 7.5
and 8.4, and the data are presented in Tables 3 and 4,
respectively. The logarithms ofkcat andkcat/KM were calcu-
lated, and each was plotted against the pKa of the leaving
group. The Brønsted plots obtained are illustrated in Figure
5. As shown in Figure 5a and c, thekcat value is independent
of leaving group ability at both pH 7.5 and 8.4. The logkcat/
KM values, however, display a small dependence on leaving
group ability at pH 7.5 (â ) -0.17) and at pH 8.4 (â )
-0.19) as shown in Figure 5b and d, respectively.

A similar study was carried out with theâ-linked sub-
strates. Thus, linear free energy plots were generated using
the following aryl 6-phospho-â-D-glucosides: 24DNPâG6P,
25DNPâG6P, 34DNPâG6P, 4Cl2NPâG6P, 4NPâG6P,
2NPâG6P, 35DCPâG6P, 3NPâG6P, 4CNPâG6P, and PâG6P.
The pKa values of the leaving groups range from 3.96 to
9.99. Values ofkcat and KM were determined for each
substrate at pH 7.5 and 8.4, and are presented in Tables 5
and 6, respectively. Again, the logarithms ofkcat andkcat/KM

were calculated, and each was plotted against the pKa of the
leaving group. The Brønsted plots for the aryl 6-phospho-
â-D-glucosides are shown in Figure 6a-d. Neitherkcat nor
kcat/KM is significantly dependent on the phenol leaving group
ability for aryl 6-phospho-â-D-glucosides.

Deuterium Kinetic Isotope Effect Measurements.Deute-
rium kinetic isotope effects for 1[2H]4NPRG6P, 2[2H]-
4NPRG6P, 3[2H]4NPRG6P, MeRG6P, 1[2H]4NPâG6P, 2[2H]-
4NPâG6P, and 3[2H]4NPâG6P were measured at two
different substrate concentrations to give isotope effects on
kcat and onkcat/KM. All KIE data are summarized in Table 7.

At pH 7.5, primary KIEs were measured for 3[2H]4NPRG6P,
2[2H]4NPâG6P, and 3[2H]4NPâG6P. At pH 7.5, a unitary,
or possibly a small inverse, KIE was determined for
MeRG6P. No KIE was detected for 1[2H]4NPRG6P or for
1[2H]4NPâG6P. The KIE measured for 2[2H]4NPRG6P at

FIGURE 3: Absorbance spectra of GlvA with the dinucleotide
cofactor in its oxidized (NAD+) and reduced (NADH) states: 100
µM GlvA (apo) (s); 100µM GlvA incubated with 100µM NAD+

(---); and 100µM GlvA incubated with 100µM NAD+ and 10
mM sodium borohydride (EnDash- -).

FIGURE 4: Assay of GlvA in the oxidized (NAD+) and reduced
(NADH) states. Observed rates of hydrolysis of 4NPRG6P by GlvA
via the detection of 4-nitrophenolate release at 400 nm. In each
case, the assay volume was 200µL, and the concentration of GlvA
used was 3.3µg/mL. (a) pH 7.5, control (s): standard GlvA assay
conditions, 50 mM HEPES (pH 7.5), 1 mM Mn2+, 0.1 mM NAD+,
10 mM 2-mercaptoethanol, and 0.1% (w/v) BSA at 37°C. GlvA
assay conditions (---): GlvA preincubated in 50 mM HEPES (pH
7.5), 1 mM Mn2+, 0.1 mM NAD+, 10 mM NaBH4, 10 mM
2-mercaptoethanol, and 0.1% (w/v) BSA at 37°C. No release of
4-nitrophenolate is observed until time) 18 min, when 2 nmol of
NAD+ was added. The activity was rapidly restored, and the
catalytic rate is essentially the same as that of the sample without
added NaBH4; (b) pH 8.4, control (s): standard GlvA assay
conditions, 50 mM Tris (pH 8.4), 1 mM Mn2+, 0.1 mM NAD+, 10
mM 2-mercaptoethanol, and 0.1% (w/v) BSA at 37°C. GlvA assay
conditions (---): GlvA preincubated in 50 mM Tris (pH 8.4), 1
mM Mn2+, 0.1 mM NAD+, 10 mM NaBH4, 10 mM 2-mercapto-
ethanol, and 0.1% (w/v) BSA at 37°C. No release of 4-nitrophen-
olate is observed until time) 8 min, when 2 nmol of NAD+ was
added. Activity was rapidly restored, and the catalytic rate is
essentially the same as that of the sample without added NaBH4.

Table 3: Michaelis-Menten Kinetic Parameters for the Hydrolysis
of a Series of Aryl 6-Phospho-R-D-glucosides by GlvA at 37°C in
HEPES Buffer (pH 7.5)

6-phospho-R-D-
glucoside

leaving
group
pKa

kcat

(s-1)
KM

(µM)
kcat/KM

(s-1/mM)
∆ε

(M-1cm-1)
λmax

(nm)

34DNPRG6P 5.36 0.72 12 61 14951 400
4NPRG6P 7.18 0.70 52 14 12618 400
PRG6P 9.99 0.90 69 13 1044 270
M6′P 13.00 1.3 4.0× 102 3.3
MeRG6P 15.5 0.42 6.1× 102 0.69
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this pH falls in the range of either a small 1° KIE or a large
2° KIE. At pH 8.4, primary KIEs were measured for 3[2H]-
4NPRG6P, 2[2H]4NPâG6P, and 3[2H]4NPâG6P. Small
inverse KIEs were measured for 1[2H]4NPRG6P, 1[2H]-
4NPâG6P, and MeRG6P. Similar to what was determined
at pH 7.5, the KIEs determined for 2[2H]4NPRG6P also fall
within the range of either a small 1° KIE or a large 2° KIE.

Inhibition of GlVA. Neither C6′P nor MeâG6P was
hydrolyzed by GlvA. Both compounds were found to be
competitive inhibitors of GlvA, withKi values of 30 and 75
µM, respectively.

DISCUSSION

pH Dependence of GlVA ActiVity. The pH dependences
of kcat/KM andkcat (Figure 2a and b, respectively) both fit to
classic bell-shaped curves but with slightly different pH
optima of 8.4 and 7.6, respectively. Because two different
pHopt were obtained, all subsequent kinetic analyses were
performed at both pH 7.5 (HEPES) and 8.4 (Tris). The two
apparent pKa values in thekcat/KM profile presumably
represent ionizations of groups within the active site of the
free enzyme or the free substrate that are critical to catalytic
activity. The values obtained are reasonably close to those
reported for BglT (7.08( 0.07 and 9.31( 0.08) (15), and
as was proposed for BglT (13, 15), the pKa value of 7.68(
0.09 may correspond to that of the active site Tyr residue
responsible for C2 deprotonation, which corresponds to
Tyr265 in GlvA. Such a lowering of the pKa value from its
normal value of 10 for Tyr could easily be caused by its
active site environment. Alternatively, this pKa value could
correspond to that of the phosphoryl moiety of the substrate
if it binds only in the dianionic form. The origin of the pKa

value of 8.9( 0.1 is not at all clear, but it may represent
the ionization of the conserved Arg residue that by X-ray
crystallographic analysis is found to be within hydrogen-
bonding distance of the phosphate group of the substrate (16).
The dependence ofkcat upon pH reflects ionizations in the
enzyme-substrate complex; thus, the small (0.7) pKa dif-
ferences observed relative to those determined from plots
of kcat/KM vs pH are due to pKa shifts upon complex
formation.

Cofactor Specificity.It was previously shown that GlvA
retained approximately 60% activity in the presence of the
nicotinamide cofactor in its reduced form (NADH) (10). This
report raised some concerns with respect to the proposed
mechanism because NADH would be unable to carry out
the initial oxidation of the C3 hydroxyl and thus render the
enzyme inactive. However, the residual activity could have
been an artifact due to a small amount of contaminating

NAD+ because NADH is readily oxidized to NAD+ in
aqueous solution. To address this issue, GlvA was dialyzed
to remove any bound NAD+, and the enzyme sample was
found to be completely inactive. Full activity was restored
in a saturable fashion by titration with NAD+, yielding Kd

values of 17µM (pH 7.5) and 29µM (pH 8.5). In separate
experiments, inclusion of sodium borohydride in the assay
also resulted in complete inactivation of GlvA, and UV-
vis spectrophotometric analysis revealed that the NAD+

cofactor had been reduced to NADH. Importantly, upon the
addition of excess NAD+, full activity was restored to the
borohydride-treated sample, confirming that loss of activity
was not due to enzyme denaturation. Clearly, NADH cannot
activate GlvA, and this finding is consistent with the
presently proposed mechanism.

Substrate Anomeric Specificity.Although maltose 6′-
phosphate is the natural substrate for GlvA, surprisingly,
GlvA also hydrolyzed 4NPâG6P, with kinetic parameters
similar to those determined for the hydrolysis of 4NPRG6P
(Tables 3-6). However, no hydrolysis of cellobiose 6′-
phosphate or MeâG6P was observed, indicating that GlvA
is only to able hydrolyze 6-phospho-â-glucosides containing
highly activated leaving groups. GlvA is not unique in this
regard because MalH fromFusobacterium mortiferum,
another 6-phospho-R-glucosidase from GH4, has also been
shown to hydrolyze substrates with activated leaving groups
in both theR- and â-anomeric configurations (27). Reas-
suringly, analysis of the X-ray crystallographic data revealed
that the+1 subsite of GlvA is large enough to accommodate
substrates of both theR- andâ-anomeric configurations (15).
Kinetic characterization of GlvA was therefore performed
using both aryl 6-phospho-R-glucosides and aryl 6-phospho-
â-glucosides to determine whether GlvA utilizes the same
mechanism for the hydrolysis ofR- andâ-glycosidic linkages
and to gain more insight into details of that mechanism.

GlvA was previously shown to catalyze the hydrolysis of
4NPRG6P with a net retention of the anomeric configuration,
yielding MeRG6P in the methanolysis reaction (16). How-
ever, in the current study, it was found that the enzyme
catalyzes the hydrolysis of 4NPâG6P with net inversion of
stereochemical configuration at C1, producing MeRG6P.
Although this result would be bizarre for a glycosidase
operating via a classical Koshland mechanism, the observa-
tion is consistent with the proposed mechanism. The
elimination of the 4-nitrophenol leaving group from either
4NPRG6P or 4NPâG6P may not require acid catalysis and
may proceed to form the same enediolate intermediate
regardless of the substrate anomeric configuration. However,
the 1,4-Michael-like addition to theR,â-unsaturated inter-
mediate (common to both the hydrolysis of 4NPRG6P and
4NPâG6P) requires a properly positioned water molecule
and most likely a general base catalyst to activate the water
molecule for nucleophilic attack. Therefore, the anomeric
configuration of the methanolysis product is independent of
substrate anomeric configuration, in contrast to what is found
with classical glycosidases. However, because GlvA hydro-
lyzes 6-phospho-R-glucopyranosides without activated leav-
ing groups (such as M6′P) but not cellobiose 6′-phosphate
(C6′P) or methyl 6-phospho-â-D-glucopyranoside (MeâGP)
(data not shown), GlvA is certainly more appropriately
classified as a 6-phospho-R-glucosidase than as a 6-phospho-
â-glucosidase. The ability to hydrolyzeâ-glycosidic linkages

Table 4: Michaelis-Menten Kinetic Parameters for the Hydrolysis
of a Series of Aryl 6-Phospho-R-D-glucosides by GlvA at 37°C in
Tris-HCl Buffer (pH 8.4)

6-phospho-R-
D-glucoside

leaving
group
pKa

kcat

(s-1)
KM

(µM)
kcat/KM

(s-1/mM)
∆ε

(M-1cm-1)
λmax

(nm)

34DNPRG6P 5.36 0.81 4.0 2.0× 102 14720 400
4NPRG6P 7.18 0.85 14 60 17308 400
PRG6P 9.99 0.26 38 6.9 488 270
M6′P 13.00 1.3 3.6× 102 3.6
MeRG6P 15.5 1.1 5.0× 102 2.2
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is exceptional and applies only to activated 6-phospho-â-D-
glucopyranosides.

Mechanistic InVestigationVia KIE and Brønsted Analysis.
Careful analysis of the rather large body of kinetic data on
the GlvA-catalyzed hydrolysis of both theR- andâ-glyco-
sides provides insights not only into the general mechanism
followed but also into some clue as to the general shape of
the reaction coordinate diagram. Although the KIEs and
Brønsted analyses of the 6-phospho-â-glucosides are in
agreement with those observed for 6-phospho-R-glucosides,
some caution regarding the interpretation of the data for the
6-phospho-â-glucosides is merited, particularly in light of
the fact that GlvA is unable to hydrolyze the glycosidic
linkage of naturally occurring phospho-â-glucosides. The first
general conclusion is that the overall mechanism proposed
in Figure 1 is fully supported by the kinetic data. First, the
measurement of primary KIEs on bothkcat andkcat/KM, and

for both the 3[2H]4NPRG6P and 3[2H]4NPâG6P, at both pH
values, is completely consistent with the proposed oxidation
at C3 and with this step being at least partially rate-limiting
for both classes of substrate. Indeed, it is difficult to envisage
any other mechanism that would give rise to such an isotope
effect at C3. This finding is also consistent with the fact
that, even in the presence of substrate, the enzyme exists
primarily in its NAD+ form, as observed spectrophotometri-
cally. Second, the measurement of isotope effects that are
clearly primary for the 2[2H]4NPâG6P is fully consistent
with a deprotonation event at C2 that is at least partially
rate-limiting. Those measured at C2 for 2[2H]4NPRG6P are
considerably smaller but still consistent with such a mech-
anism. Third, the absence of any dependence ofkcat on
leaving group ability is consistent with relatively rapid and
non-rate-limiting glycosidic bond cleavage. This is fully
supported by the absence of normal secondary deuterium

FIGURE 5: Brønsted plots for the enzymatic cleavage of various 6-phospho-R-D-glucosides: (a) logkcat vs pKa at pH 7.5; (b) logkcat/KM
vs pKa at pH 7.5; (c) logkcat vs pKa at pH 8.4; and (d) logkcat/KM vs pKa at pH 8.4.

Table 5: Michaelis-Menten Kinetic Parameters for the Hydrolysis
of a Series of Aryl 6-Phospho-â-D-glucosides by GlvA at 37°C in
HEPES Buffer (pH 7.5)

aryl 6-phospho-
â-D-glucoside

phenol
pKa

kcat

(s-1)
KM

(µM)
kcat/KM

(s-1/mM)
∆ε

(M-1cm-1)
λmax

(nm)

24DNPâG6P 3.96 0.27 35 7.5 9871 400
25DNPâG6P 5.15 0.25 1.3× 102 2.0 4821 443
34DNPâG6P 5.36 0.42 2.9 1.5× 102 14951 400
4Cl2NPâG6P 6.45 0.18 67 2.7 4498 428
4NPâG6P 7.18 0.52 54 9.6 12618 400
2NPâG6P 7.22 0.29 2.9× 102 1.0 2155 413
35DCâG6P 8.19 0.66 27 24 1930 285
3NPâG6P 8.39 0.54 34 16 849 380
4CNPâG6P 8.49 0.64 1.2× 102 5.5 6758 272
PâG6P 9.99 0.27 1.1× 102 2.5 1044 270

Table 6: Michaelis-Menten Kinetic Parameters for the Hydrolysis
of a Series of Aryl 6-Phospho-â-D-glucosides by GlvA at 37°C in
Tris-HCl Buffer (pH 8.4)

aryl 6-phospho-
â-D-glucoside

phenol
pKa

kcat

(s-1)
KM

(µM)
kcat/KM

(s-1/mM)
∆ε

(M-1cm-1)
λmax

(nm)

24DNPâG6P 3.96 0.63 41 16 9903 400
25DNPâG6P 5.15 0.46 73 6.3 4035 443
34DNPâG6P 5.36 0.36 1.9 1.9× 102 14720 400
4Cl2NPâG6P 6.45 0.52 75 6.8 4152 428
4NPâG6P 7.18 0.34 24 14 17308 400
2NPâG6P 7.22 0.40 3.0× 102 1.3 4581 413
35DCâG6P 8.19 0.47 3.8 1.2× 102 2387 285
3NPâG6P 8.39 0.97 8.9 1.1× 102 1289 380
4CNPâG6P 8.49 0.32 28 11 14008 272
PâG6P 9.99 1.1 23 52 488 270
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KIEs for the 1-[2H]-6-phospho-glucoside substrates. Overall,
these data strongly support a redox-activated E1cb mechanism
for this enzyme.

A closer look at the data and particularly a comparison of
kcat and kcat/KM data for the 6-phospho-R- and 6-phospho-
â-glucosides provides further insights, particularly into the
general shape of the reaction coordinate diagrams for the
two substrates. It is worth noting that the most useful sets
of kinetic isotope effects to evaluate are those determined
at the pH optimum for that parameter. This would mean the
KIEs on kcat determined at pH 7.5 and the KIEs onkcat/KM

measured at pH 8.4. Indeed, the pairs of values measured in
these cases are quite similar, suggesting that the two kinetic
parameters may well be reflecting the same chemical step
at their respective pHopt.

GlvA catalyzes the hydrolysis of 4NPRG6P and 4NPâG6P
with similar kcat values, which is consistent with the conclu-
sion arrived at above that steps that do not critically depend
on the substrate anomeric configuration are rate-limiting for

these two classes of substrate, namely, oxidation at C3 and
deprotonation at C2. A keydifferencein the data for the
two substrates is in the values of the KIEs for 2[2H]-
4NPRG6P and 2[2H]4NPâG6P. Very large KIEs are seen
for theâ-glycoside, particularly, at the lower pH, suggesting
that this deprotonation step is more fully rate-limiting than
is the case for theR-glycoside substrates. (Though surpris-
ingly for this interpretation, the KIE measured for 3[2H]-
4NPâG6P is not correspondingly lowered.) Interestingly, at
the higher pH value, the KIE for the 2[2H]4NPâG6P is lower
than that measured at the lower pH value. This is as expected
because proton abstraction should be faster in the presence
of a higher concentration of the conjugate base under more
basic conditions. Values of KIEs for 2[2H]4NPRG6P are
much lower; indeed on the borderline with values of large
secondary deuterium KIEs that would be associated with a
rate-limiting breakage of the glycosidic bond. However, this
latter scenario cannot be the case, at least forkcat, because
no dependence ofkcat upon aglycone pKa was observed

FIGURE 6: Brønsted plots for the enzymatic cleavage of various aryl 6-phospho-â-D-glucosides: (a) logkcat vs pKa at pH 7.5; (b) log
kcat/KM vs pKa at pH 7.5; (c) logkcat vs pKa at pH 8.4; and (d) logkcat/KM vs pKa at pH 8.4.

Table 7: Kinetic Isotope Effect Measurements for Deuterated Substrates of GlvA

(kcat)H/(kcat)D

(pH 7.5)
(kcat/KM)H/(kcat/KM)D

(pH 7.5)
(kcat)H/(kcat)D

(pH 8.4)
(kcat/KM)H/(kcat/KM)D

(pH 8.4)

1[2H]4NPRG6P 0.99( 0.02 1.01( 0.04 0.88( 0.01 1.0( 0.1
2[2H]4NPRG6P 1.21( 0.02 1.28( 0.07 1.14( 0.01 1.30( 0.09
3[2H]4NPRG6P 1.73( 0.02 1.59( 0.05 1.82( 0.02 2.2( 0.3
1[2H]MeRG6P 0.96( 0.02 0.98( 0.04 0.93( 0.01 0.94( 0.03
1[2H]4NPâG6P 1.00( 0.01 1.00( 0.06 0.89( 0.01 0.99( 0.03
2[2H]4NPâG6P 3.52( 0.02 6.4( 0.5 1.76( 0.02 3.2( 0.2
3[2H]4NPâG6P 1.70( 0.02 1.89( 0.09 1.89( 0.02 2.2( 0.1
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(Figure 5). It is therefore probable that these are small
primary KIEs whose lower magnitude either reflects a
smaller contribution of that step to the rate-limiting process
or a highly asymmetric transition state for deprotonation,
which results from either an early or, more probably, a late
transition state. Given its natural substrate specificity, GlvA
presumably evolved to cleaveR-glycosides, for which its
acid and base catalysts are optimally positioned. When
operating onâ-glycosides, the acid catalyst assisting C1-
O1 cleavage is certainly out of position, hence the lack of
action on unactivated substrates of this anomeric stereo-
chemistry, such as the MeâG6P and C6′P. It is also likely
that the accommodation of the aryl aglycone of theâ-glu-
cosides within the active site may result in some displacement
of the base catalyst from its optimal position, making
deprotonation less efficient, thus more fully rate-limiting. The
tempting alternative explanation that the mechanism for
cleavage ofR-glycosides is more-E2 like given the trans-
periplanar arrangement of the C2-H2 bond and the glyco-
sidic bond is rendered untenable by the absence of any
leaving group dependence onkcat.

Because C6′P and MeâG6P are not hydrolyzed by GlvA,
the Brønsted plots generated fromkcat (Figure 6a and c) and
kcat/KM for the hydrolysis of arylâ-glycosides (Figure 6b
and d) were only available for leaving groups with pKa values
ranging from 3.96 to 9.99. Both logkcat and logkcat/KM versus
pKa at both pH 7.5 and 8.4 produced flat linear free-energy
relationships. Although the logkcat/KM versus pKa plots
displayed a high level of scattering, likely due to differential
interactions of the variously substituted aryl rings with an
active site that had not evolved a cavity at this location, there
is clearly no significant systematic dependence upon leaving
group ability. These flat linear free-energy relationships, in
conjunction with the lack of a secondary KIE for 1[2H]-
4NPâG6P ((kcat)H/(kcat)D) show that cleavage of the C1-O1
linkage is not rate-limiting for aryl 6-phospho-â-glucoside
substrates.

Likewise, the lack of dependence ofkcat for the hydrolysis
of the arylR-glucosides on aglycone pKa at both pH 7.5 and
8.4 shows that glycoside bond cleavage is not rate-limiting

in that case either (Figure 5a and c), though small depend-
ences of kcat/KM upon leaving group ability are seen.
Comparison and interpretation of data based uponkcat/KM

require prior consideration of the meaning of that parameter
in this case. Normally,kcat/KM is assumed to reflect the first
irreversible step, which would appear to be cleavage of the
glycosidic bond. However, if this step is fast compared to
the prior proton-transfer step, as seems to be the case, the
deprotonation step would also be rendered essentially ir-
reversible. Likewise, if deprotonation is faster than the redox
process, thenkcat/KM may also reflect contributions from the
oxidation step. This could explain why substantial KIEs are
seen inkcat/KM for both 2[2H]- and 3[2H]-substrates, which
otherwise would not be expected to exhibit primary KIEs if
kcat/KM purely reflected the bond cleavage step. Indeed, as
noted above, when the KIEs onkcat at pH 7.5 andkcat/KM at
pH 8.4 are compared, they are indeed very similar within
each isotopomer pair, consistent with the same step being
reflected. Such a situation demands a general reaction
coordinate diagram such as that shown in Figure 7 for the
first half of the reaction, up to the formation of theR,â-
unsaturated intermediate. The assignment of energy levels
in this diagram is arbitrary: their measurement would be
non-trivial because it would require the determination of
partition ratios for all of the species along the coordinate.
However, the generalized diagram is a useful way of thinking
about rate constants and how they differ for the two
substrates. The barrier heights are shown as being similar
across the coordinate, as required by the presence of isotope
effects on H3, H2, and, even in one case, also on H1.
However, the highest barrier for theR-glycoside substrates
is that for the oxidation step, whereas the highest for the
â-glycoside substrates is that for the proton abstraction, as
dictated by the large primary KIE on the 2[2H]-substrate.

The origin of the inverse secondary deuterium KIE
measured at high pH for the 1[2H]MeRG6P (on bothkcat and
kcat/KM) and for 1[2H]4NPRG6P onkcat (nonoptimal pH) is
unclear. Interestingly, thekcat values measured in these three
situations are among the highest of all thekcat values
measured. This suggested at the outset that a step subsequent

FIGURE 7: Graphical representation of the reaction coordinate for the GlvA-catalyzed hydrolysis ofR- andâ-substrates.
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to C1-O1 bond cleavage in which an sp2 hybridized
anomeric center is being converted to an sp3 center, for
example, addition of water to the Michael acceptor inter-
mediate, might be the rate-limiting step. However, methanol
competition experiments (not shown) revealed no rate
enhancements under conditions where methanol is known
to act as a superior nucleophile, as was seen in the use of
methanol as a superior acceptor in NMR-based stereochem-
ical outcome determinations (15). Therefore, this step cannot
be rate-limiting.

CONCLUSIONS

A detailed analysis of the proposed E1cb mechanism of
GlvA is provided by the kinetic data presented. The first,
partially rate-limiting step involves the essential NAD+-
mediated oxidation of the C3 hydroxyl to a ketone. As a
result, the C2 proton is activated for deprotonation by the
adjacent carbonyl and potentially by polarization of the
enediolate intermediate by the metal cation found at the
enzyme active site. Subsequent to the second, partially rate-
limiting C2 proton abstraction, rapid elimination of the C1-
O1 linkage occurs to generate anR,â-unsaturated Michael
acceptor, which undergoes an addition reaction with a water
molecule. Finally, reduction of the C3 ketone by the on-
board NADH cofactor yields the overall hydrolysis product.
The proposed E1cb mechanism of GlvA is evidently the same
as that described for BglT. Importantly, the key catalytic
residues for this mechanism are those that interact with the
2- and 3-positions of the substrate, rather than those that
interact with the anomeric center or the glycosidic oxygen.
Indeed, acid/base catalysis of aglycone departure and water
attack will be of much less importance for this mechanism
than for the standard oxocarbenium ion mechanism of normal
glycosidases. This likely explains why Family 4 contains both
R- andâ-glycosidases and why some members such as GlvA
can hydrolyze bothR- andâ-glycosides containing activated
leaving groups.

Interestingly, a new glycosidase family (GH109) that also
uses NAD+ for catalysis has recently been reported (28).
The location of the cofactor at the active site and the
observation of deuterium incorporation at C2 when the
reaction is performed in D2O both suggest a similar reaction
mechanism. It will be interesting to see how many other
glycosidases use this unexpected means of glycosidic bond
cleavage.
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