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Abstract The NAD+-requiring enzymes of glycoside hydrolase
family 4 (GHF4) contain a region with a conserved Gly-XXX-
Gly-Ser (GXGS) motif near their N-termini that is reminiscent
of the fingerprint region of the Rossmann fold, a conserved
structural motif of classical nicotinamide nucleotide-binding
proteins. The function of this putative NADþ-binding motif in
the KK-glucosidase AglA of Thermotoga maritima was probed by
directed mutagenesis. The Kd for NAD+ of the AglA mutants
G10A, G12A and S13A was increased by about 300-, 5-, and
9-fold, respectively, while their Km for p-nitrophenyl-KK-gluco-
pyranoside was not seriously affected. The results indicate that
the GXGS motif is indeed important for NADþ binding by the
glycosidases of GHF4. ß 2002 Published by Elsevier Science
B.V. on behalf of the Federation of European Biochemical So-
cieties.
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1. Introduction

Glycoside hydrolase family 4 (GHF4) is a family of glyco-
sidic bond-cleaving enzymes which are related by similarity of
their amino acid sequences [1,2]. Enzymes with various reac-
tion speci¢cities are found in this family, i.e. K-galactosidases
(EC 3.2.1.22; e.g. MelA of Escherichia coli [3]), K-glucosidases
(EC 3.2.1.20; e.g. AglA of Thermotoga maritima and Ther-
motoga neapolitana [4,5]), 6-phospho-L-glucosidases (EC
3.2.1.86; e.g. the CelF proteins of E. coli and Bacillus subtilis
[6]), and 6-phospho-K-glucosidases (EC 3.2.1.122; e.g. GlvA
of B. subtilis, AglB of Klebsiella pneumoniae, and the MalH of
Fusobacterium mortiferum [7^9]). Interestingly, some enzymes
of this family are speci¢c for K-glycosidic bonds while others
display L speci¢city during cleavage. All other GHF families
contain either K- or L-speci¢c glycosidases. Also, it is note-
worthy that no eukaryal or archaeal members of this unique
enzyme type are known.

The common features of GHF4 enzymes, where investi-
gated so far, may be summarized as follows (see [4]) : (i) rel-

ative instability of the enzymes; (ii) requirement of Mn2þ (or
Co2þ, Ni2þ or Fe2þ) for activity; (iii) requirement of NADþ

for activity; (iv) oligomeric quaternary structure (homodimer
or -tetramer); (v) subunit size about 51 kDa (about 450 res-
idues); (vi) glycone speci¢city for glucose, its C4 epimer ga-
lactose or both, or for glucose 6-phosphate [3,4,6^8].

NADþ activation is the exception in glycoside hydrolases
and has been found only in GHF4 enzymes while the majority
of glycoside hydrolases, including many other intracellular
oligosaccharidases, are not activated by NADþ. The role of
NADþ for the activity of the hydrolytic enzymes of GHF4 is
not understood. Spectrophotometric measurements failed to
detect the conversion of NADþ to NADH by GHF4 enzymes
([6,8], and own unpublished data). Three-dimensional struc-
tures of GHF4 enzymes, which could shed light on their un-
usual cofactor dependence, have not been reported. The pyr-
idine nucleotide cofactor could have structural and/or
catalytic function and, in addition, could also be important
for regulation of enzyme activity (see [4]).

The K-glucosidase AglA from the hyperthermophilic bacte-
rium T. maritima represents a thermostable GHF4 member.
This enzyme requires NADþ, Mn2þ, and a relatively high
concentration of thiol-containing reducing agents like dithio-
threitol for activity [4,10]. The primary structures of the AglA
enzymes from T. maritima and the related species T. neapoli-
tana share only low-level similarity (up to about 26% identity)
with the other GHF4 enzymes. Interestingly, however, the
N-terminus of AglA carries a motif of residues which is con-
served throughout GHF4 ([8] ; own unpublished data) and
which is reminiscent of a ‘¢ngerprint’ sequence pattern found
in many of the classical nicotinamide dinucleotide-binding
enzymes, most of which are oxidoreductases [11,12]. In order
to determine if the conserved sequence motif of GHF4 en-
zymes is indeed involved in dinucleotide binding, we decided
to study the e¡ect of amino acid substitutions in this motif on
the activity and apparent NADþ-binding a⁄nity of T. mari-
tima AglA.

2. Materials and methods

2.1. General DNA modi¢cation methods and in vitro mutagenesis of the
aglA open reading frame

Recombinant DNA techniques and expression of the recombinant
gene were performed in E. coli XL1-Blue and BL21(DE3), respec-
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tively. E. coli strains were routinely grown in Luria^Bertani (LB)
broth supplemented with ampicillin (100 Wg ml31). DNA manipula-
tions were done according to standard protocols [13]. Polymerase
chain reaction (PCR)-mediated ampli¢cation of the aglA open reading
frame (ORF) was done with the following primers: wt-for: 5P-GGA-
GGAATTCATGCCATCTGTGAAGATCGGTA-3P ; wt-rev: 5P-CA-
GAAGCTTTCATCTCTTCAGATAATGTTTCCG-3P. The EcoRI
and HindIII restriction sites, respectively, which were used for cloning
of the PCR product are underlined. For in vitro mutagenesis of aglA,
the following mutagenic PCR primers were used which span the
5P end of the aglA ORF from the ATG start codon to the mutagenesis
target sites at codons 10^13 (mutagenic positions in bold): G10A-
for: 5P-GGAGGAATTCATGCCATCTGTGAAGATCGGTATCA-
TCGCTGCGGGGAGC-3P ; G12A-for: 5P-GGAGGAATTCATGC-
CATCTGTGAAGATCGGTATCATCGG-TGCGGCGAGCGCGG-
TG-3P ; S13A-for: 5P-GGAGGAATTCATGCCATCTGTGAAGAT-
CGGTATCATCGGTGCGGGGGCCGCGGTGTTTTC-3P. The wild
type and mutated aglA ORFs were generated by PCR reactions with
the mutagenic primers, using wt-rev as the reverse primer in all cases.
The aglA-containing plasmid pWBE2.4 [4] served as the template
DNA. Reaction mixtures (50 Wl) contained 125 pmol each of the
forward and reverse primers, 0.2 Wg template DNA, 1.25 mM each
of the four dNTPs, 5 Wl dimethyl sulfoxide, 5 Wl 10UPfu reaction
bu¡er, and 4.5 U Pfu DNA polymerase. The template DNA was
denatured for 5 min at 94‡C, followed by 32 ampli¢cation cycles
(45 s at 94‡C, 45 s at 38‡C, 2 min at 72‡C) and ¢nally 10 min at
72‡C. The PCR products were cloned into EcoRV-linearized pBlue-
script SKþ, excised from the resulting plasmids with EcoRI and Hin-
dIII and ligated downstream of the PT7 promoter into the correspond-
ingly cut expression vector pET21a. The resulting K-glucosidase
expression plasmids pET21a-AglA, pET21a-G10A, pET21a-G12A,
and pET21a-S12A were transformed into E. coli BL21(DE3).

2.2. Puri¢cation of recombinant K-glucosidase and K-glucosidase
mutants

AglA and its derivatives were produced recombinantly by growing
E. coli BL21(DE3) strains transformed with pET21a-AglA, pET21a-
G10A, pET21a-G12A, and pET21a-S12A with aeration at 37‡C in LB
broth containing 100 Wg ml31 ampicillin. At OD600nm = 0.5^0.6, 0.3
mM IPTG was added, and incubation was continued for 5 h. Cells
were harvested, washed with 20 mM Tris^HCl pH 8.0, resuspended in
a small volume of the same bu¡er and disrupted by repeated passage
through a French pressure cell (American Instrument Company, Sil-
ver Spring, OH, USA) at 6.9 MPa. After centrifugation (40 000Ug, 30
min, 4‡C) the cleared homogenate was incubated at 75‡C for 15 min
and cooled on ice. Precipitated proteins were sedimented (40 000Ug,
30 min, 4‡C), and the supernatant was subjected to anion exchange
chromatography on a 50 ml bed volume Source 15 Q column (XK26,
Pharmacia, Freiburg, Germany), employing a linear 0.1^0.4 M NaCl
gradient in 20 mM Tris^HCl pH 8.0 for elution. Fractions containing
the K-glucosidase proteins were pooled, dialyzed against 50 mM Tris^
HCl pH 7.5, and concentrated by ultra¢ltration (30 kDa cuto¡). Dur-
ing all steps of the puri¢cation protocol, the mutant enzymes AglA-
G10A, AglA-G12A and AglA-S13A behaved in a manner indistin-
guishable from the wild type enzyme.

2.3. Enzyme assays and analytical methods
The standard K-glucosidase assay was based on the enzymatic lib-

eration of nitrophenol from para-nitrophenyl-K-D-glucoside (pNP-K-
Glc). Assay mixtures (300 Wl) contained 50 mM Tris^HCl pH 7.0,
1 mM MnCl2, 1.8 mM NADþ, 50 mM dithiothreitol, and enzyme.
After pre-equilibration for 5 min at 60‡C the reaction was started by
addition of 10 Wl 0.1 M pNP-K-Glc, and incubation was continued for
4^20 min. Within this range, the assay had a linear time dependence
of product formation. The reaction was cooled on ice, mixed with 20
Wl 0.5 M EDTA pH 8.0 and 680 Wl water, and the absorbance was
measured at 420 nm. The molar extinction coe⁄cient of pNP under
these conditions was 12 000 M31 cm31. One unit of enzyme released
1 Wmol of pNP in 1 min under the speci¢ed conditions. The same
assay method, with modi¢cations as described in the text, was used
for kinetic analyses. The enzyme concentrations used were 5.1^7.6 Wg
ml31 (AglA-wt), 35^72 Wg ml31 (AglA-G10A), 3.9^5.9 Wg ml31

(AglA-G12A), and 14.7^29.5 Wg ml31 (AglA-S13A). For the determi-
nation of the Km for pNP-K-Glc and the Kd (approx.) for NADþ, the
initial velocity of pNP-K-Glc cleavage was measured at ¢xed, near-

saturating concentrations of NADþ or pNP-K-Glc, respectively. The
rate of pNP liberated was plotted as a function of the rate divided by
the pNP-K-Glc or NADþ concentration, respectively, and the kinetic
constants were estimated graphically from the intercepts of the Eadie^
Hofstee plots at the ordinate (Vmax) and the abscissa (Vmax/Km). All
experiments were performed at least in duplicate.

Protein concentrations were determined at 280 nm via the speci¢c
molar absorption coe⁄cient of AglA (1.8 l g31 cm31) calculated from
the amino acid composition as described by Pace et al. [14]. Fluores-
cence emission spectra were measured with a F-4500 spectro£uorim-
eter (Hitachi) at Vexc = 280 nm and 295 nm. Circular dichroism (CD)
spectroscopy was carried out with a J-720 spectropolarimeter (Jasco)
in the near-UV (250^310 nm) and far-UV range (200^250 nm) at
protein concentrations of 3.7^8.2 mg ml31 and 0.53^0.66 mg ml31,
respectively, using 0.1 cm quartz cuvettes. The CD spectra were re-
corded by ¢ve time (near-UV) or 10 time (far-UV) accumulation.

3. Results and discussion

3.1. Conserved amino acid residues and structural features of
the N-termini of GHF4 enzymes

Fig. 1 shows an alignment of the N-termini of a selection of
GHF4 enzymes and compares these sequences with the ¢nger-
print motif of the coenzyme-binding region of classical
NADþ-dependent oxidoreductases and UDP-galactose 4-epi-
merase. This ¢ngerprint region is part of the well-known
‘Rossmann’ fold, a conserved structural motif of nicotinamide
dinucleotide-binding proteins [11,15]. This fold represents an
alternating L-strand^K-helix motif with the pattern LKLKL

and is involved in the binding of the cofactor in a speci¢c
orientation and conformation. The ¢ngerprint region has the
following characteristics [12,16]. (1) A conserved positively
charged residue at the amino-terminus of the ¢rst L strand.
(2) A glycine-rich sequence, GXGXXG (where X are variable
residues), which forms a loop connecting the ¢rst L-strand and
the ¢rst K-helix. This part is important for binding of the
diphosphate of the dinucleotide. The ¢rst glycine allows for
a tight turn of the main chain, and the lack of a side chain at
the second glycine is thought to allow for a close association
between the diphosphate moiety and the main chain. The
third glycine, which is often replaced by other amino acids
(alanine, serine, proline) in NADPþ-dependent enzymes, is of
importance for the close packing of the ¢rst L-strand and the
¢rst K-helix. (3) A hydrophobic core consisting of six hydro-
phobic residues which are important for interactions between
the secondary structure elements, i.e. the packing of the
L-strands against the K-helix. (4) A conserved negatively
charged residue at the carboxy-terminus of the second
L-strand which binds to the ribose 2P-hydroxyl of the adenine
moiety of the dinucleotide. Some exceptions to each of these
recurring themes are tolerated, however (see [12]).

A characteristic pattern of conserved positions strikingly
similar to the Rossmann fold ¢ngerprint pattern outlined
above can be found near the N-termini of GHF4 enzymes,
including a core region with conserved hydrophobic residues
£anked by a positively charged residue N-terminal to the ¢rst
L-strand and a negatively charged residue at the C-terminal
end of the second L-strand, as well as strictly conserved gly-
cine residues after the ¢rst L-strand (Fig. 1). However, the
alignment shown in Fig. 1 also points out some obvious di¡er-
ences between the GHF4 N-terminal motif and the classical
Rossmann fold ¢ngerprint region: (1) the ¢ngerprint region of
GHF4 is longer than the Rossmann fold motif; this could be
the result of slightly longer secondary structure elements or
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longer connecting loops in the GHF4 N-terminal motif ; (2)
the last glycine residue in the GXGXXG motif is not con-
served in the GHF4 amino acid sequences. Instead, these en-
zymes contain the highly conserved sequence GXGS (residues
10^13 in the T. maritima AglA sequence). It is noteworthy
that the GXGS motif is located within the most conserved
part of the GHF4 enzymes which is their N-terminal half
(about 220 residues), as found by multiple sequence align-
ments with CLUSTAL W (data not shown).

The presence of a possible dinucleotide binding motif at the
N-terminus of GHF4 enzymes has also been suggested by
Thompson et al. [8]. The observation that mutagenesis of
the residue Asp41 of GlvA from B. subtilis (corresponds to
Asp39 of T. maritima AglA), which is situated at the end of
the postulated NADþ-binding motif shown in Fig. 1, led to an
enzyme with reduced activity [8] was in agreement with this
postulate. However, the reason for the loss of activity was not
studied in detail, so it is not clear whether this was indeed a
consequence of impaired dinucleotide binding by the mutant
enzyme or if a di¡erent e¡ect (e.g. impaired binding of the
metal ion cofactor, impaired substrate binding, misfolding of
the polypeptide chain) could have caused enzyme inactivation.

3.2. Site-directed mutagenesis of the putative NAD+-binding
motif of AglA

The conserved glycine residues G10 and G12, and a con-

served serine S13 of the GXGS motif of AglA were replaced
by alanine via site-directed mutagenesis of the corresponding
codons of the aglA open reading frame. The mutations were
con¢rmed by nucleotide sequence analysis. The sequences en-
coding AglA and its mutated derivatives were used for con-
struction of the K-glucosidase expression plasmids pET21a-
AglA, pET21a-G10A, pET21a-G12A, and pET21a-S12A
(see Section 2), and high-level, IPTG-inducible PT7 pro-
moter-driven expression was achieved with these plasmids in
E. coli BL21(DE3). AglA and its variants AglA-G10A, AglA-
G12A and AglA-S13A were puri¢ed from crude extracts of
the recombinant E. coli strains as described in Section 2. All
four enzymes were obtained in yields of about 10^15 mg l31

culture and were s 95% pure as judged by SDS^PAGE anal-
ysis (data not shown). All mutant proteins displayed pNP-K-
D-glucopyranoside-hydrolyzing activity, but the activities of
AglA-G10A and AglA-S13A were signi¢cantly reduced (see
Table 1).

Since replacement of a glycine residue by a di¡erent amino
acid invariably means that a bulkier side chain is introduced,
it was important to check if the mutations caused signi¢cant
disturbances in the secondary or tertiary structure of the en-
zymes. Therefore, the mutant AglA derivatives were subjected
to £uorescence spectroscopy and CD spectroscopy, and their
spectral characteristics were compared to the wild type en-
zyme. The near-UV range CD spectrum depends strongly

Fig. 1. Sequence similarity between the N-termini of GHF4 enzymes and the ¢ngerprint region of the Rossmann fold. A: Alignment of N-ter-
minal amino acid sequences of selected enzymes of GHF4. Enzymes marked with an asterisk have been shown experimentally to be NADþ-de-
pendent. Residues listed in the ‘consensus’ line are those recognized as conserved hydrophobic (h), positively charged (+) or negatively charged
(3) positions. The residues mutagenized in T. maritima AglA in this study are marked with # symbols. B: Fingerprint region of classical
NADþ-binding proteins with known three-dimensional structures. Structurally conserved hydrophobic (h) or charged (+, 3) positions are
marked according to Bellamacina et al. [12]. At the bottom, the approximate extensions of characteristic secondary structure elements of the
Rossmann fold are indicated. Abbreviations in alphabetical order (amino acid sequence accession numbers in parentheses): Agal_Atu, putative
K-galactosidase from Agrobacterium tumefaciens (AAK88782); Agal_Sme, putative K-galactosidase from Sinorhizobium meliloti (Q9X4Y0);
AglA_Tma, K-glucosidase AglA from T. maritima (CAA04524); AglA_Tne, K-glucosidase AglA from T. neapolitana (CAA08868); AglB_Kpn,
6-phospho-K-glucosidase AglB from K. pneumoniae (AAK01457); CelF_Bsu, 6-phospho-L-glucosidase CelF from B. subtilis (P46320);
CelF_Eco, 6-phospho-L-glucosidase CelF from E. coli (P17411); agal_Sco, putative galactosidase from Streptomyces coelicolor (CAB59598);
GlvA_Bsu, 6-phospho-K-glucosidase GlvA from B. subtilis (P54716); LplD_Bsu, putative hydrolase from B. subtilis (P39130); MalH_Cac, puta-
tive 6-phospho-K-glucosidase MalH from Clostridium acetobutylicum (AAK69556); MalH_Fmo, 6-phospho-K-glucosidase MalH from F. morti-
ferum (O06901); MelA_Eco, K-galactosidase MelA from E. coli (P06720).
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on the environment of aromatic residues, whereas the far-UV
CD spectrum is dominated by the peptide bonds. Therefore,
near-UV and far-UV CD spectra provide speci¢c information
on the integrity of the tertiary and secondary structure of a
protein, respectively [17]. The CD spectra recorded for wild
type AglA and the mutant proteins AglA-G10A, AglA-G12A
and AglA-S13A in the far-UV (200^250 nm) and in the near-
UV range (250^310 nm) are very similar, proving that no
signi¢cant structural perturbation is caused by the introduced
amino acid exchanges (Fig. 2). Along these lines, no di¡er-
ences were observed in the shapes and maxima of the £uores-
cence emission spectra recorded for all four enzymes at exci-
tation wavelengths of 280 nm and 295 nm (data not shown).
Also, the observation that the behavior of the AglA mutants
during protein puri¢cation was indistinguishable from the
wild type enzyme and the fact that all mutant enzymes dis-
played K-glucosidase activity (see above) argue against dra-
matic changes in the overall three-dimensional structure. Tak-
en together, these data indicate that the mutations had no
major e¡ect on the fold of AglA.

If the GXGS motif of AglA is indeed involved in NADþ

binding in a similar way as found at the Rossmann fold in
classical dinucleotide-dependent enzymes, then one should ex-
pect this motif to be located in a short loop connecting a
L-strand and an K-helix (LA and KB) at the surface of the
dinucleotide-binding cleft (see [12]). In that case, there should
be su⁄cient space to accommodate a larger side chain, like
the methyl group of alanine upon replacement of glycine as in
the G10A and G12A mutants, while major changes in the fold
of the protein chain are not to be expected.

3.3. Kinetic parameters of AglA and the AglA mutants
Kinetic data of pNP-K-D-glucopyranoside cleavage were

gathered for all enzymes by varying the substrate concentra-
tion between 0.05 mM and 10 mM, using a ¢xed NADþ

concentration of 1.8 mM (for AglA-wt, AglA-G12A and
AglA-S13A) or 50 mM (for AglA-G10A, which has a drasti-
cally increased apparent Kd for NADþ). The apparent disso-
ciation constant for NADþ was determined at a ¢xed pNP-K-
D-glucopyranoside concentration of 3.3 mM. Initial reaction
velocities were measured at NADþ concentrations in the
range of 0.05^3 mM for AglA-G12A and AglA-S13A, and
in the range of 1^30 mM for AglA-G10A. A typical Michae-
lis^Menten-like hyperbolic relationship between the NADþ

concentration and the reaction velocity was found. The results
of the kinetic characterization of the enzymes are summarized
in Table 1.

All mutations introduced into the GXGS motif of T. mari-
tima AglA led to a reduction (5^V300-fold) of the apparent
binding a⁄nity for NADþ (Table 1). The S13A mutant had

Fig. 2. Near-UV (top graph) and far-UV CD spectra (bottom
graph) of AglA and its mutant variants. The CD spectra of AglA-
wt (solid line), AglA-G10A (dashed line), AglA-G12A (dotted line),
and AglA-S13A (dash-dotted line) were recorded by ¢ve time (near-
UV) or 10 time (far-UV) accumulation at protein concentrations of
3.7^8.2 mg ml31 (near-UV) and 0.53^0.66 mg ml31 (far-UV), using
0.1 cm quartz cuvettes.

Table 1
Kinetic parameters of native AglA and mutant enzymes

Kd (NADþ) [mM] Kd [mutant:wild type] kcat [min31]

Kinetic parameters at a ¢xed concentration (3.3 mM) of pNP-K-Glc:
AglA-wt 0.04 þ 0.01 1 202 þ 4
AglA-G10A 11.8 þ 1.5 295 121 þ 9
AglA-G12A 0.20 þ 0.01 5 245 þ 3
AglA-S13A 0.37 þ 0.01 9 34 þ 3

Km (pNP-K-Glc) [mM] Km [mutant:wild type] ka
cat [min31]

Kinetic parameters at a ¢xed concentration (1.8 mM or 50 mM) of NADþb :
AglA-wt 0.23 þ 0.02 1.0 199 þ 2
AglA-G10A 0.21 þ 0.02 1.0 90 þ 2
AglA-G12A 0.19 þ 0.02 0.8 220 þ 9
AglA-S13A 0.28 þ 0.01 1.2 31 þ 1
aThe slightly lower kcat values of this series of experiments compared to the kcat values given above may be due to the general instability and
oxygen sensitivity of AglA [4], as not all assays were done on the same day. Also, note that the Km of AglA-G10A was determined at 50 mM
NADþ (merely about four-fold Kd), leading to a slightly lower velocity than expected according to Michaelis^Menten theory.
bAt 1.8 mM for AglA-wt, AglA-G12A, and AglA-S13A, at 50 mM for AglA-G10A.
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su¡ered a nine-fold increase of Kd and simultaneously a six-
fold reduction of kcat, whereas for the G12A mutant the ob-
served ¢ve-fold increase of Kd was not accompanied by a
great change in kcat. The most dramatic e¡ect on the binding
a⁄nity for the cofactor NADþ was observed for the G10A
mutant, where the Kd for NADþ increased about 300-fold
compared to the wild type enzyme. This enzyme variant
also su¡ered a moderate decrease of kcat to about 45^60%
of the wild type level. On the other hand, the Km values for
pNP-K-D-glucopyranoside of the mutants (determined at a
NADþ concentration of 1.8 mM for G12A and S13A, and
at 50 mM for G10A) were close to the Michaelis constant of
the wild type enzyme, which means that the mutations intro-
duced into AglA did not seriously a¡ect the integrity of the
substrate binding region.

Obviously, all mutations analyzed here a¡ect NADþ bind-
ing but do not completely destroy the binding pocket or pre-
vent binding by steric repulsion. Most likely, these mutations
will in£uence the orientation of the NADþ, so they can pri-
marily be interpreted as ‘positional mutations’ of the NADþ

and its contribution to catalysis. Of course, the possibility that
mutations also a¡ect other residues cannot be excluded. Two
mutations (S13A and G10A) have an e¡ect on substrate hy-
drolysis, and the in£uence is stronger on kcat than on Km. In
particular in the AglA-S13A mutant Km is slightly increased
compared to the wild type enzyme whereas kcat is reduced
more than six-fold. This ¢nding indicates that NADþ might
be involved not only in substrate binding but also directly or
indirectly in di¡erential transition state stabilization.

In conclusion, the mutagenesis data reported here for the
K-glucosidase AglA of T. maritima suggest that the highly
conserved GXGS sequence motif of AglA and probably of
all GHF4 enzymes is indeed involved in binding the cofactor
NADþ. The results of this work thus support the assumption
that the N-terminal sequences of all GHF4 enzymes may
adopt a Rossmann fold-like three-dimensional structure which
could play an important role for the overall structure and/or

catalytic mechanism of these unusual cofactor-dependent gly-
cosidases.
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