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ABSTRACT: Thermococcus litoralis4-R-glucanotransferase (TLGT) belongs to family 57 of glycoside
hydrolases and catalyzes the disproportionation and cycloamylose synthesis reactions. Family 57 glycoside
hydrolases have not been well investigated, and even the catalytic mechanism involving the active site
residues has not been studied. Using 3-ketobutylidene-â-2-chloro-4-nitrophenyl maltopentaoside (3KBG5CNP)
as a donor and glucose as an acceptor, we showed that the disproportionation reaction of TLGT involves
a ping-pong bi-bi mechanism. On the basis of this reaction mechanism, the glycosyl-enzyme intermediate,
in which a donor substrate was covalently bound to the catalytic nucleophile, was trapped by treating the
enzyme with 3KBG5CNP in the absence of an acceptor and was detected by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry after peptic digestion. Postsource decay analysis suggested
that either Glu-123 or Glu-129 was the catalytic nucleophile of TLGT. Glu-123 was completely conserved
between family 57 enzymes, and the catalytic activity of the E123Q mutant enzyme was greatly decreased.
On the other hand, Glu-129 was a variable residue, and the catalytic activity of the E129Q mutant enzyme
was not decreased. These results indicate that Glu-123 is the catalytic nucleophile of TLGT. Sequence
alignment of TLGT and family 38 enzymes (class IIR-mannosidases) revealed that Glu-123 of TLGT
corresponds to the nucleophilic aspartic acid residue of family 38 glycoside hydrolases, suggesting that
family 57 and 38 glycoside hydrolases may have had a common ancestor.

Enzymatic hydrolysis of glycosidic linkages can be clas-
sified into two major mechanisms according to the anomeric
configuration of the product, retaining and inverting, and in
both cases the critical residues are two acidic amino acids
(1, 2). The retaining glycoside hydrolases are proposed to
operate via a double displacement mechanism in which one
carboxyl group acts as a nucleophile, attacking the anomeric
center of the substrate sugar to form a glycosyl-enzyme
intermediate (3). The other acts as an acid/base catalyst,
protonating the glycosidic oxygen in the first step and
deprotonating the acceptor molecule in the second step.

Thermococcus litoralis4-R-glucanotransferase (TLGT)1

(4) is a hyperthermostable transglycosylation enzyme that
acts on theR-1,4-glucosidic linkage of a donor substrate and
transfers the glucosyl or maltooligosyl moiety to the acceptor,
a newR-1,4-glucosidic linkage being formed. The enzyme
has a calculated molecular mass of 78 kDa and is a monomer,

as determined on SDS-PAGE and gel filtration. It is
proposed that TLGT is involved in maltose metabolism in
vivo, producing glucose and a series of maltodextrins through
intermolecular transglycosylation (disproportionation reac-
tion) of maltose entering the process via a high-affinity
binding protein-dependent ABC transporter (5). Glucose and
maltodextrins are converted to glucose 6-phosphate by a
novel ADP-dependent glucokinase, and phosphorylase and
phosphoglucomutase, respectively, and then the resultant
glucose 6-phosphate is subsequently catabolized via an
Embden-Myerhof-type glycolytic pathway (6). In addition
to intermolecular transglycosylation, TLGT also catalyzes
intramolecular transglycosylation in vitro to produce cy-
cloamyloses (CAs) with sixteen to several hundred glucose
units2 from linear amylose (4). CAs are cyclicR-1,4-glucans
containing various numbers, from six to several hundreds,
of glucose units. The smallest CAs containing 6, 7, and 8
glucose units are also known asR-, â-, andγ-cyclodextrins,
respectively. Large CAs were recently found by Takaha et
al. as products of the potatoD-enzyme with linear amylose
as the substrate (7). Small CAs with 6-8 glucose units (i.e.,
cyclodextrins) are well-known doughnut-shaped molecules
and are able to accommodate guest molecules in their central
cavities, which leads to the formation of inclusion complexes.
Although small CAs are conformationally restricted, larger
CAs have a more flexible single-helical conformation in an
aqueous solution (8). It is likely that during complex
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formation large CAs lose their flexibility and fold into a
compact structure (9) like the crystal structure of cycloamyl-
ose with 26 glucose units (10). Because of this structural
difference from cyclodextrins, larger CAs show the advanta-
geous features of the formation of inclusion complexes and
higher solubility in water and thus are expected to be valuable
for future industrial use (11).

Glycoside hydrolases have been classified into a group of
glycoside hydrolase families on the basis of their amino acid
sequences (12-14), there being more than 80 families at
this time (15). The anomer-retaining glycoside hydrolases
that act on theR-1,4- orR-1,6-glucosidic linkage of starch
or amylose are categorized into three families, families 13,
57, and 77. Family 13 (also known as theR-amylase family)
is widespread in a variety of organisms. The three-
dimensional structures of many family 13 enzymes have been
determined (16-20), and amino acid residues involved in
catalysis including a nucleophile and an acid/base catalyst
have also been well studied (for a review, see ref21). Family
77 is closely related to family 13 in both amino acid sequence
and three-dimensional structure (22), and thus they are
grouped into a clan (15). On the other hand, family 57, to
which TLGT belongs, has been found only in anaerobic
thermophiles, all of which are archaea with one exception,
Dictyoglomus thermophilum(23). Family 57 glycoside
hydrolases have not been well investigated, and their three-
dimensional structures have not been determined yet. More-
over, the catalytic mechanism involving the active site
residues has not been studied.

In this study, we identified the catalytic nucleophile of
TLGT by means of mechanism-based labeling. Labeling of
a retaining glycoside hydrolase nucleophile is usually
performed with artificial sugars that have active groups such
as fluoride (24-26) or epoxide (27-29) to accelerate the
first step of the double replacement reaction and have
different sugar conformations from the native substrate to
decrease the reaction rate of the second step. Here, we
employed a new mechanism-based labeling method involving
3-ketobutylidene-â-2-chloro-4-nitrophenyl maltopentaoside
(3KBG5CNP), which is modified at the C4 and C6 hydroxyl
groups at its nonreducing end and has 2-chloro-4-nitrophenol
(CNP) as an aglycon (Figure 1). 3KBG5CNP was originally
developed as a substrate forR-amylase (30). However, it
can also be used as a donor substrate for cyclodextrin
glucanotransferase (CGTase) (31). After proteolysis of the
labeled enzyme, identification of the catalytic nucleophile
was achieved by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS).

MATERIALS AND METHODS

Materials.All reagents were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan), unless otherwise
noted. 3KBG5CNP was a gift from Toyobo (Osaka, Japan).
Pepsin from porcine mucosa and 2,5-dihydroxybenzoic acid
were from Sigma. Butyl-Toyopearl 650M and ceramic
hydroxyapatite were from Tosoh (Tokyo, Japan) and Bio-
Rad, respectively. Oligonucleotides were from Hokkaido
System Science (Sapporo, Japan).

Gene Expression and Purification of TLGT.The wild-type
and mutant TLGT genes were coexpressed inEscherichia
coli cells with GroELS, tRNAAGA, and tRNAAGG as described
previously (32). The cells were grown for 3 h at 37°C, and
the T7 promoter was subsequently induced by the addition
of 0.1 mM IPTG. The cells were allowed to grow for an
additional 6 h at 30°C, collected by centrifugation, and then
suspended in 20 mM sodium phosphate buffer, pH 6.0 (buffer
A). The suspension was sonicated and centrifuged (27000g
for 60 min). The supernatant was incubated for 30 min at
80 °C and then centrifuged (27000g for 30 min) to remove
denaturedE. coli proteins. The resultant supernatant was
mixed with an equal volume of buffer A containing 1.6 M
ammonium sulfate and then applied to a butyl-Toyopearl 650
M column equilibrated with buffer A containing 0.8 M
ammonium sulfate. The enzyme was eluted with buffer A
containing 0.4 M ammonium sulfate. The active fraction was
dialyzed against buffer A and then applied to a ceramic
hydroxyapatite column equilibrated with buffer A. The
enzyme was eluted with a linear gradient of sodium
phosphate, from 20 to 400 mM. The active fraction was
concentrated with a Centriplus-30 (Millipore) and then
dialyzed against buffer A.

Enzyme Assay.The disproportionation reaction of TLGT
was measured basically according to the method of Naka-
mura et al. (31). The enzyme was incubated with 3KBG5CNP
and glucose in buffer A at 60°C. After appropriate time
intervals, 475µL aliquots of the reaction mixture were mixed
with 75 µL of 0.2 M HCl to stop the reaction and then left
at room temperature for 10 min. Then, 100µL of 0.5 M
disodium hydrogen phosphate and 100µL of buffer A
containing 0.75 unit ofR-glucosidase (fromSaccharomyces
sp.) and 0.5 unit ofâ-glucosidase (from almond) were added,
followed by incubation for 1 h at 37°C. Subsequently, 50
µL of 1 M sodium carbonate was added to increase the pH
of the reaction mixture to above 8.5. The degradation of
3KBG5CNP was calculated from the increase in absorbance
at 400 nm caused by CNP (ε ) 16.8 mM-1). In the
disproportionation reaction, TLGT degraded 3KBG5CNP
into â-glycosyl- or â-maltooligosyl-CNP, which was fol-
lowed by R-glucosidase andâ-glucosidase treatment to
release CNP. Activity toward maltotriose was measured as
described previously (32). One unit of activity was defined
as the amount of enzyme that liberated 1µmol of glucose
from maltotriose per minute at 80°C.

Labeling and Proteolysis of TLGT.Labeling of TLGT was
performed by incubating it (50 mM) with 3KBG5CNP (5
mM) for 1 min at 60°C in 20µL of buffer A. The enzyme
was immediately denatured by adding 30µL of 50 mM
sodium phosphate buffer, pH 2.0, followed by cooling to
room temperature. Proteolysis was achieved by adding 20
µL of pepsin (10µM in 50 mM sodium phosphate buffer,

FIGURE 1: Structure of 3KBG5CNP. Positions different from those
in maltopentaose are indicated by arrows.
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pH 2.0), followed by incubation at 37°C for 3 h.
MALDI-TOF-MS.Analysis of peptide samples was carried

out using a Voyager DE-STR mass spectrometer (Applied
Biosystems). The instrument was operated in the delayed
extraction mode with an accelerating voltage of 20 kV.
Ionization was achieved with a nitrogen laser (337 nm, 3 ns
pulse width). A 10µL aliquot of the digested sample was
desalted with a Zip Tip C18 (Millipore) and then eluted with
10 µL of 50% acetonitrile. One microliter of the peptide
solution was mixed with 4µL of 2,5-dihydroxybenzoic acid
(10 mg/mL in 10% ethanol). One microliter of the mixture
was spotted onto sample plate and allowed to dry under
ambient conditions before insertion into the mass spectrom-
eter. Then the sample was first examined in the linear mode.
The instrument was calibrated using angiotensin I (Sigma)
as an external standard, and the mass range of 500-4300
Da was scanned. In the postsource decay (PSD) mode,
different regions of 8-10 spectral segments were acquired
by decreasing the mirror ratio stepwise, and these segments
were stitched together to create a complete PSD spectrum.
GRAMS/386 software was used for data processing.

Site-Directed Mutagenesis.The E123Q mutant was pre-
pared with a USE mutagenesis kit (Amersham Pharmacia
Biotech). Oligonucleotide 5′-GGAACTATATCCGCATATC-
CCGCAAGAGG-3′ was used as a selection primer, which
eliminated the uniqueEcoRV site in the plasmid. Oligo-
nucleotide 5′-GTGGCTCACACAACGCGTATGGCAGC-
3′, which replaced the codon for Glu-123 (GAG) with CAA
and introduced aMluI site for rapid screening of the
mutation, was used as a mutagenic primer. The E129Q
mutant was prepared with a QuikChange site-directed
mutagenesis kit (Stratagene). Oligonucleotide 5′-GGTATG-
GCAGCCGCAGCTGGTAAAGTCG-3′ and a complemen-
tary oligonucleotide, which replaced the codon for Glu-129
(GAA) with CAG and introduced aPVuII site, were used.
Mutations were reconfirmed by sequencing with an ABI
PRISM 310 DNA sequencer (Applied Biosystems).

RESULTS

In retaining glycoside hydrolases, a catalytic nucleophile
binds covalently to a substrate sugar to form a glycosyl-
enzyme intermediate in the course of the reaction (3). We
expected that the catalytic nucleophile could be identified if
the glycosyl-enzyme intermediate was trapped. Nakamura
et al. (31) have proved that the disproportionation reaction
of CGTase, which belongs to family 13 but catalyzes a
similar reaction to TLGT, involves a ping-pong bi-bi
mechanism with 3KBG5CNP as a donor and glucose as an
acceptor. It seemed very likely that TLGT also used the same
reaction mechanism for the disproportionation reaction,
although these enzymes are members of different families.
If the reaction of TLGT actually involves a ping-pong bi-bi
mechanism and the enzyme does not have hydrolytic activity,
a donor substrate itself should react with the enzyme, and
the glycosyl-enzyme intermediate should accumulate in the
absence of an acceptor substrate (Figure 2).

Reaction of TLGT with 3KBG5CNP.Using 3KBG5CNP
and glucose, we investigated whether the reaction mechanism
of TLGT is the same as that of CGTase. Because the
reducing end of 3KBG5CNP is blocked, it only acts as a
donor substrate for the transglycosylation reaction. In

contrast, glucose only acts as an acceptor, because it does
not have a glucosidic bond. TLGT was purified to homo-
geneity by heat treatment followed by two steps of column
chromatography. At first, TLGT was incubated with
3KBG5CNP at 60°C in the presence or absence of glucose
as an acceptor. Although the optimum temperature of TLGT
is 90 °C, the reaction temperature with 3KBG5CNP and
glucose was set at 60°C, because 3KBG5CNP was degraded
above 70°C (data not shown). In the presence of glucose,
3KBG5CNP was degraded, and the production of CNP
increased in a linear manner with the reaction time (Figure
3A). The initial velocity of the reaction also increased as
the concentration of glucose was increased (Figure 3A). This
means that glucose is actually able to act as an acceptor. In
contrast, 3KBG5CNP was hardly degraded in the absence
of glucose, and only a little CNP was produced (Figure 3A).
This indicates that the hydrolytic activity of TLGT is low
enough to ignore under these conditions. The initial reaction
rates with various substrate concentrations for the dispro-
portionation reaction were determined to perform steady-
state kinetic analysis. Lineweaver-Burk plots showed par-
allel lines with various glucose concentrations (Figure 3B).
Likewise, Lineweaver-Burk plots showed parallel lines with
various 3KBG5CNP concentrations (Figure 3C). These
results indicate that the disproportionation reaction of TLGT
involves a ping-pong bi-bi mechanism. Because TLGT
hydrolyzes 3KBG5CNP very slowly, the glycosyl-enzyme
intermediate was expected to accumulate when TLGT reacted
with 3KBG5CNP in the absence of an acceptor, such as
glucose, as shown in Figure 2.

FIGURE 2: Trapping strategy for the glycosyl-enzyme intermediate.
In the absence of an acceptor substrate (represented as R2OH), the
second step of the reaction (in the dotted square) does not proceed,
and the covalent glycosyl-enzyme intermediate is expected to
accumulate.
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Detecting the Labeled Peptide.The enzyme was incubated
with and without 3KBG5CNP, followed by digestion with
pepsin. After peptic digestion, no obvious bands were

detected on SDS-PAGE (data not shown). The digested
enzyme was desalted and then analyzed directly by MALDI-
TOF-MS in the linear mode. Peptic digestion of the labeled
enzyme gave a complex mixture of peptides, and many peaks
were observed in the mass spectrum (Figure 4). The peaks
were reproducibly observed on several measurements (data
not shown), although pepsin exhibits a broad specificity. In
the case of 3KBG5CNP labeling, am/z1824.7 peak appeared
(Figure 4B), while this signal did not appear in the absence
of 3KBG5CNP (Figure 4A). No other distinguishable signals
could be detected in either spectrum. We thought that this
signal was derived from a labeled peptide and then attempted
to determine the amino acid sequence of the labeled peptide
by PSD.

Identification of the Nucleophile Residue.To identify the
labeled position, them/z1824.7 signal was analyzed by PSD.
When the timed ion selector was fixed at 1824.7, only the
m/z 1824.7 signal was isolated, since other signals, except
those due to fragmentation ions, disappeared in the reflector
mode (data not shown), and then the isolated signal was
analyzed in the PSD mode. The highest mass peak next to
the parent ion wasm/z 1270.5, and there were no obvious
peaks between them (Figure 5A). The decrease of 554.2 Da
seemed to correspond to a 3-ketobutylidenemaltotriosyl group
(molecular mass 555.5 Da) generated through cleavage of
the linkage between the carboxyl oxygen of the nucleophile
and the C1 atom of the substrate. The facile cleavage yielding
a m/z 1270.5 peak is probably due to a hydrogen transfer
from the 3-ketobutylidenemaltotriosyl group to the carboxy-
late of the peptide, which may cause the one mass unit
difference between the molecular mass of the 3-ketobutyl-
idenemaltotriosyl group (555.5) and the mass decrease in
the spectrum (554.2). Therefore, them/z 1270.5 peak was
the [M + H]+ ion of a peptide with no label, and them/z
1824.7 peak was the [M+ H]+ ion of a peptide labeled by
the 3-ketobutylidenemaltotriosyl group. In the absence of
3KBG5CNP, them/z1270.5 peak did not appear in the linear
mode spectrum (Figure 5A), probably because the nonlabeled
peptide was further degraded by pepsin and the labeled
peptide was not degraded due to the masking effect of the

FIGURE 3: Disproportionation reaction of 4-R-glucanotransferase
involves a ping-pong bi-bi mechanism. (A) Plot of released CNP
(µmol) per micromole of enzyme versus reaction time with the
following glucose concentrations: 0 (b), 0.25 (O), 0.5 (2), and
1.0 mM (4). 3KBG5CNP was fixed at 1.0 mM. (B) Lineweaver-
Burk plots with various concentrations of 3KBG5CNP with fixed
concentrations of glucose. Values are the averages of three
independent experiments. The glucose concentrations were 0.10 (b),
0.15 (O), 0.20 (2), and 0.25 mM (4). (C) Lineweaver-Burk plots
with various concentrations of glucose with fixed concentrations
of 3KBG5CNP. Values are the averages of three independent
experiments. The 3KBG5CNP concentrations were 0.075 (b), 0.10
(O), 0.125 (2), and 0.15 mM (4).

FIGURE 4: Mass spectra of peptic digests with 4-R-glucanotrans-
ferase. Samples with no labeling (A) and 3KBG5CNP labeling (B).
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cross-linked substrate. Many ions derived from fragmented
peptides were observed below the ion at 1270.5 (Figure
5A,B), but immonium ions were not observed (data not
shown). Although four a-ions, five b-ions, and five y-ions
were identified (Figure 5B), complete sequencing of this
peptide was impossible on the basis of only the PSD
spectrum due to the lack of some fragmentation ions. The
combination of fragment analysis of the PSD spectrum and
a search for the amino acid sequence of TLGT revealed that
the labeled peptide corresponds to the peptide121LTER-
VWQPEL130 (Figure 5C). The average mass of the dis-
charged peptide is 1270.45 and will give the [M+ H]+ about
1271.4. This value is consistent with the signal of [M+ H]+

) 1270.5 in the PSD spectrum, although the reason for the
one mass difference is unclear. In the sequence, there are
two candidates for the catalytic nucleophile, Glu-123 and
Glu-129, because in retaining glycoside hydrolases the
nucleophile residue is generally Glu or Asp.

ActiVity of TLGT Mutants.To confirm which glutamic acid
is really the catalytic nucleophile, we constructed the E123Q
and E129Q mutants of TLGT, whose Glu-123 and Glu-129
were replaced with Gln, respectively. These mutants were
expressed inE. coli and purified to homogeneity by heat
treatment followed by two steps of column chromatography.
The activity of the E123Q mutant toward maltotriose
decreased about 15 000-fold (Table 1). On the other hand,
the activity of the E129Q mutant was almost the same as
that of the wild-type enzyme (Table 1). The E123Q mutant
seemed to have the same secondary structure as the wild-
type enzyme, because there were no obvious differences in
circular dichroism (CD) spectra between them (data not
shown).

DISCUSSION

Kinetic analysis of transglycosylation enzymes such as
CGTase or TLGT has been very difficult, because it is hard
to distinguish the donor substrate, acceptor substrate, and
products when native substrates such as maltodextrin or
amylose are used. It has been reported that 3KBG5CNP is
a useful substrate for analyzing the reaction mechanism of
CGTase, which belongs to family 13 of glycoside hydrolases
(31). We thought that this method was also applicable to
analysis of the reaction mechanism of TLGT, because they
catalyze similar reactions. This method could be used for
TLGT by increasing the reaction temperature from 37 to 60
°C, because TLGT is more thermophilic than CGTase. At
this temperature, TLGT exhibits activity, but only 40% of
the maximum activity (4), and 3KBG5CNP does not degrade.
Judging from the results of kinetic analysis shown in Figure
3, the transglycosylation reaction of TLGT is based on a
ping-pong bi-bi mechanism. Although TLGT and CGTase
belong to different families, we have proved that they have
the same reaction mechanism.

For retaining glycoside hydrolases, it is thought that in
the course of the reaction the enzyme and substrate form a
glycosyl-enzyme intermediate (3), in which the substrate
sugar is bound covalently to the catalytic nucleophile, and
then the substrate is transferred to an acceptor molecule,
which is water in the hydrolysis reaction and a sugar in
transglycosylation (1, 2). Because TLGT involves a ping-
pong bi-bi mechanism, TLGT and a donor substrate form a
glycosyl-enzyme intermediate even without an acceptor
substrate (Figure 2). It is difficult to trap the glycosyl-enzyme
intermediate if TLGT has hydrolytic activity, because the
glycosyl-enzyme intermediate would be quickly degraded
by the attacking of water. However, it seemed possible to
trap the intermediate, because TLGT has only weak hydro-

FIGURE 5: MALDI -PSD analysis of the labeled peptide. (A) Whole
PSD spectrum. (B) Observed fragmentation ions in the PSD
spectrum. (C) Amino acid sequence of the labeled peptide deduced
on PSD analysis and a sequence search. Observed fragmentation
ions are also presented. (D) Amino acid sequences of family 57
enzymes around the labeled region. Identical residues are in bold.
Abbreviations: TLGT,T. litoralis 4-R-glucanotransferase; PFAM,
Pyrococcus furiosusR-amylase; DTAM,D. thermophilumamylase
A; PFAP, P. furiosusamylopullulanase; THPU,Thermococcus
hydrothermalispullulanase.

Table 1: Specific Activity of the Wild Type and Mutants

specific activity
(units/mg)

wild type 17.7
E123Q 0.0012
E129Q 20.3

12404 Biochemistry, Vol. 40, No. 41, 2001 Imamura et al.



lytic activity (Figure 3A). By incubating TLGT with
3KBG5CNP but without an acceptor substrate, we could trap
the glycosyl-enzyme intermediate, which was successfully
detected by MALDI-TOF-MS after peptic digestion. We
attempted to identify the glycosylation position by sequenc-
ing this signal by the PSD technique. Peptide sequencing
by PSD has several advantages compared with classical
Edman degradation (33). The most important advantage is
the ability to sequence a peptide within a mixture because it
can be mass selected by the instrument (timed ion selector),
so further purification by, for example, HPLC is not
necessary. We could determine the sequence of the labeled
peptide by PSD together with a search for the amino acid
sequence of TLGT. The intermediate detected was proved
to be a peptide of 10 amino acids (121LTERVWQPEL130)
cross-linked with a 3-ketobutylidenemaltotriosyl group. This
intermediate forms when TLGT attacks the secondR-1,4-
glucosidic bond from the reducing end. In 3KBG5CNP there
are three otherR-1,4-glucosidic bonds, which TLGT can
potentially attack (Figure 1). However, no other intermediates
with other sugar units, such as a 3-ketobutylideneglucosyl
group, could be trapped (Figure 4). One possibility is the
attacking site bias of TLGT. However, a product bias was
not observed when maltopentaose was used as substrate (data
not shown). Another explanation is the structural crash of
the 3-ketobutylidene and nitrochlorophenol moieties of
3KBG5CNP, whose natures are quite different from native
substrates, with the active site residues of TLGT. This may
force 3KBG5CNP into the position at which catalytic
residues can attack the secondR-1,4-glucosidic linkage from
the reducing end. Unfortunately, the ester bond between the
sugar and the peptide was cleaved more easily than the bonds
in the peptide chain on PSD analysis, and therefore the
residue bound to the substrate could not be identified directly.
However, there were only two potential nucleophile residues,
Glu-123 and Glu-129, because the catalytic nucleophile of
a glycoside hydrolase is a Glu or an Asp in general.
Additional mutation experiments suggest that Glu-123 is
involved in the catalysis, whereas Glu-129 is not required
for the enzymatic activity. Our results clearly indicate that

Glu-123 acts as the catalytic nucleophile of TLGT. In
general, two catalytic residues are completely conserved
within each family of glycoside hydrolases. Within the
labeled peptide fragment, Glu-123 is the only residue
conserved among family 57 enzymes (Figure 5D). Recently,
we determined the crystal structure of TLGT, and in this
structure Glu-123 is located in the cleft of the molecule and
is very close to the C1 atom of a substrate analogue.3 This
observation also supports our conclusion.

Sequence Comparison of Family 57 and Family 38
Glycoside Hydrolases. On using PSI-BLAST (34) to search
the GenBank and SwissProt databases, very low homology
was found between TLGT and family 38 glycoside hydro-
lases; they showed only 22-31% similarity and 9-18%
identity. Family 38 enzymes are retainingR-mannosidases
and are also categorized as class IIR-mannosidases. Family
38R-mannosidases, which are mainly found in eukarya, play
important roles in the maturation and degradation of glyco-
proteins in mammals (35, 36) and are medically highly
important. In particular, GolgiR-mannosidase II, a key
enzyme in the N-glycosylation pathway, is a target in the
development of anticancer drugs (37). Also, a deficiency in
mammalian lysosomalR-mannosidase, which is involved in
glycoprotein degradation, causesR-mannosidosis, an auto-
somal recessive disorder (38, 39). Interestingly, sequence
alignment of human GolgiR-mannosidase II and TLGT
revealed that an aspartic acid residue of family 38 glycoside
hydrolases corresponds to the nucleophile glutamic acid
residue of family 57 (indicated by an arrow in Figure 6).
This aspartic acid residue was recently proved to be the
catalytic nucleophile of family 38 glycoside hydrolases by
labeling using 5-fluoro-â-gulosyl fluoride (24, 40). This
finding suggests that family 57 and 38 glycoside hydrolases
may have had a common ancestor, although they show only
low similarity. So far, the evolutionary relationship between
the two families has not been referred to, nor have they been
grouped into a clan. Very recently, the crystal structure of

3 H. Imamura, S. Fushinobu, T. Kumasaka, M. Yamamoto, B.-S.
Jeon, T. Wakagi, and H. Matsuzawa, unpublished results.

FIGURE 6: Nucleophile residues of families 57 and 38 are at the same position. Amino acid sequence alignment ofT. litoralis 4-R-
glucanotransferase (TLGT) and human GolgiR-mannosidase II (HUMAN_MAN2) is shown. Alignment was performed with Clastal W
(42). The position of the nucleophile residue is indicated by an arrow. Asterisks indicate identical residues. Colons indicate conserved
substitutions. Dots indicate semiconserved substitutions.
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Golgi R-mannosidase II fromDrosophila melanogaster,
which belongs to family 38, was reported (41). The structures
of the catalytic domains of TLGT andR-mannosidase II are
different in the overall fold, but both folds are similar in
that they have aâ-sheet core surrounded byR-helices.3 Golgi
R-mannosidase II has an active site zinc that is involved in
substrate specificity and catalysis, while there is no ion in
the active site of TLGT.3 When TLGT was incubated with
2-R-, 3-R-, or 4-R-mannobiose,R-mannosidase activity could
not be detected (data not shown). From the structural
differences it seems very difficult to convert TLGT into an
R-mannosidase-type enzyme orR-mannosidase into a 4-R-
glucanotransferase only through the substitution of some
active site residues. Naturally, there is also the possibility
that the two evolutionarily unrelated proteins converged to
obtain the sugar hydrolytic function. However, the fact that
family 57 and family 38 glycoside hydrolases are distributed
mainly in archaea and eukarya, respectively, also suggests
that the two families have evolved from a common ancestor,
which had glycolytic activity, and have acquired their
respective functions in the course of their evolution.
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