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ABSTRACT: Glycosidases, which cleave the glycosidic bond between a carbohydrate and another moiety, have 
been classified into over 63 families. Here, a variety of computational techniques have been employed to examine 
three families important in normal and abnormal pathology with the aim of developing a framework for future 
homology modeling, experimental and other studies. Family 1 includes bacterial and archaeal enzymes as well as 
lactase phlorizin-hydrolase and klotho, glycosidases implicated in disaccharide intolerance II and aging 
respectively. A statistical model, a hidden Markov model (HMM), for the family 1 glycosidase domain was trained 
and used as the basis for comparative examination of the conserved and variable sequence and structural features as 
well as the phylogenetic relationships between family members. Although the structures of four family 1 
glycosidases have been determined, this is the first comparative examination of all these enzymes. Aspects that are 
unique to specific members or subfamilies (substrate binding loops) as well those common to all members (a ([3hx)8 
barrel fold) have been defined. Active site residues in some domains in klotho and lactase-phlorizin hydrolases 
differ from other members and in one instance may bind but not cleave substrate. The four invariant and most highly 
conserved residues are not residues implicated in catalysis and/or substrate binding. Of these, a histidine may be 
involved in transition state stabilization. Glucosylceramidase (family 30) and galactosylceramidase (family 59) are 
mutated in the lysosomal storage disorders Gaucher disease and Krabbe disease, respectively. HMM-based analysis, 
structure prediction studies and examination of disease mutations reveal a glycosidase domain common to these two 
families that also occurs in some bacterial glycosidases. Similarities in the reactions catalyzed by families 30 and 59 
are reflected in the presence of a structurally and functionally related (13/a)8 barrel fold related to that in family 1. 
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INTRODUCTION 

Glycdsyl hydrolases (glycosidases) are a di- 
verse group of  evolutionarily conserved enzymes 
which cleave the glycosidic bond between two or 
more carbohydrates or between a carbohydrate 
and a non-carbohydrate (aglycone) moiety (re- 
viewed in (1-3)). Enzymatic hydrolysis occurs via 
a two step mechanism: formation of a glycosyl- 
enzyme with concomitant  aglycone departure fol- 
lowed by hydrolysis of  the glycosyl-enzyme by a 
water molecule. The reaction leads to either reten- 

tion or inversion of  stereochemistry. Based on 
their primary sequences, glycosidases have been 
classified into over 63 families grouped into five 
clans or superfamilies (1). The three families of 
interest in this work (families 1, 30, and 59) 
contain members which have roles in both normal 
and abnormal pathology: aging, disaccharide intol- 
erance II and two lysosomal storage disorders 
(Gaucher disease and Krabbe disease). Since these 
enzymes are known or putative ceramidases, they 
may be important in apoptosis. Here, a variety of  
computational techniques have been employed to 
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analyze these glycosidase at the molecular level in 
order to provide insights into their structures and 
mechanisms of action and thus a framework for 
further studies. 

Family 1 is composed of 13-glucosidases, 13- 
galactosidases, 6-phospho-13-galactosidases, 6- 
phospho-13-glucosidases, myrosinases (thiogluco- 
sidase, sinigrinase) and lactase-phlofizin hych'olases 
(13-galactosidase, glycosylceramidase). The latter 
is an intestinal, cell-bound extracellular enzyme 
involved in disaccharide intolerance II (MIM (4) 
22300). The newest member, Klotho, is an extra- 
cellular protein composed of two internal repeats 
(KL1, KL2) and a transmembrane region at its 
carboxy terminus (5). Each repeat exhibits 20- 
40% similarity to 13-glucosidases from bacteria, 
plants and mammalian lactase-phlorizin hydrolase 
(5) and is related to archaeal lactases (6). Mutation 
of Mus musculus Klotho leads to a syndrome with 
features resembling ageing (5). Gaucher-like dis- 
ease (MIM 230800, 230900 and 231000) is an 
inherited deficiency of glucosylceramidase (fam- 
ily 30) that is an imperfect match to the Klotho 
phenotype. The several forms of Gaucher disease 
are cerebroside lipidoses and have been diagnosed 
from the first week of life up to 86 years. Krabbe 
disease (MIM 245200) is a rare autosomal reces- 
sive demyelinating neurodegenerative disorder 
caused by reduced activity of galactosylcerami- 
dase (family 59). Although most patients have the 
severe infantile form, late-onset forms have been 
described. 

Glycosidases belonging to family 1 have been 
the most extensively studied. Oligomerization is a 
common characteristic with some being tetramers 
(7, 8) and others being dimers (9, 10). Although 
myrosinases are S-glycosidases, they share exten- 
sive similarity with the O-glycosidase members of 
this family. Structure prediction (11-13) and crys- 
tallographic studies (7, 10, 14, 15) of this family 
indicate that it has the classic (13/e08 barrel fold 
first observed in the structure of triose phosphate 
isomerase (16). The glycosidases whose structures 
have been determined are cyanogenic 13-glucosi- 
dase (linamarase) from white clover Trifolium 
repens (10), 6-phospho-13-galactosidase from the 
mesophilic bacterium Lactococcus lactis (14), 

13-glycosidase from the hyperthermophilic ar- 
chaeon Sulfolobus solfataricus (7) and myrosinase 
from Sinapis alba (15). Glycosylation is believed 
to involve nucleophilic attack by a critical, con- 
served glutamic acid (Glu) residue. The water 
molecule that mediates deglycosylation has been 
believed to be activated by a second conserved 
Glu acting as a general base. However, recent 
studies of myrosinase (15) in which this Glu is 
replaced by glutamine (Gln) suggest that hydroly- 
sis of the glycosyl-enzyme intermediate occurs via 
the precise positioning of a nucleophilic water 
molecule and not by a general base activation of 
water. 

The current study refines and extends prelimi- 
nary work on KLI/KL2 and family 1 glycosidases 
(6) that employed the statistical modeling method 
known as hidden Markov models (HMMs). Profile- 
based HMMs of the type used here (17-20) can 
characterize the primary sequence features of a 
family, generate a multiple sequence alignment, 
identify new members (database searches) and 
serve as the basis for structure prediction and 
phylogenetic studies (see for example (21-32)). 
Examination of the sequence, structural, func- 
tional and phylogenetic features of the family 1 
glycosidase domain provides information on the 
family as a whole as well as specific members, 
notably Klotho and lactase phlorizin hydrolase. 
These data were used subsequently to make infer- 
ences about the proteins mutated in Gaucher and 
Krabbe diseases, enzymes for which there is a 
paucity of information at the molecular level. An 
HMM trained for a glycosidase domain predicted 
to be common to families 30 and 59 and some 
bacterial glycosidases, structure prediction stud- 
ies, and analysis of Gaucher and Krabbe disease 
mutations yield insights into the structure, func- 
tion and active site of this family 30/50 glycosi- 
dase domain. 

METHODS 

Statistical Modeling: Hidden Markov Model 

A more detailed description of HMMs as used 
in modeling families of related sequences can be 

84 



I.S. Mian Blood Cells. Molecules, and Diseases (19981 24(7) Apt 15:83-100 
Article No. MD980174 

found elsewhere (17, 33-35) so only a summary is 
provided. Such HMMs consist of a sequence of 
nodes corresponding to the columns in a multiple 
sequence alignment of the family and can be 
viewed as profiles recast in a probabilistic frame- 
work. A match state corresponds to the consensus 
position in an alignment, an insert state permits 
insertions relative to the consensus and a delete 
state allows consensus positions to be skipped. 
Training an HMM (estimating its parameters) 
involves creating a stochastic model representing 
the family used to train it (the training set) by 
describing transitions into a match, delete or insert 
state and the occurrence of a given residue in a 
particular match or insert state. Generating a 
multiple sequence alignment for a family involves 
aligning each member to the HMM rather than to 
other members. A database search consists of 
scoring each sequence in a database against the 
model and evaluating the significance of the 
resultant score. 

HMM creation, training and use were per- 
formed with v2.0 of the SAM (Sequence Align- 
ment and Modeling Software System) suite (17, 
18) running on a MASPAR MP-2204 with a DEC 
Alpha 3000/300X frontend at the University of 
California Santa Cruz (UCSC). To improve the 
ability of the HMM to generalize, Dirichlet mix- 
ture priors (19, 20) were employed. Free Insertion 
Modules .(FIMs) were utilized to allow an arbi- 
trary number of insertions at either end of the 
HMM to accommodate domains that occurred 
within larger sequences. Sequencing weighting 
was used to ameliorate the problem of overrepre- 
sentation of some sequences. 

In previous work (21-27), remote homologues 
were identified by an iterative scanning strategy: 
sequences found in one round of HMM searching 
were added to the training set and the expanded set 
was used to retrain the HMM for the next round of 
searching. This procedure was repeated until con- 
vergence. This approach to database searching 
using HMMs is similar to that obtained by use of 
PSI-BLAST (36), a recent extension of BLAST 
(37). PSI-BLAST performs an initial gapped 
BLAST search of the database. In subsequent 
iterations, statistically significant alignments from 

the previous search are employed to construct a 
position-specific score matrix for use in the next 
round of searching in place of the query and 
standard amino acid substitution matrix. PSI- 
BLAST converges and stops if all sequences 
found at a particular round below a threshold 
value were already in the model at the beginning 
of the round. 

The SAM program hmm score and an initial 
HMM trained using 10 sequences (6) were used 
for HMM database searches by calculating log- 
odds scores (38, 39) for all sequences in a 
non-redundant protein database obtained from the 
NCI (40) and updated weekly at UCSC. The 
log-odds score for a sequence measures how much 
more likely it is to have been generated by the 
HMM as opposed to a competing NULL model 
consisting of a simple FIM loop (39). The level of 
significance cr is related to a log-odds score d as 
follows: cr _< Nz -J (N is the database size and z is 
the logarithm base) (39). The PSI-BLAST param- 
eter E estimates the statistical significance of a hit 
by specifying the number of hits with a given 
score that are expected by chance in a search of a 
database of given size. The default expected 
number of false positives E is 0.01 (0.01 matches 
with a given score would be expected purely by 
chance). The SAM NULL model, assumed to be a 
reasonably accurate description of the space the 
sequences are drawn from, is unlikely to be a good 
model for the score distribution of all "random" 
sequences. Hence, although SAM o- values only 
approximate PSI-BLAST E values (or ~ E), the 
two are comparable and o- = 0.01 certainly 
indicates significance in spite of this significance 
level being pessimistic. 

Taking into account the number of sequences 
in the database searched (-272,000 different pro- 
teins in November 1997), a significant log-odds 
score is considered to be 22.7, the value at which 
o- = 0.01. Log-odds scores higher than this value 
denote fewer expected false positives. The ap- 
proach employed here emphasizes training an 
HMM that discriminates between training arid 
non-training set sequences, i.e., one in which the 
gap in log-odds scores between the lowest scoring 
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training set sequence and the highest scoring 
non-training set (database) sequence is relatively 
large (usually greater than 5.0) and the absolute 
log-odds score for the lowest training set sequence 
is greater than 22.7. In addition, efforts were made 
to ensure that training resulted in an HMM 
capable of yielding an alignment such that known 
enzymatic elements aligned. 

A database search with the initial HMM re- 
vealed a number of sequences with log-odds 
scores higher than or close to that of the lowest 
scoring training set sequence. The alignment of 
sequences with log-odds scores greater than 22.7 
was examined and those which possessed regions 
conserved in the initial HMM were retained and 
added to the training set. The HMM was then 
retrained with this expanded training set. Further 
rounds of "search, align and retrain" revealed 
fearer and fewer new sequences with the domain. 
The gap in log-odds scores between training set 
and non-training set sequences remained rela- 
tively constant. At this point (November 1997) and 
after approximately 10 iterations, a final HMM was 
trained and used for subsequent studies. 

Phylogenetic Analysis 

An HMM-generated alignment of the training 
set containing only match and delete states was 
utilized for phylogenetic studies. Insert states are 
not modeled by an HMM because the regions in a 
sequence they represent are the most divergent 
parts of the molecules and are likely to be sources 
of systematic error in phylogenetic analysis. The 
MOLPHY suite uses a probabilistic procedure for 
inferring phylogenetic relationships (41, 42). A 
number of initial trees were generated using the 
default JTT model for amino acid substitutions 
and v2.3 of the program. A maximum likelihood 
distance matrix was calculated and employed to 
infer a number of approximate trees with NJdist, a 
neighbor-joining method. The Star Decomposi- 
tion algorithm was used to calculate another tree 
(not the maximum likelihood tree). Starting from 
these initial trees, repeated local rearrangements 

were employed to search for better tree topologies. 
Among these final trees, the one with the highest 
likelihood was selected. Approximate bootstrap 
probabilities were computed using the RELL 
method. 

RESULTS 

Figures showing multiple sequence align- 
ments, phylogenetic trees and ribbon diagrams of 
molecules were produced using ALSCRIPT (43), 
Treetool (44) and MOLMOL (45), respectively. 

Fcunily 1 Glycosidase Domain: Klotho, Lactase 
Phlorizin Hydrolase 

Hidden Markov model. Table 1 lists the 
sequences that comprised the final training set 
(very close homologues are not shown). Of 
-273,000 sequences searched using the final 
HMM, the lowest scoring training set sequence 
had a log-odds score of 138.5. Only training set 
sequences and close homologues had scores above 
this value. The next highest scoring sequences 
were fragments of Sinapis alba myrosinases (44.5- 
63.1); all other database sequences had scores 
below 15.4. Thus, sequences with log-odds scores 
greater than 138.0 are classified as possessing a 
family 1 glycosidase domain. PSI-BLAST searches 
with a few randomly selected divergent domains 
(data not shown) yielded the same set of proteins 
(those known to belong to this family). The large 
gap in log-odds scores between training set and 
non-training set sequences suggests that further 
generalization of the HMM is required to detect 
more distantly related family members. 

Phyiogenetic analysis. Figure 1 shows the 
phylogenetic tree for the domain. There are 5 
major subfamilies: A and E contain bacterial 
sequences; B plant sequences; C non-plant eucary- 
otic sequences and D archaeal and bacterial se- 
quences. The two domains in Klotho (Hs_KL1, 
Hs_KL2; subfamily C) are most similar to the four 
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Table 1. Family 1 Glycosidases Used in This Study Grouped According to Their Origin 

Bacteria 

Agrobacterium ATCC 21400 
Bacillus subtilis 

Bacillus circulans 

Bacillus polymyra 

Bifidobacterium breve 

Caldocelhon saccharolyticum 

Clostridium Iongisporttm 

Clostridium thetTnocellum 

Erwinia chl3,santhemi 

Erwinia herbicola 

Escherichia coli 

Fusobacterium mortiferum 

Klebsiella oaytoca 

Lactobacilhts gasseri 

Lactobacillus casei 

Lactococcus lactis 

Microbispora bispora 

Staphylococcus attreus 

Streptococcus mutans 

Streptomyces QM-B 814 
Streptomyces rochei 

Thetvnoanaerobacter brockii 

Thennotoga maritima 

As_BGLS 
Bs_BGL2 
Bs_BGLA 
Bs_BGLH 
Bs_YDHP 
Bc_BGLA 
Bp_BGLA 
Bp_BGLB 
Bb_CLB 
Cs_BGLS 
CI_ABGA 
Ct_BGLA 
Eh_ARBB 
Eh BGLA 
Ec_ASCB 
Ec_BGLA 
Ec_BGLB 
Fm_PBGA 
Ko CASB 
Lg_PBG 1 
Lc_LACG 
LI_4PBG:~ 
Mb BGLB 
Su_LACG 
Sm_LACG 
Sq_BGL 
St_BGL 
Tb_CGLT 
Tm_BGLA 

13-glucosidase [BGLS_AGRSP] 
probable 13-glucosidase [BGL2_BACSU] 
6-phospho-13-glucosidase [BGLA_BACSU] 
~3-glucosidase [BGL I_BACSU] 
f3-glucosidase [D88802] 
13-glucosidase [BGLA_BACCI] 
13-glucosidase A [BGLA_BACPOI 
13-glucosidase B [BGLB_BACPO] 
13-glucosidase [JC5137] 
13-glucosidase A [BGLS_CALSA] 
6-phospho-13-glucosidase [ABGA_CLOLO] 
13-glucosidase A [BGLA_CLOTM] 
6-phospho-13-glucosidase [ARBB_ERWCH] 
13-glucosidase A [BGLA_ERWHE] 
6-phospho-13-glucosidase [ASCB_ECOLI] 
6-phospho-13-glucosidase [BGLA_ECOLI] 
6-phospho-13-glucosidase [BGLB_ECOLII 
6-phospho-13-glucosidase [FMU81184] 
phospho-cellobiase ICASB_KLEOX] 
phospho-13-galactosidase 1 [AB003927] 
6-phospho-13-glucosidase [LACG_LACCA] 
6-phospho-13-galactosidase [4PBG] 
thermostable 13-glucosidase B [BGLB_MICBI] 
6-phospho-13-galactosidase [LACG_STAAU] 
6-phospho-13-glucosidase [LACG_STRMU] 
13-glucosidase [$45675] 
13-glucosidase [$359581 
13-xylo-glucosidase [TBZ56279] 
13-glucosidase A [BGLA_THEMA] 

Archaea 

Pyrococcus fit riosus 

Sulfolobus shibatae 

Sulfolobus solfataricus 

Thernlococcus AL662 

Pf_BMNA 
Pf_CELB 
Sh_BGAL 
Ss_IGOW:~ 
Ss_BGAS 
Ts_BGLT 

13-mannosidase [PFU60214] 
13-glucosidase celB [PFU37557] 
13-glucosidase (lactase) [BGAL_SULSH] 
13-galactosidase [IGOW] 
13-galactosidase (lactase) [BGAL_SULSO] 
13-glucosidase [TSAL6BGLT] 

domains in lactase-pholorizin hydrolase. The do- 
mains in lactase-pholorizin hydrolase are pro- 
posed to have evolved by two cycles of partial 
gene duplication (46). Thus, the domains in Klotho 
may have evolved via a duplication event in- 
volving the same or a closely related ancestral 
gene. Also in subfamily C are a yeast exported, 
cell-associated extracellular 13-glucosidase active 

against cellobiose and all soluble cellodex- 
trins (Cw_BG2) (47, 48), a guinea pig liver 
cytosolic 13-glucosidase with a broad specificity 
for sugars and a preference for hydrophobic 
aglycones (Cp_BGL) (49), and a worm glycosi- 
dase (Ce_BGL). The four domains of known 
structure fall into subfamilies A (LI_4PBG), 'B 
(Tr_ICBG, Sa_2MYR) and D (Ss_IGOW). Since 
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Table 1. (Continued) 

Eucarya 

A rabidopsis thaliana 

Avena sativa 

Brassica napus 

Candida wickerhamii 

Cavia porcellus 

Caenorhabditis elegans 

Costus speciosus 

Homo sapiens 

Hordeum vulgare 

Manihot esculenta 

Otyctolagus cuniculus 

Pruntts aPitlln 

Prunus serotina 

Rattus nota,egicus 

Sinapis alba 

Trifolium repens 

Ze(l mays 

At_MYRO 
At_PSR31 
As_BGA 
As_BGA2 
B n_BGL 1 
Bn_BGL2 
Bn_MYR 
Bn_MYRO 
Cw_BG2 
Cp_BGL 
Ce_BGL 

Cs_F26G 
Hs_KL 
Hs_LPH 
Hv_BGQ60 
Me_BLGA 
Me_LIN 
Me_LIN2 
Oc_LPH 
Pa_BGL 
Ps_AHI 
Ps_PH 
Rn_LPH 
Sa_2MYR~ 
Sa_MYR3 
Tr_ICBG~ 
Tr_BGLS 
Zm_GLU 1 
Zm_GLU2 

myrosinase [MYRO_ARATH] 
13-glucosidase [ATU72153] 
avenacosidase (13-glucosidase) [$50756] 
13-glucosidase [$43128] 
[3-glucosidase [$52771 ] 
myrosinase [$39549] 
myrosinase [$395501 
myrosinase [MYRO_BRANA] 
13-glucosidase [CWU 13672] 
13-glucosidase [CPU50545] 
similar to lactase-phlorizin hydrolase and [3-glucosidases 

[CELC50F71 
furostanol glycoside 26-O-13-glucosidase [CSAF26G] 
Klotho [AB005142] 
lactase-phlorizin hydrolase [LPH_HUMAN] 
[3-glucosidase BGQ60 [A57512] 
[3-glucosidase [MEBGLA] 
linamarase [MEU95298] 
linamarase [$23940] 
lactase-phlorizin hydrolase [LPH_RABIT] 
[3-glucosidase [PAU39228] 
amygdalin hydrolase isoform AH I [PSU26025] 
cyanogenic prunasin hydrolase [PSU50201 ] 
lactase-phlorizin hydrolase [JS0610] 
myrosinase [2MYR] 
myrosinase MB3 [MYR3_SINAL] 
cyanogenic [3-glucosidase [ 1CBG] 
non-cyanogenic 13-glucosidase [BGLS_TRIRP] 
13-glucosidase [BGLC_MAIZE] 
13-D-glucosidase [ZMU44087] 

The name of the organism, sequence abbreviation and the enzyme are listed. ~: denotes enzymes whose three-dimensional structures have 
been solved and whose amino acid sequence are taken from the PDB entries. Databank codes are given in square parenthesis. 

Sa_2MYR and Ss_IGOW are likely to be the 
most and least similar, respectively, to the do- 
mains in Klotho, subsequent structural analyses 
will focus largely on these two enzymes. 

Sequence and structural features. An HMM- 
generated multiple sequence alignment of the 
training set and the lengths and locations of 
B-strands and a-helices in domains of known 
structure were used to infer the secondary struc- 
ture elements likely to be present in all domains. 
These results together with the positions most 
likely to be important for structure and/or function 

are shown in Figure 2. Although family members 
range in length from -380 (Rn_LPH1, Oc_LPH1, 
Hs_LPH1) to 609 (Cw_BG2) residues, the 356 
nodes in the current HMM provide an estimate for 
the number of positions likely to be common to all 
sequences that possess the domain. Differences in 
length can be attributed largely to variations in the 
size of two loop regions labeled L1 and L2. 
Although the first domain in lactase-phlorizin 
hydrolases is the most divergent in terms of 
primary sequence (Figure 1), it appears to repre- 
sent the minimal domain. Only 10% of the posi- 
tions are conserved across all the domains (37/ 
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~ A  
Eh ARBB 

Ko_CASB 
c_BGLB 
BGA 

I ~  L ~  Bs_BGL-" 
looJ ~ - -  Ec_ASCB 

( ._.~.j Bs_BGLA 
L Ec_BGLA 

A ~  - -  Lg_PBG1 
es I Bs_BGL2 

Fm_PBGA 
Sm_LACG 

L-- LI_4PBG 
1001 L- Su_LACG 

[ - ~  LC LACG 
Bs_YDHP 

~ Tr_lCBG 
Tr_BGLS 

Ps_AHI 
P s  PH 
Pa~BGL 

lOOL Me BLGA - Ms LIN 
Me_LIN-2 

ssj- Bn MYR 
r ~  L Bn-MYRO 

L__ SLMYR3 
I ~ Bn BGL2 70 

~°° I ~--" Sa~2MYR 
At_MYRO 

Cs_F26G 
Iool- Zm GLU2 

" loo L-_ Zm GLU1 
B Ioo[ As_BGA 
"-~ I L-- As_BGA2 

Ioo[ Bn_BGL1 
At_PSR31 

Hv_BGQ60 

~ V---- Rn_L.PH2 
.~ s~j~ Oc_LPH2 

~Hs_LPH2 
Ioo1~ Rn_LPH3 

Oc_LPH3 
Hs_LPH3 

st.j--- Rn_LPH4 
~ L Hs_LPH4 

C ~ ~:';1 ~ Oc_LPH4 Hs_KL1 

Cp_BGL 
Ce_BGL 

__~ loo J_~ Pf_BMNA 
Ts_BGLT 

St_BGL 
Eh BGLA 

loo1~-- Bp_BGLA 
Bc_BGLA 

~ ~  Ct_BGLA 
Tm_BGLA 

91 [ B b  CLB 
~ Sq_BGL 

I I 1 41, Mb BGLB 
'-'-I - As_BGLS 

I ~ Tb_CGLT 
i i Bp BGLB 

Cs_BGLS 

0.1 substitutions/site 

Hs_KL2 

Cw_BG2 

- -  Pf_CELB 
lool Ss_BGAS 

loot- Sh_BGAL 
L_ Ss_IGOW 

' o o l - -  Rn_LPH1 
7 4 [ - -  Oo_LPH1 

Hs LPH1 

Figure 1. Phylogenetic tree for the family 1 glycosidase domain computed using the alignment shown in Figure 2. Sequence 
identifiers are given in Table 1 and those in italics are glycosidases whose three-dimensional structures have been determirled. 
Subfamilies discussed in the text are labeled at their root. Local bootstrap probabilities are given for each branch and indicate 
the bootstrap probability of that branch. 
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356, highlighted). In spite of this low level of 
conservation and as is the case with other family 1 
glycosidases, any reaction catalyzed by Klotho 
should retain stereochemistry. 

The four glycosidases for which structures 
have been determined are 468-501 residues long. 
However, only 167 of the 356 positions in the 
domain ( -35% of the total number of residues) 
form the core of the (13/e08 barrel (red, labelled 
131-138, a l - a 8  in Figure 2). Among the remainder 
are a-helices and 13-strands (cyan) that form the 
core of the glycosidase domain (131(al), 131(a2), 
132(oL1), 133(al), 133(a2), 134(o~1) and 138(131), 
138(132) respectively). Using only the 167 a- 
carbon atoms corresponding to the core barrel 
depicted in Figure 2, Sa_2MYR and Ss_IGOW 
can be superimposed with an RMSD of 0.8/~. The 
results are shown in Figures 3, 4 and 5. Employing 
only residues in the core barrel for superimposi- 
tion leads to a good spatial alignment of not only 
the core glycosidase 13-strands and a-helices 
(cyan), but also the active site residues (side 
chains drawn explicitly). 

In both enzymes, the core glycosidase ele- 
ments are located at the end of the barrel contain- 
ing the active site. The tetramer interface in 
Ss_IGOW (7) and the dimer interface in Sa_2MYR 
(15) (blue) are located at similar positions on the 
outer surface of the domain. Since lactase- 
phlorizin hydrolase and Klotho are the only family 
members that possess two or more copies of the 
domain, the analogous regions may be the sites of 
interaction between the constituent domains. Thus, 
these enzymes may be a pseudotetramer and 
pseudodimer, respectively. It is possible that two 
Klotho molecules associate to form a dimer of 
pseudodimers that results in juxtaposition of the 
amino-termini extracellularly and carboxy-termini 
intracellularly. This association could be triggered 
by ligand binding and thus be an important 
mechanism underlying the biological activity of 
Klotho. With regards to the L1 and L2 loops 
(yellow), their variability at both the primary 
sequence and tertiary structure levels suggests that 
they could form flexible flaps over the the active 
site channel in all domains and thus play a key role 

in substrate recognition (particularly the non- 
reducing end). 

The organization of and features observed in 
Ss_IGOW, Sa_2MYR and other family members 
provide a detailed framework for creating a three- 
dimensional model for the domains in Klotho and 
lactase-phlorizin hydrolase by homology model- 
ling. The folding of these domains should create 
enzymes with similar, though not identical, active 
sites whose differences are likely to be important. 

Active site. Figure 5 shows the great similarity 
in the geometry of active site residues in a 
eukaryotic S-glycosidase and an archaeal O- 
glycosidase. Side chains shown in magenta and 
green and the corresponding residues in other 
family members (Figure 2) have been discussed 
previously because of their roles in substrate 
binding and hydrolysis (1-3, 7, 10, 14, 15). 
Together with loops L1 and L2, differences be- 
tween these residues are likely to play a role in 
precise substrate recognition. The nucleophile of 
family 1 glycosidases is a Glu at the end of 137. 
Inspection of Figure 2 indicates that some mem- 
bers of subfamily C differ at this position. The Asp 
in the first domain of lactase-phlorizin hydrolases 
and the serine (Ser) in the second domain of 
Klotho (Hs_KL2) are residues that could behave 
as nucleophiles. In the second domain of lactase- 
phlorizin hydrolase, however, unless some post- 
transcriptional event alters the glycine (Gly) at 
this position, this domain may be unable to 
perform the first glycosylation step, i.e., it may be 
able to bind but not cleave its substrate. The 
Glu/Gln between 134 and 134(al) implicated in 
positioning the nucleophilic water molecule (15) 
is changed to Asp in the first domain of lactase- 
phlorizin hydrolases and asparagine (Asn) in 
Hs_KL1. This observation supports the proposi- 
tion that hydrolysis of the glycosyl-enzyme inter- 
mediate of retaining glycosidases may not neces- 
sarily involve base activation of the water molecule. 

In contrast to what might be expected, the four 
invariant and most highly conserved positions 
(yellow) do not include the proton donor and 
nucleophile implicated in catalysis. These tyrosine 
(Tyr), histidine (His), proline (Pro) and aspartate 
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(Asp) residues have not been examined to date and 
are thus good candidates for site-directed mutagen- 
esis studies aimed at elucidating their roles in the 
structure, function and folding of the domain. The 

proximity of the His to the scissile bond suggests 
that rather than being involved in substrate recog- 
nition as in Sa_2MYR (15), it may be required for 
stabilization of the transition rather than ground 
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Figure 2. An HMM-generated alignment of the family 1 glycosidase domains listed in Table 1. Amino acids conserved in the 
majority of the sequences are highlighted; those in yellow are the invariant or most highly conserved residues. Positions that are 
predominantly hydrophobic are boxed. Columns containing "'." correspond to insert states and numbers indicate the lengths of 
insertions in sequences at that position (if present). For the four family members whose structures have been determined by 
X-ray crystallography, the locations of 13-strands (arrows) and c~-belices (cylinders). taken from the CATH database (67), are 
shown below each sequence (as given in the PDB entry). The structures are as follows. LI_4PBG: I.ztctococcus lactis 
6-phospho-13-galactosidase and a bound galactose-6-phosphate molecule (14). The substrate was used as the basis for modeling 
the binding mode of the educt (lactose-6-phosphate) (14). Note that the glutamic acid nucleophile at the end of 137 was mutated 
to cysteine. Tr_ICBG: TriJblium repens cyanogenic [3-glucosidase (10). Sa_2MYR: Sinapis alba myrosinase and a covalent 
2-deoxy-2-fluorglucosyl-enzyme intermediate (15). Ss_IGOW: Sulfolobus solfamricus 13-glycosidase (7). Positions that 
interact with the glucose substrate are magenta and the active site nucleophile and proton donor are green. Residues in blue are 
zinc ion ligands at the dimer interface in Sa_2MYR and at the tetramer interface in S s l  GOW. The consensus structure for this 
glycosidase domain as deduced from the four known structures is shown. Secondary structure elements forming the core (13/a)8 
barrel are shown in red and labeled 131-138 and a l-cx8. Strands and helices that are not part of the core barrel but are part of the 
core glycosidase domain are in cyan. In the core glycosidase domain, LI and L2 (yellow) are two loop regions of variable 
length proposed to be involved in substrate recognition and binding, magenta positions are predicted to be involved primarily in 
recognition of the reducing end of the substrate, green positions are the nucleophile and proton donor and blue positions are 
those likely to be present at a subunit interface. Blank lines demarcate the subfamilies identified by phylogenetic analysis (the 
domains are ordered according to the tree shown in Figure 1 ). The numbers at the top mark every tenth column in this figure and 
not every tenth node in the HMM. 

state. A similar funct ion  has been  ascribed to three 

His  res idues  in the act ive  site o f  cyc lodex tr in  

g lucanotransferase  w h i c h  ca ta lyzes  the format ion  

o f  cyc lodextr ins  from a m y l o s e  through an intramo- 

lecular  t ransg lycosy la t ion  react ion (50) .  An  alter- 

nat ive  and/or  addit ional  role for the His  may  be 
p o s i t i o n i n g  o f  the water  m o l e c u l e  required for 

d e g l y c o s y l a t i o n .  The  three other c o n s e r v e d  resi- 
dues  are far r e m o v e d  from the act ive  site and thus 

unl ike ly  to have  a direct role in catalys is .  The  

invariant  Pro is l ike ly  to be important  for the 

structure and fo ld ing  o f  the e n z y m e .  The  func t ions  

o f  the A s p  and invariant  Tyr remain to be deter- 

mined.  T h e s e  results  h igh l ight  the importance  o f  
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Figure 5. Stereoviews of the structurally and/or functionally important side chains in the two family 1 glycosidases shown in 
Figures 3 and 4. The residues are colored according to Figure 2 and are the same as those drawn explicitly in Figure 4. The 
2-deoxy-2-fluorglucosyl substrate bound to myrosinase is shown with carbon atoms in grey, oxygen in red and fluorine in green. 

Figure 3. Orthogonal views of the overall structures of Sinapis alba myrosinase (red, Sa_2MYR) and Sulfolobus solfataricus 
13-glycosidase (blue, Ss_IGOW). The locations of the amino- and carboxy-terminii in both structures are labeled N and C 
respectively. The enzymes were superimposed using only the 167 a-carbon atoms corresponding to the core barrel depicted in 
Figure 2 (the secondary structure elements shown in red and labeled 131-138 and etl-et8). The axis of the (13/ct)8 barrel is 
perpendicular (top) and parallel (bottom) to the plane of the page. 
Figure 4. The similarities and differences between the two family 1 glycosidases shown in Figure 3 (the enzymes are in the 
same orientations). The coloring scheme is that given in Figure 2. Ribbons correspond to the 13-strands and a-helices of the 
barrel (red) and family 1 glycosidase domain (cyan) (those in grey are elements specific to each structure). Side chains drawn 
explicitly in magenta, yellow and green are important for structure and/or function. L2 (yellow) denotes a loop region proposed 
to be important in substrate recognition. The 2-deoxy-2-fluorglucosyl substrate bound at the active site of myrosinase is shown 
with carbon atoms in grey, oxygen.in red and fluorine in green. 
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characterizing both the variable and conserved 
regions of a family and the necessity for examin- 
ing the entire domain rather than sequence motifs. 

Famih, 30/59 Glvcosidase Domain: Gaucher and 
Krabbe Disease Proteins 

Hidden Markov model and secondary struc- 
ture prediction. PSI-BLAST (36) searches using 
the Gaucher disease protein as the query sequence 
revealed statistically significant similarities to some 
bacterial and worm glycosidases and Krabbe dis- 
ease protein. These results suggested a common 
underlying architecture among these proteins so 
these sequences were used to train a family 30/59 
glycosidase domain HMM. The final HMM had a 
total of 351 nodes, approximately the length of the 
family 1 glycosidase domain HMM. Since no 
structural data are available for any members of 
family 30/59, residues corresponding to match and 
delete states in an HMM-generated alignment of 
the 14 training set sequences were used to predict 
the secondary structure for this domain using two 
different methods: DSC (51 ) and PHD (52). These 
predictions were combined to create a consensus 
secondary structure which indicated an alternating 
pattern of 13-strands and c~-helices followed by a 
series of 13-strands. Since many glycosidases ap- 
pear to have a (13/008 barrel fold, this alternating 
pattern co,uld indicate a similar fold. The locations 
of the nucleophile and proton donor at the ends of 
134 and 137 in family 1 (Figure 2) were employed 
as constraints on the placement of specific 13- 
strands and cx-helices in a barrel. The consensus 
secondary structure and patterns of residues from 
family 1 were used to infer/estimate the core of the 
(13/a)8 bah'el. The results are shown in Figure 6. 

Fold prediction. A further set of experiments 
were performed to assess whether the domain 
could have a (13/o08 barrel fold. For each glycosi- 
dase, a sequence consisting of residues correspond- 
ing to match states (those shown in Figure 6) were 
employed as input to 123D (53). 123D determines 
a plausible fold for a protein of unknown structure 
from a library of representative protein structures. 
It uses a substitution matrix, secondary structure 

prediction and contact capacity potentials to thread 
a sequence through a set of structures. For each 
sequence, although few structures from the iibrary 
had Z-scores significantly greater than 0.0, among 
the top 10 structures were one or more glycosi- 
dases that have been classified (1) as follows: 

o Family 5: endoglucanases and 13-man- 
nanases Clostridium thelw~ocellum endo-l,4-13- 
glucanase C307 (cellulase) (PDB entry 1CEO; 
Swiss-Prot entry GUNC_CLOSF). 

• Family 6: endoglucanases and cellobiohydro- 
lases Thermomonosporafitsca strain YX endo-1,4- 
13-D-glucanase E-2 (1TML; GUN2_THEFU). 

• Family 10: mostly xylanases Clostridium 
thermocelhun 1,4-13-D-xylan-xylanohydrolase Z 
(1XYZ; XYNZ_CLOTM). Pseudomonas fluore- 
scens 1,4-13-D-xylan xylanohydrolase A (1CLX; 
XYNA_PSEFL). 

• Family 13: a-amylases, pullulanases, cyclo- 
maltodextrin glucanotransferase, cyclomaltodextrin- 
ase and trehalose-6-phosphate hydrolase Pseudomo- 
has saccharophila glucan 1,4-a-maitotetrahydrolase 
(2AMG; AMT4_PSESA). Hordeum vulgare 1,4-c~-D- 
glucan glucanohydrolase (1 AMY; AMY2_HORVU). 

• Family 14: 13-amylases Glycine mar 1,4-a-D- 
glucan maltohydrolase (1BYB; AMYB_SOYBN). 

• Family 18: chitinases, endo-13-N-acetylglu- 
cosaminidases Flavobacterium meningosepticum 
endo-13-N-acetylglucosaminidase F1 (2EBN; 
EBA I_FLAME). 

• Unknown family Flavobacterium meningo- 
septicum peptide-N(4)-(N-acetyl-13-D-glucosami- 
nyl) asparagine amidase F ( 1PGS; PNGF_FLAME). 

Apart from 1PGS, the SCOP database of 
structures (54), categorizes these structures as 
possessing a 13/a barrel fold or its close variant the 
cellulase fold. 

Taken together, the data support the proposal 
that the family 30/59 glycosidase domain has a 
(13/c~)8 barrel fold similar to that of the family 1 
glycosidase domain. Differences between the two 
folds arise from variations in the lengths of the 
13-a connections. 

Disease mutations and active site. The active 
site and substrate binding regions in the family 1 
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Figure 6. An HMM-generated alignment of the family 30/59 glycosidase domain. Invariant or conserved residues are 
highlighted. The sequences shown are as follows (databank codes are in square parenthesis). Ac_XYN3, Aeromonas caviae 
endo-xylanase [D885531. Ac_XYD. A. caviae xylanase D I ACU86340]. Bs_YNF, Bacillus subtilis ORF YnfF [BC 170DEGR]. 
Ec_XYN, Et3~'inia chtysanthemi xylanase [ECU41750]. Ce_GHI and Ce_GH2, Caemn'habditis elegans glycosidases (ORFs 
C33C12.8 and C33C 12.3) [CELC33C12]. Mm_GLCM, Mus musctthts glucosylceramidase precursor [GLCM_MOUSE]. 
Hs_GLCM, Homo sapiens glucosylceramidase precursor (Gaucher disease) [GLCM_HUMAN]. Ce_YK63, C. elegans 
galactosylceramidase-like ORF [YK63 CAEEL]. Cf_GALC, Canis familiaris galactosylceramidase precursor [GALC- 
CANFA]. Mm_GALC, M. muscuhts galactosylceramidase precursor [GALC_MOUSE]. Hs_GLAC, H. sapiens galactosylce- 
ramidase precursor (Krabbe disease) [GALC_HUMAN]. Not shown are galactosylceramidase from Macaca mulatta 
[MMGALC01] and a C. elegans ORF [CEFI IE6] that appears to be the amino-terminal region of a glucosylceramidase. 
Mm_GLCM and Hs_GLCM belong to family 30 while Cf_GALC, Mm_GALC and Hs_GLAC belong to family 59. Disease 
mutations occurring in Hs_GLCM and Hs_GLAC are taken from their respective databank files and elsewhere (68, 69). Amino 
acids in parentheses denote the altered residues at a given site, $ indicates a termination codon and each + marks a mutation 
occurring at a position that is part of an insertion in the HMM. The open and filled circles indicate the predicted proton donor 
and nucleophile respectively and triangles indicate the conserved or invariant positions. The e~-helices (cylinders) and 13-strands 
(arrows) predicted by DSC (51) and PHD (52) are shown. Consensus indicates the secondary structure inferred for this 
glycosidase domain. Secondary structure elements predicted to form the core of the (13/COs barrel are labeled 131-138 and c~ I-~x8. 
L I and L2 denote the regions that would correspond to the putative substrate binding loops in the family 1 glycosidase domain 
(Figure 2). 

glycosidase domain are located at the C-terminal 
end of the barrel (Figure 4), suggesting a similar 
arrangement in the family 30/59 glycosidase do- 
main. Given the proximity of L2 to the C-terminus 
in the family 1 glycosidase domain, it is possible 
that the [3-strands fol lowing the barrel in family 
30/59 may participate in substrate recognition and 
binding. A mutation that creates a termination 
codon in Hs_GLAC would generate a protein 
corresponding to the domain proposed here and 
thus enzymatic activity would remain unaffected 
($ in Figure 6). The [3-c~ connections forming 

the active site and substrate binding regions 
contain the majority of  mutations in both Gaucher 
and I<h'abbe diseases and/or the conserved and 
invariant positions (marked by open triangles). 
The latter include Pro, Tyr, Asp, Trp and His 
residues likely to be important in substrate binding 
and or catalysis and thus the functional equiva- 
lents of  the corresponding conserved residues in 
family 1 (see Figures 2 and 5). The disease 
mutations are more likely to affect the function of 
the enzyme rather than the structural integrity of  
the barrel. 
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DISCUSSION 

The family 1 glycosidase domain HMM trained 
here attempts to capture the core elements of the 
(~/a)8 barrel global fold and the residues involved 
in recognizing the carbohydrate residue adjacent 
to the scissile bond. While knowledge of these 
common features is a necessary early step in 
providing greater insights into this family, particu- 
larly members such as Klotho and lactase- 
phlorizin hydrolase, it is insufficient for a compre- 
hensive understanding. Clearly, the precise 
substrate specificity and mode of action of each 
member will be governed to a large degree by the 
more variable parts of the structure, most notably 
the LI and L2 loops. The flexibility of HMMs 
means that it is simple and straightforward to 
model these variable regions explicitly (in more 
detail) and generate alignmenis for further exami- 
nation. Alternatively, if the goal is detecting more 
remote homologues and or characterizing the 
(13/a)8 barrel, the connecting regions within and 
between the 13/a repeats could be modeled implic- 
itly by converting them to insertions leaving only 
the [3-strands and a-helices of the core barrel. The 
latter strategy would be most suitable for identify- 
ing distant relationships by merging specific glyco- 
sidase families and superfamilies in an effort to 
approximate the "archetypal" (or ancestral) glyco- 
sidase fold. In either analysis, extension of the 
current HMM generates automatically a statistical 
model that can be used for database searching. 
HMMs provide a framework for comparative 
analysis of genomes/proteins as well as detailed 
analysis of specific proteins. A synthesis of the 
considerable information on the family 1 domain 
and data from studies of the family 30/59 glycosi- 
dase domain demonstrate the ability of computa- 
tional studies to provide insights into Gaucher and 
Krabbe diseases. 

The results here provide some clues into 
cellular senescence and thus indirectly into the 
complex, multifactorial phenomenon of organis- 
real aging. In addition to Klotho, some of the 
eucaryotic family 1 glycosidases in subfamily C 
(Figure 1) also appear to be associated with aging. 
For example, defects in human lactase-phlorizin 

hydrolase are the cause of disaccharide intoler- 
ance type II or III and the activity of this enzyme 
sometimes declines in adults (55). There is an 
apparent age-related decline in its activity in rats 
(56). One of the plant enzymes (Zm_GLUI) 
cleaves the biologically inactive plant hormone 
conjugates cytokinin-O-glucosides and kinetin-N3- 
glucoside, releasing the active cytokinins (57). 
Cytokinins, compounds structurally related to ad- 
enine, are found in many plants, in bacteria and in 
the tRNA of many bacteria and eukaryotes. In 
plants, they appear to promote cell division and 
differentiation and are associated with delay of 
senescence and the promotion of chloroplast and 
lateral bud development (reviewed in (58-60)). 
The cytokinin kinetin (N6-furfuryladenine) re- 
tards senescence in plants, delays aging in human 
cells in culture, slows development of insects and 
prolongs their lifespan (61-63). Recently, kinetin 
has been detected in commercially available DNA, 
human cellular DNA and plant cell extracts (64). A 
mechanism for the in vivo formation of kinetin has 
been suggested: it is a secondary oxdiative dam- 
age product of DNA (65, 66). 

The known or inferred glycosidase activities 
of Klotho, lactase-phlorizin hydrolase, Gaucher 
disease protein and Krabbe disease protein include 
hydrolysis of membrane phospholipids thereby 
generating ceramide, a second messenger that 
activates the apoptotic cascade. Whether these 
four mammalian enzymes also have a role in the 
generation of kinetin is unknown. The data here 
provide a foundation for modeling the three- 
dimensional structures of the glycosidase domains 
present in, among others, these enzymes. Al- 
though these and other computational and experi- 
mental studies can be useful in understanding the 
normal and abnormal phenotypes at the molecular 
level, it will be a challenge translating these 
observations into an understanding of the cellular, 
organismal and clinical aspects of aging, cancer 
and certain human disorders. 
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