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B-Fructosidase Superfamily: Homology With Some
a-L-Arabinases and B-D-Xylosidases
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ABSTRACT Comparison of the amino acid se-
quences of four families of glycosyl hydrolases re-
veals that they are homologous and have several
common conserved regions. Two of these families
contain B-fructosidases (glycosyl hydrolase families
GH32 and GH68) and the other two include a-L-
arabinases and pB-xylosidases (families GH43 and
GH62). The latter two families are proposed to be
grouped together with the former two into the
B-fructosidase (furanosidase) superfamily. Several
ORFs can be considered as a fifth family of the
superfamily on the basis of sequence similarity. It is
shown for the first time that a glycosyl hydrolase
superfamily can include enzymes with both inver-
sion and retention mechanism of action. Composi-
tion of the active center for enzymes of the superfam-
ily is discussed. Proteins 2001;42:66-76.
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INTRODUCTION

Glycoside hydrolases or glycosidases (EC 3.2.1.-) are a
widespread group of enzymes of significant biochemical,
medical, and industrial importance that hydrolyze the
glycosidic bonds between two carbohydrates or between a
carbohydrate and an aglycone moiety. A large multiplicity
of these enzymes is a consequence of the extensive variety
of their natural substrates: di-, oligo-, and polysaccharides.
The traditional nomenclature of glycosidases! is based on
their substrate specificity and occasionally on the molecu-
lar mechanism of their action; such a classification, how-
ever, does not reflect the structural features and evolution-
ary relationships of these enzymes, and it is not appropriate
for enzymes that act on several substrates.>~¢

Comparative analysis of 300 amino acid sequences of
glycosidases known at the beginning of the 1990s showed
that they could be classified into 36 families.? Progress in
sequence data for glycosidases enables the discovery of
new families. Currently, several thousand sequences of
glycosidases and related proteins (transglycosidases, etc.)
are known, and they have been grouped into 78 fami-
lies.®>~'! Each of the families includes similar proteins over
a fragment of >100 amino acid residues.? The basic
principle underlying the classification is that the family
membership can be established on the basis of a sequence
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alone.?” Glycosidases catalyze the hydrolysis of the glyco-
sidic bond of their substrates via two general mechanisms,
leading to either inversion or overall retention of the
anomeric configuration at the cleavage point.*~6~* With
no known exceptions, the mechanism is conserved among
all members of a given family.?~6:12:13:15 The stereochemis-
try of hydrolysis reaction is known for at least 50 fami-
HES.5’6’9_12

Detailed comparison of protein structures reveals
some similarities between representatives of different
families.?~6-8-11.16-18 The related families are grouped at
a higher hierarchical level into superfamilies (or clans).
About a dozen of glycoside hydrolase superfamilies have
been described. The largest of them (clan GH-A) includes
14 families; most others consist of 2 families each.*®1!

Recently, we showed that B-fructosidases belonging to
families GH32 (sucrases and related enzymes) and GH68
(levansucrases) are homologous.'® It allowed us to com-
bine them into the B-fructosidase superfamily (clan GH-J
according to the classification of Coutinho and Henris-
sat'!). Enzymes of both families have the same molecular
mechanism of hydrolyzing reaction: double displacement
with overall retention of the anomeric configuration of the
B-D-fructofuranosyl residue,'®! and their sequences have
nine common conserved regions.®

According to our preliminary data, bifunctional B-xylosi-
dases and a-L-arabinofuranosidases of family GH43 and
levansucrases are similar: they have two common se-
quence motifs.2° It was recently noticed that glycosidases
of family GH43 and «-L-arabinofuranosidases of family
GH62 have some sequence similarity and compose a
superfamily (clan GH-F).!! In the present article, on the
basis of detailed comparison of primary and hypothetical
secondary structures, we show that sequences of glycoside
hydrolases from families GH32, GH43, GH62, and GH68
have several common conserved regions and, therefore,
compose a superfamily.

MATERIALS AND METHODS

Protein and nucleic sequences were retrieved from the
current sequence databases. Proteins compared in this
work are listed in Table I. Alignments of protein sequences
were generated by using the PSI-BLAST program.?! The
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TABLE 1. Glycosyl Hydrolases Analyzed in the Work®

Family® Organism Enzyme® Length® Accession number’
43a Bacteroides ovatus a-L-arabinofuranosidase, 325 P49943
Xylan 1,4-3-xylosidase
43a Cochliobolus carbonum Xylan 1,4-3-xylosidase 328 AAC67554*
43a Prevotella bryantii (ruminicola) B14 Xylan 1,4-3-xylosidase 319 P48791
43a Clostridium stercorarium a-L-arabinofuranosidase, 473 P48790, JQ1936*
Xylan 1,4-3-xylosidase
43b Pseudomonas fluorescens 1,5-a-L-arabinosidase 347 P95470
43b Bacillus subtilis 168 ORF 313 P94522
43b Bacillus subtilis IFO3134 1,5-a-L-arabinosidase 324 007078
43b Aspergillus niger 1,5-a-L-arabinosidase 321 P42256
43b Bacillus subtilis 168 ORF 469 P42293
43b Streptomyces coelicolor A3(2) ORF 322 CAB92901*
43c Bacillus subtilis 168 and Bacillus sp. KK-1 Xylan 1,4-3-xylosidase 533 P94489, 052729
43c Bacillus pumilus TPO and PLS Xylan 1,4-3-xylosidase 535 P07129, AAC97375*
43c Selenomonas ruminantium a-L-arabinofuranosidase, 538 052575
Xylan 1,4-B3-xylosidase
43c Escherichia coli ORF 536 P77713
43c Butyrivibrio fibrisolvens GS113 a-L-arabinofuranosidase, 517 P45982
Xylan 1,4-3-xylosidase
43c Streptomyces coelicolor A3(2) ORF 509 CAB52932*
43c Streptomyces coelicolor A3(2) ORF 95 CAB46384*
43¢ Lactococcus lactis 210, 10-1, and NRRL B4449 Xylan 1,4-3-xylosidase 269, AAD20247*,
1521, AAD20253%,
257 AAD20259*
43c Prevotella (Bacteroides) ruminicola T31 Xylan 1,4-3-xylosidase 452 BAAT78558*
43c Azospirillum irakense a-L-arabinofuranosidase, 542 AAF66622*
Xylan 1,4-3-xylosidase
43c/d°® Caldicellulosiruptor saccharolyticus a-L-arabinofuranosidase, 1347 030426
(Caldocellum saccharolyticum) Xylan 1,4-3-xylosidase
10/43d¢ Caldicellulosiruptor sp. Rt69B.1 and Tok7B.1 a-L-arabinofuranosidase, 1779, 052374, QIX3P5
Endo-1,4-B-xylanase 1770
43d Paenibacillus (Bacillus) polymyxa Endo-1,4-B-xylanase 635 P45796
43d Bacillus subtilis 168 ORF 513 Q45071
43e Butyrivibrio fibrisolvens H17c a-L-arabinofuranosidase 789 Q45134
43e Ustilago maydis ORF 356 Q92388
43f Arabidopsis thaliana ORF 466, CAB66926*,
2391 CAA10760*
43¢ Streptomyces chartreusis a-L-arabinofuranosidase 328 BAA90772*
43¢ Salmonella typhimurium ORF 316 CAB89837*
43¢ Streptomyces coelicolor A3(2) ORF 370 CAB61805*
10/62f Streptomyces chattanoogensis a-L-arabinofuranosidase, 819 AAD32559*
Endo-1,4-B-xylanase
62 Streptomyces lividans and Streptomyces a-L-arabinofuranosidase 475 P96463, 054161
coelicolor A3(2)
62 Aspergillus sojae a-L-arabinofuranosidase 328 BAAB5252*
62 Aspergillus tubingensis and Aspergillus niger a-L-arabinofuranosidase 332 P79021, P79019
62 Pseudomonas fluorescens a-L-arabinofuranosidase 571 P23031
GHLP Thermotoga maritima ORF 296 AAD36914*
GHLP Pyrococcus horikoshii ORF 299 BAA30206*
GHLP Pyrococcus abyssi ORF 305 CAB50037*
GHLP Thermotoga maritima ORF 326 AAD36300*
GHLP Thermotoga maritima ORF 334 AAD35864*
GHLP Aquifex aeolicus ORF 349 AAC07180*
GHLP Aeropyrum pernix ORF 366 BAA79294*
GHLP Mycobacterium tuberculosis ORF 299 P71783
32a Thermotoga maritima Invertase, Inulinase 432 033833
32a Vibrio alginolyticus Invertase 484 P13394
32a Escherichia coli Invertase 477 086076
32a Salmonella typhimurium Invertase 466 P37075
32a Pediococcus pentosaceus and Lactobacillus Invertase 501, P43471, 069442
plantarum 231!
32a Streptococcus mutans GS-5 Invertase 454 P13522
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TABLE I. (Continued)
Family® Organism Enzyme® Length® Accession number’
32a Bacillus subtilis 168 Invertase 480 P07819
32a Leishmania major Friedlin ORF 513 CAB55619*
32b Bacillus subtilis 168 Levanase 677 P05656
32b Streptococcus mutans GS-5 Fructan B-fructosidase 1423 Q03174
32b Actinomyces naeslundii Levanase 943 Q44109
32b Bacteroides fragilis Levanase 622 Q45155
32b Arthrobacter nicotinovorans Levan fructosyltransferase 517 050585
32b Tritrichomonas foetus Invertase 550 002490
32b Saccharomyces cerevisiae Invertase 532 P00724
32b Kluyveromyces marxianus (fragilis) Inulinase 555 P28999
32b Debaryomyces (Schwanniomyces) occidentalis Invertase 533 P24133
32b Schizosaccharomyces pombe Invertase 581 059852
32b Penicillium purporogenum Inulinase 515 000056
32b Aspergillus foetidus Sucrose/sucrose 537 042801
1-fructosyltransferase
32c Aspergillus niger Invertase 589 S33920*
32d Bacillus circulans Cycloinulo-oligosaccharide 1503 052973
fructanotransferase
32d Leishmania major Friedlin ORF 640 CAA21433*
32d Allium cepa Fructan/fructan 6G- 612 P92916
fructosyltransferase
32d Helianthus tuberosus 1,2-B-fructan 1F- 615 081985
fructosyltransferase
32d Daucus carota Invertase 592 P26792
32d Zea mays Invertase 597 AAD02264*
32d Chenopodium rubrum Invertase 573 Q42691
32d Vigna radiata (Phaseolus aureus) Invertase 649 P29001
32d Lycopersicon esculentum Invertase 582 082119
68a Bacillus subtilis 168 and Bacillus Levansucrase 473 P05655, P94468
stearothermophilus
68a Bacillus amyloliquefaciens Levansucrase 472 P21130
68a Bacillus sp. V230 B-fructosyltransferase 487 082854
68a Paenibacillus (Bacillus) polymyxa Levansucrase 499 CAB39327*
68a Streptococcus mutans B-fructosyltransferase 797 P11701
68a Streptococcus salivarius B-fructosyltransferase 969 Q55242
68b Gluconacetobacter (Acetobacter) diazotrophicus Levansucrase 584 Q43998
68b Erwinia amylovora and Rahnella aquatilis Levansucrase 415 Q46654, 054435
68b Pseudomonas syringae pv. glycinea Levansucrase 415 052408
68b Pseudomonas syringae pv. phaseolicola Levansucrase 431 068609
68b Acetobacter xylinus Levansucrase 430 BAA93720*
68b Zymomonas mobilis NRRL B806, ATCC10988, Levansucrase 423 Q60114, S33771%,
and IFO13756 JC2519*
68b Zymomonas mobilis NRRL B806, ATCC10988, Invertase 413 AAC36942%, S47527%,
and IFO13756 Q60115,
BAA04476%

2All known sequences of families GH43, GH62, GH68, and GHLP and divergent representatives of family GH32, which includes about 200
sequences, are listed.!!
PFamily enumeration is given according to the classification of glycosyl hydrolases.!®'! Classification for subfamilies of family GH43 (a—f) is
according to the data of the present study. Sequences of 43a subfamily were proposed to consider as a separate family.?®>>3 Classification for
subfamilies of families GH32 (a—d) and GH68S (a, b) is according to Pons et al.*® and our unpublished data. GHLP family is a glycosyl hydrolase
like protein family described in the text.

“The protein consists of two homologous domains (see Figs. 1, 2, and 4).
9The C-terminal domain belongs to family GH43 and the N-terminal domain belongs to family GH10.1%-11

°This sequence has unusual structure for family GH43.

The C-terminal domain belongs to family GH62 and the N-terminal domain belongs to family GH10.'*

gEnzyme activities: Levansucrase (EC 2.4.1.10); Sucrose/sucrose 1-fructosyltransferase (EC 2.4.1.99); Fructan/fructan 1-fructosyltransferase (EC
2.4.1.100); Uncharacterized B-fructosyltransferase (EC 2.4.1.x); Inulinase (EC 3.2.1.7); Endo-1,4-B-xylanase (EC 3.2.1.8); Invertase (B-
fructofuranosidase, EC 3.2.1.26); Xylan 1,4-B-xylosidase (exo) (EC 3.2.1.37); a-L-arabinofuranosidase (1,2, 1,3, and/or 1,5) (EC 3.2.1.55);
Levanase (EC 3.2.1.65); Fructan B-fructosidase (EC 3.2.1.80); Arabinan endo-1,5-a-L-arabinosidase (EC 3.2.1.99).
PNumber of amino acid residues in the preprotein.
iA partial sequence.

IAccession numbers indicated by asterisks are from GenPept; the others are from SwissProt.
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Multiple sequence alignment of the sequences analyzed (fragment 2). Modified fragment of the sequence (BAA78558) obtained by

improvement in frame shift alteration (see text) is shown by small letters. Clusters of bulky hydrophobic residues (I, L, V, M, F, Y, and W) are shaded (see
text). At the bottom of the figure, conserved regions (N1-N4) are indicated by asterisks, and conserved residues discussed in the text are indicated by

arrows. Other designations are the same as for Figure 4.

statistical significance threshold for including a sequence
in the model (E-value) used by PSI-BLAST on the next
iteration was 10~ 3. Different alignments were compared
manually. The MACAW program?? was used to find re-
gions of local similarity in different sequences. Regions of
different sequences were considered similar if the probabil-
ity of obtaining the observed level of similarity by chance
(P value) was 10~ * or below. Hydrophobic cluster analy-
sis?®> was used for predicting the secondary structure
elements in conserved regions of sequences. The results

obtained are consistent with the ones produced by the
PredictProtein server (http:/www.embl-heidelberg.de/
predictprotein/predictprotein.html).2*

RESULTS

On the basis of the preliminary data'?° about the
similarities of glycosidases from family GH43 with some
other enzymes, we compared sequences of this family with
the whole current protein database. PSI-BLAST searches
with a few randomly selected divergent representatives of
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Fig. 2. Multiple sequence alignment of the sequences analyzed (fragment 3). Modified fragment of the sequence (P43471) obtained by improvement
in frame shift alteration (see text) is shown by small letters. At the bottom of the figure, conserved regions (N5 and N6) are indicated by asterisks, and
residues discussed in the text are indicated by arrows: catalytic conserved Glu, Cys of Gluconacetobacter diazotrophicus levansucrase (Q43998)
involved in the disulfide bridge, and Arg/His of levansucrases essential for a polymerase activity. Other designations are the same as for Figures 1

and 4.

family GH43, as a query sequence, during the first round,
and two iterations always yielded the complete set of
proteins of the family with the exception of two sequences
(SwissProt accession numbers Q45134 and Q92388) that
probably were included'! into the family on a basis of a low
similarity level. In several cases during the first two
iterations a hypothetical protein from Arabidopsis thali-
ana (GenPept accession numbers CAB66926 and
CAA10760) was also yielded. Analysis of the order of the
sequence appearances during searchers by PSI-BLAST,

depending on the query, allows us to distinguish in family
GH43 four subfamilies (43a—d) with at least five known
members in each of them (Table I). The two divergent
sequences compose the fifth subfamily (43e) and the A.
thaliana hypothetical protein can be considered as the
only representative of a sixth subfamily (43f).

Further PSI-BLAST iterations revealed weaker but still
statistically significant similarities between members of
family GH43 and glycosidases of families GH32, GH62,
and GH68. In addition, some similarities with a number of
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uncharacterized hypothetical proteins were found. PSI-
BLAST searches using each of them as a query sequence
showed that they form a group of homologous proteins,
except an ORF from Synechocystis sp. (GenPept accession
number BAA17165 is not considered in the present study).
We called this group GHLP (glycoside hydrolase like
protein) family.

Results of multiple sequence alignment of members of
each family by PSI-BLAST revealed that some sequences
had regions of local dissimilarities with the other se-
quences. Examination of the corresponding sites of nucleic
sequences allowed us to improve the similarity by inser-
tion or deletion of a single nucleotide. Several such frame
shifts were described earlier in the sequences of family
GH32: Bacillus subtilis sucrase (SwissProt accession num-
ber P07819), B. stearothermophilus levanase (P94469),
Bacillus sp. L7 levanase (031411), Debaryomyces occiden-
talis invertase (P24133), Aspergillus niger invertase
(013388), and Avena sativa invertase (Q43076).2573° To
our knowledge, in two sequences frame shifts are found for
the first time. One of them is the sequence of Prevotella
ruminicola B-xylosidase (BAA78558), which has at least
one frame shift in its N-terminal part that leads to missing
of Trp-Ala amino acid pair, highly conserved in glycosi-
dases of family GH43 (Fig. 1). Another is the sequence of
Pediococcus pentosaceus sucrase (P43471). Its gene has
98.6% homology with Lactobacillus plantarum sucrase
gene;>! however, these two sucrases do not have homology
in a 15-amino acid fragment. The sequence of this frag-
ment of L. plantarum but not P. pentosaceus is similar to
sucrase sequences from other bacteria that allowed us to
improve the P. pentosaceus sucrase sequence (Fig. 2).

To examine a level of similarities among the five fami-
lies, we compared the structures of their most conserved
sites. The MACAW program was used for discovering
regions of statistically significant local similarity between
sequences of different families. Analysis of 20 known
sequences of family GH68 (Table I) revealed that they
consist of 20 conserved regions (L1-L20) separated by
spacers of variable length (Fig. 3, line 6). Eight of these
regions are new, and the others were described earlier
(Fig. 3, lines 2—-5).3273% It should be noted that all common
conserved regions of families GH32 and GH68® are highly
conserved in levansucrases (Fig. 3, lines 6 and 7).

Comparison of 32 representative sequences of families
GH43 and GH68 by the MACAW program revealed six
common conserved regions (N1-N6) that are grouped into
three clusters in the primary structure (Fig. 3, line 8).
These regions are also conserved in the families GH32,
GH62, and GHLP (Figs. 1 and 2). Analysis of PSI-BLAST
alignment of N-terminal parts of the sequences revealed
an additional homologous region that is conserved in
families GH32, GH43, and GH62 (Fig. 4).

Several representative sequences of the each protein
family were studied by hydrophobic cluster analysis. A
closer examination of the conserved clusters of hydropho-
bic residues (V, I, L, F, M, W, and Y) in sequences of each
family revealed three conserved hypothetical B-strands in
the homologous regions for proteins of all five families. The

1— d Dd w D,_lEhg |
2 i H—HHHH—
3 I H—H—~A—

1 —t—H—

5 E I i

1 100 200 300 400 500 584
| | | ] ] ] | | | | | ||

Fig. 3. Schematic positions of conserved regions in levansucrases.
The scale corresponds to residue numbering in G. diazotrophicus levan-
sucrase sequence. 1: Positions of highly conserved amino acid residues
discussed in the text. Capital letters correspond to proposed components
of the active center. Mature form of the enzyme®°®>* is shown by box.
Bracket indicates a disulfide bond. 2: Regions (1-10) conserved in
Proteobacteria levansucrases.*® 3: Regions (I-VIII) conserved in levansu-
crases.® 4: Conserved motifs (I-V) containing acidic residues in levansu-
crases.®* 5: Regions (I-lll) conserved in levansucrases.®® 6: Regions
(L1-L20) conserved in 20 known levansucrases (present work). 7:
Conserved segments (D1-D9) of B-fructosidases from families GH32 and
GH#68.%° 8: Regions (N1-N6) conserved in glycosidases of families GH43
and GH68 (present work).

three hydrophobic clusters locate in conserved regions N2,
N4, and N5 (Figs. 1 and 2). These B-strands coincide with
the ones proposed earlier by Pons et al.¢

DISCUSSION

The families of protein sequences analyzed here possess
several common conserved regions. One of them is located
in the N-terminal part of the sequences (Fig. 4). This
region includes the highly conserved Asp-Pro amino acid
pair. The Asp residue was shown to be a nucleophile in the
active center of Saccharomyces cerevisiae SUC2 invertase
(SwissProt accession number P00724).3” This amino acid
pair and several surrounding residues are known as the
“B-fructosidase motif”® and comprise a consensus pattern
of family GH32 in PROSITE.?? A frame shift in this site of
A. niger invertase sequence (013388) changed its activity
for a fructosyltransferase.?” The His residue (Fig. 4) is
highly conserved in sequences of family GH32, and it was
predicted that this residue locates in the active site.?®
However, side-directed mutagenesis showed that it is not
involved in the catalytic process directly.*® Another Asp
residue in this region (Fig. 4) is highly conserved in
sequences of families GH32 and GH43. This Asp and
surrounding residues correspond to conserved “Asp box” of
sialidases (family GH33, clan GH-E) and some other
carbohydrate active enzymes, according to Rothe et al.*!
So, this long N-terminal region consists of three conserved
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Fig. 4. Multiple sequence alignment of the sequences analyzed (fragment 1). Position of the first shown residue in each sequence and length of the
variable spacer are indicated. At the top of the figure, residues conserved in several sequence families are indicated: & indicates a hydrophobic residue
(ILL,V,M,F,Y,W, A orC); @ indicates an aromatic residue (F, Y, W, or H); $ indicates a hydroxyl-containing residue (S or T); o indicates a small residue
(G, S, or A); z indicates a polar residue (D, E, N, Q, H, K, R, S, or T); # indicates A, S, or T; b indicates D, E, N, Q, or G. The corresponding residues are
highlighted in sequences (the trivial substitutions D/E/N/Q or P/A at the highly conserved sites are highlighted on a gray background). At the bottom of the
figure, conserved regions D1 and D2 of B-fructosidases’® are indicated by asterisks in the GH32 sequences. Conserved residues discussed in the text
are indicated by arrows. The sequences are from the current sequence databases with the accession number for each sequence indicated in the leftmost
column (for origin of the sequences see Table I). Family belongings of sequences are indicated in the most right.

sites (around two Asp and His residues of the yeast
invertase) separated by the spacers of variable length (Fig.
4). This region can be easily identified in sequences of
families GH32, GH43, and GH62. However, this region
has a low degree of similarity with levansucrases. In their
N-terminal part there are three conserved Asp residues;
only one of them is invariant in all GH68 sequences (Fig.

5). Earlier we considered the third Asp as homologue of the
invertase nucleophile (conserved segment D1 of families
GH32 and GH68S; Fig. 3, line 7; Figs. 4 and 5).'° However,
now it is clear that the invariant Asp (the second one)
should be considered as its homologue. Hydrophobic clus-
ter analysis of levansucrase sequences and several repre-
sentatives of plant-type (subfamily 32d; Table I) and
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Fig. 5. Multiple sequence alignment
of B-fructosidase sequences from fami-
lies GH68 and GH32 (N-terminal frag-

ment). At the top of the figure, residues 046654 11
conserved in sequences of family GH68 gg;jgg ﬁ

are indicated: u indicates a bulky hydro-
phobic residue (I, L, V, M, F, Y, or W); @
indicates an aromatic residue (F, Y, or
W); $ indicates a hydroxyl-containing
residue (S or T); j indicates a positively
charged residue (K, R, or H). Invariant
residues are shown by capital letters.
Three Asp residues shown on Figure 3
(line 1) are highlighted. Residues con-

068609 27
BAAY93720 17
060114 13
JC2519 13
AAC36942 9 WTRAQAMKV<16>
547527 9 WTRAQAMKV<16>
BAAQ4476 9 WTRAQAMKV<16>

served in both families are also high- ~ 900056
lighted (P, G, DIE/N/Q, or R/K/H). Con- 232391
served regions D1 and D2 of (52973
B-fructosidases® in the levansucrase  caa21433
sequences are indicated by asterisks. P92916
The bulky hydrophobic residues in the ~ 981985
homologous parts of both families are 2;232;64
shaded. At the bottom of the figure, two 42691
B-strands proposed by Pons et al.*® for  p29001
Vigna radiata invertase (P29001) are 082119

indicated. Other designations are the
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same as for Figure 4.

fungal B-fructosidase sequences (plant and Aspergillus
invertases were shown to be the most similar group of
family GH32 to levansucrases®®) revealed three hydropho-
bic clusters in N-terminal region of sequences in both
families (Fig. 5). These clusters probably correspond to
B-strands in the secondary structure; two of these B-strands
were proposed earlier for plant invertases by Pons et al.?®

The other conserved regions are grouped into three
clusters (Fig. 3, line 8). The first cluster corresponds to the
“sucrose box,” which was described as the homologous site
of sucrases and levansucrases (families GH32 and GH68).*2
This cluster consists of two conserved regions (N1 and N2),
separated by a short spacer of variable length (Fig. 1). It
was found in four families: GH32, GH43, GH62, and
GH68. The conserved region N1 has, at a conserved
position, an aromatic residue (Phe, Trp, or Tyr), which is
followed in enzymes with the B-fructosidase activity by a
conserved hydroxyl-containing residue (Ser or Thr), invari-
ant Gly residue, and a conserved hydroxyl-containing
residue. The conserved region N2 contains a cluster of
hydrophobic residues, which probably corresponds to a
B-strand.

The second cluster also consists of two conserved regions
(N3 and N4), separated by a spacer of variable length (Fig.
1). The region N3 includes a highly conserved Asp-Pro
amino acid pair. In the case of sequences of families GH32
and GH68, this pair is preceded by the invariant Arg
residue. This region is the most conserved site of these two
families, and we proposed earlier that the Asp residue is a
component of the B-fructosidase active center.'® Recently,
it was supported by site-directed mutagenesis of Gluconac-
etobacter diazotrophicus levansucrase: the Asp— Asn sub-
stitution affects sucrose hydrolysis, but not enzyme speci-
ficity.>* This Asp was proposed as a possible catalytic
residue in sequences of GH43 family.*® The Asp residue is

an invariant in all families of the superfamily except the
GHLP one, where at this position an Asn residue is
located. The region N4, like the region N2, contains a
cluster of hydrophobic residues. This region also was
proposed as a hypothetical p-strand.?¢

In all five families, the conserved region N5 includes an
invariant Glu residue (with exception of AAD36300 and
P71783) and a cluster of hydrophobic residues. In the case
of families GH32 and GH62, these two structural elements
are separated by a highly variable spacer (Fig. 2). On the
basis of the site-directed mutagenesis it was proposed that
this Glu residue is an acid/base catalyst in the active
center of S. cerevisiae SUC2 invertase.*® The sulfhydryl
group of the conserved Cys residue preceded by the Glu in
GH32 glycosidases is also essential for the enzymatic
activity, its replacement leads to about fourfold reduction
in K_,,.*° The hydrophobic cluster consists, for the most
part, of aromatic and, in particular, Tyr residues. The
corresponding hypothetical B-strand is usually preceded
by Gly residue, except sequences of family GH32. The
region N5 of levansucrases includes a conserved positively
charged residue (Arg or His; Fig. 2) essential for levan-
polymerase activity.** The mutation leading to inactiva-
tion of B. stearothermophilus levansucrase (P94468) was
also localized in the region N5.3° This region in G. diazotro-
phicus levansucrase is preceded by Cys residue involved in
a disulfide bridge (Fig. 3, line 1).

The conserved region N6 includes conserved Gly and an
aromatic (Phe, Trp, or Tyr) residues. The region N6 is
followed by a Gly residue invariant in family GH68 (Fig. 3,
line 1), which is essential for secretion efficiency and
folding process of B. subtilis levansucrase.*® The regions
N5 and N6 comprise the third conserved cluster, which we
earlier described in sequences of families GH43 and
GH68.2°
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TABLE II. Families of the Furanosidase (B-Fructosidase) Superfamily

Family® GH32 GHA43 GH62 GHG68 GHLP
Clan® GH-J GH-F GH-F GH-J None
Known enzymatic activities” EC2.4.1.99 EC3.2.1.8 EC3.2.1.55 EC24.1.10 Not known
EC2.4.1.100 EC3.2.1.37 EC3.2.1.26
EC24.1x EC3.2.1.55
EC3.21.7 EC3.2.1.99
EC3.2.1.26
EC3.2.1.65
EC3.2.1.80
Molecular mechanism Retaining Inverting Not known Retaining Not known
Origin Eukaryota Eukaryota Eukaryota Eubacteria Eubacteria
Euglenozoa Fungi Fungi Firmicutes Aquificales
Fungi Metazoa” Eubacteria Proteobacteria Firmicutes
Parabasalidea Viridiplantae' Firmicutes Thermotogales
Viridiplantae Eubacteria Proteobacteria Archaea
Eubacteria Cytophagales Crenarchaeota
Cytophagales Firmicutes Euryarchaeota
Firmicutes Proteobacteria
Fusobacteriaf
Proteobacteria
Thermotogales
N-terminal conserved region® NDPNG DP LKDF WD$WP None
Conserved region N1¢ @$G$e WAP WVY EWSG$ None
Conserved region N24 Variable Hydrophobic Variable Hydrophobic None
Conserved region N3¢ FRDP DP DQ FRDP @NP
Conserved region N5° @ECP ExP LFEA ERP EDPR
Spacer between Glu and Variable Conserved’ Divergent Conserved Conserved
hydrophobic cluster in conserved
conserved region N5°
Conserved region N6° Variable Gx@ Conserved GP@  Divergent Conserved GPY Variable GxY
conserved
GxWT

2According to the classification of glycosyl hydrolases.'®!! GHLP family is a glycosyl hydrolase like protein family described in the text.

PSee note “g” in Table I.
°See Figs. 4 and 5.

4See Fig. 1.

°See Fig. 2.

N-terminal sequence of Fusobacterium mortiferum sucrase has been published.®*
2@ indicates an aromatic residue (F, Y, or W) and $ indicates a hydroxyl-containing residue (S or T).
bPartly sequenced Homo sapiens ORF (GenPept accession number ACC34952) is homologous to the C-terminal domain of sequences from

subfamily 43c (it is not considered in the text).

iOnly an ORF from Arabidopsis thaliana (CAB66926 and CAA10760, subfamily 43f) is known.

¥Variable in sequences of subfamily 43e.
kAbsent in sequences of subfamily 43e.

Statistically significant sequence similarity of proteins
of the five families allows us to propose a common protein
folding and structure of the active center. However, the
final decision about degree of similarity of the proteins of
these families should be made after receiving experimen-
tal data on their 3D structure. Most probably, all proteins
of the superfamily have a trio of conserved carboxylic acids
in the active site (such kind of active site structure has
been shown for some glycosidases®*¢). They are Asp and
Glu residues corresponding to the yeast invertase nucleo-
phile and acid/base catalyst (Figs. 2 and 4) and the Asp
residue of conserved region N3 (Fig. 1). Two Cys residues
located near the second Asp and the Glu residues in the G.
diazotrophicus levansucrase sequence (Fig. 3, line 1) com-
prise a disulfide bridge. There is a 25-amino acid deletion
in the spacer between the conserved regions N4 and N5 of
Streptococcus mutans invertase (P13522). These two facts

indicate that the second Asp residue (region N3) can be
located at the active site together with the first Asp and
Glu. It should be noted that these three carboxylic residues
are usually followed by Pro. Both Asp-Pro amino acid pairs
are conserved in families GH32, GH43, and GH68; how-
ever, in family GH68 the first of them is modified as
Asp-Xaa-Xaa-Pro (Fig. 5). In both positions, Pro residues
are substituted by Ala in some sequences (Figs. 1 and 4).
Also, there is some similarity between residues surround-
ing Asp-Pro pairs. It suggests similar chemical properties
for the two Asp residues.

The data presented in this article allow us to include
into the B-fructosidase superfamily, in addition to the
families of clan GH-J (GH32 and GH68), families of clan
GH-F (GH43 and GH62), which have the «-L-arabino-
furanosidase activity present but show no B-D-fructo-
furanosidase activity (Table II). It looks reasonable to
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rename this superfamily as the furanosidase superfamily.
It is shown for the first time that a glycosyl hydrolase
superfamily can include enzymes with both inversion and
retention mechanism of action. (A superfamily that con-
sists of enzymes with both mechanisms of action was
proposed earlier.*”*® However, the proteins of families
GH19, GH22, GH23, GH24, and GH46, which were in-
cluded into the latter superfamily, had similarities at the
levels of secondary and tertiary but not primary struc-
tures.)

We suggest the term “superfamily” for designating the
group of proteins with a higher hierarchical level than
clan. In contrast, clan includes only families of structurally
related proteins having the same mechanism of action. So,
we still consider GH-F and GH-J as two separate clans of
the furanosidase superfamily. Despite the fact that all
known glycoside hydrolases with a high degree of homol-
ogy have the same mechanism of hydrolysis and that
enzymes with different mechanisms have a different de-
gree of separation of two key carboxyl groups in the active
center (about 5 and 10 A between a nucleophile and an
acid/base catalyst for retaining and inverting enzymes,
respectively), it was shown that single amino acid substitu-
tion can change the mechanism.'?*® The GHLP family
also belongs to the furanosidase superfamily on the basis
of sequence similarity. This allows us to propose that
hypothetical proteins of this family can have a glycosidase
activity (EC 3.2.1.x) and, most probably, they act on a
furanoside residue (fructose, arabinose, ribose, etc.). Genes
of proteins of the superfamily have been found in the
genomes of all main groups of organisms except viruses
(Table II), which suggests that they have a very early
evolution origin.
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