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Abstract: The three-dimensional~3D! structure of fructan biosyn-
thetic enzymes is still unknown. Here, we have explored folding sim-
ilarities between reported microbial and plant enzymes that catalyze
transfructosylation reactions. A sequence-structure compatibility
search using TOPITS, SDP, 3D-PSSM, and SAM-T98 programs
identified ab-propeller fold with scores above the confidence thresh-
old that indicate a structurally conserved catalytic domain in fruc-
tosyltransferases~FTFs! of diverse origin and substrate specificity.
The predicted fold appeared related to that of neuraminidase and si-
alidase, of glycoside hydrolase families 33 and 34, respectively. The
most reliable structural model was obtained using the crystal struc-
ture of neuraminidase~Protein Data Bank file: 5nn9! as template,
and it is consistent with the location of previously identified func-
tional residues of bacterial levansucrases~Batista et al., 1999; Song
& Jacques, 1999!. The sequence–sequence analysis presented here
reinforces the recent inclusion of fungal and plant FTFs into gly-
coside hydrolase family 32, and suggests a modified sequence pat-
tern $H-x~2!-@PTV#-x~4!-@LIVMA #-@NSCAYG#-@DE#-P-@NDSC#-
@GA#% for this family.
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Fructans are commercially used in both food and nonfood appli-
cations. In nature, fructan biosynthesis occurs from sucrose by
several microbial species and by about 15% of higher plants~Hen-
dry & Wallace, 1993!. Bacterial levansucrases~EC 2.4.1.10! are
multifunctional enzymes capable of synthesizing high-molecular-
mass levans directly from sucrose; however, plant fructans are

synthesized by the concerted action of at least two fructosyltrans-
ferases~FTFs! exhibiting a distinct fructosyl-donor and fructo-
syl-acceptor specificities. Sucrose:sucrose 1-fructosyltransferase
~1-SST! generally initiates fructan synthesis in plants by catalyz-
ing the transfer of the fructosyl residue from one sucrose to another
sucrose molecule, resulting in the formation of the trisaccharide
1-kestose. Then, structurally different fructans are formed by the
action of fructan:fructan 1-fructosyltransferase~1-FFT!, fructan:
fructan 6G-fructosyltransferase~6G-FFT! or sucrose:fructan
6-fructosyltransferase~6-SFT! ~for review see Vijn & Smeekens,
1999!.

b-Fructofuranosidases are considered to function by a double
displacement mechanism with an overall retention of the anomeric
configuration of the fructosyl residue. These enzymes are grouped
in the glycoside hydrolase family 32~invertases, levanases, inuli-
nases, sucrose-6-phosphate hydrolases, and fungal and plant FTFs!,
and glycoside hydrolase family 68~bacterial FTFs and invertases
from Zymomonas mobilisandBacillus sp.! ~http:00afmb.cnrs-mrs.fr0
;pedro0CAZY0ghf.html!.

The three-dimensional~3D! structures and key residues at active
sites of enzymes are generally better conserved than amino acid
sequences. Consequently, structural studies combined with se-
quence comparisons have allowed many glycoside hydrolase fam-
ilies to be grouped according to a common fold and a common
catalytic apparatus~Henrissat & Davies, 1997!. This classification
provides a predictive tool for the catalytic machinery of the gly-
coside hydrolase enzymes. In this work, we have investigated fold-
ing similarities between bacterial, fungal, and plant FTFs using a
sequence-structure compatibility search approach.

Results and discussion:We have compared the available amino
acid sequences ofb-fructofuranosidase enzymes and their phylo-
genetic relationship is shown in Figure 1. Our sequence compar-
ison results~Fig. 2A,B! support the PFAM alignment accessible at
http:00afmb.cnrs-mrs.fr0;pedro0CAZY0ghf_32.html. Consider-
ing recent entries, including fungal and plant FTFs, into the gly-
coside hydrolase family 32, the PROSITE pattern~Bairoch et al.,
1997! needs to be modified as follows:

Reprint requests to: Tirso Pons Hernández, Centro de Ingeniería Genética
y Biotecnología~CIGB!, P.O. Box 6162, Havana 10600, Cuba; e-mail:
tirso.pons@cigb.edu.cu.

Abbreviations:FTF, fructosyltransferase; PFAM, a database of multiple
alignments of protein domains or conserved protein regions; 3D, three-
dimensional; PDB, Protein Data Bank; DSSP, dictionary of secondary struc-
ture of proteins.
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PDOC00532: H-x~2!-P-x~4!-@LIVM #-N-D-P-N-G

~original pattern!

H-x~2!-@PTV#-x~4!-@LIVMA #-@NSCAYG#-@DE#-P-@NDSC#-@GA#

~new pattern!.

A search in the SWISS-PROT database~84,622 sequences! by
MOTIF program using the new pattern, revealed 35 matches, all
corresponding to enzymes of family 32. Two of these sequences
~FRUA_STRMU and INVA_MAIZE! were not detected using
the original pattern~http:00www.expasy.ch0cgi-bin0nicesite.pl?
PS00609!. Other modifications for the proposed pattern could be
necessary, as the number ofb-fructofuranosidase sequences increase.

We also searched for regions of local similarity among FTF
enzymes. The MACAW program found two highly conserved blocks
~Fig. 2C! with a probability of obtaining the observed level of
similarity by chance~P-value! of 1.63 10205 ~search spaceN 5
2.1063 1058! and 0.03 1000 ~search spaceN5 1.6073 1060! for
block1 and block 2, respectively. These low P-values show that the
relationship is authentic.

The first conserved block is included in the conserved region
called “sucrose box” present in levansucrases and enzymes of the
glycoside hydrolase family 32, whereas the second block or “RDP”
motif ~numbered as IV in Fig. 2B! is highly conserved in all
b-fructofuranosidases. The RDP motif of levansucrases fromAc-
etobacter diazotrophicus~Batista et al., 1999! andStreptococcus
salivarius ~Song & Jacques, 1999! was found to be involved in

Fig. 1. Phylogenetic tree ofb-fructofuranosidases. Sequence identifiers follow the SWISS-PROT conventions~name_specie!. Aster-
isks indicate the eight representative FTF sequences used in the sequence-structure compatibility analysis. The tree displays bootstrap
values from 1,000 simulations performed by CLUSTALW. Figure was generated by TREETOOL program~University of Illinois!.
Group I gathered levansucrases from Gram-positive~Ia! and Gram-negative~Ib! bacteria. Group II includes yeast invertases, fructa-
nases and the so far available fungal FTF sequences~1SST_ASPFO and 1SFT_ASPSY!. Plant FTFs~group IIIa! form a cluster with
plant invertases~IIIb and IIIc!. Group IV is represented by bacterial sucrose or raffinose hydrolases.
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Fig. 2. Comparisons of the amino acid sequence of microbial and plant FTFs. Conserved regions in the sequence alignments of~A! fungal and plant FTFs and~B! bacterial FTFs
are boxed. At the bottom, asterisks indicate identity and dots indicate conservative changes~STA, LVIM, KR, DE, QN, FYW!. Numbering refers to the precursor proteins and
lowercase letters in bold represent insertions.C: Conserved regions~block1 and block2! in all FTF enzymes, obtained from multiple alignments using the MACAW and BLOCKS
programs. The numbers give the starting position of blocks in the mature proteins. The sequences are named as in Table 1, and the conserved residues arein bold.
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Fig. 3. Graphic representation of sequence-structure compatibility scores obtained by TOPITS, SDP, 3D-PSSM, and SAM-T98 programs. Panels show the sequence-structure
compatibility scores for the selected sequence~most divergent! of ~A! bacterial FTFs and~B! fungal and plant FTFs. Boxes represent a comparison of scores corresponding to the
remote homologous structures identified by each of the four theoretical methods for bacterial, fungal and plant fructosyltransferases. The four columns to the right~without boxes!
represent the better scores obtained by each sequence-structure compatibility search method. Theb-propeller fold is represented by sialidases~2sil, 1kit, 1eut, 1eur, 1euu!,
neuraminidase~5nn9!, galactose oxidase~1gof, 1goh!, and methanol dehydrogenase~4aah!. Only the remote homologous structures~PDB file! identified simultaneously with each
of the selected sequences are represented. Dashed lines represent theb-propeller fold identified by TOPITS, SDP and 3D-PSSM programs using bacterial, fungal and plant FTF
sequences. SAM-T98 identified an 8-propeller fold using the fungal and plant FTF sequences. The second best score~213.23! obtained by SAM-T98 using the sequence of
A. diazotrophicuslevansucrase corresponds to the galactose oxidase structure.
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binding and0or split of sucrose. The BLOCKS program~http:00
www.public.iastate.edu0;pedro0blocks_query.html! corroborated
that only block1 and block2 are conserved in more than 95% of the
FTF enzymes. Sequence similarity between bacterial levansu-
crases, and fungal and plant FTFs is well below the “twilight
zone”~as low as 7%!. Because PSI-BLAST—a sensitive sequence
similarity search program—failed to detect a reliable relationship
~E-values better than 0.001! between FTFs and those proteins with
determined 3D structure, we used as approach a sequence-structure
compatibility search that combined the TOPITS, SDP, 3D-PSSM,
and SAM-T98 programs.

For the study, we selected the most divergent sequences within
the FTF enzymes~asterisks in Fig. 1! to cover a wider range of
sequence diversity into the FTF family, and because the accuracy
of the native fold selection in sequence-structure compatibility
analyses can be drastically improved by using a few homologs
with low sequence similarity~Reva et al., 1999!. The most con-
served region~comprising more than 76% of the total residues,
except forStreptococcus mutansFTF which is 54.6%! of the eight
selected sequences, predicted asb-domain by PHD program, was
analyzed by using our sequence-structure compatibility approach.

The sequence-structure compatibility search identified ab-
propeller fold with scores above the confidence threshold to indi-
cate a structural homology for the catalytic domain of FTFs~details
are given in the caption to Fig. 3! and predicted that FTFs are
related to the known 3D structures of neuraminidase and sialidase
~glycoside hydrolases families 33 and 34!. The compatibility scores
produced by TOPITS, SDP, and 3D-PSSM programs using the
bacterial FTFs are lower than those of fungal and plant enzymes,

and in some cases are below the confidence threshold. Considering
that the top ranks produced by TOPITS, SDP, and 3D-PSSM pro-
grams included severalb-propeller folds for bacterial, fungal, and
plant FTFs, we concluded that our prediction is reliable.

The catalytic residues Asp23 and Glu204 of theSaccharomy-
ces cerevisiaeinvertase~Reddy & Maley, 1990, 1996! are highly
conserved in fungal and plant FTFs~motifs A and E in Fig. 2B!.
Based on the high sequence similarity and the sequence-structure
compatibility results obtained here~Fig. 3B!, we propose to ex-
tend the b-propeller structural model for glycoside hydrolase
family 32 ~Pons et al., 1998; http:00www.cnb.uam.es0;cnbprot0
Glico0fam32.html! to fungal and plant FTFs. This proposal is in
accordance with the assumption that plant FTFs evolved from
invertases~Vijn & Smeekens, 1999! and reinforce the recent
inclusion of fungal and plant FTFs into glycoside hydrolase fam-
ily 32.

It is well known in fold recognition that identifying the correct
fold in a set of structures is a much easier task than providing the
correct alignment between the probe sequence and the target pro-
tein structure. Although it is not possible to obtain atomic details
from sequence-structure compatibility models, the information de-
rived from the conserved active sites of sialidase and neuramini-
dase was good enough to allow location of known functional residues
of distinct bacterial levansucrases. Additionally, the sequence-
structure alignment in Figure 4B showed a high correspondence
between the secondary structure elements, which are characteris-
tics of the pseudo sixfold symmetry. The equivalent residues Asp309
and Asp397 in the RDP motif of levansucrases fromA. diazotrophi-
cus and S. salivarius, respectively, were found to be implicated in

Table 1. b-Fructosyltransferase enzymes used in this studya

Enzyme Identifier
GH

family EC
SPTREMBL
accession no.

SWISS-PROT
accession no. Source

Fructan:fructan 6G-FTF 6GFFT_ALLCE 32 — P92916 — Allium cepa
Sucrose:fructan 6-FTF 6SFT_HORVU 32 — Q96466 — Hordeum vulgare
Sucrose:sucrose 1-FTF 1SST_ALLCE 32 — O81082 — Allium cepa
Sucrose:sucrose 1-FTF 1SST_HELTU 32 2.4.1.99 O81986 — Helianthus tuberosus
Sucrose:sucrose 1-FTF 1SST_CICIN 32 2.4.1.99 O24459 — Cichorium intybus
Sucrose:sucrose 1-FTF 1SST_CYNSC 32 — O23786 — Cynara scolymus
Sucrose:sucrose 1-FTF 1SST_ASPFO 32 3.2.1.26 O42801 — Aspergillus foetidus
Fructosyltransferase 1SFT_ASPSY 32 — b — Aspergillus sydowii
Fructan:fructan 1-FTF 1FFT_CYNSC 32 — O65778 — Cynara scolymus
Fructan:fructan 1-FTF 1FFT_CICIN 32 2.4.1.100 Q9ZR96 — Cichorium intybus
Fructan:fructan 1-FTF 1FFT_HELTU 32 2.4.1.100 O81985 — Helianthus tuberosus
Levansucrase SACB_BACSU 68 2.4.1.10 — P05655 Bacillus subtilis
Levansucrase SACB_BACST 68 2.4.1.10 — P94468 Bacillus stearothermophilus
Levansucrase SACB_BACPO 68 — Q9Z5E5 — Paenibacillus polymyxa
Levansucrase SACB_BACAM 68 2.4.1.10 — P21130 Bacillus amyloliquefaciens
Fructosyltransferase SACB_STRMU 68 2.4.1.10 — P11701 Streptococcus mutans
Levansucrase SACB_STRSL 68 2.4.1.10 — Q55242 Streptococcus salivarius
Levansucrase SACB_ACEDI 68 2.4.1.10 — Q43998 Acetobacter diazotrophicus
Levansucrase SACB_ACEXY 68 — c — Acetobacter xylinus
Levansucrase SACB_PSESG 68 2.4.1.10 — O52408 Pseudomonas syringae pv glycinea
Levansucrase SACB_PSESH 68 2.4.1.10 — O68609 Pseudomonas syringae pv phaseolicola
Levansucrase SACB_RAHAQ 68 2.4.1.10 — O54435 Rhanella aquatilis
Levansucrase SACB_ERWAM 68 2.4.1.10 — Q46654 Erwinia amylovora
Levansucrase SACB_ZYMMO 68 2.4.1.10 — Q60114 Zymomonas mobilis

aEC, enzyme classification number according to the International Union of Biochemistry and Molecular Biology~IUBMB! recommendations; GH,
glycoside hydrolase; accession numbers in the EMBL database;bAJ289046 andcAB034152.
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Fig. 4. Putative location of known functional residues of bacterial levansucrases in theb-propeller catalytic domain of the crystal
structure of influenza virus neuraminidase. Top view of the active site of neuraminidase N9 crystal structure~PDB file: 5nn9!.
A: Ball-and-stick models represent known functional residues~Arg331, Asp309, and Asp397! of distinct levansucrases. The catalytic
residues~Asp293, Asp324, and Asn347! from neuraminidase N9 are shown in parenthesis. The figure was generated by MOLSCRIPT
program~Kraulis, 1991!. B: The alignment produced by SDP between the FTF sequence fromS. mutansand neuraminidase N9. Above
the FTF sequence is the secondary structure predicted by PHD. Below the neuraminidase sequence is the known secondary structure
of neuraminidase as determined by DSSP program~Kabsch & Sander, 1983!. Helices are indicated by h, andb-strands by b.
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binding or splitting of sucrose~Batista et al., 1999; Song & Jacques,
1999!. The RDP motif is close in space to Arg331~in the vicinity
of the conserved region VII in Fig. 2A!, involved in the polymer-
ase activity ofBacillus subtilislevansucrase~Chambert & Petit-
Glatron, 1991!. All these residues are exposed to solvent delimiting
the active site cavity in the proposed fold~see Fig. 4A!. It is well
recognized that the active site cavity of enzymes with similar fold
~such as sialidases, neuraminidases, methanol dehydrogenase, and
galactose oxidase, with ab-propeller fold! is located in the same
topological region.

Materials and methods: Protein sequences were retrieved from the
current sequence databases using the SRS WWW service~Etzold
et al., 1996!. FTFs used in this work are summarized in Table 1. Com-
parison of the FTF proteins was generated using CLUSTALW
~Thompson et al., 1994!, MAXHOM ~Sander & Schneider, 1991!,
and the secondary structural information predicted with the PHD pro-
gram~Rost & Sander, 1994!. The evolutionary tree was calculated
using CLUSTALW. The sequence-structure compatibility search ap-
proach used in this work combined the TOPITS~Rost et al., 1997!,
SDP~Fischer & Eisenberg, 1996!, 3D-PSSM~Kelley et al., 1999!,
and SAM-T98~Karplus et al., 1998! programs. TOPITS, SDP, 3D-
PSSM, SAM-T98, and PSI-BLAST~Altschul et al., 1997! are ac-
cessible via Internet using the URLs: http:00dodo.cpmc.columbia.
edu0pp0submit_adv.html, http:00www.doe-mbi.ucla.edu0 people0
frsvr0frsvr.html, http:00www.bmm.icnet.uk0;3dpssm, http:00
www.cse.ucsc.edu0research0compbio0HMM-library-search.html
and http:00www.ncbi.nlm.nih.gov0blast, respectively. We used the
MOTIF program~Cockwell & Giles, 1989! to search the SwissProt
database with the new sequence pattern. The MACAW program
~Schuler et al., 1991! was used to estimate the probabilities of the
independent appearance of the regions of local similarity into the
FTF family. All programs were used with default parameters.
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