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Abstract The three-dimensional (3D) structure of the
catalytic domain of Gaslp, a protein belonging to the
only family of f-(1,3)-glucan transferases so far identi-
fied in yeasts and some pathogenic fungi (family GH-
72), has been predicted by combining results derived
from threading methods, multiple sequence alignments
and secondary-structure predictions. The 3D model has
allowed the identification of several residues that are
predicted to play a crucial role in structural integrity,
substrate recognition and catalysis. In particular, the
model of the catalytic domain can be useful for design-
ing site-directed mutagenesis experiments and for
developing inhibitors of Gaslp enzymatic activity.

Keywords Protein structure prediction - Computational
methods - TIM barrel - Glycosidase

Introduction

Glycolipid anchored surface protein (Gaslp) of Sac-
charomyces cerevisiae is an exocellular glycoprotein en-
dowed with f-(1,3)-glucan transferase activity [1, 2].
This enzyme catalyzes the splitting of an internal f-(1,3)-
glycosidic linkage in a donor glucan followed by the
transfer of the new reducing end to the nonreducing end
of an acceptor glucan, with the formation of another /-
(1,3)-glycosidic bond in which the anomeric configura-
tion of the linkage is conserved (retaining enzyme). The
Gaslp plays a crucial role in the correct incorporation of
glucan molecules in the cell wall [1, 2], which, in fungal
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pathogens, is involved in interactions with host cells.
This feature and the absence of analogous activities in
mammalian cells make this enzyme an interesting
molecular target for developing new antifungal drugs [3].

The identification of Gaslp homologues in yeast
species, fungi and also in several human fungal patho-
gens has led to the definition of a new family of glycosyl
hydrolases (family GH-72) (http://afmb.cnrs~mrs.fr/
~cazy/CAZY /index.html). Sequence analysis of proteins
belonging to family GH-72 revealed a modular organi-
zation. In particular, Gaslp has three different domains:
an amino terminal catalytic (C) domain of about 300
residues, a cysteine-rich region of about 100 residues
(Cys-box), the functional role of which is presently un-
known, and a carboxy-terminal serine-rich region of
variable length (Ser-box), which is the site for O-man-
nosylation and is not essential for catalytic activity [2, 4].

Hydrophobic cluster analysis led to the conclusion
that the sequence of the C-domain of GH-72 proteins is
compatible with a (f/a)g barrel fold, even though it does
not share significant sequence similarity to structurally
characterized proteins [5]. This observation allowed the
GH-72 members to be inserted in the so-called GH-A
clan [6], which contains glycoside-hydrolase families
characterized by the same global fold of the C-domain.

Other molecular details have been unraveled recently.
Site-directed mutagenesis experiments have demon-
strated the crucial role of E161 and E262 for the cata-
lytic activity of Gaslp. In addition, it has been shown
that C74 is necessary for the correct fold of the protein,
whereas C103 and C265 are dispensable [7]. In spite of
this evidence, the detailed three-dimensional (3D)
structure of the C-domain of Gaslp is still unknown,
hindering the full rationalization of experimental data
and the design of targeted mutagenesis studies.

Several approaches to predict protein structures from
sequences are now available [8—10]. The most reliable
computational approach to predict the 3D structure of a
protein is homology modeling, which, however, can only
be safely used if at least one protein characterized by a
significant (>25% sequence identity) similarity to the
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target protein has a known 3D structure [11]. When
dealing with remote homologues (<25% sequence
identity), the protein alignment and the subsequent
construction of the 3D model are more problematic. In
such cases, it has been shown that reliable results may
sometimes still be obtained using fold-recognition
(threading) methods. Notably, fold-recognition ap-
proaches often combine information obtained from
many sources [9, 12, 13]. Along these lines, we have
combined threading methods, sequence alignments,
secondary-structure predictions and biochemical infor-
mation to predict the 3D structure of the C-domain of
Gaslp. The results disclose some key molecular char-
acteristics of the C-domain of Gaslp and identify resi-
dues that play an important role in substrate
recognition, maintenance of structural integrity and
catalysis. Moreover, a map of the putative disulfide
bridges of the entire protein is proposed. The 3D model
is expected to be a useful tool for designing site-directed
mutagenesis experiments and some possible inhibitors
for Gaslp enzymatic activity.

Methods

Homologues of Gaslp were searched in the nonredun-
dant database of protein sequences at NCBI, using both
Blast and PSI-Blast [14, 15]. Multiple sequence align-
ments, as well as phylograms, were generated with
Clustal W [16], using the Blosum scoring matrix. The
gap insertion and extension penalties were set to 10 and
0.05, respectively. In order to highlight conserved re-
gions, the alignment from Clustal W was submitted to
ESPript [17].

Secondary structure was predicted by means of
JPRED [18] and PSI-PRED [19]. Consensus secondary
structures were obtained from comparison among PSI-
PRED and individual JPRED results using a 75%
stringency threshold.

Six threading methods (sequence-structure fitness)
were used to detect remote similarities with proteins of
known 3D structure: 3D-PSSM [20], mGen-THREA-
DER [21], 123D + [22], Fugue [23], Topits [24], SAM-
T02 [25] and FFASO3 [26]. Only matches characterized
by a high confidence level were used as templates to
predict the structure of the C-domain of Gaslp. In
particular, only proteins characterized by a confidence
level higher than 70% or classified as CERTAIN/HIGH
were taken from 3D-PSSM/TOPITS and MGen-
THREADER, respectively. When the 123D+ and Fu-
gue servers were used, only matches with a z-score equal
or higher than 4 and 3.5, respectively, were considered,
as suggested by Alexandrov et al. and Shi et al. [22, 23].
Accordingly, only FFASO03 matches characterized by a
score lower than —9.5 were selected, as indicated by
Rychlewsky et al. [26]. The SAM-T02 already shows
only templates characterized by high reliability.

The 3D models were built using the Jackal protein-
modeling software package (http://trantor.bioc.colum-

bia.edu/~xiang/jackal). In particular, the alignments
between targets and templates were submitted to the
subprogram Nest, which generates a 3D model on the
basis of a given alignment, carries out geometry opti-
mization in torsional space to remove clashes between
atoms, and finally optimizes the loop regions that are
characterized by the presence of gaps in the alignment.
In particular, the prediction of loop regions was carried
out as followed by Honig and coworkers [27].

As the final step, the models were submitted to
molecular-mechanics optimization using the CVFF
forcefield [28]. In particular, only the geometry of the
protein side-chains was optimized initially (1,000 steps
using the steepest-descent algorithm followed by 10,000
steps using the conjugate-gradient algorithm). Then, the
optimization was restarted restraining only the a-car-
bons of the peptide chain. The quality of the final
models was evaluated using the Whatif suite of pro-
grams [29].

Analysis of the models was carried out using Insight
II tools (Accelrys, San Diego, CA, USA) and VMD [30].

Fingerprints for family GH-72 were derived accord-
ing to the following procedure: (1) amino-acid sequences
from the family GH-72 were submitted to PRATT [31],
to generate possible patterns common to all probe se-
quences; (2) if necessary, the PRATT patterns contain-
ing functionally important residues were refined
manually, using as reference the multi-sequence align-
ment of the family members; (3) to verify that the pat-
terns selected identify only members of family GH-72,
they were submitted to PHI-Blast, a tool developed to
evaluate the significance of a specific pattern within a
protein [32].

Results and discussions

With the aim of retrieving proteins sharing significant
sequence similarity to Gaslp, its protein sequence was
submitted to Blast, searching the nonredundant data-
base at NCBI (http://www.ncbi.nlm.nih.gov/). The scan
of the database resulted in 40 proteins characterized by
high-sequence similarity (E-value lower than e ") to
Gaslp. This protein set can be considered an “up to
date” representation of family GH-72 [33]. However, it
should be noted that among the 40 proteins, 11 corre-
spond to fragments or hypothetical proteins and con-
sequently were not analyzed further.

In order to disclose high-similarity regions, the se-
quence portions spanning the C-domains were aligned as
described in Methods (Fig. 1). The alignment, which is
consistent with previously reported data [7], allowed
residues that are strictly conserved in all GH-72 mem-
bers to be highlighted. In particular, 30 residues out of
314 (9.5%) are identical in all C-domains. Among the
strictly conserved residues there are seven glycine resi-
dues (G159, G197, G243, G264, G290, G291, G304 and
Gaslp numbering), six tyrosine residues (Y92, Y113,
Y198, Y231, Y294 and Y303), two arginine residues



239

1 10 20 30

Gaslp  ............. DDV PA[TEVV . GNKFF|lYy SNNG SQFYIRGVIAYQADTA. ... ... NETSG. ..
Phrip .KFESSTPPVEVV . GNKFYFSNNG. . .SQFLIRGIAYQODAAGSVSSGYDADPN. . .
Phr2p .AEDLPA[I[EIV . GNKFF[YSNNG. . . .SQFYIKGIAYQON......... NLDSN. . .
CgGasilp . .DDLPA[IE[IK . GNKFF|[FSNNG . . . .SQFYMKGIA .. .NVTGG. ..
CgGas2p . .DDLPP[I[EIV.GNKFF[FSNNG. . . .SQFYMRGIA ...NATSG...
Epdlp . .EDLPP[I[EIV.GNKFF[YSNNG. . . .SQFYIKGIAYQQON. .. ...NLDSN. ..
Epd2p .KFESATPP|IE .[GNKFY[YSNNG. . . .TQFLLRGIAYQODTSGSVSNGYDSDPN. . .
SpOorf3p . ............. SVSPVHVD.|.GRYFFYENG. . . .TRFFLKGIAYQPNVDD. ..... SDTEG. . .
CdPhrip .KFESSTPPIEV|I.GNKFYFSNNG. . . .SQFLIRGIAYQQODAAGSVSSGYDADPN. . .
CAPhI2p . ............ IEI[V.GNKFF|YSNNG. . . .SQFFIKGIAYQON......... NLDSN. . .
Gas2p IKI[V.GNKFFDSESG. . .EQFFIKGIAYQLQRSE..... EELSNANG
Gel3p IQIKAGSKFFYANNG. . . .SEFYIRGVAYQEDYSGG.GAGGTGQSE. . .
CgGas3p IEIE.GNKFFNSETG. . .EQFFMKGIAYQQQVDQG. .. .SELYDG. ..
PcPhrilp IYalY . GNKLE|Y . Q TQFFIAGVAYQPPLRGD

Gas3p IHIK . NYRFIKPSSATNSESDNEVFFVKGVDYQPGGSSG

Gel2p IEVK .GKDFVNSKTG. ...... DRFQILGV|DYQPGGSSG

NcGel2p LITVIK . NQIF|F . FQIVGVAYQPGGSAG.

Gas5p IEIK.GNAFF FYIRGVDYQPGGSS. .

Gellp ITVK . GNAFF FYIRGVDYQPGGSS. .

NcGellp ITV|S . GNAFW FYIRGIDYQPGGSS. .

sporfip DSASSATIK[IK . GNAFF| FYVRGVDYQPGGSS. .

Sporf2p QTHPI|V|IK . GNAFF| FYIRGVDYQPGGSS. .

CiGellp SKTPA[I|T|IK . GNAFF FYIRGLDYQPGGSS. .

Gasdp SVHT[I|QI[K . DKHF V] FFIKGVDYQPGGSSD.

Phr3p B NVHPI|I|TE . GHYFI FYIKGIDYQPGGSSA.

EgOrflp . .. .ATSSSGEVPE[I|V[IK . GNKFF FFMRGIAYQTDGH.

PbOrfip MSSRFQILL . NPMAP| GFMRG.[CIQQEIS.

NcGel3p . S LPTI[EAV . GNKFF| FFLK. .|.|e.[.....

NcGeldp . ............. ALQPIVMK .|GSKFF| FYIKGIAYQODAAG

49 Sq 109
Gaslp DPLAN RBITPYLKKLN . . TV T LN D) VT PaT. .[sT
Phrip DPLAD| RISVKYFKESN . . TIIT I F|SD 1V PTV. .[sT
Phr2p DPLAN| RITIPYLEAVDYDSRIV i LoD vzl PDE. .[sT
CgGaslp DPLAD| RINIPYLQQLA . . TRV g LIND vz PKV. .[sV
CgGas2p DPLAD| RINTPYLQQLA . . TRV 4 N D| viz] PKT. .]sV
Epdilp DPLAD| RINIPYLEQVD. . TRIV| L LOD IjT PDE. .[SI
Epd2p DPLAD| RINVOYFIDTN . . TNIT I F|SD vizl P[TV. .]sV
Sporf3p IDPLSD| RISVPYFQELS . . VA \'g FlOD VL PYE. .ATI
Ccdphrip IDPLAD| RINSVKYFKESN . . TR(A I F|SD 1V PTV. .]sT
CdPhr2p DPLAN| RNTPYLEAVD. . TRV L LoD I PDE. .[ST
Gas2p DALAD| RBTPFLEKMLG . . VT I A viLi PDI. .[sT
Gel3p [DPLAD| RBJIPYLLQLR. . TRV \'s LiSD I PDE. .[ST
CgGas3p [DPLAD| RLPYLVELG. . I\IT I F|SD VL PEI..[ST
PcPhrilp INPLAD RBLRYFLELG. . I\IT \4 FIEN| viL PRN. .[ST
Gas3p DILSD| RISAYAFQQLG . . VT i NN A1 (GNYGE[SL
Gel2p DPLSD RISAALMQRLG . . VT L FN A e PLYGGYL
NcGel2p DPLSD RAATILQILG. . VIIT L FN A iR PQVAGSL
Gas5p DPLAD| RIJVPVLKDLG . . I\IT) v LOE LiT| PTS..AI
Gellp DPIAD RINTAKFKELG . . LIIT) v LAD LV PKY. .[sT
NcGellp DPLAD| RISVAEFKKLG . . VT v AD| vIv] PLY. .|sL
sporfip DPLAD| RLPYLQGLN . . I v LOD vz s|sN. .[sT
Sporf2p DPLAS| KINVEIFKKLG . . INIT v LSE vz [YRH. .|ST
CiGellp DPIAE| RINIEYFKELG . . VQIT v D) LV PKY. .[sT
Gasdp DPLSN| RBTLLFQELG. . INT I AM] LT PLONQHL
Phr3p IDPLSD| RBITILFQELG. . INT I AK| L[F| PLPHHHEL
EgOrflp IDPLAD| RIJTPYLQQLR . . TRV L AD| vz PlSL..|sT
PbOrfip DPLAN| RIJVPLPPMNSV . TNT I LOK| vIv] PNL. .[ST
NcGel3p IDPLVD| RBJAALMEKLG . . ANIS \'4 FIEK| PlL| [FDT..¥I
NcGeldp [DPLAD| RIJVPIMAAAG. . TRA T LD E Iz [PlST. .|sT
110' 12? 139 149 159 150_

Gaslp NRDD[P|. . TWTVDL FNSYK TVVD|TFaANY|TRVLGF F A] TINNYTN. . TDASA[FVRAAIRDVRQYI|SDKNY
Phrip NRNN[P|. . EWNLDLYXRY|TKVIDKMQEY|SNVILGFF Al TINNRSN. . TDASAFVKAATIRDMKKYIKESDY
Phr2p NRDD[P|. . SWDLDLFERY|TSVVDLFHNY[T\ILGFF A TINKKSN. . TDASAFVKAAIRDTRKAYIKSKGY
CgGaslp NRKS[P. . SWDLEIFDRYKSVVDMFANYSNVILGFF A TINDATN . . TDASAFVKAAIRDTRKSYIKEKGY
CgGas2p NRDS|P. . SWDLELYERYTSVVDMFANY|SNVILGFF A TINNSTN. . TDASAFVKAAVRDTRQYIKSKGY
Epdilp NRND[P|. . QWNLDLF ERY|T SVVDKFHNY|T)|VILGFF Al TINNVSN. . TDASAFVKAAIRDTKAYIKAKGY
Epd2p NR[IN[P. . EWNLDLYERYTKVIDNMOQEY|SNVILGFF A TINNRTN . . TDAS PF VKAA VRDMKK[Y IKDNDY
Sporf3p SS|SDP|. .T DLF SR¥|TEVVD|S|LiA PYDNMLGF I Al IQNNTN..TNAAAFVKARAVRDVKS[YIKSSGY
CdPhrlp NRNS[P. . EWNLDLYERYTKVVDNMOEYSNVLGFF A TINNRSN. . TDASP[FVKAA IRDMRKYLKDSNY
CdPhr2p NRNND[P|. . SWDLDLFERY|TSVVDLFHNYTNILGFF A TINKKSN. . TDASAFVKARAIRDTKAYIKSKGY
Gas2p NREN[P|. . SWDVHIFERYKSVIDAMSSFPNLLGYFA TINDHTN . . TFASPFVKAAIRDAKEYISHSNE
Gel3p TSNS[P|. . DQYARJY|T SVIDAF|QKY/DNIV|IGFFA] VINQANQ. . SAGAAFFVK RDMKAYIKTKGY
CgGas3p VRNNP|. . SWDVKVWSRYRDVVDAMHFYNNVILGFFA TINDKYN . . TDASP[FVKAA IRDVKSYMQQOKGY
PcPhrlp IS|TDP|. .SWNVRLFWRY|SKVIDNMHKYPNLLGFFA ILDTEN. . THSAAYVKARAVRDVKS[YMRSKGY
Gas3p NRAD[PSGT|YDSLYLSRVFKF IDAFKNYPNVILGFFS INDQSDYAKIDPPYIRAVQRDMKOYIISKHAN
Gel2p DRTDPES T[YNDVY FKQV|F GV I EAF|KNF/PNTLAFFA INEQS . . VKNVPTYVRATQRDMKDYIAKNLD
NcGel2p QNYNPWES|YYDTYVNRTFAVVERFKNYDNTLAFFS INDASS.AGQVPPYMRAVTRDIKNYVAKHCD
Gas5p SRYD[PACS[YNADY LQN|V|F AT I DTF|ADY[DNVLGFFA INSVNT.TNTAT .Y VKAV VRDMKKYIKARKY
Gellp NRAKPKES[YNDVYLQY[IFATVDAFAGYKNTLAFFS INDGP..SSSAAPYVKAVTRDLRQYIRSRKY
NcGellp NRYD[PHQS|YNDKYLQSVIFATIDAFAKYDNTLAFFS INDVVN.STLAAKYVKATTRDMRQYIGNRGY
sporflp SRLDAASSYNAVFLQG|IFATIDAFKNY/TNVLGFFA ANTAEN.SATTT.WVKAALRDAKEYISKNSD
sporf2p SRAHPALS[YNKVYLQHLFATIDAFKGYDNVLGFFS VIN.DED.TTAIT.WVKAVTRDVKAYIKKHSD
CiGellp NR[KE[PXAS|YNDVYLQS[QAFATVEMFAKYDNTLAFFS INDGE..TSNTAPYVKAVTRDIRQFIRARGL
Gasdp NR[Y E[P[W T T[Y NEVY LEHVIF KV VE|QF|S HYNNT/LGF F Al I[VINDKRS.AQYSPAYVKELIG I[SAHSP
Phr3p NR[YE[PWNS[YNLYYFENVF KVVEQF|SHYNNTLGF IAl IVNDPIS.ASVAAPYVRAVVREIKSYIEYNAP
Egorflp NRNL|S|. . EWS|VELYDRYTQVVDELQKYKNVLGFF A TINEVNN . . TEASAFVKAAVRDTKAYIKQKGY
PbOrflp NRDDP|. . KWDDDLYARYTAVIDTLAPY/SNVLGFFA SINNKTN. . TQASAFVKAAVRDSKAYIKKKGY
NcGel3p LPND[P. . WWNQTQHDRYAEVMDAF/IKYDNVLGFFI 11jT/0AD0 . . SLAAPYIKAATRDMKAYRDKKKY
NcGel4p NRDDDF. .RWDITLYXKRYTAVIDEMSKYSNV|IGFFA SNNATN. . TDASAYVKAAVRDSKNYIKNNVK

Fig. 1 Multiple sequence alignment of the portions spanning the C-  Phr3p (Q9P8R2); from A. fumigatus: Gellp (074687), Gel2p
domain of proteins belonging to family GH-72 of the GH-A clan.The = (Q9P8U4), Gel3p (Q9P8U3); from C. glabrata: CgGaslp
sequences of the C-domain of Gaslp (D23-T336) and of other (Q8X0Z7), CgGas2p (Q8X0Z6), CgGas3p (Q8X0Z5); from P.
members of Family GH-72 are presented. The identical residues (in  carinii: PcPhrlp (QOUVL7); from C. maltosa: Epdlp (P56092),
the black boxes), similar residues (bold) and regions with  Epd2p (074137); from S. pombe: SpORFI1p (013692), SpORF2p
consecutive similar residues (white boxes) are indicated. In order  (Q9Y7Y7), SpORF3p (Q9P378); from C. dubliniensis: CdPhrlp
to improve the alignment, the N-terminal signal peptides were not ~ (Q9HG19), CdPhr2p (Q9HGI8); from N. crassa: NcGellp
included. Therefore, the numbering of the sequences starts from  (Q8X0X4), NcGel2p (Q8X094), NcGel3p (Q873D1), NcGeldp
the putative or experimentally determined amino acid of the  (Q872H7); from C. immitis: CiGellp (Q8XI1ER); from P. brasili-
mature proteins. Thus, the D22 is D1 and E161 and E262 of Gaslp  ensis: PbOrflp (Q7Z8M3), from E. gossypii: EgOrflp (GenPep
correspond to E139 and E240 in this figure. (Sequences from  code AAS51046.1)). The alignment is truncated since the C-
Saccharomyces cerevisiae are: Gaslp (SwissProt code P22146),  terminal region of the C-domain (327-381) of NcGel4p presents an
Gas2p (Q06135), Gas3p (Q03655), Gasdp (Q08271), GasSp  extra tail, which is not aligned to the other sequences

(Q08193); from C. albicans: Phrlp (P43076), Phr2p (O13318),
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Fig. 1 (contd.)

(R90 and R271) and five cysteine residues (C74, C103,
C216, C234 and C265), which might be involved in in-
tra- or inter-domain disulfide bridges. Moreover, there
are three residues (G48, Y51 and Q52) that are only

Gaslp
Phrilp
Phr2p
CgGaslp
CgGas2p
Epdlp
Epd2p
Sporf3p
cdpPhrip
CdPhr2p
Gas2p
Gel3p
CgGas3p
PcPhrilp
Gas3p
Gel2p
NcGel2p
Gas5p
Gellp
NcGellp
Sporflp
Sporf2p
CiGellp
Gasdp
Phr3p
EgOrflp
PbOrflp
NcGel3p
NcGeldp

Gaslp
Phrilp
Phr2p
CgGaslp
CgGas2p
Epdlp
Epd2p
Sporf3p
CcdpPhrip
CcdPhr2p
Gas2p
Gel3p
CgGas3p
PcPhrilp
Gas3p
Gel2p
NcGel2p
Gas5p
Gellp
NcGellp
Sporflp
Sporf2p
CiGellp
Gas4dp
Phr3p
EgOrflp
PbOrflp
NcGel3p
NcGeldp

Gaslp
Phrilp
Phr2p
CgGaslp
CgGas2p
Epdlp
Epd2p
SpOrf3p
Cdphrilp
CdPhr2p
Gas2p
Gel3p
CgGas3p
PcPhrlp
Gas3p
Gel2p
NcGel2p
Gas5p
Gellp
NcGellp
Sporflp
Sporf2p
CiGellp
Gas4dp
Phr3p
EgOrflp
PbOrflp
NcGel3p
NcGeldp

missing in the NcGel3p sequence (Fig. 1).

Analysis of the alignment among the C-domains re-
vealed that proteins from different species, but charac-
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terized by the same modular architecture, are more
closely related evolutionarily than proteins belonging to
the same organism but featuring a different modular

organization (Figs. 2 and 3), suggesting that the

appearance of different modular organizations preceded

speciation. Interestingly, members of the family char-
acterized by the presence of the Cys-box domain have
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Fig. 2 The domain composition of family GH-72 members,
obtained by similarity with Gas members from S. cerevisiae. The
C-domain, the pro-rich motif, the Cys-box, the Ser-box (or an

the LP [T, I] PP pro-rich motif, the only exceptions being
Gas2p (LPETP) and NcGel3p (TPTPV) (not shown). In
contrast, members in which the Cys-box is missing show
more variability in the pro-rich motif, usually conserving
only the LPXXP motif (which is missing in Gas4p and
Phr3p).

The alignment also allowed us to define two finger-
prints, which include the two catalytic residues E161 and
E262, and are strictly specific for the family GH-72 of
glycoside hydrolases:

— N=x(1,3)[L, TG, A}F, Y]-x-G-N-E-[I, V]
— P=x-[F, I]-x-[S,A]-E-[Y, F, T]-G-C

In fact, the two patterns correctly identified all pro-
teins belonging to family GH-72 in the nonredundant
database of NCBI, with no hits corresponding to false
positive protein sequences (see Methods).

As expected, the Blast search did not reveal any
homologous proteins with known 3D structure and this
ruled out the possibility of using standard homology-
modeling approaches. With the aim of finding possible
remote homologues to Gaslp, its sequence was also
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Gaslp, CgGaslp, CgGas2p, Phr2p, CdPhr2p, Epdlp,
Phrlp, CdPhrlp, Epd2p, EgOrflp, SpOrf3p, Gas2p,
CgGas3p, PcPhrlp, NcGel3p, Gel3p, PbOrflp, NcGeldp

Gas3p, Gel2p, NcGel2p, Gas4p, Phr3p, GasSp,
SpOrflp, SpOrf2p, Gellp, CiGellp, NcGellp

aspecific box) are indicated in light gray,black, dark gray and white,
respectively. The members of the family from S. cerevisiae are
indicated in bold [48]

submitted to PSI-Blast, obtaining statistically significant
similarity to the LacZ domain of f-galactosidase
(belonging to family GH-2 of the GH-A clan), in
agreement with the previous observations made for
other family GH-72 members [34], and also to the cel-
lulase domain of glycosyl hydrolase (belonging to family
GH-5 of the GH-A clan). To search for other possible
remote homologues of Gaslp, we submitted the amino-
acid sequences of the C-domain of Gaslp to six
threading servers that use different methods to find
suitable templates and generate the corresponding
alignments: 3D-PSSM, mGen-THREADER, TOPITS,
123D+, Fugue, SAM-T02 and FFASO03. It should be
noted that all hits found by TOPITS were characterized
by low z-scores and therefore not analyzed further (not
shown). Protein scaffolds retrieved by the majority of
servers came from three families (GH-2, GH-5 and GH-
17) belonging to the GH-A clan (Table 1), confirming
and extending the results obtained by PSI-Blast, and
strongly suggesting remote evolutionary relationship
(and common fold) with family GH-72 members. Con-
sequently, these proteins could be used as scaffolds to

Fig. 3 The phylogram tree | Gaslp
obtained by Clustal W. The labels CcgGaslp
for the sequences are the same of | o I CgGas2p
o CdPhr2p
I— Epdlp
l: Phrlp
| CdPhrlp
Epd2Zp
EgOrflp
SpOrf3p
Gas2p
CgGas3p
PcPhrlp
NcGel3p
Gas3p
Gel2p
| NcGel2p
T Gasdp
L Phr3p
Gasop

—l SpOrfip

SpOrf2p

Gellp

—r"“—_‘ CiGellp
MNcGellp
PbOrflp

Gel3p



242

Table 1 Template structures obtained by the threading servers using as probe the amino-acid sequence of the C-domain of Gaslp

Classification

Template (PDB code)

3D-PSSM MG-THREADER 123D + Fugue FFASO03
GH-A 5 7A3H, 1BQC, 1IECE,  7A3H, 1BQC, 7A3H, 1BQC, IECE, 7A3H, IBQC, 7A3H, 1BQC,
1QN_, 1GHS, 1EGZ, 1ECE, 1EDG, 1GZ) 1QN_, 1EGZ, 1EDG 1ECE, 1QN_, 1QN_, 1EGZ,
1EDG, 1G0C, 1GZ] 1EGZ, 1EDG, 1G0C, 1GZJ,
1GZJ, 1CZ1 1CZ1, 1LF1, 1CEC,
1H4P, INOF
GH-A 2 1BHG, BGAL 1BHG, BGAL 1BHG, BGAL 1BHG, BGAL 1BHG, BGAL
GH-A 17 n.f. 1AQ0 1AQ0 n.f. 1AQ0,1GHS
GH-A 42 n.f. n.f. n.f. IKWG IKWG
GH-A 10 n.f n.f. n.f. ICLX, 1XYZ, ICLX, 1XYZ, 1BG4,
1BG4, ITAX ITAX. 1E0X, 1US2,
IN82, INQ6,11SY,
1HIZ, 1UQY
26 n.f. n.f. n.f. 1J9Y n.f.
-A 39 n.f. n.f. n.f. n.f. 1PX8
-A 53 n.f. n.f. n.f. n.f. 1HJQ, 1HJS, IFHL
Al n.f. n.f. n.f. n.f. INP2, 1BGG, 10D0,
1QOX, 1PBG, 1EIE,
IGNX, 1CBG, IMYR
GH-A 51 n.f. n.f. n.f. n.f. 1PZ2
GH-A 30 n.f. n.f. n.f. n.f. 10GS
(Bl2)s nf. n.f. n.f. 1K6W 1UG6, 1QVB
OTHER n.f. n.f. 1GCA n.f. n.f.

Note that for some proteins more than one structure is deposited in the Protein data bank. In particular, 7A3H stands for 7A3H, 1A3H
and 1E5J; 1QN_ stands for IQNR, 1QNO and 1QNS; BGAL stands for 1F49, 1F4A, 1DPO, 1JZ8, 1JZ7 and 1BGL. In bold the templates

for which structural alignment were considered for the 3D-model generation are indicated. n.f. stands for not found

predict the 3D structure of the C-domain of Gaslp.
However, it should be noted that the very low sequence
similarity between Gaslp and these proteins (less than
15% identity) is expected to make room for errors due to
local misalignment, which eventually can affect the
quality of the 3D model. In particular, it is well known
that alignments to the same scaffold produced by dif-
ferent threading methods can be affected by local errors,
making the derivation of a good structural model a
nontrivial task [35]. In fact, even though many threading
servers converge on the same scaffolds (Table 1), cor-
responding alignments can be quite different (see below).

With the aim of selecting the most reliable sequence-
structure alignments, we started from the observation
that some amino acids, such as N160, E161 and E262
(Gaslp numbering) are strictly conserved in the GH-A
clan [6] and therefore were expected to be aligned with
the corresponding residues of the templates. In fact, the
glutamic acid residue corresponding to E240 in Gaslp
was always misaligned by Fugue and SAM-T02 (see
Supporting information). It should also be noted that
the corresponding alignments obtained with Clustal W
[16] or T-Coffee [36] were affected by similar problems,
even when using different scoring matrices and gap
penalties (not shown), confirming the non-applicability
of classical homology modeling approaches.

The surviving alignments were pruned further con-
sidering results from secondary-structure predictions.
Indeed, we are aware that scores from some threading
methods (mGen-THREADER, 3D-PSSM and 123D +)
already take into account secondary-structure prediction

results. However, the prediction of the (f/a)g fold for the
C-domain of these proteins is so well grounded [5] that
secondary-structure prediction data are expected to be
more easily evaluated than other parameters entering the
scoring function of the threading methods, such as the
solvation potential. In fact, due to the multidomain
architecture of Gaslp and congeners, the evaluation of
solvation potential might be partially misleading. If
some interactions among the different domains take
place, hydrophobic residues could be exposed on the
surface of the C-domain, thus producing low values of
the solvatation potential. Therefore, with the aim of
evaluating the different alignments in light of secondary-
structure predictions, we submitted the sequences of all
C-domains of family GH-72 members to the JPRED [18]
and PSI-PRED [19] servers, obtaining a consensus pre-
diction according to the procedure outlined in Methods
(Fig. 4). As expected, the general (f§/o)g architecture was
predicted with high confidence, in agreement with pre-
vious proposals [5]. However, some irregularities are
predicted to characterize the C-domain of Gaslp and
congeners. In particular, 1 is preceded by two extra f-
strands, 35 is very short, o7 might be missing or very
short and one extra f-strand is present before 8. In fact,
slightly irregular (f/a)g folds are quite common [37, 38]
and also characterize some members of the GH-A clan
for which the 3D structure has been solved by X-ray
diffraction [39, 40].

In light of these results, alignments where the sec-
ondary-structure elements of the templates were badly
aligned or largely different from those predicted for the
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Fig. 4 Secondary-structure
prediction for Gaslp. The 81 ol
secondary structure of the
regions predicted with high Pred: EEEE EEEE EEEEEEEE HHHHHHHHHHHH
confidence are highlighted. The GAS1: DDVPAIEVVGNKFFYSNNGSQFYIRGVAYQADTANETSGSTVNDPLANYESCSRDIPYLK
catalytic glutamic residues are
underscored. Examples of B2 a2 B3 a3
alignments that have been Pred: H EEEEEE HHHHHHHHH  EEEEE HHHHHHHHH
discarded because secondary- GAS1: KLNTNVIRVYAINTTLDHSECMKALNDADIYVIADLAAPATSINRDDPTWTVDLFNSYKT
structure elements are badly
aligned are shown
B4 ad B5
Pred: HHHHH EEEEE EE HHHHHHHHHHHHHHHHH EEEE
GAS1: VVDTFANYTNVLGFFAGNEVTINNYTNTDASAFVKAATIRDVRQYISDKNYRKIPVGYSSND
ab 56 ab BT
Pred: HHHHHHHHHHHH EEEE EEE HHHHHHHHH EEEE
GAS1: DEDTRVKMTDYFACGDDDVKADFYGINMYEWCGKSDFKTSGYADRTAEFKNLSIPVFFSE
ot 58 a8
Pred: HHH EEEEEEEE EEEEE HHHH
GAS1l: YGCNEVTPRLFTEVEALYGSNMTDVWSGGIVYMYFEETNKYGLVSIDGNDVKTLDDFNNY
Pred: HHHHH
GAS1l: SSEINKISPTSANT
1AQO aligned to Gaslp (3D-PSSM) 1ECE aligned to Gaslp (G. THREADER)
81 al ab 36
EEEEEEEE HHHHH HHHHHHHHHHHHH EEEE E
20 40 180 200
Gaslp DDVPIEVVGNKFFYSNNGSQFYTIRGVAYQADTAN | Gaslp NDDEDTRVKMTDYFACGDDDVKADFYGINMY---
1AQ0 —mmmmmmmmmmmm e IGVCYGMSANNLPAAS | 1ECE YWWGGNLQGAGQYPV-VLNVPNRLVYSAHDYATS
120 140 220 240
EEE HH EEEEEE
51 al 36

C-domain were discarded. Note that in some cases the
misalignment was not due to failure of the threading
method but simply due to the structural features of the
template, which did not fit properly to the predicted
secondary structure of the C-domain. As an example,
the analysis of the alignment between Gaslp and 1AQO0
reveals that the first f-strand (f1) in the template is too
short and that the two extra f-strands preceding f1 are
missing (Fig. 4). Similarly, «5 is missing in the templates
1ECE, 1EDG, 1BHG and 1BGL, whereas its presence
was predicted with high confidence for Gaslp and
congeners (Fig. 4). Moreover, the extra f-strands at the
N-terminal are missing in 1CZ1 and 1GZJ (data not
shown).

According to this analysis, only four templates sur-
vived the pruning procedure. Remarkably, they all be-
long to the GH-5 family even if they share low-sequence
similarity. This suggests a closer evolutionary relation-
ship between the GH-72 and GH-5 families. However, it
is known that GH-5 family members can be character-
ized by significantly different sequences, an observation
that led to the definition of different subfamilies [41]. In

fact, the four templates belong to three different sub-
families. In particular, IEGZ [42] and 7A3H [43] belong
to the subfamily 5-2 and are characterized by endo-1,4-
glucanase activity, whereas 1QNS [44] and 1BQC [45],
which have been classified in the subfamilies 5-7 and 5-8,
respectively, are both characterized by p-mannanase
activity.

The alignments among the four template proteins
and Gaslp, as obtained by the different threading
methods, are extremely similar for the location of the
amino acids conserved in the GH-72 family (see Sup-
porting information), indicating that, starting from a
specific template, similar 3D models are obtained even
considering alignments from different fold-recognition
servers. The structures of the C-domain of Gaslp, ob-
tained using the alignments produced by 3D-PSSM, and
using the four templates from family GH-5, are shown
in Figs. 5, 6 and 7.

Considering the general structural features of the C-
domain in the four templates, and consequently in
Gaslp model, the -NH, and -COOH termini of the
domain are located at the bottom of the barrel (with
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Fig. 5 Three-dimensional models of the Gaslp C-domain as predicted using as templates 1QNS (a), IEGZ (b), 1BQC (c¢) and 7A3H (d).
For the sake of clarity only the -strands forming the barrel and the side chains of R90, D117, E161 and E262 have been explicitly shown

respect to the catalytic glutamic residues). In particular,
the two short N-terminal f-strands preceding 1 reduce
the accessibility to the bottom of the barrel, as also
observed in other members of the GH-A clan [39, 42, 44,
45].

As discussed above, there are several residues that are
strictly conserved in GH-72 family members. Residues
corresponding to R90, G264 and Y231 (Gaslp num-
bering) are strictly conserved both in families GH-72
and GH-5. In particular, the functional role of the
amino acids corresponding to R90 and Y231 has already
been investigated in members of family GH-5. In the
retaining cellulase CelSA from Bacillus agaradhaerens,
which corresponds to the template 7A3H, it has been
argued that the hydrogen bond formed between the
arginine residue and the catalytic nucleophile E228 is

crucial to maintaining the proper orientation and pro-
tonation state of the nucleophile in the glycosylation
step [42, 43]. The Y231 residue has been shown to be
important for substrate recognition and orientation/
activation of the nucleophilic glutamic catalytic residue
[43, 46]. In both cases, a similar role in Gaslp and the
other members of family GH-72 can be predicted con-
fidently on the basis of the 3D models (Figs. 5, 7). The
functional relevance in the GH-5 family of the glycine
residue corresponding to G264 has never been investi-
gated. Our structural analysis shows that this glycine
residue is located near the two catalytic glutamic acid
residues, suggesting a role in substrate recognition in
both families (Fig. 7). Among the glycine residues con-
served only in C-domains belonging to the family GH-
72, G243 and G304 are solvent exposed and located at
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Fig. 6 Three-dimensional models of the Gaslp C-domain as predicted using as templates 1QNS (a), IEGZ (b), I1BQC (c¢) and 7A3H (d).
For the sake of clarity only the side chains of E161 and E262 and cysteine residues have been explicitly shown

the beginning of «6 and in the loop following f8,
respectively. All other glycine residues are buried inside
the barrel and are predicted to play a structural role.

The residues F44 and Y113, which are strictly con-
served in family GH-72 members, are buried in the
protein core and form a hydrophobic cluster with F35 or
Y37, which are conserved in many members of the
family (not shown).

The side chain of R247, which is strongly conserved
or substituted by a lysine residue in the family, points
toward a negatively charged region formed by the pep-
tide segment DDED (residues 202-205). The first
aspartate residue (D202) is conserved in a large number
of family GH-72 members and it might form a salt
bridge with R247 (not shown).

The D117, which is conserved in GH-72 and GH-5
members (not shown), is placed at the end of 3 and its
side chain can interact with Arg90 (Fig. 5), possibly
forming a network of electrostatic interactions also
involving the nucleophilic glutamate residue (E262).
This is analogous to the corresponding role proposed
in the cellulase CelSA (7A3H) from B. agaradhaerens
[43].

The analysis of the spatial location of cysteine resi-
dues is particularly important for predicting the possible
formation of disulfide bridges. The Gaslp contains 14
cysteine residues: five residues are located in the C-do-
main, eight in the Cys-box and one in the linker region
located between the C-domain and the Cys-box. Ten
cysteine residues out of 14 are involved in intra-domain
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Fig. 7 Three-dimensional models of the Gaslp C-domain as predicted using as templates 1QNS (a), IEGZ (b), 1BQC (c¢) and 7A3H (d).
For the sake of clarity only the side chains of E161 and E262 as well as glycine, tryptophan, tyrosine residues predicted to be involved in

substrate recognition have been explicitly shown

disulfide bonds in the native state of the protein [7].
Moreover, on the basis of the high similarity between the
Cys-box of Gaslp and the corresponding domain in
plants, it has been predicted that three disulfide bridges
are formed in this domain [47]. These observations
suggest that the other two disulfide bridges could involve
cysteine residues in the C-domain (Fig. 6). The analysis
of our 3D models of Gaslp suggests that a disulfide
bridge can be formed between C234 and C265, which are
located in loop regions in the proximity of the catalytic

site between f6-06 and f7-07, respectively. The C74 and
C103 are localized on a1l and «2, respectively, and their
distance suggests that the formation of a disulfide bridge
is possible only upon some rearrangement of the protein
backbone. Finally, C216, which is located in the loop
connecting 5 and f36, is far from the other cysteine
residues and mainly solvent exposed. Remarkably, a
cysteine residue (C348), which is conserved in the GH-72
family, is present in the sequence portion linking the C-
domain and the Cys-box. This linker region is predicted



to assume a coil conformation according to secondary-
structure predictions carried out with the JPRED and
PSI-PRED servers. To investigate the possibility that
C348 might be involved in a disulfide bridge with a
cysteine residue of the C-domain, we linked a peptide
spanning the amino-acid sequence of the linker
(KSYSATTSDVAC) to the carboxy-terminal end of the
C-domain, evaluating, by computer-aided graphical
analysis (not shown), the possibility that C348 could
interact with C74, C103 and C216. It turned out that
C216 is too far from the C-terminal end of the C-domain
to allow the formation of a disulfide bridge with C348.
On the other hand, C348 can interact with C74 and
C103, suggesting possible formation of a disulfide
bridge. In light of our modeling results and the experi-
mental observation that C74 is crucial for proper folding
and maturation of Gaslp (while mutation of C103 and
C265 have only slight effects) it can be inferred that the
two disulfide bridges involving residues of the C-domain
should be C234-C265 and either C74-C348 or C103-
C348. It should also be noted that the phenotype ob-
served following C74 mutation might be due to its
involvement in a transient disulfide bridge formed dur-
ing the folding process [7]. Site-directed mutagenesis of
C348 is predicted to be a crucial experiment to distin-
guish among these possibilities.

The spatial localization of tyrosine and tryptophan
residues is particularly relevant because these residues
are often involved in substrate recognition in GH-A
members [39, 43, 44]. Most of the tyrosine residues
conserved in Gaslp and congeners are located in the f-
strands forming the barrel (Fig. 7). The Y294 and Y303
are predicted to be localized at the gate of the barrel,
implying a role in substrate recognition. Remarkably,
Y294 corresponds to a Trp residue that is conserved in
family GH-5 members and is known to be involved in
substrate recognition [42—45], suggesting that this posi-
tion might be important for tuning substrate selection.
Also, Y92 can interact with substrates, even if its spatial
location is less conserved in the different models. On the
other hand, Y51, Y113 and Y198, which are located in
p1, B3 and f5, respectively, are deeply buried in the
barrel and are predicted to play a structural role. Fi-
nally, W233 is placed on the top of the barrel and can be
involved in substrate recognition.

In conclusion, the merging of biochemical data with
results from threading methods, multiple sequence
alignments and secondary-structure predictions has
allowed to predict the 3D-structure of the C-domain
of Gaslp, in spite of its low-sequence similarity to
structurally characterized proteins. The inferred struc-
tural properties of the C-domain have been used to
generate a working hypothesis about the structural
and functional role of key residues. The model could
also be relevant for designing specific inhibitors of
Gaslp and therefore new antifungal agents. In addi-
tion, it opens the possibility for targeted mutagenesis
experiments.
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Supporting information

The sequence alignments among templates and Gaslp
and xyz coordinates for Gaslp models.
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