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A 40 kDa glycoprotein (SPG-40) secreted during involution

works as a protective signalling factor through its binding to

viable cells. The crystal structure of the native protein has

been determined at 2.3 Å resolution. This is the first report on

the carbohydrate-binding properties of SPG-40; the structure

determinations of the complexes of SPG-40 with four

oligosaccharides of different lengths at resolutions ranging

from 2.2 to 2.8 Å are described. Carbohydrate-binding studies

with N-acetylglucosamines (GlcNAcn, n = 3–6) using fluores-

cence spectroscopy revealed poor binding effects with

GlcNAc3 and GlcNAc4, while GlcNAc5 and GlcNAc6 bound

to SPG-40 with considerable strength; the dissociation

constants (Kd) were estimated to be 260 � 3 and 18 �

4 mM, respectively. SPG-40 was cocrystallized with GlcNAc3,

GlcNAc4, GlcNAc5 and GlcNAc6. The overall structure of

native SPG-40 was essentially similar to that reported

previously at low resolution. The structures of its complexes

with GlcNAc3, GlcNAc4, GlcNAc5 and GlcNAc6 revealed the

positions of these oligosaccharides in the carbohydrate-

binding groove and provided insights into the mechanism of

binding of oligosaccharides to SPG-40, indicating that the

preferred subsites in the carbohydrate-binding groove of

SPG-40 were from �4 to �2. The structure of the protein

remained unperturbed upon binding of GlcNAc3 and

GlcNAc4, but the structure changed significantly upon binding

of GlcNAc5 and GlcNAc6. Significant conformational varia-

tions were observed in the sugar-binding groove: Trp78

partially flipped out of the barrel in GlcNAc5, while in the

GlcNAc6 complex a completely flipped-out Trp78 was

observed along with several other conformational changes,

including those of Asp186 and Arg242. Such changes upon

binding to carbohydrates have not previously been observed

in chitin-hydrolyzing chitinases and reflect less favourable

binding of carbohydrates to SPG-40. As this appears to

essentially be a binding protein, this loss of binding affinity

might be compensated by other intermolecular interactions

such as protein–protein interactions and also by the binding of

its own glycan chain.
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1. Introduction

Tissue homeostasis takes place as a result of coordinated

regulation of the proliferation and elimination of cells.

Developmentally regulated removal of cells is mostly

controlled by programmed cell death (PCD; Strange et al.,

1992). Pregnancy induces a massive development of mammary

alveolar structures, which at birth embody the differentiated

secretory epithelium required for milk production. After the



cessation of lactation, a collapse of the lobulo-alveolar struc-

tures occurs, which is paralleled by a reductive remodelling of

the gland. This process is termed involution and is character-

ized by a proteolytic degradation of the extracellular matrix

and a loss of secretory epithelial cells, mainly by programmed

cell death (Strange et al., 1992). A 40 kDa glycoprotein is

expressed in high concentrations during this period of invo-

lution, which is similar to a prominent protein in the whey

secretions of nonlactating cows that has been reported to be

an important marker protein for mammary function during

involution (Rejman & Hurley, 1988; Kumar et al., 2006). A

similar 40 kDa glycoprotein has been isolated from the dry

secretions of goat and is named SPG-40. Although its precise

function is not known, it seems to act as a protective signalling

factor during extensive tissue remodelling. SPG-40 is homo-

logous (52% sequence identity) to the human macrophage

chitinase (HCHT; Renkema et al., 1995; Fusetti et al., 2002) as

well as to another mammalian chitinase-like protein (YM1;

47% sequence identity; Sun et al., 2001; Tsai et al., 2004).

Several other animal glycoproteins, including a 39 kDa human

cartilage glycoprotein (HCGP-39; Johansen et al., 1993;

Hakala et al., 1993), bovine chondrocyte chitinase-like protein

(CLP-1; GenBank accession No. AF011373), porcine heparin-

binding glycoprotein (GP38k; Shackelton et al., 1995), rat

cartilage glycoprotein RCGP39 (GenBank accession No.

AF062038) and a breast regression protein (BRP39; Morrison

& Leder, 1994), are homologous to SPG-40 (identities varying

from 93 to 69%) and constitute a single homologous family

referred to in the following as SPX-40 proteins. To date, the

crystal structures of only five native proteins from different

sources, MGP-40 (PDB code 1ljy; Mohanty et al., 2003),

HCGP-39 (PDB code 1hjx, Houston et al., 2003; PDB code

1nwr, Fusetti et al., 2003), SPC-40 (PDB code 2esc; Kumar et

al., 2006) and SPS-40 (PDB code 2dpe, Srivastava et al., 2006),

as well as some complexes with carbohydrates such as those of

HCGP-39 with various chitin-like oligosaccharide fragments

(Houston et al., 2003; Fusetti et al., 2003), have been reported.

The five native structures have been found to share an

essentially similar folding, although the structures of the sugar-

binding grooves differ appreciably. The complexes of

HCGP-39 with sugars show that binding of both long and

short oligosaccharides is possible, but their subsite preferences

vary inconsistently (Houston et al., 2003; Fusetti et al., 2003).

In sets of complexes with isolated (Houston et al., 2003) and

cloned (Fusetti et al., 2003) HCGP-39, the sugar residues

occupy different subsites for oligosaccharides of same length,

indicating a total lack of consistency. In order to understand

the mechanism of binding of oligosaccharides to SPX-40

proteins, we have determined the crystal structures of native

SPG-40 and of several of its complexes with oligosaccharides

of different lengths. As the oligosaccharides bind to SPG-40

with much lowered affinity, this gives rise to further questions.

How specific is the recognition of carbohydrates in SPG-40?

What is the optimum size of the carbohydrate chain? Which

class of carbohydrates does it prefer? How many subsites are

accessible in the groove? Which of the subsites are more

preferred for binding? In order to answer these questions, we

determined the crystal structures of the complexes of SPG-40

with various oligosaccharides as well as its native structure at

high resolution. The results of these studies throw some light

on the binding preferences of various oligosaccharides and

reveal the accompanying conformational changes. Compared

with the structure of chitinase, the accommodation of ligands

by SPG-40 appears to require significant rearrangement of a

number of residues in order to open the partly blocked sugar-

binding site.

2. Experimental procedures

2.1. Purification

Fresh mammary secretions were collected from goats kept

at the Indian Veterinary Research Institute, Izatnagar, India.

Secretions were collected on days 4, 8, 12, 16 and 20 after the

onset of the involution period (day 0 being the last milking

day). In order to protect the protein from degradation by

enzymes whose concentrations also increase during involution

(Aslam & Hurley, 1997), protease inhibitors were added (Fang

& Sandholm, 1995). The samples were pooled and skimmed

and were diluted twice with 50 mM Tris–HCl pH 7.8. Cation-

exchanger CM-Sephadex (7 g l�1) equilibrated in 50 mM Tris–

HCl pH 7.8 was added and the mixture was stirred slowly for

about 1 h with a mechanical stirrer. The gel was allowed to

settle and the solution was decanted. In order to remove

unbound proteins, the protein-bound gel was washed with an

excess of 50 mM Tris–HCl pH 8.0. The washed protein-bound

gel was packed in a column (25� 2.5 cm) and washed with the

same buffer containing 0.2 M NaCl, which removed other

impurities. The remaining proteins were eluted with the same

buffer containing 0.5 M NaCl. The eluted protein solution was

desalted and was again passed through a CM-Sephadex C-50

column (10 � 2.5 cm) which had been pre-equilibrated with

50 mM Tris–HCl pH 8.0 and was eluted with a linear gradient

of 0.05–0.5 M NaCl in the same buffer. The elution profile

showed three peaks. The peak corresponding to 0.3 M NaCl

was pooled and was concentrated using an Amicon ultra-

filtration cell (Bedford, USA). The concentrated samples were

passed through a Sephadex G-100 column (100 � 2 cm) using

50 mM Tris–HCl pH 7.8 containing 0.5 M NaCl. The second

peak in this final chromatographic step corresponded to a

molecular weight of 40 kDa as indicated by matrix-assisted

laser desorption/ionization time-of-flight mass spectrometry

(MALDI–TOF; Kratos-Shimadzu, Kyoto, Japan) and sodium

dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–

PAGE). The protein samples were blotted onto a poly-

vinylidene fluoride (PVDF) membrane. The sequence of the

first 20 amino-acid residues from the N-terminus was deter-

mined using a PPSQ20 protein sequencer (Shimadzu, Kyoto,

Japan) and showed 100% identity to the previously deter-

mined N-terminal sequence of goat signalling protein

(Mohanty et al., 2003). The complete nucleotide sequence is

already known (Mohanty et al., 2003); the Genebank accession

No. is AY081150.
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2.2. Fluorescence studies of protein–carbohydrate binding

In order to evaluate the binding characteristics of carbo-

hydrates to SPG-40, various sugar compounds were used,

including monosaccharides such as glucose (Glc), N-acetyl-

glucosamine (GlcNAc), glucosamine (GlcN), galactose (Gal),

N-acetylgalactosamine (GalNAc) and mannose (MAN),

disaccharides such as GlcNAc2, lactose and trehalose and

chitooligosaccharides such as GlcNAc3, GlcNAc4, GlcNAc5

and GlcNAc6 (Sigma Chemical Co., St Louis, USA). As a

positive control, chitinase from Penicillium chrysogenum was

titrated with GlcNAc4. Solute-quenching experiments were

also performed using KI with chitinase and SPC-40 in the

presence and absence of sugars (Boraston et al., 2000). The

binding of these sugars to protein was monitored by measuring

the tryptophan fluorescence (Tabary & Frenoy, 1985; Eftink,

1997). All fluorescence experiments

were performed using a Hitachi

F-4500 fluorescence spectrophotometer

(Tokyo, Japan). The excitation wave-

length was fixed at 295 nm. Emission

intensities were collected over the

wavelength range 315–380 nm. The

excitation and emission slit widths were

kept at 5 nm. Fluorescence emission

scans were performed at room

temperature by titrating several

concentrations (25, 50, 100, 150, 200,

250, 300 and 400 mM) of these ligands

with 1 mM SPG-40 in 25 mM Tris–HCl

pH 8.0. Blank correction of the data was

performed by titration without SPG-40

at the corresponding ligand concentra-

tions in 25 mM Tris–HCl pH 8.0. The

equilibrium dissociation constants were

obtained by fitting the fluorescence

intensity data to the following single-

site binding equation using nonlinear

regression analysis (GraphPad Prism,

v.4.03 for Windows, GraphPad

Software, California, USA): F � Fo =

(Fb� Fo)� [Lo/(Kd + Lo)], where F and

Fo are the fluorescence intensity in the

presence and absence of ligand, respectively, Fb is the

maximum fluorescence signal of the SPG–ligand complex at

saturation, Lo is the initial ligand concentration and Kd is the

equilibrium dissociation constant.

2.3. Protein crystallization

The purified samples of SPG-40 were used for crystal-

lization by the hanging-drop vapour-diffusion method.

Oligosaccharides (GlcNAc3, GlcNAc4, GlcNAc5 and

GlcNAc6) were dissolved in 25 mM Tris–HCl pH 7.8

containing 50 mM NaCl. The protein was dissolved in the

above solution to a final concentration of 30 mg ml�1. The

final molar ratio of protein to oligosaccharide was 1:10.

10 ml drops of the above mixture were equilibrated against

50 mM NaCl, 25 mM Tris–HCl pH 7.8 containing 20%(v/v)

ethanol at 298 K. Square-shaped colourless crystals with

dimensions of up to 0.45 � 0.40 � 0.20 mm were obtained

after one week.

2.4. X-ray intensity data collection and processing

Suitable crystals were used for data collection at 278 K

using in-house facilities. The intensities were measured using a

345 mm diameter MAR Research dtb imaging-plate scanner

mounted on a Rigaku RU-300 rotating-anode X-ray generator

operated at 50 kV and 100 mA. Osmic Blue confocal optics

was used to focus the Cu K� radiation. The data were indexed

and scaled using the programs DENZO and SCALEPACK

(Otwinowski & Minor, 1997). The crystals belong to space

group P212121 (Table 1). The data for the native and the
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Table 1
Data-collection and refinement statistics for native and various complexes of SPG-40.

Values in parentheses are for the highest resolution shell.

Native GlcNAc3 GlcNAc4 GlcNAc5 GlcNAc6

PDB code 2dsz 2dt0 2dt1 2dt2 2dt3
Space group P212121 P212121 P212121 P212121 P212121

Unit-cell parameters (Å)
a 63.1 62.7 62.7 62.5 62.3
b 66.2 66.6 66.5 66.4 66.4
c 108.0 107.4 107.6 107.3 106.6

Solvent content (%) 56.3 56.7 56.4 55.4 55.4
Unique reflections 18475 16835 27202 10410 20737
Resolution range (Å) 56.0–2.35 56.0–2.45 56.0–2.09 50.0–2.89 56.0–2.28
Completeness (%) 95.4 (99.0) 98.3 (95.0) 99.4 (99.4) 99.1 (99.0) 99.5 (96.5)
Rsym (%) 8.0 (55.0) 9.0 (35.0) 6.0 (49.0) 13.0 (60.0) 10.0 (49.0)
Mean I/�(I) 12.0 (2.0) 7.0 (2.0) 17.0 (3.0) 8.0 (2.0) 8.0 (2.0)
Rcryst/Rfree (%) 18.8/20.2 19.2/23.4 20.1/23.1 19.2/20.7 19.6/21.5
Protein atoms 2877 2877 2877 2877 2877
Glycan-chain atoms 61 39 39 28 61
Oligosaccharides — 42 56 70 84
Water molecules 219 159 212 112 194
R.m.s. deviations

Bond lengths (Å) 0.01 0.02 0.02 0.01 0.01
Bond angles (�) 1.5 1.9 2.2 1.9 2.1

Mean B factors (Å2) 35.3 42.8 35.1 31.6 34.5
Protein atoms 37.0 36.0 34.6 29.4 32.2
Solvent atoms 55.2 62.4 56.5 41.5 46.0
Oligosaccharides — 50.6 60.0 46.0 48.5

Ramachandran analysis
Favoured regions (%) 90.9 90.2 91.5 89.3 90.5
Additionally allowed regions (%) 9.1 9.8 8.5 10.7 9.5

Table 2
Binding affinities of oligosaccharides to fungal chitinase (Fukamizo et al.,
2001), bacterial chitinase (Aronson et al., 2003), HCGP-39A (Houston et
al., 2003) and SPG-40.

Protein Oligomer Binding constant (mM)

Fungal chitinase GlcNAc4 50
Bacterial chitinase GlcNAc3 22

GlcNAc4 3
GlcNAc5 0.06
GlcNAc6 0.07

HCGP-39A GlcNAc4 331
GlcNAc6 6.7

SPG-40 GlcNAc5 260
GlcNAc6 18



saccharide complexes were collected in the resolution range

2.2–2.8 Å. The unit cell contains four molecules. A summary of

the data-collection statistics is given in Table 1.

2.5. Structure determination and refinement

The structures were determined by the molecular-replace-

ment method using the program AMoRe (Navaza, 1994) from

the CCP4 suite (Collaborative Computational Project,

Number 4, 1994). The coordinates of the original MGP-40

(Mohanty et al., 2003; PDB code 1ljy) structure were used as

the search model. The rotation function was calculated using

diffraction data in the resolution range 10.0–4.0 Å with a

Patterson radius of 14 Å. Both rotation and translation sear-

ches resulted in unique solutions well above the noise levels.

Further positional and B-factor refinements were performed

with CNS v.1.1 (Brünger et al., 1998). The refinement calcu-

lations were interleaved with several rounds of model building

using the program O (Jones et al., 1991). Ligands were

included only when they were well defined by unbiased

|Fo � Fc| maps (Fig. 1). The oligosaccharides were refined

using bond-length and bond-angle parameters from idealized

GlcNAc and MAN residues and glycosidic linkages (Jeffrey,

1990). Several further rounds of refinement with CNS v.1.1

interspersed with model building using |2Fo� Fc| and |Fo� Fc|

maps were implemented. The positions of water molecules

were determined from peak electron densities greater than

2.5� in the |Fo � Fc| maps and were only retained in the final

model if they met the criteria of having peaks greater than

1.5� in the |2Fo � Fc| map, hydrogen-bond partners with

appropriate distance and angle geometry and B values of less

than 75 Å2 in the final refinement cycle. The refinement

statistics are summarized in Table 1.

3. Results and discussion

3.1. Fluorescence analysis of protein–carbohydrate binding

The binding studies of various sugars to SPG-40 have shown

that the emission spectrum of SPG-40 has a maximum at
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Figure 1
Difference |Fo � Fc| electron densities for GlcNAcn at 2.0� cutoff: (a) GlcNAc3, (b) GlcNAc4, (c) GlcNAc5, (d) GlcNAc6.



330 nm on excitation at 295 nm, which is characteristic of a

tryptophan residue located in a hydrophobic environment.

The shift in emission maximum and changes in the emission

intensity on titration with ligands are indicative of the binding/

stacking of ligands against a tryptophan residue (Boraston et

al., 2000; Tabary & Frenoy, 1985; Eftink, 1997). None of the

monosaccharides, disaccharides, trisac-

charides and tetrasaccharides caused

observable shifts in the emission

maximum of 330 nm or significant

changes in the fluorescence intensity at

various concentrations. However,

binding studies with GlcNAc5 and

GlcNAc6 showed concentration-depen-

dent increases in the fluorescence

intensity, indicating notable binding of

these sugars to protein, although no

shift was observed in the emission

maximum. The data showed saturable

binding for chitopentaose and chito-

hexaose. Assuming binary interactions,

dissociation constants of 18 � 4 mM for

GlcNAc6 and 260 � 3 mM for GlcNAc5

were obtained (Table 2).

3.2. Structural features

SPX-40 proteins are chemically and

structurally homologous to chitinases

(Fusetti et al., 2002). Chitinases hydro-

lyze chitin, a polymer of N-acetyl-

glucosamine, whereas SPX-40 proteins

do not possess catalytic activity owing to

the mutation of a catalytic Glu residue to Leu and a partially

blocked catalytic site. Similar to proteases, the substrate-

binding site in chitinases can be divided into subsites as shown

in Fig. 2(a). In order to understand the mode of carbohydrate

binding to SPG-40, the carbohydrate-binding groove was

similarly divided into accessible subsites (Fig. 2b). As seen in

Fig. 2(a), the carbohydrate-binding groove in chitinases can be

easily divided into nine subsites across the (�/�)8 barrel. As

per current convention (Davies et al., 1997), they are

numbered from�6 to +3,�6 being at the nonreducing end. In

chitinases, the scissile glycosidic bond is observed between the

�1 and +1 subsites. When compared with that of chitinases

(Fusetti et al., 2002; Aronson et al., 2003), the carbohydrate-

binding groove in SPG-40 appears to be considerably

distorted and blocked. Thus, carbohydrate binding would

require significant changes in the conformation of the amino

acids involved in the formation of the groove. In order to

determine the carbohydrate-binding properties of SPG-40 and

the accompanying conformational changes, the structures of

SPG-40 in its native state (structure 1) and of its complexes

with GlcNAc3 (structure 2), GlcNAc4 (structure 3), GlcNAc5

(structure 4) and GlcNAc6 (structure 5) were determined. The

structures were determined by molecular replacement and

refined extensively. The data-collection and refinement

statistics are given in Table 1. The final model comprises 2877

protein atoms from 361 residues in each of the five structures.

42, 56, 70 and 84 oligosaccharide atoms were observed in
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Figure 3
Overall structure of SPG-40 at 2.35 Å resolution. The (�/�)8 TIM-barrel
domain and (� + �) small domain are shown. The residues involved in the
formation of the cis-peptide and the glycan chain containing two GlcNAc
residues and three MAN residues are shown. The locations of Cys
residues are also indicated.

Figure 2
(a) GRASP (DeLano, 2002) view of a chitinase enzyme (Fusetti et al., 2002) showing a schematic
representation of the subsites in the carbohydrate-binding groove. The subsites �1 to +1
correspond to the scissile bond. A number of important residues involved in the interactions with
the bound oligosaccharides are indicated in ball-and-stick representation. (b) GRASP (DeLano,
2002) drawing of SPG-40 showing subsites. The residues involved in carbohydrate binding are
indicated as ball-and-stick models. SPG-40 is a far more positively charged protein. Owing to its
positively charged nature as well as constraints from several aromatic residues, it does not seem to
have a favourable structure beyond the +1 subsite.



structures 2, 3, 4 and 5, respectively. The positions of 219, 159,

212, 112 and 194 water molecules were determined for struc-

tures 1, 2, 3, 4 and 5, respectively. The overall protein structure

in structures 2, 3, 4 and 5 is essentially similar to the native

structure, with r.m.s. (root-mean-square) deviations of 0.21,

0.20, 0.23 and 0.26 Å, respectively, on C� atoms. The Rama-

chandran plots (Ramachandran & Sasisekharan, 1968) reveal

that 90.9, 90.2, 91.5, 87.5% and 90.5% of the nonglycine and

nonproline residues of structures 1, 2, 3, 4 and 5, respectively,

were located in the most favoured regions of the map, while

9.1, 9.8, 8.5, 12.6 and 9.6% lie in additionally allowed regions.

The overall structures of the native protein (Fig. 3) and its

complexes with GlcNAcn are shown in Fig. 4. The protein

structure is broadly divided into two globular domains: a large

(�/�)8 triose phosphate isomerase (TIM) barrel (Banner et al.,

1975) domain (1–237 and 310–362) and a small (� + �) domain

(residues 240–307). The eight-stranded parallel �-sheet

structure forms the core of the protein molecule, while eight

pieces of �-helix surround it, covering at least three-quarters

of the barrel from outside (Fig. 3). Three cis-peptide bonds,

Ser36-Phe37, Leu119-Tyr120 and Trp331-Ala332, have iden-

tical values of the torsion angle ! in all the five structures,
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Figure 4
Structures of native SPG-40 (a) and of its complexes with oligosaccharides, showing the locations of carbohydrates in the carbohydrate-binding groove:
(b) GlcNAc3 at subsites�4 to�2, (c) GlcNAc4 at subsites�5 to�2, (d) GlcNAc5 at subsites�5 to�1 and (e) GlcNAc6 at subsites�5 to +1. The protein
conformation on binding to GlcNAc3 and GlcNAc4 is unperturbed, while it changes partially on binding to GlcNAc5 and is perturbed considerably on
binding to GlcNAc6.



indicating a stringent requirement for cis bonds in the SPG

structure (Fig. 3). The structure determinations also indicated

the presence of an N-linked glycan chain at Asn39 (Fig. 4).

3.3. Carbohydrate binding

The most characteristic features of SPG-40 structure are (i)

the two-domain organization of the protein with a (�/�)8 TIM-

barrel domain and a small (� + �) domain, (ii) glycosylation at

Asn39, (iii) formation of three cis-peptide bonds, (iv) a rela-

tively less ordered surface domain which is unique to SPG-40

and (v) a long well formed carbohydrate-binding groove. The

carbohydrate-binding studies were carried out using fluores-

cence spectroscopy. GlcNAc3 and GlcNAc4 did not show

appreciable binding affinities; hence, their binding constants

could not be estimated. In the case of GlcNAc5 and GlcNAc6,

these binding constants were found to be 260 � 3 and 18 �

4 mM, respectively, by fluorescence. The binding constants for

various carbohydrates to other proteins such as HCGP-39

(Houston et al., 2003), bacterial chitinase (Aronson et al.,
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Table 3
Subsites occupied by various oligosaccharides in bacterial chitinase
(Aronson et al., 2003), human chitinase (HCHT; Fusetti et al., 2002),
HCGP-39A (Houston et al., 2003), HCGP-39B (Fusetti et al., 2003) and
SPG-40.

Occupied subsites are indicated by asterisks.

Sugar-binding subsites

Protein Saccharide �7 �6 �5 �4 �3 �2 �1 +1 +2 +3

Chitinase GlcNAc7 * * * * * * *
GlcNAc8 * * * * * * * *

HCHT GlcNAc2 * *
Allosamidin * * *

HCGP-39A GlcNAc3 * * *
GlcNAc4 * * * *
GlcNAc8 * * * * * *

HCGP-39B GlcNAc2 * *
GlcNAc4 * * * *
GlcNAc5 * * * * *
GlcNAc6 * * * * * *

SPG-40 GlcNAc3 * * *
GlcNAc4 * * * *
GlcNAc5 * * * * *
GlcNAc6 * * * * * *

Figure 5
|2Fo� Fc| electron densities for Trp78, Asp186 and Arg242 with bound (a) GlcNAc3, (b) GlcNAc4, (c) GlcNAc5 and (d) GlcNAc6. In (c) partial densities
for Trp78 and Asp186 are also observed (blue colour).



2003) and fungal chitinase (Fukamizo et al., 2001) are also

listed in Table 2. The values of the binding constants for these

proteins are much higher then those observed for SPG-40,

indicating a less favourable environment in the carbohydrate-

binding groove of SPG-40. The groove is formed by aromatic

residues which provide stacking interactions with the hydro-

phobic portions of the bound sugar rings. GlcNAc3 is held at

subsites �4 to �2 (Fig. 5a), GlcNAc4 occupies subsites �5 to

�2 (Fig. 5b) and GlcNAc5 is located at subsites �5 to �1

(Fig. 5c), while GlcNAc6 is placed at subsites �5 to +1

(Fig. 5d). These observations indicate that the most frequently

occupied subsites in SPG-40 are �4 to �2 (Table 3).

3.4. Conformational changes associated with saccharide
binding

As seen from Table 3, GlcNAc3 occupies subsites �4, �3

and �2, while GlcNAc4 saturates subsites �5, �4, �3 and �2.

Binding to the protein occurs without any perturbation to the

protein structure (Figs. 4b and 4c). The subsites in contact with

GlcNAc5 are�5,�4,�3,�2 and�1. The binding of GlcNAc5

induces notable conformational changes in the protein. The

side chain of Trp78 is partially rotated from �1 = �51� in the

native protein to �1 = �173� in the complex (Figs. 4d and 5c).

Other residues that are affected by pentasaccharide binding

are Asp186 and Arg242. On further increasing the length of

polysaccharide to GlcNAc6, subsites �5, �4, �3, �2, �1 and

+1 are filled, resulting in large-scale conformational changes in

the protein (Figs. 4e and 5d).

The electron density for water molecules and some of the

important residues involved in carbohydrate binding in the

groove in the native structure of SPG-40 are indicated in Fig. 6.

In the process of binding, the carbohydrate displaces several

water molecules which are present in the native SPG-40

structure (Fig. 6) and this is accompanied by large-scale

conformational changes in the residues of the carbohydrate-

binding groove (Figs. 5c and 5d). The electron densities for

Trp78 and Asp186 indicated positions similar to those in the

native structure (Fig. 6) in both the GlcNAc3 and GlcNAc4

complexes (Figs. 5a and 5b), while in the complex with

GlcNAc5 two occupancies were observed for Trp78 and

Asp186, indicating a perturbation in the positions of these

residues in order to accommodate GlcNAc5 (Fig. 5c) and

indicating that a pentasaccharide is probably the minimum

length required to induce opening of the carbohydrate-

binding groove by large-scale conformational changes in

Trp78 and Asp186 (Figs. 4d and 5c). In the complex with

GlcNAc6, only single conformations were found, but these

were completely different from those of the native structure

(Figs. 5d).

3.5. Comparison with saccharide binding in chitinase and
HCGP-39

The SPG-40 structure presents a large contrast to chitinases,

where chitin polymers move smoothly into the carbohydrate-

binding groove without any hindrance (Fusetti et al., 2002;

Aronson et al., 2003), although the overall scaffold of SPG-40

is essentially similar to that of chitinases, with the C� traces of

the two proteins showing an r.m.s. shift of 0.8 Å. The inter-

molecular hydrogen bonds (Table 4) and hydrophobic inter-

actions between the oligosaccharide residues and protein

atoms from various subsites indicate that subsite �2 contri-

butes maximally to stability, followed by the other sites. This is
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Table 4
Hydrogen-bonding interactions of various oligosaccharides with SPG-40.

The interactions that are common in all four oligosaccharides are shown in
bold.

Residues involved Distance (Å)

Binding
subsite Sugar Protein GlcNAc3 GlcNAc4 GlcNAc5 GlcNAc6

+1 GlcNAc N2 Trp78 N"1 3.23
GlcNAc O6 Tyr120 OH 2.73

�1 GlcNAc O3 Trp78 N 3.10 2.98
GlcNAc O5 Tyr185 OH 3.47 3.80
GlcNAc O6 Asp186 O�1 3.23 2.80

Arg242 NH1 3.48
Arg242 NH2 3.47 3.45

�2 GlcNAc O3 Glu269 O"1 2.53 2.72 2.83 2.78
GlcNAc O4 Asn79 O�1 2.51 2.64 2.63 2.69
GlcNAc O6 Asn79 O�1 3.13 3.20

Trp78 N 2.75 2.68 2.88 2.89
Asn79 N 2.83 2.70 2.75 2.75
Wat O 2.78 2.54 2.52
Wat O 2.93 3.47 3.44

GlcNAc O7 Asn79 O�1 2.78
Trp331 N"1 3.08 3.30 3.21 3.32
Wat O 2.88 3.49

�3 GlcNAc N2 Asn79 O�1 2.77 2.82 2.78
GlcNAc O6 Glu269 O"1 3.01 3.40 3.41 3.11
GlcNAc O7 Asn79 O�1 2.66

�4 GlcNAc O6 Glu49 O"1 3.54 3.22 3.40 3.38
Glu49 O"2 2.59 2.67 2.91 3.25

�5 GlcNAc N2 Wat O 2.64 3.00 3.04
GlcNAc O3 Wat O 2.95 2.94

Figure 6
Water molecules with electron densities |2Fo � Fc| at 1.5� in the
carbohydrate-binding groove in the native SPG-40 structure. The
electron densities for Trp78, Asp186 and Arg242 are also shown.



unlike chitinases and HCGP-39, where the most preferred

sites are �1 and +1. These sites are close to the scissile bond.

In the case of chitinase, the crystal structures of two complexes

with GlcNAc7 and GlcNAc8 are known (Aronson et al., 2003),

while for human chitinase the crystal structure of the complex

with a disaccharide has been determined (Fusetti et al., 2002).

It has been reported that the subsites from �6 to +2 are

occupied, the most frequently occupied subsites being �2 and

�1, and that the binding of oligosaccharides does not induce

any change in the protein structure.

Another protein, HCGP-39, which is closely related to

SPG-40 (r.m.s. shift for C� atoms 0.7 Å) has been studied using

two preparations, one from human chondrocytes (Houston et

al., 2003; HCGP-39A) and the other expressed in synovial

cells (Fusetti et al., 2003; HCGP-39B), in complex with

oligosaccharides. As seen in Table 3, in both forms di-

saccharides and trisaccharides bind at distal position and

occupy subsites �7 to �5, while longer oligosaccharides

occupy subsites from �4 to +3, indicating a preferences for

subsites �2 to +2. This occupancy behaviour of various

oligosaccharides in SPG-40, chitinases and HCGP-39 clearly

indicate easy diffusion in chitinases and moderate accessibility

in HCGP-39, while diffusion appears to be considerably

constrained in SPG-40. This is also reflected from the values of

binding affinities of various oligosaccharides to SPG-40,

HCGP-39 and chitinases (Table 2). For example, the binding

affinity of hexasaccharide is nearly three times stronger for

HCGP-39, while it is more than 250 times stronger in chitin-

ases when compared with that of SPG-40.

4. Conclusions

The reason for the variations in subsite preference between

SPG-40 and HCGP-39 can be attributed to differences in the

intramolecular interactions in and around the carbohydrate-

binding groove. Apart from the network of water molecules,

the environment surrounding Trp78 in SPG-40 differs signifi-

cantly from that found in HCGP-39 (Houston et al., 2003;

Fusetti et al., 2003). Furthermore, the side chain of Asp186 in

SPG-40 is aligned in such a way that it forms a link with the

OH group of Tyr120 through a water molecule. This

arrangement seems to constrain the carbohydrate-binding

groove beyond subsite +1. On the other hand, Asp186 in

HCGP-39 is oriented away from the groove because it is

hydrogen bonded to Arg242, which is linked to Thr272. As a

result, the carbohydrate-binding groove in HCGP-39 remains

relatively unhindered. The observed hydrogen-bonding

linkage in HCGP-39, Thr272� � �Arg242� � �Asp186, is absent in

SPG-40 owing to the mutation of Thr272 to Ile272 in SPG-40.

These observations indicate that the carbohydrate-binding

grooves in SPG-40 and HCGP-39 differ appreciably.

Compared with the chitin-hydrolyzing enzyme chitinase,

the mutation of the active-site residue from Glu to Leu and

other specific structural variations in the sugar-binding groove

observed in SPG-40 indicate a loss of chitinase activity as well

as variation in the affinity of sugar binding. In addition to this,

the presence of a flexible region exclusively observed in

SPX-40 proteins indicates a potential protein-binding site.

These three factors in SPG-40 suggest that it is a purely

binding protein that seems to combine initial binding to glycan

chains with subsequent formation of protein–protein inter-

actions. This interesting signalling protein presents an excel-

lent example of evolution in which primary sequence and

structural homologies are retained but the function has altered

dramatically. The results of these studies on this new class of

signalling proteins are expected to enhance understanding of

the precise role of SPG-40 in the processes of tissue remo-

delling during involution as well as in the progression of breast

cancers.
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