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Crystal structure of breast regression protein 39 (BRP39), a signaling 
glycoprotein expressed during mammary gland apoptosis, at 2.6 
Å resolution 
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A B S T R A C T   

Breast regression protein 39 (BRP39) is a 39 kDa protein that is a member of chitolectin class of glycosyl hy-
drolase family 18 (GH18). High expression levels of BRP39 have been detected in breast carcinoma. It helps in 
proliferation of cells during the progression of this disease and may act as a signaling factor. BRP39 may act as a 
potential candidate for rational structure-based drug design against breast carcinoma. In this study, we report the 
crystal structure of mouse recombinant BRP39 expressed in E. coli. The structure was solved by molecular 
replacement and refined to 2.6 Å resolution. The overall structure of BRP39 consisted of two globular domains: a 
large (β/α)8 triosephosphate isomerase (TIM) barrel domain and a small (α + β) domain. Three non-proline cis- 
peptides were detected in the sugar-binding cleft of BRP39, including Ser57-Phe58, Leu141-Tyr142, and Trp353- 
Ala354. The latter residues were conserved in other GH18 family members. It was notable that the conformation 
of critical Trp100 residue within the sugar-binding cleft was oriented away from the barrel. The side-chain 
conformation was found to be similar to that observed in chitinases, however, it was oriented into the barrel 
in other chitinase-like proteins (CLPs). The conformation of this critical residue may have significant implications 
in sugar binding. Further, two amino acid substitutions were observed in the sugar-binding groove of BRP39. The 
conserved Asn100 and Arg263 in Hcgp39 and other CLPs proteins (SPX-40 structures) were substituted by 
Lys101 and Lys264 in BRP39 which may have a significant impact on the sugar-binding properties.   

1. Introduction 

The glycosyl hydrolase family 18 (GH18) includes a class of proteins 
known as chito-lectins or chitinase- like proteins (CLPs) that can bind 
saccharides but have lost their potential to hydrolyze β1-4 glycosidic 
linkage (Mohanty et al., 2003; Renkema et al., 1998). In addition, the 
family includes chitinases from various species, including bacteria, 
plants, fungi (classes III and V), mammals, insects, and viruses that can 
bind and hydrolyze the complex carbohydrate polymers (Aronson et al., 
2003; Hamid et al., 2013; Synstad et al., 2004; Watanabe et al., 2003). 
The 39 kDa breast regression protein (BRP39) from mice is a member of 
this chitolectin class of GH18 family (Hakala et al., 1993). It is overex-
pressed during a highly complex physiological multistep process in 
which the lactating udder undergoes a high degree of epithelial cell 

death, redevelopment of the mammary adipose tissue, and tissue 
remodeling (Rejman and Hurley, 1988; Shackelton et al., 1995; Stein 
et al., 2007). A high level of expression of BRP39 has been detected in 
breast carcinoma (Morrison and Leder, 1994). It has been proposed that 
BRP39 may act as a protecting signaling factor and helps in proliferation 
of cells during breast cancer. BRP39 and its homologue human cartilage 
grlycoprotein 39 (HCgp39), also known as YKL-40 or Chi3L1, have been 
identified in a variety of cells, including macrophages, synovial cells, 
chondrocytes, neutrophils, monocytes, endothelial cells, smooth muscle 
cells, and tumor cells (Hakala et al., 1993; Lee et al., 2009). They have 
been reported to act as potential biomarkers and therapeutic targets for 
breast cancer diagnosis and therapy (Shao, 2013). Furthermore, they 
have been reported to regulate the hypoxia-induced acute lung injury 
(HALI) (Sohn et al., 2010). Studies have demonstrated that null 
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mutations in BRP39 diminish Th2 and IL-13 induced inflammation and 
remodeling. They also inhibit T-cell and macrophage apoptosis (Lee 
et al., 2009). BRP39 has also been demonstrated to act as a biomarker of 
cigarette smoke- and allergen-induced inflammation (Nikota et al., 
2011). 

Various species-specific homologs of BRP39 have been identified, 
including human HCgp39 (YKL-40/Chi3L1) (Fusetti et al., 2003), 
ratgp39 (rat cartilage glycoprotein) (GenBank accession no. AF062038), 
porcine 38 kDa- gp38k, bovine 39 kDa- whey protein (Shackelton et al., 
1995), and drosophila- imaginal disc growth factors (Bryant, 2001). 
Moreover, BRP39 has been reported to show a high homology to other 
CLPs, such as mammary gland protein 40 (MGP-40) (Mohanty et al., 
2003), oviduct-specific glycoprotein (OVGP1) (Choudhary et al., 2019; 
Janjanam et al., 2012), YM1 (Chang et al., 2001), SPX-40 proteins 
(Kumar et al., 2006, 2007; Mohanty et al., 2003; Srivastava et al., 2006, 
2007), and human chitotriosidase (HCHT) (Fusetti et al., 2002). The 
crystal structure of human homolog HCgp39 has been determined in 
both free and bound states (in complex with chito-oligosaccharides) 
(Fusetti et al., 2003; Houston et al., 2003). However, the three- 
dimensional (3D) structure of BRP39 has not been reported yet. A 
detailed structural analysis of BRP39 is essential to understand the 
structure–function relationship of this protein. In this study, we report 
the crystal structure of mouse recombinant BRP39 that was expressed in 
E. coli and purified. 

2. Methods 

2.1. Protein expression and purification 

Recombinant BRP39 (rBRP39) was expressed in E. coli and purified 
to homogeneity as described in our previous paper (Mohanty et al., 
2009). Briefly, BRP39 gene was cloned into pDrive cloning vector 
following manufacturer’s protocol and transformed into Top 10 cells 
(Invitrogen). Further, subcloning was done into the pET22b(+) expres-
sion vector using NdeI and XhoI restriction sites and transformed into 
E. coli BL-21 (DE3) C+, Origami (DE3), and Rosettagami B (DE3) cells as 
expression hosts. The positive clones were grown till an optical density 
of 0.6 was reached at 600 nm and induced with 0.4 mM IPTG (Isopropyl 
β-D-1-thiogalactopyranoside) at 37 ◦C with shaking at 200 r/min. The 
solubility of rBRP39 protein was checked by inducing cells at different 
temperatures, such as 37, 25, 20, and 15 ◦C, and the cells were lysed by 
sonication. The soluble and insoluble fractions were run on 12% sodium 
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) gel. 
For purification of soluble rBRP39, Rosettagami cells harboring pET22b 
+ –BRP39 expression construct was cultured for about 16 h in LB broth 
at 15 ◦C with 100 μg/mL ampicillin. Cells were harvested by centrifu-
gation (5,000 × g for 20 min), and the cell pellet was suspended in lysis 
buffer (50 mM sodium phosphate, 0.3 M NaCl, 10 mM imidazole (pH 
8.0), and 1% Triton X-100), and the cells were further lysed in micro-
fluidizer (Microfluidics Corp.). The supernatant was loaded onto HIS- 
SelectTM cartridge (Sigma) for affinity purification of rBRP39 and the 
protein was further purified by cation exchange chromatography in 
POROS-HS column attached with Biocad Perfusion chromatography 
workstation as described previously (Mohanty et al., 2009). Western 
blot of rBRP39 was carried out using ProteoQwest Colorimetric Western 
Blotting Kit (Sigma). 

2.2. Protein crystallization 

The crystals were grown through the hanging drop vapor diffusion 
method by equilibrating a mixture of 3 µL of crystallization solution 
consisting of 20% PEG6000, 1 M LiCl2 in 0.1 M bicine buffer (pH 9.0) 
and 3 µL of protein solution (7 mg/mL) against 1 mL of crystallization 
solution as mother liquor at room temperature (RT). 

2.3. Diffraction data collection and processing 

The x-ray diffraction data set for recombinant BRP39 was collected 
on the Stanford Synchrotron Radiation light source (SSRL) beamline 
BL9-2 (CA, USA). The data were recorded on an ADSC Quantum 315 
CCD detector (Poway, CA). Indexing, integration, merging, and scaling 
of the data were performed using X-ray detector software (XDS) 
(Kabsch, 2010). The structure of MGP-40 (PDB code: 1LJY) was used to 
phase the data set through molecular replacement using phenix.phaser 
(McCoy et al., 2007). The initial model was built using phenix.autobuild 
(Terwilliger et al., 2008). The final reflection data set was used to refine 
the coordinates to acceptable Rwork and Rfree values using phenix.refine 
(Afonine et al., 2012) and Coot (Emsley et al., 2010). The stereochemical 
quality and Ramachandran plot (Ramachandran and Sasisekharan, 
1968) were evaluated using PROCHECK (Laskowski et al., 1993). All 
graphics were rendered in PyMOL (Schrodinger). The statistics of the 
final model are given in Table 1, and the coordinates and structure 
factors have been deposited in the Protein Data Bank (PDB entry 5XEP). 

3. Results and discussion 

3.1. Expression, purification, and crystallization of rBRP39 

As shown previously (Mohanty et al., 2009), rBRP39 was expressed 
as insoluble aggregates at all the temperatures of 37, 25, 20, and 15 ◦C. 
However, the solubility was observed to increase as the induction tem-
peratures were decreased to 25 ◦C, 20 ◦C, and 15 ◦C, respectively. The 
soluble and active rBRP39 was expressed in both Origami and Rosetta- 
gami B (DE3) cells to the extent of 1 mg/L in an overnight culture at 
15 ◦C. However, rBRP39 was purified to crystallization grade purity 
from Rosetta-gami B (DE3) cells. 

The crystals of rBRP39 initially grew in bunches of needles. After 
refinement of crystallization conditions, single crystals grew as thin 
rectangular plates that layered over each other within a period of one 
week. The crystals were transferred to 20% glycerol, 25% PEG6000, 
100 mM bicine buffer, pH 9.0 for cryofreezing in liquid nitrogen. The 
crystals diffracted X-rays to 3.5 Å resolution on a rotating anode X-ray 
source. The diffraction data extended to a resolution of 2.6 Å with 
synchrotron radiation at SSRL, Stanford, CA. The native data after 
collection were 99.7% complete up to 2.6 Å. The crystals belonged to the 
monoclinic space group C121 with unit cell dimensions a = 130.6 Å, b =
81.3 Å, c = 229.3 Å, a = 90, b = 105.9, c = 90. The initial crystal analysis 
revealed the presence of six molecules in one crystallographic asym-
metric unit, designated as chains A, B, C, D, E, and F with a Matthews’s 
coefficient of 2.3 Å3/Da (solvent content ~ 45.75%). The crystallo-
graphic refinement statistics is shown in Table 2. 

Table 1 
Crystallographic data collection statistics.  

PDB code 5XEP 

Wavelength (Å) 0.97946 
Space group C121  

Unit cell parameters  
a (Å) 130.61 
b (Å) 81.32 
c (Å) 229.33 
α (◦) 90.00 
β (◦) 105.86 
γ (◦) 90.00 
Rmerge 0.09 (0.48) 
Mean I/σ (I) 13.08 (2.970) 
Redundancy 3.8 
Overall completeness (%) 99.7 
Matthews coefficient (Å3/Da) 2.27 
Solvent content (%) 45.75 
Monomers per ASU 6  
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3.2. Overall structure of BRP39 

The 3D crystal structure of recombinant BRP39 comprised 22–381 
residues and 438 water molecules. The first 21 N-terminal residues were 
involved in the formation of signal peptide, therefore, not present in the 
determined structure. The structure was solved through the molecular 
replacement method. Among the six molecules in the asymmetric unit, 
chain B exhibited the most significant electron density, therefore, it was 
selected for further structural analysis. The stereochemical quality check 
by Ramachandran plot analysis indicated 98.51% residues in the most 
favored region, 1.07% residues in additionally allowed regions, and 
0.42% residues in the disallowed regions. The final refinement of the 
structure yielded an R factor of 18.98% and a free R factor of 23.09%. 
The root mean square deviations (r.m.s.d) in bond lengths and bond 

angles were found to be 0.003 Å and 0.759 Å, respectively. The overall 
structure of recombinant BRP39 represented the typical conserved fold 
attained by members of GH18 family consisting of a large (β/α)8 TIM 
barrel domain and a small α + β domain. The TIM barrel domain was 
composed of eight α-helices and eight β-strands arranged in an alter-
nating pattern and possesses both N- and C- termini of BRP39. The 
domain comprised two polypeptide segments including residues 22–260 
and 332–380. The polypeptide chain between residues 261–331 crossed 
over to form a small α + β domain consisting of six antiparallel β-strands 
and one α-helix (Fig. 1). The TIM domain included about 79% residues 
and small α + β domain consisted of remaining 21% residues. The eight β 
strands of the barrel enclosed a tightly packed hydrophobic core formed 
entirely by the side chains of hydrophobic residues and eight α-helices 
were involved in forming the outer wall of the solenoid structure. BRP39 
sequence showed four cysteine (Cys) residues in comparison to five 
cysteine residues in its homologs. The structure revealed the presence of 
two disulfide bonds formed by Cys26-Cys51 and Cys301-Cys364. The 
latter disulfide bond was positioned between two domains that served to 
hold the two domains together. Furthermore, these two disulfide bonds 
were found to be positioned at similar locations in its homologs sug-
gesting their importance in conserved functions. In other BRP39 ho-
mologs, such as HCgp39 (Fusetti et al., 2003), MGP-40 (Mohanty et al., 
2003), and other SPX-40 structures (Kumar et al., 2006, 2007; Mohanty 
et al., 2003; Srivastava et al., 2006, 2007), a free Cys20, which is not 
involved in the formation of disulfide bond, was found buried in a tightly 
packed hydrophobic pocket. In contrast, the conserved Cys20 was 
replaced by Phe41 in BRP39 (Fig. 2). In HCHT and buffalo OVGP1, this 
free Cys20 has been replaced by Phe and Ile, respectively (Choudhary 
et al., 2019). These substitutions might be prompted by a hydrophobic 
environment and packing inside the core. 

3.3. Carbohydrate binding features and groove architecture of BRP39 

The GH18 family members, including chitinases (Fusetti et al., 2002) 
and CLPs (Choudhary et al., 2017; Fusetti et al., 2002, 2003; Houston 

Table 2 
Crystallographic refinement statistics.  

Maximum resolution (Å) 2.6 (2.67–2.60) 
Resolutions limits (Å) 38.27–2.60 
No. of reflections (observed) 71,290 
No. of reflections (R-Free) 3610 
R factor (%) 19 
R-Free factor (%) 23.1 
No. of protein atoms 17,268 
No. of water molecules 438  

B-values 
Wilson B factor (Å2) 37.3 
Average B factor, all atoms (Å2) 44  

Deviations from Ideal Geometries 
Bond lengths (Å) 0.003 
Bond angles (◦) 0.759 
Dihedral angles (◦) 12.1  

Ramachandran plot (non-Gly, non-Pro) 
Residues in most favored regions (%) 98.51 
Residues in additionally allowed regions (%) 1.07 
Residues in disallowed regions (%) 0.42  

Fig. 1. The crystal structure of recombinant BRP39. (A) Overall structure of recombinant BRP39 in cartoon representation. (B) TIM-barrel domain of BRP39 with 
eight parallel β-strands (β1–β8) in violet and eight α-helices (α1 to α8) in cyan. Two extra helices (α5′-1 and α5′-2) are shown in orange. Connecting loops are in 
yellow. (C) Small α + β domain consisting of β′1–β′5 strands and α′1 helix. 
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et al., 2003; Mohanty et al., 2003; Patil et al., 2013; Srivastava et al., 
2007) have been reported to bind saccharides/oligosaccharides in the 
β-barrel of TIM domain. In our previous paper (Mohanty et al., 2009), 
we have reported the chitin-binding properties of mouse recombinant 
BRP39 and its mutant (L120E) through chitin-binding assay. Both wild- 
type and mutant recombinant BRP39 appeared to interact with chitin 
beads revealing the presence of a functional chitin-binding domain. This 
carbohydrate binding affinity has also been observed in HCgp39 
(Renkema et al., 1998). In our recent study, we have reported the 

carbohydrate binding abilities of wild-type and mutant (Ala117Asp and 
Leu119Glu) MGP-40 in buffalo (Singh et al., 2019). 

The carbohydrate-binding groove of BRP39 was examined through 
superpositions with complex structures of HCgp39 (PDB IDs: 1NWT, 
1HJW) (Fusetti et al., 2003; Houston et al., 2003), the closest homologue 
of BRP39 having a sequence identity of 73% after ratgp39 (76%) whose 
structure is still lacking in the protein databank. In HCgp39, the 
saccharide/oligosaccharide-binding groove in (β/α)8 barrel has been 
divided into nine sugar binding subsites (Fusetti et al., 2003) with 

Fig. 2. Multiple sequence alignment involving BRP39 and its homologs. Residues in yellow boxes differ from BRP39.  

Fig. 3. Substrate-binding pocket of BRP39. HCgp39 in complex with chitopentose (1NWT) was superimposed onto BRP39. HCgp39 residues are shown in cyan sticks 
and the conserved BRP39 residues corresponding to HCgp39 are shown in orange. The amino acid substitutions (Asn100 to Lys101 and Arg263 to Lys264) in binding 
pocket of BRP39 as compared to HCgp39 are shown in green sticks. 
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numbers assigned as − 7 to + 3 with − 7 being at the non-reducing end 
(Davies et al., 1997). Superposition of BRP39 structure over HCgp39 in 
complex with chitin fragments (PDB IDs: 1NWT) revealed a well-defined 
sugar-binding groove with an overall similar shape and size with some 
notable amino acid variations (Fig. 3). 

The groove was surrounded mainly by aromatic residues which 
might be involved in hydrophobic stacking interactions with the hy-
drophobic sides of sugar ring as observed in other CLPs and chitinases 
(Hudson et al., 2015). The aromatic residues Trp31, Tyr34, Trp70, 
Phe58, Trp100, Tyr27, Trp353, and Tyr207 forming the walls of the 
barrel in BRP39 were found to be conserved and have been attributed to 
be involved in sugar binding in HCgp39. Similar residues have been 
observed in sugar-binding groove of HCHT. The non-aromatic residues 
Glu71, Thr69, Leu357, Glu291, Thr294, Met205, and Gly182 were also 
found conserved in BRP39 and HCgp39. However, two amino acid 
substitutions were detected in the sugar binding groove of BRP39, one in 
TIM barrel and another in a part of α + β domain. Asn100 in HCgp39, 
other CLPs (SPX-40 structures), and HCHT was replaced by Lys101 in 
BRP39 that formed a part of the TIM domain. Another residue Arg 263 in 
HCgp39, SPX-40 proteins, and HCHT was replaced by Lys 264 in BRP39. 
In HCgp39, Asn100 and Arg 263 were involved in stabilizing the binding 
of GlcNAc inside the groove. Asn100 interacted with hexasaccharide in 
subsite − 2 through hydrogen bonding whereas in subsite − 1, Arg263 
rendered the α + β domain to take part in sugar binding by being 
involved in polar contacts with sugar (Fusetti et al., 2003; Houston et al., 
2003). Moreover, the distance between two closest atoms of Asn100 and 
Arg263 in HCgp39 was observed to be approximately 11.8 Å, whereas in 
BRP39, the distance between the atoms of corresponding Lys101 and 
Lys264, respectively was found to be approximately 14.1 Å, thus 
rendering the sugar binding cavity to be more open. Furthermore, this 
particular amino acid substitution may also be involved in another 
possible interaction. It was notable that a loop carrying residues Trp69, 
Glu70, and Trp71 interacting with subsites − 5 and − 6 was slightly 
displaced backwards from its position when compared to HCgp39 
(Supporting information: Fig. S1). In HCgp39, the side chain of Asn100 
was oriented away from the latter loop whereas in BRP39, the longer 
side chain of corresponding Lys101 was pointed towards the loop car-
rying corresponding Trp70, Glu71, and Trp72 residues, which also take 
part in making polar interactions with hexasaccharide, thus, pushing it 
backwards to avoid any steric clashes. This resulted in the generation of 
a proper space for binding of sugar in the groove that might otherwise be 
constricted possibly due to the longer side chain of Lys101. This may be 
a possible explanation for an altered positioning of this loop in BRP39 in 
comparison to HCgp39. Additionally, in HCgp39 complexes with tetra-
saccharides and pentasachharides, Arg263 has been reported to play a 
key role in stabilizing the distorted boat conformation of sugar at subsite 
− 1 along with other residues, such as Trp99 and Asn100 (Fusetti et al., 
2003). Since Asn100 has been replaced by Lys101 in BRP39, the longer 
side chain could possibility create the steric hindrance and displace the 
nearby loop carrying residues Trp69, Glu70, and Trp71 to backward 
direction. 

Two groups have independently reported the HCgp39 structures 
from human articular chondrocytes and synovial cells in complex with 
saccharides of different lengths (Fusetti et al., 2003; Houston et al., 
2003). In both cases, it has been reported that the oligosaccharides of 
different lengths prefer different subsites for binding. Short chain di- and 
tri- saccharides were found to bind the distal subsites and long chain 
oligosaccharides were found to bind the central subsites. 

It has been suggested that the difference in preference for various 
subsites in HCgp39 and other CLPs like SPX-40, can be attributed to the 
differences in intramolecular interactions in and around the carbohy-
drate binding groove (Srivastava et al., 2007). In HCgp39, a hydrogen 
bonded network was observed involving residues Thr294-Arg263- 
Asp208 along with some water molecules, which has been found to be 
absent in proteins like SPS-40. Although, Arg263 in HCgp39 has been 
replaced by Lys264 in BRP39, yet a similar type of environment has been 

observed in both. In BRP39, Lys264 was hydrogen bonded to Asp208 
through a water molecule, which was further hydrogen bonded to two 
water molecules and His 220. Lys264 was also hydrogen bonded to 
Thr294 like Arg263 in HCgp39. This indicates that this hydrogen 
bonded network of residues Thr294-Lys264-Asp208 and water mole-
cules is conserved in both BRP39 and its human homologue. It is further 
notable that this hydrogen bonded network is positioned in an envi-
ronment surrounding the critical Trp78 residue (Trp99 in HCgp39). This 
is an interesting observation regarding the binding pattern of different 
length saccharides in different subsites of BRP39. 

3.4. Trp100 and its conformation in Brp39 

In GH18 family members, the conformation of critical Trp78 residue 
has been reported to play a critical role in carbohydrate binding inside 
the groove. In non-glycosylated recombinant BRP39, a notable and 
striking structural feature was the conformation of Trp100 (Trp78 
equivalent) residue in the β-barrel. The structure revealed that in non- 
glycosylated BRP39, Trp100 residue possesses a conformation in 
which it orients away from the barrel even in sugar unbound state and 
resembles the conformation as observed in non-glycosylated chitinases 
(Fig. 4). Contrarily, the corresponding Trp was oriented into the barrel 
in other glycosylated homologs of BRP39, such as chitin-free HCgp39/ 
YKL-40(human), MGP-40 (goat), and SPB-40 (buffalo), which may have 
its implications in sugar binding. It has been investigated that in gly-
cosylated chitolectin class of proteins, such as HCgp39, SPX-40 proteins, 
YKL-39, and TCLL, this critical Trp residue is found in two conforma-
tions: first, a pinched conformation in free state and second, a stacked 
conformation in sugar-bound state. In pinched conformation, the side 
chain of Trp78 is oriented into the barrel whereas in stacked confor-
mation, it is oriented outside the barrel. The stacked conformation has 
been proposed to play its role in entry of sugar inside the groove, thus 
serving as a gate. In contrast, in chitinases and a chitolectin like YM1, 
which are non-glycosylated in nature, this Trp residue is found only in 
stacked conformation in both bound and unbound states. 

The environment surrounding the β-barrel and Trp78 residue in 
BRP39 appears to be different than in SPX-40 proteins and HCgp39 
(Houston et al., 2003; Fusetti et al., 2003). In SPS-40, Asp186 is posi-
tioned inside the groove forming a hydrogen bond with Tyr120 through 
a water molecule, thus partially blocks the sugar-binding groove close to 
subsite + 1. Contrarily, in HCgp39, Asp186 orients away from the 
groove and forms a hydrogen bond with Arg242 which is further sta-
bilized by a hydrogen bonded interaction with Thr272. In BRP39, the 
corresponding Asp 208 is hydrogen bonded to Lys264 (Arg242 in 
HCgp39) through a water molecule with an orientation away from the 
groove. Asp208 forms an additional hydrogen bond with His210 
through another water molecule. Lys264 is further hydrogen bonded to 
Gly218, His219, His220, and Gly328 through a water molecule. Further, 
Tyr142 in BRP39 (Tyr120 in SPS40) is involved in the formation of 
hydrogen bonds through a water molecule to four different residues, 
including Ser108, Trp140, Arg144, and Asp147 (Fig. 5). 

Additionally, in HCgp39 and SPX-40 proteins, the loop supporting 
Trp78 is stabilized by a network of hydrogen bonds. In the structure of 
SPS-40 (Srivastava et al., 2006) Gly77, Asn79, Phe80, Gly81, Pro82, 
Arg84, Ala117, Leu119 and Tyr120 and three water molecules OW1, 
OW2 and OW3 are part of the hydrogen bonded network, while in SPB- 
40, the residues involved in the hydrogen-bonded network in the loop 
are Gly77, Asn79, Tyr80, Gly81, Ser82, Arg84, Ala117, Leu119 and 
Trp120, together with four water molecules OW1, OW2, OW3 and OW4. 
In BRP39, this hydrogen bonded network is lacking and the corre-
sponding residues Gly99, Lys101, Phe102, Gly103, Gly104, and Arg106 
attached to the loop carrying corresponding Trp100 are not involved 
any hydrogen bonded side chain interactions. It is notable that Trp100 
side chain forms a hydrogen bond with a water molecule. Further, in 
YM1 and HCHT, the corresponding Trp at positions 78 and 99 form 
hydrogen bonds with two water molecules. However, in HCgp39 and 
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SPX-40 proteins, the corresponding Trp at positions 99 and 78 do not 
form any hydrogen bonds. Previously, it has been suggested that a 
change in the interactions stabilizing the conformation of the loop that 
lends support to the orientation of Trp78, will directly affect the 

orientation of the side chain of Trp78 (Ethayathulla et al., 2007). In 
BRP39, the residues Trp140 and Tyr142 corresponding to Ala117 and 
Tyr120 in SPX-40 proteins, are hydrogen bonded to Ser108, Arg144, and 
Asp147 through a water molecule. The residues Leu141 and Tyr142 are 

Fig. 4. Comparison of side-chain conformations of 
critical Trp residue in BRP39 with other CLPs and 
chitinases. BRP39 (violet) was superimposed onto 
glycosylated CLPs like (A) HCgp39 (1NWR) (yellow), 
(B) MGP-40 (1LJY) (cyan), (C) SPB-40 (2O9O) 
(green); non-glycosylated CLP (D) YM1 (1VF8) (red), 
chitinases like (E) Chit1 (1HKK) (orange), (F) HCHT 
(1LQO) (dark pink); and sugar-bound forms like (G) 
HCgp39 in complex with chitin octamer (1HJW) 
(teal) (H) Chit1 in complex with hexasaccharide 
(1NH6) (brown) (I) HCHT in complex with chito-
biose (1LG1) (deep teal).   

Fig. 5. The environment near the β-barrel and Trp100 in BRP39. The β-barrel is shown in cartoon representation. The residues are shown in sticks representation. 
Hydrogen-bonded interactions are shown in yellow dashed lines. 
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involved in hydrophobic interactions to Met205 in BRP39. Further, as 
described previously, the residue adjacent to critical Trp, Asn79, is 
conserved in SPX-40 proteins, HCgp39, chit1, and HCHT. However, it is 
replaced by Lysine at positions, 101 and 79 in BRP39 and YM1, 
respectively. In YM1, the Lys79 interacts with Glu269 through a water 
molecule. In BRP39, the corresponding Lys101 adjacent to Trp100 is 
involved in ionic interactions with Trp70 and Glu71. 

3.5. Key catalytic triad of BRP39 

BRP39 has been reported in our previous study to bind chitin but 
unable to hydrolyze chitin like other CLPs (Mohanty et al., 2009). The 
key residues involved in the catalytic activity of chitinases like human 
chitotriosidase are three amino acids, including Asp136, Glu140, and 
Asp213 (Fusetti et al., 2002). The corresponding residues in BRP39 were 
found to be Asp137, Leu141, and Asp208, respectively (Fig. 6). Similar 
substitution has been observed in other CLPs, such as HCgp39 and MGP- 
40 except YM1 where Gln is present in place of catalytic Glu. This amino 
acid substitution has been suggested to rule out their role to act as 
glycolytic enzymes. The critical Glu residue in the catalytic triad of 
chitinases acts as a proton donor to the scissile glycosidic bond in − 1 to 
+ 1 subsite (Terwisscha van Scheltinga et al., 1996). Although, some 
other chitolectins like narbonin and XIP-1, possess this key catalytic 
glutamate residue; however, they do not show the catalytic activity due 
to its involvement in formation of salt bridges and polar contacts with 
some other amino acids (Hennig et al., 1995; Payan et al., 2003). The 
neighboring Asp136 residue in chitinases stabilizes the oxazolinium ion 
intermediate by orienting the N-acetyl group of the –1 sugar for nucle-
ophilic attack on the anomeric carbon. This catalytic Asp is found 
conserved in BRP39, HCgp39, MGP-40, and YM1. 

We have investigated the chitinase activity of mouse recombinant 

BRP39 and its mutant (L141E) through the chitinase activity assay using 
the flourometric substrate MUDC (Mohanty et al., 2009). The assay 
revealed no chitinase activity in recombinant BRP39 as indicated by the 
absence of absorption maxima at 450 nm. Furthermore, in our recent 
study (Singh et al., 2019), chitinase activity could not be restored in 
MGP-40 even after reverting back two critical residues (A117D and 
L119E) in its active site. Since, chitinase activity could not be restored in 
mutant form of recombinant BRP39 (L141E), some other possible rea-
sons for a loss in its activity may include inaccessibility of key residues to 
the scissile glycosidic bond, a difference in the subsite preference or 
some ligand induced conformational changes in various residues of 
BRP39, which was not observed in active chitinases. This requires 
further investigation in order to have a strong evidence that can only be 
inferred from the complex structure of mutant recombinant BRP39 with 
saccharides. 

3.6. Non-proline cis peptides in BRP39 

The electron density clearly revealed the presence of three non- 
proline cis peptide bonds in BRP39 structure (Fig. 7A–C). They were 
formed between residues Ser57-Phe58, Leu141-Tyr142, and Trp353- 
Ala354. They were located inside the sugar-binding cleft and posi-
tioned together in a cluster especially at the C-terminal active end of β 
strands in the TIM barrel. The residues Phe 58, Tyr 142, and Trp 353 
were found in a close vicinity of the + 1 and − 1 subsites of the sugar- 
binding groove where the scissile glycosidic bond is present. Leu141 
has replaced one of the constituents (Glu) of the catalytic triad in BRP39. 
Therefore, positioning of these non-proline cis peptides in the substrate- 
binding groove and catalytic center reveals their crucial role in influ-
encing the ligand binding properties. Furthermore, the residues forming 
the non-proline cis peptides Ser57, Leu141, and Ala354 were observed 

Fig. 6. Superimpositions of key catalytic residues of BRP39, HCHT, HCgp39, MGP-40 and YM1. (A) BRP39 (cyan) and HCHT (1LQO) (orange). (B) BRP39 (cyan) and 
HCgp39 (1NWR) (Pink). (C) BRP39 (cyan) and MGP-40 (1LJY) (Red). (D) BRP39 (cyan) and YM1 (1VF8) (Green). 
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to be involved in the formation of chains of hydrogen bonds inside the 
structure, Ser57-Phe28-Ile55-Cys26-His53-Thr52- Leu24-Thr52, 
Leu141-HOH171-Gly99-Ala139-Val97-Asp137-Leu95-Gly135, Leu141- 
HOH171-Gly 103-Trp100, and Ala354-Thr261-Trp353, respectively 
(Fig. 7D–G). The presence of these hydrogen bonded networks might 
have a role in stabilization of cis-conformations. The non-proline cis 
peptide bonds are found rarely inside the protein structures (Weiss et al., 
1998). However, these cis peptides are found well conserved across 
different members of GH18 family, including CLPs (Houston et al., 2003; 
Mohanty et al., 2003; Patil et al., 2013; 2006) and chitinases (Fusetti 
et al., 2002; Masuda et al., 2015); therefore, revealing an evolutionary 
constraint to maintain chitin binding and activity. 

3.7. Comparison with chitinases and other CLPs of GH18 family 

The 3D crystal structure of BRP39 superimposed onto the HCgp39, 
MGP-40, YM1, and HCHT showed an r.m.s.d. of 0.391 Å (314 Cα atoms), 
0.595 Å (329 Cα atoms), 0.711 Å (315 Cα atoms), and 0.567 Å (296 Cα 
atoms), respectively. This suggests that BRP39 displays an overall 
similar fold as observed in other GH18 family members except some 
variations that might be due to the substitutions of some amino acids 
important for sugar-binding inside the groove and catalytic activity. 
Sequence comparison has revealed some highly conserved residues in 
BRP39, other chitolectins, and chitinases, such as Trp31 and Trp352 
(Mohanty et al., 2009). Furthermore, Trp78 was found to be highly 
conserved with variations in its side chain conformations inside the 
barrel depending upon the availability of the sugar. Moreover, the 
conserved Arg106 in BRP39 and other CLPs that was observed to be 
hydrogen bonded to Asn60, was replaced by Gly in YM1, which is a non- 

glycosylated CLP. The residue corresponding to Arg106 is lacking in 
chitotriosidase and this has been reported to affect the side chain 
conformation of Trp78 residue. A comparison of the chitin-binding 
groove of BRP39 and HCgp39 with other CLPs like MGP-40, SPB-40 
and other SPX-40 structures revealed that some residues are highly 
conserved in these CLPs; however, they have been substituted by similar 
residues in both BRP39 and HCgp39. Leu183 and Ile272 in MGP-40 and 
other SPX-40 structures have been replaced by Met205 and Thr294, 
respectively in both BRP39 and HCgp39. The residues undergoing 
ligand-induced conformational changes, such as Trp78, Asp186, 
Arg242, and Trp269 have also been found to be conserved in all SPX-40 
structures (Ethayathulla et al., 2007; Kumar et al., 2006; Srivastava 
et al., 2007). 

The HCgp39 protein is known to exist either as dimer (Fusetti et al., 
2003) or tetramer (Fusetti et al., 2003; Houston et al., 2003), whereas 
BRP39 has crystallized as a monomer. In HCgp39, a critical interaction 
between Thr129 O and Lys169 N was considered to be responsible for 
the dimeric or tetrameric state of this protein. In BRP39, the residues 
corresponding to Thr129 and Lys169 were Ser130 and Arg170, respec-
tively, therefore, it was unable to form a similar interaction. Thr129 in 
HCgp39 was conserved in SPB-40, SPC-40, Ratgp39, gp38k, and HCHT 
except YM1 where it has been replaced by Ser residue. Another residue 
Lys 169 in HCgp39 has been replaced by Thr in other chitolectins, 
including SPB-40, SPC-40, Ratgp39, and gp38k. In HCHT, this position 
has been occupied by Lys residue similar to HCgp39. 

In HCgp39, the presence of three surface loops, including His188- 
His197 (loop1), Phe202-Arg212 (loop2), and Phe244-Pro260 (loop3) 
showed strong intermolecular interactions and have been suggested to 
contribute to its dimerization state (Houston et al., 2003). In BRP39, 

Fig. 7. The conserved cis-peptides in BRP39 structure. (A–C) Difference |Fo – Fc| electron densities for cis-peptides (shown in sticks) in BRP39 structure. (D–G) 
Hydrogen bond networks formed by residues (Ser57, Leu141 and Ala354) involved in cis-peptides. 
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several amino acid substitutions were observed within the regions cor-
responding to these surface loops. The residues Ala190, Gly193, and 
Thr194 in HCgp39 were replaced by Val, Gln, and Ile, respectively in 
BRP39 loop1. In loop2, five amino acid substitutions were observed 
where Arg203, Glu206, Ala208, Ser209, and Pro210 of HCgp39 were 
replaced by Gln, Lys, Thr, Arg, and Phe, respectively in BRP39. In loop3, 
Thr251, Gly252, Val253, and Pro260 were substituted by Asn, Gln, Leu, 
and Glu, respectively. Therefore, occurrence of these amino acid varia-
tions in the surface loops may have an influence on intermolecular in-
teractions and thus, the receptor recognition. In SPX-40 proteins, such as 
SPS-40 (sheep) and SPC-40 (cattle), these surface loops were observed to 
be highly flexible as compared to those of HCgp39 and BRP39 (Kumar 
et al., 2006; Srivastava et al., 2006). In HCgp39, a strong electrostatic 
interaction has been observed between the side chains of Arg192 and 
Asp211 which are found to be well conserved in BRP39. The residue 
corresponding to Asp211 was observed to be lacking in SPC-40 (Kumar 
et al., 2006). The residue His188 formed a strong hydrogen bond with 
Thr194 within the loop2 of HCgp39. In BRP39, the residue corre-
sponding to Thr194 was found to be the non-polar Ile195. The hydrogen 
bond was found absent in SPC-40 due to the different conformations of 
the corresponding residues (Kumar et al., 2006). In HCgp39, Arg203 
forms a hydrogen bond with Gln293, while such an interaction was 
absent in BRP39 due to the replacement of Arg203 to Gln and Gln293 to 
Glu. In SPC-40, both Arg203 and Gln293 are conserved, however, no 
hydrogen bond formation was observed due to the unfavorable orien-
tations of these residues. Furthermore, in HCgp39, Arg242 NH1 forms a 
hydrogen bond with Thr272, while Arg242 NH2 interacts with Asp186. 
Thr272 further forms another hydrogen bond to Glu269. In SPC-40, 
Arg242 NH1 forms a hydrogen bond with Tyr185, while Arg242 NH2 
interacts with Asp186. In BRP39, Arg 242 has been replaced by Lys 
which forms a hydrogen bond with Gly307. Therefore, despite the 
closely related sequence similarity, various amino acid substitutions and 
conformational differences were observed among BRP39 and its ho-
mologs displaying striking structural and functional differences. 

The consensus sequence GRRDKQH required for heparin binding was 
found to be conserved in HCgp39 along with its bovine and porcine 
homologs (Fusetti et al., 2003; Nyirkos and Golds, 1990; Shackelton 
et al., 1995). BRP39 also possess a cluster of basic amino acid residues, 
RLRDKNY, at position 144–150 that may render BRP39 to have heparin 
binding properties. This heparin binding consensus sequence has also 
been found in other GH18 family members like Ym1 (Chang et al., 
2001), chitotriosidase (Renkema et al., 1998), and gp38k (Shackelton 
et al., 1995). 

4. Conclusion 

The structural studies of CLPs of GH18 family indicate similar 
structural arrangements, including the formation of a TIM barrel, an (a 
+ β) domain, and two identical disulfide bridges. The mutation of 
conserved free Cys20 to Phe41 was a notable variation in BRP39. The 
presence of three non-proline cis peptide bonds is another conserved 
feature of BRP39 unveiling an evolutionary constraint to maintain the 
sugar-binding features. The mutations of two important sugar-binding 
residues, Asn100 and Arg263, to Lys101 and Lys264, respectively, 
appear to have notable effects on the shape of the sugar binding groove. 
Several additional amino acids substitutions compared to other GH18 
members have been observed in BRP39, including Leu183-Met205, 
Ile272-Thr294, Thr129-Ser130, and Lys169-Arg170 which might 
affect the functional properties of BRP39. An important and striking 
observation pertains to the conformation of conserved Trp100 within 
the sugar-binding groove in which it orients away from the barrel even 
in sugar unbound state and resembles the conformation as observed in 
non-glycosylated chitinases and YM1. This may be attributed to the 
amino acid substitutions, alterations in the H-bonded interactions 
involving the loop carrying Trp100 residue. Another observation per-
tains to the amino acid substitutions in three surface loops, His188- 

His197, Phe202-Arg212, and Phe244-Pro260 which might influence 
the intermolecular interactions and receptor recognition features of 
BRP39. 
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