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parts with one another. Since the evidence on the functions 
of the three hyaluronidases was not enough to establish their 
exact function in hydrolyzing different molecular weight HA, we 
need molecular and structural based evidence to conclude their 
differences in molecular weight-based substrate specificity.4,5

Mat e r i a l s a n d Me t h o d s
The amino sequence files of hyaluronidases were downloaded 
from the protein sequence database UniProt6 and the sequences 
were analyzed using the National Center for Biotechnology 
Information protein basic local alignment search tool server7 to 
identify the sequence identity of hyaluronidases with one another. 
The data such as UniProt accession number, protein name, 

in t r o d u c t i o n
Hyaluronidases present in sperm cells are endo-N-acetyl 
hexosaminidases (EC 3.2.1.35) which hydrolyze the polysaccharide 
HA into tetra saccharides HA during the fertilization process. The 
glycosylphosphatidylinositol (GPI) anchored sperm hyaluronidases 
present on the sperm surface specifically act on the cumulus 
layer and initiate the AR. Followed by this process, the soluble 
hyaluronidases and acrosomal proteins clear the zona pellucida 
layer of the ovum to reach the plasma membrane of the oocyte. 
In humans HYAL-2, HYAL-3, and HPH-20 are membrane-anchored 
proteins whose anchors can be cleaved to produce soluble enzyme 
isoforms. The HPH-20 or sperm adhesion molecule 1 (SPAM1) is 
a ~57 kDa GPI-linked protein that was the first identified sperm 
hyaluronidase believed to participate in sperm-egg fusion and act 
on HA polysaccharides.1 The in vitro research on the function of 
hyaluronidases shows that with the aid of HYAL-2, the HPH-20 is 
expected to cleave high molecular weight HA polysaccharide 
present in the cumulus layer to produce 20 kDa HA polysaccharide, 
where the HYAL-2 is a ~53 kDa acid active hyaluronidase 
predominantly presents in acrosome and inner acrosomal 
membrane of sperm.2 Finally, the HYAL-3 is a ~46 kDa acid-active 
hyaluronidase that prominently participates in hydrolyzing the 
20 kDa HA together with HPH-20 and HYAL-2 to form the final 
product in the cumulus oophorous penetration process. The 
HYAL-3 is expected to play an important role in zona pellucida 
penetration and AR induction through HA signaling.3 Since all 
three hyaluronidases show more than 40% sequence identity and 
similar function, these enzymes were considered to play redundant 
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ab s t r ac t
Background: Sperm cell hyaluronidases are important class of enzymes which plays a prominent role in hydrolysing hyaluronan during sperm 
penetration through the layer of cumulus and zona pellucida of egg. Clinically sperm hyaluronidases play important role in analysing sperm 
binding quality during IVF treatments Hyaluronan Binding Assay. The functions of sperm hyaluronidases such as penetrating the hyaluronan 
matrix of cumulus layer, inducing hyaluronan based acrosome reaction were directly related to substrate binding efficiency of these enzymes. 
Though hyaluronidases were confirmed to play the hyaluronan hydrolysing role in fertilization, there is no structural evidence to prove their 
difference in molecular weight-based substrate specificity and their multifunctional activity in fertilization. This work presents the evidence on 
the binding modes of hyaluronan with sperm cell hyaluronidases using homology modelling and molecular docking methods.
Methods: The different isoforms of human sperm hyaluronidases were modelled using human hyaluronidase 1 (PDB code 2PE4) and the 
optimized structure of hyaluronan from the crystal structure of bee venom hyaluronidase complexed with HA tetramer (PDB Code: 1vcz) was 
docked using AUTODOCK TOOLS. The results are evaluated based on the complex binding energy and interaction with substrate binding residues.
Results: The molecular docking results confirms the binding of hyaluronan with HYAL-2 in the deep substrate binding groove, which was absent 
in HYAL-3 and HPH-20 hyaluronan complex. The binding of hyaluronan with HPH-20 and HYAL-3, involved in neutral-active domain and residues 
present in perpendicular beta sheets. The binding mode of HYAL-2 is more on acid-active region of the enzyme which was considered to induce 
hyaluronan dependent cell signalling and AR activation.
Conclusion: The results concludes that the substrate accommodation pattern of HYAL-2 was differed from HYAL-3 and HPH-20 where the acid 
active domain of HYAL-2 of may predominantly involves in AR activation and zona pellucida penetration apart from cumulus HA degradation.
Keywords: Acrosome reaction, Homology modeling, Hyaluronic acid binding, Molecular docking, Sperm hyaluronidases.
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domain of HYAL-3 with HPH-20 shows its abundance in the plasma 
membrane with involvement in cumulus penetration.

Structure Modeling and Structure Alignment
The sperm hyaluronidase structures were modeled using the 
human HYAL-1 crystal structure (PDB: 2PE4), three hyaluronidases 
show ~40–43% sequence identity, and modeled structures 
were validated through the Ramachandran plot. The modeled 
structure of HPH-20 has 91.73% present in favored region of the 
Ramachandran plot, and the modeled structures of HYAL-2 occupy 
93.40% of favored region in the Ramachandran plot.19 From all 
HYAL-3 structure has its maximum structure of 93.73% in favored 
regions of the Ramachandran plot. The modeled structures have 
~0.067Å RMSD deviation from the crystal structure of HYAL-1 and 
~0.103Å RMSD between three modeled structures aligned (Fig. 2) 
where there is a maximum structure difference in the C-terminal 
region. The 364–439 amino acids of C-terminal regions in 
HYAL-3 differ from the other two modeled structures by the 
presence of a long loop extended and ended by an antiparallel 
ß-sheet. The same C-terminal regions have two antiparallel ß-sheets 
with a small helix portion in HYAL-2 and HPH-20 (Fig. 2). In the 
conserved binding groove, the HYAl-2 has an ß-sheet structure, 
but in HYAL-3 and HPH-20, this region has a loop structure. Like the 
binding groove, the secondary structure of peptide-2 in HYAL-2 has 
a small turn, but this region in HPH-20 and HYAL-3 has a continuous 
loop structure and in the peptide-3 region where the acid-activity 
is shown, the HYAL-2 has differed with the presence of continues 
loop (HYAL-3 and HPH-20 has small turn).20–22

Molecular Docking
The molecular docking of HA from the BVHYAL crystal structure 
with sperm hyaluronidases shows that the residues involved in 
interaction with HA in HPH-20 were mostly from both the side 
of the binding groove and the ligand make hydrogen bonds 
with residues Y264, R305, N54, T89, Y219, W147, D146, and Y92 
(Figs 3 and 4). The molecular docking of HA with HYAL-2 results 
that the HA binds inner region of the binding groove where 
most of the residue is present in peptide-1 and peptide-2 with 
one residue in the peptide-3 region. The HA makes hydrogen 
bonds with residues D41, I326, F293, T294, Y253, L207, R271, 
and Y291 (Figs 3 and 4). Like HYAL-2, HA binds mostly with the 
peptide-2 region, but the difference is the involvement of many 
residues from the loops connecting peptide -3 (Figs 3 and 4). The 
docking results show that the tetramer buried itself deep in the 
HYAL-2 binding groove, but in HYAL-3 and HPH-20, it interacts 
mostly with residues present in perpendicular ß-sheets and the 
peptide-1 region of the binding groove. On analyzing the docking 
results, the binding mode of HYAL-2 is more on acid-active region 
and region which considered inducing HA bases cell signaling and 

number of amino acids in the protein, and the molecular weight 
of hyaluronidases were tabulated (Table  1). The downloaded 
sequences were aligned using Multalin sequence alignment 
server8 and to obtain the structure of sperm cell hyaluronidases, 
the three-dimensional coordinates of human HYAL-1 involved 
in tumor growth and angiogenesis (PDB: 2PE4)9 were used. 
The structure was modeled, and energy was minimized in the 
molecular modeling server Swiss model and validated by the 
Ramachandran plot.10–15 The HA was docked with modeled sperm 
cell hyaluronidases using AutoDock tools 4.2,16 where the HA 
tetramer was obtained from the BVHYAL-hyaluronan complex 
(PDB: 1VCZ).17 The grid box dimensions of HYAL-2–HA docking are 
set to 52 × 38 × 40 with 0.375Å spacing centered to 43.416, −24.930, 
and −14.009, and the grid box dimensions for HPH-20-HA docking 
were 50 × 42 × 50 with 0.375Å spacing centered to 41.875, −24.852, 
and −15.296. The grid box dimensions for HA with HYAL-3 were 
40 × 40 × 58 with 0.375 Å spacing centered to 41.215, −25.941, 
and −14.994 for all three hyaluronidase-HA dockings the grid box 
parameters were adjusted to cover essential active site regions in 
substrate binding groove. A genetic algorithm was chosen with 
10 runs for search parameters, and Lamarckian GA was chosen to 
get the final output. The results from the docking were analyzed 
for HA interactions with modeled structures using PyMOL.18

re s u lts a n d di s c u s s i o n

Sequence Alignment
Sequence alignment of HPH-20 with HYAL-2 and HYAL-3 shows 
~40% overall sequence identity for HPH-20 with HYAL-2 and ~37% 
overall sequence identity for HPH-20 with HYAL-3 (Fig. 1) where 
sequence alignment of HYAL-2 with HYAL-3 show ~42% identity 
with many conserved residues in the HA binding regions. Since 
HPH-20 is both a neutral and acid-active enzyme, it has two domains 
for hyaluronidase activity called peptide-1 domain for neutral pH 
hyaluronidase activity and peptide-3 for acid pH hyaluronidase 
activity. Sequence alignment for these specific domains shows that 
the acid-active domain (peptide-3) of HPH-20 has ~75% sequence 
identity with HYAL-2 acid-active domain and ~58% sequence 
identity with HYAL-3 acid-active domain, but for a neutral-active 
domain, the HYAL-3 shows 75% sequence identity and HYAL-2 has 
~67.74% sequence identity with HPH-20 neutral active domain. 
Other than peptide-1 and peptide-2 regions, there is a specific 
domain called peptide-2 which is considered to play important role 
in HA-induced cell signaling, this specific domain in HPH-20 has a 
sequence identity of ~45% with HYAL-3 and ~70% with HYAL-2. 
From these results, the maximum sequence identity of HYAL-2 with 
HPH-20 in the acid-active domain shows there their involvement in 
zona pellucida penetration with high molecular weight substrate 
binding. The maximum sequence identity of a neutral-active 

Table 1: Results from sequence alignment, structure alignment, and molecular docking of sperm hyaluronidases with HA

Name HPH-20 HYAL-2 HYAL-3

Uniprot ID P38567 Q12891 O43820
Amino acids 509 473 417
Gene SPAM1 HYAL-2 HYAL-3
Sequence identity with HYAL-1 42.82% 43.56% 44.76%
Molecular weight ~57 kDa ~53 kDa ~46 kDa

Amino acids involved in hydrogen 
bonds with HA

TYR 219, ARG 305, TYR 264, 
TYR 92, ASN 54, THR 89, ASP 146, 
TRP 147

ILE 326, THR 294, VAL 292, TYR 
291, PHE 293, TYR 253, ARG 271, 
LEU 207, ASP 41

PHE 73, ASN 36, TYR 200, ARG 
290, GLU 129, ASN 36
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Figs 1A to D: (A) Sequence alignment of human sperm hyaluronidases with bee venom hyaluronidase and human hyaluronidase-1 where blue 
regions are partially conserved amino acids and red regions are completely conserved amino acids; (B) Sequence alignment of human HPH-20 with 
human HYAL-2; (C) Sequence alignment of human HPH-20 with human HYAL-3; (D) Sequence alignment of human HYAL-2 with human HYAL-3 having 
~42% sequence identity where blue regions are partially conserved amino acids and red regions are completely conserved amino acids
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AR activation, but for HPH-20 and HYAL-3, more residues involved 
in HA binding were neutral-active domain and residues present 
in perpendicular ß-sheets.23,24

Hyaluronidase Specificity based on the Results
The molecular docking results, it confirms the binding of 
hyaluronan with HYAL-2 in the deep substrate binding groove, but 
this mode of binding is not seen in HYAL-3 and HPH-20. Further, to 
differentiate the morphological information of defective head and 
normal head, tests such as computer-assisted sperm analysis and 
HBA will be performed in the future. The HBA analysis will give the 
critical analysis of hyaluronidase lacking sperm cell activity, where 
less penetration with the artificial hyaluronan layer indicates the 
absence of hyaluronan hydrolyzing enzyme (hyaluronidase) in 
the sperm cells.25,26

Fig. 3: Cartoon representation of the interaction between HA (red dark line representation) and binding sites of HPH-20 (pink cartoon), HYAL-2 
(yellow cartoon), and HYAL-3 (cyan cartoon), where the amino acids in binding regions were represented as sticks 

Fig. 4: Two-dimensional representation of the interaction of amino acids from hyaluronidases to the HA tetramer (from left to right: HPH-20, 
HYAL-2, and HYAL-3)

Fig. 2: Structure alignment of modeled structures of HPH-20, HYAL-2, 
HYAL-3 (HYAL-3: orange, HPH-20: green, HYAL-2: cyan. Peptide-1: blue, 
Peptide-2: magenta, Peptide-3: blue) and back view of C-terminal 
regions of HPH-20, HYAL-2, and HYAL-3 showing the difference in 
secondary structure by the presence of loop in HYAL-3 structure when 
compared with HYAL-2 and HPH-20 (HYAL-3: orange, HPH-20: green, 
HYAL-2: cyan) (zoomed inside the sphere in left)
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co n c lu s i o n

The maximum identity of active site regions of the HPH-20 and 
HYAL-2 shows that the HYAL-2 and HPH-20 may be the important 
acid-active hyaluronidases that participate in high molecular weight 
substrate recognition and degradation. The result of molecular 
docking shows that there was a prominent difference in HA 
binding with HYAL-2 compared to the binding mode of HPH-20 and 
HYAL-3, which concludes that the HYAL-2 acid-active domain may 
predominantly be involved in AR activation and zona pellucida 
penetration apart from cumulus HA degradation.
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