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ABSTRACT Human hyaluronidases (Hyals) are
a group of five endo-pB-acetyl-hexosaminidase en-
zymes, Hyal-1, -2, -3, -4, and PH-20, which degrade
hyaluronan using a hydrolytic mechanism of action.
Catalysis by these Hyals has been shown to follow a
double-displacement scheme. This involves a single
Glu residue within the enzyme, the only catalytic
residue, as the proton donor (acid). Also involved is
a carbonyl group of the hyaluronan (HA) N-acetyl-D-
glucosamine as a unique type of nucleophile. Thus
the substrate participates in the mechanism of ac-
tion of its own catalysis. An oxocarbonium ion tran-
sition state is postulated, but there is no formation
of a covalent enzyme-glycan intermediate, as found
in most such reactions. The major domain is cata-
lytic and has a distorted (B/a)g triose phosphate
isomerase (TIM) barrel fold. The C-terminal domain
is separated by a peptide linker. Each Hyal has a
different C-terminal sequence and structure, the
function of which is unknown. These unique C-
termini may participate in the additional func-
tion(s) associated with these multifunctional en-
zymes. Proteins 2005;61:227-238.
© 2005 Wiley-Liss, Inc.
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INTRODUCTION

Hyaluronan (HA) is a simple unadorned glycosaminogly-
can (GAG) linear polymer, built of a large number of
repeating units of [D-glucuronic acid-B1,3-N-acetyl-D-
glucosamine-B1,4-],. The enzymes that degrade HA are
termed the hyaluronidases (Hyals) (Fig. 1). Degradation of
HA is performed by the Hyals utilizing one of two mecha-
nisms, either hydrolase or lyase, each of which involves
cleavage of the p1,4-glycosidic bond. Mammalian Hyals
(EC 3.2.1.35), members of glycosidase family 56,2 are
endo-B-acetyl-hexosaminidases that utilize hydrolysis in
their catalysis of HA. On the other hand, the bacterial
Hyals, which are also endo-B-acetyl-hexosaminidases, uti-
lize a lyase mechanism, and are referred to as hyaluronate/
hyaluronan lyases. Both groups of enzymes, hydrolases
and lyases, also have, to a limited degree, the ability to
degrade unsulfated chondroitin (Ch) and sulfated chon-
droitins (ChS). However this occurs at a much slower rate
and is restricted to only certain sulfation patterns (Fig. 1).
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Chondroitins are polymeric GAGs differing from HA only
in the anomeric configuration at the C4 atom of the
N-acetyl-D-glucosamine, making it N-acetyl-D-galac-
tosamine.

In the human genome, there are six known genes coding
for Hyals: hyal-1, hyal-2, hyal-3, hyal-4, and PH-20/
Spam1 as well as a pseudogene Phyall that is transcribed
but not translated. The first three Hyal genes, hyal-1-3,
are tightly clustered together on chromosome 3p21.3, and
the latter three, hyal-4, PH-20/Spam1, and Phyall, are
clustered similarly on chromosome 7q31.3.°> Hyal-1 and
Hyal-2 are the two major human Hyals in somatic tissues.
Hyal-2 degrades high molecular weight HA to an approxi-
mately 20 kDa product (~50 HA disaccharide units),
whereas Hyal-1 can degrade high molecular weight HA to
smaller products, predominantly tetrasaccharides. Hyal-3
protein product is expressed, but the precise nature of its
activity is still being investigated (B. Triggs-Raine, per-
sonal communication). A product of the hyal-4 gene,
Hyal-4, also has chondroitinase activity (unpublished re-
sults). Human PH-20 or SPAM1 (SPerm Adhesion Mole-
cule 1) (HPH-20) is necessary for fertilization, is commonly
associated with testes, and also facilitates penetration of
sperm through the cumulus mass in its passage to the
ovum. A product of a seventh human gene has been
proposed to have Hyal activity,* but its identity as a Hyal
has not been explored and therefore will not be discussed
further.

By degrading HA, the Hyals contribute to tight regula-
tion of steady-state levels of HA deposition. But they are
also crucial for preserving the biophysical properties of
size-specific HA oligomers, an information-rich system
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Fig. 1. Chemical structures of (A) hyaluronan and (B) unsulfated
chondroitin and chondroitin sulfates. The structures differ only in the
anomericity at the C4 position of the N-acetyl-D-glycosamine, N-acetyl-D-
glucosamine in hyaluronan and N-acetyl-D-galactosamine in chondroitin.
Potential sulfation sites for chondroitin structures are marked by italicized
hydroxyl groups. Both glycans are substrates for the human hyaluroni-
dase enzymes. For Hyal-1 and -2, HA is the primary substrate, but
degradation of Ch/ChS also occurs, albeit at a slower rate, as docu-
mented in vitro. Hyal-4 is a chondroitinase as well as a degrader of HA.

associated with a wide range of biological activities. HA
turnover by the Hyals is also critical in a number of
important regulatory processes, ranging from embryonic
development to wound healing (for review see ref. 3). The
detailed understanding of the enzymatic mechanism(s)
involved in HA degradation will certainly facilitate better
understanding of the entire process of HA catabolism. The
precise enzymatic mechanism of the vertebrate Hyals is
still under investigation, but based on structural investiga-
tions of bee venom hyaluronidase (BVHyal) by Markovic-
Housley and coworkers it is proposed to involve a double-
displacement mechanism at the C1 anomeric carbon atom
of the N-acetyl-D-glucosamine.®>® Such a mechanism re-
sults in net retention of the anomeric configuration of the
substrate at the carbon C1 position.”® There is no Hyal-
covalent intermediate involved in such a process, as is the
case for most of the other glycan hydrolases.®

MATERIALS AND METHODS
Sequences and Their Analyses

Sequence data for human hyaluronidases were retrieved
from GenBank or other websites interfaced with the
National Center of Biotechnology Information (NCBI).
Protein or domain alignments were constructed using
Clustal W 1.82.1° Secondary structure elements were
predicted using Protein Structure Prediction server (PSI-
PRED).!! Fold recognition analyses were carried out using
the Structure Prediction META server with the imple-
mented 3Djury list (bioinfo.pl/Meta).!%13

Three-Dimensional (3D) Modeling

Comparative/homology and ab initio modeling of the
Hyals and their domains were carried out at the Robetta
Structure Prediction Server (robetta.bakerlab.org).'*1® The
server returned ten models, the first nine representing the
most populated clusters, and the tenth the lowest-energy
structure outside those clusters. The models were assessed
using the protein structure validation tools Protein Struc-
ture Analysis IT (PROSA II),'® VERIFY_3D,'” and Protein
Quality Prediction (ProQ).'® The 3D structures and their
properties were visualized with O.'° The cartoon figures
were obtained using PyMol software (www.pymol.org),%°
Ribbons,?! and Grasp®? programs.

The model of the Hyal-1 complex with an HA tetrasaccha-
ride was obtained based on positioning the HA substrate in
an identical Hyal-1 active-site cleft, as in the BVHyal and
BHPH-20 structures in complex with HA tetrasaccharide
[Protein Data Bank (PDB) (3D structure depository) code
1FCV].%2% All structures were aligned in 3D using the
Distance Matrix Alignment (DALI) server (www.ebi.ac.uk/
dali).?* The molecular manipulations were performed with
moleman package as implemented in O package.®

RESULTS AND DISCUSSION
Sequence Analysis

The protein sequences of all full-length human Hyal
genes, hyal-1-4, and PH-20, either identified experimen-
tally or taken from the human genome (available at
www.ncbi.nlm.nih.gov) were used in the sequence-homol-
ogy and structural studies. These were used to further
elucidate the primary, secondary, and 3D structural prop-
erties of these proteins. It was presumed that such an
approach would yield functional properties and mecha-
nisms of action of these Hyals in greater detail. The
sequences of the human Hyals described above (Hyal-1-4
and HPH-20) were found to be relatively uniform in their
amino acid (aa) lengths, ranging from the shortest, Hyal-1
with 435 aa, to the longest, HPH-20 with 510 aa residues.

Fig. 2. Sequence of the human hyaluronidases. (A) Sequence align-
ment of Hyal-1-4, PH-20/SPAM1 and BVHyal with the known X-ray
structure. The sequence alignment was performed using the Clastal W
1.82 software package.?® The identity between all sequences varied from
33.1% between Hyal-3 and -4 to 41.2% between Hyal-4 and HPH-20. The
identity with the sequence of the BVHyal enzyme (with known X-ray
structure) in the aligned region ranges from 22.9% for PH-20 to 25.2% for
Hyal-1. The catalytic Glu H-donor residue and the residues positioning the
nucleophile/base of the substrate are strictly conserved (Table II) with the
exception of the Cys263 residue of Hyal-4, which might reflect this
enzyme’s specificity for chondroitin. The types of aa residues are
color-coded as follows: red, AVFPMILW small residue; green, STYHC-
NGQ hydroxyl, amine, or basic; blue, DE acidic; magenta, RHK basic; and
gray, others. The conserved residues are marked as follows: (*) identical
in entire column, conserved according to color scheme above, and
exhibiting some semi-conserved substitutions. The proposed catalytic
Glu H-donating residue is also marked with o, whereas residues position-
ing the carbonyl nucleophile/base are marked with \. The sequence of the
portion of the BVHyal enzyme that was crystallized is underlined. (B)
Schematic diagram of domain composition of human Hyals. Human Hyals
are composed of two domains, a major catalytic domain followed by a
C-terminal one of unknown function. These domains are connected by a
presumably flexible peptide linker. The short segment at the extreme
N-terminus is independent of the catalytic domain and assumes an
a-helical conformation.
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STRUCTURE OF VERTEBRATE HYALURONIDASES
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The pairwise and multiple-sequence alignments of known
human Hyals (Hyal-1-4 and HPH-20) performed using
multiple sequence alignment Clastal W (1.82)%® demon-
strated that their sequence identities ranged from 33.1%
(between Hyal-4 and Hyal-3) to 41.2% (between Hyal-4
and HPH-20). This degree of sequence conservation is
indicative of the Hyals presumed common structural prop-
erties (Fig. 2). In addition, there are a number of abso-
lutely conserved regions of aa sequence, suggesting the
functional and mechanistic importance of these residues.
The major differences appear to be located to the extreme
N- and C-termini of all of these proteins.

The primary sequence alignments described above (Fig.
2) indicate that all Hyals, in addition to being homologous
to one another, are also homologous to the bee venom Hyal
(BVHyal),® bovine PH-20 (BPH-20) enzyme,?® as well as
other vertebrate Hyals (data not shown) (Fig. 2). The
significance of the homology of human Hyals to BVHyal
and BPH-20 enzymes, is that these are the only two Hyals
that have known 3D structures, obtained by experimental
X-ray crystal structure and by modeling, respectively.23

Fold Recognition Studies of the Human Hyals

The fold recognition analyses were performed utilizing
primarily the META server (bioinfo.pl/Meta).'? All meth-
ods employed at the META server indicated consistently
that all human Hyals are similar to one another at the
primary, secondary, and tertiary levels. All Hyals were
shown to be similar in fold to the BVHyal enzyme, for
which a 3D X-ray structure has been elucidated (PDB
code: 1IFCQ). This similarity was also recognized by the
BLAST and PDB-BLAST methods, with scores ranging
from 2 e 3% to 1 e 37 for BLAST searches, and 1 e '1® to 1
e '8 for PDB-BLAST.?% By the 3D-Jigsaw/Pcons3 consen-
sus fold recognition predictor, highly significant scores of
above 5 for all Hyals were obtained, well above the level of
the highest-scoring false positives.?” The BVHyal struc-
ture was consistently the top-scoring structure for all
individual consensus fold recognition methods utilized in
3D-Jury, for which highly significant levels were
reached.'®28

These results also supported the observation that all
human Hyal enzymes are in the CAZY glycoside hydrolase
family 56,2 and classified by the SCOP database®° as
members of the (trans)glycosidase superfamily of enzymes
C.1.8. Other members of such a SCOP superfamily include
a catalytic domain of amylase®' and type II chitinase
enzymes.?? Amylase is an endoglycosidase hydrolase that
cleaves the a-bonds of another simple sugar polymer,
glycogen. Chitinase is also an endoglycosidase, an endo-
hexosaminidase cleaving B1,4-N-acetyl glycosaminidase
bonds. Additional support for the structural and functional
correspondence of all of these proteins comes from the
excellent match between all predicted Hyal secondary
structures and the actual secondary structure of the
BVHyal obtained by X-ray crystallography (data not
shown). Therefore, the fold recognition studies suggest
that all human Hyals have 3D structures that are similar
to one another, and also similar to that of BVHyal, and

therefore presumably to all other vertebrate Hyals (data
not shown).

Homology and Ab Initio Modeling of 3D Structures
for Hyal-1-4 and HPH-20

Although the human Hyal sequences share only moder-
ate (22-25%) sequence identity with BVHyal, the fold
recognition studies, as described above, demonstrate that
the 3D structure of the BVHyal enzyme is the best and the
only structural template available for modeling these
proteins. The relatively low sequence identity is not reflec-
tive of a high degree of structural similarity among these
Hyals. However, protein structures with such low levels of
identity are often found appropriate and suitable for
homology modeling.?*3* In this regard, the fold recogni-
tion methods indicated unambiguously significantly higher
structural conservation than that suggested using se-
quence identities. Due to the similarity to the BVHyal
structure, there was a clear opportunity to model the
structures of human Hyals primarily by homology. To
accomplish such modeling, we chose to utilize the method-
ology implemented by the Robetta structure prediction
server.™* All models, including Robetta homology/compara-
tive models, must be viewed with caution and compared to
experimental structures obtained using either X-ray crys-
tallography or nuclear magnetic resonance (NMR). How-
ever, the high structural homology with the BVHyal
structure allowed the Robetta server to perform a reliable
and consistent 3D structure model determination for
Hyal-1-4 and HPH-20 enzymes. These enzymes are
thought to be structurally representative of all vertebrate
Hyals. By obtaining such models, we hoped to explore the
mechanisms describing how the Hyals degrade HA, and
possibly explain the known differences among the various
human Hyals, such as why Hyal-1 degrades HA to tetrasac-
charides whereas Hyal-2 degrades the same substrate to
larger fragments of approximately 50 disaccharides or 20
kDa. For HPH-20 we had hoped to elaborate on the
enzyme’s ability to facilitate sperms’ entry through the
cumulus mass or zona pellucida into the human ovum. The
insight into more functional and mechanistic details of
Hyal-3 and Hyal-4 was also desired, as these details are
lacking compared to other human Hyals.

All models obtained for Hyal-1-4 as well as for HPH-20
are of high quality and essentially identical to one another
in the structure of their main portions. The structural
models produced by the Robetta server were evaluated
using objective protein-quality measures as implemented
in PROSA II,'® VERIFY_3D,'” and ProQ.'® The bases for
these quality analyses were largely independent of those
contained within the Robetta structure prediction, and
therefore suited to identify the best, correct model out of
the 10 models provided. As expected, one of the models
produced by Robetta for each target, number 4, 1, 5, 5, and
3 for Hyal-1, -2, -3, -4 and HPH-20, respectively, performed
best by all three methods, ProQ, PROSA II, and
VERIFY_3D. These models (Figs. 3 and 4) provided pre-
dicted structures similar to that of BVHyal in their main,
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Catalytic Domain

C-terminal

Domain

Hyal-1

Fig. 3. Ribbon diagrams of 3D structural model of human Hyal-1. All three models were obtained using the Robetta server'* and created based
primarily on the comparative/lhomology modeling for the main, catalytic, domain utilizing the structure of bee venom hyaluronidase (PDB code 1FCQ).°
The C-terminal domain was modeled using ab initio methods, and its primary, secondary, and tertiary structures are not similar to any molecule’s 3D
domain structure currently available, which implies a novel fold and possibly a novel function. There is a characteristic (B/a)g TIM barrel fold of the main
domain, which is the catalytic domain that supports substrate-binding and its hydrolytic degradation by a double-displacement retaining mechanism
(described in the text). (A) Three-dimensional model of Hyal-1 degrading HA, primarily to tetrasaccharides. The molecule is color-coded by the
secondary structure elements (helices in red, B-sheets in yellow, others in green). The bound HA molecule is located in the HA-binding cleft and is
depicted in ball-and-stick fashion and colored in purple. The catalytic residue, Glu131, is also shown in ball-and-stick fashion colored in red (labeled);
other residues that position the carbonyl of the acetylamido group of HA are also shown and are colored in blue. The catalytic and C-terminal domains, as
well as the N- and C-termini, are shown and labeled. (B) Comparison of 3D structure of Hyal-1 and BVHyal enzymes. The Hyal-1 molecule is shown in
the same color and orientation as in A (including HA). The BVHyal enzyme structure is overlaid on the structure of the Hyal-1 model and colored in blue.
The positions of the catalytic Glu and carbonyl positioning residues are essentially identical for both structures (data not shown). The BVHyal does not
have the C-terminal domain. (C) Surface of the Hyal-1 molecule and a tetrasaccharide HA substrate bound in the cleft. The orientation of the molecule is
similar to that in A-B. The protein surface is colored by the atomic element: C, green; N, blue; O, red; S, yellow. The surface of the HA tetrasaccharide
bound to the enzyme is shown and colored purple.
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Fig. 4. Ribbon diagrams of 3D models of Hyal-2, Hyal-3, Hyal-4, and HPH-20. All four models were obtained as described in the Figure 3 legend and
in Materials and Methods. Similar to Hyal-1, the main, catalytic domain for each Hyal has the characteristic distorted (B/a)s TIM barrel fold. The
C-terminal domains are different for each Hyal. The molecules in all panels are shown in a similar orientation and use the same color scheme as that of
Hyal-1in Figure 3(A and B). The catalytic and C-terminal domains, as well as the N- and C-termini are shown and labeled. (A) Model of Hyal-2 degrading
hyaluronan in human tissues to an approximate size of 50 disaccharides. (B) Structural model of human PH-20/SPAM1 hyaluronidase found in sperm
and involved in fertilization, as well as facilitating penetration of sperm through the cumulus mass to the ovum. (C) Model of Hyal-3 enzyme. (D) Model of
Hyal-4 with the specific chondroitinase activity.
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TABLE I. Domain Arrangement of Human Hyaluronidases’

Hyal aa Parent

Hyal span Domain Domain aa span Parent aa span Functional annotations

Hyal-1 1-435 1 catalytic 1-371 1FCQ® 33-360 hydrolase/hyaluronidase
2 C-terminal NA* NA*® unknown¢

Hyal-2 1471 1 catalytic 1-376 1FCQP 33-366 hydrolase/hyaluronidase
2 C-terminal 377471 NA® NA® unknown?

Hyal-3 1463 1 catalytic 1-373 1FCQ® 41-366 hydrolase/hyaluronidase
2 C-terminal 374463 NA® NA® unknown?

Hyal-4 1-481 1 catalytic 1-384 1FCQ® 41-366 hydrolase/hyaluronidase
2 C-terminal 385-481 NA® NA® unknown?

HPH-20 1-510 1 catalytic 1-389 1FCQP 41-366 hydrolase/hyaluronidase
2 C-terminal 390-510 NA® NA® unknown?

BVHyal 1-382 1 catalytic 1-382 1FCQ® 33-382¢ hydrolase/hyaluronidase

"The domains were predicted by the Ginzu domain parsing and fold detection method'® and confirmed unanimously with very high confidence by
all methods implemented in the META server/3D Jury method.'®?¢ All Hyals have a two-domain architecture with the major domain being the
catalytic one, with a very high primary, secondary, structural, and functional homology to the BVHyal of known 3D structure (PDB code 1FCQ).
The structure of BVHyal consists of aa residues 33—-382 of the full-length mature protein of this organism. The second and minor domain is located
at the extreme C-terminus and has no homology to proteins with known structures. The primary structure conservation among all Hyals is

significantly lower than for the catalytic domain. Their functions are still unknown.

aNA-Not available or unknown.

PPDB code is reported (3D structure coordinates available at www.rcsb.org/pdb under this code).
“The crystallized BVHyal enzyme consists of aa residues 33—-382 of the full-length protein in this organism. Residues 33—43, 97-103, and 363-382

were not identified in the 1FCQ X-ray crystal structure.®

9The state-of-the-art sequence comparisons and structural analyses of the ab initio 3D model have not revealed any protein with similar sequence
or 3D structure to the C-terminal region, domain, of the Hyals analyzed here.

catalytic part. These five models, therefore, represented
reliable model structures for all five Hyal enzymes.

For all Hyals, two domain structures were predicted for
each enzyme. The major, catalytic domain comprised aa
residues starting from the very N-terminus of each protein
(Fig. 2), and was always followed by a significantly smaller
C-terminal domain. The catalytic domain model was con-
structed by its homology to BVHyal enzyme structure. The
extreme N-terminal segments for the catalytic domain,
ranging in length from 28 aa for Hyal-1 to 41 aa for
HPH-20, were not included in the BVHyal template struc-
ture (and were thus omitted in the crystallized protein)
(Fig. 2). This segment’s structure was predicted, therefore,
by the ab initio approach. Due to the short length of this
N-terminal segment, the modeling in this part of Hyal is
likely to be reliable. The sequence similarity among this
portion of the protein was low compared to the remaining
portion.

For the C-terminal domain, searches in structural data-
bases showed no significant similarity to any known 3D
structures. As a consequence, fold recognition and sepa-
rate structural modeling by the Robetta server indicated a
lack of potential independent homology modeling for this
portion of the Hyal molecule. The structures of this domain
were therefore constructed by the ab initio approach, as
implemented by the Robetta server.'*'® Even though the
prediction methods have significantly improved recently,
such ab initio models must still be examined with a high
degree of caution. This C-terminal portion of the Hyal
molecule was significantly smaller than the catalytic one,
but larger than the N-terminal segment of the catalytic
domain, ranging in size from 68 aa for Hyal-1 to 122 aa for
HPH-20 (Table I, Fig. 2). The sequence similarity within
this portion was minimal compared to the remaining part

of the enzymes, including the extreme N-terminus. In
summary, the entire catalytic domain structure was formu-
lated based on the presence of the BVHyal homology model
that included the major part of the catalytic domain, but
that did not include the smaller N-terminal part. The
extreme N-terminus and the C-terminal domain were
predicted using the ab initio approach.

Description of Model Structures

For all five Hyal structure models obtained, the major
catalytic domain of the final models (Figs. 3 and 4) closely
resembles the (B/a)g TIM barrel of the parent BVHyal
structure. The number of sheets constituting the central
part of the TIM barrel varies, however, similar to that of
various forms of the BVHyal structures available (PDB
codes 1FCV, 1FCQ, and 1FCU). The wider end of the TIM
barrel assumes a conformation that creates a large and
elongated cleft. Its sides are built primarily from aa
residues of loops formed between sheets and helices of the
TIM barrel. This region was shown to be responsible for
both binding the HA substrate and catalysis,® and is large
enough to bind at least an octasaccharide segment of HA.
The extreme N-terminal segment of the catalytic domain,
predicted by the abd initio approach (see above), always
assumes a helical conformation. It takes on a structure of a
single helix for Hyal-1 and -2 (Hyals with the shortest
segment at their N-terminus) or a set of two helices
connected by a short loop for Hyal-3, Hyal-4, and HPH-20.
Hyal-4 and HPH-20 are Hyals with longer aa segments at
the N-terminus (Fig. 2). In all five cases, however, the
helices are located on the outside of the TIM barrel core
structure, are not incorporated in the distorted TIM barrel
fold, and are primarily associated with the TIM barrel
domain only. The interactions with the C-terminal domain
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are minimal, if they exist at all (Figs. 3 and 4). The
sequence similarity in this region of all Hyals is very low
compared to the remaining part of the catalytic domain,
and therefore it allows for slight variations in this segment
of the Hyal structures.

For all Hyals at the C-terminus, the catalytic domain is
followed by the second domain (major catalytic domain —
domain 1; C-terminal short domain — domain 2), which is
not present in the BVHyal structure template. The pre-
dicted structure of this domain varies significantly among
different Hyals. It assumes a three-stranded antiparallel
B-sheet, flanked on one side by a helix and on the other by
low-complexity structures (extreme C-terminus) for Hyal-1.
In Hyal-2 it is composed of a two-helix group, whereas in
HPH-20 it is composed of a group of eight helices, three of
which are very short. For Hyal-3 it assumes a two-helix
structure and a significant region of low complexity. In
Hyal-4, it is a group of three helices flanked on one side by
a two-stranded antiparallel B-sheet (Figs. 3 and 4).

There is one commonality among all C-terminal Hyal
structures, however. The C-terminal domain is always
separated from the catalytic part by a linker peptide,
presumably flexible and of significant length, making this
domain relatively independent of the rest of the protein.
This domain is likely to have its own, separate motion/
dynamic properties and its own unique function, which is
different for each Hyal (Figs. 3 and 4).

Structure of Active Site

The active site was identified based on the homology
to BVHyal® and earlier mutational analysis.?® The
active site is located within the substrate-binding cleft
that transverses the wider end of the TIM barrel
structure of the catalytic domain. The cleft does not
extend to the C-terminal separate domain. The cleft is
lined by a number of electropositive and hydrophobic aa
residues, many of them conserved in all human Hyals.
As such, it is ideally suited to bind the electronegative
and hydrophobic HA/Ch/ChS substrate. Based on earlier
investigations,® the active site is composed of a single
catalytic residue, Glul31, and a group of several resi-
dues that position the carbonyl nucleophile of the HA
substrate for catalysis. Structural alignment of all Hy-
als, in addition to the 3D alignment of all modeled Hyal
structures presented here and that of the BVHyal X-ray
structure, the BVHyal X-ray structure complex with the
HA substrate, and the BPH-20 enzyme modeled else-
where demonstrated structural conservation (defined as
the same positioning) of this catalytic Glu131 (Hyal-1
numbering) residue and its accompanying group of
substrate-positioning residues, Asp129, Tyr202, Tyr247,
and Trp321 (Hyal-1 numbering) (Fig. 5). All of these
residues are also strictly conserved in sequence (Table
II, Figs. 2 and 5, and data not shown). The Tyr247 aa
residue is replaced by Cys263 in the Hyal-4 enzyme.
This Cys263 is one of the positioning residues of the
nucleophile/base of the substrate and may reflect this
enzyme’s specificity for chondroitin (Table II). Due to
such sequence and structural conservation of the resi-

Fig. 5. Catalytic part of the Hyal-1 HA-binding cleft. The scheme is
based on the structure of the Hyal-1 enzyme with an HA tetrasaccharide
positioned as in the structure of the BVHyal homolog (pad coordinate
code: 1FCV). The reducing end of the bound HA molecule is located in the
HA-binding cleft and is depicted in ball-and-stick fashion colored in by
atom type (C, green; N, blue; O, red; S, yellow). The catalytic residue,
Glu131, is also shown in ball-and-stick fashion colored in red (labeled);
other residues that position the carbonyl of the acetylamido group
(labeled) of HA are also shown and are colored in blue (labeled). The C1
atom and carbonyl group (marked as C=0) of HA’'s N-acetyl-D-
glucosamine are labeled. (A) View from above HA and HA-binding cleft
towards the enzyme’s catalytic domain. The catalytic H-donor (acid)
Glu131, in red, is shown in position to interact with the C1 carbon. The
carbonyl residues, in blue, are deeper in the enzyme’s cleft where the
acetamido group is located. (B) View from down the HA chain along the
HA-binding cleft. The carbonyl positioning residues are clearly in position
to modify the position of the acetamido group, to allow interaction of the
carbonyl group with the C1 carbon.

dues involved in catalysis among human Hyals and with
the BVHyal enzyme, it was reasonable to assume that
the mechanism of all human Hyals is the same as that
proposed for BVHyal.

Essential to the catalytic reaction is Glu113, proposed to
act as an acid, an H-donor. The substrate-positioning
residues are involved in a precise orientation of the
carbonyl of the acetamido group of HA. This carbonyl
group of the substrate serves as a nucleophile instead of
the second acidic residue that would normally perform this
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TABLE II. Numbering Scheme for Conserved Residues Involved in Catalytic Process and in Essential Positioning of
Substrate’s Carbonyl of the Acetamido Group

BVHyal BPH-20 Hyal-1 Hyal-2 Hyal-3 Hyal-4 HPH-20
Catalytic residue:

Glul113 149 131 135 129 147 148
Positioning residues:

Asplll 147 129 133 127 145 146
Tyr184 220 202 206 202 218 219
Tyr227 265 247 253 246 Cys263 264
Trp301 341 321 327 319 339 339

The residues were divided into the catalytic Glu residue and the supporting residues that position the HA’s carbonyl of the acetamido group for
catalysis. The Cys263 residue of Hyal-4 breaks the conserved scheme and likely reflects this Hyal’s specificity for chondroitin and its

chondroitinase function. All other residues are strictly conserved (Fig. 2).

function. In this case, there is no enzyme—substrate cova-
lent intermediate formed, as would occur in the usual
situation.

Scheme for Hyal-Catalyzed Degradation of HA

Due to high structural and sequence homology, it is
assumed that human Hyals degrade HA by the same
mechanism as the BVHyal enzyme.® The degradation of
HA by human Hyal hydrolases proceeds, therefore, via the
double-displacement mechanism with retention of the HA
substrate conformation, and involves one glutamic acid aa
residue as an H-donor (Glul31 in Hyal-1) and a carbonyl
oxygen of the N-acetyl group of HA performing the func-
tion usually assigned to another carboxylic aa. The regu-
lar, two-carboxylic-acid mechanism can be modified to
reflect the different nucleophilic residue. Therefore, the
steps involved in this mechanism are as follows (Figs. 5
and 6):

—

Binding of Hyal to the polysaccharide HA substrate.

2. Cleft residues surrounding the catalytic site positioning
the carbonyl oxygen nucleophile of the HA’s N-acetyl
group next to the to-be-cleaved B1,4 glycosidic bond, to
attack the C1 carbon of the same sugar to form a
covalent intermediate between them. This leads to
cleavage of the glycosidic bond in the substrate on the
non-reducing side of the glycosidic oxygen. The process
also results in the inversion of the anomeric C1 atom
configuration.

3. At the same time, the protonated Glul31 donates its H
(deprotonation, acid function) to the glycosidic oxygen,
leaving part of HA (glycan on the reducing side of the
glycosidic bond) cleaved.

4. Hydrolytic cleavage of the carbonyl oxygen—C1 interme-
diate bond by a water molecule in the active site leading
to re-protonation of Glul31, readying it for the next
catalytic step, and leading to the second inversion of the
configuration of C1.

5. Release of the remaining HA product from the Hyal’s

active site (glycan on the non-reducing side of the

cleaved glycosidic bond).

The anomeric configuration of the C1 carbon atom of the
substrate is retained after its conformation is inverted

twice during the catalysis (steps 2 and 4 above). The
formation of an oxocarbonium-ion transition state has
been implicated in this process at step 2 described above.
Structural evidence from the BVHyal-HA tetrasaccharide
complex suggested that (i) as the carbonyl nucleophile
moves into place to interact with the C1 carbon of HA, it
results in (ii) the change of puckering of the pyranose ring
of N-acetyl-D-glucosamine on the non-reducing side of the
bond to be cleaved, from a regular chair to a distorted boat
and (iii) as a consequence, by this distortion of the chair
conformation to a near coplanar arrangement of this part
of HA (a near coplanar arrangement of C2-C3-C5-Op-C1-
0,) the glycosidic bond is displaced, which results in (iv)
positioning this bond close to the Glu131 (Hyal-1 number-
ing) to allow for the donation of its H to this glycosidic O as
the bond is being cleaved.®

The site-directed mutagenesis in human sperm PH-20
enzyme of Glul48 and Asp146 (equivalent of Glul31 and
Aspl129 in Hyal-1) to Gln and Asn, respectively, results in
the total loss of activity for E148Q mutant and only 3%
activity for D146N construct.?® These results are entirely
consistent with the proposed mechanism, and support the
catalytic importance of this single Glu aa residue. The
residual low level of activity of the D146N mutant in
HPH-20 is also consistent with it having only a supportive
role, being only one positioning residue out of a total of four
(Fig. 5, Table II).

Endolytic, Random Cut Pattern of Enzyme Action

The process of HA degradation proceeds through a
random bite type of catalysis, an endolytic, non-processive
mechanism, generating products of degradation that are
substrates for further cleavage. This leaves the active site
of Hyals available after each cleavage reaction. The short-
est HA fragment that can still be cleaved by mammalian
enzymes is a hexasaccharide unit.?3” This hexasaccharide
also competes successfully in several important biological
processes; for example, it binds to CD44, competing with
long HA chains.®® As a consequence, the final product of
HA digestion by human Hyals is an HA tetrasaccharide.

Mammalian Hyals also degrade chondroitins, albeit at a
significantly slower rate. The mechanism described above
should be the same for this substrate. The sulfation
pattern of chondroitin sulfates can presumably be accom-
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Fig. 6. Schematic double-displacement retaining mechanism, common to all human Hyals. This mechanism is characteristic of polysaccharide
hydrolases and involves the five depicted steps, 1-5. It involves a double-displacement mechanism with the retention of C1 carbon configuration
(retaining enzyme). The catalytic process proceeds through an intermediate reaction step involving the oxocarbonium ion at the C1 position of
N-acetyl-D-glucosamine of the HA substrate. The catalytic acid function is performed by a Glu residue (absolutely conserved among all Hyals), and the
nucleophile/base function is attributed to the carbonyl oxygen of C-2 acetamido group of the substrate: HA, Ch, or ChS.

modated by these Hyal enzymes, and allows for binding
and catalysis. This is not entirely unexpected, as the
notion that Hyals evolved from chondroitinases appears to
be well supported. Chondroitin appears earlier in evolu-
tion than does HA.?3%3% Hyals may have evolved origi-
nally from preexisting chondroitinases, retaining residual
chondroitinase activity and recognizing the ancestral sub-
strate, while becoming specialized for HA degradation.

Putative Functions of C-Terminal Domains

The C-terminal domains have the greatest variability,
both sequence and structural, among all Hyal enzymes.
The additional functions attributed to these multifunc-
tional enzymes may well lie within these domains. The
lack of experimental data and the lack of sequence/
structural homologs for the C-terminal domains make
functional studies difficult and speculative at best.
However, the presence of a peptide linker between the

catalytic domain of Hyals and the C-terminal domain is
indicative of structural independence, and of dynamic
flexibility between this domain and the remainder of the
enzyme. Consistent with this is the significant length
and unstructured nature of the linker. Such an arrange-
ment would also be indicative of an independent, support-
ive role of the C-terminal domain in the catalytic
function of the entire enzyme. The different structures
for this domain among all five Hyals are also indicative
of different functions or tissue specificity for this do-
main, in the same way that each of the Hyals has a
unique pattern of tissue expression. Analysis of the
structural properties of this domain and its surface
indicates HA-binding ability.

All Hyal structural models of the C-terminal domain
have large grooves/clefts that can accommodate HA sub-
strate binding. There is no experimental evidence, how-
ever, for this. Without such evidence, explanations also
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cannot be posited for differences in functional properties of
the various Hyals, including an ability to account for the
different-sized degradation products generated by Hyal-1
and -2.

There are a number of speculative possibilities for the
function of the C-terminal domain. This domain may be
involved in interactions with the HA substrate, and may (i)
increase the affinity of the Hyals for an HA-rich matrix,
and therefore (ii) facilitate co-localization of enzyme and
substrate. A further possible consequence of binding to HA
might be (iii) the disruption of non-covalent interactions
between substrate chains or between substrate and other
polysaccharides.*® Also, it is possible that the domain
plays a role in (iv) the appropriate orientation of the
substrate with respect to the catalytic domain, which
would further facilitate HA degradation in a specific
orientation of HA chains with respect to enzyme, as by
reducing end-directional positioning. Such directional posi-
tioning of HA is observed for the bacterial Hyal enzymes.
These have been studied in greater structural detail than
have the human Hyals.>*>*2 All of these reasons would
facilitate HA cleavage. Flexibility and solvent exposure of
the peptide linker also suggests that this site would be the
initial site for autodegradation and/or degradation by
external proteases, as has been observed for the bacterial
Hyals**~*® and BPH-20. The deletion of 36 residues at the
C-terminus of HPH-20 resulted in a decrease of this
enzymes activity to 25%, but the truncated enzyme was
not released from the expressing cells, making its activity
determination uncertain. A similar polypeptide of PH-20
from the cynomolgus monkey was secreted by expressing
cells, purified, and shown to retain full activity.*® The
catalytic independence of the PH-20 enzyme’s C-terminus,
suggested by our modeling, was confirmed by the preserva-
tion of full activity by such truncates.

The bioinformatics/structural results presented here
demonstrate the need for further research in determining
the function of the C-terminal domain, and delineate
possible avenues for such studies. It is not coincidental
that the bacterial Hyals are also multidomain enzymes. In
their case, however, it is the extreme N-terminal domain
that is implicated in HA binding, as it parallels the
C-terminal processes described above.*?

CONCLUSIONS

The present studies propose 3D model structures for the
human Hyal enzymes: Hyal-1-4 and PH-20. The models
indicate that very similar structures exist and differ
primarily in the structure of their C-terminal domains.
These are of unknown function. However, the catalytic
cleft and the active sites are highly conserved. The models
allow for clear identification of the catalytic machinery
used by Hyals. Such machinery involves an acidic residue,
Glul31 (Hyal-1 numbering) functioning as an H-donor.
There are no other acidic residue, such as Glu or Asp, in
the active sited that could support such a function. There-
fore, as is the case for some chitinases, these enzymes
utilize the substrate carbonyl group of the acetamido
moiety as a nucleophile. No enzyme-substrate covalent

intermediate is created in this process, in marked contrast
to other glycan-degrading hydrolases.

The sequence analysis, fold recognition, and modeling
studies allow for identification of the residues involved in
Hyal catalysis and are of significant utility. The model
structures of the C-terminal domain in particular must be
viewed with caution. Further experimental evidence is
essential in delineating the function of this part of the
Hyal models. Additional data must be obtained and a
larger database of 3D structures generated with annotated
functions for the various domains to further enhance our
understanding of this class of enzymes, which until re-
cently had been relatively neglected.
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