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7. Structures and Mechanism of Action of Human 829 This may explain why Hyals, recognizing their ancestral
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information is now available, facilitated in part by the Human
Genome Project.

Six Hyal sequences occur in the human genome, constitut-
ing a newly recognized family of enzymes. They have similar
catalytic mechanisms that contrast markedly with those of
the bacterial Hyals. There is growing interest in these
enzymes, as their HA substrate is achieving much attention.
An outstanding review of the hyaluronidases was published
50 years ago by Karl Meyer, who was also the first to
describe the chemical structure of HAinterestingly, a
chapter on mucopolysaccharidases, the former name for the
hyaluronidases, was included in Volume 1 Me&thods in
Enzymology.The most recent overview of all of the Hyals
appeared in 197%.Since that time, no comprehensive review
has appeared.

Karl Meyer classified the Hyals into three distinct classes
of enzymes, based entirely on the biochemical analyses
available at the time. With the advent of sequence and
structural data, we can now appreciate how remarkably
accurate Karl Meyer's classification scheme was. No modi-
fication of his formulation is necessary. There are three major
groups of Hyals, based on their mechanisms of action. Two
of the groups are endo-f-N-acetyl-hexosaminidases. One
group includes the vertebrate enzymes that utilize substrate
hydrolysis!'*?2 The second group, which is predominantly
bacterial, includes the eliminases that functiorpbglimina-
tion of the glycosidic linkage with introduction of an
unsaturated bontf:#13-17 As these enzymes catalyze the
breaking of a chemical bond by means other than hydrolysis
or oxidation, and with the formation of a new double bond,
they are also termed lyases. Both terms, eliminase (or
p-eliminase) and lyase, are used in the review interchange-
ably. The third group are the engbglucuronidases. These
are found in leeches, which are annefitlgnd in certain
crustacean¥ No sequence data are available, and little is
known about this potentially interesting class of enzymes.
However, their mechanism of action resembles that of the
eukaryotic or vertebrate enzymes more closely than that of
the bacterial enzymes.

Sequence data for vertebrate Hyals now provide op-
portunities to formulate structurdunction relationships, to
examine probable mechanisms of catalysis, to identify
putative substrate binding sites, and to consider the additional
nonenzymatic functions of this family of multifunctional
enzymes for two of the three groups, for the hydrolase and
lyase types of Hyals, respectivélySuch a review is
presented here, documenting some of the common and some
of the unusual features that distinguish each of these families
of enzymes.

The primary objective of this review is to clarify what is
known about the structure and mode of action of all the
Hyals. Since so little is known of the leech-type of Hyals,
the f-endoglucuronidases, the emphasis will, by necessity,
be upon two of the three classes of enzymes. Other aspects
of these enzymes, such as their physiological activities, their
dependence on reaction conditions, their role in cell biology
and involvement in metabolism, and their use as reagents or
as therapeutics, are not the concern presently. A review of
these other aspects of the Hyals will appear separately (Stern
and Jedrzejas, in preparation).

High levels of HA turnover occur in vertebrate tissues.
Tight regulation of catabolism is crucial for modulating
steady-state levels, for normal homeostasis, and for embry-
onic development, wound healing, regeneration, and repair.
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Under pathological conditions, such as in severe stress, inprocessive degradation by generating unsaturated HA—
shock, in septicemia, in burn patients, following major disaccharides as products of exhaustive degrad&ifiThe
surgery, or after massive injury, circulating HA levels degradation of Ch and ChS proceeds only through the
increase rapidly. HA also increases in association with nonprocessive endolytic method with generation of the same
aggressive malignancies. Determining the mechanism ofsize product, unsaturated Ch/ChS—disaccharides.

action of the Hyals is critical for understanding their controls

over such a wide range of functions (for reviews, see refs 1.5. endo- -Glucuronidase-Type of

20 and 21). Hyaluronidases

1.2. Assays for Hyaluronidase Activity The third group of Hyals are the englsglucuronidases
. . (EC 3.2.1.36) that cleave thel,3 glycosidic bond. They

The Hyal enzymes have been assayed by classic turbido-re not considered here, as no sequence data are available.
metric- and viscometry-based methods that require large These enzymes, characteristic of annelids, such as leeches
amounts of enzymes, are relatively inaccurate, and are ”Ot(e.g.,Herudo medicinalis§2-3 and certain crustacea#f
suitable for isolation and purification procedures. This is jize the hydrolysis mechanism. They thus resemble the
affirmed by the observation that despite identification of the yerteprate enzymes more closely than the prokaryotic Hyals.
first vertebrate hyaluronidase in 1928nd their documenta-  The difference in specificity for the HA glycosidic bond

tion in human serum in 1968 sufficient purification for  remains unexplained, but an explanation may become evident
sequence analysis was not achieved until 1987umber  gnce sequence and structural studies are performed.
of assays, primarily for the hydrolase-type of Hyals devel-

oped in the past decade, facilitated their characterization. :
These include microtiter-based enzyme linked immunosor- 1.6. Fungal Hyaluronidases

bent essay (ELISA)-like assays, in which a highly specific  There are hyaluronidase activities associated with several
HA-binding protein substitutes for the antibody comport#ént. species of fungi’~2° However, these enzyme activities
Biotinylated HA bound to microtiter plates is subjected to should be approached with caution. In the absence of
Hyal activity, and the remaining HA is quantified by an sequence data and without further characterization, no further
avidin—enzyme color reactioft.HA substrate gel zymog-  discussion will be presented. Considering that opportunistic
raphy procedures were also formulated that facilitated infections caused bgandidaand other fungal organisms
additional studies of these enzyntésThe bacterial Hyals  are increasing with the use of wide-spectrum antibiotics,
can, in addition, be assayed by spectrophotometric methodsantitumor drugs, and immunosuppressive agents and with

that detect the formation of an unsaturated bond during thethe AIDS epidemic, these putative hyaluronidases may
catalysis of substrates of this enzyfie. become important.

1.3. Eukaryote Hydrolase-Type of Hyaluronidases

The vertebrate hyaluronidases (EC 3.2.1.35) are a family ) ) . .
of previously neglected enzymé&sThese are all endg-N- HA is a simple, unadomed high molecular weight gly-
acetyl-hexosaminidases employing substrate hydrolysis forcoSaminoglycan (GAG) linear polymer built of large numbers
catalysis. The vertebrate Hyals also have transglycosidase?f réPeating units consisting oftf-glucuronic acid-1,3-N-
activities, with the ability to cross-link chains of HAand ~ acetylp-glucosamingsl,4-}. The major families of all Hyals
the potential ability to cross-link chains of HA with ChS or ~ cleave thef1,4 glycosidic bond (Figure 1). There is no clear

Ch. This reaction is not well understood, and the precise

2. Hyaluronan as a Substrate for Catalysis

enzymatic mechanism is not known. No evidence has been A AN ~OH
obtained whether cross-linked chains of HA, or hybrid chains ,.-43;0 HO, o
o_f HA and ChS or Ch, exist or_vvhether the_y have biological HOY//Z\\//O /2\?/
significance. This reaction will not be discussed further. HO N o---/
Whether it is merely a curious artifact of the isolated test o
tube reaction or whether it occurs in nature and has major B
biological significance remains to be established. The CNCV I _on*
vertebrate Hyals degrade HA through a nonprocessive o o H?\i/°
; . : ! !
endolytic process, generating mostly tetrasaccharides. Ho \3[72\1//0 \34"72\/0
- . *HO
1.4. Prokaryote Eliminase-Type of Hyaluronidases >\ n
(o]
The second group, the bacterial enzymes, includes the

eliminases, or lyasésThe wealth of sequence, structural, Figure 1. Chemical structures of (A) hyaluronan and (B) unsulfated

and meﬁg?&ft'c Informatlon Obtame.d during the past chondroitin and chondroitin sulfates. The substrate structures differ
decad&®~16:30.31g]lows for relatively precise formulation of only in the anomericity at the C4 position of thé-acetylo-

the mechanisms for these glycoside eliminases, also knownglycosamineN-acetylo-glucosamine in hyaluronan, ahdacetyl-

as HA lyaseg.They function bys-elimination with introduc- p-galactosamine in chondroitin. Potential sulfation sites within the
tion of an unsaturated bond (EC 4.2.9%1%13-17 The chondroitin molecule are indicated by italicized hydroxy! groups
mechanism of action of HA lyases involving an acid/base- and asterisks. Both glycans are substrates for the human hyalu-

. L ronidase enzymes. For Hyal-1 and -2, HA is the predominant
type of proton acceptance and donation reaction is vastly substrate. However, binding and degradation of Ch/ChS also occurs,

differeznt type from the hydrolysis mechanism of vertebrate gjpeit at a slower rate, as observed experimentally in vitro. Hyal-4
Hyals? Many bacterial Hyals appear to degrade HA through appears to be a chondroitinase, with high specificity for Ch and
initial nonprocessive endolytic bites followed by exolytic ChS.
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explanation as to why thg1,3 glycosidic bond is resistant might be due to (1) the aforementioned HA helical structure
to their cleavage. with an exposedsl,4 linkage and (2) greater flexibility

This propensity of all types Hyals to cleave specifically compared to thg1,3 linkage, both of which make for easier
the 81,4 linkage might be related to structural properties of accessibility to all the Hyal enzymes. o
HA. Our data clearly correlates the presumed association of 10 complicate the matter even more, under physiological
HA chains as a function of their molecular mass and the conditions, aggregation of high molecular weight HA can
kinetics of HA degradation by bacterial Hyals. Such degra- occur, though shorter HA chains may not aggregate. As a
dation appears to initiate as an endolytic, random bite processconsequence, initial degradation of high molecular weight
for high molecular mass HA (and presumably highly HA chains likely proceeds through a random endolytic
aggregated), and as HA chains become smaller (and presumcleéavage at sites where such chains exposgihelinkage
ably less aggregated), the processive, exolytic degradationn @ proper conformation. Due to the presumed 2-fold helical
takes over (see section 8.3 for the complete discussion) (refconformation of HA, the nex1,4 linkage would be rotated
1 and M.J.J. unpublished results). All information to date Py ~180°and, as such, is not likely to be accessible to the
on the structure of HA has been obtained from X-ray Hyal enzymes, due to theé-sheet meshlike structures (see
crystallography, nuclear magnetic resonance (NMR), or other @8P0ve). As the size of HA chains decreases, the ability of
biophysical and computational methods such as molecularHA to aggregate also decreases. At a size of HA of molecular
dynamics (MD). However, while crystallography of HA weight below 300 kDa (about 750 saccharide units), the
reveals a variety of structures such as 2-, 3-, and 4-fold ability of HA to aggregate decreases, as shown by electron
helices for short chain HA? some NMR studies in ED microscopy—rotary shadowirf§. At the same time, HA
support a 2-fold helical conformation for HA in solutiéh* chains below~50 saccharides in length~@0 kDa) do not
The presence of such a 2-fold helical structure could explain @99regate in salt solutions, as documented by light scatter-
the ability of these polymers to form higher order structures 'N9- ) ) )
stabilized by hydrogen bonds and hydrophobic interactions, ~These largely hypothetical properties of HA provide an
such as through antiparallel association of HA chains in explanation for the observed dn‘ferences between bacterial
B-sheet meshlike structurés2* The protein-bound confor- and vertebrate Hyals. At some point t_)elow 300 kDa, the
mations of HA revealed by crystal structures of complexes HA molecule can be degraded by bacterial hyaluronate lyases
of HA to HA lyased®3tare also 2-fold helices, although with ~ USiNg & processive mechanism, due to decreased aggregation
small-scale bending and twisting. The binding of the HA With chains of such size. This processive method predomi-
substrate in conformations close to those found in solution Nates for HA chains at or below 20 kDa. In this model, as
presumably enhances binding. All these studies suggest thatthe average size of chains decreases, the processive mech-
due to their extended helical conformation, fie4 linkage anism takes over from the random cleavage mechanism. Such
of HA is more exposed and is, therefore, more accessible to@ Mmodel supports the observation of exponentially increasing

HA-degrading enzymes, while theil,3 linkage is hidden  rates (_)f HA degradatio_n with smaller polymer size by the
from such enzymes?5:46 bacterial Hyals (unpublished data and refs 1, 3, and 4).

However, this model does not apply to the human Hyals,
since these enzymes are nonprocessive, regardless of polymer
size. To emphasize the importance of states of HA aggrega-
tion in relation to size, the human Hyal-2 enzyme rapidly
degrades HA to approximately 20 kDa fragments, or about
50 saccharide units, and then slows considergbWyith
continued incubation, Hyal-2 is able to generate even smaller
reaction products, but it does so at a much slower rate. Close
inspection of the reaction reveals that a change in kinetics

: . : ccurs at approximately 20 kDa for Hyal-1 also. Both
sHtxd|es are necessary to establish the structural properties ognzymes have a decreased affinity for fragments smaller than
} _ N ) _ 20 kDa, with Hyal-2 having a far lower affinity than Hyal-1

Finally, in addition to the dynamical studies of HA (A D. Miller, personal communication). This appears to
described above indicating high structural mobility of HA,  syggest that the HA and/or its structural properties as a
studies by NMR and MD of HA octasaccharides ”ﬁCD substrate undergo a Change«ao kDa in size.
suggest that thg1,4 and31,3 linkages of HA have different
dynamic properties: fgf1,4 there are two readily exchange-
able conformations. Thgl,3 linkage, on the other hand, is
I cynamics can resul m greater propenaity and acoesabily - Designation of Hyaluronidases as a Class
of the 81,4 linkage, as it has a greater degree of structural within the Glycosidase Families of Enzymes
freedom to adjust to the active site of the HA-degrading Mammalian Hyals (EC 3.2.1.35) are members of the group
enzymes. In support of such possibilities, other studies of carbohydrate-active enzymes (CAZy), termed glycosidase
confirm two conformations of dilute tetrasaccharides in family 565960 The CAZy database (available at afmb.cnrs-
water, with rapid movement occurring between thém, mrs.fri~cazy/CAZY/index.html) describes families of struc-
corresponding presumably to the two conformations of the turally related catalytic and carbohydrate-binding modules
B1.,4 linkage. These conformations are stabilized by short- (or functional domains) of enzymes that degrade, modify,
lived, highly dynamical, intramolecular hydrogen bonds (H- or create glycosidic bonds. The glycoside hydrolase family
bonds)?? Also, dilute decasaccharigén water studied by  (EC 3.2.1.%) is classified in this way into 97 families. The
NMR and MD confirm its highly dynamic behaviét.In authors of this regularly updated database imply that their
conclusion, the selection of thel,4 linkage for cleavage system of classification reflects a common relationship in
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Other NMR studies do not support such a structure, at
least for HA in aqueous solution. However, it may exist in
D,O or DMSO solutions, or possibly in solid-phase at low
pH.4"~51 A dynamic/flexible character of HA emerges from
such work. Furthermore, molecular dynamic simulations
provide new insights into this question, suggesting that HA
in solution is a highly dynamic molecuté.>* Recent studies
find no evidence for inter- or intramolecular chaichain
association in concentrated HA solutidisClearly, more

3. Properties of the Hyaluronidases
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the sequence and in the folding for all enzymes that fall into
the same group. Assignment of an enzyme into a CAZy
family is expected to (1) reflect the structural features of

the enzymes better than relying solely on substrate specificity,

(2) help to reveal evolutionary relationships between en-

zymes, and (3) provide a convenient tool to derive mecha-

nistic information.

The vertebrate Hyal enzymes are of glycosidase family
56, defined as endB-acetyl-hexosaminidases that utilize
hydrolysis in catalysis of HA at thg1,4 glycosidic linkages.
On the other hand, bacterial Hyals are also efichzetyl-

hexosaminidases but utilize the lyase mechanism. They

belong to a different CAZy family, to polysaccharide lyase

family 8. In general, these polysaccharide lyases (EC 4.2.2.%)

cleave byg-elimination, resulting in a double bond at the
new nonreducing end. The hyaluronate lyases (EC 4.2.2.1
bacterial Hyal) consist of only one subgroup within family
8 that also includes chondroitin ABC lyases (EC 4.2.2.4),

chondroitin AC lyases (EC 4.2.2.5), and xanthan lyases (EC

4.2.2.12). All of these bacterial enzymes, Hyals, chondroiti-

nases, and xanthanases share significant sequence, structur

and mechanistic homology.

3.2. The Term "Hyaluronidase" Is a Misnomer

Hyals of all origins do not have absolute substrate
specificity but digest additional substrates. Hyals of both
vertebrate and bacterial origin can catabolize Ch and ChS
though degradation occurs more slowlhondroitins are
polymeric GAGs differing from HA only in their anomeric
configuration at the C4 atom dfl-acetylp-glucosamine,
making it N-acetylb-galactosamine. Degradation of ChS,
however, is restricted to specific patterns of sulfation (Figure

Stern and Jedrzejas

6, impedes associatidf.This may explain why 4-sulfated
ChS is not as good a substrate for the Hyals of all origins.

3.3. Evolution of Hyaluronidases Can Be
Postulated from Their Substrate Specificity

Considering this difference in mechanism of action of
bacterial Hyals between HA and Ch/ChS, one might assume
that the bacterial Hyals developed into processive enzymes
from a nonprocessive chondroitinase predecessor. Evolution-
ary studies suggest that heparin-like polymers were the first
GAG in metazoan life (reviewed in ref 64). The second GAG
polymer to evolve was chondroitin, with HA appearing
significantly later. The first organism to produce chondroitin
or the first to produce HA is still unknown. The recent

.availability of genomic sequences of many organisms allows
'for the inference, from their genetic content, of which GAGs

they contain. These studies show, for example, that the worm
Caenorhabditis elegan®ematoda) and the fruit fliproso-
phila melanogastefinsecta) both have heparin and heparan
Ifate. Only the unsulfated form of chondroitin is found in
e worm. Neither of these organisms contain fiAhere-
fore, the single vertebrate Hyal-like sequence found in their
genomes is likely to be exclusively a chondroitinase, rather
than a Hyal, though this has not been demonstrated directly.
The deposition of HA is intimately linked to the develop-
ment of the notochord in vertebraf&$? The first appearance

,of the notocord in evolution is in the free-swimming larval

form of the tunicate. The complete sequence of the tunicate
genome is now availabR&,renewing interest in this most
primitive of chordates. It may share a common ancestor with
all vertebrates or be itself a vertebrate predecessor. The
notochord in tunicate larva is the critical structure that marks

1). There is a common misconception that the bacterial Hyalsthe evolutionary leap from the invertebrates. This notochord,

have absolute substrate specificity for HA. But this is not
correct. Digestion with a bacterial Hyal is often used to
validate the occurrence of HA in histochemical and bio-
chemical analyses. This practice should cease.

The ability of bacterial Hyals to digest Ch/ChS has
structural limitations. The structural evidence for the Hyals
of StreptococcuspeciessS. pneumoniaandS. agalactiae,

a format for the later spinal column, becomes resorbed and
is not present in the sessile adult tunicate.

It could be postulated that, in evolution, the first occurrence
of HA is in tunicates, in association with notochord develop-
ment. However, careful search of that genome demonstrates
that there is only one Hyal-like sequence (unpublished
observations), which probably codes for a chondroitinase.

correlates perfectly with biochemical data and indicates that Thus, the duplication event that might have provided the first
S. pneumoniaélyal can only degrade Ch/ChS at tfié,4 true Hyal does not occur in the tunicate. A search of the
linkage when the disaccharide on the nonreducing side of tunicate genome indicates that HA synthase (HAS) or HAS-
the bond to be cleaved is either unsulfated or 6-sulfated. Thelike gene&’ are also not presemAmphioxus, a class of small
4-sulfation configuration is not tolerated on the nonreducing flattened marine chordate organisms of the subphylum
side, although it is accepted on the reducing side of the bondCephalochordata, is a candidate for such an event. Unpub-
to be cleaved. The 2-sulfated chondroitin is not cleaved underlished evidence indicates that amphioxus does indeed contain

any circumstances®® The reason for this specificity is

HA (A. Spicer, personal communication), and this may be

directly related to steric clashes between enzyme andwhere the first true Hyal and HAS sequences occur.
substrate. Therefore, the degradation of Ch/ChS proceeds, The appearance of HA later in evolution than chondroitin

as a consequence, primarily by the endolytic “random bite”
mechanism. This is in contrast with the Hyal ®f pneumo-
niae,which is processivé>151630.31.6The reaction is initiated

by a random endolytic “initial bite”, resulting in cleavage
of the polymeric HA chain into two parts. This process is
followed by processive, exolytic cleavage of one HA
disaccharide at a time until the entire chain is degraded.

suggests that hyaluronate lyase enzymes also developed from
preexisting chondroitin lyases and that the original/ancestral
hyaluronidase was actually a chondroitinase. Over time, with
HA present in the higher host organisms, some of the
bacterial chondroitinase acquired specificity for HA and lost
the efficiency to break down Ch/ChS. The residual ability
of bacterial Hyals to cleave Ch/ChS is an indication here

H_owever, the action on hu_man Hyals seems to be entirely also of their ancestral origin. Since HA does not have any
different. It is a nonprocessive event for both substrates, for sulfation, sulfation patterns cannot have an effect on catalysis.

HA as well as for Ch/ChS.

For this reason, the prokaryotic Hyal enzymes developed a

Structural studies of Ch/ChS suggest they also form higher processive mechanism of actid#,661allowing for free

order structures, similar to those formed by HA. Formation

sliding down the HA polymer chain, with exolytic cleavage

of such structures depends on the presence and position 0bf one HA disaccharide at a tinié€:3°31.62Evidence suggests

the sulfate groups. Full sulfation at the 4 position, but not at

that sulfation of Ch is responsible, in part, for the apparent
Petitioner Merck, Ex. 1008, p. 822
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inability of bacterial Hyals to cleave the Ch chain in a example, the twg-exoglycosidases can generateacetyl-
processive manner. Thus, processive cleavage of ChS is nob-glucosamine and-glucuronic acid as the monosaccharide
possible by either bacterial Hyals or chondroitinases. Both end products. Thal-acetylp-glucosamine can be phospho-
enzymes cleave ChS by the same random endolytic processtylated by a kinase, followed by deacetylation to generate
The appearance of a HA in evolution may correspond to glucosamine-6-P.
the necessity for stem cell-like pluripotential cells to travel ~ Of recent interest are the riboswitches in bacteria that bind
some distance in organisms during the course of embryonicglucosamine-6-P, one of the two terminal products of HA
development. Such motility may have been and continues catabolism. The generation of such products by ribozymes
to be dependent on a HA-rich matrix that, through the and riboswitches can control gene expression by using a
hydrated solution volume, creates spaces through which suclcassette mechanism in response to variations in levels of
cells can migrate. The areas in which such cells maintain available metabolite¥:.”® As mentioned earlier, HA has a
their embryonic pluripotential state may also be HA-rich high rate of turnover in vertebrate tissues. 15 g of HA occur
environments, such as observed in bone marrow. Within suchin the 70 kg individual 5 g of which turn over daily.
protected areas, stem cells continue to proliferate, without Therefore, 2.5 g of glucosamine-6-P are generated daily, a
the danger of signals that would initiate differentiation. The not inconsiderable amount. Variations on such levels can
HA in such areas would function to suppress ¢cekll and have profound effects on homeostatic mechanisms.
cell—-matrix communication, impeding ligand access to cell ~ This source of carbon and energy might be the reason
surface receptors. Such a situation parallels the semiauto-bacteria degrade HA to small disaccharide molecules, as they
nomous state that describes malignancies. The increasedre (1)easier to transport or to degrade further, and (2) they
incidence of malignancies in organisms might be predicted introduce an unsaturated bond in the glucuronic part of HA
to occur in parallel with the appearance of HA, a high price between carbon atoms C4 and C5 (standard scheme for
to pay in evolution. nomenclature/numbering of atoms). Such unsaturation allows
Another facet of the same scenario stems from the for additional chemistry to take place, facilitating degradation
requirement for HA to be removed before differentiation of these disaccharides, compared to the presence of the satu-
commences. Hyaluronidase activity is involved in eradicating rated bonds that occur in vertebrate Hyal digestion products.
the HA' (a free radical bust in order to degrade HA cannot The HA disaccharides with GAC5 unsaturation are distinct
be, however, excluded). How is the decision made to initiate in their structural properties compared to conventional HA
activation of hyaluronidase or HA degradation in general? disaccharides. They have different three-dimensional (3D)
This, of course, reflects on the problem that virtually nothing structures, compared to regular HA disaccharides, and this
is known about the control mechanisms that modulate difference is exhibited by a different puckering of the ring

hyaluronidase activity and HA degradation. of the glucuronate moiety that assumes a distorted half-chair
conformationt*’* For free HA, this sugar is clearly in the

3.4. Digestion Products of Human and Bacterial chair conformatior?®3! The puckered ring structure of the

Hyaluronidase Catalysis unsaturated HA glucuronate might be more amenable to

) ) ) ] further metabolic reactions due to its putative resemblance
There are profound differences in Hyal digestion products to transition state(s) of the pyranose-like ring.

between the vertebrate and prokaryotic Hyals. The bacterial The vertebrate Hyal's, however, in marked contrast, can
enzymes generate unsaturat_ed disacc_:harides as the predo”ﬂ‘enerate a range of HA oligomers with a wide spectrum of
nant products>'®’ These disaccharides appear to have gjze-specific biological activitied. The high molecular
limited biological functlpn and primarily serve as an energy weight substrate HA is antiangiogeffiand immunosup-
supply for the organism, and they are not known to pressive’®’” The products of human Hyal-2 digestion, the
participate in the _pathogenesis c_Jf _infecti’o?rOther enzymes, 20 kDa fragments, are highly angiogeffiand inflamma-
of either bacterial or host origin, may then cleave the tory 7 induce transcription of matrix metalloproteinages,
disaccharides to monosaccharides. _ B and stimulate vascular endothelial recognition of injéiry.
Bacterial pathogens, such & pneumoniae, can utilize  The human Hyal-1 digests HA oligomers to low molecular
Hyals to overcome human host defense mechanisms, toyeight fragments that are immunostimulatory, participate in
facilitate invasion, and to reach cryptic sites essential for oncogenesisy and are degraded further down to the tetrasac-
successful infection. These exogenous pressures force theharide level. Even these small digestion products, i.e.,
host to diversify its glycan structures as part of its defense tetrasaccharides, have biological activity, being antiapoptotic
and survival strategies. As described earlier, all bacterial and inducers of heat shock protefdsThe tetrasaccharides
Hyals studied to date are lyases and may have evolved suchyre probably cleaved to yet smaller fragments by the
catalytic mechanisms precisely for overcoming host defensesﬂ—exogchosidases. The exoglycosidageglucuronidase and
as a counterstratedy:'’ Bacterial Hyals may have evolved g-N-acetylp-glucosaminidase, participate in degradation to
two Separate fUnC.tlonS |n their survival Counterstrategy. First, a greater degree than previous|y appreciated_ It is the mono-
bacterial spread is facilitated by degradation of one of the saccharides that have the ability, in all likelihood, to exit

major components of the host tissue extracellular matrix the lysosome for participation in other metabolic pathways.
(ECM), which is HA. The second is to provide a source for

their carbon and energy requirements. The identity of such 4. Identification of Mechanism of Hyaluronan

a disaccharide transport system essential in this case, . i .
bresumably of the ABC type. has not been revealed by Degradation by Vertebrate-like Hyaluronidases

bioinformatics/sequence methods of analysis of bacterial : :
genomic sequences (unpublished data). Therefore, further4'1' Catalytic Mechanism and Its Importance

degradation of HA disaccharides to individual sugars, such By degrading HA, the human Hyals participate in the tight
as glucose, glucose-P, or similar sugars, would allow for regulation of HA catabolism, which has been shown to be
utilization of standard glucose transport mechanisms. For crucial for preserving its biophysical properties, so important
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in mammalian tissues. The detailed understanding of the A ()
enzymatic mechanisms involved in HA degradation is crucial L~
for a better understanding of the entire process of HA
catabolism and the steady-state deposition of HA. The precise
mechanism for modulation of hydrolysis of HA by vertebrate
(including human) and vertebrate-like Hyals is still under
investigation. However, based on structural investigations
of human-like bee venom hyaluronidase (BVHyal) by
Markovic-Housley et al. and on the inclusion in CAZy
glycosidase family 56%8%it involves a double-displacement
mechanism at the C1 anomeric carbon atom ofNFeetyl-
p-glucosamine of the HA substrate at tfi¢,4 glycosidic
linkage withp-glucuronic acid-83Such a mechanism results
in a net retention of the anomeric configuration of the
substrate at the carbon C1 positféfiIn many other glycan-
degrading enzymes, a covalent glycesghzyme intermedi-
ate is created as a part of this reaction.

4.2. Three-Dimensional Structures of the Bee
Venom and Bovine PH-20 Hyaluronidases
Suggest a Possible Mechanism of Action

In order for vertebrate Hyals to degrade HA, the enzymes
must bind their substrates. The binding site in the 3D
structure, an elongated cleft traversing the enzymes, is large
enough to accommodate the polymer. There is only one 3D
structure of a vertebrate-like Hyal enzyme available, which
is ironically the bee venom enzyme. The structure was
elucidated by X-ray crystallography both in its native form
and in a complex with an HA tetrasaccharide (Protein Data
Bank structure depository (PDB) codes: 1FCQ, 1FCU,
1FCV) (Figure 2% A mechanistically insightful structure
of the enzyme-tetrasaccharide HA complex is available
(PDB code: 1FCV). In addition, it should be noted that, of Figure 2. X-ray structure of the native bee venom Hyal and of its

the entire family 56 glycosidases to which vertebrate-like ;ompex with a tetrasaccharide fragment of the HA substrate. The
Hyal hydrolases belong, BVHyl is the only one with an only experimental structure of Hyal available is that of the bee
established 3D structuf€® A 3D model of bovine PH-20  venom enzyme. The historic secondary structure of Hyal is that of

has been derived recently that can also serve as a model for homology model for BPH-20 and its complex with HAwhich
human PH-20 as well as the other vertebrate-like H§fals. S Similar to that of the native X-ray crystal structure of bee venom

. hyaluronidase and its complex with HA (PDB codes: 1FCQ and
The structural properties of BVHyal, as well as those of 1FCV, respectively}! (A) The overall distorted (5/cg) TIM barrel

bovine PH-20 (BPH-20), encompass a large cleft (see above)o|q and the cleft are shown. The fold of this globular protein is
that allows for substrate binding, followed by catalysis. As characteristic of all glycoside hydrolases of carbohydrate active
these two structures demonstrate, vertebrate-like Hyals areenzyme (CAZy) family 56. The molecule (based on coordinates of
globular proteins that encompass a large groove or cleft thatBVHyal having the PDB code 1FCV) is color-coded by the
traverses the entire enzyme (Figure 2). These two structuresiécondary structure elements (helices in fésheets in yellow,

: : : : . others in green). The HA molecule bound to the enzyme is located
display an enzyme with a classical distortgtia)s triose in the HA-binding cleft, is depicted in ball-and-stick fashion, and

phosphate isomerase (TIM) barrel f§fdThe centraf-sheets s colored in magenta. This figure and other structural figures in
deviate the most from the standard TIM barrel fold, as three this work were made with PyMdg® (B) Surface of the molecule
of the f-sheets appear to be missing from the BVHyal and a tetrasaccharide HA substrate bound within the cleft. The
enzyme complex (PDB code: 1FCV). But only one is orientatiorj of the B\(Hyal molecule is simil_ar to that in pa_.nel A.
missing in the high resolution native BVHyal structure (PDB  The protein surface is color-coded by atomic element (C in green,
code: 1FCQ), suggesting that the substrate induces arf\ N purple, O in red, S in yellow). A large and positive charge

; 2 and the hydrophobic character of the surface of the cleft allow for
allosteric modification of the secondary structure of the piyqing of negatively charged and also hydrophobic substrates. The
enzyme. The cleft that transverses the wider end of the TIM cleft is where the catalytic function of hyaluronidases is performed.
barrel is built primary of residues originating from the loops The HA tetrasaccharide is shown bound to the enzyme, which is
between the major secondary structure elements, the sheetsilso color-coded by atomic element.

and the helices. As expected, the cleft is where HA (or Ch/ site is located that encompasses the catalytic Glu11l3 aa

ChS) is bound and catalyzed and is large enough to,__. : ) :
accommodate an entire hexasaccharide unit of HA, which E?'Zlglléel()?l\’é? yal numbering)/Glu149 (BPH-20 numbering)

is the smallest HA fragment that can be degraded by these

enzymes. The surface of the cleft is lined with conserved aa : : :

residues that are mostly positively charged or hydrophobic. i(?ld l%e?rtlgy Aogtitlhee Sl\iltlédeOph"e and the Catalytic

This allows for binding of elongated HA substrate chains

that are negatively charged and have hydrophobic sugar ring A covalent glycosyl-enzyme intermediate seems not to be
surfaces (Figure 2B). On one side of such a cleft, a catalytic involved in the vertebrate-like Hyal-catalyzed reaction, due
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Table 1. Numbering Scheme for Conserved Residues among the  set of highly conserved aa residues in the cleft of the
Vertebrate Hyal Hydrolases Involved in the Catalytic Process enzyme: Aspl47, Tyr220, Tyr265, and Trp 341 (Asp11l
and in Essential Positioning of the Substrate’s Carbonyl of the ’ i ; )
Acetamido Group® Tyrl84, Tyr227, and Trp301 for BPH—'ZO) (Table 1). Based
on the structure of BVHyal, such interactions between

BVHyal  BPH-20 Hyal-1 Hyal-2 Hyal-3 Hyal-4 HPH-20  apzyme and substrate induce a change in the conformation

catalytic residue: of the pyranose ring oN-acetylp-glucosamine, from the

pogt'i‘éiligg esidues: 149 131 135 129 147 148 normal chair conformation into a distorted boat conformation.
Asp1il 147 129 133 127 145 146 This process _t_)rlngs the glycosidic bond_ into nearly an
Tyrig4 220 202 206 202 218 219 equatorial position and closer to the catalytic Glu149 for the
Tyr227 265 247 253 246 Cys263 264 presumed catalytic H-donatidh.Similar mechanistic be-
Trp301 341 321 327 319 339 339 havior with respect to the nucleophile identity is observed

2 The residues were divided into the catalytic Glu and supporting In Ch't'nOIVt_'C enzymes?o! Ir_‘ the SFrUCture of th? BVHyal
residues that position the HA's carbony! of the acetamido group for complex with tetrasaccharide units of HA, this carbonyl
catalysis, as reported by Jedrzejas and Sfefine Cys264 residue of ~ oxygen is in an interaction distance with the anomeric carbon
Hyal-4 interrupts the conserved scheme and likely reflects this Hyal's C1 of HA, a distance 0f~2.9 A.
specificity for chondroitin and its chondroitinase function. All other
residues are strictly conserved (Figure 3).

5. Human Hyaluronidases

to the involvement of the HA substrate(s)’'s owhacetyl 5.1. Properties of Human Hyaluronidases
group. This is one of the unusual features of this class of ~

enzymes. The reaction involves an intermediate, an oxocar- In the human genome there are six known genes coding
bonium ion-like transition state, and retention of configura- for hyaluronidase-like sequences, all of which have a high
tion at the C1 carbon atdth(standard HA nomenclature — degree of homology (Table 2). They include human Hyal-1,
scheme). Again, as in many other glycan-degrading enzymesHyal-2, Hyal-3, Hyal-4, and PH-20/Spaml, as well as a
two carboxylic acids residues (glutamic acid/aspartic acid) pseudogene, Phyall, that is transcribed in the human but not
are intrinsic to the process. One of these aa residues functiondranslated. They each have a unique tissue distribution, and
as an acid/base catalyst, involved directly in the cleavage ofe€xcept for PH-20, they are widely expressed. The first three
glycosidic linkages. The other residue functions as a nu- human Hyals, Hyal-1, -2, and -3, are tightly clustered on
cleophile and is involved in the creation of a covalently chromosome 3p21.3, and the latter are similarly clustered
linked glycosyl-enzyme intermediate. For steric reasons, On chromosome 7¢3123Human Hyal-1 and Hyal-2 are the
such catalytic residues must be separated-ByA.2 Glu212 ~ two major hyaluronidases for the degradation of HA in
and Glu217 are examples of such aa residues for cellbiohy-somatic tissues. Hyal-2 of human origin degrades high
drolase | fromTrichoderma reeséf and Glu139 and Glu228 ~ molecular mass HA to an approximately 20 kDa product
are examples from thBacillus agaradherans endogluca-  (~50 saccharide units), whereas Hyal-1 can degrade high
nase family of enzyme¥.Based on the analysis of known molecular weight HA to small oligomers, primarily to
sequences of vertebrate-like Hyal hydrolases of mammaliantetrasaccharides. Human Hyal-3 is an acid-active enzyme (B.
origin, and on their comparison to the bee venom Hyal Triggs-Raine and R. Hammond, personal communication)
structure! and to the three-dimensional model structure of as is Hyal-1. Hyal-2 has a broader pH optimum. A product
bovine PH-20 hyaluronidaséthere are only two conserved ~0f the humanhyal-4 gene, Hyal-4, based on preliminary
carboxylic aa residues in the active site cleft of these enzymesstudies, is also a chondroitinase with a predominant activity
that could be directly involved in the mechanism described toward Ch and ChS. The detailed properties of neither Hyal-3
above, Aspl47 and Glul49 (bovine PH-20 numbering; nor Hyal-4 have been documented to date. Details of Hyal-3
equivalent to Asp111 and Glu113 of the bee venom Hyal) catalysis are currently being investigated and will be
(Table 1). However, due to their physical proximity, it is forthcoming (B. Triggs-Raine and R. Hammond, personal
not possible for both to participate in such a mechanism. It cCOmmunication).

is more likely that only one of the two residues is involved. _ _
Structural® and biochemic&? data are consistent with  Table 2. Sequence Identity (%) among Human Hyaluronidases
Glu149 of BPH-20 being the identity of the catalytically Hyal-1~4 and PH-2¢

involved acid/base residue. The site-directed mutagenesis in €nzyme  Hyal-l ~ Hyal-2  Hyal-3  Hyal-4  HPH-20

human sperm PH-20 enzyme of Glul48 and Aspl46 Hyal-1 100 38.3 38.3 38.5 35.1
(equivalent of Glu131 and Asp129 in human Hyal-1) to GIn  Hyal-2 100 38.0 36.4 34.5
and Asn, respectively, results in total loss of activity for the Exg::i 100 133-1 431377

E148Q mutant and only 3% activity for the D146N con-

struct® These results are entirely consistent with the

proposed mechanism and support the catalytic importance ° The data are based on Clastal W £82s reported by Jedrzejas

of this single Glu aa residue. The residual low level of 2nd Ster? The alignments are as shown in Figure 3.

activity of the D146N mutant in HPH-20 is also consistent

with it having only a supportive role, being only one There are also six Hyal-like sequences in the mouse. The

positioning residue out of a total of four. homology between similar sequences in mouse and human
The functional nucleophilic residue is assigned to the HA genomes is far greater than that between individual members

substrate itself, to its carbonyl oxygen (acetamido oxygen) of the paralogue (see figure in the Supporting Information).

of the N-acetylp-glucosamine residue. In order for this Separation of mice and humans from a common ancestor

carbonyl to be able to participate in catalysis, it must be occurred 75—80 million years ago, suggesting that the

positioned precisely in order to interact with the C1 carbon original divergence of members of the Hyal-like sequences

of the HA substrate. Such positioning is accomplished by a occurred before the emergence of modern mammals. There
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Hyal=1 = =  ccccmmcemoeee- MAAHLLPICALFLTLLDMAQG--FRGPLLPN---RPFTTVWNANT 40
Hyal-2 = = ccccccccceae- MRAGPGPTVTLALVLAVAWAMELEPTAPPIFTG---RPFVVAWDVPT 44
Hyal-3 = MTTQLGP----ALVLGVALCLGCGOPLPQVPE----RPFSVLWNVPS 39
Hyal-4 MEVLSEGQLEL=-CVVQPVHLTSWLLIFFILESISCLEPARLPIY(QR---KPFIAAWNAPT 56
PH-20/SPAM1 MGVLKFKHIFFRSFVKSSGVSQIVFTFLLIPCCLTLNFRAPPVIPN---VPFLWAWNAPS 57
BVHyal —  ceeeeeoo MSRPLVITEGMMIGVLLMLAPINALLLGFVQSTEDNNETVREFNVYWNVET 51
Hyal-1 QWCLER-HGVDVDVSVFDVVANPGQTFRGPDMTIFYSSQLGTYPYYTP--TGEPVFGGLP 37
Hyal-2 QDCGPR-LEVPLDLNAFDVQASPNEGFVNQNITIFYRDRLGLYPRFDS--AGRSVHGGVP 101
Hyal-3 BHCEAR-FGVHLPLNALGI IANRGQHFHGONMTIFYKNQLGLYPYFGP--RGTAHNGGIP 96
Hyal-4 DOCLIK-YNLRLNLEMFPVIGSPLAKARGONVTIFYVNRLGYYPWYTS--QGVPINGGLP 111
PH-20/SPAM1 EFCLGK-FDEPLDMSLFSFIGSPRINATGQGVTIFYVDRLGYYPYIDSI-TGVTVNGGIP 115
BVHyal FMCHEYGLRFEEVSEKYGILONWMDKFRGEETATLYDPGMFPALLEDPNGNVVARNGGVP 111
Hyal-1 QNASLIAHLARTFQDILAAIPAPDFSGLAVIDWEAWRPRWAFNWDTKDIYRORSRALVOA 157
Hyal-2 ONVSLWAHRKMLQKRVEHY IRTQESAGLAVIDWEDWRPVWVRNWODEDVYRRLSRQLVAS 161
Hyal-3 QALPLDRHLALARYQIHHSLR-PGFAGPAVLDWEEWCPLWAGNWGRRRAYQAASWAWAQD 15%
Hyal-4 ONISLOVHLEKADQDINYYIPAEDFSGLAVIDWEYWRPQWARNWNSKDVYRQKSRELISD 173
PH~-20/SPAM1 (QKISLODHLDKAKKDITFYMPVDNLG-MAVIDWEEWRPTWARNWKPKDVYKNRSIELVQQ 174
BVHyal QLGNLTKHLOVFRDHLINQIPDKSFPGVGVIDFESWRPIFRONWASLOPYKKLSVEVVRR 171
; : : H : ¥ :.:; A o i ’
Hyal-1 QHPDWPAPQVEAVAQDQFQGAARAWMAGTLOLGRALRPRGLWGFYGFPDCYN--YDFLSP 21°%
Hyal-2 RHPDWPPDRIVEQAQYEFEFAAQQFMLETLRYVKAVRPRHLWGFYLFPDCYNHDYVQNWE 221
Hyal-3 VFPDLDPQEQLYKAYTGFEQARRALMEDTLRVAQALRPHGLWGFYHYPACGN-GWHSMAS 214
Hyal-4 MGENVSATDIEYLAKVTFEESAKAFMEETIKLGIKSRPEGLWGYYLYPDCHN--YNVYAP 231
PH-20/SPAM1 (QNVQLSLTEATEKAKQEFEKAGKDFLVETIKLGKLLRPNHLWGYYLFPDCYN--HHYKKP 232
BVHyal EHPFWDDORVEQFAKRRFEKYGOLFMEETLKAAKRMRPAANWGY YAYPYCYN=~=-LTPN 227
" er .1 2 L " rig it %0
Hyal-1 NYTGQCPSGIRAQNDOLGWLWGQSRALYPSIYMPAVLEGTGKSQMYVQHRVAEAFRVA-V 274
Hyal-2 SYTGRCPDVEVARNDQLAWLWAESTALFPSVYLDETLASALHGRNFVSFRVQEALRVART 281
Hyal-3 NYTGRCHAATLARNTQLHWLWAASSALFPSIYLPPRLPPAHH-QAFVRHRLEEAFRVALV 273
Hyal-4 NYSGSCPEDEVLRNNELSWLWNSSAARLYPSICVWKSLGDSENILRFSKFRVHESMRISTM 291
PH-20/SPAM1 GYNGSCFNVEIKRNDDLSWLWNESTALYPSIYLNTQQSPVAATL-YVRNRVREAIRVSKI 291
BVHyal QPSAQCEATTMOENDKMSWLFESEDVLLPSVYLRWNLTSGER-VGLVGGRVKEARLRIARD 28¢
P A .."':.: S T T
Hyal-1 AAGDPNLPVLPYVQIFY-DTTNHFLPLDELEHSLGESARQGAAGVVLWVSWENTRTKESC 333
Hyal-2 HHANHALPVYVFTRPTY-SRCTG-LSEMDLISTIGESAALGAAGVILWGDAGYTTSTETC 339
Hyal-3 GHR-HPLPVLAYVRLTH-RRSGRFLSQDDLVQSIGVSAALGAAGVVLWGDLSLSSSEEEC 331
Hyal-4 TSHDYALPVFVYTRLGYRDEPLFFLSKQDLVSTIGESAALGAAGIVIWGDMNLTASKANC 351
PH-20/SPAM]1 PDAKSPLPVFAYTRIVFTDOVLEFLSQDELVYTFGETVALGASGIVIWGTLSIMRSMESC 351
BVHyal MTT-SREKVLPYYWYKYQDRRDTDLSRADLEATLRKITDLGADGFIIWGSSDDINTEAKC 345
- : . ol Hi HH . o e :- H "
Hyal-1 QAIKEYMDTTLGPFILNVTSGALLCSQALCSGHGRCVRRTS-HPEALLLLNPASFSIQLT 392
Hyal-2 QYLEDYLTRLLVPYVVNVSWATQYCSRAQCHGHG-CVPGNP-SASTFLHLSTNSFRLVPG 397
Hyal-3 WHLHDYLVDTLGPYVINVTRAAMACSHQRCHGHGRCARRDPGOMEAFLHLWPDGSLGDWE 391
Hyal-4 TKVEQFVSSDLGSYIANVTRAAEVCSLHLCRNNGRCIRKEMW-NAPSYLHLNPASYHIEAS 410
PH-20/SPAM1 [LLDNYMETILNPYIINVTLAAKMCSQVLCQEQGVCIRENW-NSSDYLHLNPDNFAIQLE 410
BVHyal LOFREYLNNELGEPAVERIALNNNANDRLTVDVSVDOY-=—mmmmm e e e mmmmmm e 182
Hyal-1 PGGG--PLSLRGALSLEDQAQMAVEFKCRCYPGW-~-—-0APWCERKSMW 435
Hyal-2 HAPGEPQLRPVGELSWADIDHLQTHFRCQCYLGW=-SGEQCOWDHRQARG 445
Hyal-3 SFSCHCYWGWAGPTCQEPSLGLEKQYKARAPA---TASSFPCCHFSSPG 437
Hyal-4 EDG---EFTVEGKASDTDLAVMADTFSCHCYQGY---EGADCREIKTADGCSG--——=== 457
PH-20/SPAM]1 KGG---KFTVRGKPTLEDLEQFSEKFYCSCYSTLSCKEKADVEDTDAVDVCIADGVCIDA 467
BVHyal - - - - - - -
Hyal-1 -
Hyal=2 = =  cocmccccccaeaea GANEAWAGSHLTSLLALARALAFTWTL- 471
Hyal-3 = oo TTLSHSCSIQFTVNPPKHTPRFPWNP- 463
Hyal-4 =  cccccccccccceaad VSPSPGSLMTLCLLLLASYRSIQL-=~ 481
PH-20/SPAM]1 FLKPPMETEEPQIFYNASPSTLSATMFIWRLEVWDOGISRIGF 510
BVHyal -
linker
N-terminus substrate binding and catalysis C-terminus
all-o distorted (j/ct)g TIM barrel variable

Figure 3. Sequence analysis of human hyaluronidases. (A) Sequence alignment of the human hyaluronidasesiylad-and PH-20/SPAM1 based

on the known X-ray structure of bee venom Hyal. The identity between all sequences varies from 33.1% between Hyal-3 and Hyal-4 to 41.2% between
Hyal-4 and HPH-202191The identity of the sequence of the BVHyal enzyme 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 1), with the exception of the
Cys264 residue of Hyal-4, which may reflect the specificity of this enzyme for Ch/ChS. The types of amino acid residues are color-coded as follows: red
= AVFPMILW (small residue); greer= STYHCNGQ (hydroxyl, amine, or basic); blue DE (acidic); magenta= RK (basic); and gray= others. The

conserved residues are marked as follo#ws: identical in entire column; = conserved according to the color scheme abowesemiconserved substitutions

are observed. The proposed catalytic Glu H-donating residue is, in addition, markeal whbreas residues positioning the carbonyl nucleophile/base are
marked with®. The sequence of the portion of the BVHyal enzyme that was crystallized is underlined. The sequences were aligned and the figure was made
using Clastal W 1.8291 (B) Schematic diagram of the 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 probably by a flexible peptide linker. The short segment at the
extreme N-terminus is independent of the catalytic domain and assumeebelital conformatiod? The secondary structure elements for each domain are

also indicated.
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may have been one original sequence, followed by two to range from 33.1% (between Hyal-4 and Hyal-3) to 41.2%
duplication events to form three tightly linked sequences. (between Hyal-4 and HPH-20) (Table 2). There are a number
This was followed by en masse duplication to form the of absolutely conserved regions of the amino acid sequence,
current pattern of three sequences on each of two chromo-suggesting the functional and mechanistic importance of
somal locations, 3p21.3 and 7g31.3 in the human, and 9F1-these residues. The major differences are located to the
F2 and 6A2 in the mousé&vidence from expression profiles  extreme C-termini of all these proteins, the possible locations
suggests that the en masse duplication event, from three toof the additional functions attributed to these multifunctional
six genes, corresponded to the divergence of placental fromenzymes.

nonplacental mammals. Due to the high homology between

human Hyals and those of other vertebrates, such as thes.2. Considerations at the Genomic Level

mouse, properties of the human Hyals are presented here as
exemplars for all vertebrates.

Human PH-20 or SPAM1 (sperm adhesion molecule 1)
(HPH-20), necessary for fertilization, is associated with testes
and facilitates penetration of sperm through the cumulus mas
to the ovum. It was first detected in testicular extracts and
is the identity of the “spreading factor” demonstrated by
Duran-Reynal8? The localization of PH-20 has now been
refined to the acrosome of spermatids, a structure that is
related to lysosomes. PH-20 is a bifunctional protein and is

also an adhesion protein, with bin%(r:i]ing properties to the Humanhyal-1is a tumor suppressor gene, particularly for
cumulgs mass surrogndlng the ovétn. . tobacco-related cancers. Itis inactivated in most lung cancers
Testicular hyaluronidase or PH-20 was originally assumed j, 5 conventional manner, by loss of heterozygosity or by
to be tissue-specific, with expression limited to the testes. homozygous deletion, at the DNA level. Interestingly, this
By the more sensitive technique of polymerase chain reactionpy .1 js also inactivated in many head and neck carcinomas
(PCR) analysis, PH-20 can be detected in the epididyfnis, {nat are also tobacco-related by aberrant splicing of the
in the breas? in the female reproductive trattas well as MRNA, so that only the nontranslatable form is tran-

in association with a number of malignancié8’ The scribed!®2 Thus, it appears that tumor suppressor genes can
presence of PH-20 in the female reproductive tract and breasyyg inactivated not only at the level of DNA but also

speaks to the multifunctionality of the enzyme and possibly occasionally at the level of RNA. It is not known why it is
to that of all of the enzymes of the Hyal family. only the gene for human Hyal-1 among the six sequences

Bovine PH-20 is the most commonly used Hyal for that has the retained intron permitting alternative splicing,
experimental purposes and is available commercially in a with transcription of multiple mRNA species. Recent analy-
reasonably pure form (Sigma catalog no. H3631, type VI-S, ses indicate that the Hyals can also function as oncogenes.
from bovine testes, with an activity of 30005000 national Hyal-1 of humans is an oncogene in many cancers of the
formulary units (NFU)/mg). This protein is approximately prostate and urinary tract. Hyal-2 can also function as an
20—25% pure. The preparation has a bimodal pH activity oncogene. Evidence from the laboratory of the Lokeshwars
curve, with activity at both neutral and acidic pH, attributed (University of Miami) clarifies some of these apparent
to isoforms, as describéd. discrepancies. These are dose-dependent effectbe

A seventh human gene has been proposed to havebimodal curve indicates that tumor suppressor function and
hyaluronidase activity® but its identity as a hyaluronidase oncogenic effects occur at different concentrations or with
remains questionable, and it will not be discussed here in different gene doses.
further detail. The primary, secondary, and tertiary structure  The hyal genes on human chromosome 3 show consider-
analysis of this protein yielded markedly different results able complexity and are located in a region densely packed
from that for human Hyals-t4 and HPH-20, suggesting its  with genes, in an occasionally overlapping mantieCo-
different function that is not consistent with hyaluronidase. transcription of several genes occurs, in a polycistronic
There is no resemblance of this protein to BVHyal at all as manner, with coordinated tissue expression. This may have
well as to any protein/domain with known 3D structure physiological significance, particularly in the mouse, but is
(unpublished results). A splice-variant of this gene mRNA lost to some degree in the hum®A.The adage that only
produces a nuclear protein wifliN-acetylglucosaminidase  bacteria utilize polycistronic mMRNAs must be reconsidered.
activity .1 Another curious feature of the vertebrate-ltkgalsis the

The human Hyals have significant degrees of sequencepresence of such a gene in bee venom. As discussed
conservation, indicative of their presumed common structural previously, HA occurs late in evolution, at some point early
and catalytic properties (Table 2, Figure 3). The sequenceswithin the development of the chordates. The PH-20-like
of known human Hyals described above (Hyats4land gene in the bee and hornet may be an example of lateral
HPH-20) are relatively uniform in their amino acid (aa) gene transfer. The enzyme may have been commandeered
length and range from the shortest, Hyal-1, with 435 aa to as a virulence factor, with the hyaluronidase activity promot-
the longest, HPH-20, with 510 aa. Interestingly, PH-20 and ing penetration of other venom components. Such gene
Hyal-4, together with Hyal-2, are all glycosylphosphatidyl- transfers appear to have occurred more frequently than
inositol- (GPI-)anchored proteins. The GRrhembrane at-  realized previously, and they may explain the presence of
tachment sites all occur in the C-terminus, close to the Hasgenes and HA in chlorelt& or the presence of cellulose
extreme C-terminal aa residues. The pairwise and multiple in the body wall of the tunicat&’
sequence alignments of known human Hyals described above Another example of putative lateral gene transfer in the
(Hyals-1—4 and HPH-20%1%1show their sequence identity presence of a collagenous sequence might be represented
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The smallest gene among the six human sequences is
hyal-1at approximately 3.7 kb, and the largest geneyial-4

at over 32 kb, a nearly 10-fold variation in gene size. There
is no explanation at present for such differences. Human
SHyal-l has also been shown to retain intron 1, occurring
within exon 1, in its mMRNA. This generates two mRNA
species, only one of which is translated into protein. This
does not occur with any of the othayal sequences. The
MRNA with the retained intron cannot be translated, as it
has a number of stop codot§. 104
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by a bacteriophage-coded hyaluronan lyasgtieptococcus
pyogenes® This is a virulence factor, obviously of vertebrate
origin, facilitating adhesion of the enzyme to the collagenous

Stern and Jedrzejas

all human Hyal enzymes conform to the single CAZY
glycoside hydrolase family 56%° and classification by the
SCOP databa®¥1?° as members of the single (trans)-

tissuesof the host. The collagenous sequence codes for theglycosidase superfamily of enzymes C.1.8. Other members

minimum size needed for forming a stable collagen triple
helix. Very high levels of hyaluronidase activities have been

associated with only certain lysogenic strains of bacterioph-

age that infecS. pyogeneggroup A streptococci), but not
with virulent strains. They are termed HylP and Hyfo2:10
Virulent strains are unable to infet pyogenes, unless the

of the same SCOP superfamily include the catalytic domain
of amylasé’! and type Il chitinase enzym®s that are
partially related to vertebrate-like Hyal enzymes. It should
be recalled that their substrates have parallels. Amylase is a
glycogen-degrading enzyme, glycogen being a polymer of
glucose containing exclusivety bonds. Chitinase degrades

HA capsule has been removed. This suggests that thechitin, which is a polymer ofN-acetylp-glucosamine,

function of the hyaluronidases of the lysogenic phage is to
penetrate the HA capsutét These hyaluronidases, referred

comprised exclusively of-links.
Additional support for the structural and functional cor-

to as the HylP-type, have the lowest molecular mass of any respondence for all these proteins comes from the excellent

hyaluronidases, ranging from 36 to 40 Kifa(see also
section 8.4:Streptomyces hyalurolyticli$yaluronan Lyase).

match between all predicted human Hyal secondary structures
and the actual secondary structure of the BVHyal obtained

Both classes are lyase enzymes with absolute specificity forfrom X-ray crystallography (data not shown). Therefore, the

HA. One major difference is that while the HylP type contain
a collagen-like repeat sequeriééthe HylP2 do not.

fold recognition studies suggest that all human Hyals have
3D structures that are similar to one another, to that of

Yet another example of possible lateral gene transfer of BVHyal, and presumably to those of all other vertebrate

Hyal hydrolase, with specific activity for HA, appears to be
the enzyme oMycoplasma alligatorisa flesh-eating myco-
plasmal®® It is a spreading factor of this organisit.}1*1t

Hyals.

6.2. Homology and ab Initio Modeling of the

appears to be a very large enzyme composed of 1442 asHuman Hyaluronidases’ Structures

residues and an apparent multidomain composition. This

Hyal belongs to CAZy glycoside hydrolase family 84, unlike

the vertebrate, and specifically human, enzymes that belong

to a different glycoside hydrolase group, family 56. The

Although the human Hyal sequences share only moderate
(22—25%) sequence identity with that of BVHyal, the fold
recognition studies described above indicate that the 3D

mechanism of this enzyme also appears to involve substrate Structure of the BVHyal enzyme is the best and is the only

as is the case for vertebrate Hy&l%ln addition, the enzyme

structural template available for modeling these proteins. The

has an apparent carbohydrate-binding module that bemnggelatively low sequence identity is not reflective of the

to CAZy carbohydrate-binding module family 32.

6. Sequence Analysis and Homology and ab
Initio Three-Dimensional Modeling for Human
Hyaluronidases

The protein sequences of all full length human Hyal genes,
hyal-1—4, andPH-20identified either experimentally or from
the human genome (available at www.ncbi.nlm.nih.gov) were
used in sequence homology and structural studighese
studies provide significant new information regarding pri-

mary, secondary, and 3D structural properties of these
proteins. Such sequence analyses lead to establishing ad
ditional functional properties and mechanisms for the human
Hyals. The primary sequence alignments (Table 2, Figure
3) indicate that all human Hyals analyzed are homologous

to one another, as well as to the BVHyal and BPH-20
enzyme’-8 (Figure 3). Such analyses, and comparison with
sequences of mouse Hyals, suggest that human Hyals a

representative of all vertebrate Hyal enzymes (data not

shown, and figure in Supporting Information).

6.1. Fold Recognition Studies
The state of the art fold recognition analySesdicate

structural similarity between these Hyals. Protein structures
with such low identities are often found to be appropriate
for homology modeling?3124The fold recognition methods
clearly and unambiguously suggest significantly higher
structural conservation than that suggested by sequence
identities. Because of the homology with BVHyal structures,
the structures of human Hyals can be modeled. All models
must be viewed with caution, compared to experimental
structures obtained using either X-ray crystallography or
NMR. However, the significant structural homology with the
BVHyal structure allows for reliable 3D structure model
determination for human Hyal-1—4 and HPH-20 enzymes
and may be considered as structurally representative of all
vertebrate Hyals. Obtaining such models facilitated explora-
tion of the mechanisms by which the vertebrate-like Hyals
degrade HA and by which differences between the Hyals
occur. In particular, such models facilitate (1) establishing
how human Hyal-1 degrades HA to tetrasaccharides, whereas

rd2) Hyal-2 degrades the same substrate to a limit digestion

product of approximately 50 disaccharides, and (3), for HPH-
20, sperm entry through the decidua and into the human
ovum. And (4) insight is potentially obtained into more
functional and mechanistic details of catalysis for human
Hyal-3 and Hyal-4, since they are conspicuously lacking,
compared to the other Hyals.

that the catalytic portions, the major component of this group  All models of human Hyals-1—4 as well as HPH-20 are
of enzymes, of all human Hyals are very similar to one of high quality and are essentially identical to one another
another at the primary, secondary, and tertiary levels andin the structure of their main domain (Figures 4 and 5). These
are similar to those of the BVHyal enzyme (PDB code: five models, therefore, represent reliable structural models
1FCQ). This similarity is consistently recognized by all fold for all five human Hyal enzymes. For all human Hyals, a
recognition methods, even by the BLAST and PDB-BLAST two domain structure is predicted for each enzyme (Table
approached!® The BVHyal structure is the top-scoring 3). The major, catalytic domain contains aa residues starting
structure for all the individual consensus fold recognition from the very N-terminus of each protein (Figure 3), and it
methods utilized?11"118This supports the hypothesis that appears to be always accompanied by a significantly smaller
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Table 3. Domain Arrangement of Human Hyal$

Hyal Hyal aa span domain domain aa span parent parent aa span functional annotations

Hyal-1 1-435 1 catalytic 1-371 1FCQ 33—-360 hydrolase/hyaluronidase
2 C-terminal NA NA2 unknowr

Hyal-2 1-471 1 catalytic 1-376 1FCQ 33—-366 hydrolase/hyaluronidase
2 C-terminal 377—-471 NA NA2 unknowr{

Hyal-3 1-463 1 catalytic 1-373 1FC@ 41—-366 hydrolase/hyaluronidase
2 C-terminal 374—-463 NA NA2 unknowr

Hyal-4 1-481 1 catalytic 1-384 1FCQ 41-366 hydrolase/hyaluronidase
2 C-terminal 385—481 NA NA2 unknowr

HPH-20 1-510 1 catalytic 1-389 1FC@ 41—-366 hydrolase/hyaluronidase
2 C-terminal 390-510 NA NA2 unknowrd

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

aNA = not available or unknowrf.PDB code is reported (3D structure coordinates available at www.rcsb.org/pdb under this ddue).
crystallized BVHyal enzyme consists of aa residues 332 of the full length protein. Residues-383, 97—103, and 363382 were not identified
in the 1FCQ X-ray crystal structufé. ¢ The state of 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 dothdiThe domains were predicted by the Ginzu domain parsing and fold
detection methdd® and unanimously confirmed with very high confidence implemented in the META server/3D Jury iéffieak reported by
Jedrzejas and StetAAll Hyals have a two-domain architecture with the major domain being the catalytic one with a high primary, secondary,
structural, and functional homology to the bee venom hyaluronidase of known 3D structure (PDB code: 1FCQ). The structure of BVHyal consists
of aa residues 33382 of the full length mature protein. The second and minor domain is located at the extreme C-terminus, and it does not have
homology with any known proteins. Sequence conservation of the C-termini among all hyaluronidases is significantly lower than that for their
catalytic domains. The function of these C-termini is unknown.

C-terminal domain of unknown function. The extreme incorporated into the distorted TIM barrel fold, and are
N-terminal segments extending from the catalytic domain, primarily associated with the catalytic domain only; the

ranging in length from 28 aa for human Hyal-1 to 41 aa for interactions with the C-terminal domain are minimal, if any

HPH-20, are not included in the BVHyal structure (Figure (Figures 4 and 5). The sequence similarity in this region of
3). This segment’s model is predicted, therefore, by the ab all human Hyals is very low, compared to the remaining
initio approach. Due to the short length of this N-terminal portion of these Hyals, and therefore allows for some
segment, the modeling is likely to be reliable. The sequencevariations in structure.

similarity among this portion of all human Hyals is minimal, For all human Hyals at their C-termini, the catalytic

compared to the case of the remaining portion. For the domain is followed by the second domain, which is not
C-terminal domain, searches in structural databases showegbresent in the BVHyal homologue structure. This part of
no significant similarity to any known structures. As a human Hyals is significantly smaller than the catalytic

consequence, this portion of each of the enzymes was alsqortion, but it is larger than the N-terminal segment of the
constructed by the ab initio approat®!?Even though the  catalytic domain, ranging in size from 68 aa for Hyal-1, to

prediction methods have recently improved, such models still 122 aa for HPH-20 (Table 3, Figure 3). The sequence

need to be looked upon with caution. similarity along this portion is minimal, compared to that of
the remaining part of the enzymes, including the extreme
7. Structures and Mechanism of Action of Human N-terminus. The structure of this domain varies significantly
Hyaluronidases among different human Hyals. It assumes a three-stranded
antiparallel-sheet flanked by a helix on one side and by
7.1. Description of the Model Structures low complexity structures on the other extreme C-terminus

) . side for Hyal-1 (Figure 4A, B). In Hyal-2, it is composed of

For all five human Hyal structure models, the major g yo-helix group, whereas in HPH-20 it is a group of eight
catalytic domain (Figures 4 and 5) closely resemblesfthe (' pejices, with three of the helices being very short. In Hyal-3

)s TIM barrel of the parent BVHyal structure. The number i s composed of two helices with a significant portion of a
of sheets constituting the central part of the TIM barrel varies, -gjjeq region. Hyal-4’s C-terminal domain assumes a struc-
however, but is similar to those of various forms of the e of three heliices flanked on one side by an antiparallel,

BVHyal structures. The wider end of the TIM barrel assumes strandegB-sheet (Figure 5). There is one commonality
a conformation that creates a large and elongated cleft. ltspo\ever. The C-terminal domain is always separated from
sides are built primarily from aa residues of loops formed ¢ catalytic part by a linker peptide. This presumably flexible
between sheets an? helices of the TIM barrel. Based onpeniide is of significant length, making this domain relatively
similarity to BVHyaf* and mutation analysis of HPH-28,  jnqependent of the rest of the protein, and certainly has its

this region.is respo_nsjble for binding the HA substrate and g, separate motion characteristics (Figures 4 arid 5).
for catalysis, and it is large enough to bind at least an

octasaccharide segment of HA. The_ extreme N-terminal 7.2. Structure of the Active Site

segment of the catalytic domain, ranging in length from 28

aa for human Hyal-1 to 41 aa for HPH-20, always assumes The active site of the human Hyals is located within the
a helical conformation. It takes on a structure of a single substrate binding cleft that traverses the wider end of the
helix for Hyal-1 and Hyal-2 (the Hyals with the shortest TIM barrel structure of the catalytic domain. The cleft does
segment at their N-terminus) or a set of two helices connectednot extend to the C-terminal domain. It is lined by a number
by a short loop for Hyal-3, Hyal-4, and HPH-20. Hyal-4 and of positive and hydrophobic aa residues. As such, it is ideally
HPH-20 have the longest aa segments at their N-termini suited to bind the negative and hydrophobic HA/Ch/ChS
(Figure 3). In all five cases, however, the helices are located substrates. The active site is composed of one catalytic
on the outside of the TIM barrel core structure, are not residue, Glul131, and a group of several residues that position
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A C-

Catalytic Domain

C-terminal
Domain

Figure 4. Ribbon diagrams of a three-dimensional structural model of human hyaluronidase Hyal-1. The structure of the model is based
primarily on the comparative/homology modeling (for the main, catalytic dorfindilizing the structure of bee venom hyaluronidase

(PDB code: 1FCQ} as described by Jedrzejas and Stérihe modeled C-terminal domain was obtained using the ab initio method, and

its primary, secondary, or tertiary structure is not similar to any other molecule’s sequence of 3D domain structure currently available,
which implies a novel fold and possibly novel function. The characteritic)§ TIM barrel fold of the main domain, which is the catalytic

domain that supports the binding to the substrate, is shown, and its hydrolytic degradation by means of a double-displacement, retaining
mechanism is described in the text. Reprinted with permission from ref 12. Copyright 2005 John Wiley & Sons, Inc. (A) Three-dimensional
model of Hyal-1 with bound hyaluronan. The molecule is color-coded by the secondary structure elements (same as in Figure 2A). The
bound HA molecule is located in the HA-binding cleft, is depicted in ball-and-stick fashion, and is magenta. The catalytic residue, Glu131,
is also shown in ball-and-stick fashion and is colored in red (labeled); other residues that position the carbonyl of the acetylamido group
of HA are also shown and are colored in blue (not labeled). The catalytic and C-terminal domains, as well as the N- and C-termini, are
shown and labeled. (B) Comparison of the 3D structures of Hyal-1 and BVHyl enzymes. The Hyal-1 molecule is shown in the same color
and orientation as in panel 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 in the two structures (data not shown).
The BVHyal does not have a 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 panels A and B. The protein surface is colored as in Figure 2B. The surface of the HA
tetrasaccharide bound to the enzyme is shown in magenta.

the carbonyl nucleophile for catalysis. Structural alignment Hyal structures, the BVHyal X-ray structure, its X-ray
of all the available Hyals, including all the modeled human structure complexed with the HA substrate, plus BPH-20,
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HPH-20

Catalytic Domain

C-terminal
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C-terminal
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Hyal-4

Catalytic Domain

Figure 5. Ribbon diagrams of structural models of human hyaluronidase Hyal-2, Hyal-3, Hyal-4, and HPH-20. The molecule is shown in
a similar orientation and using the same color scheme and labeling as those of Hyal-1 in Figure 4 A and B. The structures of the catalytic
domains are similar to the same domain of Hyal-1 and to the BVHyal enzyme. The structure and the size of the C-terminal domain are
different between every Hyal and different from the same domain of Hyal-1. Reprinted with permission from ref 12. Copyright 2005 John
Wiley & Sons, Inc. (A) Model of Hyal-2, which degrades HA in human tissues to the approximate size of 50 saccha2tl&D4a). (B)
Structural model of human PH-20/SPAML1 hyaluronidase found in sperm, involved in fertilization, as well as facilitating the penetration of
sperm through the cumulus mass to reach the ovum. (C) Structural model of a relatively little investigated Hyal-3. (D) Model of Hyal-4
with the putative chondroitinase activity.
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Figure 6. Catalytic part of the Hyal-1 HA binding cleft. The scheme is based on the structure of the Hyal-1 enzyme (based on the structure
of Hyal-1 as reported by Jedrzejas and St®rwith HA tetrasaccharide positions as in the structure of the BVHyal homologue (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 as in Figure 2B. 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 black
(labeled). The C1 atom and carbonyl group (marked =T of HA’s N-acetylp-glucosamine are labeled. (A) View from above HA and

the HA-binding cleft down toward the enzyme’s catalytic domain. The catalytic H-donor (acid), Glul131, in red, is shown in position to
interact with the C1 carbon. The carbonyl positioning residues, in blue, are deeper in the enzyme’s cleft in which the acetamido group is
located. (B) Alternate 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. (C) Schematic double
displacement, retaining mechanism common for human hyaluronidases. This mechanism is characteristic of polysaccharide hydrolases, and
it involves the five depicted steps:=b, and one aa residue, Glu, of the enzyme (as described in the text). It involves a double displacement
mechanism with the retention of the C1 carbon (marked with an asterisk) configuration (retaining ehZymeptalytic process proceeds
through an intermediate reaction step involving oxocarbonium ion at the C1 positibRacetylp-glucosamine of the substrate. The
catalytic acid function is performed by an absolutely conserved mechanism among Hyal enzyme’s Glu residue. The nucleophile/base function
is attributed to the carbonyl oxygen of the C-2 acetamido group of the substrate: HA, Ch, or ChS.

demonstrates consistent structural conservation. The samg.3. Catalytic Mechanism of Hyaluronidase
positioning of the catalytic Glu131 (human Hyal-1 number- Activity
ing) residue recurs and is accompanied by a group of
substrate positioning residues: Asp129, Tyr202, Tyr247, and Based on high primary, secondary, and tertiary homology
Trp321 (human Hyal-1 numbering) residues. All these to BVHyal and site directed mutagenesis of HPH-20 enzyme,
residues are also strictly conserved in sequence (Table 1jt is proposed that degradation by human Hyal hydrolases
Figures 3 and 6, data not shown). The Tyr247 aa residue ismay proceed via a double-displacement mechanism, with
replaced by Cys263 in human Hyal-4, an enzyme that may retention of the HA substrate conformation. Such a mech-
have different substrate preferences, as it degrades predomianism involves one glutamic acid aa residue as an H donor
nantly Ch and ChS. (Glu149 in BPH-20, equivalent to Glu131 of human Hyal-1
As a part of catalysis, Glul13 acts as an acid, H-donor. (Table 1)) and a carbonyl oxygen of theacetyl group of
The substrate positioning residues are involved in the precisethe HA performing the function usually assigned to another
orientation of the carbonyl of the acetamido group of HA, carboxylic aa. The usual two carboxylic acid mechanism can
which serves as a nucleophile for performing this function, be modified to reflect the different nucleophilic residues. The
instead of the usual second acidic residue. In such a situationsteps involved in this mechanism are as follows (Figure
no enzyme—substrate covalent intermediate is formed. 6C): (1) Hyal is bound to the HA substrate. (2) The residues
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around the catalytic site position the carbonyl oxygen Hyals imply a different function for each Hyal. Analysis of
nucleophile of the HA’sSN-acetyl group next to the to-be- their structural and surface properties suggests HA-binding
cleavedfl,4 glycosidic bond to facilitate attack on the C1 ability as a component of their function. In general, all
carbon of the same sugar to form a covalent intermediate models of this domain have large grooves/clefts that could
between them. This leads to cleavage of the glycosidic bondeasily accommodate the HA substrate. In the absence of
on the nonreducing side of the glycosidic oxygen. This additional evidence, no clear account can be established for
process also results in the inversion of the anomeric C1 atompossible differences between them. This is in marked contrast
configuration. (3) At the same time, the protonated Glu149 with the additional domains of the bacterial enzymes (which
donates its H (deprotonation, acid function) to the glycosidic in this case are all located at the N-termini). However,
oxygen, the leaving part of the HA (glycan on the reducing sequence and structural homologies do exist for these
side of the cleaved glycosidic bond). (4) Hydrolytic cleavage additional N-termini of the bacterial Hyals. In these enzymes,
of the carbonyl oxygenC1 intermediate bond by a water N-terminal domains have homologies to other glycan-binding
molecule in the active site leads to reprotonation of Glu149, modules found in other catabolic carbohydrate-active en-
readying it for the next catalytic step, and to the second zymes, such as cellulases and xyland3es?®
inversion of the configuration of C1. (5) The HA productis ~ The possibilities are that these domains are involved in
released from the Hyal's active site (glycan on the nonre- interactions with HA and, as such, (1) might increase the
ducing side of the cleaved glycosidic bond). general affinity of Hyals for the HA matrix and, therefore,
The anomeric configuration of the C1 carbon atom of the (2) participate in simple colocalization of enzyme and
substrate is retained because it is inverted twice during substrate. A further possible consequence of binding to HA
catalysis (in steps 2 and 4 above). The formation of an might be (3) disruption of noncovalent interactions between
oxocarbonium-ion transition state has been implicated in this the substrate chains or between substrate and other polysac-
process at step 2 described above. Structural evidence frontharides:® Also, these domammay play a role in (4) the
the BVHyal—HA tetrasaccharide complex suggests that (1) appropriate orientation of the substrate to the catalytic do-
as the carbonyl nucleophile moves into place to interact with main, to further facilitate HA degradation, e.g., by directional
the C1 carbon of HA, it results in (2) a change in puckering positioning of the HA’s reducing end. This is clearly the
of the pyranose ring oMN-acetylb-glucosamine on the  case for the bacterial Hyals, which have been studied in much
nonreducing side of the bond to be cleaved, from regular greater detail than the human enzyrmés?8Each of these
chair to distorted boat, and, (3) consequently, in moving the functions improves the efficiency of HA cleavage. The
glycosidic bond into nearly an equatorial position, which flexibility and solvent exposure of the linker peptide suggest
results in (4) its positioning closely to the Glu149 (BVHyal it would be most vulnerable to protease degradation, as has
numbering) to allow for the donation of its H to this been observed for the bacterial Hyaf$132and the BPH-

glycosidic O as the bond is being cleavéd. 20 enzymé?® Such degradation indeed occurs but does not
change the specific activity of Hyals in vitro (both bacteria-

7.4. Endolytic, Random Cut Pattern of and vertebrate-like). Similar arguments can be made for the

Hyaluronidase Activity extreme N-terminus of the catalytic domain. That domain is

) i only loosely associated with the TIM barrel. Its proteolytic
This process of HA degradation occurs through a random removal should not affect in vitro specific activity. However,

bite type of catalysis. This is an endolytic, nonprocessive i viyo activity of such N- or C-terminal truncated enzymes
mechanism, with the products of each degradation reactionin tissues would likely be affected, in their individual

becoming substrates for further cleavage. At each step,physiological requirements.

following cleavage of the glycosidic bond, the catabolic ~ Tpg piginformatics/structural results demonstrate the need
product leaves the active site of the enzyme. for further research, to determine C-terminal domain specific
The shortest HA fragment that can still be cleaved by the fynction(s) and to delineate avenues for such studies. It is,
mammalian enzymes is a hexasacchatidé/As has been  nowever, not coincidental that the bacterial Hyals are also
established, the final end products of HA digestion are myltidomain enzymes. In their case, however, it is the
tetrasaccharides. These, however, can be further degradedyxtreme N-terminal domain that is implicated in HA binding
by the lysosomap-exoglycosidasegj-glucuronidase, and  in the variable processes described ab@¥eThis is in
p-N-acetyl-glucosaminidase. As mammalian Hyals are also contrast with the case of the vertebrate Hyals, in which it is

able to degrade Ch and ChS, albeit at slower rates, thethe functions of the C-terminal domains that await explora-
mechanism described above should hold for these substrateggn.

as well. The sulfation pattern of ChS can presumably be

accommodated by these human Hyal enzymes, allowing for

binding and catalysis. The prediction would be that these 8. Bacterial Hyaluronidases: Their Structure and
enzymes cleave ChS in regions of low or of no sulfation. Mechanism of Action

7.5. Putative Functions of the C-Terminal 8.1. Polymeric Glycan-Binding Cleft: A Common
Domains Feature of the Hyaluronidases and Other

The lack of experimental data and of sequence/structuralGlycan_DegraIdlng Enzymes

homologue(s) for the C-termint¥ makes functional studies A common structural feature of all HA-degrading enzymes
of this human Hyal domain purely speculative. However, is their elongated cleft for accommodating substrate. Such a
the peptide linker between the catalytic domain and the cleft is found in the Hyals fromStreptococci, with the
C-terminus is indicative of a dynamic flexibility. This also enzyme assuming a distorted/{)s—s barrel composed of
indicates an independent role for the C-terminal domain. The a-helices inside and od#:!* HA binding is facilitated by
different structures of this domain for each of the five human the cleft located at the top of the wider end of the barrel
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nested among helices and interhelix loops. On the other8.3. Mechanism of Hyaluronan Degradation by

hand,Flavobacterium heparinurahondroitinase B enzyme,

Bacterial Hyaluronan Lyases

which degrades dermatan sulfate, adopts a right-handed

parallel 5-helix fold.*®2 This fold is similar to that found in
pectin lyase$*13°and pectate lyaség®~1%°In these struc-
tures, the cleft consists of loops extending from the sur-
face of the strands of thg-helix. Such g3-helix fold has
also been identified in several polysaccharide hydrolases
such as in rhamnogalacturonasé*®polygalacturonase A

and the tail spike protein of phage P22 (polysaccharide
hydrolase)*?143implying that the cleft is specific for bind-

The mechanism of streptococcal, and presumably of all
bacterial, Hyal lyase enzymes is theslimination, acid/base,
processive type and is termed proton acceptance and donation
(PAD), as described by Li et &.The catalytic mechanism

,elucidated forS. pneumoniaeand S. agalactiaeHyals

involves several discreet steps: (1) binding of the HA
substrate contained in the cleft; followed by (2) the acidifica-
tion of the C5 carbon atom of HA's glucuronate residue by

ing of elongated polysaccharides and is not necessarily fora Hyal's Asn aa acting as an electron sink (Figures 1 and

their catalysis. In some enzymes, the cleft is covered to
form a tunnel, a structure specific for cellbiohydro-
lases!#4145

An important feature of such clefts is their predominantly

7C, D); (3) extraction of this C5 carbon proton by the
enzyme’s His residue, followed by the formation of an
unsaturated bond between C4 and C5 of the glucuronate on
the reducing side of the glycosidic bond; (4) cleavage of the

positive and hydrophobic character, and as such, theyglycosidic bond after a proton is donated from the enzyme’s

facilitate binding of negatively charged hydrophobic HA/
Ch/ChS substrate®83! This process is therefore driven by
interactions of two molecules, enzyme and polymer, and the
charge potential, which they generate. The energy for the
reaction is likely generated by the exothermic reaction that
occurs with degradation of the glycosidic bond.

8.2. Domain Structure Bacterial Hyaluronidases

Structural and bioinformatics studies of streptococci
(namely,S. pneumonia@and S. agalactiag demonstrate a
four-domain bacterial Hyal enzyme anchored to the surface

of these bacteria through a covalent linkage to the cross-

bridges of peptidoglycan structur€s'?® The four Hyal
domains are an N-terminal carbohydrate binding domain, a
spacer, the catalytic domain, and, finally the C-terminal
domain (Figure 7A¥2128The X-ray crystal structures of the

Tyr residue; and, finally, (5) departure of the HA disaccharide
product from the active site and balancing of the hydrogen
ions by an enzyme exchange with the water environment
(Figure 7C, D)31474The enzyme is then ready for the next
round of catalysis. For processive degradation of substrate
(s), HA is translocated by one disaccharide unit toward the
reducing end of the chain and endolytically degraded using
the PAD mechanism. During the process, the C4 and C5
carbon atoms change their hybridization fron &psp with
respective changes in the product conformation of the sugar
ring, involving a puckering of the sugar ring, leading then
to a distorted half-chair conformation (Figure 7D).

In addition to the three catalytic residues, additional
residues are involved in important aspects of the enzyme’s
action: a patch of hydrophobic residues, Trp291, Trp292,
and Phe343, as well as a patch of residues generating
negative potential at the end of the cleft, Glu388, Asp398,

three major streptococcal domains have been elucidated®nd Thr400 (Figure 7C). The hydrophobic patch interacting

(Figure 7B)*3:14

The crystallized nativeS. pneumoniaeenzyme mol-
eculeé3is composed of the major, catalytic domain, having
an (a/ok-s a-helical barrel structure, and the most C-
terminal domain, comprised mainly gfsheets, arranged in
an antiparallel, large three-laygrsandwich. The structure
of the S. agalactiaeHyal is similar to that of theS.
pneumoniadiyal but, in addition, encompasses an additional
domain at the N-terminus, functioning as a spacer domain,
which is absent in the pneumococcal enzye? This
spacer domain is also composed$heets. The function
of the C-terminal f-sheet domain is to modulate the
polymeric HA/Ch/ChS substrate’s access to the catalytic
cleft, present in thew-helical catalytic domain. The catalytic
cleft traverses ther-helical domain. Only three substrate

with the substrate positions it for catalysis, whereas the
negative patch facilitates release of product. The structure
of the enzyme complex with substrates and the products of
degradation reveal the exact substrate positioning with respect
to the residues identified in the cleft, and show that the
enzyme degrades the substrates starting from the reducing
end. In this model, the degradation commences by initial
endolytic binding of enzyme to substrate, followed by an
initial cut of the polymer; this “initial bite” is followed for

HA, but not for Ch/ChS, by progressive exolytic degradation
from the reduced end toward the nonreducing end, one
disaccharide unit at a time, until the polymeric chain is fully
degraded. The degradation of Ch and ChS, on the other hand,
seems to proceed only by the endolytic, honprocessive
method.

disaccharide building blocks (i.e., a hexasaccharide) can be As a consequence of HA aggregation, initial degradation

fitted inside the cleft®®! The active site of the enzyme is
also located within the barrel domain’s cleft and is com-
posed of three residues; Asn349, His399, and Tyr408 (S.
pneumoniagdyal numbering) (Figure 7C)33162However,
bioinformatic studies reveal that the full length mature
enzyme contains additional residues at the N-terminus,
arranged in an additional domadi#?. This domain is clearly

of high molecular weight HA is likely to proceed through a
random endolytic cleavage, but only at sites wherefthd
linkage in the chain is exposed. As the size of HA decreases,
its ability to aggregate also decreases. At molecular masses
below 300 kDa, the ability of HA to aggregate, as shown
by electron microscopy—rotary shadowing, decred%és.

the same time, HA chains below50 disaccharides, as

a carbohydrate binding module that presumably acts to shown by light scattering evidence, do not aggregate in salt
enhance overall affinity of all known bacterial Hyals for their solutions?” These properties indicate that, at some size below
substrates. As a result, the second, small spacer domain likely\300 kDa, the molecule can be degraded by streptococcal,
acts as a spacer, to distance the C-terminal domains fromand possibly other bacterial, hyaluronate lyases using a purely
the carbohydrate-binding domain located at the extreme processive mechanism, due to decreased aggregation. As the
N-terminus. average size decreases, the processive mechanism takes over
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Figure 7. Three-dimensional structure 8f pneumoniabyaluronate lyase. (A) Schematic diagram of the domain composition of bacterial
Hyals. Bacterial Hyals are composed of four domains: a HA-binding module, a spacer domain, a major catalytic @atoaiaif), and

a C-terminal one/f-domain) that regulates HA access to the cl&ftThese N-terminal HA-binding modules and the most C-terminal
domains are connected to the rest of the protein by presumably flexible peptide linkers. The module at the extreme N-terminus is independent
of the rest of the protein and assumes arfaheet structure. The secondary structure elements for each domain are indicated. (B) Overall
structure. The crystallized enzyme is built fromaihelical catalytic domain and a supportjesheet domain (based on structure coordinates,

PDB code: 1LOH}P! Both domains are connected by one flexible peptide linker. The most N-terminal two domains, a spacer domain
(composed of3-sheets), and the additional HA-binding org/{ fold) are included in this structuf@ Two perpendicular views of the

enzyme (rotated along the axis parallel to the labeled N- and C-termini) are shown. The hexasaccharide hyaluronan substrate is depicted
in the enzyme’s cleft in a ball-and-stick fashion color-coded by atomic element as in Figure 2B. The molecule is color-coded by the
secondary structure elements (a-helicedblue; 3/10-helices= purple; f-sheets= green; coil regions= brown). N- and C-termini are

labeled. (C) Catalytic residues of the enzyme. The residues directly involved in catalysis [Asn349, His399, and Tyr408 (catalytic group)],
those involved in positioning of the substrate [Trp291, Trp292, and Phe343 (hydrophobic patch)], and those involved in release of the
product [Glu388, Asp398, and Thr400 (negative patch)] are shown together with the hyaluronan hexasaccharide substrate (based on struc-
ture coordinates, PDB code: 1LOFf)The most essential enzymsubstrate interactions for the catalytic process are shown as black lines.
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from random cleavage, leading to faster exponential degrada-Glu131 (human Hyal-1 numbering), that functions as an

tion.13 H-donor. No other acidic residue, such as another Glu or an
Asp in the active site, could support such a function.

8.4. Streptomyces hyalurolyticus ~ Hyaluronan Therefore, as is the case for some chitinases, these enzymes

Lyase utilize the substrate carbonyl group of the acetamido moiety

) ) ) as a nucleophile. No enzymsubstrate covalent intermediate

Streptomyces hyalurolyticudyal is yet another bacterial s created in this process, in marked contrast with the cases
Hyal with apparently different properties from those of qf )| other glycan-degrading hydrolases.
streptococcal Hyalg:®” This enzyme appears to act on HA
in a random endolytic action pattern and produces unsatur-
ated products of varied si2é&:147|t also utilizes g3-elimina-
tion cleavage mechanism similar to that of the streptococcal
enzymes. However, the most abundant products are primarily

the HA disaccharides and. then. tetra- and. then. hexasac.Y/€Wed with caution. Further experimental evidence is needed

charide units of HA:27:31146The sequence of this enzyme on(;(;j_e_Ilne?tang the funcgon Obf this gart Oo]IC thel humar:j HV%IS'

is, however, not known, preventing its additional analyses. ~\dd!tional data must be obtained and a larger database
The peculiarity of this Hyal is that, unlike the majority of 9€nerated of 3D structures with annotated functions for the
other Hyals, it is specific for HA only. It does not appear to various domains, to further enhance our understanding of

degrade chondroiting:4¢ The reasons for this unexpected this class (_)f enzyme;.
and surprising specificity are at present not known. Certainly, ~Information regarding the Hyals, both the hydrolases and
more studies are needed to confirm this specific degradationthe lyases, has accumulated rapidly. The human and micro-
under a broad range of conditions and utilizing unsulfated Pial genome projects, the structural studies, and the number
chondroitins as well as those with varying sulfation patterns. of computer-assisted bioinformatic approaches have provided
In addition, certain sizes of HA digestion products are a fund of information that facilitates our Understandlng of
underrepresented, namely, those comprised of five to sixNow these enzymes operate. However, there are many areas
disaccharide units. Park et al. suggested that this resistancéhat require continued investigation. The vertebrate and
might be the result of secondary or higher order structures Vertebrate-like Hyals are multifunctional enzymes. The
of HA.16 The enzyme is readily available from Sigma functions of the C-termini, separated from the catalytic
(catalog no. H1136, with an activity 0f0.1 NFU/vial) and, ~ domains by linker peptides, have the greatest variability and
as such, is often utilized in studies of HA degradation and the least homology. It is these C-termini that may help
as a means of producing short HA fragments, namely di-, identify these additional functions.
tetra-, and hexasaccharides. o

More recently, another hyaluronan lyase of microbial/viral 9.2. Future Directions
origin with specificity only for HA from Streptococcus
pyogenesacteriophage H4489A (termed Hyl)48was
reported (see also section 5.2. Considerations at the Genomi
Level). As its sequence is known, it allowed for an additional
insight into the properties of this Hyal. The enzyme is very
short in sequence, only 371 aa residues, suggesting a differen
molecular structure and architecture from those of strepto-

The sequence analysis, fold recognition, and modeling
studies make possible the identification of the residues
involved in catalysis and their mechanism of action. The
structures of the C-terminal domain in particular must be

Other questions abound. What is the identity of the
Organism in evolution in which the first, or the second, Hyal
sequence duplication event occurred to generate the three
closely associated genes? And when did the en masse block

uplication occur to form the resulting total of six sequences
that occur presently? Evidence suggests this may have
coccal Hyals described abo¥®.The phage Hyal belongs occurred when place_ntal _mammals separated from nonpla-
cental mammals. Silencing of the sixth sequence, the

to CAZy polysaccharide lyase family 16, unlike the strep- q hval ith d |
tococcal enzyme, which belongs to a different polysaccharide PS€udogene, Phyall, with premature stop codons, occurs only

lyase group, family 8. More studies are clearly needed to in the human, among those that have been sequenced to date.

elucidate the properties of this apparently new enzyme. | IS SUggests that the Hyals are continuing to evolve. It
would be intriguing to determine if silencing of this gene

9.S has occurred in the chimpanzee, whose genomic sequencing
. summary is now underway.

9.1. Conclusions Why are the introns_ for the sequences on chromosome 7

up to 10 times the size of those on chromosome 3 (e.g.,

This study provides the first descriptions of 3D models humanhyal-4 compared tchyal-1)? Do these introns have

for the human Hyal enzymes: Hyal-1 through Hyal-4 and functions of which we are not aware? Do these functions
PH-20. The models indicate that they are very similar and include regulatory activities for transcription? Do such large
that they differ primarily in their C-terminal domains, whose introns reflect older sequences or do they represent more
functions are unknown. The catalytic clefts and the active recent events? This question can be restated. Is it the Hyals
sites are highly conserved. The models provide insight into on chromosome 3 or those on chromosome 7 that more
their catalytic mechanisms. This involves an acidic residue, closely reflect the original cluster of three sequences?

Figure 7 (continued). Consecutive HA disaccharides from the reducing to nonreducing end are labeletARIAIl residues and HA
hexasaccharides are shown in ball-and-stick fashion and color-coded by atomic element (as in Figure 2B). (D) Proton acceptance and
donation mechanism of bacterial hyaluronan lyases. This mechanism consists of a five step process and involved three residues of the
enzyme, Asn, His, and Tyr, as described in the téXfThe glycosidic oxygen as well as C4 and C5 carbon atoms directly involved in
catalysis are also marked by asterisks. There is no direct water molecule involvement in this catalytic process except during H exchange
to ready the enzyme for the next round of catalysis. Smaller HA chains are primarily degraded in a processive manner, whereas large
aggregated HA molecules, Ch and ChS with selected sulfation patterns (as described in the text) of any length, are degraded nonprocessively.
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It has been established thlayal-1 has two major tran-  BPH-20
scripts, only one of which can be translatétiyith the other BVHyal
having a retained intron that prevents translation. It appearsCh
that most tissues contain both pre-mRNAs. What is the €hS
intelligence behind the splice mechanisms that determines
the ratio for these pre-mRNAs? Increases in the nontrans-
latable transcripts are one of the mechanisms for silencing gp,
this tumor suppressor gene, particularly in tobacco-related ya
cancers. How is this accomplished? The answer to how HpPH-20
alternative splices are selected by the splice mechanism is alyal
major unsolved problem. Are there other sequences in theMD
genome that code for hyaluronidase-like enzymes, in additionNMR
to and unrelated to the six (or seven) that have beenPCR
identified? PD

We are still unable to ascertain why human Hyal-2 M
catalysis ceases, or slows, when the HA substrate reaches
50 saccharide units. Is it a function of the enzyme or of a 11. Acknowledgments
change in conformation of the HA substrate at this critical
size? HA exists in vertebrate tissues in a number of states:
as a freely circulating molecule, associated with a number
of HA-binding proteins or hyaladherins, tightly intercalated
within proteoglycan aggregates, loosely associated wit
tissues, or tethered to the cell surface by a number o
membrane receptors. HA is now also recognized as being
an intracellular molecule, within the cytoplasm, in the ) ,
nucleus, and also in the nucleoRi825! In some cases of 12. Supporting Information

severe ER (endoplasmic reticulum) stress, HA can form Figure showing sequence alignment of the mouse and

cables that appear to originate from the perinuclear Golgi h;man hyaluronidases. This material is available free of
and project out into the ECM. The question becomes, how charge via the Internet at http:/pubs.acs.org.

do the vertebrate Hyals recognize their HA substrate in such
multiple formats? How do the structures of the Hyals
participate in this recognition process?

The vertebrate Hyals function at either acid or neutral pH,
yet they retain the same basic structure. How is this (2) Jedrzejas, M. Xrit. Rev. Biochem. Mol. Biol2000,35, 221—51.
accomplished? Both human Hyal-1 and Hyal-2 can function  (3) jedrzejas, M. Front. Biosci.2004,9, 891—914.
either as tumor suppressors or as oncogenes. This is in part (4) Jedrzejas, M. J. Ilyaluronan 2003; Hascall, V. C., Balazs, E. A.,

a gene-dose-dependent phenomé¥dsut also depends on E§§§>-M§§3§W§gﬁ)gﬁa 'g%tgzte (www.matrixbiologyinstitute.org/
the type of m_a“gnancy’ as We” as other, as yet, unknown (5) Jedrzéjas, M. J. IRecent Research Delopments in Biophysics and
factors. How is this accomplished, and how do substrate Biochemistry; Pandali, S. G., Ed.; Research Signpost: Trivandrum,
enzyme interactions participate in this process? The bee India, 2002; Vol. 2. = . .
venom Hyal is a major antigen of bee venom, involved in ~ (6) Frost, G. 1., Csoka, A. B, Wong, T.; Stern, R.; Csoka, TBichem.

. - 2 . . Biophys. Res. Commuh997,236, 10-5.
allergic reactions. Some individuals are extraordinarily (7) Hascall, v. C.; Yanagishita, MScience of Hayluronan Today;
sensitive to these antigens. What epitopes within this Hyal
are involved in the hyperallergenic process?
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SUPPLEMENTARY DATA

Fig. 1. Sequence alignment of the human and mouse hyaluronidases Hyal-1-Hyal-4,

PH-20, and Phyall

The conserved identical amino acid residues are shaded as by black color whereas
homologous residucs by grey. The human Hyal sequences are designated as *_h and

mouse ones by *_m. The clear homology of all proteins is evident.

Petitioner Merck, Ex. 1008, p. 840
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