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Structure of Human Hyaluronidase-1, a Hyaluronan Hydrolyzing Enzyme Involved
in Tumor Growth and Angiogenesis
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ABSTRACT. Mammalian hyaluronidases hydrolyze hyaluronan, a polysaccharide of diverse physiological
roles found in all tissues and body fluids. In addition to its function in normal cellular hyaluronan turnover,
human hyaluronidase-1 is implicated in cancer proliferation, angiogenesis, and inflammatory diseases; its
expression is up-regulated in advanced stages of bladder cancer, whereas the expression of the alternative
splice-variants is down-regulated. The crystal structure reveals a molecule composed of two closely
associated domains: a catalytic domain that adopts a distgiey barrel resembling that of bee venom
hyaluronidase, and a novel, EGF-like domain, characteristic of involvement in proiitein interactions

and regulatory processes. The structure shows that the fold of this unique EGF-like domain is intact in
four alternative splice-variants, whereas the catalytic domain is likely to be unfolded. Thus, these variants
may function by competing with the full-length enzyme for the putative protein partner and regulating
enzymatic activity in healthy cells.

Hyaluronan (HA) is a linear, unsulfated, negatively are antiapoptotic and inducers of heat shock proteins. They
charged, glycosaminoglycan formed frori2000-25000 regulate a different set of signaling molecules than the
repeating disaccharide units pfglucuronic acid (GlcUA) intermediate size HA including Erb2, PTEN phosphatase,
andN-acetylp-glucosamine (GIcNAc) with [GICUARL—3)- and PI 3 kinase4).

GlcNAc-(31—4)], linkages. HA is the major component of ~ Mammalian hyaluronidases arendep-N-acetyl-hex-
cartilage and serves as a joint lubricant. It controls water gsaminidases (EC 3.2.1.35; glycosyl hydrolase family® (
homeostasis in tissues and the extracellular matrix, which that hydrolyze thgg1—4 glycosidic bond of HA into various
affects cell motility and the distribution and transport of gligosaccharide lengths, the shortest of which are tetrasac-
plasma proteins. HA is also implicated in cell proliferation, charides §). There are five homologous hyaluronidases
differentiation, cel-cell recognition, tumor growth and  encoded in the human genome: hHyal-1 through -4 and the
invasion, angiogenesis, and inflammatory responses) sperm adhesion molecule 1 (termed PH-20). In addition, the
The cellular role of HA and the HA-mediated signal human genome contains a related pseudo g@h-y’AL]_
transduction pathways depends on its size (recently reviewedThese genes exhibit different tissue distribution profiles.
by Stern et al. 4). Large HA polymers function in Human Hyal-1 and Hyal-2 are expressed in most tissues and
organizing the extracellular matrix and serve as lubricant and gre responsible for the catabolism of intracellular and
shock absorber. In shock, septicemia, post surgery, bloodextracellular HA, respectivelys( 7). With the exception of
loss, and burns, the level of circulating high molecular mass hHyal-1, the expressed hyaluronidases contain glycosylphos-
HA increases. These HA polymers are antiangiogenic, phatidylinositol-signal sequences and are membrane-bound
immunosuppressive, and anti-inflammatory. In contrast, HA ypon maturation. Aside from its primary hydrolytic function,
fragments of intermediate sizes are involved in the body’s hHyal-2 also serves as a receptor for sheep retrovirus
alarm system. They stimulate angiogenesis and inflammatoryassociated with lung cancers, and activates the growth and
reactions and facilitate cancer progression and invagipn (- invasion of brain tumors3-10). Human Hyal-3 is expressed
Such HA fragments activate several cytoplasmic and extra-in several tissues including the brain, yet its enzymatic
cellular signal transduction pathways associated with Raf-1 activity and biological role are not well-defined. Human
kinase, MAP kinase, and ERK. Short HA oligosaccharides Hyal-4 was reported to be specific for chondroitin and
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is responsible for the production of angiogenic HA fragments. ATCC) and ligated into th&glll/ Agd digested pMT/BiP/
Because of its presence in urine and change in expressiorvV5-HisA vector (Invitrogen). The recombinant gene com-
level in bladder and prostate cancers, the use of hHyal-1 asprises the entire hHyal-1 coding region (Phed2p435)
a marker of these diseases has been considéizeld). along with two N-terminal amino acids, Arg20 and Ser21,
Inactivating mutations of hHyal-1 are linked to the human and eight C-terminal amino acids, Thr436, Gly437, and
genetic disorder mucopolysaccharidosis 1X, characterized byHis438-His443 (only Arg20, Ser21, and Thr436 are seen
diminished stature, periarticular soft tissue masses, andin the electron density map) arising from the cloning
absence of neurological and visceral involvemédm).(The procedure. Protein was secreted from stably transfected
plasma HA concentration of patients with this disorder is Drosophila melanogasteSchneider 2 cells cotransfected
40—90-fold higher than in normal serum. The role of hHyal-1 with pCoPuro for selection with puromycin. Protein expres-
in tumor progression depends on its cellular concentration; sion in the conditioned serum-free medium was detected by
it functions as a tumor suppressor at low or very high Western blot analysis with the monoclonal Penta-His Anti-
concentration and as a tumor promoter at moderate concenbody (Qiagen). For large scale expression, stable Schneider
tration (13, 16—18). 2 cells were grown in shaker flasks at 28 and induced

In humans, eight alternative splice transcripts-HfAL1 with the addition of 0.6 mM CuS£©The cells were removed
encode the full-length enzyme and five splice variad®.( by centrifugation after 4 days, and the medium was applied
Variants 15 (designated v1 through v5) are each truncated directly onto a Chelating Sepharose Fast Flow column (GE
to a different extent. They lack enzymatic activity and are Health Sciences). The protein was eluted with-300 mM
expressed at higher level in normal and in grade 1 bladderimidazole and further purified with Sephacryl S200 size
tumor tissues than in advanced cancer. For example, hHyal-1exclusion chromatography (GE Health Sciences). The buffer
vl expression is 2.3-fold higher in normal bladder tissues Was exchanged with 25 mM sodium acetate at pH 4.6.
than in bladder tumors2(), and hHyal-1 v5 is the main  Protein concentration was determined using the BioRad
transcript in normal bladder celld9). By comparison, the ~ Protein Assay in conjunction with spectrophotometric mea-
full-length hHyal-1 is expressed at lower level in normal surements (calculated extinction coefficient of 112,120 M
tissues and at elevated levels in grade 2/grade 3 bladdecm™). The expression in thérosophila melanogaster
tumors and in invasive tumor cells. Expression of splice Schneider 2 cells yielded7 mg of purified protein per 1 L
variant v1 slows down bladder tumor growth, invasion, and of medium. The molecular mass was measured on a matrix-
angiogenesis by inducing the cellular apoptosis path®@éy (  assisted laser desorption time-of-flight (MALDI-TOF) spec-

Human Hyal-1 is a 435 amino acid residue protein tr(_)meter. The N-terminql amino acid sequence was deter-
exhibiting a narrow acidic pH activity (34.5) (1), con- mined as RSFRGPLLP, in accordance with the cloned gene.

sistent with the low pH in the lysosome. The protein contains ~ Crystallization, Data Collection, and Structure Determi-
10 cysteines, three predicted N-glycosylation sites, and annation. Crystals were _obtayned at room temperature by the
N-terminal endoplasmic reticulum signal sequence. It cleaveshanging drop vapor diffusion method. Equal volumes of 10
HA substrates of all sizes into short chains, down to Mg/mL hHyal-1 were mixed with mother liquor containing
tetrasaccharides. The N-terminal 325 amino acid residues!-> M NaCl, 10% (v/v) ethanol, and 1/10 volume of 30%
exhibit 31% sequence identity with bee venom hyaluronidase (W/v) galactose. The drops were equilibrated against the
(bvHyal), whose structure has been determined in complex mother liquor reservow.lFor data collection, the.crystals were
with a HA tetrasaccharide2p). The sequence homology transferred to mother liquor supplemented with 30% (v/v)
implies that this hHyal-1 region adopts the same overall fold glycerol and flash-cooled at 100 K in liquid propane cooled

literature for the C-terminal domains of the mammalian 22-BM beamline at the Advanced Photon Source (Argonne
hyaluronidases. However, this region contains a cysteine-National Laboratory, Argonne, IL), which was equipped with
rich pattern, ¥CxXo 46CXs 12CX1 76CX16CXeGax 21GX.C, a MAR CCD-225 detector. Data were processed with the
where “a” denotes a hydrophobic residue, “x” denotes any 9*TREK  programs 25) (Table 1). The structure was
residue, and the gaps between cysteine residues vary in lengtdetermined by molecular replacement with the computer
as indicated by the subscripts. This pattern is identified in Program PHASERZE) using the structure of bvHyal as the

the SMART @3) and PROSITE Z4) databases as an Search model (PDB entry code 1FCBZ). The rotation
epidermal growth factor (EGF)-like motif. function Z-score was 4.8 and was followed by a translation

function Z-score of 9.6, indicative of an unambiguous
solution. The resulting electron density map revealed loca-
tions where side chains of the search model needed to be
replaced by the correct side chains of hHyal-1. Building of
the HyalEGF-like domain and adjustments to the model were
made on a graphics workstation using the progran2®. (
Structure refinement was carried out with the CNS program
followed by REFMAC @8—30). De novo building of the
C-terminal domain (83 amino acid residues) was ac-

In vitro biochemical studies of mammalian hyaluronidases
have been hampered by the difficulties to produce the
enzymes in soluble form. We have overcome this problem
by producing recombinant hHyal-1 Drosophilacells. Here
we report the crystal structure of the enzyme showing that
it contains an EGF-like domain not seen previously, and
examine the impact of alternative splicing on the enzyme
structure and function.

MATERIALS AND METHODS complished gradually as the model improved. Water, acetate,
and glycerol molecules were added to the model using peaks
Cloning, Expression, and Protein Purificatidine hHyal-1 in the F, — F difference Fourier map with electron density

gene was amplified from a cDNA clone (MGC-45987, >3c as the acceptance criterion.
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three disulfide bonds are stacked in the order-CB, C2-
C4, and C5-C6 (Cys358-Cys369, Cys363Cys418, and

Table 1: Data Collection and Refinement Statistics

data collection

space group
cell dimensions (A)
resolution (A)

P3,21
a&b=092.1,c=1438
2.0

Cys420-Cys429), forming the signature pattern of EGF-
like domains identified in the SMART2@B) and PROSITE
(24) databases. In agreement with this finding, a search of

wavelength (A) 1.0000 the Protein Data Bank using DALI3() identified the
”Oégf mg]'gf#éejn'i? the 1 extracellular fragment of the heparin-binding EGF-like
no. 0¥0b5erved reflections 502,770 growth factor as the closest structural homologue of the
no. of unique reflections 47,955 hHyal-1 C-terminal domain3@), albeit with a lowZ-score
completeness (%) 99.4 (9727) of 2.4 and covering only 38 amino acid pairs (Figure 2D).
g‘:"“ﬁ“c'ty 30623(8('07 5;883 The aligned residues exhibit 26% sequence identity, and their
ot 14.0 (3.4) Ca atoms can be superimposed with root-mean-square
solvent content 63% deviation of 2.9 A. The common framework spans the N-
refinement statistics and C-terminal two-stranded antiparalekheet g1—pAI1V)
resolution range (A) 802.0 and the C-terminal coil. Instead of the N-terminal helix
total no. of reflections 47,955 . . -
completeness 99 4 present in the I_EGF_-Ilk_e domain of hHyal-1 (thuS exten-
Reacto/ Rire 0.190/0.230 sion), the heparin-binding growth factor contains an extended
no. of protein atoms 3280 polypeptide chain. The EGF-like fold of hHyal-1 is distin-
no. glf ‘é"lj’gz; m't‘écu'es 5’35 guished by a long insertion between fbieand IV of the
no. of acetate ions 7 EGF core fold, which spans an extended chain followed by
no. of glycerol molecules 1 a f-hairpin @Il —pIll) and an a-helix (al) (Figure 2D).
rmsd from ideal geometry Sequence alignment (Figure 3) shows that all other hyalu-
bond length (A) 0.019 ronidases contain the same structural domain; thus we term
bond angles (deg) 1.9

it a Hyal[EGF-like domain.

" , , , The HyalEGF-like fold does not resemble the Hyal-1
2.00T 2%";:22gﬁi{f&:ﬁ%ﬁ&;g;ﬁ?gf'agcgfit rzeliﬁ:ggfislr;ecmz'm C-terminal domain fold predicted by ab initio approaches
ShilFol, WhereF, and F, are the observed and calculated structure (33). The close interaction between the two domains is also
factors, respectivelyRyee is computed for 5% randomly selected very different from the earlier prediction that proposed a
reflections that were omitted from the refinement. flexible linker and lack of interactions between the two
domains. Moreover, the modeling of the five human hyalu-
ronidases C-terminal domains yielded a different fold in each
case, whereas we expect that these domains adopt the

Overall Structure Human Hyal-1 was readily crystallized  HyalEGF-like fold because the amino acid sequences contain
at pH 4.6, within the pH range of enzyme activity. Structure the characteristic disulfide bond pattern.
refinement at 2.0 A resolution (Table 1) yielded a high  Protein Glycosylation.The hHyal-1 molecular mass
quality electron density map (Figure 1) covering the entire determined by MALDI-TOF mass spectrometry is 50,874
coding region of the mature hHyal-1 (PheZRrp435). All + 126 Da instead of the calculated molecular mass of 47,-
backbone torsion angles are within the allowed regions of 368 Da. The mass difference of 3506 Da arises from post-
the Ramachandran plot. translational N-linked glycosylation. The amino acid se-

The hHyal-1 molecule comprises two closely associated quence of hHyal-1 contains three predicted N-glycosylation
domains: the N-terminal catalytic domain (PheZr352) sites at Asn99, Asn216, and Asn350; thus the estimated
and the smaller C-terminal domain (Ser353p435) (Figure average sugar mass is 1169 Da per site. This is in agreement
2A and B). The catalytic domain adapts a distorigixs- with previously reported biantennary carbohydrates linked
barrel fold similar to that of the bvHyal structurg2) but to proteins expressed Drosophilacells (34, 35). FucMan-
with some variations (Figure 2C): The hHyalg2-strand GIcNACc,, MansGIcNAGc,, FucManGIcNACc,, MansGIcNAC;,
is missing in bvHyal. However, thjs2 does not fornf-sheet and ManGIcNAc; were the major carbohydrates in glyco-
interactions with33, hence the¢g-barrel is open despite the sylated glutamate carboxypeptidase Il expressedroso-
presence of all eight strands. The barrel imperfection extendsphila Schneider 2 cells34). The electron density map of
to the a-helix following 52, which is absent in hHyal-1. A hHyal-1 indicated that all three potential glycosylation sites
number of secondary structure units are inserted in loops onwere modified. The Asn350 modification was the largest seen
the C-terminal side of thg-barrel: ana-helix (labeleda4’ and was modeled by the branched oligosaccharide:
following the numbering of the primarg/a motifs), two Mana3Mana6
310 helices (74' andn8'), and aﬁ-hairpin (33'-3”) (Figures YManB4GIcNAcP4GIcNAc
2B and 3). Two of the five hHyal-1 disulfide bonds (Cys43 Mana3
Cys333 and Cys207Cys221) reside in the catalytic domain - agngg N-glycosylation was less ordered and was modeled
and are also present in bvHyal (Figure 2C). by GIcNAc,. The oligosaccharide moieties of Asn99 and

The 83-residue C-terminal domain begins with an exten- Asn350 form an intermolecular contact in the crystal. The
sion of the catalytic domain'a8 and contains three disulfide  most solvent exposed Asn216 was associated with weak
bonds. In addition to the helical extension, the domain electron density, which prevented modeling of sugar moi-
contains another helix(), a reverse turgg-hairpin @1l — eties. The uniform protein glycosylation indicated by the
i), a long two-stranded antiparallgtsheet gl and51V), mass spectrometry measurement implies that each oligosac-
and a meandering chain at the C-terminus (Figure 2D). The charide contains an additional mannose or fucose unit beyond

average temperature factor €A) 34

RESULTS
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Ficure 1: Stereoscopic representation of the electron density map in the region of the active site together with the corresponding protein
model. The difference Fourier map with sigma(a)-weightéd 2 F. coefficients and calculated phases is contouredodetel. “Act”
denotes acetate ion and “Wat” water molecule. Atomic color scheme is used: gray, carbon; red, oxygen; blue, nitrogen.

the sugar composition seen in the electron density map linkedand the acetate’s methyl group is tucked between Tyr286,
to Asn350. The Asn350 glycosylation signature sequence isTrp321, and Tyr202. There is a slight difference between
invariant in all mammalian hyaluronidases (Figure 3). This the two arrangements because the hHyal-1 Asp129 side chain
oligosaccharide is located at an interface between therotates away from the second oxygen atom of the acetate
catalytic and the HyalEGF-like module (Figure 2A,B). The ion, equivalent to théN-acetyl’s NH group (Figure 4).

oligosaccharide modifications may assist with protein folding  As proposed earlier2Q), the catalytic mechanism of the
and stability, and may play a functional role. Along this line, hyaluronidases (glycosy! hydrolase family 56) resembles that
it was recently reported that treatment of hHyal-1 with of the glycosyl hydrolases belonging to families 18 and 20,
N-glycosidase F removed oligosaccharides from 50% of the which involves double displacement at C1 next to fhe
sample and resulted in 40% reduction of activBg)( Human  (1—4) glycosidic bond to be cleaved. The double displace-
Hyal-1 from bladder tumors has a different N-glycosylation ment results in retention of configuration at C39( 40).
pattern and a slightly different pH activity profile than that Tews et al. proposed a substrate assisted mechanism for the
of hHyal-1 from normal serum and urin&%). chitin degrading enzymes in which the Giacetyl’s oxygen
Active Site.As with bvHyal, the active site of hHyal-1  atom acts as a nucleophil@g). Concomitant with cleavage
spans an elongated cleft located at the C-terminal end of thegf the glycosidic bond, a glutamic acid residue (Glu131 in
a/p-barrel’'s p-strands (Figure 2). Superposition of the hHyal-1) transfers a proton to the C4 oxygen of the leaving
structures of hHyal-1 and the bvHyal-(GIcCUA-GICNAC)  HA fragment. Next, an incoming water molecule replaces
complex @2) shows that the active site clefts are similar in  the |eaving HA fragment. The disposition of active site
size and shape (Figure 2C). Many of the active site residuesyesjdues in hHyal-1 suggests that Glu131 and Tyr202 polarize

are conserved (Figure 4A), indicating that the mode of the water molecule for the nucleophilic attack on C1, thus
tetrasaccharide binding seen in bvHyal is likely to be similar completing the hydrolysis.

in hHyal-1. Briefly, the cleft is enriched with aromatic Glu268 mutation into a lysine in hHyal-1 is associated

residues, characteristic of sugar binding proteins (Tyr75, with the muco ; ;
polysaccharide IX lysosomal storage disorder
Trpl4l, Tyr202, Tyr208, Tyr210, Tyr247, Tyr261, Tyr286, (15 ag noted previouslyZ?), GIu268 is located remotely

Trp321). There are two arginine side chains that may interactfrom the active site cleft (Fi : . :
) . gure 4), yet this residue is
with the carboxylic groups of HA (Arg134, Arg265) and an  .,hqerved in all human hyaluronidases. Its side chain is
invariant serine residue (Ser245) that su.pports.the pla,cemenbartially buried, forming a hydrogen bond with Asn229
of the Tyr202 hydroxyl group. Two invariant acidic residues (located ona5) and a salt bridge with Arg271 (located on
(Asp129, G|UI3.1) shgre a prot'on (Figures 1 and 4A), a a6), both invariant residues in the human hyaluronidases.
recurring catalytic motif not only in the structures of the two Replacement of this glutamic acid by a glutamine residue
hyaluronidases but also in those of glycosyl hydrolases j, hp o0 jed to loss of activity4(l). The deleterious effect
belonging to families 18 and 203§). An acetate ion of a mutation in this position is expected to arise from

(ori%inating frorln the crystagizatitl)qn solution)lis (Ijocateld_cIOﬁe reduced protein stability due to removal of the electrostatic
to the carboxylate pair and to the Tyr247 hydroxyl, in the interaction betweens5 anda6.

same site where the Q®acetyl group of the tetrasaccharide

cleavage product binds to bvHyal. In bvHyal, the position piscussioN

of the N-acetyl's oxygen atom is fixed by hydrogen bond

interactions (the oxygen atom with Tyr227 hydroxyl group  Active Site Specificityduman hyaluronidases exhibit 33

and the NH group with Aspl11 carboxyl group) and the 42% sequence identities and even higher conservation of
methyl group is anchored between aromatic rings (Tyr265, active site residues. Yet, the enzymes differ in their catalytic
Trp301, and Tyrl84). Similarly, one oxygen atom of the efficiencies and pH profiles4@). For example, bovine PH-
hHyal-1 acetate ion is hydrogen bonded to Tyr247 hydroxyl 20 (61% sequence identity to the human counterpart) is
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HyalEGF-like
domain

Ficure 2: Structure of hHyal-1. (A) Stereoscopic representation of a side view. The catalytic and the HyalEGF-like domains are colored
light blue and yellow, respectively. Disulfide bonds are shown in red. The N-linked oligosaccharides are shown as stick models with the
atomic color scheme: gray, carbon; red, oxygen; blue, nitrogen. (B) A view doww/fhlearrel. The color scheme is as in panel A. Labels

of secondary structure units correspond to the labels in Figure 3. (C) Stereoscopic representation of the catalytic domain (colored light blue)
superimposed on the structures bvHyal in complex with (GIcUA-GIcMAa)lored gold; 22), PDB entry code 1FCV). The tetrasaccharide

is colored with an atomic color scheme: green, carbon; red, oxygen; blue, nitrogen. (D) Stereoscopic representation of the C-terminal
domain (colored yellow) superposed on the heparin-binding EGF-like growth factor (colored light3sye?DB entry code 1XDT). The

disulfide bonds are shown in red.

~400-fold more active than hHyal-2 at acidic conditiofS)( 43, 44), and the bovine PH-20 pH profile is bimodal, with
Human Hyal-1 hydrolyzes HA in a size-independent manner maxima at 4.5 and 7.52(). While the sequences of the

to tetrasaccharides, whereas hHyal-2 specifically degradesreaction centers are conserved in all family members,
large HA polymers into 20 kDa fragmen#4). The hHyal-1 residues at the peripheries of the active site clefts are more
activity optimum is at pH 3.8, hHyal-2 at pH 5:§.0 21, divergent. In particular, the loop connectii anda5 varies
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Ficure 3: Structure-based sequence alignment of human hyaluronidases. Invariant residues are shown in blue except for three key catalytic
residues that are colored red. Cysteine residues are colored yellow. The hHyal-1 N-glycosylated asparagines residues are colored turquoise.
Residues exhibiting conservative replacements are blocked in blue. Pairs of cysteine residues that form disulfide bonds are indicated by
stars with matching colors. Secondary structure units are labeled as in Figure 2B.

in length, composition, and potential glycosylation (Figure 46). In the blood coagulation system, the interactions between
3). Indeed, this loop exhibits a different conformation in protease clotting factors are mediated by their EGF domains.
hHyal-1 compared with bvHyal (Figure 2C). Such variations Another enzyme, prostaglandin, Kynthase-1 (cyclooxyge-
may be responsible for the different catalytic properties of nase-1), and its close homologue prostaglandieyithase-2
the human hyaluronidases. By comparison, the primary (cyclooxygenase-2) also contain an EGF-like domdin).(
substrates of hHyal-4 were reported to be chondroitin and The exact role of the EGF domains is yet to be determined
chondroitin sulfate), which differ from HA in the anomeric ~ in many cases, but they are thought to mediate pretein
form of the C4 hydroxyl of théN-acetylp-glucosamine unit. protein interactions often associated with regulation of growth
We note that hHyal-4 contains a cysteine residue instead ofand development. Studies have shown involvement of protein
Tyr247, which is the only departure from the conserved partners with hyaluronidases, although the sites of interac-
catalytic machinery of the hyaluronidases. This change maytions have not been established. The most direct evidence
contribute to the apparent different substrate specificity of for such interaction pertains to mammalian PH-20, where it
hHyal-4. was demonstrated that the C-terminal domain encompassing
Role of the HyalEGF-like DomairAll mammalian hy- the HyalEGF-like region is responsible for the secondary
aluronidases contain a C-terminal domain with the same binding of the acrosome-reacted sperm to the zona pellucida
disulfide bond pattern as that observed for hHyal-1. Hence, (a glycoprotein membrane) of oocyte during fertilizatidB)(
all are expected to contain the HyalEGF-like domain. The Harada and Takahashi reported that hHyal-1 and hHyal-2
longer hHyal-3 and hPH-20 polypeptides contain two ad- require the HA receptor, CD44, for hyaluronidase activity
ditional cysteine residues which do not align with one another in vivo and hHyal-2 also requires CD44 for its activity in
and are not part of the EGF disulfide bond signature sequencecell-free solution44). A direct interaction between hHyal-2
(Figure 3). In hHyal-1, the EGF-like domain is located and CD44 inthe presence of theNE™ Exchanger mediates
remotely from the active site (over 30 A away), and thus is HA-induced cell signaling in human breast tumor cedlg)(
not likely to be involved in substrate recognition (Figure 4B). It is tempting to speculate that CD44 may present the HA
What then is the role of this domain? substrate to the active site of hHyal-1 or hHyal-2 via its
Many extracellular proteins contain EGF domains and are interaction with the HyalEGF-like domain. Similarly, it was
involved in cell adhesion and celtell communication45, recently shown that enzymatically inactive mutants of
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bvHyal-based
model of HA

HyalEGF-like
domain

Ficure 4: (A) Stereoscopic representation of the active site region of hHyal-1 (gray ribbon) superimposed on that of bvHyal (yellow
ribbon; 22)). Selected amino acids are colored in the atomic color scheme: red, oxygen; blue, nitrogen; gray (hHyal-1) and yellow (bvHyal),
carbon. (B) Molecular surface of the catalytic domain (light blue) and HyalEGF-like (yellow) domains of hHyal-1, illustrating the separation
between the HyalEGF-like domain and the active site. A docked tetrasaccharide, inferred from the structure of bvHyal, is shown as a space
filling model.

hHyal-2 can still serve as the cell-entry receptors of Jaag- Alternative Splicing in hHyal-1 Alternative splicing of
siekte sheep retrovirus. These mutations were distributedhHyal-1 and hHyal-3 have been identified in bladder and
throughout the catalytic domain and none was located on prostate cancer cell lines, tumor tissues, and normal kidney
the HyalEGF-like domain. Hyaluronan did not block the tissue, with the two enzymes exhibiting similar splicing
interaction between the viral envelope glycoprotein and patterns {9, 50). The levels of normal and splice variant
hHyal-2; neither did it block the virus infectiod®). Whether ~ MRNAs vary in different stages of tumor progressiag)(

the hHyal-2 HyalEGF-like domain serves as the interaction !N Vitro translated splice variants of hHyal-1 (v1 through v5)

determined. shows that the deletions destroy the fold integrity of the

. . . catalytic domain. Even for the shortest deletion of hHyal-1
The HyalEGF-like domain is elongated and has extensive | ; (and also hHyal-3 v1), the thirty amino acids comprising

solvent accessibility, consistent with mediation of protein 1,4 a7, 48, andn8' units are deleted (Figure 5). Mapping
protein interactions. The-hairpin unit (11 —4lll) appears e deletions on the structure of hHyal-1 reveals that the v1,
suitable for that role because its flexibility implies potential 2 y4 and v5 splice variants retain the HyalEGF-like
to adjust in response to a protein partner. Because thegomain, whereas v3 lacks the HyalEGF-like domain as well
sequence of thg-hairpin region varies significantly within - a5 part of the catalytic domain (Figure 5). Notably, the
the hyaluronidase family (Figure 3), the partner identity or hHyal-1 v5 splice variant comprising solely the HyalEGF-
affinity may vary for each enzyme. Now that the 3D structure like domain is the major hHyal-1 transcript found in normal
of hHyal-1 has revealed the presence of a novel HyalEGF- bladder, G1 bladder tumor tissues, and normal bladder
like domain, a search for partners and characterization of primary culture, whereas the full-length enzyme dominates
their interactions are timely. in advanced stages of bladder cancEd)(In contrast, the
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Ficure 5: Mapping of hHyal-1 splice variants (numbered v1 to v5) on the intact structure. Deleted segments are highlighted in red.

hHyal-3 v3 splice variant, encompassing mainly the Hya- Clearly, the impact of alternative splicing needs to be
IEGF-like domain, is the major transcript in all bladder tumor further studied. Regardless of the regulatory mechanism, the
cells and tissues and in prostate cancer cai®. ( implication of the available data is that as the bladder cancer
The three disulfide bonds of the HyalEGF-like domain Progresses, the relative abundance of the full-length hHyal-1
may help maintain its fold even when the catalytic domain Increases compargd with the alternative splice varlanfcs. This
unfolds. Therefore, hHyal-1 splice variants in which the leads to increase in the cellular Ievgl of t.he short—ch{;un HA,
HyalEGF-like domain remains intact may have regulatory promotmg cancer growth and prollfergtlon. Strate'gles that
roles by binding to the partner protein and modulating the INcrease the abundance of hHyal-1 splice variants in bladder
enzymatic activity of the full-length enzyme. An alternative cancer and reduce the amount of short-chain HA could lead
regulatory mechanism was recently suggested by Lokeshwar© cancer therapy.
and colleagues, who showed by immunoprecipitation experi-
ments that the hHyal-1 v1 splice variant forms a complex
with the full-length hHyal-1, resulting in 4-fold inhibition We greatly appreciate John Moult's leadership of the
of hyaluronidase activity and reduced production of angio- stryctural Genomics program at CARB. We thank Eugene
genic HA fragments 20). Their studies also showed that Melamud, Ethan Zhang, and John Moult for the development
overexpression of the hHyal-1 v1 splice variant activated of the alternative splicing Web site, Andy Howard for
the apoptosis pathway in HT1376 bladder cancer cells andhelp with synchrotron data collection, and Dr. Joseph L.

slowed bladder tumor growth, invasion, and angiogenesis. johnson for discussion about protein expressioBrioso-
The formation of a complex between the full-length and v1 phila cells.

hHyal-1 molecules is quite puzzling because the enzyme
exists as a monomer both in solution and in the crystal. REFERENCES
Conceivably, one may invoke a HyalEGF-like domain
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