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ABSTRACT The venom of honeybees, Apis mellifera, con-
tains several biologically active peptides and two enzymes, one
of which is a hyaluronidase. By using degenerate oligonucleo-
tides derived from the amino-terminal sequence of this hyal-
uronidase reported by others, clones encoding the precursor
for this enzyme could be isolated from a cDNA library prepared
from venom glands of worker bees. The deduced amino acid
sequence showed that bee venom hyaluronidase is a polypeptide
composed of 349 amino acids containing four cysteines and
three potential sites for N-glycosylation. The sequence of the
precursor also indicated that the conversion of the pro-enzyme
to the end product must involve cleavage of a Thr-Pro bond, a
most unusual processing reaction. The mRNA encoding hy-
aluronidase could also be detected in testes from drones.
Expression of the cloned cDNA in Escherichia coli yielded a
41-kDa polypeptide that had hyaluronidase activity. Interest-
ingly, the hyaluronidase from bee venom glands exhibited
significant homology to PH-20, a membrane protein of guinea
pig sperm involved in sperm-egg adhesion. These structural
data support the long-held view that hyaluronidases play a role
in fertilization.

Different types of hyaluronidases hydrolyze the long chains
of alternating units of N-acetylglucosamine and D-glucuronic
acid present in hyaluronan (hyaluronic acid), the most abun-
dant mucopolysaccharide of vertebrate connective tissue.
These enzymes are widely distributed in nature; they have
been isolated from such diverse sources as mammalian
testes, salivary glands of leeches, and different bacteria (1).
At present, little is known about the structure of these
enzymes apart from the sequence ofa hyaluronidase encoded
by a bacteriophage isolated from a strain of Streptococcus
pyogenes (2).

Hyaluronidases are also present in venoms of snakes,
scorpions, bees, and wasps. The enzyme from honeybee
venom, originally described as a "spreading factor" that
facilitates the diffusion of other venom constituents (3), has
been purified and shown to be a glycoprotein with a molec-
ular mass of about 43 kDa (4). Recently, the amino-terminal
sequence ofbee venom hyaluronidase was determined (5). As
described in this paper, by using this information we were
able to isolate two clones that encode the hyaluronidase
precursor from a cDNA library prepared from bee venom
glands. The sequence ofthis insect enzyme* shows homology
to a protein present in guinea pig sperm (6).

MATERIALS AND METHODS
RNA and DNA Isolation. Various honey bee tissues (venom

glands, pupae, testes) were homogenized in a buffer contain-
ing 4.2 M guanidinium isothiocyanate, 100 mM NaOAc (pH
7.5), 2 mM EDTA, 2% mercaptoethanol, and 2% 1-butanol
(7). After extraction with phenol/chloroform/isoamyl alco-

hol, 12:24:1 (vol/vol), the water phase was acidified with 2M
NaOAc (pH 4.4), extracted with phenol/chloroform, 3:1
(vol/vol), and precipitated with isopropyl alcohol. The pellet
was dissolved in 6 M urea/100 mM Hepes, pH 7.5, and
precipitated by adding 0.5 volumes of 9 M LiCl. Poly(A)-rich
RNA was isolated by chromatography on oligo(dT)-
cellulose. Genomic DNA from pupae of drones was prepared
as described (8).
cDNA Cloning. cDNA was synthesized from poly(A)-rich

RNA (2.5 jig) by using the oligo(dT) adaptor [TGATCAG-
GATCCATCGA(T)17] as primer and reverse transcriptase
(Superscript; GIBCO/BRL) as recommended by the sup-
plier. The second strand was synthesized with DNA poly-
merase I (New England Biolabs) in the presence of DNA
ligase and RNase H (Boehringer Mannheim) following the
above protocol. Double-stranded cDNA was treated with
phage T4 DNA polymerase (Bio Labs) to create blunt ends.
After methylation and the addition of EcoRI linkers, the
cDNA was ligated into the Bluescript vector (Stratagene).
Competent Escherichia coli TG1 cells were transformed, and
a library containing about one million independent colonies
was obtained.
Probe Preparation and Screening of the cDNA Library. A

sense oligonucleotide containing the codons for the peptide
Phe-Asn-Val-Tyr-Trp-Asn-Val and an anti-sense oligonucle-
otide to the sequence Phe-Met-Cys-His-Lys-Tyr-Gly (taken
from ref. 5) were synthesized. About 25 pmol ofeach of these
oligonucleotides were used for PCR with genomic bee DNA
as template. The reaction mixture contained 67 mM Tris HCl
(pH 8.8), 6.7 mM MgCl2, 16.6 mM ammonium sulfate, 170 ,ug
of bovine serum albumin per ml, 10%o dimethyl sulfoxide, 1.5
mM each deoxynucleotide, and 2 units of Taq polymerase
(United States Biochemical). After 35 cycles (40 sec at 92°C,
1 min at 45°C, and 30 sec at 72°C), the resulting PCR fragment
was sequenced. It was found to contain the coding informa-
tion for the above peptides plus two central codons for the
dipeptide Pro-Thr in complete agreement with the published
amino acid sequence data (5). The 47-bp fragment was then
labeled in the presence of [a-32P]dATP and [a-32P]dCTP
(NEN) by using both of the above primers and Klenow
polymerase (Boehringer Mannheim). The cDNA library was
screened with this labeled probe (9). From about 200,000
colonies, three positive clones were isolated and purified.
Clones Hya-2 and Hya-3 contained the same 1.45-kb insert,
and clone Hya-1 contained a 1.25-kb insert.

Amplification of the 3' End of the cDNA. To get the
complete 3' end of the hyaluronidase cDNA, we used the
RACE (rapid amplification of cDNA ends) protocol (10).
Starting with poly(A)-rich RNA (2.5 ,ug) from venom glands
of worker bees, the first strand ofcDNA was synthesized as
described above, diluted to 500 ,ul with TE buffer (10 mM
Tris/1 mM EDTA, pH 8), and used as a cDNA source in the

Abbreviation: RACE, rapid amplification of cDNA ends.
*The sequences reported in this paper have been deposited in the
GenBank data base [accession nos. L10710 (Hya-1) and L10711
(Hya-2)].
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amplification reaction. PCR was performed in 10 mM
Tris HCl, pH 9.0/50 mM KCl/0.01% gelatin/1.5 mM MgCl2/
0.1% Triton X-100 in the presence of 0.2 mM dNTPs (Phar-
macia) and 0.5 units of Hi-Taq DNA polymerase (Vienna
Laboratories, Vienna). The diluted cDNA (5 ,l), 25 pmol of
primer h-race (ACTGACGGTGGACGTGA) corresponding
to nucleotides 1134-1150 of the cDNA, and 25 pmol of the
adaptor (TGATCAGGATCCTATCG) were used in the am-

plification reaction. Conditions for the PCR were as follows:
one cycle of 2 min at 92°C, 10 min at 55°C, and 40 min at 72°C;
followed by 50 cycles of 40 sec at 92°C; 1 min at 55°C; and 2
min at 72°C; with a final extension of 20 min at 72°C. The
reaction product was purified, subcloned into the Bluescript
vector, and sequenced on both strands by using the Seque-
nase kit (United States Biochemical).
RNA Blot Hybridization (Northern Blot). Poly(A)-rich RNA

was separated on 1% agarose gels containing 0.74 M form-
aldehyde and transferred to Nytran-membranes (Schleicher
& Schuell). The 750-bp EcoRI/Nae I fragment of clone Hya-1
was labeled by using the random-primed DNA labeling kit
from Boehringer Mannheim. Hybridization was performed
overnight at 65°C. The filters were washed with decreasing
salt concentrations and, after two final washes with 0.015 M
NaCI/0.0015 M sodium citrate, pH 7/0.1% SDS at 65°C, used
for autoradiography.
DNA Sequencing and Sequence Analysis. Nested deletions

of clones Hya-1 and Hya-2 were generated by using exonu-
clease III and S1 nuclease (11). Deletions were selected
according to size and sequenced by the enzymatic method
(12) with the Sequenase 2.0 sequencing kit (United States
Biochemical). DNA and protein data bases (EMBL release
31, Swiss-Prot release 22) were searched for homologous
sequences with the FASTA program (13).

Expression of the Cloned cDNA in E. coli. Using synthetic
oligonucleotides, a truncated fragment of the clone Hya-1
encoding the mature enzyme was amplified and inserted into
the expression vector pMW172 (14). The vector was cleaved
at the HindIlI site and filled in with T4 DNA polymerase to
generate blunt ends. Two clones, pMWH9 and pMWH7,
were isolated that contained the inserted cDNA in opposite
directions. PlasmidDNA was prepared and used to transform
E. coli BL21(DE3) (ref. 14). Cultures were induced by adding
0.5 mM isopropyl 3-D-thiogalactoside, grown for an addi-
tional 4 h, and harvested. Inclusion bodies were prepared (9)
and dissolved in 5 M guanidinium hydrochloride in buffer (50
mM Tris HCl, pH 8.0/1 mM EDTA/1 mM dithiothreitol).
The solution was then dialyzed overnight at 4°C against
distilled water. Precipitated material was removed by cen-
trifugation, and the supernatant was lyophilized. The residue
was dissolved in water, and hyaluronidase activity was
measured by using hyaluronic acid from umbilical cords
(Boehringer Mannheim) as substrate (15). The enzymatic
activity of purified bee venom hyaluronidase was assayed
under the same conditions.

RESULTS

Sequence of Hyaluronidase. The amino acid sequence of the
first 30 residues of bee venom hyaluronidase has been
determined (5). A degenerate pair of sense and antisense
oligonucleotides derived from this sequence (see Fig. 1) were

PDNDKTVREFNVYWNVPTFMCHKYGLRFEXV

FIG. 1. Amino-terminal sequence in the amino acid single-letter
code of bee venom hyaluronidase (5). The two parts of this sequence
which were used for the synthesis of a degenerate pair of sense and
antisense oligonucleotides are marked by arrows. X denotes an
unknown residue.
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synthesized and used for the PCR. From genomic DNA
isolated from pupae of drones, which are haploid, a 47-bp
fragment with the expected sequence could be amplified.
This fragment was labeled and used to screen a venom gland
cDNA library. Of three positive clones, two were investi-
gated further. Fig. 2 shows the nucleotide sequence of the
insert present in clone Hya-1. Starting with the first ATG, this
sequence contains an open reading frame that can be trans-
lated into a polypeptide comprising 382 amino acids. The
deduced amino acid sequence begins with a typical signal
peptide, which is followed by a short proenzyme portion. The
most likely signal peptidase cleavage sites are after Gly-28 or
Ala-24 (16). The mature protein starts with the published
sequence (5) except for one difference-namely, asparagine
instead of aspartic acid in position 3. As deduced from the
cloned cDNA, the bee venom hyaluronidase contains 349
amino acids including four cysteine residues. Three sites for
N-glycosylation are present, all having the sequence Asn-
Leu-Thr.
The second clone designated Hya-2 contained a larger

insert than Hya-1. At the 5' end, it started with an unknown
sequence of 199 nucleotides, most likely representing an
intron (data not shown), which terminated prior to the C

... CGGTCGGATCGTCGATTCATGTCTCGGCCTCTCGTGATCACGGAAGGGATGATGATT
M S R P L V I T E G M M I

GGAGTGTTGCTAATGCTAGCCCCGATAAACGCGTTATTACTCGGCTTCGTACAGAGCACC
G V L L M L A P I N At L L L Gt F V Q S T

CCCGACAACAACAAAACCGTACGGGAGTTCAACGTTTACTGGAACGTGCCCACCTTTATG
P D N N K T V R E F N V Y W N V P T F M

TGCCATAAATACGGGCTACGGTTCGAAGAAGTATCGGAGAAATATGGTATTCTACAGAAC
C H K Y G L R F E E V S E K Y G I L Q N

TGGATGGATAAGTTTCGGGGCGAGGAGATCGCGATCCTTTACGACCCTGGAATGTTCCCG
W M D K F R G E E I A I L Y D P G M F P
GCGTTGCTGAAAGACCCGAATGGGAACGTGGTGGCGAGGAACGGCGGTGTCCCGCAACTG
A L L K D P N G N V V A R N G G V P Q L
GGCAATCTCACCAAGCATCTGCAAGTATTTCGGGACCACTTGATCAATCAGATCCCGGAC
G N L T K H L Q V F R D H L I N Q I P D

AAGTCGTTTCCCGGCGTGGGGGTGATCGATTTCGAAAGTTGGAGGCCGATATTCAGACAG
K S F P G V G V I D F E S W R P I F R Q

AACTGGGCCTCCCTCCAGCCTTACAAGAAACTGTCCGTAGAGGTGGTTCGCCGTGAGCAT
N W A S L Q P Y K K L S V E V V R R E H

CCGTTCTGGGACGATCAGAGGGTGGAGCAGGAGGCGAAACGAAGGTTCGAGAAATACGGG
P F W D D Q R V E Q E A K R R F E K Y G

CAGCTTTTCATGGAGGAGACGTTGAAAGCGGCGAAACGGATGAGGCCGGCCGCCAATTGG
Q L F M E E T L K A A K R M R P A A N W

GGATACTACGCCTACCCTTATTGCTACAATCTGACGCCGAATCAGCCGAGCGCCCAATGC
G Y Y A Y P Y C Y N L T P N Q P S A Q C

GAAGCGACCACCATGCAGGAGAACGATAAAATGTCGTGGCTGTTCGAGTCGGAAGACGTC
E A T T M Q E N D K M S W L F E S E D V

CTCCTTCCGTCCGTTTACTTGAGATGGAATCTGACGAGCGGCGAAAGAGTGGGCCTGGTC
L L P S V Y L R W N L T S G E R V G L V

GGTGGCCGCGTGAAGGAGGCGTTGAGAATAGCGAGGCAAATGACGACCAGCAGGAAGAAG
G G R V K E A L R I A R Q M T T S R K K
GTTCTACCATATTACTGGTACAAATATCAGGATCGAAGGGACACGGATTTGAGCAGGGCT
V L P Y Y W Y K Y Q D R R D T D L S R A
GACCTCGAGGCAACTTTACGAAAAATCACGGACCTCGGCGCCGACGGGTTCATCATTTGG
D L E A T L R K I T D L G A D G F I I W

GGAAGTTCCGACGATATAAACACGAAGGCGAAGTGCCTACAATTCAGGGAATACCTGAAC
G S S D D I N T K A K C L Q F R E Y L N

AACGAGTTGGGCCCTGCCGTTAAACGAATCGCGTTGAACAACAACGCGAACGATCGACTG
N E L G P A V K R I A L N N N A N D R L

ACGGTGGACGTGAGCGTGGACCAAGTGTGACCGTAGCCACCGAGCTCGGGGAAGCTGGAG
T V D V S V D Q V /

CCGGAGCTGGTTCTCTTAATCGCCAGAGCGGATCCAGAGAGAGAGAGAGAGAGAGAGAGA
GAGAGAAATTGTGCGAACGTTCTTCGGTTTCTGAACGCTTATTACGCGACGTAGCATACG
CGTGATTACCATACTCGCGATACGTGCGAGGAGGAACGGCGCCCGACCTTCGAAATGGAA
AGATGTCGAACACGGGAAACGACGACGCGTGTCGTTTGAAAGCAAAGCCGATTGGTCTAG
TCGATACAGTTGGGAGGCGATAGTTGCGCGATTCCAACGTAGCAGTTGGACGTGTCGTGC
AACGATCGTGAGGGAGGGGAAAGAGAAATATTTATATCGTAAATAAATTTGCTGTTGCAT
CG(A)n

FIG. 2. Nucleotide sequence of cloned hyaluronidase cDNAs
and the deduced amino acid sequence (single-letter code) of the
preproenzyme. The sequence shown is from clone Hya-1, which
terminated at the cytidine marked by a black square, and the
overlapping RACE product of the protocol to obtain the complete 3'
end. The sequence of the synthetic oligonucleotide used for the
RACE protocol and the AATAAA polyadenylylation signal are
underlined. The two most likely bonds hydrolyzed by signal pepti-
dase are marked by arrows. The insert present in clone Hya-2 started
with an unrelated, probable intron sequence of 199 nucleotides prior
to the underlined cytidine (C in second line). Its sequence was
interrupted by another intron of 127 nucleotides inserted between
two guanosine residues (see GGin line 6). The GAT codon for
aspartic acid close to the carboxyl terminus (see underlined D) was
replaced by AGT encoding serine in Hya-2.D
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underlined in Fig. 2. A second intron comprising 127 bp that
started with G-T and ended with A-G (sequence not shown)
was present between the two guanosine residues marked by
underlining, see QX in Fig. 2. The common sequence present
in clones Hya-1 and Hya-2 differs by only four point muta-
tions, three in the coding region and one in the 3' untranslated
end. The predicted polypeptides differ by one amino acid,
serine instead of aspartic acid close to the carboxyl terminus
(see Fig. 2).

Since both clones did not terminate with a poly(A) stretch,
the RACE protocol of Frohman et al. (10) was used to obtain
the complete 3' end of the mRNA encoding the bee venom
hyaluronidase. A synthetic oligonucleotide corresponding to
nucleotides 1134-1150 of Hya-1 (see Fig. 2) was used for the
amplification reaction. The reaction product was ligated into
the Bluescript vector and sequenced on both strands.
The mRNA encoding bee venom hyaluronidase thus has a

minimal length of 1559 nucleotides excluding the poly(A)
part. In the nontranslated 3' end, a segment is present
comprising 15 repeats of the dinucleotide A-G.

Northern Blots. Using the cloned cDNA present in Hya-1,
we performed Northern blots to test the possible expression
of the hyaluronidase gene in other bee tissues. The mRNA
encoding this enzyme could also be detected in testes from
drones but not in queen-bee venom glands or in pupae (Fig.
3). The control mRNA from worker bee venom glands gave
a strong positive signal. The second band with a higher
molecular mass present in the latter mRNA possibly corre-
sponds to pre-mRNAs like the one found in clone Hya-2.

Expression of the Cloned cDNA in E. coli. By using syn-
thetic oligonucleotides, a fragment of Hya-1 containing the
coding sequence of the mature enzyme was amplified and
inserted into the HindIll site of the expression vector
pMW172 (14) downstream of the T7 promoter. Plasmid DNA
was used to transform E. coli BL21(DE3), which contains the
gene for the phage T7 RNA polymerase inserted after the E.
coli lac promoter. Two clones that were tested further
contained the hyaluronidase cDNA in opposite directions.
After induction with isopropyl f-D-thiogalactoside, an addi-
tional protein was found in cells transformed with plasmid
pMWH9 (see Fig. 4, lanes 2 and 3) but not in those trans-
formed with plasmid pMWH7 (lane 1 of Fig. 4). This protein
could be purified from inclusion bodies. These were dis-

1 2 3 4. .. .. .
FIG. 3. Northern blot analysis. Onto each lane, 5 ,ug of poly(A)-

rich RNA were loaded. Filters were hybridized with a 750-bp
fragment of clone Hya-1 (see Materials and Methods). Lanes: 1,
worker-bee venom gland; 2, queen-bee venom gland; 3, drone pupae,
1-2 days before emergence; 4, testes from drones. Bars mark the
position of 28S and 18S ribosomal RNAs. The film was exposed for
2 days.

1 2 3 4 5

97 r"

43-

29-

FIG. 4. Expression of the cloned cDNA in E. coli BL21(DE3).
SDS/PAGE in a 15% gel of cell extracts (about 20 Al of cell culture)
is shown along with the purified recombinant protein. Lanes: 1, E.
coli transformed with plasmid pMWH7, which contains the cDNA in
the antisense direction; 2 and 3, cells transformed with pMWH9
before (lane 2) and after (lane 3) induction with isopropyl f-D-
thiogalactoside 4, about 1 sg of recombinant bee venom hyaluroni-
dase purified from inclusion bodies; 5, about 1 yg of native bee
venom hyaluronidase. Numbers on the left refer to the molecular
mass (in kDa) of reference proteins.

solved in S M guanidinium hydrochloride under reducing
conditions, and the proteins were then allowed to refold by
dialysis against water. In the supematant of the dialysate, a
single protein with an apparent molecular mass of41 kDa was
present (see Fig. 4, lane 4). Native bee venom hyaluronidase
is a glycoprotein with an apparent molecular mass ofabout 43
kDa (Fig. 4, lane 5). By using the test described by Dorfman
(15), the recombinant protein was found to have hyaluroni-
dase activity. Compared to the specific activity of the native
bee venom hyaluronidase, the recombinant enzyme was
about 80% as active (data not shown). In control cells
transformed with pMWH7, no inclusion bodies could be
isolated, and no hyaluronidase activity could be detected
after this purification procedure.
Homology Search. The deduced amino acid sequence ofbee

venom hyaluronidase shows no discernible similarity to the
hyaluronidase from bacteriophage H4489A of S. pyogenes
(2). A search in the EMBL data bank (13) revealed that bee
venom hyaluronidase is related to PH-20, a protein located on
the plasma membrane and the acrosomal membrane ofguinea
pig sperm (6). The two polypeptides share 36% identity in a
region encompassing amino acids 14-303 of the bee enzyme
and 17-307 of PH-20 (Fig. 5). In this region, the correspond-
ing nucleotide sequences show 51% identity (data not
shown). The similarity is greatest in the central region (amino
acids 75-190 ofthe bee enzyme), where it shows 44% identity
to PH-20. Several clusters of even greater homology, includ-
ing two identical pentapeptides and two tetrapeptide se-
quences, are present in these polypeptides. Moreover, the
spacing of the four cysteines in hyaluronidase and in the
amino-terminal domain of PH-20 is quite similar (see Fig. 5).
It has also been noted that PH-20 has amino acid sequence
homologies to a and 8 subunits of leukocyte integrins (5,
17)-i.e., proteins that mediate the adhesion of cells to
extracellular matrices. In a segment encompassing 34 amino
acids, where PH-20 and the f2-integrin chain have 11 residues
in common (17), 7 are also present in the bee enzyme (see Fig.
5).

DISCUSSION
In this communication, we present the amino acid sequence
of bee venom hyaluronidase as deduced from two cloned
cDNAs. The two cDNAs are very similar in their coding
regions but differ by the presence of two introns in clone
Hya-2. Another cDNA isolated from the same library encod-
ing the precursor of apamin was also found to contain an
intron (unpublished results).

Biochemistry: Gmachl and Kreil
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1 + + +
PDNNKTVREFNVYWNVPTFMCHKYGLRFEEVSEKYGILQNWMDKFRGEEIAILYDPGMFP

APPLIPNVPLLWVWNAPTEPCIGGTNQPLDMSF-FSIVGTPRKNITGQSITLYYVDRLGY
4 *
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- - ---- - P-Q--I---
YPYIDPHTGAIV--HGGLPQNLMNLQQHLRKSRQDILFYMPTDSV-GLAVIDWEEWRPTWY

RNWRPKDIYRNKSIELVKSQHPQYNHSYAVAVAKRDFERTGKAFMLETLKLGKSLRPSSL

WGYYAYPYCYNLTPNQPS--AQCEATTMQENDKMSWLFESEDVLLPSVYLRWNLTSGERV

WGYYLFPDCYNTHFTKPNYDGHCPPIELQRNNDLQWLWNDSTALYPSVYLTSRVRSSQNG

GL-VGGRVKEALRIARQMTTSRKKVLPYYWYK---YQDRRDTDLSRADLEATLRKITDLG
m m * m mm* * * -

ALYVRNRVHESIRVSKLMDD--KNPLPIYVYIRLVFTDQTTTFLELDDLVHSVGEIVPLG

* S 349
ADGFIIWGSSDDINTKAKCLQFREYLNNELGPAVKRIALNNNANDRLTVDVSVDQV/

VSGIIIWGSLSLTRSLVSCIGLENYMKGTLLPYLINVTLAAKMCGQVLCKNQGICTR....
* * * 354

FIG. 5. Comparison of the amino acid sequence of bee venom

hyaluronidase (upper sequence) and PH-20 from guinea pig sperm

(lower sequence). The alignment starts with residues 1 and 4 of the
two polypeptides, respectively. Identities between the two se-

quences are marked by a black square, and the cysteines are

emphasized by asterisks. Gaps introduced to maximize homology are
indicated by dashes. Residues also present in a region considered to
form part of the ligand-binding pocket in P2-integrin (17) are indicated
by a plus sign. The end of the bee sequence is marked by a slash at
349; PH-20 contains a total of 495 residues (5).

Bee venom hyaluronidase is derived from a preproenzyme.
A typical signal peptide is present at the amino end following
the predicted initiating methionine. The signal peptide may

comprise 24 or 28 residues. In any case, further processing of
the resulting proenzyme to yield the mature enzyme must
involve some unusual processing reaction(s). The two puta-
tive propeptides contain none of the characteristics found in
other precursors of bee venom constituents. It has previously
been shown that melittin is liberated from promelittin by
sequential cleavage of dipeptides from the amino end (18).
Two other precursors of bee venom constituents, those for
secapin (19) and phospholipase A2 (20), both contain proseg-

ments terminating with single arginine residues. As judged
from the deduced amino acid sequence of preprohyaluroni-
dase, neither a dipeptidyl aminopeptidase nor an endopro-
tease hydrolyzing after arginine residues can be involved in
the formation of the mature enzyme. Instead, cleavage at a

Thr-Pro bond has to occur to generate the amino terminus of
the mature enzyme. To our knowledge, no precedent for this
type of precursor-product conversion exists. Moreover, the
existence of an endoprotease with this type of specificity has
not been reported. However, exoproteases termed iminopep-
tidase P have been described that hydrolyze Xaa-Pro bonds
at the amino end of polypeptides. Thus, the activation of
prohyaluronidase may well involve a novel type ofprocessing
enzyme.
As deduced from the sequence of the cloned cDNAs,

mature bee venom hyaluronidase comprises 349 amino acids
with a calculated molecular mass of 40,746 Da. It contains
four cysteine residues present as disulfide bonds in the
extracellular enzyme. Three potential N-glycosylation sites
are present, all having the sequence Asn-Leu-Thr. The earlier
studies on this enzyme showing that it is a glycoprotein with
an apparent molecular mass of about 43 kDa agree with these
findings (4).

From the cloned cDNAs, two enzymes differing by one
residue (aspartic acid or serine) can be predicted. The amino-
terminal sequence (5) also differs by one residue from the one
deduced from the cDNA sequences. This indicates that
several alleles of the hyaluronidase gene are present in bee
populations.
Northern blots with RNA from male reproductive organs

have demonstrated that the hyaluronidase gene is also ex-
pressed in this tissue. The presence of this enzyme in
mammalian testes and also, as suggested by these Northern
blot data, in insect testes indicates a rather general role of
hyaluronidases in reproduction of animal species. Con-
versely, no signal could be obtained when using RNA from
queen-bee venom glands. This is consistent with earlier
results showing that the content of hyaluronidase in queen-
bee venom is much lower than in worker-bee venom (21).
Queen-bee venom also lacks phospholipase A2 (20, 22) and,
as we have shown recently, the mRNAs encoding the pre-
cursors of apamin and mast-cell degranulating peptide (un-
published results). Considerable differences thus exist in the
composition of the venom of these two genetically identical
castes.
A fragment of the cloned cDNA encoding the mature

enzyme has been expressed in E. coli. From inclusion bodies,
a protein with the expected molecular mass was purified.
After refolding, this protein had about 80% of the hyaluroni-
dase activity of the native-bee venom enzyme.

Since the bee venom enzyme is the first sequence of any
eukaryotic hyaluronidase, it was of some interest to check
whether similar sequences had been detected in other pro-
teins. Interestingly, we found that significant homology ex-
ists between this insect enzyme and PH-20, a membrane
protein isolated from guinea pig sperm. Moreover, genomic
Southern blots have shown that homologues to PH-20 are
also present in DNA from humans and several other mam-
malian species (6, 23). This membrane protein is first syn-
thesized as a single polypeptide with an apparent molecular
mass of 64 kDa. Subsequent posttranslational processing
yields two domains, an amino-terminal region of 41-48 kDa
linked via disulfide bonds to the 27-kDa carboxyl-terminal
segment, which also contains the glycosyl phosphatidylino-
sitol membrane anchor (6, 24). PH-20 was shown to be
present on sperm heads as well as on the acrosomal mem-
brane. In acrosome-reacted sperm, additional copies of
PH-20 are exposed at the surface. Evidence has been pre-
sented that PH-20 plays an important role in sperm-egg
adhesion; antisera to the PH-20 protein inhibit the adhesion
of acrosome-reacted sperm to the zona pellucida (25).
Our results show that bee venom hyaluronidase is related

to the amino-terminal part of mature PH-20 (see Fig. 5). In a
region encompassing most of the bee enzyme (residues
14-303) and probably also the bulk of the 41- to 48-kDa
fragment of PH-20 (residues 17-307), 104 of 290 amino acids
(36%) including four cysteines are identical. Sequence iden-
tity is highest in a central region (residues 75-190), where it
reaches 44%. In view of the large evolutionary distance
between insects and mammals, this represents a rather high
degree of conservation. These findings then suggest that the
41- to 48-kDa segment of PH-20 is a hyaluronidase. Neither
PH-20 nor the bee enzyme show any discernible homology to
two different hyaluronan receptors present on mammalian
cells (26, 27).
Upon fertilization, mammalian sperm must first penetrate

a layer of cumulus cells that surrounds the egg before
reaching the zona pellucida. Subsequently, carbohydrate-
mediated interaction between a sperm-head protein and ZP3
(28, 29), one of the main constituents of the zona pellucida,
triggers the acrosome reaction whereby the protease acrosin
and also additional amounts of PH-20 are exposed. The
cumulus cells are embedded in a matrix containing hyaluronic
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acid which is formed prior to ovulation (30-32). This matrix
which extends into the outer layer of the zona pellucida can
be destroyed by hyaluronidases (33). Our results would then
suggest that the sperm-head protein PH-20 aids in penetrating
the layer of cumulus cells by digesting hyaluronic acid. The
large increase in the amount of PH-20 exposed on acrosome-
reacted sperm indicates that this protein also plays a role
upon contact of sperm with the outer layer of the zona
pellucida.

Finally, it has been known for a long time that testes are a
rich source of hyaluronidase (1). In addition, this enzyme is
present in the acrosome of mammalian spermatozoa. It is
currently not known whether these soluble enzymes are
related to the membrane protein PH-20 and to bee venom
hyaluronidase.

We thank Dr. D. M. Kemeny (University of London) for a gift of
purified bee venom hyaluronidase and for informing us about the
amino-terminal sequence of this enzyme.
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