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Abstract: Scolexin is a coagulation-provoking plasma protein in-
duced in response to bacterial or viral infection of larvalManduca
sexta, a large lepidopterous insect. Here we report the isolation and
sequencing of two cDNA clones that code for scolexin isoforms
sharing 80% sequence identity. The scolexin sequences have low
but recognizable sequence similarity to members of the chymo-
trypsin family and represent a new subfamily of chymotrypsin-like
serine proteinases. Comparison with known structures reveals the
conservation of key catalytic residues and a possible specificity for
small nonpolar residues. Most remarkable is the absence of a ca-
nonical activation peptide cleavage site. This suggests that the
regulation of scolexin activity will involve a novel activation
mechanism.
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The insect immune system comprises a coordinated set of cellular
and humoral responses to infection that can often prevent the in-
sect from succumbing to disease. Larger invaders of the hemocoel,
such as parasites or fungi, may become entrapped by attaching
insect hemocytes that secret enzymes to form a melanized capsule.
Bacteria entering the hemocoel may become phagocytosed, sealed
off in hemocytic nodules or digested by secreted lysozyme and
eventually lysed by peptides secreted by the insect fat body into
the hemocoel~Hultmark, 1993!.

One insect protein that has been associated with response to
pathogenic challenge is scolexin, found in larvae ofManduca sexta,
also known as the tobacco hornworm. Scolexin was originally

identified as a 36 kD glycoprotein induced in the plasma ofM.
sextalarvae injected with bacteria~Hughes et al., 1983! and was
subsequently shown to be induced by other immune challenges,
including yeast and lipopolysaccharide injection as well as bac-
ulovirus infection ~Finnerty et al., 1994; Finnerty & Granados,
1997!, making the it the first baculovirus-induced insect protein to
be characterized.

The induction of scolexin following such diverse challenges
strongly suggests that it occupies a central role in the immune
response ofM. sexta, but the precise function of the protein in vivo
remains unknown. Unlike the inducible lysozyme and antibacterial
peptides found in insect plasma~Hultmark et al., 1980!, scolexin
does not appear to possess bacteriolytic activity~Hurlbert et al.,
1985!. However, scolexin was subsequently shown to possess a
potent coagulation-inducing activity on insect hemolymph in vitro
~Minnick et al., 1986! and to localize in vivo within a coagulum
that was associated with hemocytic nodules formed in response to
bacteria injection~Kyriakides et al., 1993!. The combination of
infection-inducibility and coagulation activity suggests that scolexin
may represent the first identified member of an insect-blood clot-
ting and defense system, analogous to the clotting cascade that
performs these functions in the horseshoe crab,Limulus~Iwanaga,
1993!.

Here we report the cloning, sequencing, and analysis of cDNAs
coding for the scolexin previously isolated from insect hemo-
lymph, as well as another scolexin isoform previously undescribed.
Using sequence comparisons, we assign both scolexins to a new
subfamily of chymotrypsin-like serine proteinases, analyze the
substrate-binding pocket specificity, and evaluate potential mech-
anisms for zymogen activation.

Results: Cloning of scolexins A and B:Screening of the day one,
fifth instar epidermis library~E-5-1! with polyclonal antiserum
yielded five immunopositive clones. No positive clones were ob-
tained from the epidermis or fat body derived libraries. Four of the
five positive clones from this screening expressed fusion proteins
that reacted with the antiserum and had SDS-PAGE apparent mo-
lecular weights similar to scolexin’s expected molecular weight of
36 kD. Sequencing the 59 ends of the sense strands in these four
clones indicated that they were identical, and one of them was
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chosen for nested deletion construction and sequencing. The fifth
clone expressed a truncated form of scolexin. All five clones also
expressed a smaller, cross-reacting protein~;17–20 kD!. This
protein was not further characterized, but it may represent a pro-
teolysis product of the scolexin fusion protein or a product of
internal transcription or translation initiation.

The correct reading frame of this first clone was identified by
comparison with the N-terminal sequence of scolexin obtained
from protein sequencing~Fig. 1! ~Finnerty & Granados, 1997!
~Kyriakides et al., 1995!. The upstream cDNA sequence did not
contain a translation initiation codon, indicating that this clone was

incomplete. To isolate a full-length cDNA, the E-5-1 library was
rescreened with a DNA probe prepared from the first clone, and
three larger clones were isolated. Restriction analysis showed two
distinct patterns, and the largest clone of each was chosen for
sequencing. The first of these two had a sequence identical to the
original clone, except that it contained 35 additional base pairs at
the 59 end. The additional sequence corresponded to a reasonable
sequence for a signal peptide, but it lacked a translation initiation
site. The sequence of the second clone was 76% identical to the
first, and it also lacked a codon for translation initiation. The
second clone codes for a protein that matches 13 of the 15 N-terminal
residues determined by direct peptide sequencing of scolexin
~Kyriakides et al., 1995!. The identification of scolexin’s N-terminal
sequence in both clones confirms that they code for scolexin
isoforms, and we have named them scolexin A~or ScA! and
scolexin B~or ScB!.

The putative signal peptides for ScA and ScB are 22 and 24
amino acids long, respectively, and begin with two to four polar
residues. Since signal peptides rarely contain more than 29 amino
acids and usually start with a few polar residues followed by a
large cluster of hydrophobic residues~Lewin, 1987!, we suspect
that the clones are missing only a few nucleotides at their 59 ends.
Sequencing of the 59 ends of the ScA and ScB transcripts was
attempted using inverse RT-PCR from internal primers, but this
was unsuccessful due to 59 sequence termination at the same lo-
cation as in clones isolated from the cDNA library~results not
shown!. This result is consistent with premature termination due to
a highly stable secondary structure at the 59 end of the scolexin
transcript.

Predicted biochemical properties for the scolexin A and B pro-
teins: The ScA and ScB clones code for nascent proteins with
80% identity and predicted molecular weights of 30,261 and 30,024,
respectively. These sizes are close to the 30–31 kD polypeptide
produced by in vitro translation ofM. sextaepidermal transcripts
followed by precipitation with antiscolexin antiserum~Spence
et al., 1992!, supporting our contention that the clones are nearly
full length. Translation of ScA and ScB from the N-terminus iden-
tified for mature scolexin yields polypeptide molecular weights of
28,220 and 27,830. The calculated isoelectric points of these pro-
teins are 6.6 and 5.4, respectively.

Scolexin has been demonstrated to be glycosylated~Hughes
et al., 1983!, and its carbohydrate content may account for the 8 kD
needed to make up the apparent molecular weight of 36 kD for the
secreted protein~Spence et al., 1992!. Previous analysis of the
carbohydrate content of scolexin indicates that its glycosylation is
of the complex type~Kyriakides et al., 1995!. Depending on the
type of oligosaccharide side chain~s! attached to scolexin, the 8 kD
estimate would require that two to five residues be glycosylated.
The scolexin A sequence contains two potential N-linked glyco-
sylation sites at N71 and N99, and the scolexin B sequence con-
tains one at N70~Fig. 1!.

Database searching:A nonredundant database BLASTP v2.0.3
search using the predicted amino acid sequences of either ScA or
ScB yielded.75 significant hits~i.e., having E-values less than
1024!, and all of these appeared to be serine proteinases of the
chymotrypsin S1 family~Rawlings & Barrett, 1994!. Both scolex-
ins A and B also conserve the catalytic triad found in this family
~cH57-cD102-cS195, where “c” denotes chymotrypsinogen num-

Fig. 1. cDNA sequences of scolexins A and B. Polyadenylation signals are
shown in bold italics. The translated amino acid sequences are shown in
bold, and the N-terminal sequence determined from direct protein sequenc-
ing of gel-purified scolexin is shaded. The residues constituting the cata-
lytic triad for serine proteinases are boxed, and the potential sites for
N-linked glycosylation are followed by “d.”

Scolexin is a serine proteinase homolog 243



bering! ~Rawlings & Barrett, 1994!. The residues surrounding cH57
and cS195 tend to be highly conserved, and the scolexin A and B
sequences around the catalytic histidine match the consensus se-
quence from the PROSITE database~Bairoch et al., 1997!. Neither
scolexin possesses the S195-flanking consensus pattern from
PROSITE, but this property is shared by at least 18 other members
of the chymotrypsin family. The low similarities shared by either
scolexin with their nearest neighbors~ScA vs. DER3_DERPT-15
19.9%, ScB vs. TRY3_AEDAE-15 22%! suggest that scolexins A
and B are novel chymotrypsin-like serine proteinases belonging to
a new subfamily. This conclusion is supported by a cladogram
comparing scolexin to protein sequences representing diverse sub-
families within the chymotrypsin family~Fig. 2!.

Interestingly, both scolexins utilize AGT codons for S195. The
two major groups of chymotrypsin-like proteinases, i.e., the plasma
proteinases used to regulate complex enzymatic cascades such as

coagulation and the pancreatic proteinases used for digestion, tend
to segregate based on their codon usage~Brenner, 1988!. The
AGY-type codon used by ScA and ScB for S195 is shared by the
regulatory serine proteinases, which is consistent with the ob-
served coagulation-provoking activity of scolexin~Minnick et al.,
1986!.

Structural alignment of the scolexin A and B sequences:To make
inferences about scolexin structure0function relations, we con-
structed a structure-based sequence alignment of the ScA and ScB
sequences. The three-dimensional structures of eight chymotrypsin
homologs were used to define 12 structurally conserved regions
~SCRs! ~Greer, 1981! in which no gaps would be allowed in the
alignment. The resulting definition of the SCRs and the alignment
of scolexins A and B with two vertebrate and two invertebrate
serine proteinases is shown in Figure 3.

Examination of the alignment strongly supports the assignment
of ScA and ScB to the chymotrypsin family. In addition to the
chymotrypsin catalytic triad, the six Cys residues found in the
secreted forms of ScA and ScB align with the location of the three
disulfide bridges~c42–c58, c168–c182, and c191–c220! that are
conserved in bacterial and invertebrate trypsins~Zwilling & Neurath,
1981!. Detailed examination of the SCRs also indicates that both
scolexins will adopt the overall fold of a chymotrypsin homolog.
Four of the 12 SCRs have high degrees of amino acid identity
~38–42%! among all six sequences in the alignment. Furthermore,
residues in the remaining SCRs corresponding to buried positions
in chymotrypsin are generally well conserved, and the few non-
conservative substitutions that occur in ScA or ScB can be ratio-
nalized by inspection of the local environment for the corresponding
residue in chymotrypsin~Fig. 3!.

The most remarkable feature of the aligned scolexin sequences
is their lack of the highly conserved activation peptide cleavage
site I-V-N-G in SCR1. This feature makes the alignment in this
region uncertain, but we have chosen the alignment shown because
it contains some residues~i.e., E21, A22, and especially P28! that
are conserved in the chymotrypsin family. If our alignment is
correct and scolexin is proteolytically activated in a manner analo-
gous to chymotrypsin, cleavage may occur at the scolexin site
QLN0QKL. The absence of any conserved residues at this site
emphasizes, however, that such a prediction is highly speculative
~see below!.

Discussion: The two cDNA clones isolated and sequenced in this
study code for isoforms of scolexin that we have named scolexin
A and B. The scolexin A clone matches the first 15 residues of the
previously published N-terminal sequence~Kyriakides et al., 1995;
Finnerty & Granados, 1997!, whereas the scolexin B sequence
differs at two positions. These results indicate that the scolexin
isolated from hemolymph, after induction with either bacteria~Kyri-
akides et al., 1995! or baculovirus~Finnerty & Granados, 1997!,
corresponds to the scolexin A clone reported here. An N-terminal
sequence matching that predicted for our scolexin B clone has not
yet been published, so the properties and function of this new
isoform of scolexin remain unknown. However, the presence of
scolexin B clones in the cDNA library indicates that at least its
transcript is synthesized inM. sextaepidermis.

Structural and functional inferences for scolexins A and B:Se-
quence comparison shows that scolexins A and B belong to a

Fig. 2. Cladogram comparing the scolexin A and B sequences to diverse
members of the chymotrypsin family. Proteinase sequences were selected
from the major branch groups of a phylogenetic tree of 170 sequences
belonging to the chymotrypsin family. This tree is based on a BLOCKS
alignment~Henikoff & Henikoff, 1994! and is available on the World Wide
Web at http:00www.blocks.fhcrc.org0blocks0. Scolexin A and B were aligned
to the selected sequences using the CLUSTALW algorithm~Thompson
et al., 1994!. The resulting output was converted to a cladogram using the
Drawgram program of the PHYLIP v3.57c package~Felsenstein, 1989!.
Nonscolexin sequences are labeled with their SWISSPROT identifiers.
SER1_DROME, Drosophila melanogasterserine proteinase;EL2A_HUMAN,
human pancreatic elastase IIA;TRY3_ANOGA, Anopheles gambiaetrypsin
3; TRY1_SALSA, salmon trypsinogen 1;TRY1_CANFA, dog trypsinogen 1;
CTRA_BOVIN, bovine chymotrypsinogen A;THRB_BOVIN, bovine pro-
thrombin; MCP7_MOUSE, mouse mast cell protease 7;KAL_RAT, rat
plasma kallikrein;ACRO_RAT, rat acrosin;PLMN_BOVIN, bovine plas-
minogen;GRAH_HUMAN, human granzyme H;KLK1_RAT, rat glandular
kallikrein 1;KLKC_MOUSE, mouse glandular kallikrein;SNAK_DROME,
Drosophila melanogastersnake protease;PCE_TACTR, Tachypleus triden-
tatusproclotting enzyme.
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new subfamily of the chymotrypsin family of serine proteinases.
Chymotrypsin-like serine proteinases share a highly conserved struc-
ture consisting of two domains formed by antiparallel six-stranded
b-barrels~Branden & Tooze, 1991!. The active and specificity site
residues are located on conserved loops located in the crevice
between the twob-barrels.

One of the major determinants of serine proteinase specificity is
the pocket that interacts with the side chain of the P1 residue in the
substrate~Schecter & Berger, 1967; Branden & Tooze, 1991!.
Based on our alignment, this specificity pocket is predicted to be
lined by cF189-cA216-cP226 in scolexin A and cS189-cV216-
cV226 in scolexin B. The absence of charged residues at these
positions in both scolexins suggests that they will cleave after
uncharged residues in the substrate. In addition, the Ala, Pro, and
Val residues at positions c216 and c226 would probably restrict or
block the specificity pocket entrance, just as the cV216 and cT226
residues of human elastase block the pocket of that enzyme~Navia
et al., 1989!. This conformation would further restrict the speci-
ficity of scolexin to substrates having small to moderately sized
side chains at the P1 position.

Is scolexin proteolytically active?:All clotting systems examined
to date involve serine proteinase cascades, so our identification of

scolexin as a serine proteinase homolog is consistent with previous
reports of coagulation-provoking activity for this molecule~Min-
nick et al., 1986!. However, attempts in our lab to detect proteo-
lytic activity of either plasma-derived or recombinant scolexin,
using albumin, casein or gelatin substrates and a variety of assay
formats, have produced negative results~data not shown!. Several
possibilities could explain the lack of detectable proteolytic activ-
ity in scolexin:~1! scolexin is a pseudoproteinase, i.e., a proteinase
homolog that lacks proteolytic activity,~2! scolexin is highly spe-
cific for its proteolytic substrate, or~3! the scolexin tested was a
zymogen that needs activation before its proteolytic activity can be
detected.

Pseudoproteinases are found in the chymotrypsin family, but
invariably these molecules have a clear defect that would eliminate
their proteolytic activity, such as mutation of the catalytic residues
~Rawlings & Barrett, 1994! or severe truncation at the N-terminus
~e.g., cattle procarboxypeptidase subunit III~Venot et al., 1986!!.
In contrast, scolexin is not missing any of the active site residues,
and, though highly divergent, the N-terminal region does not ap-
pear to be truncated. The conservation of the catalytic residues and
absence of any obvious truncation suggest to us that scolexin is a
true proteinase.

The regulatory role implied by scolexin’s coagulation-provoking
activity ~Minnick et al., 1986! and its catalytic serine codon usage

Fig. 3. Alignment of translated scolexin A and B sequences with four other chymotrypsin-like serine proteinase sequences. The
nonscolexin sequences are included for comparison only and should not be construed as being the most similar proteins to scolexin.
CNO: chymotrypsinogen numbering;Row 1: scolexin A;Row 2: scolexin B;Row 3: bovine alpha-chymotrypsinogen;Row 4: human
pancreatic elastase;Row 5: Anophelestrypsin; Row 6: Drosophilaserine protease. “*” denotes residues that are identical in all six
sequences. The residues of the serine proteinase catalytic triad~H57, D102, S195! are indicated. The N-terminus of scolexin determined
from direct protein sequencing is underlined in the scolexin A sequence. The filled dots~d! above the alignment designate residues
in chymotrypsin with side chains having.20 Å accessible surface area~Greer, 1981!. The numbered black lines above row 3 indicate
SCRs where no gap was allowed in the alignment. The stippled boxes indicate the location of secondary structures found in
chymotrypsin. “-S-S-” denotes the location of conserved disulfide bridges. SCRs 2, 9, 10, and 11 possess high degrees of amino acid
identity ~38–42%! among all six aligned sequences. Within SCRs 3, 5, 6, and 12, ScA and ScB have conservative substitutions at
residues predicted by analogy to chymotrypsin to have buried side chains. The local environment of the buried chymotrypsin residues
in SCRS 4, 7, and 8 makes the alignment of the other sequences tenable in these regions, despite the presence of nonconservative
substitutions.
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~Brenner, 1988! suggests that it will possess high substrate spec-
ificity ~i.e., low proteolytic activity against exogenous substrates!.
However, most regulatory proteinases will exhibit a low level of
detectable proteolytic activity against exogenous substrates. The
complete lack of proteolytic activity observed for scolexin sug-
gests to us that an even more potent factor may be preventing
activity.

We feel that the most likely explanation for the lack of detect-
able proteolytic activity in scolexin is that the protein we examine
is in the zymogen state, and the mode of its activation remains
unknown. Serine proteinases of the chymotrypsin family are typ-
ically secreted as zymogens, and the catalytic domain of these
proteinases is a conserved set of approximately 220 amino acid
residues found at the C-terminal portion of the sequence. With very
few exceptions~see below!, these proteinases are activated via the
proteolytic cleavage of an amino terminal portion termed the ac-
tivation peptide~Rawlings & Barrett, 1994!. Both scolexin se-
quences are very unusual in lacking any sequence resembling the
consensus for this activation peptide cleavage site.

Possible mechanisms of zymogen activation:To the best of our
knowledge, the only other active serine proteinases in the chymo-
trypsin family that do not possess this conserved cleavage site are
complement factor C2~e.g., CO2_HUMAN! ~Bentley, 1986!, of
the classical complement activation pathway, its functional analog,
complement factor B, of the alternative pathway~e.g., CFAB_
HUMAN ! ~Mole et al., 1984! and the salivary tissue plasminogen
activators from the vampire bat~e.g., URT1_DESRO! ~Gardell
et al., 1989!. These proteinases and a few others suggest two
alternative mechanisms for regulating serine proteinase activity
that may apply to scolexin:~1! activation via proteolytic cleavage
at a noncanonical site or~2! regulation of proteolytic activity via
interaction with substrate or a cofactor.

In the standard activation mechanism exemplified by chymo-
trypsin, proteolysis at R0IVNG creates a new amino terminus,
cI16, which forms a salt bridge with cD194 to induce the active
conformation, with the cI16 side chain sitting in a hydrophobic
pocket~Freer et al., 1970!. In contrast, the noncanonical proteo-
lytic activation sites of human factors C2 and B are R0KIQI and
R0KIVL, and these sites are located far~ca. 250 residues! up-
stream of the catalytic domain~Mole et al., 1984; Bentley, 1986!.
Interestingly, cD194 is conserved in both mouse and human factor
B, whereas it has been mutated to the nearly equivalent Glu in
complement factor 2 from both species. Assuming that the lysine
residues immediately following the cleavage sites of factors C2
and B form salt bridges with cD0E194 following proteolytic acti-
vation, it demonstrates that a hydrophobic side chain is not a strict
requirement for the new N-terminal residue. Thus, cQ16 and the
polar and charged residues surrounding it in both scolexins may
not be precluded a priori from participating in a salt bridge with
cD194, which is conserved in both ScA and ScB.

An alternate possibility, that scolexin is activated not through
proteolysis but via substrate or cofactor binding, is exemplified by
at least three other chymotrypsin homologs: complement factor D,
plasminogen, and vampire bat salivary tissue plasminogen activa-
tor ~Bat-PA!. Complement factor D circulates in the plasma in the
cleaved~i.e., active! form, and it is thought to be regulated via
substrate binding~Volanakis & Narayana, 1996!. Plasminogen can
be proteolytically activated to plasmin by forming a 1:1 complex
with the bacterial protein streptokinase, which itself is a proteo-

lytically inactive serine proteinase homolog. Catalytic amounts of
the plasmin: streptokinase complex are capable of activating other
plasminogen molecules, though neither member of the complex
possesses this activity by itself~for a review, see Castellino, 1979!.
Unlike factor D or plasminogen, Bat-PA has a severely mutated
activation cleavage site that is presumed to be nonfunctional. Re-
markably, Bat-PA is stimulated ca. 50,000-fold in the presence of
fibrin, and assembly on fibrin is the suggested mechanism for
Bat-PA regulation~Gardell et al., 1989!. These precedents and the
lack of a recognizable activation peptide cleavage site in scolexin
make it plausible that a similar mechanism of cofactor interaction
might be involved in the regulation of scolexin activity.

Association of scolexin with lectin activity:Scolexin has been re-
ported to have a hemagglutinating or lectin activity, and inhibition
of this hemagglutinating activity with glucose or antiscolexin anti-
serum also inhibited scolexin’s coagulation-provoking activity~Min-
nick et al., 1986!. Interestingly, theLimuluscoagulation cascade is
initiated by a molecule having both lectin and serine proteinase
domains that are functional but separate~Muta et al., 1991!. The
hemagglutinating activity attributed to scolexin was resistant to
both boiling and trypsin treatment, however, while the coagulation-
provoking activity was abolished by both these treatments~Min-
nick et al., 1986!. These results may indicate that a nonproteinaceous
component was responsible for the reported hemagglutinating ac-
tivity. There is no discernable lectin domain in the scolexin se-
quence, and to the best of our knowledge there is no example of a
serine proteinase domain having lectin activity. These observa-
tions, combined with the fact that we have not been able to dupli-
cate the hemagglutinating activity using purified scolexin~data not
shown!, suggest that the hemagglutination previously attributed to
scolexin may be caused by a hemolymph component copurifying
with scolexin.

If a protein is responsible for the hemagglutination previously
reported, a lectin may form a complex with scolexin, and as a
result the two molecules may copurify under certain conditions.
Such a lectin0serine proteinase complex has been observed be-
tween human mannose-binding protein and at least two associated
serine proteinases that activate complement~Sato et al., 1994;
Thiel et al., 1997!. The serine proteinases of this complex are
activated by the lectin component after a sugar-binding event. This
example provides some precedence for lectin-mediated activation
of an immunity-related serine proteinase, and scolexin may par-
ticipate in an insect analog to these systems. In any case, should
scolexin prove to be proteolytically active, it is clear that such a
novel serine proteinase will reveal new mechanisms of proteolytic
activation and regulation. Additional study of scolexin should also
illuminate important aspects of the insect immune response.

Materials and methods: Library screening:Lambda ZAP II cDNA
expression libraries~Stratagene! prepared from epidermis of day
one~E-5-1! and day three~E-5-3!, fifth instar M. sextalarvae and
from fat body of day one, fifth instar larvae~FB-5-1! were gen-
erated as described previously~Horodyski et al., 1989; Lerro &
Prestwich, 1990; Li & Riddiford, 1992!. Screening of these libraries
was performed according to the manufacturer’s protocol. Inserts
were expressed asb-galactosidase fusion proteins. Approximately
105 plaque-forming units from each library were screened with a
rabbit polyclonal antiserum raised against scolexin~Finnerty &
Granados, 1997!.
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Positive plaques were taken through two rounds of plaque pu-
rification and then amplified inEscherichia coliXL1-Blue. The
amplified phage clones were immunoscreened to confirm their
purity, and excised as Bluescript SK plasmids using the ExAssist
helper phage0E. coli SOLR host cell system~Stratagene!.

Production of fusion protein and analysis by Western blot: E. coli
SOLR cells containing plasmid were grown in LB broth at 378C to
midlog phase~OD600 5 0.2!. IPTG was added to 1 mM final
concentration, and the cultures grown until just reaching stationary
phase~OD6005 1.0!. Cells were pelleted at 1,6003 g for 15 min
and the supernatant decanted. Cells were resuspended in four vol-
umes of lysis buffer~50 mM Tris, pH 8.0, 1 mM EDTA, 1 mM
PMSF, and 10% sucrose!. Lysozyme was added to the resuspended
cells to 1 mg0mL final concentration and the cells incubated on ice
for 10 min. Triton X-100 was added to 0.1% final concentration,
and the mixture was incubated on ice for 10 min. The lysed cell
mixtures were centrifuged at 13,0003 g for 1 h, after which an
aliquot of the supernatant was removed for Western blotting with
antiscolexin antiserum. SDS-PAGE, electro-transfer of protein, and
Western blotting were performed as previously described~Finnerty
& Granados, 1997!.

Restriction endonuclease analysis:The clones were restriction
mapped with the following enzymes:BamHI, EcoRI, HindIII, KpnI,
PstI, SacI, SacII, SalI, XbaI, andXhoI. All enzymes and enzyme
buffers were purchased from Promega Corp.

Double-stranded DNA sequencing:Cloned plasmids were electro-
porated intoE. coli JM101 rec A2 and amplified. After isolating
plasmid DNA on CsCl gradients, nested deletions were prepared
with the Erase-A-Base kit~Promega!. Plasmid DNA was se-
quenced using the USB Sequenase 7-deaza-dGTP DNA sequenc-
ing kit according to the manufacturer’s protocol. Radiolabel was
g-35S-dATP from DuPont NEN. Sequencing reactions were sepa-
rated on 6% denaturing polyacrylamide gels. Both strands were
sequenced for each cDNA.

Preparation of DIG-labeled DNA probe and rescreening of cDNA
library: The entire insert of one of the positive clones from the
immunoscreen was excised from the vector usingEcoRI digestion
followed by gel purification. The DNAwas labeled with digoxigenin-
dUTP ~DIG! using the Genius DNA labeling kit with the random
priming protocol, as described by the manufacturer~Boehringer
Mannheim!. The E-5-1 library was rescreened twice using the
DIG-labeled probe. Sixteen positive plaques were taken through
two rounds of plaque purification and amplification. Plasmids were
excised as described above and electroporated into JM101. Plas-
mid minipreps were cut with EcoRI to excise their inserts, and
these were separated on a 1% agarose, 13 TAE gel, transferred to
Magnagraph nylon membrane~Micron Separations, Inc.! ~Zhou
et al., 1994!, and hybridized overnight with the DIG-labeled DNA
probe according to the Genius kit protocol. Those clones detected
with the probe and found to be larger than the clone obtained
through antibody screening were restriction mapped to determine
whether they were similar to the original clone. In brief, clones
were digested with combinations ofBamHI, EcoRI, HindIII, and
XhoI and then separated, blotted, and hybridized with the DIG-
labeled probe.

Sequence analysis and comparison:Sequence analysis was per-
formed using the Lasergene software package~DNA Star Inc.,
Madison, Wisconsin! and the Sequence Analysis Software Package
version 7.1 by Genetics Computer Group, Inc.~GCG!. Nucleotide
sequences were submitted to the National Center for Biotech-
nology Information server for sequence comparisons using the
BLASTN, version 1.3.13MP algorithm~Altschul et al., 1990!. Pro-
tein sequence comparison utilized gapped alignments constructed
by BLASTP, v2.0.3~Altschul et al., 1997!.

Multiple sequence alignment:Pairwise sequence overlays of eight
chymotrypsin-like serine proteinases for which there is three-
dimensional structural information~bovine alpha-chymotrypsin
~5CHA!, rat mast cell proteinase II~3RP2!, porcine kallikrein
~2PKA!, rat submaxillary gland tonin~1TON!, Streptomyces gri-
seustrypsin ~1SGT!, porcine pancreatic elastase~3EST!, bovine
pancreatic trypsin~2PTN!, and human neutrophil elastase~1HNE!!
were made according to the method of Chothia and Lesk~1986!,
using a 3 Å cutoff for alpha-carbon distances~K. Field & P.A.
Karplus., unpubl. results!. This information was pooled as in
Rozwarski et al.~1994! to yield a common core structure. The
segments of this core have a high probability of being structurally
conserved among members of the chymotrypsin family. The scolexin
cDNA sequences, along with two representative mammalian serine
proteinases~bovine chymotrypsinogen A~CTRA_BOVIN! and
human pancreatic elastase IIIA~EL3A_HUMAN !! and two other
insect serine proteinase sequences~Anophelestrypsin ~TRY1_
ANOGA! andDrosophilaserine proteinase~SER1_DROME!! iden-
tified as similar by BLASTP searching, were aligned to the eight
sequences used to construct the core sequence, with no gaps al-
lowed within the core segments and no penalty for gaps between
the core segments. The computer program GPAlign~K. Clark & G.
Reeck, © 1989, Kansas State University Research Foundation!
with the MDM78 scoring matrix~Schwartz & Dayhoff, 1978! was
used for this alignment. The automated alignment was manually
adjusted. Local environments for individual residues in bovine
chymotrypsinogen were examined using the molecular modeling
program CHAIN and the PDB coordinate file 5cha.

Note added in proof: Both scolexin sequences reported in this
paper have been submitted to Genbank. The accession number of
ScA is AF087004, and the accession number for ScB is AF087005.
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