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Abstract The aquatic leech, Theromyzon tessulatum, se-
cretes a proteinaceous cocoon with extraordinary physical
properties (e.g., proteolytic, thermal resiliency). The deduced
amino acid sequence of a major protein (Tcp—Theromyzon
cocoon protein) from the 7. tessulatum cocoon wall has been
used to model the endogenous structure of the Tep protein.
The Tcp protein sequence comprises six internal repeats,
each containing 12 ordered Cys residues. Amino acid align-
ments suggest that the region Cysl—6 is homologous to
antistasin, a leech anticoagulant, and Cys7—12 is homolo-
gous to an epidermal growth factor-like domain found in
notch-class proteins, which play critical roles in develop-
ment, signaling, and adhesion throughout the Animalia.
Modeling of individual domains (i.e., antistasin and notch)
positions multiple hydrophobic and charged residues on the
surface. When the antistasin and notch domains were fused,
hydrophobic pockets appeared that may facilitate a poly-
merization mechanism. Collectively, the predicted features
of our Tcp model are consistent with the physical properties
of the leech cocoon wall.

Introduction

Many invertebrates produce biomaterials with unique
physical properties (e.g., silk fibroin, and dragline), some
of which have commercial or industrial applications [1, 2].
To date, most substances examined from segmented worms
(i.e., phylum Annelida) are limited to the contents of leech
salivary glands and have various medical applications (e.g.,
analgesics and anticoagulants [3, 4]). Largely overlooked,
however, is that clitellate annelids (i.e., oligochaetes and
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leeches) secrete cocoons with extraordinary physical
properties. For example, the glossiphoniid leech, Thero-
myzon tessulatum, secretes a proteinaceous cocoon that is
resistant to high temperature (>250°C), denaturing reagents
(e.g., guanidinium isothiocyanate, [3-mercaptoethanol, and
urea), organic chemicals, and proteases [5]. Ultrastructural
analyses indicate that leech cocoon walls comprise multi-
ple layers of fibrillar arrays stacked upon each other at
various step-angles [6, 7].

Tep (Theromyzon cocoon protein), a novel cysteine
(Cys)-rich (~18%) protein, constitutes a major protein
component of the 7. tessulatum cocoon wall [5]. The Tcp
protein (408 amino acids in length) contains six tandem
repeats, each comprising 12 ordered Cys residues in an ~62
amino acid repeating unit. The first six Cys residues in each
repeat share sequence similarity with antistasin, a leech
anticoagulant that displays proteolytic resistance [3] and
whose 3D structure has been solved [8]. We show in this
study that the latter half of each Tcp repeat is similar in
structure to notch, a single-spanning transmembrane pro-
tein whose 3D structure is also known [9], and that linking
the antistasin- and notch-like domains generates a
predicted monomer with properties consistent with those
observed in the 7. fessulatum cocoon wall.

Materials and methods

Homology searches

GenBank [10], SWISS-PROT [11], BLAST (Basic Local
Alignment Search Tool; [12]), Protein Data Bank [13], and
Meta Server [14] searches were conducted on the entire
Tep open reading frame, and representative repeat and
domain sequences. SWISS-PROT accession numbers
appear with all homologues used in alignments. Dotter
software [15] and the Sanger Institutes Pfam domain
retrieval program [16] were employed to retrieve sequence
domain repeats and protein family sequence similarities,
respectively. Clustal-X [17] and GeneDoc [18] were used
for alignment purposes.
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Modeling strategy

Sections of the Tcp repeat corresponding to known
structures were modeled using the Swiss-Model Auto-
mated Comparative Protein Modeling Server ([19]; http:/
swissmodel.expasy.org/). Where necessary, disulfide link-
ages were established by loading the modeled Tcp peptide
into CS Chem3DPro (CambridgeSoft, Cambridge, MA,
USA), connecting the appropriate Cys residues and
subjecting the peptide to energy minimization using the
molecular mechanics methods available in the program.

Individual sections of the Tcp repeat in the model were
joined using CS Chem3DPro. Identical amino acids in the
carboxyl end of the amino peptide and in the amino end of
the carboxyl peptide were overlaid. The peptide bond
between the previous amino acid and the overlaid amino
acid in each part of the repeat was broken, the resultant
short chains discarded, and the two halves of the repeat
were joined by creating the appropriate peptide bond.

Six consecutive repeats were joined as described above
to generate a model of the known Tcp sequence using the
Swiss-Model. During the process, some editing (both
manual and computer-aided) of the files was necessary to
maintain compatibility between the programs. Rasmol
v2.7.2.1.1 [20, 21] and the Swiss-PDB-Viewer (http:/
www.expasy.org/spdbv/; [19]) were used routinely to
examine and analyze the models generated (e.g., identifi-
cation of hydrophobic pockets and charged residues).

Theromyzon cocoon protein (Tcp)

Results

The six ~62 amino acid repeats that comprise the Tcp
protein are characterized by 12 ordered Cys residues [5],
which appear to form two epidermal growth factor (EGF)-
like folds (Cysl—6 and Cys7—12, respectively; Fig. 1).
BLAST [12] and other searches (3D-PSSM; [22]) found
several structures that could serve as templates for
modeling the structure of Tcp. The first half of each repeat
(i.e., Cys 1—6 and intervening sequences) shares sequence
similarity (BLAST e-value—0.024, Meta Server Rscore—
36.2, and 33-44% sequence similarity depending on Tcp
repeat), especially with regard to Cys spacing, to the
protease inhibitor antistasin (1SKZ; P15358 [8]). Several
notch homologues were found that could serve as templates
for modeling the second half of each repeat (Cys 7—12),
e.g., 1IPBS5; P46531 [9]. Of these, notch (P46531 [9]; Meta
Server Rscore—2.41, 30-36% sequence similarity) was
chosen because it provided the least number of gaps to
align the six Cys residues. Other possible template
sequences with EGF-like folds included basement mem-
brane protein bm-40 (P09486, INUB_A [23]; Meta Server
Rscore—2.88) and antistasin (1SKZ, P15358 [8]; Meta
Server Rscore—2.18). Note that the spacing between Cys 3
and 4 in the notch domain is variable but the Cys cross-
linking pattern is identical among notch homologues [9];
consequently, the disulfide cross-links in the Tep Cys
7—12 domain (as with Cysl—6) can be predicted with

1 2 3 4 56 7 8 9 10 11 12
Tepl PEIGELLDETSGYQLDARREPTETEIDPEEHYVEKVG---QI@OTVEVOEVK--APE-YPVAKEVSA
Tcp2 PQIKESVKELSGYRRGLKGEQTEQEVDPEEGYVEEVG---QVEKPVDVVEKS--APE-YPVAECVPD
Tep3 PQVKESTVEOSGYRTDVSGEQTENCVDPCEEAIEPDG---EVEKPIEVECGA--APC-YNDAQEVVE
Tep4 PLKKELLFCESGYQLDVNGEETELELNPCEGTLEEEG---QVEKVVEAQEI T--DPE-YPVAECVYD
Tep5 PQVRESTVEOSGFRVDGNGEQSENCIDPECEEAQCPEG---EVEQSLPTPELPPPSPE-YNAAVETKE
Tcp6 PKPKEIP-CLSGYLFDENNEQTEECVDREERVTEPPG---QVEKEVOVDEIK—-APE-YNLGEGFAARK
T cp homologues
Aga PLLKERP-GEYGYRIDANGEKTEECRDPEGE I SEPRG---EEGQLIQVEEIS——VPE-PKMPIEV
Cel PTRFCAEQCPYGFNSDNEGEPIEDERSPEEFLNEPAG---NVERMI PVKETT -~ PEE-RPVAKCI PN
Dme PKTNESLEGESGYQMDSNGEPTEECRNYENEVSESPH--~EECGQLISVECVD—-SPE-PKMPIEVP

Antistasin homologues

Cel PTRFCAEQCPYGEFNSDNEGEPICD
Hgh PEVRCRVYESHGFQRSRYGCE
Hma SNRYCKMLEPEGFQVDANGEQT
Hof SGVRERMHEPHGFQRSRYGEEFCK

Notch homologues

Cel RS
Dme RA
Hsa EE
Xla DDT!

Fig. 1 Amino acid alignment of the Theromyzon cocoon protein
(Tep) Cys-rich repeats, antistasin, and notch sequences. Tcp 1-6
repeats (Q6QJ04) are shown in their entirety; ordered Cys residues
are numbered, aligned vertically and highlighted dark gray while
other conserved residues are /ight gray (based on Clustal-X [17]).
Dashes indicate gaps introduced to maximize the sequence align-
ment. Tep homologues are Aga (dnopheles gambiae—QT7QAA3),
Cel (C.elegans—044131), and Dme (D. melanogaster—Q9VB21).

EKRKESERANDGNED---ADENY--AACKFDGGDES
DKRGETEKQGNGIED---SDENT--YACNEFDGNDES
ELPECQEDAGNKVES---LOENN-—-HACGWDGGD]

ENEQ

S

SELADNKVEN---ANENN--HAGGWDGGDES
Antistasin homologues are Cel (C.elegans—044131), Hgh (Haem-
enteria  ghilianii—P16242), Hma (Hydra magnipapillata—

P38977), and Hof (Haementeria officinalis—P15358 [25]). Notch
homologues are Cel (C. elegans—P14585), Dme (D. melanogaster
—P07207), Has (Homo sapiens—P46531), and Xla (Xenopus laevis
—P21783). The evolutionary relationships between Tcp repeats and
homologues have been reported [5]
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some certainty. Based on the respective templates, disulfide
linkages were between Cysl-Cys4, Cys2—Cys5, and
Cys3—Cys6 for the antistasin-like domain and Cys7-
Cysll1, Cys8—Cysl0, and Cys9—Cys12 for the notch-like
domain. It cannot be ruled out that free Cys residues are
present in the endogenous Tcp protein, but this seems
unlikely due to the conservation in Cys number and
spacing in both antistasin- and notch-like domains.

The antistasin-like domain was constructed from the first
half (Cys1—06) of the second repeat, plus three aa leader
and trailer sequences (residues 93—124) using the pub-
lished 3D structure of antistasin (residues 43—74, PDB file:
1SKZ [8]) and the alignment shown in Fig. 2. The notch-
like domain was constructed from the second half
(Cys7—12) of the second repeat, plus a three aa leader
and one aa trailer (i.e., residues 122-155) using the
published 3D structure of notch (residues 14471481, PDB
file: 1PB5 [9]) and the alignment shown in Fig. 2. The
predicted structures of the Tcp Cys1—6 and Tep Cys7—12
domains are shown in Fig. 3. The second half of the fifth
Tcp repeat, which contains two additional Pro residues
between Cys 10 and 11 (see Fig. 1) and may represent a
hypersensitive acid cleavage site [5], was overlaid with a
representative Tcp repeat (i.e., Fig. 2b) and displayed
modest deviation in its predicted backbone structure
(Fig. 4a).

The two halves of the Tcp second repeat (i.e., Cys1—6
and Cys7—12) were joined as described in the “Materials
and methods” section. Each of the amino acids in the
overlapping tripeptide (Val, Asp, and Pro) was used
independently for the overlay. A sample repeat structure
is shown in Fig. 4. The three resulting structures, Val-, Asp-
and Pro-overlaid repeats, were subsequently assembled
into a putative Tcp-like structure by joining six repeats (i.e.,
Cysl—12) utilizing overlays of the first and last amino
acids (Val) of the repeats. These structures were then
examined for obvious flaws. Although differences were
noted in the spatial relationship between the antistasin- and
notch-like domains when the link was made at each of the
three available positions, the Val-overlaid (Fig. 5) and Asp-
overlaid (Fig. 6) structures generated extended arrange-

1 2 3 4 56
RCTESGVRERMHEPHEBFORSRYGCEFECKERLE
VSACPQIKESVKELSEGYRRGLKECQOTEOEVDP

Hof|0043-0074

Tcp2|0093-0124
a

7 8 9 10 11 12

Hsa|1447-1481 EEACELPECQEDAGNKMES---LOENNHACGWDGGDES

Tcp2|0122-0155 VDPCEGYVEEVG---QMCKPVDVVEKSAPE- YPVAECV

b

Fig. 2 a Tcp/antistasin and b Tcp/notch alignments used in
homology modeling. Sequences corresponding to Tcp (repeat 2),
antistasin (H. officinalis Cysl—6), and notch (H. sapiens
Cys7—12) were aligned utilizing Clustal-X [17]. Cys residues are
numbered, leader and trailer residues are underlined, dark gray
highlighting indicates sequence identity and /ight gray indicates
conservative amino acid differences

Fig. 3 Structural comparisons of Tcp with antistasin and notch
domains. a Cross-eyed stereo view with overlaid structures of
antistasin (1SKZ; blue), the Cysl—6 region of the second Tcp
repeat (residues 93—124) as returned by Swiss-Model ([19]; red). b
Cross-eyed stereo view with overlaid structures of notch (1PBS5;
blue), the Cys7—12 of the second Tcp repeat (residues 122—155) as
returned by Swiss-Model ([19]; red). Disulfide bonds are yellow.
These views were generated by RasMol [20, 21] with peptide
backbones displayed using the “cartoons” option

ments consistent with the structure of naturally occurring
EGF repeats [24], and also with consecutive antistasin
repeats [8, 25]. The Pro-overlaid structure appeared
sterically hindered and therefore was not considered
further. Final models of the Val- and Asp-overlaid
structures were constructed as described in the “Materials
and methods” section, utilizing the multiple repeat
structures described above.

The Val- and Asp-overlaid models presented structures
that appeared to facilitate a polymerization mechanism. For
example, the Val-overlaid repeat was an elongated “strand”
characterized by a number of hydrophobic and charged
residues on the surface (Fig. 7). In particular, valines in the
outer boundary of the second fold (notch) protruded, and
three of them formed a localized hydrophobic area.
Rotating the structure by 180° about the Z-axis (Fig. 5)
identified pockets and protrusions that could potentially
interdigitate, facilitating hydrophobic and ionic interac-
tions. This analysis generated a linear and somewhat
zigzag-shaped monomer with a predicted a diameter of
~30 A and length of ~120 A.

The Asp-overlaid model generated a “lock washer”
configuration (Fig. 6). The most notable characteristic was
a large number of positively and negatively charged
residues on the surface of the ring, providing a putative
mechanism for stacks of rings to be held together by ionic
and hydrophobic bonds. Hydrophobic residues also
projected outwards in this model.



832

Fig. 4 Predicted molecular structure of a Tcp repeat (Cysl—12).
Cross-eyed stereo views of the second Tcp repeat (residues 94—155)
after joining the antistasin-like (Cysl—6) and notch-like
(Cys7—12) domains utilizing a Val overlay. Disulfide bonds are
indicated as bridges between the x-carbons (yellow). a Backbones
only with the Tep2 repeat displayed in red and the Tep5 repeat in
blue. A putative hypersensitive site comprising three consecutive
Pro residues (331-333) is shown in flesh. b The predicted surface of
molecule is displayed with the “dots” option. Identical and similar
amino acid residues in the Tcp repeats (see Fig. 1) are as follows:
Gly-108, Gly-133, and Ala-152 are black within the backbone; R-
groups for Pro-97, Pro-124, and Pro-147 are indicated as sticks
and colored flesh; R-groups for Tyr-109 and Tyr-149 are sticks and
colored mid-blue; R-groups for Ser-107 and Thr-118 are sticks and
colored orange; R-groups for Lys-100, Asp-123 and Glu-126 are
sticks with the charged atoms as spheres and colored blue (+) or red
(—); R-groups for Val-122, Val-135, and Val-139 are green spheres

Discussion

Tcp is a novel protein that assembles into a structure (i.e.,
leech cocoon) with extraordinary physical properties,
hence our interest in predicting Tcp’s native configuration.
The results presented in this study suggest that endogenous
Tcp acquires an extended arrangement with hydrophobic
and charged residues projecting into solution. It is clear that
outward protrusion is not thermodynamically stable for
these residues (i.e., hydrophobic and charged); rather, they
more likely associate with complementary residues,
presumably from other monomers. In principle, Tcp
monomers may polymerize to form the fibrous material
that characterizes the cocoon wall of the leech [6, 7].
Individual fibers in the 7. tessulatum cocoon are ~160 A in
diameter [7], and therefore Val-overlaid monomers would
require lateral associations (possibly in a staggered
arrangement) to form appropriately sized fibers; Asp-
overlaid monomers (i.e., lock washer) were ~100 A in
diameter and therefore appear too small to build cocoon
fibers. Other proteins may contribute to the fibrous

Fig. 5 Predicted structure of the Tcp “strand” monomer. Cross-eyed
stereo view generated by linking six consecutive Tcp repeats (i.e.,
Cys1—12) using a Val overlay to join the antistasin and notch folds.
These views were generated by RasMol [12, 13] with the peptide
backbone displayed using the “cartoons” option, Cys—Cys bonds
indicated as bonds between the x-carbons (yellow), and the surface
of molecule displayed with the “dots” option. Conserved residues in
the Tep repeats are colored as in Fig. 4. The NH,-terminus is at the
top and (b) is a 90° rotation about the vertical axis of the view
shown in (a)

composition of the leech cocoon (e.g., as in fibroin silk
[2]), but there are currently no candidates for such a protein
[5]. Regardless of the composition and the precise
arrangement of Tcp monomers in the leech cocoon wall,
however, the potential for hydrophobic associations
between highly cross-linked Tep monomers is consistent
with the cocoon’s ability to withstand extreme heat
(>250°C [5]).

Tcp is not clearly associated with any classified protein
family, and its high Cys content (17.8%) is a unique feature
exceeded by only a few other reported proteins (e.g., hair
[26]). In searching for domain sequence similarity with
respect to other proteins, BLAST and ProSite identified
several proteins with Cys repeat domains. Among the most
well-characterized, Cys-rich domain proteins are those
with EGF motifs, which are generally found in the



Fig. 6 Predicted structure of the Tcp “lock washer” monomer.
Cross-eyed stereo view generated by linking six consecutive Tcp
repeats (i.e., Cysl—12) using an Asp overlay to join the antistasin
and notch folds. These views were generated by RasMol [12, 13]
with coloring as in Fig. 4. (b) is a 90° rotation about the horizontal
axis of the view shown in (a)

extracellular domains of membrane-bound or secreted
proteins. The EGF domain includes six Cys residues that
form disulfide bonds, and these are highly variable in their
spacing and length. Subdomains between the conserved
Cys in EGF-like proteins vary in length with at least one
(and usually two) Gly residues between the fifth and sixth
Cys residues [24], but this pattern was not observed in Tcp.

Evolutionary considerations

Tcp models were constructed by overlaying the first halves
(Cys1—6) of Tcpl-Tep6 using antistasin as the model
backbone, and the second halves (Cys7—12) were
modeled over notch backbones. It is interesting to note
that the full Cys repeat of antistasin is annelid-specific and
contains 10 ordered Cys residues, the first four of which
align with Cys9—12 and the last six of which align with
Cys1—6 in Tcp (see Fig. 1). The partial sequence similarity
of antistasin to the putative notch-like domain in Tcp
suggests a common and complex ancestry of these three
Cys-rich proteins.

The notch proteins encompass a family of transmem-
brane receptors that have been highly conserved through
evolution as mediators of cell fate (e.g., proliferation, cell
survival, migration, and adhesion [27]). After cleavage of
the full-length protein, notch is expressed as a hetero-
dimeric receptor on the cell surface where it contacts its
specific ligand (Delta) to begin the notch-signaling
cascade. In comparison, endogenous notch has multiple
domains including a stretch of 29-36 EGF motifs that,
when deleted, causes notch to be degraded. Although no
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Fig. 7 Cross-eyed stereo views of “strand” highlighting features
expected to be involved in polymerization. a Positively charged
atoms (blue). b Negatively charged atoms (red). ¢ Val, Leu, and Ile
resides (green); Pro residues (flesh); Phe residues (blue)

specific EGF repeats appear to protect notch against
proteolytic cleavage, this phenomenon appears to be
dependent on a general feature of EGF motif structure
[28]. It is notable that the 7. fessulatum cocoon is resistant
to proteolytic enzymes [5], and thus the repeating EGF-like
domains in the Tcp protein may contribute to the proteo-
lytic resiliency of the leech cocoon. Furthermore, only full-
length notch 1 can form homodimers while EGF negative
constructs appear to exist only as monomers, suggesting
that EGF motifs facilitate dimerization [28], which
consistent with our notion that Val- and/or Asp-overlaid
structures have the capacity to polymerize.

Tcp has homologues in nematodes and arthropods
(Caenorhabditis elegans, Drosophila melanogaster, and
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Anopheles gambiae), all of which contain a conserved 12
Cys repeat, suggesting that a Tcp-like protein functioned in
an ancestral metazoan. It is possible that antistasin- and
notch-like domains were precursors of Tcp, and these were
fused together by exon shuffling [29] and then duplicated
in tandem to generate the full-length Tcp gene. Intervening
residues between the ordered Cys have deviated from each
other (i.e., compare structures of different Tcp repeats,
Fig. 2), and these changes may specify the properties of
Tcp-like proteins from different animal phyla. Nonetheless,
some structural and functional aspects of individual
domains (e.g., Cys cross-links, proteolytic resistance, and
dimerization) appear to be conserved in endogenous Tcp
and related proteins. The evolution of Tcp in leech (and
probably in the annelid lineage) is perhaps best described
as the fusion of two independent peptide domains (i.e.,
antistasin- and notch-like) that created a protein with novel,
and potentially applicable, properties.
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