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Abstract

The Tolloid metalloproteases are pleiotropic enzymes that are important for many developmental
processes. This study describes the isolation and characterization of a novel Tolloid family member
from the pond turtle Pseudemys scripta elegans. The turtle Tolloid, designated tTll, is found in two
forms. The first, tTlls, contains a signal sequence which may provide a mechanism for secretion. The
second, tTllc, does not contain a signal sequence and is likely cytoplasmic. Sequence analysis of tTlI
revealed that it is most closely related to chicken TII-2 although tTIlI domain structure is different.
We examined the expression of tTIl mMRNA by real time RT-PCR and found the highest expression
in the cerebellum with lower levels in the brain stem and cortex. This expression pattern is similar
to the expression of the Tolloid mouse orthologues TII-1 and T1I-2 with highest levels of expression
in the cerebellum and lower levels in the brain stem and cortex.
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1. Introduction

The Tolloid family of metalloproteases plays many important roles in embryonic patterning
and tissue morphogenesis during embryogenesis of both vertebrates and invertebrates (Mullins
1998; Yamamoto and Oelgeschlager 2004). In the fruit fly, Drosophila melanogaster, Tolloid
is required for dorsal ventral patterning. Tolloid potentiates the activity of decapentaplegic
(DPP), a transforming growth factor-p (TGF-p) family member, by antagonizing short-
gastrulation (SOG), a protein that binds DPP and prevents it from binding to its receptor.
Tolloid and DPP are expressed by cells on the dorsal aspect of the embryo, whereas SOG is
expressed on the ventral side of the embryo (Ferguson and Anderson 1992). This results in a
gradient of DPP from the dorsal to ventral aspect of the embryo that is responsible for
patterning.

In vertebrates Tolloid proteins play important roles in embryogenesis as well as in adult tissues.
In mammals, there are three homologues of Drosophila Tolloid; Tolloid/BMP-1, Tolloid-like
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1(TII-1) and Tolloid-like 2 (TII-2). The Tolloid/BMP-1 gene produces two alternatively spliced
transcripts, one encoding BMP-1 and the other encoding Tolloid, whereas TLL-1 and TLL-2
genes produce single transcripts (Takahara et al. 1994; Clark et al. 1999; Scott et al. 1999).
Both BMP-1 and TII-1 are capable of cleaving chordin, the mammalian homologue of
Drosophila SOG (Scott et al. 1999). The Tolloid family of metalloproteases also processes a
number of proteins that comprise the extracellular matrix including procollagen, laminin, and
biglycan. In mice, knockouts have been made for both the Tolloid/BMP-1 and TLL-1 genes.
The Tolloid/BMP-1 knockout results in perinatal lethality and a lack of processing of fibrillar
collagen and laminin (Suzuki et al. 1996). Interestingly, the TLL-1 knockout results in
embryonic lethality due to cardiac defects (Clark et al. 1999). When double knockouts were
made for both the Tolloid/BMP-1 and TLL-1 genes the embryos died in utero at the same
gestational age as the TLL-1 knockouts. However, there appeared to be an additional neural
phenotype. The double knockouts showed a reduced number of cells within the developing
neural system when compared with wild-type or single knockout mice (Clark, unpublished
data). Further examination of the expression pattern of TLL-1 in normal mice revealed TlI-1
mRNA in the hippocampus in a punctate pattern (Scott et al. 2000). Characterization of TII-1
mMRNA expression showed that the number of positive cells were increased in the hippocampus
of mice with access to running wheels, conditions that increase neurogenesis, and were reduced
in the hippocampus of mice under conditions that decrease neurogenesis (Tamura et al.
2005). Since mice with increased neurogenesis show improved learning and memory (Gould
and Tanapat 1999) it is possible that TlI-1 plays a role in this process. This role is further
supported by studies in the marine mollusk Aplysia in which a Tolloid-like gene (apTolloid/
BMP-1) was found to be regulated during a nonassociative learning paradigm that induced
long-term sensitizaton (Liu et al. 1997).

The present study is a first step in defining a role for the Tolloid-like genes in mechanisms of
plasticity such as neurogenesis and learning. One model system we have examined extensively
is the classically conditioned abducens nerve response generated in an isolated brain stem
preparation from turtles (Keifer 2003; Keifer and Clark 2003; Mokin et al. 2006). This model
is an in vitro neural correlate of eyeblink classical conditioning that demonstrates many of the
hallmarks of conditioning in mammals. Given the advantage of this preparation for studies of
cellular mechanisms underlying associative learning, we isolated the homolog of mammalian
Tolloid in pond turtles. This will allow studies to identify the role of Tolloid in learning and
memory to be performed in this system. The following work describes our characterization of
the reptilian homologue of mammalian Tolloid including a comparison of its structure and
expression with mammalian TlI-1 and TII-2.

Isolation of turtle Tolloid-like 1

To identify a turtle orthologue of mammalian Tolloid-like 1, we designed degenerate primers
based on the sequence of the chicken, mouse zebrafish and frog TlI-1 sequences and performed
reverse transcription-polymerase chain reaction (RT-PCR). Following RT-PCR we initially
identified a 1080 bp fragment that was sequenced. From the resulting sequence we designed
primers and performed both 5’- and 3'-RACE to identify the 5’ and 3’ termini of the presumptive
tTI mRNA. We identified two transcripts, tTlls and tTllc, which differ at the 5’-end (Fig. 1).
Both transcripts contain open reading frames flanked by 5'- and 3'-untranslated sequences. The
3'-untranslated regions of both tTlls and tTllc appear to be full length since they both terminate
inapoly(A) tail preceded, 29 bases upstream, by the sequence AGTAAA, which has previously
been shown to function as a polyadenylation signal (Beaudoing et al. 2000). BLAST searches
were used to identify sequence identity to other sequences in the GenBank database. The tTlI
sequences show high similarity at the nucleotide level, to the predicted Gallus gallus gene
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similar to TLL-2 (87% identical), Homo sapiens TLL-2 (83% identical), Bos taurus TLL-2
(83% identical), Mus musculus TLL-2 (82% identical) and to the other known vertebrate TLL-2
proteins.

The tTll s and tTIl c conceptual translation products

Analysis of the conceptual translation products of tTlls and tTllc reveal a 2814 nucleotide
transcript for tTllc that encodes an 838 amino acid protein and a 2595 nucleotide transcript that
encodes an 801 amino acid protein in tTlls. The difference between tTlls and tTllc occurs at
the 5’ end of the transcript and influences the predicted cellular location of the protein product.
Analysis of the sequence using SignalP 3.0 Server indicates that tTIs contains a signal sequence
that is predicted to specify the protein for translation into the endoplasmic reticulum,
presumably to be secreted similar to other members of the Tolloid family. In contrast, tTllc
does not contain a signal sequence and is predicted to be found only in the cytoplasm (Fig. 2).

Comparison of the amino acid sequences of tTIl with proteins from the GenBank database
revealed that tT1l is most similar to mammalian TII-2 from Bos taurus (91% similar, 84%
identical), Homo sapiens TII-2(90% similar, 84% identical), and Mus musculus TlI-2 (89%
similar, 82% identical). tT1l also shows a high degree of similarity in domain architectures
when compared to mammalian TII-1 and TII-2, except that tTll is markedly smaller relative to
the mammalian Tolloid-like genes. tTllc and tTlls include one astacin-like protease domain,
three CUB protein-protein interaction domains, and only one EGF motif (Bond and Beynon
1995), instead of five CUB domains and two EGF domains found in mammalian Tolloids (Fig.
3). Although tTIl is most similar to mTI1I-2 its domain structure most closely resembles that of
mammalian BMP-1.

The protease domain of tTll is virtually identical to that of human TII-2. There are only 5
differences out of 193 amino acids within the domain. Of the known astacin-metalloproteases,
approximately half contain an HEXXH motif, which has been shown in crystallographic
studies to form part of the metal-binding site. The HEXXH maotif is common, but can be more
stringently defined for metalloproteases as abXHEbbHbc, where “a’ is most often valine or
threonine, ‘b’ is an uncharged residue, and ‘c’ a hydrophobic residue (Rawlings and Barrett
1995). The tTII metal binding site is identical to that found in human TII-2 (Fig. 2).

Isolation of a partial sequence of turtle actin

In order to quantify relative levels of tTll from different brain regions we needed a constitutively
expressed turtle gene as a loading control. Since few turtle genes have been described we
isolated, by RT-PCR, a partial sequence of turtle actin. Degenerate primers were designed
based on the sequence of chicken, mouse, zebrafish and frog actin sequences. We isolated two
different 800 bp cDNA fragments which, following BLAST searches, were identified as turtle
B-, and y-actin (data not shown).

Relative levels of tTlls and tTllc in turtle brain

To determine if tTlls and tTllc mMRNAS are both expressed in the turtle brain, we performed
RT-PCR and compared the expression to that of turtle actin. Total RNA from turtle cerebellum
was used to synthesize cDNA after which PCR was performed to identify tTlls, tTllc and turtle
actin using the two sets of primers that resulted in two different size products for each transcript
(Table 1). Figure 4 shows that both tTlls (Lanes 2 and 4) and tTllc (Lanes 6 and 8) are expressed
in turtle cerebellum with slightly higher expression of tTllc than tTlls. This suggests that both
isoforms of tTIl are expressed within the turtle cerebellum.
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Expression of tTlls in turtle brain

To further characterize the expression of tTll and confirm our PCR results, we examined tTII
mRNA expression by Northern blot analysis. The results of the Northern blot showed a single
tTII mRNA species with an approximate size of 2.8 kb when compared with the 18S and 28S
ribosomal subunits. The length of the tTIl mMRNA correlates well with size of the tTlIsand tTllc
cDNAs that we have isolated, which are predicted to be 2.6 and 2.8 nucleotides, respectively
(Fig. 5). We quantified the relative levels of the mRNA by densitometry using Image Quant
version 5.2 (BioRad) and normalized the results to turtle actin. tT1l expression in the turtle
cerebellum is two-fold higher than in the brain stem and cerebrum.

Comparison of tTll in turtle brain with TII-1 and TII-2 in mouse brain

We employed the use of Real Time RT-PCR to compare the level of expression of tTll in turtle
brain with TII-1 and TII-2 in mouse brain. The primers and probes for real time RT-PCR of
tTIl, turtle actin, TII-1, and TlI-2 mRNA are shown in Table 2. Real time RT-PCR of tTlI
revealed the highest expression in the cerebellum (Fig. 6a). tTll was also expressed within the
brain stem and cerebrum but the expression was over two-fold lower than in the cerebellum,
confirming the results of our Northern blot analysis.

Both mammalian TII-1 and TII-2 are widely expressed in the adult mouse brain. Real time RT-
PCR shows that, as in the turtle, TII-1 and TII-2 are expressed at the highest levels in the
cerebellum (Fig. 6b). The brain stem also expresses both TlI-1 and TlI-2 at relatively high
levels, although approximately 2-fold lower than the cerebellum. The cortex, hippocampus and
hypothalamus also express Tll-1 and TII-2 at similar levels, whereas the prefrontal cortex shows
the lowest expression of all regions examined. Interestingly, although TII-2 is expressed at
significantly lower levels than TII-1, the relative levels of TIl-2 among the different regions
mimic the expression of TlI-1 closely.

In situ analysis of tTIl expression

In situ hybridization revealed that tT1l expression was found throughout the brainstem and
cortex. High levels of tT1l expression were observed in the cerebellum which confirms our real
time-PCR results (Figure 7a) and is similar to the expression of mammalian TII-1 that we have
previously reported (Scott et al. 2000). More specifically, tTIl expression is particularly
enhanced in the granule cell layer of the cerebellar cortex compared to either the Purkinje cell
layer or the molecular layer (Fig. 7 A-B). However, tT1l expression was observed in a
subpopulation of Purkinje cells scattered throughout the cerebellar cortex (data not shown).
No label for tTll was observed in cerebella of controls (Fig. 7 C-D). Additionally, distinct
regions of punctate expression of tTll appeared in the molecular layer of the cerebellum but
not in controls (Figure 7 E-H, arrows). These clusters of intense label just superficial to the
Purkinje cell layer may be basket cells or regions of tTIl aggregates near the proximal dendrites
of Purkinje cells.

3. Discussion

We have isolated the one of the turtle orthologues of the mammalian Tolloids. Our description
of tT1l compliments previous studies that have described the Tolloid family of genes in a
number of vertebrate species that includes birds and now reptiles. We have identified two
transcripts, tTlls and tTllc, which correspond to proteins that are predicted to be secreted and
cytosolic, respectively. tTlls contains a signal peptide and is predicted to have an unmodified
molecular weight of 111 kDa. tTllc does not possess a signal peptide but contains 37 more
amino acid residues than tTlls resulting in a predicted molecular weight of 115 kDa. Since tTlls
and tTllc contain identical sequences except for the 5’ end, we speculate that these transcripts
are the products of alternative splicing of the same primary transcript. Alternative splicing has
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also been shown for mouse and human Tolloid (Takahara et al. 1994). The mammalian Tolloid
gene produces two alternatively spliced transcripts that encode BMP-1 as well as Tolloid. The
resulting proteins have different domain structures as well as substrate specificities (Scott et
al. 1999).

The function of Tolloid expression beyond pattern formation in adult animals is presently
poorly understood. In mammals, Tll-1 and TII-2 have their highest levels of expression in brain
in the cerebellum, and lesser amounts are expressed in the brain stem and regions of the
cerebrum. A similar distribution of mRNA is also true for tTIl (Takahara et al. 1996). Why
levels of expression are substantially higher in the cerebellum compared to other brain regions
is unclear but this pattern appears to be conserved in vertebrates. Evidence suggests that the
Tolloids facilitate the activity of neurotrophic factors, such as the BMPs, and may function in
regulation of neurogenesis and mechanisms of synaptic plasticity. Tamura et al. (2005) found
a significantly greater number of TIl-1 expressing cells in the hippocampus of mice provided
access to running wheels than in non-running controls, conditions in which neurogenesis is
enhanced (van Praag et al. 1999; Tamura et al. 2005). Moreover, they described novel
glucocorticoid response elements within the TII-1 promotor and that TlI-1 expression is
negatively regulated by glucocortcoids. Stress and glucocorticoid levels also negatively affect
neurogenesis. It was hypothesized that one function of TIl-1 may be to potentiate BMP
signaling and therefore hippocampal neurogenesis. A Tolloid-like gene has also been shown
to be regulated during non-associative learning in Aplysia (Liu et al. 1997). This raises the
intriguing possibility that Tolloids may have a role in mechanisms of synaptic plasticity as well
as neurogenesis. In turtles, we have extensively studied brain stem preparations that exhibit a
form of eyeblink classical conditioning entirely in vitro (Keifer 2003; Keifer and Clark
2003). This learning occurs quickly, within hours, and is robust. In addition to postsynaptic
mechanisms involving trafficking of AMPA-type glutamate receptors to synapses during the
learning, we have also identified the involvement of coordinate presynaptic mechanisms in the
form of significantly enhanced levels of the presynaptic protein synaptophysin (Mokin and
Keifer 2004). Preliminary data from RT-PCR studies indicate that tTIl is significantly
upregulated during conditioning as compared to pseudoconditioned controls (Keifer et al.
2006). Future studies will be aimed at examination of a potential role for the Tolloid-like genes,
specifically tTII, in the regulation of in vitro classical conditioning using this model system.

We have identified a reptilian orthologue of the Tolloid gene family, tTll, in the turtle. There
are two transcripts of tTll, one that appears to encode a secreted form of the protein (tTlls) and
the other that appears to encode a cytosolic form (tTlic). The domain structure of tTIl most
closely resembles that of mammalian BMP-1 whereas the sequence is most similar to TII-2.
The expression of tTlI closely mirrors that of mammalian TII-1 and TII-2 in the brain. Our real
time RT-PCR assays show that t Tl is expressed at the highest levels in the cerebellum followed
by the brain stem and cerebrum. These results will provide the means to study the role of
Tolloids in learning and memory in a reptile model.

4. Experimental procedures
Reverse transcriptase-PCR (RT-PCR)

Total RNA was isolated from the brain stem, cerebellum and telencephalon of the pond turtle
Pseudemys scripta elegans using the MELT Total RNA Isolation System (Ambion, Austin,
TX). The RNA was reverse transcribed with the Strata Script One-Tube RT-PCR System
(Stratagene, La Jolla, CA) according to the manufacturer’s instructions. Degenerate primers
were designed for conserved regions of Tolloid-like 1 from Gallus gallus, Xenopus laevis,
Danio rerio, and Mus musculus. PCR was carried out using the following primers: forward
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primer (5-TATGAYTTTGACAGYATCATGCATATGCC-3') and reverse primer (5'-
GGRGCWACYACYTGCCAMACACAGTTTTRT-3'). An additional set of degenerate
primers was designed for the conserved region of actin using the known sequences from Mus
musculus, Xenopus tropicalis, Gallus gallus, and Danio rerio. PCR was carried out using the
following primers: forward primer (5'-GAYATGGARAAGATYTG GCAYCAYMS-3') and
reverse primer (5'-YTTDSTRATC CACATYTG YTGRAAGGT-3'). PCR fragments were
purified from agarose gels with Zymoclean Gel DNA Recovery kit (Zymo Research, Orange,
CA), cloned into pCR2.1 (Invitrogen, Carlsbad, CA) according to instructions from the
manufacturer and sequenced (lowa State University Sequencing Facility, Ames, IA).

Identification of the 5" and 3" termini of tTII

Fragments containing the ends of turtle Tolloid homolog (tT1l) cDNA were amplified using a
FirstChoice RLM-RACE kit (Ambion), according to the manufacturer’s protocol. We used
nested primers 5'-CCAGTAGCCATCACGCACCTCCACAT-3" and 5'-
AGTTGGCCGAACCCCATTGTCATCTC-3' for 5’RACE. For 3'RACE we used nested
primers 5'-CGGCCAGACAACGGTGGGTGTGA-3" and 5'-
CCTGTGAACCTGGCTACG-3". Products of the RACE reactions were cloned into pCR2.1
and sequenced as described above.

Sequence analysis

The sequence of tTll and turtle actin (t actin) were analyzed for similarities with known
sequences using the Blast tool and the GenBank sequence database (Altschul et al. 1990).
Multiple alignments were performed with the MegAlign tool of LaserGene 6 (DNAstar,
Madison, WI).

Northern blot hybridization

Total RNA from the turtle cerebellum, brain stem and cerebrum was isolated using TR1 reagent
(Molecular Research Center, Inc.) according to the manufacturer’s protocol. 35 ug of total
RNA was separated by electrophoresis through a formaldehyde gel. The RNA was transferred
and fixed on Hybond-N+. Probe preparation was performed using the Primer-it Il random
primer labeling kit (Stratagene).

A 1021 bp fragment corresponding to the region from bases 889 through 1909 relative to the
start codon of tTlls was used as the probe (this region corresponds to bases 1000 through 2020
intTllc). This region contains the CUB1, CUB2 and part of EGF1 domains, but not the protease
domain. The complete actin PCR product isolated from turtle was used as a template for probe
preparation as described above. Hybridization was performed using MiracleHyb hybridization
solution (Stratagene) according to the manufacturer’s protocol. Following hybridization, the

blot was visualized by autoradiography.

Real time RT-PCR

Real time RT-PCR was performed using 50 ng total RNA per reaction. RNA was combined
with primer/probe sets and TagMan® Gold RT-PCR Master Mix (Applied Biosystems, Inc.,
Foster City, CA). Gene-specific primers and probes were created for Pseudemys scripta
elegans tTll, t actin and mouse TII-1, TlI-2, and glyceraldehyde phosphate dehydrogenase
(GAPDH) using the Primer Express Software (Applied Biosystems, Inc.) as shown in Table
2. Real time assays were run on an ABI 7000 (Applied Biosystems, Inc.). The real-time PCR
profile consisted of one cycle at 48°C for 30 min and 95°C for 10 min, followed by 40 cycles
at 95°C for 15 s and 60°C for 1 min. All reactions were repeated twice. The results of real-time
PCR of mouse TlI-1 and TII-2 were normalized to GAPDH. Turtle TII expression was
normalized to t actin.
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Conventional RT-PCR

To determine if both variants of tTIl were expressed in the turtle, we used primers designed to
distinguish between tTlls and tTllc. To identify tTlls the primer set was 5'-
GGGACCCTGCTGCTGCTACTTC-3' and 5'-
CAAGTCCTCTTCGTCTAAAGCAATATC-3' for the 163 bp product and 5'-
GGGACCCTGCTGCTGCTATTC-3' and 5'-GCGTTCCTCCTGCCATCCTTTTT-3' for the
326 bp product (Table 1). To identify tTllc the primer set was 5'-
GTCCCCCAGGCTACCCATAT-3 and 5-GTTCTGTCTATCTGAAACAGCTTCAAG-3'
for the 273 bp product and 5-GTCCCCCAGGCTACCCATAT-3"and 5'-
GCGTTCCTCCTGCCATCCTTTTT-3' for the 416 bp product. 100 ng of total RNA was
reverse transcribed with the Strata Script One-Tube RT-PCR System (Stratagene) according
to the manufacturer’s instructions. For control reactions the reverse transcriptase was omitted.
The RT-PCR consisted of one cycle at 42°C for 40 min and 94°C for 1 min, followed by 30
cycles at 94°C for 40 s, 50°C for 30 s, and 72°C 40 s. The resultant fragments were separated
on a 2% agarose gel and stained with ethidium bromide. The 326 bp tTlls product and the 416
bp tTllc product were purified from agarose gels (Zymoclean Gel DNA Recovery Kit, Zymo
Research), cloned into the pCR2.1 plasmid (Invitrogen) and sequenced as described.

In situ hybridization

In situ hybridization was performed as described in Tamura et al., 2005. Briefly, turtle
brainstem preparations were fixed overnight in 4% paraformaldehyde, dehydrated in graded
ethanols, and embedded in paraffin. Five micron sections were mounted on gelatin coated
slides. The sections were rehydrated in graded ethanols and hybridized to 1021 base 35S-labeled
probes corresponding to nucleotides 889-1909 of tTlls. This probe will hybridize to both forms
of tTIl. The probes were synthesized using the Maxiscript (Ambion) kit following the
manufacturer’s protocol. Following post-hybridization washes the slides were dehydrated and
exposed to photographic emulsion (Amersham) for 10 days.
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tTLL AAAATGCTCACTTCCTTCTGCTGTCTCTCATCTGCTTCTGGGACCCCTGTGCTCACAGGCAGCGTCCTGC 70
start codon
tTLL TGGGAAGGAATGTATACAGCACATCCCGGCTCCAGGCTTACCCCAGCGCCCTGGGATGCCATCAGGTGCT 140
tTLL CGAATGCCCCATCAGGGGGTTCCAATGGGTCCCCCAGGCTACCCATATGTTGGAAGCCCCTCAGTGCGCC 210
tTLL ¢ CTGGAATGCCCCAAACAGTGATGGAACCAACACGAAAACGCACCAGCACCTCAGCAGGTACAACAACAGC 280
tTLL —--—-ARAACTCTGCAGCCGCTATGGGCTGGGCT -~ ~--GCCCCTCTCGGGACCCTGCTGCTGCTACTTCTGC 63
start codon
tTLL ¢ AGGCGC-AACAGCAGGTGCAACAGC-AGCAGCAAGCAACTCAAACCCGAACCCGGAGTGCCAAGAGGAGG 348
tTLL GGGTGCCGGCTGCCCGCGGAGCGCCCGGCTCCT TGG----CGGAGGAGGAGAGCCTGGAGCAGC 129
tTLL ¢ AAGATGGCTACCAAAATTCTCCCTCAGAGGCTGCCTTCTGGGGAGATATTGCTTTAGACGAAGAGGACTT 418
tTLL AACCGGGGTACCGCGACCCCTGCAAAGCCGCTGCCTTCTGGGGAGATATTGCTTTAGACGAAGAGGACTT 199
tTLL GAAGCTGTTTCAGATAGACAGAACTATTGATTTAACAAAGCATTTGGATGAGAATACAAGACACACTACA 488
tTLL GGTGGCCTAGGGGAGCAGTCTGCCGGGGCCAGCCAGAACACCACGGCAACCAGTCGTAGTAGCAAAAAAG 558
tTLL TTAAAAAGGATGGCAGGAGGAACGCCATGCTCTCAAGGAGGCCGATGGAGGAGGAGGGTARAGACCTGCC 628
tTLL TCTCTCAGCTGCGGGCTCCTCTCTCAGAATCCGCAGGGCAACCACATCCAGGGCAGAGAGAATCTGGCCC 698
tTLL TCTCTCAGCTGCGGGCTCTTCTCTCAGAATCCGCAGGGCAACCACATCCAGGGCAGAGAGAATCTGGCCC 479
tTLL GGAGGGGTCATACCCTATGTCATTGGAGGAAATTTCACTGGCAGCCAAAGAGCTATTTTTAAACAGGCCA 768
tTLL GGAGGGGTCATACCCTACGTCATTGGAGGAAATTTCACTGGCAGCCARAGAGCTATTTTTAAACAGGCCA 549
tTLL TGAGGCACTGGGAGAAGCACACCTGTGTGACTTTTGTGGAGAGGACTGACGAGGAGAGCTTCATTGTGTT 838
tTLL CACGTACAGAACCTGTGGTTGCTGCTCATATGTGGGTCGCCGAGGGGGTGGTCCCCAGGCCATATCCATC 908
tTLL GGCAAGAACTGTGATAAGTTTGGCATCGTGGCCCACGAGCTGGGCCACGTGGTTGGGTTTTGGCATGAGC 978
tTLL ACACGCGGCCCGACCGGGACCAGCATGTCACGATCATCAGAGAAAACATACAGCAAGGTCAGGAGTACAA 1048
tTLL CTTCTTAAAGATGGAAGCCGGGGAAGTGAATTCTCTGGGAGAGACCTATGACTTTGACAGCATCATGE%E 1118
5'RACE neste
tTLL CGGAACACCTTCTCAAGAGGGGTCTTCCTGGACACCATCCTTCCCCGTCGAGATGACAATGGGG 1188
primer 2 —
tTLL TTCGGCCAACTATCGGTCAGCGCATTCAGCTGAGTCAGGGAGACATTGCTCAGGCGAGGAAGTTGTACAA 1258
e
tTLL GTGCCCAGCTTGTGGGGAGACCTTGCAAGACACGACGGGGAATTTCTCTGCTCCTGGTTTTCCARATGGC 1328
tTLL TATCCTTCCTATTCCCATTGTGTGTGGAGAATATCTGTGACTCCTGGGGAGAAGATCATTTTAAATTTCA 1398
5’RACE nested primer 1
tTLL CGTCGATGGACTTGTTTAAAAGTCGCCTGTGCTGGTATGATTATGTGGAGGTGCGTGATGGCTACTGGAG 1468
tTLL GAAGGCTTCCTTGTTAGGTAGATTTTGTGGTGACAAAGTCCCCGAGCCTCTTATCTCCACGGACAGCAGG 1538
tTLL CTGTGGATCGAGTTCCGGAGCAGCAGCAATATCCTGGGCARAGGCTTCTTTGTGGTTTATGAAGCAATTT 1608
tTLL GTGGTGGAGAAATTCACAAGGATGCTGGCCAGATTCAGTCTCCCAATTACCCAGATGACTACCGACCTTC 1678
tTLL CAAAGAGTGCGTCTGGAGGATCACGGTTTCCGAGGGGTTTCATGTAGGACTCACATTCCAAGCATTTGAG 1748
forward primer probe revers primer
tTLL ATTGAGAGGCACGACAGTTGTGCTTATG. CACTGAGGACAGCCCTT 1818
tTLL TGATTGGACACTTTTGCGGCTATGAGAAGCCAGAAGATATCAAATCCAGCTCAAATAAAGTGTGGATGAA 1888
tTLL GTTTGCATCTGATGGGTCCATCAATAAAGCAGGGTTTGCAGCAAATTTCTTTAAAGAGGTGGATGAATGT 1958
3’'RACE nested primer 1 3’ RACE
tTLL TCTCGGCCAGACAACGGTGGGTGTGQGCAGCGTTGCGTGAACACACTGGGCAGCTACAAGTGCGCCTGﬁG 2028
nested primer 2 v
tTLL AACCTGGCTACGAGCTGACGGCTGATAAAAAGAGCTGTGAGGCTGCCTGTGGGGGCTTCATCACCAAGCT 2098
tTLL CAATGGGACCATCACGAGCCCTGGGTGGCCCAAGGARTAT CCCACT QACARBARACTCCATCTGGCAGGTG 2168
tTLL AGCCCAGTACCGGATCTCTCTGCAGTTTGAAGTCTTTGAGCTGGAAGGCAATGACGTCTGTA 2238
tTLL AATATGACTACGTGGAGGTTCGCAGCGGGCTTGCTTCCGATTCCAAGCTCCATGGCAAATTCTGCGGCTT 2308
tTLL AGAGAAGCCGGAAGTGATCACATCCTATAGCAACAACCTGAGACTGGAGTTCARATCGGACAACACCGTC 2378
tTLL TCCAAGAAGGGCTTCAAAGCCCATTTCTTCTCAGAAACGAAGCAGCAGCCGCAGCCCCCGAAAGCTCGCC 2448
tTLL CACCCGGCTTGAAGTTCCGCCTGCAGAAAAGAATACGAGGCCCTAAAGGAACCCGGCCAATCCTCCGTTC 2518
tTLL AGTTCCTCAGGAACACCACTGCCCCTCCAARAGGATCCAGGGAACAGGGAACCAATGTCCTTCCGTTCTGT 2588
stop codon
tTLL CCTAGTTCACAGCCTCGCTCAGAGAGTCGCCCAGGCCCCAAATTCCTTGCTTGACAGAACTGGTTGTTGG 2658
tTLL CTTTTTATTTTTTTTTATTCACCATTGTTTTTAGACTCCT TTTGTCATTGACCAGTTGACCTTTAT 2728
tTLL TTCCAACTTTTATTGTGTCTGTGACATTTCCTATTGATAAGGACAACATGTCCTGGTCTCTC 2798
tTLL TTGCAAAAAARAAAAAA 2814
polyadenylation signal
Figure 1.

cDNA Sequences of turtle tolloid-like secreted (tTLLs) and turtle tolloid-like cellular (tTLLc).
tTLLs sequence is shown complete. Alignment was performed using the MegAlign program

(DNASTAR). tTLLc is shown only where it differs from tTLLs. Differences between

sequences are shown by highlighting. Fragments that were sequenced again to confirm existing
of both tTLLs and tTLLc variants shown by bold font, sites for primer are underlined (Table
2). Sites for RACE and for RT-PCR are shown by bold font and arrows. Regions that overlap
are highlighted. ldentical sequences are boxed and the polyadenylation signal is circled. The
ATG start and TGA stop codons are underlined. The sites for primers and the probe used for
Real Time RT-PCR are also shown.
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tTLL ¢ MPSGARMPHQGVPMGPPGYPYVGSPSVRPGMPQTVMEPTRKRTSTSAG--TTTAGATAGATAAASNSNPNPECQEEEDG- 77
tTLL s [MGWAA i LRV 3 APG------ SWGLAEEESLEQQPG- 40
hmTLL-2 [MRRAT ~AGGLEERPDATADYS————— ELDGEEGTEQQLEH 51

tTLL ¢ YONSPSEAAFWGDIALDEEDLKLFQIDRTIDLTKHLDENTRHTTGGLGEQSAGASQONTTATSRSSKKVKKDGRRNAMLSR 157
tTLL s YRDPCKAAAFWGDIALDEEDLKLFQIDRTIDLTKHLDENTRHTTGGLGEQSAGASQONTTATSRSSKKVKKDGRRNAMLSR 120
hmTLL-2 YHDPCKAAVFWGDIALDEDDLKLFHIDKARDWTKQTVGATGHSTGGLEEQASESSPDTTAMDTGTKEAGKDGRENTTLLH 131

protease

tTLL c RPMEEEGKDLPLSAAGSSLRIRRATTSRAERIWPGGVIPYVIGGNFTGSQRAIFKQAMRHWEKHTCVTFaERTDEESFIV 237

tTLL s RPMEEEGKDLPLSAAGSSLRIRRATTSRAERIWPGGVIPYVIGGNFTGSQRAIFKQAMRHWEKHTCVTFVERTDEESFIV 200
hmTLL-2 SPG----- TLHAAAKTFSPRVRRATTSRTERIWPGGVIPYVIGGNFTGSQRAIFKQAMRHWEKHTCVTFIERTDEESFIV 206

tTLL c FTYRTCGCCSYVGRRGGGPQAISIGKNCDKFGﬁAHE‘.LGHVV!FWHEHTRPDRDQHVTIIRENIQQGQEYNFLKMEAGEV 317

tTLL s FTYRTCGCCSYVGRRGGGPQAISIGKNCDKFGIVAHELGHVV@FWHEHTRPDRDQHVTIIRENIQQGQEYNFLKMEAGEV 280
hmTLL-2 FSYRTCGCCSYVGRRGGGPQAISIGKNCDKFGIWZAHELGH FWHEHTRPDRDQHVTIIRENIQPGQEYNFLKMEAGEV 286

CUBI

I B B B B R E Rl
tTLL ¢ NSLGETYDFDSIMHYARNTFSRGVFLDTILPRRDDNGVRPTIGQRIQLSQGDIAQARKLYKCPACGETLQDTTGNFSAPG 397
tTLL s NSLGETYDFDSIMHYARNTFSRGVFLDTILPRRDDNGVRPTIGQRIQLSQGDIAQARKLYKCPACGETLQDTTGNFSAPG 360
hmTLL-2 SSLGETYDFDSIMHYARNTFSRGVFLDTILPRQDDNGVRPTIGQRVRLSQGDIAQARKLYKCPACGETLQDTTGNFSAPG 366

EEEEEEEE N E N EEEEE NN NN NN NN NN N NN NN NN ENEEEEEEEEDR
tTLL ¢ FPNGYPSYSHCVWRISVTPGEKIILNFTSMDLFKSRLCWYDYVEVRDGYWRKASLLGRFCGDKVPEPLISTDSRLWIEFR 477
tTLL s FPNGYPSYSHCVWRISVTPGEKIILNFTSMDLFKSRLCWYDYVEVRDGYWRKASLLGRFCGDKVPEPLISTDSRLWIEFR 440
hmTLL-2 FPNGYPSYSHCVWRISVTPGEKIVLNFTSMDLFKSRLCWYDYVEVRDGYWRKAPLLGRFCGDKIPEPLVSTDSRLWVEFR 446

CUB2
EEEEEEER A I NN EEEEEEEEEEE N NN EEEEEEEEEEEENERN]
tTLL ¢ SSSNILGKGFFVVYEAICGGEIHKDAGQIQSPNYPDDYRPSKECVWRITVSEGFHVGLTFQAFEIERHDSCAYDYLEIRD 557

tTLL s SSSNILGKGFFVVYEAICGGEIHKDAGQIQSPNYPDDYRPSKECVWRITVSEGFHVGLTFQAFEIERHDSCAYDYLEIRD 520
hmTLL-2 SSSNILGKGFFAAYEATCGGDMNKDAGQIQSPNYPDDYRPSKECVWRITVSEGFHVGLTFQAFEIERHDSCAYDYLEVRD 526

EGF 1
EEEEEEEEEEEEEEEEEEEEEEEREDR
tTLL ¢ GPTEDSPLIGHFCGYEKPEDIKSSSNKVWMKFASDGSINKAGFAANFFKEVDECSRPDNGGCEQRCVNTLGSYKCACEPG 637

tTLL s GPTEDSPLIGHFCGYEKPEDIKSSSNKVWMKFASDGSINKAGFAANFFKEVDECSRPDNGGCEQRCVNTLGSYKCACEPG 600
hmTLL-2 GPTEESALIGHFCGYEKPEDVKSSSNRLWMKFVSDGSINKAGFAANFFKEVDECSWPDHGGCEHRCVNTLGSYKCACDPG 606
CUB3

EEEEEEEEEEEEEEEEEEEEENEEEEEEENEEEEEEEN]
tTLL ¢ YELTADKKSCEAACGGFITKLNGTITSPGWPKEYPTNKNCIWQVVAPAQYRISLQFEVFELEGNDVCKYDYVEVRSGLAS 717

tTLL s YELTADKKSCEAACGGFITKLNGTITSPGWPKEYPTNKNCIWQVVAPAQYRISLQFEVFELEGNDVCKYDYVEVRSGLAS 680
hmTLL-2 YELAADKKMCEVACGGFITKLNGTITSPGWPKEYPTNKNCVWQVVAPAQYRISLQFEVFELEGNDVCKYDFVEVRSGLSP 686

EGF 2
EEEEEEEEENEEEEEEEENEEEEEEER
tTLL ¢ DSKLHGKFCGLEKPEVITSYSNNLRLEFKSDNTVSKKGFKAHFFS--—----——————--———————————— - —————— 762
tTLL s DSKLHGKFCGLEKPEVITSYSNNLRLEFKSDNTVSKKGFKAHFFS-=---———————---————mmmmm e 725
hmTLL-2 DAKLHGRFCGSETPEVITSQSNNMRVEFKSDNTVSKRGFRAHFFSDKDECAKDNGGCQHECVNTFGSYLCRCRNGYWLHE 766
CUB4
EEEEEEEEEEENEEEEEEEEEEEEEEEEEEEEEEENID
tTLL ¢ ——mmmmmmmmmmmm e ETKQQPQPPKARPP-—-——----—-~ GLKFRLQK----=-=-=-—=-=—-~ RIRGPKGTRPI 795
£TLL 8§ ————m———m e ETKQQPQPPKARPP-——————————— GHEHRT O ———————————————— RIRGPKGTRPI 758
hmTLL-2 NGHDCKEAGCAHKISSVEGTLASPNWPDKYPSRRECTWNISSTAGHRVKLTFNEFEIEQHQECAYDHLEMYDGPDSLAPI 846
I L CUBS
EEEEEEEEEEEEEEEEEEEEER EEEEEEEEEEEEEEEEEESR
1A T U ——— SVB----QEHHCPSKGSRE---—----—---—-— QGINVEPECP-—---———- 822
tTLL § LR----mmmmmmmmmmmmmmmmmmmmmm SVB----QOEHHCPSKGSRE -~ —--—-—----- QGTNVLPECP--------- 785

hmTLL-2 LGRFCGSKKPDPTVASGSSMFLRFYSDASVQRKGFQAVHSTECGGRLKAEVQTKELYSHAQFGDNNYPSEARCDWVIVAE 926

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEENEEEEEEEEDR
tTLL ¢ - -SSQPRSESRPGPKFLA 839
tTLL 8 -—=-==—=———————————— - — - SSQPRSESRPGPKFLA 802
hmTLL-2 DGYGVELTFRTFEVEEEADCGYDYMEAYDGYDSSAPRLGRFCGSGPLEEIYSAGDSLMIRFRTDDTINKKGFHARYTSTK 1006

hmTLL-2 FQDALHMKK 1015

Figure 2.

Alignment of the amino acid residues of human mTII-2 (hmTI1l-2) (NCBI Gen Bank accessions
CAH72234) and turtles tTllc and tTlls. Black, dash and gray lines show metalloprotease, SUB
and EGF domains respectively. Alignment was performed using the MegAlign program
(DNASTAR). The metalloendopeptidase active site motif abXHEbbHbc (Rawlings and
Barrett 1993) is enclosed by a dashed box. The signal peptide cleavage site was predicted as
described by Nielsen (Bendtsen et al. 2004), using SignalP 3.0 Server.
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Figure 3.

Scheme of domain architectures of known vertebrate TLL proteins (TLL-1, TLL-2), domain
architectures of tTLLs proteins and bone morphogenetic protein 1 (BMP-1). Analysis of
domain architecture was performed using Conserved Domain Architecture at NCBI.
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Figure 4.

Relative levels of tTlls and tTllc in the cerebellum of the turtle as determined by RT-PCR.
Lane 1, DNA ladder; Lane 2, tTlls 163 bp reaction; Lane 3, control tTlls 163 bp reaction; Lane
4, tTlls 326 bp reaction; Lane 5, control tTlls 326 bp reaction; Lane 6, tTllc 273 bp reaction;
Lane 7, control tTllc 273 bp reaction; Lane 8, tTllc 416 bp reaction; Lane 9, control tTllc 416
bp reaction; Lane 10, turtle actin (296 bp); Lane 11, control turtle actin.
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Figure 5.
Northern blot analysis of tTll in the three regions of the turtle brain. Lane 1, Cerebellum; Lane
2, Brain stem; Lane 3, Cerebrum.
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Figure 6.

Comparison of Tl expression in different regions of the turtle brain and mouse brain by real
time RT-PCR. A. Histogram shows the relative levels of tTIl in the turtle brain. B. Relative
levels of expression of TlI-1and TII-2 in different regions of the mouse brain. Error bars indicate
standard deviation.
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Figure 7.

In situ hybridization of tTIl in turtle cerebellum. Darkfield (100X; A) and phase contrast (B)
images of turtle cerebellum hybridized with antisense tTIl probe. There is dense label in the
GCL compared to the PCL and the ML. Darkfield (100X; C) and phase contrast (D) images
of turtle cerebellum hybridized with sense tTII probe show no label. Darkfield (200X; E) and
phase constrast (F) images of turtle cerebellum hybridized with antisense tTIl probe. Darkfield
(200X; G) and phase contrast (H) images of turtle cerebellum hybridized with sense tTll probe.
The arows in E indicate regions of the ML that contain clusters of tTll label. ML, molecular
layer; PCL, Purkinje cell layer; GCL, granule cell layer; V, ventricle.
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Primers used to confirm the existence of both variants of tTLL.

Table 1

Targe] Forward primer Reverse primer Size of PCR products (bp),
actin tgaccgageqgtgactacag ctttacggatgtcaacqgtcacact 296
fTLLsS gggaccctgctgctgctactte caagtcctcttcgtctaaagcaatatc) 163
tTLLs gggaccctgctgctgctactte gcattcctectgecatecttttt 326
tTLLC gtcccecagactacccatat gttctgtctatctgaaacagcttcaaq 273
tTLLc gtcccecagactacccatat gcgttcctectgcecatccttttt 416
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Table 2

Primers and probes used for the analysis of turtle and mammalian Tl by real time PCR.

Target SDeciej Forward primer Reverse primer MGB probe

Tl mouse cgcccagaccgagacaac gtactcttgacctggctagatatt] atgtcaccatcattagaq

TI2 mouse gatggcatgagcccagtat cctccatgeccagtagtcaga ctggtgacttgactgc

GAPDH mouse gggaagcccatcaccatctt cggcctcaccecatttq agcgagaccccactaa

Tl turtle aggcacgacagttgtqcttatof caatcaaaggactgtcctcagt ctacttggaaatccgagacggcece
t actin turtle agggaaatcgtgcgtgacat gcagacagtggccatcte aagctgtqctatgttgctctagacttc
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