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Hyperactive antifreeze
protein from beetles

e have purified a thermal hysteresis

(antifreeze) protein, with up to 100
times the specific activity of fish antifreeze
proteins, from the common yellow meal-
worm beetle, Tenebrio molitor. It is a threo-
nine- and cysteine-rich protein, of relative
molecular mass 8,400, composed largely of
12-amino-acid repeats. We estimate that a
concentration of roughly 1 mg ml™" of this
protein can account for the 5.5 °C of thermal
hysteresis found in Tenebrio larvae (Fig. 1).

Although protein-mediated thermal
hysteresis was noted in Tenebrio almost 30
years ago', numerous attempts to purify any
thermal hysteresis proteins (THPs) failed to
yield activities (quantified as the tempera-
ture difference between the freezing and
melting points of a solution containing ice)
sufficient to account for that of haemo-
lymph'~*. We have now isolated microgram
quantities of THP from diluted larval
Tenebrio haemolymph by gel exclusion
chromatography followed by reversed-
phase high-performance liquid chroma-
tography (HPLC) on an analytical C18
column. Neighbouring HPLC fractions cor-
responded to discrete proteins (THP26 and
THP27). The thermal hysteresis activity of
THP26 at 55 wg ml™"' was 1.6 °C and of
THP27 at 21 pg ml™" was 1.1 °C, close to
the maximum values obtained with 10-30
mg ml ™" of fish antifreeze proteins (AFPs)°.

Because the amino termini of THP26
and THP27 were blocked, we sequenced an
internal fragment from THP26 that was
released by endoproteinase Lys-C digestion
(Fig. 2). We used degenerate and vector
primers in the polymerase chain reaction
and screened a Tenebrio complementary
DNA library with the product. We obtained
the complete coding sequences of four THP
variants (YL1-4), whose conceptual trans-
lations match the sequenced peptide frag-
ment at up to 18 of the 20 residues (Fig. 2).
The first 28 amino acids represent a secre-
tory signal peptide. The N-terminal amino
acid of three of the variants is predicted to
be glutamine, consistent with N-terminal
blockage in which the N-terminal gluta-
mine is converted to pyroglutamate by
cyclization. The cleavage site of the fourth
variant is not clearly predicted.

The amino-acid compositions of the
purified proteins and the deduced mature
sequences are very similar. The THPs are
particularly rich in cysteine (18-19%), thre-
onine (21-26%) and other amino acids with
short side chains (glycine, alanine, serine),
and are deficient in several hydrophobic
amino acids, notably leucine and isoleucine.
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The overall hydrophilicity is roughly 55%’,
much higher than that of fish AFPs®.

The primary structure of the proteins
(Fig. 2) is very unusual and unlike any prev-
iously known sequence. The first 21 amino
acids contain six cysteine residues spaced
at irregular intervals (Cx;Cx,Cx;Cx,Cx,C),
and this sequence overlaps with the first
of a series of 12-amino-acid repeats, in
which cysteine is repeated at six-residue
intervals, that continue until the end of the
protein. The consensus of these repeats is
CTxSxxCxxAxT. The THP variants differ in
the number of these repeats. Additional 12-
amino-acid units appear as insertions in the
longer variants, indicating that each may
form a functional domain and that the
exact order of the repeats might not be
crucial for function.

We expressed the shortest of the four
c¢DNAs with a conventional signal cleavage
site (YL1) in Escherichia coli (Fig. 2). We
detected thermal hysteresis in the super-
natant of the cell lysate, indicating that
some of the protein was able to fold into an
active state. Partially purified recombinant
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Figure 1 Thermal hysteresis activity of Tenebrio
haemolymph as a function of dilution. The standard
deviation of each sample (n=3) is shown.

Figure 2 Predicted amino-acid sequences of four P

THP variants obtained from a fat-body cDNA library.
The predicted N-terminal residues (+ 1) are denoted
by an arrow with the signal peptides shown in ital-
ics. The repetitive 12-amino-acid domains are num-
bered consecutively. Conserved residues found in
almost all repeats are indicated in bold. The amino-
acid sequence from a purified THP fragment
(THP26) is shown for comparison. The first Lys
residue is assumed as the protein was cleaved with
endo-Lys-C. Undetermined positions were assumed
to be Cys. The two amino-acid regions used to
design the nested degenerate PCR primers are
underlined. Databank accession numbers for the
THP sequences YL1-4 are AF010329, AF010330,
AF010331 and AF010332, respectively.
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THP showed thermal hysteresis of 5.3 °C
and its properties were indistinguishable
from the THP in Tenebrio haemolymph. Ice
crystals that formed in the presence of
haemolymph and recombinant protein
were identical (Fig. 3 a,b). This and other

HP isoforms could account for all thermal
hysteresis activity in the insect, because
THP in vitro does not need other factors to
attain values of more than 5 °C.

Like fish AFPs, Tenebrio THP seems to
act by an adsorption—inhibition mechanism,
as ice crystals did not grow until the non-
equilibrium freezing point was exceeded.
Further, the relationship between thermal
hysteresis and THP concentration is hyper-
bolic (Fig. 1) and qualitatively indistinguish-
able from that of fish AFPs’. However, ice
crystals formed in the presence of THPs
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Figure 3 Photomicrographs of ice crystals grown in
the presence of THP or AFP. The c-axis is horizon-
tal in the plane of the page in all cases. a, Dilute
haemolymph. b, Recombinant THP. ¢, Typed fish
AFP. d, Typedll fish AFP.

were unusual in that their surfaces were
curved, whereas crystals generated by fish
AFP types I and III are hexagonal bipyra-
mids with flat, well-defined facets (Fig. 3
c,d), reflecting, in the case of type-I AFP,
affinity for a specific pyramidal plane’.

The maximum observed thermal hys-
teresis value (5.5 °C) is four times that
obtained with fish AFPs’. At low concentra-
tions the activity is up to 100 times that of
fish AFPs, consistent with our observations
that THP is a minor constituent of
haemolymph. Contamination with as little
as 0.1-1% THP could produce activities
comparable to those obtained with fish
AFPs, suggesting that past THP prepara-
tions” may have been impure.

A possible explanation for the hyper-
activity of THP is that the protein has mul-
tiple ice-binding sites and that these sites
either recognize several different features of
ice, or a repeat expressed in several direc-
tions on the ice lattice. These properties
could increase the frequency of THP bind-
ing to ice and might account for the curved
ice crystal surfaces. The fourfold increase in
maximum thermal hysteresis values might
result from closer spacing of THP on the
ice surface''. The exceptional activity of
Tenebrio THP makes it an attractive
reagent for applications requiring freeze
resistance or the control of ice growth and
morphology.
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Role of CED-4 in the
activation of CED-3

Genetic analyses of the nematode Caen-
orhabditis elegans have identified three core
components of the cell-death apparatus'.
CED-3 and CED-4 promote, whereas CED-
9 inhibits cell death. Recent studies indicate
that CED-4 might interact independently
with CED-3 and CED-9, forming the crux
of a multicomponent death complex’. But
except for its role as an adaptor molecule,
little is known about CED-4 function. A
clue came with the observation that muta-
tion of the phosphate-binding loop (P-
loop) of CED-4 disrupts its ability to induce
chromatin condensation in yeast’. Further,
a P-loop mutant of CED-4 (CED-4%'%)
fails to process CED-3 in vivo, both in
insect' and mammalian cells (unpublished).
We now confirm that CED-4 induces CED-
3 activation and subsequent apoptosis, and
that the process requires binding of ATP.

To test whether CED-4 could bind ATP,
we used ATP analogues that label the
nucleotide-binding sites on proteins. One
such analogue is 5'-fluorosulphonyl-
benzoyladenosine (FSBA)™*. The natural
nucleotide ATP (with Mg™), effectively
inhibited FSBA incorporation whereas CTP
(with Mg*") did not (Fig. 1a), showing that
FSBA binds specifically to CED-4. The
photoaffinity ATP analogue 8-azidoadeno-
sine-5’-triphosphate[a—""P] (8N;-ATP) has
also been used to identify ATP-binding pro-
teins”®. As predicted, CED-4 bound 8Nj,-
ATP and this photoaffinity labelling was
attenuated with ATP and MgCl, (Fig. 1b).
Unlike wild-type CED-4, a form of CED-4
(residues 171-549) in which the P-loop
motif was deleted (CED-4APL), failed to
bind the azido analogue (Fig. 1¢).

We next assessed the function of the
CED-4 P-loop, and tested whether CED-4
activates CED-3 in vitro. We prepared
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extracts from 293T cells transfected with
CED-4 or the P-loop mutant CED-4%'*%,
We saw proteolytic processing into active
subunits when extracts containing CED-4
were incubated with in vitro translated *°S-
labelled CED-3, but not when incubated
with the CED-3 active-site mutant, CED-
3mt (Fig. 2a). Extracts generated from the
vector or cells transfected with CED-4'}
also failed to activate CED-3 in vitro (Fig.
2a). When CED-9 or CED-3mt were coex-
pressed with CED-4, CED-4 failed to prote-
olytically activate CED-3 (Fig. 2a).

To rule out the possibility that this phe-
nomenon was due to a possible apoptotic
nature of the CED-4-containing extract, we
depleted CED-4 from the extract using Myc
and histidine affinity tags. When we incu-
bated CED-4-depleted extracts with CED-
3, we found no CED-3 processing (Fig. 2a).

To confirm that CED-4 was responsible
for CED-3 activation, we purified Myc/His
affinity tagged CED-4 from the 293T extract
by Ni** chromatography’. Purified CED-4,
but not CED-41, stimulated CED-3 pro-
cessing in vitro, and again the active-site
mutant CED-3mt was not processed by
CED-4 (Fig. 2b), implicating CED-4 as a
catalyst for CED-3 self-processing.

In addition, a peptide inhibitor of cas-
pases, DEVD aldehyde, abrogated CED-4-
mediated auto-processing of CED-3. When
the prodomain of CED-3 was truncated
(CED-3(99-502)), CED-4 was unable to
catalyse CED-3 processing (Fig. 2b). The
prodomain of CED-3 interacts with CED-4
(ref. 10), and this CED-3 prodomain inter-
action with CED-4 seems to be required for
CED-4-mediated activation of CED-3 pro-
cessing. We also show that the ATP analogue
FSBA blocks CED-4-mediated activation of
CED-3 (Fig. 2¢), confirming the functional
importance of ATP binding in CED-4 activi-
ty as a catalyst for CED-3 self-processing.

We analysed the C. briggsae CED-4
sequence, and searched the non-redundant
database, to find the highest similarity
(after C. elegans CED-4) with the sequence
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Figure 1 CED-4 binds ATP analogues. a, CED-4 binds FSBA, an inhibitor of P-loop-containing ATPases. *S-
labelled CED-4 was incubated with 1 mM FSBA in DMSO in the presence or absence of excess ATP or CTP
(10 mM) and MgCl, (10 mM), then immunoprecipitated with rabbit antiFSBA (Boehringer), followed by
SDS-PAGE. b, CED-4 binds an azido derivative of ATP. Lysates from 293T cells expressing Myc-CED-4 were
incubated with 10 uM (final concentration) 8\;-ATP in the presence or absence of excess ATP (1 mM) and
MgCl, (1 mM). For azido-affinity labelling, samples were irradiated’, and then immunoprecipitated with anti-
Myc antibodies (Boehringer) followed by SDS-PAGE and phosphorimager analysis. Control represents
lysates from vector-transfected cells. ¢, A P-loop deletion mutant of CED-4 fails to bind an azido derivative of
ATP. Samples processed as in b. Expression of CED-4 and CED-4APL was confirmed by immunoblotting.
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