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Antifreeze proteins modify the growth of ice crystals. We present a
rational approach towards the design of short peptide analogues
of the 8.7 kDa disulfide-bridged B-helical hyperactive insect anti-
freeze protein. Our synthetic peptides bind and modify the shape
of ice crystals, and show enhanced antifreeze activity with the ad-
dition of citrate.

Antifreeze proteins (AFPs) are naturally produced by various
organisms such as polar fish, terrestrial arthropods, plants and
insects.' AFPs inhibit and change the normal growth patterns
of ice crystals, restricting their size, morphology and
preventing ice recrystallization.® Ice recrystallization inhibition
is important in cryopreservation and AFPs possess this ability
at relatively low concentrations, thus making them valuable for
use in frozen foods and other cryopreservation applications.*
De novo designed AFPs, glycopeptides and other synthetic
polymers with ice recrystallization ability have been
reported.>” Inspired by natural AFPs, researchers have also
succeeded in generating tunable onset of ice recrystallization
inhibition in proteins and peptides with apparently no
sequence homology to natural AFPs.®

Insect AFPs have been reported to exhibit hyperactive anti-
freeze activity.>® The larvae of the beetle Dendroides canadensis
produce a family of AFPs (DcAFP) with molecular mass ~8.7
kDa in various isoforms with varying activity.>'® DcAFP con-
sists of 6 or 7 repetitive disulfide linked 12- or 13-mer coils
each having the conserved sequence (TCTxSxxCxxAx).'" A total
of 16 cysteine residues located every 6 residues apart remain
internally disulfide bonded forming 8 bridges."> These disul-
fide bridges impose significant constraints on secondary struc-
tural features, positioning the hydrophilic side-chains for ice-
binding.'> On the conserved side of the DcAFP, two precisely
arranged parallel rows of threonine-cysteine-threonine (T-C-
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T) motifs are aligned to form a flat B-sheet along the protein
chain (Scheme 1)."* This array of threonine residues form the
ice-binding site of the AFP.">” Recombinantly expressed
DcAFP proteins have been studied to assess their ice-
structuring patterns and potential for use in mammalian cell
cryopreservation.'® However, their large size and complex na-
ture (e.g. presence of multiple disulfides), make their commer-
cial potential harder to achieve. The development of shorter
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Scheme 1 Outline of our approach towards DcAFP antifreeze
peptides.’** Sequence minimized analogues were designed and
synthesized based on the DcAFP with either disulfide or lactam bonds
as the intra-coil bridges. DcAFP structure reprinted with permission
from ref. 13. Copyright 2009 American Chemical Society.
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analogues of DcAFPs that retain the function of the natural
protein thus holds promise not only for basic structure-func-
tion studies but also from a commercial perspective for several
cryopreservation applications.

In the present communication, our focus was to explore,
through rational design, whether synthetic peptides signifi-
cantly shorter than the DcAFP protein amenable through
chemical synthesis will retain the ice crystal modification be-
haviour of the native protein. A 13 amino acid conserved se-
quence (CTRSTNCYKAKTA) based on the natural Dendroides
Canadensis hyperactive AFP forms the basis of our synthetic
peptides and consists of two cysteine residues that form the
stabilizing disulfides found across the B-sheets in the natural
protein.’* The designed sequences include alanine, threonine,
serine and arginine, residues that are known to be important
for the antifreeze activity of B-helical AFPs,'® as well as critical
for the enhancing ability of DcAFP for its interaction with the
small molecule enhancers."’ Using solid phase peptide synthe-
sis we generated tailor made analogues (DCR13, DCR26 and
DCR39) of the DcAFP protein of varying sequence lengths (13,
26 or 39 residues). Two further analogues replacing all
disulfide-bridges of the 26- and 39-mer peptides to lactam-
bridges (DCR26 cyclic and DCR39 cyclic) were also synthesized
and investigated. The linear precursors of the lactam-bridged
peptides were synthesized by substituting alternate cysteines
to lysines and aspartic acids with alloc and allyl side-chain
protecting groups following a modified literature procedure
(Scheme S1) (ESIf).*® HPLC profiles of the cleaved peptides
showed one major peak for each peptide, which was identified
as the desired lactam-bridged version via high resolution ESI-
MS (Fig. S21). This methodology enabled the introduction of
multiple intra-coil lactam bridges in the synthetic analogues
to mimic the intra-coil disulfide bridges of the natural DcAFP
in an efficient manner. The lactam-bridged peptides have su-
perior product yields, purity and stability. NMR spectra (ESI)
of the lactam-bridged peptides showed sharper peaks (Fig. S6
& S9t) whist DCR26 and DCR39 resonances were broad.

The melting point of pure water (control) is equal to its
freezing point. An ice crystal of pure water will either melt or
grow at any given temperature. With pure water, a slight drop
of temperature below the freezing point induced crystals
growing evenly in all directions in a circular form (without
faceting) until the whole sample was frozen (Fig. 1a & 4c). As
expected, a solution of 0.01 M of DCR13 did not show any
faceting (Fig. 1b) and is in agreement with literature findings
where sequence length has been reported to be important for
antifreeze activity.”">> Previous studies on the beetle.

a

Fig. 1 Ice crystal morphology observed in (a) H,O, 0.01 M of (b)
DCR13, (c) DCR26, (d) DCR39, (e) DCR26 cyclic, and (f) DCR39 cyclic.
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Fig. 2 Binding of citrate with the guanidine groups of arginine in
DcAFP analogues.*

T. molitor AFP (TmAFP) with seven coils reported a reduc-
tion in thermal hysteresis (TH) by three quarters when one of
the coils was removed. A five coil analogue with two of the
coils removed from the original protein resulted in complete
loss of antifreeze activity.”> However, our synthetic peptides,
DCR26 with only two B-helical coils and DCR39 with three
coils, as well as their lactam bridged analogues produced ice
crystals that resemble a flat disk or the shape of a rice grain
similar to those produced by snow fleas protein®® (Fig. 1c-f).
The shapes of these ice crystals are clearly distinct from and
never observed with pure water, confirming the ability of
these peptides to bind to ice and promote ice shaping. No-
ticeably these ice crystals are also distinctly different to those
produced by the native DcAFP, which forms small lemon-
shaped ice crystals with high TH value.'”>**® The ability of
the native protein to bind to both prism and basal planes of
ice, because of its large surface area resulting from the sev-
eral coils, is the key factor that contributes to its hyperactiv-
ity. The significant size reduction of our peptides will un-
doubtedly influence their ability to bind to both prism and
basal planes. This is reflected as the absence of measureable
TH and lack of extreme ice crystal shaping by the peptides.

Considering the above, we investigated the effects of the
addition of small molecules to the activity of the peptides.
Certain proteins and small molecules are known to enhance
the activity of native AFPs."***° These enhancers are believed
to bind to the AFPs to form larger protein complexes (Fig. 2),
thereby increasing their TH activities by blocking larger sur-
face areas of ice. Evans et al®® and Amornwittawat et al.”®
identified that increase in antifreeze activity is proportional to
the size of the enhancer. Trisodium citrate was reported as
one of the strong enhancers of antifreeze activity in terms of

a

Fig. 3 Ice crystal morphology of 0.01 M peptides with 1 M citrate, (a)
no peptide control, TH = 0 °C, (b) DCR26, TH = 0.17 °C (+£0.02 °C), (c)
DCR39, TH = 0.32 °C (+0.04 °C), (d) DCR26 cyclic, TH = 0.15 °C
(£0.02 °C), (e) DCR39 cyclic, TH = 0.37 °C (+0.03 °C), and (f) DCR39 S,
TH = 0.04 °C (+0.01°C). N = 5.
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Fig. 4 Antifreeze activity shown in (a) 0.01 M DCR39 and (b) 0.01 M
DCR39 with 1 M citrate, compared to (c) H,O and (d) citrate.
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both TH and ice crystal growth modification.*® Citrate also
causes the highest increase in the TH of insect AFPs.*®

The addition of citrate noticeably increased the activity of
the DCR analogues (DCR26, DCR39, DCR26 cyclic and DCR39
cyclic), not only promoting extreme crystal shaping resembling
the very small ice crystals produced by the native DcAFP pro-
tein, but also creating a significant increase in TH (Fig. 3b-e &
4b). This observation is very surprising, as based on literature
reports, such small peptide constructs should have no TH ac-
tivity, and likely no ice shaping.*> No changes were observed
with the control (Fig. 3a & 4d) and the shortest peptide ana-
logue DCR13 (Fig. S1at) upon addition of citrate.

These results show that with the help of a small molecule
enhancer, a rather “non-functional” peptide in terms of negli-
gible TH can be induced to be “functional” with noticeable
TH. The enhancement effects can be explained by the fact
that citrate induces a “salt-out” effect on the AFPs, disrupting
the water structure, and evoking a solubility-induced shift in
the distribution pattern of the AFP. Additionally, citrate can
bind to the AFP to form a large complex (Fig. 2), thereby in-
creasing the adsorption of the AFP onto the ice surface.'**"
Citrate clearly enhances the ice crystal growth modification
activity of the DCR analogues. Additionally, the lactam-
bridged peptides showed comparable TH and ice crystal
growth modification ability to their corresponding disulfide
counterparts (Fig. 3b-e), which underlines the fact that it is
not necessary that the intra-coil bridging be accomplished
via disulfide bonds to retain the antifreeze property of the
DcAFP peptides. The implications of this finding are signifi-
cant because it opens up the possibility of producing short,
robust, non-cysteine analogues of the hyperactive disulfide
rich AFPs for use as cryoprotectants in various fields.'®**

We further demonstrate that, even though disulfide bridg-
ing is not crucial, an intra-coil bridging of some sort is abso-
lutely essential for antifreeze activity in the DCR family. Lin-
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ear versions of the 26 and 39-mer peptides were synthesized
by substituting the cysteines with alanines as well as a ver-
sion of the 39-mer peptide with the cysteines in the reduced
and alkylated forms. The reduced and alkylated peptide ana-
logue of DCR39 after HPLC purification was found to exist
predominantly in the form of 4 out of 6 cysteines alkylated
and the remaining 2 in the reduced form as confirmed by
MALDI-TOF mass spectrometry. Complete loss of antifreeze
activity was observed in both DCR26 A and DCR39 A where
circular plates were observed (Fig. S1b & ct) without any TH.
The reduced and alkylated form of DCR39 also showed lack
of ability for ice crystal modification leading to ice crystals as
circular plates (Fig. S1df) and no TH. This can be due to the
removal of disulfide bridges that potentially causes the loss
of secondary structure of the peptides, which can detrimen-
tally affect ice-binding. These observations, prove that intra-
coil bridging is crucial for antifreeze activity in these pep-
tides. As shown in Scheme 1, the intra-coil bridges likely
function to ensure the appropriate alignment of the hydroxyl
side-chains of the threonine and serine residues, thereby pro-
viding the necessary lattice match and hydrogen bonding be-
tween the AFPs and ice.'""*'*

We have also investigated the relative importance of threo-
nine residues for the antifreeze activity of the AFPs. Two
DCR39 analogues were synthesized where all the threonines
were substituted to either serines (DCR39 S) or valines (DCR39
V) to determine the relative importance of hydroxyl and methyl
groups for ice-binding activity in the DCR family. Fig. 5 sum-
marizes the difference between the side-chains of the
substituted amino acids and the potential effect of these sub-
stitutions on interactions with ice. DCR39 V showed no detect-
able TH and faceting (Fig. S1eft), indicating no interaction with
ice. The lack of activity of DCR39 V, indicates that the loss of
the hydroxyl groups would make the peptide less able to secure
its anchored-clathrate waters by hydrogen bond. The methyl
groups alone are insufficient for ice-binding; thus this shows
the importance of the hydroxyl groups of the threonines in
modifying ice growth in the DCR peptides.*> DCR39 S gave a
very small crystal with measureable TH, upon adding citrate
(Fig. 3f). However, the TH of DCR39 S (0.04 °C) was compara-
tively lower than DCR39 (0.32 °C).

Thr Val Ser

Fig. 5 Representation of the side-chains of threonine, valine and ser-
ine aligned to the prism face of ice. (carbon, grey; oxygen, red; nitro-
gen, blue). Threonine interacts with the hydrophobic ice site (dark
area) with its methyl group and hydrogen bonds to the anchored-
clathrate waters with its hydroxyl group. Valine and serine side-chains
can participate in only one of these two possible interactions.
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Given the several cysteines in the DcAFP peptide analogues,
these peptides likely exist as a mixture of differently folded
structures that complicate the analyses because of the lack of
sufficient control on disulfide bond formation.'>** Also, reduc-
tion by enzymes such as disulfide isomerases can lead to struc-
tural rearrangement and loss of activity, making their potential
for in vivo applications less feasible.>> We made use of a simple
synthetic route to replace the disulfide bonds in the DcAFP
peptide family with lactam bridges resulting in peptides with
isopeptide bonds.*® Such a study has not been undertaken in
the literature. Lactam bridged DcAFP peptides, unlike their
disulfide counterparts are more robust and will be stable to
enzymatic and chemical disulfide reductants. The identifica-
tion of short hyperactive AFPs that retain the ice crystal modifi-
cation ability of the native DcAFP protein, but are resistant to
redox conditions will be beneficial for use in cryopreservation
applications and will also help to elucidate the importance of
sequence length and intra-coil bridges for ice-binding.

In conclusion, this study reports the first ever observation
of ice crystal growth modification in short truncated synthetic
DcAFP peptide analogues with only two and three coils, on
their own, which gets enhanced with the addition of citrate. Al-
though the TH activity of these AFPs is significantly lower than
those of the native protein even at the much higher molar con-
centration, the ice shaping properties they demonstrate are of
more importance for future applications of these peptides as
cryoprotectants in various fields. The relatively easy synthesis
of these peptides and the enhancing effects on antifreeze activ-
ity seen upon addition of citrate are also very promising from
a cryoprotectant application point of view. Results from citrate
addition proves that the overall antifreeze activity is not deter-
mined solely by the presence of AFPs themselves but poten-
tially influenced by other synergistic agents. The addition of
enhancers such as citrate can potentiate the antifreeze activity
exhibited by the AFPs and broaden their spectrum of applica-
tions. Our results also indicate that the intra-coil disulfides
present in the original protein can be replaced with the more
stable lactam bridges without loss of ice-binding activity. The
truncated lactam bridged AFPs reported here have the addi-
tional advantage of being stable to redox conditions. These
synthetic peptides are readily accessible through solid phase
peptide synthesis. Our investigations also prove that while the
threonine residues are important for the observed ice crystal
modification effects in the peptide, the hydroxyl groups of the
threonines play more important roles than the methyl groups.
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