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ABSTRACT

A new strategy is presented for the design
and synthesis of peptides that exhibit
ice-binding and antifreeze activity. A
pennant-type dendrimer polypeptide
scaffold combining an a-helical backbone
with four short f-strand branches was
synthesized in solid phase using Fmoc
chemistry in a divergent approach. The
51-residue dendrimer was characterized
by reverse phase high performance liquid
chromatography, mass spectrometry and
circular dichroism. Each -strand branch
contained three overlapping TXT amino
acid repeats, an ice-binding motif found
in the ice-binding face of the spruce
budworm (Choristoneura fumiferana)

and beetle (Tenebrio molitor) antifreeze
proteins. Ice crystals in the presence of
the polypeptide monomer displayed flat,
hexagonal plate morphology, similar to
that produced by weakly active antifreeze
proteins. An oxidized dimeric form of the
dendrimer polypeptide also produced flat
hexagonal ice crystals and was capable
of inhibiting ice crystal growth upon
temperature reduction, a phenomenon
termed thermal hysteresis, a defining
property of antifreeze proteins. Linkage
of the pennant-type dendrimer to a tri-
functional cascade-type polypeptide
produced a trimeric macromolecule that
gave flat hexagonal ice crystals with
higher thermal hysteresis activity than
the dimer or monomer and an ice crystal
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burst pattern similar to that produced
by samples containing insect antifreeze
proteins. This macromolecule was also
capable of inhibiting ice recrystallization.

Keywords: Antifreeze protein, den-
drimer, synthetic polypeptide, thermal
hysteresis, ice recrystallization inhibition

RESUMEN

Una nueva estrategia se presenta para el
disefio y sintesis de péptidos que se unen
al hielo y evidencian actividad anticon-
gelante. Un polipéptido dendrimero del
tipo banderin, que combina en su es-
tructura un nucleo a-hélice con cuatro
ramificaciones cortas de hojas f3, se sin-
tetiz6 en fase sélida utilizando la quimica
Fmoc con una estrategia divergente. El
dendrimero de 51 residuos se caracterizo
por cromatografia liquida de alta resolu-
cion, espectrometria de masas y dicrofs-
mo circular. Cada ramificacién de hoja 3
contiene tres repeticiones de los motivos
de aminodcidos TXT sobrelapados, un
motivo de unién al hielo presente en la
cara de unién de las proteinas anticon-
gelantes del gusano de brotes de abeto
(Choristoneura fumiferana) y en el es-
carabajo (Tenebrio molitor). Los crista-
les de hielo en presencia del polipéptido
monomérico presentan una morfologia
hexagonal plana, similar a la producida
por las proteinas anticongelantes con una
débil actividad. Un dimero oxidado del
polipéptido también produce cristales
de hielo hexagonales planos que fueron
capaces de inhibir el crecimiento de los
cristales de hielo a medida que se dismi-
nuia la temperatura, un fendmeno cono-
cido como histéresis térmica, esto es, una
propiedad que define las proteinas anti-
congelantes. La vinculacion del dendri-
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mero tipo banderin a un polipéptido tipo
cascada trifuncional produjo una macro-
molécula trimérica que generd cristales
de hielo hexagonales planos con una ma-
yor actividad de histéresis térmica que
los dimeros y los monémeros y un patrén
de estallido del cristal de hielo muy si-
milar al producido por las muestras que
contienen proteinas anticongelantes de
insectos. Estas moléculas ademds fueron
capaces de inhibir la recristianizacién del
hielo.

Palabras clave: proteina anticonge-
lante, dendrimero, polipéptido sintético,
histéresis térmica, inhibicion de la recris-
tianizacion del hielo.

RESUMO

Uma nova estratégia ¢ apresentada para
o desenho e sintese de peptideos que se
unem ao gelo e apresentam atividade an-
ticongelante. Um polipeptideo dendrime-
ro do tipo pennant que combina em sua
estrutura um nucleo a-hélice com quatro
ramifica¢des curtas de folhas [ foi sinte-
tizado em fase sdlida utilizando a quimi-
ca Fmoc com uma estratégia divergente.
O dendrimero de 51 residuos foi caracte-
rizado por cromatografia liquida de alta
resolucdo, espectrometria de massas e
dicroismo circular. Cada ramifica¢do de
folha 3 contém trés repeticdes dos mo-
tivos de aminodcidos TXT sobrepostos,
um motivo de unido ao gelo presente na
cara de unido das proteinas anticongelan-
tes do verme de Choristoneura fumifera-
na e no escaravelho (Tenebrio molitor).
Os cristais de gelo, em presenga do po-
lipeptideo monomérico, apresentam uma
morfologia hexagonal plana, similar a
produzida pelas proteinas anticongelan-
tes com uma atividade fraca. Um dimero
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oxidado do polipeptideo também produz
cristais de gelo hexagonais planos e fo-
ram capazes de inibir o crescimento dos
cristais de gelo a medida que a tempera-
tura diminuia, um fendmeno conhecido
como histerese térmica una propriedade
que define as proteinas anticongelantes.
A vinculagdo do dendrimero tipo pen-
nant a um polipeptideo tipo cascata tri-
funcional produziu uma macromolécula
trimérica que gerou cristais de gelo hexa-
gonais planos com uma maior atividade
de histerese térmica que os dimeros e os
mondémeros e um padrdo de estouro do
cristal de gelo muito similar ao produzi-
do pelas amostras que contém proteinas
anticongelantes de insetos. Estas mo-
léculas, alids, foram capazes de inibir a
recristalizacdo do gelo.

Palavras-chave: proteina anticonge-
lante, dendrimero, polipeptideo sintético,
histerese térmica, inibi¢do da recristali-
zacdo do gelo.

INTRODUCTION

Dendrimers are a group of branched
macromolecular compounds with varied
physicochemical properties, composi-
tion, molecular weight and structures
that are finding use in several fields of re-
search (1, 2). Depending on the distribu-
tion of branches, dendrimers can be clas-
sified as cascade, pennant or radial-types
(3, 4). In general, dendrimers consist
of three parts: a central core, branching
units and functional groups at the ends
of the branches. Peptide dendrimers that
are synthesized without a core and that
grow in one direction are usually termed
dendrons (1, 2, 5), but this distinction is
not made here.

The synthesis of dendrimer polypep-
tides allows for the generation of mul-
tivalent macromolecules (with several
copies of a functionally active sequence
of interest) that are able to create mul-
tiple bonds or simultaneous interactions
with receptor molecules thereby increas-
ing the affinity and specificity of the in-
teraction. Synthesis of such multivalent
macromolecules can be carried out by ei-
ther a direct approach (a divergent strat-
egy) using consecutive peptide synthesis
steps in solid phase or by an indirect ap-
proach using condensation methods (a
convergent strategy) (6, 7). Lysine is the
amino acid most commonly used to pro-
duce branching points in dendrimers due
to the presence of two spatially separated
reactive amino groups (-NH,) within the
same molecule.

Depending on the type of protection
group chemistry employed on the a- and
€-amino groups there are two possibili-
ties for dendrimer synthesis. When the
two amino groups are protected by the
same protecting group, a parallel addi-
tion of the same branch and/or functional
group ensues upon deprotection at both
amino groups to produce two similar
arms. If the a- and e-amino groups are
protected by different groups, different
deprotection methods are used so that
each amino group can couple with dif-
ferent branches/functional groups in a
selective way at specific times during the
synthesis of the dendrimer (2, 6).

The field of dendron and dendrimer
synthesis and their applications has be-
come increasingly important in recent
years. Cascade-type dendrimers, includ-
ing the generation of multiple antigenic
peptides (MAP) (1), have been widely
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studied and several potential biotechno-
logical and medical applications have
been proposed (8-11). To date, there have
been few reports of synthetic pennant-
type dendrimers except for de novo pro-
tein synthesis using the concept of tem-
plate-assembled synthetic proteins (7,
12-15). Generally, pennant-type peptides
have a backbone sequence that has regu-
larly spaced lysine residues from which
the molecules that form the branches are
synthesized or bonded (3, 16).

Many proteins show multiple, si-
multaneous interactions with their bio-
logical targets through the presence of
several short binding motifs that result
in a higher affinity interaction, a phe-
nomenon termed avidity. The antifreeze
proteins (AFP) of spruce budworm
(CfAFP) and Tenebrio molitor (TmAFP)
use an array of threonines on one face
of a highly ordered, disulfide-bond sta-
bilized, 3-helix to bind to the surface
of ice crystals and inhibit their growth
through an adsorption-inhibition mech-
anism (17). The threonine residues on
the ice-binding face of the AFP form
two rows that closely match the spacing
of water molecules on the primary prism
plane and basal plane of an ice crystal
(18-23). The X residue in the TXT re-
peat is an amino acid in a short [3-strand
that points into the core of the protein. It
is flanked by two threonine side chains
pointing out of the short 3-strand. Most
isoforms of the insect AFPs have five
or six TXT motifs. The presence of ad-
ditional TXT motifs, either in naturally
occurring longer isoforms (23) or those
that have been recombinantly engi-
neered (24) correlates with higher anti-
freeze activity.
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Using CfAFP and TmAFP for
guidance, a pennant-type dendrimeric
polypeptide was designed and synthesized
as shown in Figures 1 and 2. The peptide
has an a-helical backbone that contains
four lysine residues as branching points.
These branching points were distributed
so that they would be arrayed on one side
of the a-helical backbone, see Figure 1b.
Each branching point was modified with
apeptide containing TXT repeats creating
a scaffold of four TXTXTXT sequences,
mimicking and extending the ice-binding
face of CfAFP and 7TmAFP. The pennant-
type dendrimer also contains a C-terminal
cysteine residue that upon oxidation can
form a disulfide bond with a second
dendrimer allowing for the formation of
a dendrimer dimer with eight TXTXTXT
motifs, see Figure 2b. The oxidation of
the dendrimer monomer in the presence
of a short cascade-type dendrimer that
has three terminal cysteine residues has
the potential to make a trimeric dendrimer
macromolecule formed around a cascade-
type hub. This polymer would contain
twelve TXTXTXT repeats, see Figure 2b.
These TXT branches may adopt 3-strand
secondary structure similar to insect AFP
TXT motifs and the glycine residues
linking them to the backbone were built
in to allow for branch flexibility and their
optimal arrangement on the surface of an
ice crystal.

The pennant-type dendrimer and its
polymers displayed ice-binding prop-
erties, ice crystal morphology and ice
crystal burst pattern akin to CfAFP and
TmAFP. Thermal hysteresis activity and
ice-recrystalization inhibition activity
have also been demonstrated for the oxi-
dized dimer and trimer forms of the den-
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drimer illustrating that it is possible to
synthesize pennant-type dendrimers with
antifreeze protein-like activity.

MATERIALS AND METHODS

Peptide synthesis

The pennant-type polypeptides were
manually synthesized in a divergent
strategy, on a solid support of Novasyn
TGR resin (100 mg), using Novabio-
chem (USA) Na —~Fmoc-L- amino acids,
Merck analytical solvents and good man-
ufacture practice norms. For the coupling
reactions, and depending on the grade of
difficulty, three protocols of coupling
cycles were used with the following
combinations of activators and catalysts:
1) No-Fmoc-L- amino acids/ N,N’-
dicyclohexylcarbodiimide (DCC)/ N-
Hydroxybenzotriazole (HOBt); in 1:1:1
ratio in Dimethylformamide (DMF), 2)
No—Fmoc-L- amino acids/ 2-(1H-benz-
otriazole-1-yl)-1,1,3,3-tetramethyluroni-
um tetrafluoroborate (TBTU)/ HOBt/
N,N-diisopropylethylamine ~ (DIPEA);
in (1:1:1:2.5) ratio, in N-methyl-2-pyr-
rolidine (NMP), 3) No—Fmoc-L- amino
acids/ benzotriazole-1-yl-N-oxy-tris-
pyrrolidino-phosphonium  hexafluoro-
phosphate (PyBOP)/ HOBt/ DIPEA in
(1:1:1:2.5) ratio, in DMF-NMP (1:1).
The a-amino Fmoc protecting group was
removed using 25 % piperidine in DMF,
and the deprotection and the coupling
reaction were monitored using the Kai-
ser test (25). A four-fold excess of amino
acid with respect to the level of resin sub-
stitution were used with coupling times
between 2 and 4 h. A kaiser’s test is then
performed to confirm that complete cou-
pling has occurred on all the free amines

on the resin. Once the synthesis ended,
the peptide was cleaved from the resin
and the protecting groups from the side
chains by treatment with trifluoroace-
tic acid (TFA), triisopropylsilane (TIS),
water and ethanedithiol in a 93:2:2.5:2.5
ratio for 4 h at room temperature. The
cleaved peptide was precipitated with
ice-cold diethyl ether, extracted with 5 %
acetic acid and lyophilized. The peptide
was analyzed by RP-HPLC on a Lichro-
CART RP-18 (Merck) C-18 column (125
X 5 mm) using a linear gradient of 0-70
% acetonitrile (0.05 % TFA) in water
(0.05 % TFA) over 45 min at a flow rate
of 1 mL/ min with UV detection at 210
nm. The molecular weight of the pep-
tides was determined by MALDI-TOF
(Autoflex, Bruker) mass spectrometry,
using a-cyano-4-hydroxy-cinnamic acid
(CCA) as the matrix.

Acetylation of the amino groups

The amino group that did not react dur-
ing the coupling (i.e. the N-terminal ami-
no group of K') was blocked by means
of two treatments with acetic anhydride,
pyridine and DMF in a 1:1:1 ratio for 30
min, followed by Kaiser’s test for com-
pletion of the reaction. Subsequently,
backbone peptide synthesis continued
until complete. The Fmoc group of the
terminal amino residue was removed
with 25 % piperidine in DMF, after
which the amino group was acetylated to
block its reactivity during addition of the
branches.

Branch Preparation

Diprotected N(a), N(¢) lysine residues
were used as branching points. Protection
of these four backbone lysine residues
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(K4, K®, K!, K) was achieved by
addition of Novabiochem No-Fmoc-L-
Lys(ivDde)-OH (26). Once the synthesis
of the backbone was complete and the
N-terminus of the peptide was acetylated,
the protecting group 1-(44-dimethyl-
2,6-dioxocyclohex-1-ylidene)-ethyl
(ivDde) was removed from the side
chain by three treatments with 2 %
hydrazine in DMF for 5 min, followed
by Kaiser’s test to confirm deprotection.
A coupling cycle with Noa—Fmoc-L-
amino acids/ TBTU/ HOBt/ DIPEA at a
1:1:1:2.5 ratio in NMP was carried out
to couple the first residue to each branch
point. A kaiser’s test is then performed
to confirm that complete coupling has
occurred on all the free amines on the
resin. The subsequent amino acids along
the branches were coupled according
to the protocols of synthesis previously
described (1, 2 and 3). The sequence of
the complete monomeric pennant-type
dendrimer was:

(TLTTTITG), AcKAAKKTAKAAKAT
AKEAKC.

Cascade polypeptide synthesis

For the cascade type peptide synthesis,
Novabiochem No-Fmoc-L-Lys(Fmoc)-
OH was added to protect the a- and
€-amino groups of the lysine residues
using 25 % piperidine in DMF, followed
by Kaiser’s test. The subsequent
coupling steps were carried out in the
usual manner, followed by Kaiser’s test.
The sequence of the complete cascade-
type dendrimer was (CKIKL),KLKIKC.

Peptide oxidation

Cysteine residues were incorporated at
the amino terminus and/or carboxy ter-
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minus of the polypeptides to allow for
the formation of disulfide-bonded dimers
and larger macromolecules via oxidation
of the peptides (Figure 2). The peptides
were dissolved in deionized water; the
pH was adjusted to 7.5 with ammonium
bicarbonate (0.1 M), and the peptides
were subjected to oxidative conditions
using a constant oxygen flow for 48 h.
The pennant-type peptide was dissolved
at 4 mg/mL to form the dimer. For the
preparation of the polymeric macromole-
cule a ratio 1:3 of the cascade-type poly-
peptide with respect to the pennant-type
polypeptide was used.

Secondary structure analysis

Predictions of the secondary structure
based on the antifreeze peptide primary
sequence were determined using the al-
gorithms GOR1, GOR3, MLRC and
PHD (27).

Circular dichroism (CD) studies

CD spectra were collected using a JAS-
CO J810 (Jasco, Easton, MD) spectropo-
larimeter equipped with a thermostatic
NESLAB RTE7 water bath using a 1 cm
path length quartz cell. Analyses were
performed using a 5 uM concentration
of peptide in 30 % trifluoroethanol TFE/
water mixture. The spectra between 190
nm and 260 nm were recorded at -1.5 and
18 °C with a band width of 0.2 nm and a
scanning speed of 10 nm/min. The CD
data are expressed as mean residue Mo-
lar ellipticity [0], (deg cm? dmol') and
are the average of three datasets.

Thermal hysteresis assay

Thermal hysteresis is defined as the dif-
ference between the melting point and
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the non-equilibrium freezing point of a
solution measured in centigrade degrees
(C°). The thermal hysteresis activity of
the polypeptides was measured as de-
scribed by Chakrabartty and Hew (28),
using a nanolitre osmometer (Clifton
Technical Physics, Hartford, NY). All
samples were buffered in 0.1 M am-
monium bicarbonate (NH,HCO,), 9 %
v/v acetic acid and 2 % v/v acetonitrile.
The freezing point is determined when
the growth of the crystal is equal to or
greater than 2 pm/s. Digital images and
movies of each sample’s ice crystal mor-
phology and ice crystal burst were re-
corded on a Nikon Coolpix 4500 digital
camera mounted on a Leitz Dialux 22
microscope at 320 x magnification. The
assays were carried out in triplicate un-
der identical conditions: the reported val-
ues are the average of the three separate
samples. Thermal hysteresis activity was
determined using a nanolitre osmometer
with a cooling rate of 40 mOsm/min
(1000 mOsm = 1.86 °C). Buffer controls
and positive controls using recombinant
CfAFP (0.075 mg/mL) were also col-
lected. The thermal hysteresis activity at
various pH values was also determined.
The sample pH was adjusted using ace-
tic acid at a concentration of dendrimer
polypeptide of 10 mg/mL.

Recrystallization inhibition assay

For this assay the improved method of
recrystallization inhibition in capillaries
was used (29). Samples of the dendrimer
polymer (10 mg/mL) were placed inside
10 wl glass micro-capillaries (51 mm long
and 1 mm diameter) in addition to buffer
samples (same buffer as TH assays) and
CfAFP positive controls (0.075 mg/mL).
The tubes were sealed with vacuum

grease, aligned and held with clamps.
The samples were rapidly cooled in 40
% ethylene glycol at -25 °C for 15 min.
Frozen samples were then placed in a
jacketed container filled with -25 °C
40 % ethylene glycol and were slowly
warmed to -6 °C using a programmable
temperature controlled circulating water
bath. The crystal size was followed for 18
h using a microscope, illuminated from
below fitted with cross-polarizing filters.

RESULTS

Peptide design

A 51-residue (19 + 4 x 8) non-mimetic
peptide was synthesized that combines
an a-helix backbone with four B-strand
branches based on the TXT ice-binding
motif of CfAFP and TmAFP. Amino
acids with a high propensity to form
a-helices (Ala, Lys, Glu) were chosen
for the backbone sequence (30-31). To
compensate for the loss of charge on the
branching lysine residues (K*, K8, K,
K") and the hydrophobic branching se-
quences, charged residues like K!, K5,
K™ and E'® were incorporated to improve
the solubility of the polypeptide. The res-
idues K5 and E' were introduced to en-
courage formation an inter-o-helical salt
bridge between two separate antiparallel
polypeptides. Of the 15 TXT motifs pres-
ent in several CfAFP isoforms (22), TIT,
TTT and TLT were selected because the
X amino acids (I, T and L) have a high
intrinsic propensity to form and stabilize
[-strands. Diagrams summarizing the de-
sign, synthesis and predicted secondary
structure of the polypeptide design are
shown in Figures 1 and 2. Various sec-
ondary structure prediction algorithms
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were used including GOR 1 with an ac-
curacy of correct residue assignment be-
tween 55 and 63% (32), GOR 3 with ac-
curacy between 63 and 69% (33), HNNC
(34), MLRC (35) and PHD, an artificial
neuronal network, with 74% accuracy
(36). The consensus secondary structure
prediction results are shown in Figure 1b.
A helical wheel structure representation
of the backbone sequence is also present-
ed in Figure 1b highlighting the position

of the amino acids and the orientation of
the branching lysine residues.

Peptide synthesis

A conventional approach of successive
synthetic steps was used for the prepara-
tion of the dendrimeric polypeptides; this
involved the progressive addition of Na-
Fmoc protected amino acids to a depro-
tected No-amino acid belonging to the

a Ac-Lys-Ala-Ala-Lys-Lys-Thr-Ala-Lys-Ala-Ala-Lys-Ala-Thr-Ala-Lys- Glu-Ala-Lys-Cys- O
Gly Gly Gly Gly
1 1 1 1
Thr Thr Thr Thr
1 I I I
lle lle lle lle
1 I 1 1
Thr Thr Thr Thr
1 | 1 I
Thr Thr Thr Thr
1 1 1 1
Thr Thr Thr Thr
1 | 1 I
Leu Leu Leu Leu
1 1 1 1
Thr Thr Thr Thr
b
Backbone sequence
KAAKKTAKAAKATAKEAKC
GOR1 hhhhhhhhhhhhhhhhhhh
GOR3 hhhhhhhhhhhhhhhhhhh
HNNC ccchhhhhhhhhhhhhhee
MLRC cchhhhhhhhhhhhcececee
PHD chhhhhhhhhhhhhhhhhe

SecCons chhhhhhhhhhhhhhhhhe

Branching sequence

GTITTTLT
GOR1 eeeeeeee
GOR3 ceeeeeee
HNNC cceeeccc
MLRC ceeeeeec
PHD cceeeecc
SecCons ceeeeeec

Figure 1. Design, structural prediction and synthesis of the pennant-type dendrimer polypeptide.
a. Amino acid sequence and placement of the 4 branching points at K*, K& K!!', K'*, Ac represents
the acetylation of the a-amino group. b. Prediction of the secondary structure using the algorithms
GOR1,GOR3,HNNC, MLRC, PHD (32-36) for the backbone as well as the branches and helical
wheel representation of the backbone. Key = h (alpha helix structure), e (extended strand struc-

ture) and ¢ (random coil).
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growing peptide sequence anchored to a
solid support. The use of a Na-, Ne- di-
protected L-Lysine residue with specific
protective groups (No—Fmoc and Ne-
ivDde) allowed for the addition of branch
peptides at specific points (K4, K&, K,
K"®) (3-4, 37). Using the methods of di-
vergent solid-phase synthesis and Fmoc
chemistry the peptides were obtained as
summarized in Figure 2a. As the struc-
tural complexity of the peptide grew dur-
ing its preparation some difficulties were
encountered. One of them was incom-

ivDde ivDde
FmOC—!(AAK!(I'AKAAKATA‘(EAI.(C—. —>
tBoc tBoc_I ’ tBoc
ivDde  ivDde
= 34 3 =
¢ 9§ @
Ac-KAAKKTAKAAKATAKEAKC
b N
T-L-T-T-T-I-T-G-
T-L-T-T-T-I-T-G- N

T-L-T-T-T-+-T-G-
T-L-T-T-T-I-T-G-

Monomer

Cleavage
N

T-L-T-T-T-I-T-G
T-L-T-T-T-I-T-G-|
SH T-L-T-T-T-I-T-G.
T-L-T-T-T-I-T-G-
S-S

Oxidized Dimer

G-T-I-T-T-T-L-T

plete removal of the No-Fmoc group of
the amino acids during extension of the
branches. For this purpose the percent of
piperidine was increased to 40 % with
the addition of 1 % of Triton X-100 in
DMF. Due to the hydrophobic character
of the branches there were some difficul-
ties completing the coupling. These were
eased by using different coupling cycles
(see the Experimental Methods section)
together with incubation at between 40
and 50 'C. In addition, the use of ultra-
sonic vibration and the addition of 1 %

Deprotection Fmoc group and acetilation
Deprotection ivDde group

NH, NH,NH, NH,

Ac-KAAKKTAKAAKATAKEAKC—@)
tBoc tBoc tBoc

<«

Branch synthesis
Deprotection tBoc

=DLILLL
=DLILLITL
—DLILLL

=
-
?

<—  Ac-KAAKKTAKAAKATAKEAKC—@)

tBoc tBoc tBoc

N N
T-L-T-T-T-4-T- T4 T-T-T-L-T
T-L-T-T-T--T-G-| G-T--T-T-T-L-T
T-L-T-T-T-4-T- G-T-+-T-T-T-L-T
T-L-T-T-T-4-T- G-T-+-T-T-T-L-T
T

G-T--T-T-T-L-T

Oxidized
: Polymer
- Ted-T-T-T-L-T

G-T-1-T-T-T-L-T

G-T--T-T-T-L-T

G-T--T-T-T-L-T

G-T--T-T-T-L-T

G-T-4-T-T-T-L-T

Figure 2. a. Schematic representation of the peptide synthesis. The backbone of the polypeptide
was successively synthesized on TGR resin, then the Fmoc protecting group of K' was removed
and the free amide group was acetylated. The €-amino ivDde protective groups of K*, K& K!" and
K" residues were then removed so synthesis of the branches could begin. Upon completion of
branch synthesis the branch C-terminal amide groups were removed in addition to the remaining
backbone amino acids’ protective groups. The polypeptide was cleaved from the resin by treat-
ment with TFA/TIS/EDT/H,0O. The steps requiring most attention were the deprotection of the K*,
K8, K" and K" residues and the later coupling of the first residue of each branch. b. Schematic
representation of the monomer, oxidized dendrimer dimer and oxidized polymer comprised of
three pennant-type monomers and a cascade-type dendrimer hub.
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Triton X-100 allowed for a better pre-  tide in an organic solvent for the analy-
sentation of the carboxylic group of the  sis. For chromatography, a mixture of the
amino acid in the peptide and better ac-  TFA/ acetonitrile (ACN) was used; for
cessibility during the time of coupling,  CD, the addition of TFE was adequate;
due to the unfolding of the peptide chain.  for thermal hysteresis assays a mixture of

acetic acid and ACN was used, followed

The gomplete 51-residue dendrimer by drop by drop addition of ammonium
polypeptide (TLTTTITG),AcKAAKKT  icarbonate (0.1 M, pH 7.9).

AKAAKATAKEAKC, was character-
ized using MALDI TOF mass spectrom-
etry and RP HPLC as shown in Figures
3a and 3b. The chromatography profile ~ The CD spectra generated for the pen-
shows a peak with a retention time of  nant-type dendrimer peptide are consis-
24 .48 min in a linear gradient of 0-70 %  tent with a combination of secondary
acetonitrile (0.05 % TFA) in water (0.05 structures derived mainly from o-helix
% TFA). The mass measured by MALDI ~ and f-strands with a small fraction of
TOF mass spectrometry agreed with that ~ random coil, as shown in Figure 4. The
calculated (5123 Da) for this Ala-and  characteristic a-helix CD spectrum has a
Thr-rich sequence. The cascade-type  maximum at 190 nm (;-7t* transitions),
dendrimer linker (CKIKL),KLKIKC is  and two minima, one at 208 nm (7-7t*
a 16-residue peptide with a character-  transitions), the other at 222 nm (n-7t*
ized mass of 1904 Da and a retention  transitions). In the spectrum obtained
time of 22.8 min (Figure 3c and 3d). As  at 18 °C the minima for the dendrimer
a result of the hydrophobic character of  polypeptide are at 205 and 220 nm and
the polypeptide, aqueous solubility of the  the 205 nm band shows a slightly higher
pennant-type dendrimer was quite low. It intensity than the band at 220 nm, which

CD spectra

was necessary to first dissolve the pep-  is in agreement with previous findings
a C
— e
£l b aas - d 580
c
g g 1903.74
g =
5123.84 1000
1000
A s e

500
500

I .

4 L
3000 4000 5000 6000 M/z 1500 2000 2500 M/2

Figure 3. Characterization of the dendrimeric peptides that were synthesized. a. Mass spectrum
by MALDI TOF and b. RP-HPLC profile of the pennant-type antifreeze polypeptide (TLTT-
TITG), AcCKAAKKTAKAAKATAKEAKC. ¢. Mass spectrum MALDI TOF and d. RP-HPLC
profile of the cascade-type polypeptide (CKIKL),KLKIKC where K represents the branching
lysine point and Ac the acetylated lysine a-amino group.
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for proteins that show a transition from a
random coil to a combination of a-helix
and p-strand (38).

Two additional spectra were taken at
5 and -1 °C, see Figure 4, to determine
the behavior of the polypeptide structure
at the low temperatures required for its
function of ice binding. An increase in
the intensity of the maxima at 190 nm
together with a displacement of the nega-
tive minimum at 207 nm for 5 °C and
at 208 nm at -1 °C, are observed. These
results confirm the presence of a-helical
structural elements in higher proportion
and less (-strands character at low tem-
peratures, which is in agreement with the
secondary structure predictions and with

previous studies on structured peptides,
using various solvents (39, 40). In aque-
ous solution, hydrophobic peptides tend
to be insoluble and organic solvents are
required to dissolve them. An aqueous
solution of 30 % trifluoroethanol TFE/
water allowed the dissolution of the
dendrimer polypeptide and subsequent
analysis to determine the folding of the
peptide. At this concentration of TFE,
stabilization of peptides with a clear
tendency to form secondary structures
occurs (41-43). Figure 4 also shows the
CD spectrum of the antifreeze peptide
for the oxidized polymer (comprised
of three pennant-type and one cascade-
type dendrimers). It shows a decrease in
a-helical tendency and a greater pres-

-1°C

- === 50C
18°C
Polymer 18°C

Mol. Ellip. x 10-¢

Wavelength (A) [nm]

Figure 4. Circular dichroism spectra of the pennant-type synthetic polypeptide (50 xM) in 30%
TEE, as a function of temperature. The continuous red line, the dashed green line, and the dash-
dot-dash orange line represent data collected at -1°C, 5°C, and 18 °C, respectively (all at pH
4). The continuous blue line corresponds to the pennant-type polypeptide dimer formed after
oxidation of the pennant-type monomer with the cascade-type dendrimer. Each spectrum is the

smoothed average of three data sets.
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ence of (3-strands when compared with
the spectrum of the pennant-type den-
drimer at the same temperature. This is
possibly due to the nature of the cascade-
type dendrimer or the multiple [-strand
branches present in the oxidized polymer
compared to a monomeric pennant-type
dendrimer.

Ice-binding and thermal hysteresis
activity

To determine the dendrimer’s ability to
interact with an ice crystal surface it was
necessary to use an organic solvent that
in aqueous solution dissolved the pep-
tide and did not interfere with ice-crystal
morphology or thermal hysteresis activ-
ity (data not shown). A solution of acetic
acid (9 %) and ACN (2 %) in 100 mM
ammonium bicarbonate was selected as
it did not alter ice-crystal morphology in
a buffer control sample, see Figure 5. All
TH activity readings were carried out in
this buffer.

The ice crystal morphology pro-
duced by the pennant-type polypeptide
as a monomer compared to solvent alone
and a solution of CfAFP isoform 501 is
presented in Figure 5a. The solvent cho-
sen produced a flat circular ice-crystal
that increased in size upon cooling and
decreased in size upon warming, as ex-
pected. The CfAFP sample produced
a characteristic hexagonal-shaped ice-
crystal due to AFP binding to the primary
prism and basal planes of ice. Generally,
when an ice crystal forms in the presence
of CfAFP, it floats with its c-axis vertical
but sometimes lies down as it lengthens
along the c-axis. The crystal holds its
shape and size while the temperature is
decreased up to the crystal ‘burst’ point,
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see below. The ice crystal in the pres-
ence of the dendrimer polypeptide has
flat hexagonal character suggesting bind-
ing of the polypeptide to specific planes
of the ice-crystal. The ice crystal shape
holds for over 30 minutes, which is not
seen for solvent samples alone, suggest-
ing that the polypeptide is binding to and
stabilizing the ice crystal.

Thermal hysteresis activity is a
property of antifreeze proteins and is
described as the difference between the
melting point and the non-equilibrium
freezing point of a sample. This differ-
ence emerges in the presence of an anti-
freeze protein via binding of the protein
to an ice crystal surface, thereby prevent-
ing more ice from forming on the seed
crystal. When the cooling of a sample
overcomes the adsorption inhibition ef-
fect of an AFP it can no longer protect the
crystal and rapid ice growth or a “burst”
is observed. The difference in the melt-
ing point and non-equilibrium freezing
point is expressed in milliOsmoles (1000
mOsm = 1.86 oC) and is dependent on
AFP concentration.

The monomeric dendrimer was able
to bind to and stabilize an ice crystal
but did not have any thermal hysteresis
activity. The oxidized dendrimer dimer
did show weak thermal hysteresis activ-
ity (0.09 C° at a concentration of 10 mg/
ml.). The most active polypeptide was
the oxidized polymer of three pennant-
type dendrimers bound to one cascade-
type dendrimer. A plot of thermal hyster-
esis activity as a function of polypeptide
concentration is shown for the oxidized
polymer of the dendrimer in Figure 5a.
The polymer showed a maximum ther-
mal hysteresis activity of around 185
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mOsm or 0.34 C° at a concentration of
15 mg/ml. The influence of the pH on
the thermal hysteresis of the peptide was
analyzed. A plot of thermal hysteresis
activity vs. pH for the oxidized polymer
at 10 mg/mL is presented as an insert in
Figure 5a.

Examples of the ‘bursts’ produced
by solvent alone, the oxidized dendrimer
polymer and CfAFP isoform 501 are
displayed in Figure 5b. The gradual cir-
cular growth of a circular ice crystal is
observed for the solvent control illustrat-
ing that the acetic acid and ACN added

04

0.35

0.3 1 Peptide
0.25

Thermal Hysteresis (C ©)
o
N

0 25 5

Peptide Concentration [mg/ml]

75 10 125 15

Solvent

%)

Polymer

Figure 5. Effect of the dendrimer peptide on ice crystal morphology and growth. a. Thermal hys-
teresis activity as a function of dendrimer concentration. Inserts: lower right plot of pH Vs TH (10
mg/mL polymer); upper left morphology of the crystal without peptide, with peptide (10 mg/mL)
and with CfAFP isoform 501 (0.075 mg/mL). b. Ice crystal growth in solvent and a comparison
of the ice crystal ‘burst’ in the presence of the synthetic polymeric antifreeze peptide (10 mg/mL)
or CfAFP isoform 501 (0.075 mg/mL). The white dotted lines indicate the extent and shape of the
ice front after the rapid growth that characterizes the end of thermal hystereis.
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to the buffer to dissolve the peptides do
not alter typical ice crystal morphology.
The oxidized polymer burst resembles a
flower as the crystal bursts out from the
six a-axes of the ice crystal. This burst is
very similar to that observed for a sample
of CfAFP which also shows a hexagonal
flower-like burst (44-45). This burst pat-
tern is a characteristic of insect AFPs
and those that bind to both the prism and
basal planes of ice crystals (45). Not sur-
prisingly, the oxidized dendrimer dimer
and oxidized dendrimer polymer showed
ice recrystallization inhibition activ-
ity at concentrations of 10 mg/mL (data
not shown). Positive controls containing
CfAFP isoform 501 produced similar re-
sults. Recrystallization inhibition is an-
other classical activity of ice-binding and
antifreeze proteins whereby ice crystals
in a flash frozen sample normally reor-
ganize from multiple small crystals to
fewer larger crystals as the sample ap-
proaches its melting point (46).

DISCUSSION

Here we show the design, synthesis
and characterization of a pennant-type
dendrimer polypeptide with functional
branches based on the spruce budworm
(Choristoneura fumiferana) and beetle
(Tenebrio molitor) antifreeze proteins. A
divergent, solid-phase, Fmoc chemistry-
based synthetic strategy was employed
to produce a pennant-type polypeptide
composed of a backbone a-helix with
four branching lysine residues. Short
arms containing multiple repeats of a
TXT motif from the ice-binding face of
CfAFP were synthesized at each branch-
ing point resulting in an array of potential
ice-binding motifs protruding from one
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face of the a-helical backbone. These
TXT arrays are presumably capable of
forming multiple, simultaneous, interac-
tions with a nascent ice crystal surface,
consistent with morphological changes
in the growing ice crystal that produced
a flat hexagonal shape, similar to the
crystal morphology produced by native
insect AFPs (45).

Glycine residues were inserted at the
beginning of each branch sequence to
promote independent mobility of each
branch and allow them to reorganize at
the water-ice interface so that a good
spatial distribution of the TXTXTXT
motifs could be obtained. This was
designed to improve the interaction
between the threonine residues and the
surface of the growing ice crystal. The
ice binding face of CfAFP is constituted
of TXT motifs forming two parallel
rows of threonine residues with spacing
closely matching that of the basal plane
and the prism planes of hexagonal ice
crystals (19). The spacing between
threonines in neighbouring TXT motifs
makes an ideal match to the 4.5 A
distance between oxygen atoms along the
a-axis in both the prism and basal planes
of ice. At right angles to this repeat, the
distance between threonines in the TXT
motifs makes an ideal match to the 7.35
A spacing of oxygen atoms on the prism
plane. There is also a reasonable match to
the 7.8 A spacing of oxygen atoms on the
basal plane. The pennant-type dendrimer
polypeptide branches can mimic the
7.35 A prism plane spacing and 7.8 A
basal plane spacing. In addition, the
longer TXTXTXT repeats allow for an
increased match to the prism plane via
multiplication of the 7.35 A spacing.
The distance between branching point
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Lys a-C residues varies between 6 - 6.5
A for K*—K® and K" — K'* and is around
4.8 -~ 50 A for K® — K''. This does not
quite match the 4.5 A spacing in insect
AFPs between Thr side-chains in the
two linear arrays. However, the glycine
residues at each branch point do allow
for significant flexibility in the branches,
so there could possibly be a match to
the 4.5 A prism plane spacing of water
molecules in ice (or a multiple thereof)
between two or more of the TXTXTXT
repeats.

The synthetic polypeptide was indeed
able to interact with ice crystals and alter
their morphology in a similar manner to
insect AFPs. A hexagonal shaped crys-
tal was produced that is akin to the ice
crystal morphology produced by solu-
tions containing CfAFP more so than that
produced by TmAFP. The TmAFP ice-
binding motif is also comprised of TXT
repeats but these are arrayed on a disul-
fide bonded right-handed B-helix rather
than a left-handed P-helix, although the
spacing between threonine side-chains is
very similar in both structures (47). The
lack of a close 4.5 A distance mimic did
not prevent the monomeric pennant-type
dendrimer polypeptide from binding to
ice and altering its morphology, presum-
ably through interactions at the prism
and basal planes.

The monomeric dendrimer was not
able to prevent the growth of an ice crys-
tal as the temperature was decreased
i.e. it did not possess thermal hysteresis
activity. Oxidation of the monomer to
form a disulfide bonded dimer with eight
TXTXTXT branches produced a poly-
peptide that could bind to and inhibit
the growth of ice crystals. The activity

achieved was low compared to a native
AFP (0.09 C°at 10 mg/mL). Further poly-
merization of the monomeric dendrimer
with a trifunctional cascade dendrimer
by oxidation produced a disulfide bonded
trimer containing twelve TXTXTXT re-
peats with much higher thermal hyster-
esis activity than the dimer. A maximum
activity of 0.34 C° at 10 mg/mL was re-
corded, again well below that expected
for a native insect AFP but remarkable
for a synthetic polypeptide. The big jump
(four-fold) in thermal hysteresis activity
on going from eight to twelve repeats is
reminiscent of what is seen with insect
AFPs when the number of TXT motifs
is increased slightly. There is a four-fold
increase in activity on going from five to
six ice-binding coils in 7mAFP and a fur-
ther two-fold increase on going from six
to eight ice-binding coils (24). A two coil
expansion in CfAFP produced a three-
fold increase in thermal hysteresis activ-
ity (23).

The optimum thermal hysteresis ac-
tivity of the polymer was seen at a pH
of 4.2. This result may be related to the
structural stability of the peptide when
the pH is acidic. This statement is sup-
ported by previous studies (48-49) that
demonstrate some o-helical peptides
show greater structural stability at acidic
pH. This behavior has been attributed to
negatively charged residues in o-helical
sequences stabilizing the structure.

This polymer was also capable of
inhibiting ice recrystallization at a con-
centration of 10 mg/mL. Although the
concentration at which an end point was
given was not determined it is safe to
assume this would be much higher than
that obtained for 7TmAFP and CfAFP.
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Despite a complex design process, a
divergent approach to solid-phase chemi-
cal synthesis produced a pennant-type
dendrimer polypeptide with the expected
molecular weight and secondary struc-
tural elements that are in agreement with
theoretical predictions. Difficulties with
some coupling and deprotection steps re-
duced the overall yield to 40% but this
is quite respectable over so many cou-
plings. The chosen strategy did allow for
the synthesis of a complicated branched
dendrimer that when oxidized or polym-
erized with a trifunctional cascade den-
drimer showed thermal hysteresis and ice
recrystallization inhibition activity akin
to that of the native AFP (CfAFP) that in-
spired the sequence of the branches. This
approach based on dendrimer polypep-
tides highlights new possibilities for the
design and generation of synthetic mol-
ecules with antifreeze activity that may
have not only research value but also in-
dustrial and biomedical applications.
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