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Abstract The e¡ect of four synthetic analogues of the 37-res-
idue winter £ounder type I antifreeze protein (AFP), which con-
tain four Val, Ala or Ile residues in place of Thr residues at
positions 2, 13, 24 and 37 and two additional salt bridges, on the
binary lipid system prepared from a 1:1 mixture of the highly
unsaturated DGDG and saturated DMPC has been determined
using FTIR spectroscopy. In contrast to the natural protein,
which increases the thermotropic phase transition, the Thr,
Val and Ala analogues decreased the thermotropic phase tran-
sitions of the liposomes by 2.2‡C, 3.4‡C and 2.4‡C, while the Ile
analogue had no e¡ect on the transition. Experiments performed
using perdeuterated DMPC showed that the Ala and Thr pep-
tides interacted preferentially with the DGDG in the lipid mix-
ture, while the Val peptide showed no preference for either lipid.
The results are consistent with interactions involving the hydro-
phobic face of type I AFPs and model bilayers, i.e. the same
face of the protein that is responsible for antifreeze properties.
The di¡erent e¡ects correlate with the helicity of the peptides
and suggest that the solution conformation of the peptides has a
signi¢cant role in determining the e¡ects of the peptides on
thermotropic membrane phase transitions.
3 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

In both pure water and aqueous solutions, ‘antifreeze’ pro-
teins (AFPs) and glycoproteins (AFGPs) prevent the growth
of ice crystals at temperatures below the equilibrium melting
point [1^3]. While several classes of AFPs have been identi-
¢ed, the type I AFPs found in the blood of Alaskan plaice
(Pleuronectes quadritaberulatus) and the sculpin (Myoxocepha-
lus scorpius), in particular the type I AFP from the winter
£ounder (Pleuronectes americanus, TTTT, Table 1), have
been most widely studied (for a review see [2]).
The 37 residue protein TTTT is highly K-helical at 0‡C in

aqueous solution, and in this conformation the four Thr res-
idues at positions 2, 13, 24 and 35 are aligned on one face of
the helix [4]. The low molecular weight of this protein has
allowed production of s 50 synthetic analogues (summarized
in [2]). Structure^activity studies on these analogues have pro-
vided important insights into the roles of speci¢c residues in
the mechanism of inhibition of ice crystal growth [5^10]. Mu-
tation of the Thr residues to Ser, Val, Ala and allo-Thr have
shown that hydrophobic interactions and not hydrogen bond-
ing involving the hydroxyl groups of the Thr residues are the
crucial interactions that result in inhibition of ice growth.
AFPs and AFGPs also stabilize membranes during low

temperature storage. These e¡ects were initially attributed to
an interaction between the proteins and integral membrane
proteins in cells [11,12]. However, AFGPs also prevent leak-
age of a £uorescent dye from model membranes containing
only lipids as they are passed through their thermotropic
phase transition. Hence AFGPs may stabilize lipid bilayer
structure during low temperature stress [13], although inter-
action with integral membrane proteins cannot be ruled out.
In contrast to AFGPs, there have been limited studies on the
interaction of AFPs with membranes. We have previously
shown [14] that TTTT stabilizes model membranes as they
are chilled through their phase transition and that the AFP
alters the order of the acyl chain region without in£uencing
the lipid headgroup region. In addition, the liposomes dis-
rupted the temperature-dependent folding pattern of TTTT
[16]. Although the detailed mechanism is unknown, it was
proposed that, as for the ice growth inhibition properties,
hydrophobic interactions play an important role in the inter-
actions between TTTT and the bilayer [14].
In order to clarify the mechanism by which TTTT interacts

with membranes, this study reports the e¡ect of the synthetic
analogues XXXX2KE (Table 1) on the phase transitions of
model bilayers. The synthetic peptides contain the Thr resi-
dues mutated to Val, Ala and Ile respectively as well as two
additional salt bridges. These sequences were studied in order
to determine whether replacement of the four Thr residues in
TTTT with hydrophobic residues resulted in a change in the
interaction between the peptides and the bilayer. As the ice
growth inhibition properties of these sequences have been
reported previously [7,8,10], the studies with model bilayers
were designed to assess whether the same residues are respon-
sible for both the interaction between the type I AFPs and
lipid bilayers, and the interaction between type I AFPs and
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ice. These results have important implications for the rational
design of synthetic compounds that either stabilize or desta-
bilize bilayers in a predictable manner.

2. Materials and methods

2.1. Lipids and peptides
Dimyristoylphosphatidylcholine (DMPC) and perdeuterated

DMPC (d54 DMPC) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA) and digalactosyldiacylglycerol (DGDG) was
purchased from Lipid Products (Redhill, Surrey, UK). Peptides
XXXX2KE were synthesized and puri¢ed as described previously
[7,8,10]. Peptide concentrations refer to weighed mass, which are
not corrected for peptide content as determined by amino acid anal-
ysis.

2.2. Preparation of liposomes
DGDG:DMPC (1:1, w:w) unilamellar liposomes were extruded in

10 mM TES, 0.1 mM EDTA, and 50 mM NaCl (TEN bu¡er, pH 7.4)
using a Liposofast hand-held extruder (Avestin, Ottawa, Canada) [15]
with 100 nm pore ¢lters (Poretics, Livermore, CA, USA) at a concen-
tration of 20 mg ml31 lipid. To test the e¡ect of the synthetic peptides,
XXXX2KE (20 mg ml31) was added to the DGDG:DMPC (1:1,
w:w) liposomes, in an equal volume after extrusion, as described
above, to give the ¢nal sample. This is referred to in the text as
peptide:lipid (1:1, w:w).

2.3. Fourier transform infrared (FTIR) spectroscopy
Spectra were recorded with a Perkin Elmer Spectrum 2000 FTIR

spectrometer equipped with a liquid nitrogen-cooled mercury/cadmi-
um/telluride (MCT) detector and analyzed with Perkin Elmer Spec-

trum software (Norwalk, CT, USA). The temperature was controlled
with a Peltier device (Paige Instruments, Davis, CA, USA), which
holds the sample between two CaF2 windows. The cooling rate was
2‡C min31 and the sample temperature was measured with a thermo-
couple placed directly on the windows. The sample chamber was
continually £ushed with dry air to keep the relative humidity near
0%. All experiments were performed in duplicate and gave reprodu-
cible results with measured wavenumbersS 0.05 cm31. First deriva-
tives were determined with Peak Fit software, version 4 (Jandel Sci-
enti¢c).

3. Results

3.1. FTIR spectroscopy of lipids
FTIR spectroscopy was used to monitor the e¡ect of the

synthetic peptides XXXX2KE on a binary lipid system pre-
pared from a 1:1 mixture of the highly unsaturated DGDG
and saturated DMPC as they are chilled through their ther-
motropic phase transitions. These two lipids (1:1) were chosen
as they are well mixed in the resultant liposomes and as the
physical stability of this system has been well characterized in
previous studies [16^18]. The lipid phase transition can be
determined by plotting the change in wavenumber (cm31) of
the acyl chain symmetric CH2 stretch (2855^2850 cm31) with
temperature. In the FTIR spectrum of the DGDG:DMPC
(1:1) liposome, the symmetric CH2 stretching vibration moves
to a lower wavenumber as the liposomes are chilled from 23‡C
to 0‡C. The median wavenumber decreases and the peak nar-

Fig. 1. a: The symmetric CH2 stretch frequency of the lipid acyl chains as a function of temperature during cooling in the presence (triangles)
and absence (circles) of TTTT2KE (upper panels) and AAAA2KE (lower panels) in a 1:1 peptide:lipid mixture; numbers indicate the phase
transition temperatures. b: First derivative analysis of the ¢t of the phase transition curves in panel a; solid line represents the liposomes alone
and the dashed line the liposomes in the presence of peptide.
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rows as the liposomes pass through their phase transition
(Tm), centered around 10‡C. This value is usually extracted
from the ¢rst derivative of the phase transitions, where the
di¡erences in Tm and the di¡erences in overall excursion of
the two phase transitions are more apparent.
To assess the e¡ect of the peptides XXXX2KE on the lipid

bilayer, FTIR spectra were recorded on samples containing a
1:1 (w/w) ratio of peptide to lipid. This ratio was chosen
based on previous studies with TTTT, in which the peptide
concentration was varied [14,16]. At lower concentrations of
peptide (1:10 or 1:5 protein:lipid ratios), there was no detect-
able shift in the wavenumber of the CH2 symmetric shift.
Optimal, reproducible changes in the FTIR spectra were ob-
tained using a 1:1 ratio of TTTT:lipid. Hence the same pep-
tide:lipid ratio was used in this study.
In order to determine whether the synthetic analogues were

preferentially interacting with one of the two lipids present in
the lipid bilayers, perdeuterated DMPC (d54 DMPC) was
used to di¡erentiate the phase transitions of each lipid [19]
in the presence of the peptides. The CD2 of the d54DMPC
has a higher mass than the CH2 of the DGDG and, thus, its
IR vibration is shifted to a lower wavenumber than the CH2
of the DGDG. This property allows the simultaneous deter-
mination of the phase behavior of each lipid in a two lipid
system [19]. The Tm of perdeuterated lipids is shifted to a
slightly lower temperature than the non-deuterated equivalent.
In these experiments the asymmetric CD2 stretch of the per-
deuterated lipid was monitored because it gives a clearer sig-
nal in the FTIR spectrum than the symmetric CD2 stretch.

3.2. Measurement of phase transitions
Fig. 1a shows the symmetric CH2 stretch frequency of the

lipid acyl chains in the binary lipid system plotted as a func-
tion of temperature from 30‡C to 35‡C in the presence and
absence of TTTT2KE. The presence of the peptide decreased
the overall CH2 wavenumber and reduced the phase transition

(Tm) of the liposomes from 10.4‡C to 8.2‡C. Fig. 1b shows the
derivative analysis of the ¢t of the Tm curves, which allow the
Tm values and the magnitude of the wavenumber changes to
be seen more clearly. The reduction in the Tm of the liposomes
is the opposite e¡ect of the wild-type AFP, TTTT which in-
creases the Tm of the liposomes by 2.5‡C [14]. In addition,
TTTT2KE a¡ects the Tm in a manner similar to that of cho-
lesterol, in that it decreases £uidity above the Tm and in-
creases £uidity below Tm [20] (Fig. 1b).
Similar experiments were performed with VVVV2KE,

AAAA2KE and IIII2KE. In the case of VVVV2KE, the Tm
of the liposomes was decreased in the presence of the synthetic
analogue by 3.4‡C (data not shown) but VVVV2KE had no
e¡ect on the symmetric CH2 stretching frequency above the
Tm and did not greatly a¡ect the overall wavenumber excur-
sion of the transition. AAAA2KE decreased the Tm of the
DGDG:DMPC liposomes by 2.4‡C (Fig. 1a). This analogue
decreased the overall wavenumber excursion but, similar to
the results with VVVV2KE, it had no e¡ect on the frequency
of the symmetric CH2 stretch above the Tm (Fig. 1b, lower
panels). In contrast, the Ile-substituted analogue, IIII2KE had
no signi¢cant e¡ect on the phase transition of the lipid mix-
ture (data not shown).

3.3. Studies with perdeuterated lipids
Fig. 2 shows the symmetric CH2 stretch of DGDG and the

asymmetric CD2 stretch of d54 DMPC plotted as a function
of temperature in the presence and absence of TTTT. These
curves show that TTTT increased the frequency of the
DGDG symmetric CH2 stretch in the mixture, but decreased
the frequency of the d54 DMPC asymmetric CD2 stretch
above the Tm. However, at 34‡C, the frequency of the CH2
stretching was still above 2852.5 cm31, a wavenumber char-
acteristic of the liquid crystalline phase, suggesting that the
DGDG in this mixture had not completed its phase transition.
In order to determine whether this result indicated that the

Table 1
Polypeptide sequences highlighting mutations of Thr (bold), and additional salt bridges (italicized)

1 2 13 24 35
TTTT D TASDAAAAAAL TAANAKAAAEL TAANAAAAAAA TAR
TTTT2KE D TASDAKAAAEL TAANAKAAAEL TAANAKAAAEA TARCONH2

VVVV2KE D VASDAKAAAEL VAANAKAAAEL VAANAKAAAEA VARCONH2

AAAA2KE D AASDAKAAAEL AAANAKAAAEL AAANAKAAAEA AARCONH2

IIII2KE D IASDAKAAAEL IAANAKAAAEL IAANAKAAAEA IARCONH2

Fig. 2. The symmetric CH2 stretch of DGDG (a) and the asymmetric CD2 stretch of d54 DMPC (b) as a function of temperature during cool-
ing in the presence (triangles), and absence (circles) of TTTT in a 1:1 peptide:lipid mixture.
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two phases were separated, the CH2 and CD2 stretch of each
lipid was monitored separately and these results were com-
pared with those from the lipid mixture. Two phase transi-
tions will result if a two lipid mixture is laterally phase sepa-
rated, and these two transitions will be close to the Tm of each
isolated lipid.
Fig. 3 shows the change in the CH2 stretch of DGDG (Fig.

3a), and the CD2 stretch of d54 DMPC and the CH2 stretch
of DMPC (Fig. 3b) as a function of temperature. In agree-
ment with the reported Tm for DGDG of around 350‡C [21],
the CH2 stretch of isolated DGDG did not change as the
sample was cooled from 30 to 35‡C. In contrast, the CH2
stretch from the DGDG in the lipid mixture decreased by
nearly 1.5 cm31 (Fig. 3a). For comparison, the phase transi-
tions of the isolated DMPC (22‡C) and d54 DMPC (17‡C)
were at higher temperatures than that of the d54 DMPC in
the mixture with DGDG (V6‡C; Fig. 3b). These measure-
ments indicate that the lipids were not completely phase sep-
arated, although it appears that a portion of the DGDG had
phase separated in the mixture since it was still in the liquid
crystalline phase at 34‡C. In order to compare how the two
lipids were acting in the mixture, both transitions were plotted
together. The CH2 and CD2 stretching vibration frequencies
decreased at the same rate until 8‡C, when the rate of change
of the d54 DMPC stretching frequency increased (data not
shown) consistent with similar thermotropic behavior of the
two lipids in the mixture.
When DGDG:d54 DMPC liposomes were prepared in the

presence of VVVV2KE the frequency of both the CH2 and
CD2 stretching vibration decreased, indicating that the pep-
tide decreased the phase transition temperature of both lipids
(Fig. 4). This is in agreement with the results from the non-
deuterated lipid mixture, in which VVVV2KE decreased the
Tm of the overall mixture (Fig. 1) and show that the synthetic

peptide had no preference for one lipid over the other. The
liposomes were a¡ected in a slightly di¡erent manner by
AAAA2KE and TTTT2KE. The DGDG CH2 stretching fre-
quency increased in the presence of AAAA2KE, consistent
with a decrease in overall Tm ; however, there was no e¡ect
on the CD2 stretching frequency of the d54 DMPC (Fig. 4).
Similarly, TTTT2KE increased the DGDG CH2 stretching
frequency, but did not a¡ect the d54 DMPC CD2 phase be-
havior (data not shown). This indicates a preference by
AAAAKE and TTTT2KE for the DGDG in this lipid mix-
ture.

4. Discussion

In this study FTIR spectroscopy has been used to study the
interaction of four synthetic analogues of the type I AFP from
the winter £ounder with model membrane systems. This tech-
nique is a highly sensitive probe for monitoring how proteins
a¡ect lipid bilayers as they pass through their thermotropic
phase transitions. The study of the interactions between AFPs
and AFGPs and membranes is of signi¢cant interest due to
the potential applications of these compounds as cryoprotec-
tants and ice growth inhibitors in agriculture, biotechnology,
medicine and the frozen food industry [22^24] where protein/
membrane interactions have been implicated, but are not
understood at the molecular level.
Table 2 summarizes structural and ice growth inhibition

data as well as the e¡ect of the four synthetic analogues
XXXX2KE on the phase behavior of 1:1 DGDG:DMPC
liposomes. In contrast to the wild-type AFP, TTTT which
increases the Tm of the liposomes, three of the analogues
decreased the Tm of the liposomes. The di¡erent results ob-
tained with TTTT and TTTT2KE show that the two addi-
tional salt bridges have a signi¢cant e¡ect. Fig. 5 shows a

Fig. 3. Comparison of the phase behavior of DGDG and d54 DMPC as single components (open circles) or in the 1:1 lipid mixture (closed
circles) as a function of temperature. CH2 stretch of DGDG (a), CD2 stretch of d54 DMPC and the CH2 stretch of DMPC (b); closed trian-
gles represent the phase behavior of isolated DMPC.

Table 2
Summary of solution conformation data, ice growth inhibition properties and e¡ect on thermotropic membrane phase transitions of polypeptide
sequences

Polypeptide vTm Preferential interaction with DGDG Helicity % (22‡C) Helicity % (0‡C) Hysteresis % (2 mM)

TTTT +2.5 no [31] 50 [27] 100 [27] 100 [32]
TTTT2KE 32.2 yes 94 [8] 100 [8] 100 [7]
VVVV2KE 33.4 no 70 [7] 100 [7] 100 [7]
AAAA2KE 32.4 yes 90 [8] 100 [8] 17 [7]
IIII2KE 0 not determined 80 [10] 100 [10] 0 [10]
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computer generated image of the synthetic analogues
XXXX2KE highlighting the two additional salt bridges (Lys
7, Glu 11; Lys 29, Glu 33) on the face opposite to that con-
taining the four residues labeled X [25]. These salt bridges
stabilize the helical conformation of TTTT2KE at room tem-
perature [26] (Table 1) and also change the biphasic folding
pattern of TTTT [27] to a linear dependence of K-helical con-

tent with temperature for TTTT2KE [25]. These changes in
helicity and folding dynamics do not a¡ect the thermal hys-
teresis properties, which are measured below 0‡C where all
peptides are 100% helical, but may be signi¢cant in the studies
with membranes as each of the synthetic analogues is intro-
duced to the liposome solution at room temperature. In addi-
tion, the two salt bridges replace four Ala residues on the face

Fig. 4. Graphs showing the e¡ect of peptides on acyl chain mobility of lipids in the DGDG:d54 DMPC liposomes. The symmetric CH2 stretch
of the DGDG (a) and the asymmetric CD2 stretch of d54 DMPC (b) as a function of temperature in the presence (triangles) and absence
(circles) of VVVV2KE (upper panels) and AAAA2KE (lower panels) in a 1:1 peptide:lipid mixture.

Fig. 5. Computer-generated image of XXXX2KE in an K-helical conformation highlighting the additional salt bridges and the alignment of the
four X residues on one face of the helix.
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of the helix opposite to the X residues (Fig. 5) and hence this
face is more hydrophilic in TTTT2KE than in TTTT. Both
the overall solution conformation, and the hydrophilic nature
of the inserted salt bridges may contribute to the di¡erent
e¡ects on Tm shown by these two peptides.
All of the synthetic analogues are signi¢cantly more struc-

tured at room temperature compared with TTTT. The struc-
tural £exibility of TTTT may be an important requirement for
increasing Tm and stabilizing membranes against phase tran-
sition-induced leakage. This hypothesis is based on recent
studies that have shown that the presence of membranes
strongly inhibits the folding of TTTT [16]. In the presence
of DGDG:DMPC liposomes, TTTT was less than 60%
K-helical at 3‡C, compared with 80% K-helical in the absence
of membranes [16]. Since the synthetic analogues are more
highly structured at room temperature before chilling com-
mences, the peptides are almost certainly completely K-helical
before they interact with the liposomes, and thus may lack the
structural £exibility required to stabilize the membranes.
Thus, the increased order of analogues TTTT2KE,
VVVV2KE and AAAA2KE may be a key factor that could
lead to the destabilization of the membranes that is more
typical of the e¡ects of other K-helical peptides on membranes
[28^30]. Alternatively, the modi¢ed hydrophilic character of
one face of the helix may in£uence the relative orientation and
interaction of the synthetic peptides compared with the wild-
type TTTT and lead to a decrease in Tm and, possibly, defects
in the membrane.
The small, but reproducible di¡erences in the Tm induced

by the synthetic analogues (Table 2) are consistent with either
a di¡erent partitioning coe⁄cient for each of the peptides, or
insertion of each peptide into the membrane to a di¡erent
depth. We propose that the interactions between the proteins
and the membranes occur through the hydrophobic face of
the K-helix. Substitution of Thr for Val increases the hydro-
phobicity of one face of the helix (see Fig. 5) and also in-
creases the e¡ect of the protein on Tm. Substitution of the
hydrophilic hydroxyl group of Thr by a hydrogen atom in
Ala does not signi¢cantly change the e¡ect on Tm, consistent
with the fact that this modi¢cation would not change the
hydrophobicity of the protein surface signi¢cantly. In the
case of the Ile analogue, where the Thr hydroxyl group is
replaced by a hydrophobic ethyl group, it is likely that the
more bulky side-chain interferes with protein^membrane in-
teraction and thereby abolishes the e¡ect on Tm. This behav-
ior of the four synthetic analogues parallels the ice growth
inhibition properties of these compounds, which we have
also proposed is directly related to the hydrophobic face of
the helix being oriented towards the ice at the ice/water inter-
face [2,8].
VVVV2KE had no preference for either lipid when the Tm

of DGDG:d54 DMPC liposomes was determined (Fig. 4),
while AAAA2KE and TTTT2KE preferentially a¡ected the
DGDG in this mixture. The interaction of TTTT with mem-
branes depends critically on the presence of the highly unsat-
urated DGDG in the membrane [16]. It is unlikely that the
interaction is with the DGDG headgroup, since binding is
abolished after hydrogenation of this lipid [16]. It is therefore
likely that the preferential interactions of AAAA2KE and
TTTT2KE with DGDG are also mediated through the highly
unsaturated fatty acyl chains and not through the headgroups.
The di¡erent behavior of VVVV2KE is more di⁄cult to ex-

plain but possibly arises due to the fact that this analogue is
su⁄ciently hydrophobic to interact also with the saturated
fatty acyl chains of DMPC. Clearly, small changes in the
overall size and hydrophobicity of the mutations at positions
2, 13, 24 and 35 lead to signi¢cant di¡erences in the e¡ects
those peptides have on the physical behavior and the stability
of membranes.
In conclusion, the results of this study support the hypoth-

esis that the interaction between type I AFPs and model bi-
layers involves the hydrophobic face of the protein. This is the
same hydrophobic face that is oriented towards the ice at the
ice/water interface and confers the ‘antifreeze’ properties on
these compounds. Introduction of bulky side-chains on the
hydrophobic face impedes interaction with the bilayer. The
results are consistent with the overall conformation of the
peptide playing a signi¢cant role in the lipid phase transition
properties, although the increased hydrophilic character of
one face of the helix may also be important. Further studies
on analogues that lack the additional salt bridges, but retain a
hydrophobic face containing sterically non-demanding muta-
tions, including those that have been reported in analogues
that retain antifreeze activity, are required to establish the
structural requirements for membrane stabilization by syn-
thetic AFPs.
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