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Polar and northern fishes are able to survive in cold seawater
down to a freezing point of-1.9 °C by synthesizing antifreeze
proteins (AFPs).1 These proteins depress the freezing points of their
aqueous solutions, but do not affect the corresponding melting
points (thermal hysteresis).2 This property was attributed to the
binding of AFPs to specific ice surfaces. The HPLC6 isoform of
type I AFPs purified from the serum of winter flounder3 contains
three 11-amino acid repeat units (TA2NA7) and additional N- and
C-terminal capping sequences.4 Its crystal structure shows a com-
plete R-helical conformation with only an exception for the last
peptide unit.5 The equivalent groups within adjacent repeat units
are separated by a distance of 16.5(0.5 Å. An ice-etching experi-
ment6 and a crystal morphology study7 showed a strong structural
match between the AFP’s repeat units and the periodicity in ice
oxygen repeat distance in the ice-binding planes5,8,9 although the
nature of the affinity between the ice surfaces and the AFP mole-
cules has not been completely understood.6,10 It was thought that
the binding of AFPs to ice surfaces causes the growing ice fronts
to advance in spaces between the AFP molecules leading to local
surface curvatures. This physical change makes it energetically less
favorable for water molecules to join the ice lattice, resulting in a
local freezing-point depression. This mechanism was referred to
as the Kelvin effect.11,12 As was hypothesized,6 the Kelvin-effect
interpretation actually implies that AFPs essentially bind to ice
surfaces in an irreversible manner, since desorption of AFPs would
allow supercooled water to join the ice lattice instantly. However,
thus far, no direct experimental evidence has been found to demon-
strate whether the binding of AFPs to ice surfaces is reversible or
irreversible. To elucidate this, we applied a newly developed MQ
Filtering-spin exchange NMR experiment13 to directly observe the
molecular exchange of HPLC6 peptides between the ice surfaces
and the liquid solution.

ND4DCO3 deuterated aqueous solutions of HPLC6 peptides were
prepared for the NMR experiments.14 A sample of these provided
a two-phase system consisting of an ice phase in equilibrium with
an electrolyte liquid phase containing the HPLC6 peptides at the
experimental temperature of-1.0 °C. In the NMR experiment,
proton NMR signals of the HPLC6 peptides adsorbed on deuterated
ice surfaces were first labeled by MQ coherences due to the1H-
1H dipolar interactions. Then, with the elapse of molecular exchange
time, desorption of the peptides from the ice surfaces to the aqueous
solution was traced by observing the growth of the liquid-phase
peptide signals with the MQ coherence label. Figure 1 shows the
experimental result by using a double-quantum filtered spectrum
for a sample of 1.0 mg/mL HPLC6 peptides, where the molecular
exchange times are given along with the corresponding NMR
spectra. A spectrum with 1 ms exchange time shows the signal, a

typically broad line, of the HPLC6 peptides adsorbed on ice
surfaces. With 50 ms exchange time, a narrower component
consisting of the superposition of a number of proton peaks in the
center of the broad spectrum appeared. This component came from
the desorbed HPLC6 peptides from the ice surfaces into the aqueous
solution. With longer molecular exchange times, the liquid-phase
signals of the HPLC6 peptides increased monotonically, indicating
increased amounts of desorbed peptides into the solution. The
spectra show molecular exchange of the peptides between the ice
surfaces and the aqueous solution because the amount of peptides
desorbed into the solution is equal to that of peptides adsorbed on
the ice surfaces after the adsorption/desorption process reached
equilibrium observed by the unchanged 1D proton NMR spectrum
with time. This exchange phenomenon was also observed for several
other samples with different HPLC6 concentrations from 0.1 to
5.0 mg/mL although their exchange rates are different. The observed
molecular exchanges clearly show that the binding of HPLC6
peptides to the ice surfaces is reversible.

Figure 2 shows the fractions of the signal intensities of the
HPLC6 peptides desorbed into the aqueous solution to the total
HPLC6 signals versus molecular exchange time. A fraction was
calculated by comparing the area under the line shape of the
adsorbed peptides and the total area of a spectrum. Theoretical
analysis of the Langmuir theory for monolayer adsorption15 resulted
in the concentration of the desorbed AFP into the liquid phase as
a function of exchange time as:

where [AFP]E denotes the equilibrium concentration of the peptides
in the liquid phase,t represents the exchange time, and
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Figure 1. NMR spectra of HPLC6 peptide exchange between the ice
surfaces and the aqueous solution.

[AFP(t)] ) [AFP]E(1 - exp[-kt]) (1)
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wheren0 represents the amount of original MQ coherence labeled
peptides on the ice surfaces,nE represents the amount of equilibrium
peptides labeled by the MQ coherence desorbed in the solution,
nA0 denote the original amount of peptides in the liquid phase,V
andSare the total volume of the liquid phase and the total available
protein-binding sites on the ice surfaces, respectively, andk+ and
k- represent the adsorption and desorption rate constants, respec-
tively. Equation 1 was used to fit the experimental signal fractions.
The best theoretical fitting curve is shown as the solid line in Figure
2, which gives the equilibrium fraction to be 0.50( 0.04 andk )
4.70 ( 0.04 s-1. k+ and k- have not been determined in this
communication since a proper method to measureSandV was not
found. The fine agreement between the experimental data and the
theoretical curve shows that the reversible binding of HPLC6
peptides to the ice surfaces obeys the model of monolayer adsorp-
tion. This indicates that direct interactions between HPLC6 peptides
and the binding sites on the ice surfaces are the driving force for
the binding of the AFP to ice surfaces, and, furthermore, the inter-
peptide interactions on ice surfaces6,16should not exist.15 The latter
was also concluded from an earlier antifreeze activity study.17 Our
experimental observation supports earlier research where reversible
Langmuir adsorption was used to explain the concentration depen-
dence of the thermal hysteresis of antifreeze glycoproteins.18

The reversible ice-surface binding of the AFP suggests that the
Kelvin effect is not suitable for explaining the antifreeze mechanism.
It was speculated that the binding of AFPs to ice surfaces is perhaps
reversible, but the consequence of the reversible ice-surface binding
is to allow the Kelvin effect for freezing point depression to manifest
itself.19 We think that it is not likely for a reversible binding of
AFPs to ice surfaces to maintain local surface curvatures, since
desorption of AFPs would allow the supercooled water to join the
ice lattice instantly. On the basis of the experimental facts that
specific ice surfaces possess affinities to AFPs, and AFPs bind to
ice surfaces in a reversible manner, we propose that a concentration
gradient of AFP from an ice surface to the solution exists, which
results in a dense solution layer of AFP to be in contact with the
ice surface. This dense layer of AFP is able to depress the local
freezing point through the colligative property15 by reducing the
chemical potential of the local liquid water. Consequently, a lower
temperature has to be reached before equilibrium between the seed-
ice crystals and the liquid layers is achieved. When the local
equilibrium has been reached, the rest of the solution not in close
contact with the ice surfaces is in a supercooled condition. We
expect that an AFP that has a stronger attractive interaction with
ice surfaces will be more efficient for local freezing point depression
due to the induced higher concentration layer of AFP in contact
with the specific ice surfaces.

The thermal hysteresis property of AFPs2 and AFP molecules
incorporated into ice crystals observed in the ice-etching experi-
ment6 was seen as indirect evidence to support the Kelvin-effect
explanation. However, the antifreeze mechanism proposed here is
capable of explaining these two phenomena as well. Once a seed-
ice crystal appears in an AFP solution, AFP molecules begin to be
adsorbed reversibly on its specific ice surfaces and to form
concentration gradient layers between the ice surfaces and the
supercooled water. Therefore, the growth of the seed-ice crystal
on the unadsorbed surfaces generates a crystal with a characteristic
shape determined by the adsorption surfaces of the AFP.2 As a
result, the freezing point of this crystal is not depressed by AFP.
Because AFP molecules can capture seed-ice crystals in an AFP
solution, supercooled solution is formed at a temperature lower than
0 °C at 1 atm. When a supercooled water of AFP solution is frozen
at a lower temperature, according to the Boltzmann distribution,
there is always a portion of AFP molecules adsorbed on the ice
surfaces that have smaller desorption velocities than the advancing
velocity of the growing ice crystal. Therefore, AFP molecules can
be embedded into ice crystals on the specific planes.
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Figure 2. Experimental intensity fractions of the HPLC6 peptides desorbed
from the ice surfaces to the solution versus molecular exchange time, and
the theoretical fitting curve with the model of Langmuir adsorption.
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