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Abstract

Antifreeze proteins (AFPs) bind to ice crystal surfaces and thus inhibit the ice growth. The
mechanism for how AFPs suppress freezing is commonly modeled as an adsorption-inhibition
process by the Gibbs-Thomson effect. Here we develop an improved adsorption-inhibition model
for AFP action based on the thermodynamics of impurity adsorption on the crystal surfaces. We
demonstrate the derivation of a realistic relationship between surface protein coverage and the
protein concentration. We show that the improved model provides a quantitatively better fit to the
experimental antifreeze activities of AFPs from distinct structural classes, including fish and insect
AFPs, in a wide range of concentrations. Our theoretical results yielded the adsorption coefficients
of the AFPs on ice, suggesting that, despite the distinct difference in their antifreeze activities and
structures, the affinities of the AFPs to ice are very close and the mechanism of AFP action is a
kinetically controlled, reversible process. The applications of the model to more complex systems
along with its potential limitations are also discussed.
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1. Introduction

Antifreeze proteins (AFPs), perhaps the most extensively studied biological antifreezes, are
a structurally diverse group of proteins that allow certain organisms, such as fish, insects,
and plants, to survive subzero temperatures [1-4]. In contrast to common antifreeze
compounds, such as sodium chloride and glycerol, AFPs can inhibit ice growth by binding
(adsorption) to the surfaces of ice crystals and depress the freezing point through a non-
colligative effect. This inhibition process has been generally considered as one of the many
cases of crystal-growth inhibition by impurity adsorptions. The resulting difference between
the melting and freezing points termed thermal hysteresis (TH) is usually a measure of
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antifreeze activity by AFPs. Adsorption-inhibition mechanism was first proposed by
Raymond and DeVries to explain the freezing resistance in the case of antifreeze
glycoproteins (AFGPs) from polar fishes [5]. In this model, the adsorption of AFPs was
assumed to be irreversibly onto the surfaces in the paths of growing steps of ice crystals,
which obstructs the step growth at these sites and increases the curvature of the growth
steps. According to the Gibbs-Thomson or Kelvin effect, the growth front will experience a
freezing temperature depression as a consequence of the effects of surface tension [5,6]. In
their original analysis, surface antifreeze coverage was assumed to be proportional to the
concentration of the antifreeze and the freezing point depression can be described as a
function of antifreeze concentration by the given relationship [5]:

2yMT, 2raC
ar=2MTo | 2raCN @
Lp; 1000MW
where 7y is the surface tension, Mis the molecular weight of water, 7 is the normal freezing
point, L is the molar latent heat, p; is the density of ice, a is the distribution coefficient, ris
the radius of the protein, Cis the concentration of the protein in mg/mL, 2raCis the surface

antifreeze coverage, NVis Avogadro's number and MW is the molecular weight of the
protein.

Eq. 1 provides a reasonable fit to the experimental observations in the low antifreeze
concentration range, but is biased toward fitting the data in the high antifreeze concentration
range, especially in the cases that the TH activities of the antifreezes appear to approach
maximum values at high concentrations [5]. The assumption that surface antifreeze coverage
is proportional to the antifreeze concentration overestimates the adsorption coverage [7-10]
and has been shown to be unrealistic by modern experiments with solid-fluid systems [11].
In order to overcome the large deviation of the fitting, especially at high antifreeze
concentrations, kinetic descriptions of TH activity were proposed [7,12,13]. These kinetic
models are able to describe the experimental observations at high antifreeze concentrations,
but inadequate to account for the observed TH activities at low antifreeze concentrations.
Langmuir isotherm has been used in the kinetic models by Burcham et al. and Can et al. to
relate the fractional ice surface coverage to the protein concentration, however, a
questionable assumption that the fractional ice surface coverage is proportional to the
observed TH activity of specific AFP was used in the derivation of the relationship between
TH activity and the protein concentration [7,12]. It has been recently suggested that different
AFPs may have different structures and TH activities, but have very similar ice surface
coverage [13].

In this study, we provide an improved model for the adsorption inhibition mechanism of
action of antifreeze proteins. We make a thermodynamic argument for the depressed
freezing point by these biological antifreezes (i.e., the TH activity of AFPs) by combining
the Langmuir isotherm that is to describe the adsorption of AFPs onto the ice crystal surface,
and the extreme limit in the step-pinning model of Cabrera and Vermilyea (C-V model) that
the growth of step is inhibited when step length are shorter than the critical length. A more
realistic relationship of the fractional ice surface coverage of AFPs and the AFP
concentration is derived in this work. The theoretical TH values obtained by using the
improved model fit the experimental results of different types of AFPs very well. The
apparent maximum freezing point depression and the free energy change of the adsorption
of an AFP can also be estimated using the theoretical model, which are comparable to the
previously reported values. New insights into the mechanism of action of biological
antifreezes are provided.
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2. Theoretical methods

According to the adsorption-inhibition mechanism, the adsorption of AFPs onto the ice
surfaces will inhibit the ice further growth. Assuming that the adsorption of antifreezes on
the ice crystal surface obeys the Langmuir isotherm (no interaction between the proteins
adsorbed onto the ice crystal surface), the fractional ice crystal surface coverage of the
adsorbates (i.e., AFPs) can be described as [15]

o= Kc
" 1+Kc

@

K is the Langmuir adsorption coefficient and is defined by the expression K=exp (-A G,/
RT), where A G, is the Gibbs free energy change of adsorption, R is the gas constant, and 7
is the temperature in Kelvin; and cis the concentration of the adsorbate (or the antifreeze).

The inhibitory effect of impurity particles on crystal growth has been successfully described
using the step-pinning model of Cabrera and Vermilyea (C-V model) [16,17]. As the molar
amount of AFPs is much less than that of ice, we can consider AFPs as impurity particles in
the C-V model. We assume that AFPs adsorb evenly onto the surfaces of ice crystals and
every two adsorbed AFPs are separated by a distance, L, along the y axis (Fig. 1). Here we
appeal to thermodynamic reasoning by considering an extreme condition in the C-V model
that the ice growths of step segments between AFPs are inhibited when twice the critical
radius of the curved step, r, is equal to L (i.e., L= 2r;) (Fig. 1). Half-cylindrical ice with the
radius 7; and the terrace height / is thus resulted by the adsorption of AFPs (Fig. 1). With
the consideration that the number of sites available for adsorption per unit area of the growth
front is nand the number of sites adsorbed by an AFP is m, the ice surface coverage by
AFPs can be defined as:

- m
ndL?

©)]

where d= h/ L. Thus,

‘l Hmllx
L.:—L: 4
T, 5 2 (@]

1 m
where A:§ 16, @ CONstant related to the specific AFP and © 5y is the maximum
surface coverage of the ice by the AFP, a constant.

When the radius of half-cylindrical ice resulted by the adsorption of AFPs is very close to r,
the ice continues to grow until 27, = L. The Gibbs free energy change of the AFP solution is:

AG=u; AN — uy AN 5)

where i and .,y are the chemical potentials of the growing tiny ice after AFPs adsorb onto
the bulk ice and the tiny amount of water that will become ice, respectively, and ANis the
change of number of water molecules from liquid phase to ice (the bulk ice remains no
change). If the contact portions of the bulk ice and the newly formed ice are in the same
phase (i.e., the single-crystal or the ice-water interface), there is no surface tension. The
surface tension can be neglected even though the contact portions of the bulk ice and the
newly formed ice are in different phases (e.g., the tiny ice is still in the ice-water interface)
since the portion in the ice-water interface will become ice crystal very quickly and the total
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amount of the ice (both the bulk and the newly formed tiny ice) in the solution is very small.
i and .y, can be expressed as functions of temperature and pressure,

tw (T, p)=piw (T, po) — Sw AT (6)
and
i (T, p)=ttw (T, po) — Si AT +v; Ap %)

where T7p, is the melting temperature of pure water, gy is the equilibrium water vapor
pressure at the melting temperature of pure water, S and S, are the entropies of water and
ice, 1 is the specific molecular volume of ice, A Tis the freezing point depression by AFPs
(i.e., the TH activity of AFPs), and Ap (= g — pw) is the vapor pressure difference between
the ice-water interface and the ice phase.

At equilibrium, AG =0, thus
ui (T, p)=pw (T, p) (®)
Combining Egs. (6)—(8), gives
Sw—S;) AT+v; Ap=0 9)

Substituting (Sy — S) = AH: ! T, Where A H is the latent heat of fusion of ice, and g, — 4
=y | r,, where =y is surface tension into Eq. (9), and rearranging the equation, we get

_ViyTh

AT_—rCAHf (10)
Then, substituting Eq. (4) into Eq. (10), we get
AT o

= (11

ATmcL\‘ vV Hmm-

Vi'mi
where AT’”‘”‘:AAH,C, a constant representing the maximum freezing point depression (i.e.,
the maximum TH activity) by AFPs. It is implied from Eq. (11) that the maximum freezing
point depression is reached until the surface coverage of the ice by the specific AFPs reaches
its maximum value.

After substitute Eq. (2) into Eq. (11) and rearrange, we obtain

, Kc
AT=AT,,,, (12)
1+Kc
AT’ _ ATmm
where = max™ Ve 8 coefficient related to the apparent maximum TH activity of a

specific AFP (i.e.,mtﬁe TH activity at the maximum surface coverage of the ice by the
specific AFPs).
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3. Experimental methods

3.1. Materials

Type Il AFP from ocean pout (6,500 Da) was purchased from A/F Protein Inc. (Waltham,
MA) and used as received. Fresh Milli-Q water from a Millipore Synergy Ultrapure water
system (Billerica, MA) with a minimum resistivity of 18 MQ-cm was used in all the
experiments. All the weight measurements were carried out with an Ohaus VVoyager Pro
analytical and precision balance (Parsippany, NJ). The stock type 1l AFP solution was
prepared by weighing the solute and dissolving the solute in a known volume of water.
Dilutions were made, when necessary, to achieve desirable concentrations of sample
solutions.

3.2. Thermal Hysteresis Measurements

The measurements of thermal hysteresis (TH) activities of type 111 AFP solutions were
performed using a DSC 823e (Mettler Toledo, OH) with an HSS7 high sensitivity sensor
and a Julabo FT900 intracooler chiller (Julabo Company, PA). The method was as described
previously [18-20]. The concentrations of the protein solutions were varied from 0.0 to 1.5
mM. Each sample solution was prepared at least twice and measured three times. The
averages of the TH values were plotted in Fig. 5, and the standard deviations were within
2% of the mean values.

4. Results and discussion

As shown is Eq. (12), the theoretical TH activity is a function of the AFP concentration. If
the concentration of the AFP is very low, A T increases proportionally to the square root of
the concentration of the AFP (i.e., c— 0, A7— 0), which is the case in Eq. (1); if the
concentration of the AFP reaches a high critical point, then 8 — 8y and A 7— A Tipax:
The theoretical saturation coverage of AFPs agrees well with the one estimated by
ellipsometry [21]. Furthermore, the TH activity is dependent on the adsorption area of the
AFP. Therefore, Eq. (12) can generally be used to fit the experimental data on various AFPs
regardless of the structures of the specific AFPs.

Here we demonstrated the fitting of the experimental data of five AFPs from distinct
structural classes including a rod like a-helical type | fish AFP from shorthorn sculpin
(Type | AFP) (Fig. 2) [22], a Ca2*-dependent C-type lectin-like type 11 AFPs from herring
(Type Il AFP-Ca?*) (Fig. 3) [23], a Ca*-independent C-type lectin-like type Il AFP from
longsnout poacher (Type Il AFP) (Fig. 4) [24], a globular type 111 AFP from ocean pout
(Type Il AFP) (Fig. 5) [25], and a B-helical AFP from the yellow mealworm beetle
(TmAFP) (Fig. 6) [26]. In order to test the derived relationship between the freezing point
depression by AFP and the concentration of AFP in a wide concentration range, we
measured the TH activity of type 111 AFP using differential scanning calorimetry (DSC).
The experimental TH values of type 111 AFP obtained in this study were in good agreement
with the known data [25,27-30].

The theoretical TH activities of the five representative AFPs calculated by Eq. (12) shown as
solid lines were in quantitative agreement with the experimental data shown as solid circles
(Figs. 2-6). As shown in Figs. 2-6, the theoretical results are in excellent agreement with the
empirical values. And the estimated Langmuir adsorption coefficients of the AFPs are listed
in Table 1. Despite the differences in antifreeze activities and structures, the association
constants for the AFPs bound to ice are very similar to each other (Table 1), suggesting that
the AFPs with higher antifreeze activities do not bind to ice more readily, nor do they bind
more tightly.
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Due to the inapplicability or the poor sensitivity of usual spectroscopic techniques in ice, a
highly scattering and anisotropic medium, it is nearly impossible to directly measure the
affinity of an AFP to ice [12,13,31]. The indirect experimental results of the adsorption
affinities of fish and insect AFPs to ice demonstrated that insect AFPs do not bind to ice
with higher affinity than fish AFPs regardless of their distinct differences in antifreeze
activities and structures [13]. Our results agree very well with their experimental results and
provide a theoretical support for this earlier report [13]. By combining the experimental and
theoretical results, we can also estimate the free energy change for the adsorption of the AFP
onto the ice crystal surface by the equation, AG, = — R 7 In K (Table 1). The estimated
values of the free energy change of the adsorption are reasonably comparable to earlier
predictions [32,33].

The Langmuir model of impurity adsorption dynamics has been accepted [11,17,34]. In this
study, a simple Langmuir isotherm is used to describe the surface coverage of AFPs, which
has an implication of a possible reversible adsorption of AFPs. It has been debated for
decades whether the adsorption of antifreeze (glyco)proteins, AF(G)Ps, on ice surfaces is
reversible or irreversible [35-38]. The important concerns regarding the irreversibility
adsorption are summarized below.

First, adsorption dynamics of some AF(G)Ps on ice surfaces has been observed by the
methods including surface second harmonic generation (SSHG) [39,40], temperature
gradient thermometry [41], NMR [42,43], FTIR [43] spectroscopy and Langmuir adsorption
process for the binding of the AF(G)Ps to ice was suggested. Recently, the adsorption
kinetics of the fluorescein isothiocyanate (FITC) labeled AFGPs on ice surfaces was studied
using confocal fluorescence microscopy [44]. The small fluorescence label, FTIC, has
advantage over macromolecular fluorescence label (e.g., green fluorescent proteins) [45]
since the small molecule label can limit the effect of slow diffusion. Similar cases have been
reported for inhibition of mineralization [46]. Moreover, irreversible adsorption is not
generally accepted for adsorbed polymers [47]. Polydisperisty effects of polymers and the
slow diffusion of polymers may mask their desorption [48].

Second, hydrogen bonding [49-52], van der Waals, hydrophobic interaction [53-58], and/or
some combination of the three are account for the binding of AF(G)Ps to ice. But
irreversible adsorption is attributed to stronger bond formation between the adsorbate and
the adsorbent [29,59,60]. No such strong bonds are detected between antifreeze molecules
and ice to account for irreversible adsorption.

Third, the heterogeneity and highly fluidic nature of the ice surface make it less possible for
irreversible adsorption [44]. The quasi-liquid layer (QLL) is involved in antifreeze function
as suggested by computer simulations [61]. Experimental and theoretical results have
suggested that an ice-water interface should be considered in the adsorption to ice and the
accumulation of the antifreeze molecules at such ice/water interface is thus implied as a
reversible process [61-66]. Here, the reported thermodynamic model applies to the ice-water
interface. For example, when 7= 2, A= 2 x 4.48 A (Figure 1) [67], close to the previously
determined 10 A interface thickness [66]. It should also be noted that the value of /1 varies
under different experimental conditions, such as the cooling rate and pressure.

Finally, there is no evidence supporting that the complete inhibition of ice growth must need
the irreversibility of the adsorption of antifreeze molecules to the ice [37]. Under the
reversible adsorption conditions, the growth of ice can still be completely inhibited provided
the kinetics of adsorption of AF(G)Ps overcomes that of water on ice surfaces.

The improved model is simple and can fit the experimental data of various AFPs in a wide
concentration range very well. However, several potential limitations should be noted. In the
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derivation of this model, we assume that AFPs are evenly distributed on the ice surface.
Experimentally, it is true only when we allow the temperature to cool down very slowly, so
that distribution equilibrium is reached. In addition, the Langmuir isotherm ignores the
possibility that the initial overlayer may act as a substrate for further adsorption. In this case,
more complex models, such as BET isotherm [68], need to be considered. Furthermore, as
more and more AFPs adsorb on the ice surface, the further adsorption of the AFPs cannot be
considered as homogeneous. Statistical model may be used for the non-homogeneous cases.
Finally, we cannot rule out the existence of more complex mechanisms.

5. Conclusions

The detailed derivation of an improved adsorption-inhibition model for simple AFPs is
presented in this study. This model quantitatively describes the TH phenomenon in spite of
the diverse structures of antifreeze molecules. The apparent maximum freezing point
depression and the free energy change of the adsorption of AFPs onto ice surfaces have been
first estimated using Eq. (12). The results are reliable and meaningful, which have much
broader utility for a better understanding the mechanisms of biological antifreezes. This
work demonstrates the power of thermodynamics as a tool to derive useful information for a
complex system and suggests that the mechanism of AFP action is a kinetically controlled,
reversible process.
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FIGURE 1.

Ilustration of even adsorption of AFPs on an ice crystal surface described by the Cabreca-
Vermiliyea (C-V) model. The ice binding sites of AFPs shown in black dots are considered
as impurity particles on the ice crystal surface and every two adsorbed AFPs are separated
by a distance, L, along the y axis. The black curves are the arrested growth segments. /is
the terrace height and r; is the critical radius of the curved step. The growths of step
segments between AFPs are inhibited when 21; is equal to L. Here, /1 does not necessarily to
be as big as a whole AFP molecule since only a few amino acids on the so-called ice-
binding motif are generally involved in the ice affinity of an AFP [34]. According to X-ray
crystallographic studies, the distance between two adjacent oxygen atoms in ice can be 4.48
A[67]and hcanbe nx 448 A (n=1,2,3 ..).
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FIGURE 2.

Thermal hysteresis (TH) activities of a Type | fish AFP at various concentrations. The
experimental data are adopted from ref. 22 shown as solid dots and standard deviations were
not available. The theoretical values obtained by Eq. (12) are shown in a solid line.
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FIGURE 3.

Thermal hysteresis (TH) activities of a Ca?*-dependent C-type lectin-like Type Il fish AFP
at various concentrations. The experimental data are adopted from ref. 23 shown as solid
dots and standard deviations were not available. The theoretical values obtained by Eq. (12)
are shown in a solid line.
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FIGURE 4.

Thermal hysteresis (TH) activities of a Ca2*-independent C-type lectin-like Type Il fish
AFP at various concentrations. The experimental data are adopted from ref. 24 shown as
solid dots and standard deviations were within 6% of the mean values. The theoretical
values obtained by Eq. (12) (as shown in a solid line) demonstrate a better fit for these low
concentration data than those obtained through the best possible fit using Eqg. (6) in ref. 7 (as
shown in a dotted line).
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FIGURE 5.

Thermal hysteresis (TH) activities of a globular Type 111 fish AFP at various concentrations.

The experimental data reported here were measured in this laboratory and standard
deviations were within 2% of the mean values. The theoretical values obtained by Eq. (12)
(as shown in a solid line) demonstrate a better fit for the high concentration data than those
obtained through the best possible fit using Eq. (1) [5] (as shown in a dashed line).
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FIGURE 6.

Thermal hysteresis (TH) activities of an insect AFP, TmAFP, at various concentrations. The
experimental data are adopted from ref. 26 shown as solid dots and standard deviations were
within 8% of the mean values. The theoretical values obtained by Eq. (12) are shown in a
solid line.
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The estimated apparent maximum freezing point depression, adsorption coefficients and free energy change of

adsorption for the AFPs.4

Antifreeze Protein , K AGat273K
(AFP) AT (K)  (103M7Y) (kI mol™)

Type | AFP 0.37(0.01)  0.968 (0.08) -15.60 (0.08)
Type Il AFP-Ca2*  0.58(0.03)  0.981(0.05) -15.64 (0.05)
Type Il AFP 1.44 (0.01)  0.990 (0.05) -15.66 (0.05)
Type 11l AFP 1.10(0.01)  0.991(0.03) -15.66 (0.03)
TmAFP 10.9 (0.3) 0.980 (0.06) —15.63 (0.06)

aThe Langmuir adsorption coefficient, K; was estimated by fitting the experimental data using Eq. 12. The free energy change of adsorption is

estimated from AGa = -RTIn K, where R=8.314] mol~1 k=L and 7= 273 K. Standard errors are in the parentheses.
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