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ABSTRACT: Organisms living in polar regions have evolved a series of
antifreeze (glyco) proteins (AFGPs) to enable them to survive by modulating
the structure of ice. These proteins have huge potential for use in cellular
cryopreservation, ice-resistant surfaces, frozen food, and cryosurgery, but they
are limited by their relatively low availability and questions regarding their mode
of action. This has triggered the search for biomimetic materials capable of
reproducing this function. The identification of new structures and sequences
capable of inhibiting ice growth is crucial to aid our understanding of these
proteins. Here, we show that plant c-type lectins, which have similar biological
function to human c-type lectins (glycan recognition) but no sequence
homology to AFPs, display calcium-dependent ice recrystallization inhibition
(IRI) activity. This IRI activity can be switched on/off by changing the Ca2+ concentration. To show that more (nonantifreeze)
proteins may exist with the potential to display IRI, a second motif was considered, amphipathicity. All known AFPs have defined
hydrophobic/hydrophilic domains, rationalizing this choice. The cheap, and widely used, antimicrobial Nisin was found to have
cation-dependent IRI activity, controlled by either acid or addition of histidine-binding ions such as zinc or nickel, which
promote its amphipathic structure. These results demonstrate a new approach in the identification of antifreeze protein mimetic
macromolecules and may help in the development of synthetic mimics of AFPs.

■ INTRODUCTION
Antifreeze proteins and glycoproteins (AF(G)Ps) are found in
a wide variety of different organisms that habitually experience
freezing temperatures. They were initially discovered in Arctic
and Antarctic fish species but have since been reported in a
wide range of plants and insects.1−5 AFPs provide protection
through two main methods: thermal hysteresis (TH) and ice
recrystallization inhibition (IRI).6 The former is the depression
of the freezing point relative to that of the melting point,7 and
the latter is the slowing of the rate of the ice crystal growth
(Ostwald ripening) process.8 The underlying mechanisms for
each action are still under investigation, and it has emerged that
TH and IRI activities are not necessarily linked. In 2001, Enaide
et al. reported that simplified AFGPs could retain potent IRI
activity while displaying essentially zero TH activity.9

Furthermore, Ben and co-workers have developed a range of
structures that possess only IRI activity, including carbohydrate-
based surfactants, synthetic antifreeze proteins, and several
small molecules.10−12 Davies et al. have also shown that the
magnitude of TH does not always scale with IRI.13

IRI-active compounds have tremendous potential for
applications in frozen foods, cryosurgery, and cryopreserva-
tion.14−16 For example, ice growth (recrystallization) during
thawing has been shown to be a major contributor to cell death
during cellular cryopreservation. Carpenter et al. showed that
AFPs could enhance cryopreservation of red blood cells, but
the benefit was limited by the onset of dynamic ice shaping

(DIS) (associated with TH), which actually reduced cell
recovery.17 There are various conflicting results on AF(G)P-
supplemented cryopreservation that show both benefit and
detriment, normally due to the DIS property.16,18,19 Despite
these challenges, there is an urgent need for new
cryopreservatives as alternatives to the current state of the
art, which employs (toxic) organic solvents, and also for the
preservation of cell types that currently cannot be frozen. Ben
et al. have shown that IRI-specific glycopeptides and alkyl
glycosides can enhance cellular cryopreservation.20 Gibson et al.
have demonstrated that IRI-active synthetic polymers enhance
nonvitreous cryopreservation of red blood cells.21 Despite these
structurally diverse IRI mimetics, an understanding of the
structural motifs essential for activity remains elusive. Another
outstanding challenge is the development of smart AFP
derivatives with switchable activity, enabling them to be
activated both spatially and temporally.
Current understanding has revealed that amphiphilicity

(segregated hydrophilic and hydrophobic domains) is needed
for IRI activity, with most AFPs showing defined regions of
each.22 Ben et al. have shown that hydrophobically modified
saccharides have (rather weak) IRI activity associated with their
amphiphilicity.10 Despite this progress, there are still few
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compounds that are potent IRI inhibitors, which, in turn, has
limited their application and the biophysical studies required to
understand their remarkable ability to slow ice growth.
AFPs display a wide variety of secondary and tertiary

structures and amino acid sequences while all binding to the
same ice substrate.23 AFPs have been grouped into several
different subtypes based on structure, for example, type 1 AFPs
consist of a long amphipathic α helix,24 whereas type 2 AFPs
are cysteine-rich globular proteins containing several disulfide
bonds.25 In an attempt to understand the evolutionary origins
of AFPs, sequence alignment studies have been undertaken.
This has revealed strong similarity to other families of proteins
such as lectins and apolipoproteins.26 A defining characteristic
of these protein families is that they discriminate between
related classes of molecules; for example, lectins bind specific
carbohydrates. Due to this similarity, it may be possible that
there exists many protein structures that, subject to the correct
evolutionary conditions, could have become AFPs and hence
might display some latent activity. To this end, a c-type lectin
from rattlesnake Crotalus atrox has been evaluated for specific
ice crystal face binding, although not for IRI activity.27

The aim of this study was to investigate if other
nonantifreeze proteins can still display ice recrystallization
inhibition activity, based on their functional and structural
similarities to known AFPs, rather than the traditional chemical
biology approaches based on sequence similarities. The ability
to modulate AFP function by application of external stimuli is
also studied as a route to smart AFP mimetics.

■ EXPERIMENTAL SECTION
Materials. Poly(ethylene glycol), HEPES, sodium acetate, glacial

acetic acid, sodium hydroxide pellets, calcium chloride, glyceraldehyde,
Nisin A, zinc acetate, and nickel acetate were purchased from Sigma-
Aldrich (UK). Lectins concanavalin A (Con-A), soybean agglutinin
(SBA), and Ricinus communis agglutinin 120 (RCA120) were purchased
from Vector Laboratories (USA). Nisin was dialyzed against PBS
buffer for 24 h (5 buffer changes) to ensure that all salts were removed
before use. HEPES buffer solution (10 mM) was prepared using solid
powder and adjusted to pH 7.4 using sodium hydroxide pellets.
Sodium acetate buffer (0.2M) was prepared by mixing sodium acetate
and glacial acetic acid in deionized water and adjusted to pH 5 with
sodium hydroxide pellets.
Ice Recrystallization Inhibition (Splat) Assay. Ice recrystalliza-

tion inhibition was measured using a modified splay assay.28 A 10 μL
sample of polymer dissolved in PBS buffer (pH 7.4) was dropped 1.40
m onto a chilled glass coverslip sitting on a piece of polished
aluminum placed on dry ice. Upon hitting the chilled glass coverslip, a
wafer with a diameter of approximately 10 mm and thickness of 10 μm
was formed instantaneously. The glass coverslip was transferred onto
the Linkam cryostage and held at −8 °C under N2 for 30 min.
Photographs were obtained using an Olympus CX 41 microscope with

a UIS-2 20×/0.45/∞/0-2/FN22 lens and crossed polarizers
(Olympus Ltd., Southend-on-Sea, UK), equipped with a Canon
DSLR 500D digital camera. Images were taken of the initial wafer (to
ensure that a polycrystalline sample had been obtained) and after 30
min. Image processing was conducted using ImageJ, which is freely
available.29 In brief, 10 of the largest ice crystals were measured, and
the single longest length in any axis was recorded. This was repeated
for at least three wafers, and the average (mean) value was calculated
to find the largest grain dimension along any axis. The average of this
value from three individual wafers was calculated to give the mean
largest grain size (MLGS). This average value was then compared to
that of a PBS buffer negative control, providing a way of quantifying
the amount of IRI activity.

Analysis of Sequence Alignment. Sequences of proteins were
analyzed using the online BLAST sequence alignment tool,30 whereas
three-dimensional structures of proteins were imaged using PyMOL.31

A type 2 AFP from Sea raven Hemitripterus americanu (PDB code
2AFP, accession no. P05140) was searched against using the Protein
Data Bank proteins database and blastp algorithm. The sequences of
those proteins defined as having significant alignments by BLAST were
used for further sequence alignment. Multiple sequence alignment was
conducted using Jalview Desktop, with Muscle with defaults multiple
sequence alignment web service for alignment.32

Use of Lectins and Nisin. The lectins used in this study were kept
as a solid lyophilized powder until required for testing; then, they were
prepared in the appropriate buffer at 5 mg mL−1 solutions and diluted
as needed. Denaturation of the protein was achieved by incubation of
the protein at 80 °C for 15 min.

■ RESULTS AND DISCUSSION

Inspired by the work of Graham et al. and others,25,33 which
unravelled the genetic history of AFPs, sequence alignment of
type 2 AFP from the Sea raven, H. americanus, against all
known proteins within the Protein Data Bank (PBD) was
conducted to identify those proteins with high sequence
identity. This search agreed with previous reports, showing that,
in addition to other type 2 AFPs, a range of c-type lectins also
had high sequence similarity and that the overall sequence was
identified as a member of the c-type lectin superfamily. The c-
type lectins most closely related to type 2 AFP include human
langerin (c-type transmembrane protein on Langerhans cells),
human lithostathine, and a rat mannose binding protein (Figure
1). Interestingly, lithostathine has been found to play a role in
the prevention of pancreatic stones by preventing calcite crystal
growth, a somewhat similar role to an AFP, suggesting that
common crystallization-inhibiting motifs have evolved in both
cases. As reported by Rubinsky et al., a c-type lectin from the
rattle snake, C. atrox, has Ca2+-dependent ice shaping activity,
but no reports on IRI activity have been made.27

While the lectins described above are most similar to type 2
AFP in sequence, they can be challenging to produce in large

Figure 1. Schematic of homology between type 2 antifreeze proteins and c-type lectins and the functional relationship to plant lectins.
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quantities, requiring (mammalian cell) recombinant expression.
Furthermore, the use of human lectins (or rattlesnake venom)
in biomedical applications would be limited by immunogenicity
and associated problems. Therefore, we decided to move on
from sequence similarity to functional similarities, specifically,
the c-type lectins found in plants; some plant lectins have found
use in medical applications, such as banana lectin in HIV
inhibition.34 These have structural similarities (particularly in
the carbohydrate recognition domain, CRD) to human c-type
lectins, but they do not have a significant relationship to native
AFPs. A range of plant lectins was selected based their
commercial availability: concanavalin A (Con A, Mw 104 kDa),
soybean agglutinin (SBA, Mw 120 kDa), and R. communis
agglutinin 120 (RCA120, Mw 120 kDa).
To determine if the lectins demonstrate any antifreeze

protein associated activity, a modified splat assay was employed
to screen for ice recrystallization inhibition (IRI). Briefly,
buffered 10 μL solutions of the analyte of interest were dropped
onto a glass slide chilled to −80 °C to produce a wafer of small
ice crystals. These were annealed at −8 °C, and the average ice
crystal size was recorded after a fixed period of time and
compared to a negative control to give the mean largest grain
size (MLGS). The smallest size (as a percentage) from this
assay is ∼20% (as an ice crystal cannot have zero size). HEPES
buffer was employed in place of the normal PBS to enable the
addition of divalent ions (Ca2+), which cannot be used in PBS
(due to calcium phosphate precipitation). Assessment of the
IRI activity of Con A at 5 mg mL−1 is shown in Figure 2A. As

can be seen, Con A showed no activity, being statistically
identical to our negative control, PEG (poly(ethylene
glycol)).35 However, for Con A to bind its native glycans (α-
mannose/glucose), it is essential for Ca2+ to be present (or
similar divalent ions) in the carbohydrate recognition domain,
inspiring us to repeat the experiment in the presence of CaCl2.
Under these conditions, there was definite IRI activity,
suggesting that Con A is also a c-type antifreeze protein,
which can be turned on (or off) by addition of calcium ions.
Calcium-dependent ice binding also has been reported for
rainbow smelt and Atlantic herring fish species and Antarctic
bacteria Marinomonas primoryensis.36,37 Control experiments of
CaCl2-doped buffer revealed that the IRI activity was not due to
the metal ions (unlike, for example, ZrAc, which has some
unique activity to inhibit ice growth) (see Supporting
Information).38 Concentration dependence of the IRI activity
was also measured (Figure 2B). While far weaker than native
AFPs or PVA, this activity is stronger than that for synthetic
analogues such as poly(ampholytes), which have sufficient IRI
to act as cryopreservation enhancers.39−41

Con A exists as a tetramer around pH 7, but at lower pH, it
dissociates into its monomeric or dimeric units, providing an
accessible route to study the IRI activity in more detail. In pH 5
acetate buffer, Con A is a dimer and showed statistically
significant, but only slightly enhanced, activity relative to that of
the native tetramer measured at pH 7.4 (see Supporting
Information). This implies that the overall tertiary/quaternary
structure of the protein might not be essential for activity and
that the carbohydrate recognition domain is the crucial
component; it should be stressed this is only speculation at
this point. To evaluate if this is a general phenomena or unique
to Con A, lectins SBA and RCA120 were also evaluated by the
splat assay, with and without Ca2+, and the results are shown in
Figure 3.
Both SBA and RCA inhibited ice crystal growth at just 5 mg

mL−1, with both requiring the addition of Ca2+ to switch on the
activity, to a similar extent as that with Con A. To rule out this
being a nonspecific effect, Con A and SBA were both denatured
(confirmed by circular dichroism; Supporting Information) by
boiling and being retested. This reduced their activity in both
cases, confirming that the activity results from a specific
structural feature of the proteins, not a broad macromolecular
effect (Figure 4A). It should be noted that heating at 80 °C is
not expected to completely denature the protein (and there will
be some refolding); hence, the MLGS value does not return to
100%. The effect of adding in competing carbohydrate ligands,
which will bind the CRD (in the presence of Ca2+), was
measured, and the results are shown in Figure 4B. There was a
very weak enhancement in activity upon addition of the sugars,
which, in the case of SBA/GalNAc, was statistically significant
but was small. This would appear to rule out the CRD directly
binding to the ice (as the sugars would be competing ligands).
Alternatively, it might be that the sugar has a similar hydrogen-
bonding network as the water and therefore it is tolerated. A
detailed site-directed mutagenesis study would be required to
undercover this, which is beyond the scope of the present
study. No ice shaping was observed (which would imply
specific ice face interaction), but this effect is normally seen
only at high AFP concentrations (>20 mg mL−1); it was not
possible to obtain homogeneous protein solutions at these
concentrations. Therefore, direct ice interaction cannot be
ruled out, but there is building evidence that many (macro)-
molecules can inhibit ice growth without ice binding by

Figure 2. IRI activity of Con A in HEPEs buffer. (A) Effect of (5 mg
mL−1) CaCl2 addition. [Con A] = 5 mg mL−1, [CaCl2] = 5 mg mL−1,
[PEG] = 5 mg mL−1. (B) Concentration dependence of Con A with 5
mg mL−1 CaCl2. Error bars represent ± SD from a minimum of three
repeats. MLGS = mean largest grain size relative to HEPES buffer or
HEPES and calcium chloride buffer control. **, p < 0.01 relative to
PEG control.
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disruption of the quasi-liquid layer/eutectic phase inter-
face.35,40,42

The reasons for the observed activity remain unclear (as with
many features of AF(G)Ps), but given the evolutionary origins
of type 2 AFPs from lectins, the activity is perhaps not
surprising. Lectins evolved to recognize the difference between
sugars and water, a challenging task because both are essentially
hydrated −OH groups. An antifreeze protein could be
considered to discriminate between water and ice, which is a
similar problem. The current understanding of antifreeze
proteins suggests that amphipathic character is required, i.e.,
spatially defined hydrophilic and hydrophobic faces. Our initial
analysis of the lectins’ crystal structures did not show an
obvious amphiphilic structure, but crystallography provides
only a static, not dynamic, description of protein structure and
function and hence will require more investigation.
Given the amphipathic structure of many AFPs, it would

seem that other amphipathic proteins would make good lead
molecules. Host-defense, cationic antimicrobial peptides are
well-known amphipathic proteins, and several are commercially
available.43 To test our hypothesis that these peptides might
retain latent antifreeze activity, Nisin A was selected as a model
antimicrobial peptide. Nisin is readily available, of low
molecular weight (34 amino acids, 3354 g mol−1), and widely
used in the dairy industry. It has also been recently reported
that the Ixodes scapularis tick antifreeze glycoprotein has
antimicrobial activity, providing additional support to the
hypothesis of repurposing antimicrobial peptides.44 In order to
function as an antimicrobial, Nisin A requires a sufficiently low
pH to protonate histidines 27 and 31, which then induces the
correct amphipathic conformation to enable cell membrane
disruption/pore formation.45−47 Figure 5 shows a space-filling

model illustrating the hydrophilic/hydrophobic domains of
Nisin A compared to the type 1 AFP from winter flounder. This
illustrates the spatiality segregated hydrophilic and hydrophobic
domains, which we propose is a key component in order to
obtain IRI activity. This peptide provides a convenient tool to
test the amphipathic hypothesis. Therefore, the IRI activity of
Nisin A was tested as a function of pH and concentration
(Figure 6). It should be noted that in Figure 6A activity at each
pH is reported relative to a blank of that pH solution.
The results shown reveal that Nisin A has IRI activity

comparable to that of several other synthetic macromolecules

Figure 3. IRI activity of c-type lectins with and without 5 mg mL−1

CaCl2. Error bars represent ± SD from a minimum of three repeats.
MLGS = mean largest grain size relative to HEPES buffer or HEPES
and calcium chloride buffer control. **, p < 0.01 relative to PEG
control.

Figure 4. IRI inhibition/activation studies of SBA and RCA. (A) Effect
of denaturation. (B) IRI effect of the addition of competitive
carbohydrates (10 mM). GalNac = N-acetylgalactosamine. Gal =
galactose. Error bars represent ± SD from a minimum of three repeats.
MLGS = mean largest grain size relative to HEPES buffer or HEPES
and calcium chloride buffer control. **, p < 0.01 relative to respective
denatured sample; *, p < 0.05 relative to respective sugar-free lectin
solution.

Figure 5. Space filling models of peptides, with hydrophilic (red) and
hydrophobic (blue) domains indicated. (A) Winter flounder type I
AFP; (B) Nisin A.
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described in the literature.39,40 On the basis of its known pH-
dependent antimicrobial activity, we surmise that protonation
of the histidine residues (pKa value ∼6) in acetate buffer (pH
5) was the controlling factor. This switchable activity is unique
and may provide a tool for targeted activation of AFP
properties in applications such as cryosurgery.48 However, pH
itself may not always be a useful (or desirable) trigger.
Histidines are well-known to bind metal ions such as nickel or
zinc (forming the basis of His-tag purifications, for example),49

and we therefore reasoned that addition of these ions might
also be able to promote the formation of the correct
conformation for IRI activity. Figure 7 shows the IRI activity
of Nisin A with addition of these metal ions compared to that
of control solutions containing the metal ions alone.
For both Zn and Ni additives in PBS (pH 7.4, no

protonation of his-residues), there was a switching on of
activity compared to the buffer alone. This demonstrates that
metal ions can be used in place of H+ to induce the
conformational changes in Nisin A that are required for
activity, although the magnitude of the activity is reduced in this
case. A control experiment conducted at pH 5 (acetate buffer),
where histidines were already protonated, showed no effect by
the metal ions, ruling out other interactions. These results show
that the easily available, relatively small, antimicrobial peptide
Nisin A has some latent IRI activity that can be activated by the
use of specific metal ions. Considering the significant progress
that has been made in the rational design of antimicrobial
peptide mimics, it is anticipated that a similar approach will
yield new IRI active compounds, without the need to mimic the
structure of an AFP.

■ CONCLUSIONS
Here, we demonstrate that proteins and peptides with little
structural homology to antifreeze proteins can have surprisingly
potent ice recrystallization inhibition activity, based on two
motifs. C-type plant lectins are shown to be calcium-dependent
ice recrystallization inhibitors, with their activity modulated by
the addition of calcium, providing some switching capability.
The activity was shown to be present in three different plant
lectins, which all had similar magnitude. As antifreeze proteins
are known to be amphipathic, a second class of peptides was
also tested, antimicrobial peptides. The 34 amino acid peptide
Nisin A was found to have surprisingly strong IRI activity that
was activated by a change in pH and protonation of its histidine
residues. To enable antifreeze activity at physiological pH,
nickel or zinc ions were employed as the stimulus, which can
bind the histidine residues and promote the same conforma-
tional change. These results show that new antifreeze protein
mimetics could be discovered in non-cold-acclimatized species
and that these may provide a route to switchable antifreeze
materials whose function can be tuned by externally applied
stimuli.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.bio-
mac.5b01118.

Figure 6. IRI activity of Nisin A. (A) pH dependence. (B)
Concentration dependence at pH 5. Error bars represent ± SD
from a minimum of three repeats. MLGS = mean largest grain size
relative to PBS buffer or pH 5 acetate buffer controls. **, p < 0.01
relative to control.

Figure 7. Metal ion activation of Nisin A IRI activity upon addition of
nickel and zinc acetate at 5 mg mL−1. (A) PBS buffer, pH 7.4. (B)
Acetate buffer, pH 5. Error bars represent ± SD from a minimum of
three repeats. MLGS = mean largest grain size relative to PBS buffer,
pH 5, acetate buffer controls, or buffer with nickel acetate added only.
**, p < 0.01 relative to Nisin in PBS buffer only.
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Sequence alignment data, pH dependence of IRI activity
of Con A, circular dichroism spectra for Con A and SBA,
and circular dichroism spectra of Nisin A (PDF).
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