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A B S T R A C T

Fr10 is a secreted freeze-responsive protein found in the wood frog (Rana sylvatica). This protein has gained
notable research attention for its highly dynamic expression in response to seasonal freezing stress, while its
over-expression has been documented to enhance freeze tolerance in cold-susceptible cultured cells. This study
further characterizes the properties of this novel protein with regards to thermal stability and ice re-
crystallization inhibition (i.e. IRI) activity. Thermal stability was assessed using differential scanning fluori-
metry, with an experimental Tm value of 50.8 ± 0.1 °C. Potential IRI activity of Fr10 was evaluated using a
recently developed nanoparticle-based colorimetric assay, where Fr10 displayed the ability to prevent freeze-
induced aggregation of gold nanoparticles. Based upon this assay, Fr10 protein appeared to have a low level of
IRI activity and it was therefore predicted that one of Fr10's biological functions may be to inhibit ice crystal
growth via recrystallization. A SPLAT cooling assay was then employed to directly characterize the IRI properties
of Fr10 and provide further insight into this hypothesis. In the presence of 30 μM of Fr10, a 40% reduction in the
mean grain size of ice crystals relative to the control samples was observed, thus introducing the possibility of
Fr10 to inhibit ice recrystallization. Collectively, the results from this study provide new insight into the po-
tential of further exploring the potential of this vertebrate freeze-responsive protein in cryoprotection.

1. Introduction

Cryopreservation is crucial to various medical, research and in-
dustrial applications, such as in food storage, preservation of living
tissues for transplant, cryosurgery, etc. Nevertheless, freezing-induced
damage poses a major challenge to this process, mainly due to the
phenomenon of ice recrystallization, in which water molecules are
transferred from smaller ice crystals to promote the nucleation and
growth of larger ones (i.e., recrystallization) (Capicciotti et al., 2013;
Duman, 2015). Recrystallization is responsible for the decreased quality
of frozen foods, as well as irreversible cellular damage that result in
reduced viability of cryopreserved cells and living tissues (Capicciotti
et al., 2013). As a result, the use of cryoprotective agents is necessary to
prevent freezing-induced damage in cryopreservation. In recent years,
major interest has been directed towards investigating biological
cryoprotectants. This includes various proteins and glycoproteins found
in cold-tolerant bacteria, fish and insects. These biological

cryoprotectants exhibit remarkable cryoprotective capabilities at very
low working concentrations, while also having little to no toxicity,
thereby being much more favorable in cryopreservation applications
compared to currently employed industrial compounds (Duman, 2015;
Kim et al., 2017).

Freeze-responsive protein 10 (Fr10) is a freeze-responsive protein
discovered through the screening of cDNA from the liver of frozen wood
frogs (Rana sylvatica). The Fr10 protein is only found in the freeze-
tolerant wood frog and has a chain length of 90 amino acids and a
molecular weight of 10 kDa (Cai and Storey, 1997). Given its highly
dynamic over-expression in response to seasonal winter freezing, this
protein has been previously hypothesized to play a role in the wood
frog's ability to tolerate and survive low temperature (down to −16 °C)
(Costanzo et al., 1993, 2013; Storey and Storey, 1988, 1992; Storey,
2004). Results from previous studies of freeze-tolerance in the wood
frog have also proposed that an overexpression of this protein is crucial
to the frog's survival at freezing conditions (Storey, 2004). A subsequent
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study also demonstrated that freeze-intolerant silkworm cell lines
transfected with the Fr10 gene exhibited greater survival capacity after
1 h freezing at temperatures as low as−6 °C; a temperature that proved
detrimental to cells only containing the host vector (Biggar et al.,
2013). As a result, this protein has demonstrated potential for its study
as a general bio-cryoprotectant.

Although the frog also produces massive amounts of glucose inside
the cells to regulate the osmotic removal of water from cytoplasm
(Costanzo et al., 1993), studies of Fr10-transfected silkworm cell lines
showed that these cells survived freezing as long as they produced Fr10
protein. Given that the transfected cells did not increase glucose levels
in response to freezing, these results suggested that Fr10 alone is a
significant component in preventing freezing-induced cellular damage
(Biggar et al., 2013). It was also reported that Fr10 is found in extra-
cellular quantities in both wood frog and Fr10-transfected silkworm
cells in response to freezing (Biggar et al., 2013; Storey, 2004). This
suggests that Fr10 protein may be deposited extracellularly, where it
may carry out a still unknown function (Biggar et al., 2013; Duman,
2015). One hypothesized general function for Fr10 could include a role
as a potential ice-binding protein (IBP). IBPs can mitigate freezing-in-
duced cellular damage through several mechanisms: (1) thermal hys-
teresis (TH), (2) ice recrystallization inhibition (IRI), and (3) ice nu-
cleation control (this includes dynamic ice binding (DIS)), with most
IBPs exhibiting more than one of these activities (Duman, 2015;
Mitchell et al., 2015). IBPs with high TH activity (commonly found in
freeze-avoiding species, where they prevent organismal freezing) are
considered true antifreeze proteins (AFPs). By contrast, IBPs in freeze-
tolerant species are mostly low-TH IBPs, which exhibit significantly
lower TH and instead rely mostly on IRI activity to prevent ice crystal
growth through recrystallization; acting to prevent damage to cellular
structure (Duman, 2015; Mitchell et al., 2015). As Fr10 is expressed in
the freeze-tolerant R. sylvatica, it is speculated that this protein would
primarily exhibit IRI activity, while likely conferring minimal TH
(Duman, 2015). IRI activity of IBPs is currently of interest in cryopro-
tection research, due to the aforementioned association of ice re-
crystallization with freezing-induced damage to cellular structures and
thus irreversible destruction of cryopreserved tissues following thawing
(Capicciotti et al., 2016; Duman, 2015). The primary objective of this
study was to document potential IRI activities of Fr10, with such
findings providing valuable insight into the function of this novel
protein.

2. Materials and methods

2.1. Construct assembly and protein purification

A poly-His tagged Fr10 encoding gene was ligated into pETM11
vectors. The N-terminal 6xHis-tag was separated from the Fr10 protein
with an encoded TEV-site for future cleavage and tag removal. Ligated
plasmids were amplified and purified from DH5α bacteria. The purified
plasmid was then used to transform BL21 bacteria for protein expres-
sion using Kanamycin resistance for antibiotic selection.

Cultures were incubated at 37 °C until OD600 reached 0.4, and cells
were induced with 50mM isopropyl β-D-1-thiogalactopyranoside.
Incubation at the same temperature continued overnight, and cells were
then collected following centrifugation at 5000×g for 10min. The cell
pellet was then resuspended with 10ml of phosphate buffered saline
(PBS) buffer and stored at−80 °C. 6xHis-Fr10 protein was then purified
by thawing the cell pellet and adding 0.1% v/v of E64, Bestatin and
Pepstatin, 1% v/v PMSF, 10% v/v of Triton X-100, 1mg/mL Lysozyme,
50U of Benzonase. Cells were then sonicated for 20 s on/off for a total
of 5 cycles on ice. The lysate was then incubated for 1 h at 37 °C on a
rocking platform, and then centrifuged at 12,000×g for 30min. The
supernatant containing soluble protein was then removed and the
6xHis-Fr10 protein was purified using Ni2+-NTA affinity purification.
Fr10 was then eluted from the affinity column using 5mL of 250mM

imidazole and collected in 10×0.5mL fractions and tag removed.
Protein concentration was determined using the Bio-Rad protein

concentration assay (modified Bradford assay; BioRad Cat# 5000006)
at 595 nm. The concentration of protein was calculated from the
average absorbance against a standard curve generated using bovine
serum albumin (BSA). Protein purity was assessed by running the col-
lected fractions on a 15% polyacrylamide gel using SDS-PAGE. The gel
was run at 125mV for 50min in Tris-Glycine running buffer. The gel
was then stained for total protein using Coomassie Blue R-250 and
protein molecular weights were determined based on relative migration
compared to the BLUeye prestained protein ladder (FroggaBio,
Cat#PM007). Protein purity was based on densitometry of Coomassie-
stained proteins following SDS-PAGE and was determined by the frac-
tion of Fr10 densitometry values to total stained protein.

2.2. Tm prediction and differential scanning fluorimetry (DSF)

For DSF experiments, samples contained 12.5 μL of either PBS
(control; buffer only) or Fr10 protein (0.01 μg/μL in PBS). Each well
also contained 7.5 μL of 40× SYPRO orange dye (in PBS) for a total
reaction volume of 20 μL. The thermocycler was set to increase tem-
peratures from 15 °C to 95.0 °C at 0.5 °C increments and to collect
fluorescence for 15 s at each temperature step to monitor any change in
SYPRO orange emission. The negative rate of change in fluorescent
activity over time was monitored and used to identify the melting
temperature (Tm) of Fr10 as previously described (Vivoli et al., 2014).

2.3. Nanoparticle-based aggregation assay

The ability of Fr10 to mitigate freeze-induced damage was tested
through its ability to protect gold nanoparticle aggregation during
freezing. First, aggregation of nanoparticles was determined in the
presence of other compounds with known activity as controls, including
polyvinyl alcohol (PVA; positive control), polyethylene glycol (PEG;
negative control) and bovine serum albumin (BSA; protein negative
control with weak in vitro IRI activity). PVA and PEG were made in a
concentration range between 0 and 5.0mg/ml while the protein sam-
ples of BSA and recombinant Fr10 were prepared with concentrations
ranging between 0 and 0.025mg/ml, all in a flat-bottom transparent
96-well microplate. A total of 50 μL of gold nanoparticles (AuNP)
(30 nm stabilized particles; Cyto Diagnostics, Cat# CG-134 30-20) were
added to each well to a total volume of 100 μL. All sample preparation
was done at 4 °C. The absorbance of the samples was measured at
520 nm after 4 h of freezing at −20 °C and 45min thawing at room
temperature (RT) as previously described (Mitchell et al., 2015). The
peak absorbance at 520 nm was subtracted by the calculated value of
absorbance at 520 nm using the slope of the regression line obtained
using the fluorescence values at 450 and 680 nm. The difference be-
tween the peak and the regression line was used to plot the nanoparticle
protection capacity for each small molecule or protein. Results were
followed up by an unpaired t-test to statistically determine differences
between Fr10 and BSA.

2.4. SPLAT cooling assay

The IRI activity was measured in triplicate using the SPLAT cooling
assay (Ali and Wharton, 2016; Mitchell et al., 2015; Wharton et al.,
2007). A 10 μL drop of sample (at RT) was dropped (pipette equipped
with low retention tips) 2m above a polished aluminum block that had
been previously cooled to −80 °C with dry ice. The droplet im-
mediately froze upon contact with the surface of the block, creating a
wafer approximately 1 cm in diameter and 20 μm thick. The wafer was
separated from the surface of the aluminum block using pre-cooled
tools and transferred to a cryostage maintained at −6.4 °C. The wafer
annealed for 5min at −6.4 °C and was then photographed between
crossed polarizing filters (Nikon CoolPix 5000). One image was selected
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from each wafer for analysis. Ice crystals with well-defined boundaries
within the image were outlined using ImageJ software. The ice crystal
areas were averaged, and the ice crystal mean grain size (MGS) of the
sample was compared to the MGS of the PBS positive control for re-
crystallization for the same day of testing.

3. Results and discussion

Many IBPs, which include AFPs, antifreeze glycoproteins (AFGPs)
and low TH-IBPs, exhibit potent IRI activity and thus can prevent
freezing-induced damage to living tissues when subjected to freezing
temperatures (Capicciotti et al., 2013; Duman, 2015). While the exact
mechanism of IRI activity has not been fully elucidated, it is proposed
to result from inhibition of water transfer between the ice crystals and
liquid water; preventing the growth of larger ice crystals through re-
crystallization. This may either involve binding of the IBP to the surface
of ice crystals to prevent their growth, or through a disruption of the
hydrogen bonding network in liquid water. The latter renders the
transfer of water molecules between ice crystals and liquid water en-
ergetically unfavorable (Capicciotti et al., 2013).

Compared to industrial cryoprotectants like ethylene glycol or di-
methyl sulfoxide (DMSO), IBPs can prolong tissue viability at sig-
nificantly lower concentrations and with little to no toxicity, making
their use as a cryoprotectant particularly intriguing (Duman, 2015; Kim
et al., 2017). The novel freeze-responsive protein Fr10, is currently of
interest for its usefulness in cryopreservation. Previous studies have
demonstrated that Fr10-transfected silkworm cells showed higher sur-
vival rate post-thawing compared to untransfected counterparts (Biggar
et al., 2013), although the exact mechanism of action of this protein had
not been fully explored. It has been previously proposed that Fr10 may
exhibit similar freeze-responsive mechanisms as LS-12, a type-IV AFP
isolated from the longhorn sculpin (Myoxocephalus octodecemspinosus),
due to their great structural homology in terms of size (72 and 108
amino acids, respectively), alanine content (9.7% and 11%, respec-
tively), Glu/Gln content (22% and 26%, respectively), and their pre-
dicted structures (a four α-helical antiparallel bundle) (Biggar et al.,
2013; Deng et al., 1997; Duman, 2015; Storey and Storey, 2017). Since
LS-12 has been previously shown to exhibit both TH and ice shaping
activities (required some degree of ice binding capability), we origin-
ally posited the possibility that Fr10 could also exhibit ice-binding
properties (specifically, IRI activity) mediated by its predicted helical
bundle structure (Deng et al., 1997; Deng and Laursen, 1998; Gauthier
et al., 2008). Therefore, this study aimed to characterize potential IRI
activity and thermal stability of the Fr10 protein in vitro, both of which
may prove insightful in understanding its potential in cryoprotective
applications (Biggar et al., 2013; Bischof and He, 2005; Nowshari and
Brem, 1998).

The recombinant Fr10 protein was successfully purified and the
molecular weight was confirmed to be approximately 10 kDa through
SDS-PAGE (Fig. 1). Following the successful recovery of recombinant
Fr10 protein, DSF was employed to assess the thermal properties of
Fr10 by determining its temperature of denaturation (Tm) (i.e., the
temperature at which an equilibrium between the biologically active
native protein and its unfolded form is established). Results indicated a
Tm of 50.8 ± 0.1 °C for Fr10 (Fig. 2). Comparatively, two ice-binding
proteins (IBPs) derived from the Antarctic bacteria of the Flavobacter-
iaceae family and Euplotes focardii consortium, were previously found to
have a Tm at 53.5 °C and 66.4 °C, respectively (Mangiagalli et al., 2016;
Wang et al., 2017). By contrast, a type-III AFP isolated from Arctic eel
pout (Macrozoarces americanus) was reported to have a Tm value of
approx. 46 °C. Fr10 therefore exhibited a similar Tm value to other
known AFPs and IBPs in other species.

To assess IRI activity in vitro we used a recently developed gold
nanoparticle (AuNP) assay (Mitchell et al., 2015). As recrystallization
occurs, gold nanoparticles are excluded from the ice crystals along with
other solutes, leading to their aggregation. In the presence of a

molecule with detectable IRI activity, this aggregation caused by re-
crystallization can be hindered or possibly prevented. By monitoring
the change in absorbance of the nanoparticles before and after freezing

Fig. 1. Fr10 expression and affinity purification. The Fr10 protein was affinity
purified by immobilized Ni2+-NTA affinity chromatography.

Fig. 2. Thermal stability of Fr10 protein. Differential scanning fluorimetry
(DSF) representative melt peak showing the rate of change in fluorescent in-
tensity from Fr10, with the inverted peak indicating the Tm value. The average
inflexion point is located at 50.83 ± 0.06 °C. Data was collected using Bio-Rad
CFX Connect Real Time System thermal cycler.
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of samples containing Fr10 proteins, the relative IRI properties of Fr10
can be determined based on the degree that it prevents freezing-in-
duced nanoparticle aggregation (Mitchell et al., 2015). In this study,
PVA (Mw 30,000–70,000 g/mol) and PEG (Mw 8000 g/mol) were used
to generate standard curves that distinguish between the presence and
absence of IRI activity, respectively (Mitchell et al., 2015). The IRI
property of Fr10 was also tested against BSA (a protein with very weak
reported in vitro IRI activity) as a protein comparison.

The assay was validated through evaluation of relative IRI activity
by polyvinyl alcohol (PVA) and polyethylene glycol (PEG). The overall
level of relative IRI activity for PVA and PEG was found to be consistent
with the previously reported results obtained by Mitchell and

colleagues (Mitchell et al., 2015). PEG samples displayed a lack of IRI
activity, while PVA demonstrated concentration-responsive IRI activity
(Fig. 3A). Fr10 protein demonstrated greater protection against AuNP
aggregation when compared against the weak-IRI control BSA (Fig. 3B).
These results indicated that Fr10 has an ~2-fold higher apparent IRI
activity compared to BSA protein at the same concentrations when
exposed to −20 °C. The saturation of Fr10 apparent IRI activity was
reached at 0.001mg/ml (Fig. 3B). Although these results support some
measurable level of IRI activity for Fr10, it should be mentioned that it
is unknown at this time if these values are biologically relevant in the
frog.

To further explore possible IRI activity for recombinant Fr10

Fig. 3. Gold nanoparticle-based IRI activity
assay. (a) Standard curves of polyvinyl al-
cohol (PVA; positive control) and poly-
ethylene glycol (PEG; negative control),
showing the correlation between con-
centration and relative IRI activity. (b)
Experimental curves of Fr10 against BSA
protein control, showing the correlation
between concentration and IRI activity.
Error bars were generated using standard
error of each data value. The line going
through y= 1 marked the borderline be-
tween the normalized IRI activity and no IRI
activity. Data was collected using BioTek
PowerWave HT spectrophotometer. The

line of p < 0.05 indicated the range at which significant differences between IRI activities were observed, at 95% confidence level between data sets.

Fig. 4. Ice recrystallization inhibition activity of Fr10 protein from SPLAT cooling assay. (a) Ice crystal images following annealing at −6.4 °C for 5min in PBS (pH
7.4) (left) and in PBS containing 30 μM Fr10 (right). Both images were taken using Nikon CoolPix 5000 camera fitted onto a compound microscope. (b) Ice
recrystallization inhibition analysis of Fr10. The samples (PBS and Fr10) were each performed in triplicate, at an annealing temperature of −6.4 °C for 5min. PBS
sample (control) represents a standard value for relative mean grain size (MGS) of ice crystals. The error bars represent standard error of the mean.
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protein, an additional assay to directly detect IRI was used to observe
the inhibitory effects on the formation of ice crystals in the presence of
each of these controls and Fr10. For this purpose, a SPLAT assay was
employed as previously described (Capicciotti et al., 2016; Mitchell
et al., 2015; Wharton et al., 2007). The reported annealing temperature
(−6.4 °C) is comparable to those previously reported to be the
minimum temperature that Fr10 protein could function effectively to
protect freeze-intolerant silkworm cells in cell culture (Biggar et al.,
2013). The SPLAT cooling assay displayed that the MGS of ice crystals
in samples with 0.33mg/ml (30 μM) of Fr10 (in PBS) protein was ap-
proximately 60% of control samples at −6.4 °C (Fig. 4). For compar-
ison, a type-III AFP from ocean pout was reported to have a similar
inhibitory concentration in the low μM range, while many AFGPs ex-
hibit IRI activity in the nanomolar ranges (Olijve et al., 2016; Voets,
2017). It is possible that the relatively lower IRI activity observed for
Fr10 using the AuNP assay could potentially result from the adsorption
of proteins directly to the nanoparticles, which may partially contribute
to the prevention of aggregation. Indeed, previous characterization of
IRI activity in BSA using the AuNP assay reported that BSA exhibited
IRI activity at concentrations as low as 0.5mg/ml, whereas subsequent
validations using SPLAT method showed that BSA only exhibited con-
siderable IRI activity at concentrations above 10mg/ml – a difference
of 20-fold (Mitchell et al., 2015). This could therefore explain the sig-
nificant difference between the IRI activity reported for Fr10 using two
different methods in this study. To fully elucidate the function of Fr10
in the freeze-tolerant wood frog, it will be important to investigate the
collective contributions of other freeze-responsive proteins and glyco-
lipid components in the wood frog (Sullivan et al., 2015).

It was not possible to fully determine if Fr10 is a bone fide IBP from
its apparent IRI activity, and the ice-binding properties of Fr10 would
require experimental validation using ice-affinity chromatography
(Marshall et al., 2016). It was also not possible to classify Fr10 as either
an AFP or a low-TH IBP based on the findings in this study, since both
types can exhibit IRI activity (Duman, 2015). Quantification of poten-
tial TH activity conferred by the Fr10 protein is therefore also necessary
for its final classification; this can be studied using a nanoliter osm-
ometer (Braslavsky and Drori, 2013) or sonocrystallization (Gaede-
Koehler et al., 2012). Additionally, Fr10 may also have alternative
biologically relevant functions control ice nucleation, which may in-
clude dynamic ice shaping (DIS) or initiation of ice nucleation in the
extracellular fluid, as well as osmotic regulation, to promote an ice-free
cytosol (no freeze-tolerant vertebrate has been documented to survive
intracellular freezing) (Duman, 2015; Storey and Storey, 2017). In-
vestigating these properties of Fr10 can also provide major insights into
its application as a cryoprotectant. The study of TH and ice nucleation
control properties of Fr10 are nevertheless beyond the scope of this
study and will instead be covered by future research to further assess
the protein's usefulness in cryoprotective applications.

Collectively, this study has explored the possible IRI activity and
thermal stability of Fr10, an extracellular protein with previously
documented cryoprotective abilities in cell culture (Biggar et al., 2013).
Overall, we have demonstrated that Fr10 displays moderately low IRI
activity in vitro.
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