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� This study provides new insights into
the mechanism by which antifreeze
peptides regulate cell physiological
functions and apoptosis under
freezing stress.

� A novel interaction model between
frozen cells and ice crystals with
antifreeze peptide intervention was
revealed.

� This study provides a scientific basis
for the use of an antifreeze peptide as
an effective cryopreservation agent
for LAB and other microbes.
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Introduction: Antifreeze peptides regulate the physiological functions of frozen cells and even their apop-
tosis; however, the mechanisms by which antifreeze peptides regulate these processes remain unclear,
although the interactions between cell membranes and ice are well known to be important in this pro-
cess.
Objectives: Our study aims to investigate how antifreeze peptides regulate cell physiological functions
during the freezing process.
Methods: We investigated the cryoprotective effect of rsfAFP on the physiological functions of S. ther-
mophilus under freezing stress by measuring cellular metabolism activity, intracellular enzyme activity,
cell membrane characterization, and cell apoptosis. The mechanism by which rsfAFP impacts S. ther-
mophilus physiological functions under freezing stress was investigated using multispectral techniques
and cryo-TEM.
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Results: We show that a recombinant antifreeze peptide (rsfAFP) interacts with the extracellular capsular
polysaccharides and peptidoglycan of Streptococcus thermophilus and ice to cover the outer layer of the
membrane, forming a dense protective layer that regulates the molecular structure of extracellular ice
crystals, which results in reduced extracellular membrane damage, depressed apoptosis and increased
intracellular metabolic activity. This interaction mechanism was indicated by the fact that S. thermophilus
better maintained its permeability barrier, membrane fluidity, membrane structural integrity, and cyto-
plasmic membrane potential during freezing stress with rsfAFP treatment.
Conclusion: These results provide new insights into the mechanism by which rsfAFP regulates frozen
cell physiological functions and apoptosis under freezing stress.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The increasing variety of viruses in the human environment,
such as influenza and coronavirus (COVID-19), requires the devel-
opment of more antiviral vaccines. Currently, some studies have
shown that an oral vaccine against coxsackievirus A16 (CVA16)
has been developed by using safe food bacteria such as Lactococcus
lactis [1]. However, cryopreservation agents will be inevitably used
for the development of lyophilized oral vaccines when the cells
need to be freeze-dried. In fact, cryopreservation of living cells
and tissues is fundamental in modern biology, food, agriculture
and medicinal research [2]. Lactic acid bacteria (LAB) are important
microorganisms in the modern biological and food industries. Due
to the fermentation characteristics and functions of probiotics [3],
LAB play an increasingly important role in food fermentation and
processing in industry. Moreover, LAB have been developed for
vaccinal, medical and technological use as mucosal delivery vehi-
cles that allow the expression of heterologous proteins and serve
as various delivery systems and oral vaccine carriers [4]. In indus-
try, lactobacilli are usually prepared into freeze-dried powder,
which is convenient for preserving the functional stability of the
LAB strain [5]. However, as ice crystals form on Lactobacillus cells
at low temperature or during the freeze-drying process, antifreeze
agents generally must be added to increase the activity of the bac-
teria in the freeze-dried powder [6]. At present, the antifreeze
agents that can be used for cell cryopreservation mainly include
glycerol, trehalose, skim milk, and sucrose. However, these anti-
freeze agents cannot regulate the formation of ice crystals during
recrystallization or thawing, which is important because the
mechanical stress damage caused by these processes is even
greater than that caused by the freezing process [7] and decreases
the recovery of all cells [8]. Moreover, organic solvents, such as
glycerol and DMSO, are potentially cytotoxic and might irre-
versibly damage cells [9]. Therefore, innovative cryopreservation
methods and cryoprotective agents need to be investigated.

Extremophilic organisms have evolved many strategies that
enable them to survive in subzero environments, which may
inspire new biomimetic strategies to improve cryopreservation
[10,11]. For example, arctic fish species produce a variety of anti-
freeze proteins (AFPs) that help arctic fish adapt to cold growing
environments [12]. AFPs are specialized proteins that can inhibit
the growth and recrystallization of ice, a phenomenon called ther-
mal hysteresis (TH), and influence ice crystal morphology [13].
Moreover, AFPs can decrease the freezing points of solutions in a
noncollagative manner due to the surface coverage of AFPs, which
allows them to be used at a much lower concentration than other
cryoprotectants [14]. Liu et al. (2016) reported that the ice nucle-
ation temperature decreased significantly when the AFPs coverage
was approximately 80% and increased when the coverage was less
than 60% and higher than 90% [15]. Because of these desirable
properties, AFPs can be used as cryoprotectants for living cells, tis-
sues and organs as well as frozen foods [16]. However, the mech-
anism by which AFPs regulate cell physiological function in the
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frozen state is still unclear. To determine this mechanism, it is nec-
essary to clarify how AFPs interact with ice, cells and both ice and
cells and to explore the cryoprotection of cells by AFPs at the
molecular level.

The snow flea AFP isolated from Canadian Hypogastrura harveyi
was shown to be a hyperactive insect AFP, as its TH activity is one
or two orders of magnitude greater than that of most AFPs found in
fishes and plants [14]. The snow flea AFP has the characteristic of
the Janus effect in structure; that is, it has both an ice-binding sur-
face and a non-ice-binding surface. Due to the specificity of its
structure, the snow flea AFP exhibits excellent recrystallization
inhibitory activity [17,18]. AFPs, especially the snow flea AFP, are
widely used in cell cryopreservation, which protects the cellular
integrity and physiological functions of LAB [19]. Nevertheless, to
our knowledge, it is still unclear how the snow flea AFP binds to
cells and binding sites. Considering the above, the aim of this study
was to provide new insights into the mechanism by which the
snow flea AFP regulates cell physiological functions under freezing
stress. To this end, we first overexpressed and then purified recom-
binant snow flea antifreeze peptide (rsfAFP) in recombinant E. coli
BL21 (DE3). We then investigated (1) the cryoprotective effect of
this peptide on the physiological functions of S. thermophilus dur-
ing frozen stress; (2) the mechanisms by which rsfAFP interacts
with these cells and ice; and (3) the mechanism by which rsfAFP
impacts S. thermophilus apoptosis under cold stress. This study
offers insights into the mechanism by which rsfAFP regulates the
physiological functions of living cells under freezing stress by bind-
ing extracellular capsular polysaccharides and peptidoglycan and
thus coating the outsides of cells and provides a scientific basis
for the use of this AFP as an effective cryopreservation agent for
LAB or the lyophilized oral vaccines based on LAB for the benefit
of humankind.
Material and methods

Materials

The E. coli BL21 (DE3) expression strain was purchased from
MoBiTec (Göettingen, Germany). The pET28a plasmid cloning vec-
tor was purchased from Genscript Biotechnology Co., Ltd. (Nanjing,
China). The restriction endonucleases XbaI and XhoI and DNA
purification kits were purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). The S. thermophilus that was used throughout
the study was obtained from Fuzhou University (Fuzhou, China).
Other analytical reagents used in this work were purchased from
Sigma (USA).
Thermal hysteresis activity (THA)

The THA of rsfAFP was quantified using an 8500 DSC (PerkinEl-
mer, America), and the detailed procedures were as described pre-
viously by Wu et al. [20]. The enthalpy of melting (DHm) and
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exothermic enthalpy of refreezing (DHr) were calculated from the
crystallization peak. The THA was calculated using Eq. (1).

THA ¼ Th� T0 ð1Þ
where T0 is the initial freezing temperature calculated from the cold
crystallization peak and Th is the holding temperature.

The fraction (u) in the sample was estimated using Eq. (2).

/ð%Þ ¼ 1� DHr

DHm

� �
� 100 ð2Þ
Ice recrystallization inhibition (IRI) activity

The IRI activity of rsfAFP was determined using a polarizing
optical microscope with a cold stage (Linkam Scientific Instru-
ments Ltd. Tadworth, UK) attached to an Olympus BX41 micro-
scope equipped with a CCD camera (Roper Scientific, USA) as
described previously by Wang et al. [21]. Briefly, a small drop
(3 lL) of pH 7.4 TBS buffer (5 mM Tris-HCl, 150 mM NaCl) with
or without rsfAFP was placed between two circular glass cover
slips. The cover slips were placed in the chamber of the cold stage
and then rapidly cooled from room temperature to �50 �C at a rate
of 10 �C/min and held for 5 min. The microscopic image of the sam-
ple at �50 �C was recorded, and then the temperature was gradu-
ally increased from �50 �C to �14 �C at a rate of 5 �C/min. The
temperature was then held at �14 �C for 1 min and increased to
�12 �C at a rate of 1 �C/min. Afterward, the samples were cycled
2 times between�14 �C and�12 �C at a rate of 1 �C/min. Ice crystal
growth was monitored and photographed at the end of the 2 cycles
using a CCD camera.

Nanoliter osmometer experiments

The morphologies of single ice crystals were analyzed with a
nanoliter osmometer (Otago Osmometers Ltd., Dunedin, New Zeal-
and) with a temperature precision of 0.01 �C. The temperature con-
troller chamber was dehydrated with dry purified nitrogen
(99.99%, 25 �C) throughout the manipulating procedure. The
detailed procedures were as described previously by Geng et al.
[22]. Briefly, a drop (1 nL) of sample was injected into an immer-
sion oil B-filled sample well using a microscope, quickly cooled
to �20 �C, and then slowly warmed to the melting temperature.
Once a single ice crystal appeared, it was maintained for approxi-
mately 20 s, and the temperature was recorded as the melting tem-
perature (Tm). Then, the temperature slowly decreased to the
specific value (Tf) at which ice started to grow. This procedure
was recorded by a high-speed camera (Zeiss, Stemi 2000).

Low-field nuclear magnetic resonance imaging

To determine the effects of rsfAFP on the melting of a frozen
solution, 0.5 mg/mL solutions of rsfAFP were prepared in distilled
water and 5 mM TBS or 20 mM TBS. Distilled water was used as
a negative control, and glycerol (10%, w/w) and arginine (1.0 mg/
mL, Arg) were used as positive controls. Glass tubes (inner
diameter = 15 mm) holding 6.0 mL of each solution were frozen
in a �20 �C freezer overnight for NMR microimaging experiments.
The melting rates of the frozen solutions were determined, and the
detailed procedures were as described previously by Li et al. [23].

S. thermophilus cryopreservation

The cryopreservation of S. thermophilus was performed accord-
ing to the method described by Li et al. [23]. The concentration of
rsfAFP used for cryoprotection was 0.5 mg/mL (Fig. S1). Commer-
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cial cryoprotectants (1 mg/mL sucrose, 1 mg/mL skim milk, and
10% glycerol (v/v)) were used for comparisons with rsfAFP, and
20 mM PBS was used as a negative control because it has no cry-
oprotective effect. The bacterial suspensions with or without cry-
oprotectant were frozen at �20 �C for 24 h and thawed once
every 2 h during the period (2 times in total).

S. thermophilus cell viability

The cryoprotective activity of rsfAFP was analyzed using the
method described by Chen et al. [7]. Briefly, 50 lL of each cell sus-
pension (106 CFU) before and after freezing was incubated in 4 mL
of M17 broth at 200 rpm and 37 �C for 7 h, after which the bacte-
rial concentration was determined by measuring the OD600 using a
UV–Vis spectrophotometer (UV-2600, UNICO Instrument Co. Ltd.,
Shanghai, China). The relative survival rate is expressed as ODA/
ODB � 100, where ODA is the number of viable cells after freezing
stress, and ODB is the number of viable cells before freezing.

Cell metabolic activity

After the freezing stress treatment with or without cryoprotec-
tants described in the section of this paper entitled ‘S. thermophilus
cryopreservation’, the acidification activity of S. thermophilus was
investigated according the method of Meneghel et al. [24]. After
thawing, the cells were washed twice and resuspended in 50 mM
potassium phosphate buffer (pH 7.4). A 4 mM 2-(4-iodophenyl)-3
-(4-nitrophenyl)-5-phenyltetrazolium chloride (INT) solution was
added to the cell suspensions for a final concentration of 2 mM.
Then, the bacterial suspensions were incubated at 37 �C for 2 h.
The reduction of the colorless compound INT to red formazan
was detected by measuring the absorbance at 584 nm.

Intracellular enzyme activity

After cryopreservation, the S. thermophilus samples were
thawed at 37 �C for 10 min, and the cells were harvested by cen-
trifugation (6,000 rpm, 10 min) after being washed twice with
PBS. Cell-free extracts (CFEs) were prepared from the resuspended
cells according to the method previously published by Wang et al.
[25]. The activities of b-galactosidase, lactic dehydrogenase (LDH),
pyruvate kinase (PK) and hexokinase (HK) were measured by using
assay kits purchased from Nanjing Jiancheng Bioengineering Insti-
tute (Nanjing, China) as described by the manufacturer.

Cell membrane characterization

The cell membrane potential was determined using the cell-
permeant lipophilic cationic dye RH123 [26], the cell membrane
fluidity was determined using the fluorescent dye DPH according
to the method described by Chen et al. [7], and the intracellular
level of calcium ions with or without freezing was determined
using Fluo-3/AM according to the method described by Leri et al.
[27]. The membrane integrity of S. thermophilus cells was investi-
gated with PI/CFDA fluorescent dyes (Sigma, China). Briefly, S. ther-
mophilus samples were thawed at 37 �C for 10 min and harvested
by centrifugation (6,000 rpm, 10 min). The harvested cells were
washed twice with PBS (20 mM, pH 7.4) and resuspended in an
equal volume of PBS to an approximate concentration of 107

CFU/mL. PI (1.496 mM) and CFDA (0.460 mM) were added, and
the suspensions were incubated at 37 �C for 15 min in the dark.
Fluorescence emission spectra (excitation, 470 nm; emission,
490 � 670 nm; bandwidth, 10 nm) were recorded using an F-
4500 fluorescence spectrofluorometer (Hitachi, Japan) at room
temperature. The membrane integrity was calculated as the ratio
of CFDA fluorescence (integrated intensity between 510 and
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540 nm) to PI fluorescence (integrated intensity between 580 and
620 nm). These ratios were normalized to the value for the unfro-
zen cells, which were assigned a membrane integrity of 100%.

Flow cytometric analysis of S. thermophilus cell apoptosis

After the freezing treatment described in the section of this
paper entitled ‘S. thermophilus cryopreservation’, S. thermophilus
samples were thawed at 37 �C for 10 min and harvested by cen-
trifugation (6,000 rpm, 10 min). The harvested cells were washed
twice with PBS (20 mM, pH 7.4) and resuspended in an equal vol-
ume of PBS to an approximate concentration of 107 CFU/mL. Ten
microliters of annexin V-FITC was first added to a cell suspension
and incubated at 40 �C for 20 min in the dark. Subsequently,
10 lL of PI (50 lg/mL dissolved with 20 mM PBS) was added to
the mixture and incubated at 40 �C for 10 min in the dark prior
to the fluorescence measurement using a FACSort flow cytometer
(BD Biosciences, Mountain View, CA, USA). Fluorescence emission
spectra (excitation 470 nm, emission 490 � 670 nm, BW 5 nm)
were recorded, and the cell apoptosis was analyzed using Cell
Quest 3.0 software (Becton Dickinson, Franklin Lakes, NJ, USA).

DNA fragmentation resulting from apoptotic signaling cascades
after cold stress was detected with a TUNEL staining kit purchased
from Sangon Biotech Co., Ltd. (Shanghai, China). Furthermore, cas-
pase activation was determined by flow cytometry after the cells
had been stained with activated caspases using the CaspACE assay
system (FITC-VAD-FMK, Sangon Biotech Co., Ltd, Shanghai, China).

Cryogenic transmission electron microscopy (cryo-TEM)

S. thermophilus cells were prepared for cryo-TEM according to
the method described previously by Li et al. [23]. Cell solutions
(2.5 lL) were dripped into Quantifoil holey carbon TEM grids
(orthogonal, 300 mesh, copper). The excess liquid was then blotted,
and the grids were vitrified in liquid ethane using a Vitrobot (FEI).
These samples were then imaged on a Talos F200C G2 TEM instru-
ment (FEI). The images were captured under low-dose conditions
using a bottom-mount CCD camera (Ceta 4 K*4K). The concentra-
tion of rsfAFP used in the cryoprotective measurements was
0.5 mg/mL, and 20 mM PBS was used as a negative control.

Raman spectral analysis

An aqueous cell suspension (4 lL) was used to obtain the
Raman spectra of ice and rsfAFP before and after crystallization.
Each solution was sealed with a coverslip, rapidly cooled to
�80 �C by an optical closed-cycle helium cryostat at a rate of
10 �C/min and then held for 20 min. Raman spectra of the samples
at �50, �20, 0 and 25 �C were obtained using a confocal Raman
microscope (TESCAN-MAIA3, Czech Republic). Laser light at
532 nm was transmitted to the microscope through a single fiber
for excitation. The laser power at the objective was 8 mW, and a
100� objective lens (NA = 0.75) was used. The focal length was
4.6 mm, and the confocal pinhole diameter was 120 lm (equiva-
lent to 1.2 lm in diameter). The longitudinal resolution (FWHM)
was less than 12 lm, and the lateral resolution (PSF) was less than
2 lm. The spectral scanning range was 500–4000 cm�1.

Molecular docking simulations

The 3D structures of the snow flea AFP (2PNE) and a capsular
polysaccharide from the lactobacillus cellular capsule (1CAP) were
obtained from the Protein Data Bank. The structure of peptidogly-
can in the lactobacillus cellular wall was drawn in GaussView 5.0.
The interactions between rsfAFP and the polysaccharide were stud-
ied using SYBYL-X 2.1.1 software (Tripos Inc., St. Louis, USA). Their
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force field and charges were set as Tripos and Gasteiger-Hückel,
the threshold and bloat were set as 0.5 and 0 A, respectively, and
other parameters were set at their default values.

Data analysis

All experiments were conducted using at least three different
technical replicates. Data analysis was performed using SPSS 17.0
(SPSS, Chicago, IL, USA), and data are reported as the
mean ± standard deviation from at least three to four independent
experiments. Statistical significance was determined by Duncan’s
multiple range tests (P < 0.05).
Results

Expression, purification, and confirmation of rsfAFP

The DNA coding sequence of the snow flea AFP was synthesized
and cloned into the pET28a-SUMO vector (Fig. S2). The protein
rsfAFP was successfully expressed (1.5 g/L) with an N-terminal
6 � His-SUMO tag from the pET28a-SUMO vector in E. coli BL21
(DE23) upon induction with IPTG (Fig. 1a). As shown in Fig. 1b,
SDS–PAGE analysis clearly showed a 27-kDa fusion product of
the target protein (6 � His-SUMO-rsfAFP) and SUMO tag from
the transgenic strain (the molecular weight of the 6 � His-SUMO
tag is 20 kDa). The band in the SDS–PAGE gel containing the fusion
protein was excised and in-gel digested with trypsin. Nano LC–MS/
MS analysis identified the unique rsfAFP sequence
CKGADGAHGVNGCPGTAGAAG-SVGGPGC- DGGHGGNGGNGNPGC
AGGVGGAGGASGGTGVGGRGG********GADGAPGAP (Fig. S3), indi-
cating that the target protein had been successfully expressed.
The target protein (rsfAFP) was obtained from the fusion protein
after digestion by SUMO protease and purification by RP-HPLC
(Fig. S4).

Freezing point depression and the inhibition of ice growth and
recrystallization are the main functions of snow flea AFPs [14].
TH activity, ice recrystallization inhibitory (IRI) activity, and single
ice crystal growth and morphology were investigated to verify the
existence of functioning rsfAFPs after recombinant expression. As
shown in Fig. 1c, TH activity was positively associated with con-
centration. The presence of rsfAFP reduced the ice crystal size
(Fig. 1d). Moreover, the ice crystals in PBS had a flat, disk-like
shape, and the ice grew so rapidly that the observation window
was occluded by ice within 20 s. Interestingly, ice crystal growth
in a rsfAFP aqueous dispersion was different from that in pure
water in two ways (Fig. 1d). First, the ice crystals were hexagonal;
second, the ice crystals in the rsfAFP aqueous dispersion grew
much slower than those in pure water, suggesting that rsfAFP
inhibited ice growth. We obtained proton LF-NMR images from
transverse sections of the frozen aqueous solutions containing
rsfAFP (dissolved in different buffers) after they hadmelted for var-
ious durations. The ice melted significantly faster with the addition
of rsfAFP than in the commercial cryoprotectant groups and nega-
tive group (Fig. 1e). Collectively, these results clearly show that
rsfAFP is a typical hyperactive AFP.

Cytoprotective effects of rsfAFP on the physiological functions of S.
thermophilus under freezing stress

Cryopreservation is one of the most commonly used techniques
for the preservation of LAB, but mechanical damage caused by ice
crystals during the preservation process damages LAB, reducing
their vitality and function. To determine the cryoprotective capac-
ity of various cryoprotectants, the effects of different cryoprotec-
tants on the viability and acidification ability of S. thermophilus



Fig. 1. Expression and identification of recombinant snow flea antifreeze peptide (rsfAFP) in E. coli BL21 (DE3). (a) Target protein purification profile. Lanes 1–2: loaded
sample; lane 3: flow through; lanes 4–6: fractions eluted with 20 mM TBS buffer with 20, 50, and 250 mM imidazole, respectively; lanes 7–8: 2 lg and 4 lg BSA (66.4 kDa),
respectively; (b) Enzymatic hydrolysis of fusion proteins with SUMO protease. L1: SUMO; L2: SUMO-rsfAFP; L3: Marker; (c) Thermal hysteresis activity of rsfAFP at different
concentrations; (d) Optical images show the completely different growth behaviors and shapes of ice crystals with or without the addition of 0.5 mg/mL rsfAFP in PBS
(20 mM, pH 7.4). The scale is 100 lm; (e) Time-dependent NMR microimaging of frozen aqueous solutions during melting as labeled in the top left frame. Solutions
containing rsfAFP at concentration of 0.5 mg/mL dissolved in 20 mM TBS (labeled rsfAFP1 in the figure), 5 mM TBS (labeled rsfAFP2) and pure water (labeled rsfAFP3) are
shown. Pure water was used as the negative control, and 1.0 mg/mL arginine and 10% glycerol were used as positive controls. In the proton density images, black represents
solid ice, and white represents areas with high densities of mobile water.
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cells exposed to freeze stress were tested (Fig. 2a). The survival rate
and culture pH were negatively associated and significantly greater
under the cryoprotection of rsfAFP than under commercial cry-
oprotectants (Fig. 2a). After freezing treatment, the PBS (negative
control) samples showed an obvious growth lag (Fig. 2b). In addi-
tion, the acidification ability of S. thermophilus was significantly
reduced compared to that without freezing (Fig. 2c). This shows
that freezing stress treatment caused damage to the cells that they
do not naturally repair, decreasing cell physiological function in
terms of all tested metrics. However, the addition of cryoprotec-
tants reduced the damage caused by freezing stress to varying
degrees and maintained the physiological functions of S. ther-
mophilus cells after resuscitation. Compared with the control treat-
ment, rsfAFP most reliably maintained the physiological functions
of S. thermophilus cells during the thawing process. In the para-
graphs below, we detail the cryoprotective effects on various indi-
cators of physiological function.
131
The metabolic activity of S. thermophilus cells is related to the
activities of key intracellular enzymes, including lactate dehydro-
genase (LDH), b-galactosidase, pyruvate kinase (PK) and hexoki-
nase (HK). The reduction of 2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-phenyltetrazolium chloride (INT), an artificial electron receptor,
by dehydrogenases and reductases after cryopreservation of S.
thermophilus was one method we used to evaluate the metabolic
activity, and the results were consistent with the experiment to
deduce the acidification function of S. thermophilus (Fig. 2d). The
metabolic activity of the cells in the PBS group after thawing was
only 28.33 ± 1.67% that of the unfrozen cells, while the metabolic
activity of S. thermophilus in the rsfAFP group was 82.54 ± 2.33%,
which was significantly (P < 0.05) higher than those observed with
the commercial cryoprotectants sucrose (50.04% ± 0.79%), skim
milk (62.65% ± 3.08%) and glycerin (71.06% ± 1.60%). Therefore,
the addition of rsfAFP to the solution during the freezing process
increased the metabolic activity of S. thermophilus that was
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retained after thawing compared to that with other
cryoprotectants.

The intracellular activities of LDH, b-galactosidase, PK and HK in
S. thermophilus cells after thawing were significantly decreased
compared with those of unfrozen cells (Fig. 2e). However, the
activities of these enzymes were improved to varying degrees by
rsfAFP and commercial cryoprotectants. Among the groups, the
enzyme activities of the rsfAFP group were closest to those of the
unfrozen cell group. Thus, these findings suggest that rsfAFP main-
tains cell metabolism by protecting the intracellular activities of
specific enzymes in S. thermophilus cells under freezing.

In addition to the metabolic enzymes described above, mem-
brane proteins in S. thermophilus play important roles in maintain-
ing cell metabolism. Specifically, ATPase is an important
physiological component that helps maintain the ion gradient
and membrane potential; Ca2+-ATPase and Mg2+-ATPase regulate
intracellular Ca2+ and Mg2+ concentrations, respectively; and Na+-
Fig. 2. Viability of S. thermophilus cells after freezing at �20 �C for 24 h and 2 freeze
thermophilus after incubation for 7 h; (b) growth curve of S. thermophilus; (c) acidifica
cryoprotectants; (e) effects of various cryoprotectants on the activity of lactic dehydroge
cryoprotectants on ATPase in S. thermophilus under cold stress. Different letters on colu
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K+-ATP maintains high extracellular Na+ and high intracellular K+

concentrations and catalyzes the hydrolysis of ATP to provide
energy [28]. Here, to investigate the relationship between these
membrane proteins and the cell metabolism of S. thermophilus,
we measured the activities of these membrane proteins. The activ-
ities of Na+-K+-ATPase, Ca2+-ATPase and Mg2+-ATPase in S. ther-
mophilus cells treated with different cryoprotectants were higher
than those in S. thermophilus cells in the PBS group (Fig. 2f). Impor-
tantly, the ATPase activity of the rsfAFP group was also consider-
ably higher than that of the commercial cryoprotectant groups.
These results indicate that rsfAFP may maintain the steady-state
balance of intracellular and extracellular ion concentrations under
freezing stress by preserving ATPase activity to improve the phys-
iological functions of S. thermophilus.

To determine whether apoptosis was induced by the cell mem-
brane injury that occurred under freezing stress, S. thermophilus
cell apoptosis was analyzed by terminal deoxynucleotidyl trans-
–thaw cycles with various cryoprotectants. (a) Survival rate and culture pH of S.
tion ability of S. thermophilus; (d) S. thermophilus metabolic activity with various
nase (LDH), b-galactosidase, pyruvate kinase (PK) and hexokinase (HK); (f) effects of
mns indicate significant different values (P < 0.05).
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ferase dUTP nick-end labeling (TUNEL) and FITC-VAD-FMK analy-
ses. The TUNEL (Fig. 3a) and FITC-VAD-FMK (Fig. 3b) analyses sug-
gested that some S. thermophilus cell apoptosis occurred under
freezing stress but it had no significant influence on physiological
functions. Moreover, under the same freezing treatment condi-
tions, rsfAFP inhibited the apoptosis of S. thermophilus cells more
strongly than commercial cryoprotectants. However, the cells
resuspended in PBS and stored at 4 �C for 7 days exhibited signif-
icant apoptosis (Table S1).
Fig. 3. Effects of cryoprotectants on S. thermophilus apoptosis after freezing stress. (a) TU
cold-stress treatment and treatment with (c-2) 20 mM PBS (negative control), (c-3) 0.5
controls). Q2-1: necrotic cells; Q2-2: late apoptotic cells; Q2-3: viable cells; Q2-4: early
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The mechanical stress caused by ice crystals in the frozen state
is the main cause of the decline in the physiological function of S.
thermophilus after resuscitation. The cryoprotectants had signifi-
cantly different effects on the viability of S. thermophilus cells
(Fig. 3c). The recovery rates of the cells treated with commercial
cryoprotectants after freezing stress were less than 45%. Compared
with the PBS (negative control) group, the rsfAFP group showed an
increase in the percentage of living cells from (12.18 ± 2.08)% to
(87.12 ± 0.66)%. A significant 7.2-fold increase in the percentage
NEL staining; (b) FITC-VAD-FMK staining; (c) Annexin V-FITC/PI staining. (c-1) No
mg/mL rsfAFP, and (c-4) 10% (v/v) glycerol and (c-5) 1.0 mg/mL sucrose (positive
apoptotic cells.



Fig. 4. Cellular membrane properties of S. thermophilus after freezing at �20 �C for 24 h and 2 freeze–thaw cycles with different cryoprotectants. (a) RH123 probe
fluorescence intensity indicating the cell membrane potential of S. thermophilus; (b) DPH fluorescence intensity indicating the cell membrane fluidity of S. thermophilus; (c) PI/
CFDA fluorescence intensity indicating the cell membrane integrity of S. thermophilus; (d) Fluo-3/AM fluorescence intensity representing the intracellular calcium ion
concentration; (e) Cryo-TEM of S. thermophilus cells treated with or without 0.5 mg/mL rsfAFP. The green, yellow and red arrows indicate cytoderm, cytomembrane and ice
crystals, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of viable cells was observed in the rsfAFP group compared with the
negative control group, and a 2.0-fold increase was observed in the
rsfAFP group compared with the glycerol group (Table S2). Collec-
tively, these results indicate that S. thermophilus showed no obvi-
ous apoptosis under freezing stress and instead mainly
underwent necrosis caused by mechanical stress.
Influence of rsfAFP on the membrane structure and properties of S.
thermophilus during freezing

Cell death often occurs due to the mechanical damage caused
by ice crystals during freezing [29]. Therefore, we investigated
the rsfAFP cryoprotective mechanism by determining the influence
of rsfAFP on the membrane structure of S. thermophilus under
freezing conditions.
Fig. 5. In situ Raman spectroscopy analysis for the interaction between rsfAFP and extra
suspended in PBS; (c) and (d) Raman spectra of 0.5 mg/mL rsfAFP; (e) and (f) S. thermop
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First, the cell membrane potential of S. thermophilus after freez-
ing stress in the presence of different cryoprotectants was analyzed
by the cell membrane lipid-soluble cationic fluorescent dye RH123,
which has a fluorescence intensity that is positively correlated
with cell membrane potential [26]. Freezing stress leads to an
increase in the cell membrane potential, thereby opening potas-
sium channels. The outflow of potassium ions leads to further
membrane hyperpolarization and enhancement of the probe fluo-
rescence. The fluorescence intensities of all groups after freezing
stress treatment were increased compared to those of the unfrozen
cells, and the fluorescence intensity of the PBS (negative control)
group was the highest (Fig. 4a). This result indicated that the cell
membrane potential increased after freezing treatment, but the
membrane potential of the rsfAFP group was the closest to that
of the unfrozen cells. Thus, rsfAFP helps maintain the normal per-
cellular ice at different temperatures. (a) and (b) Raman spectra of S. thermophilus
hilus suspended in 0.5 mg/mL rsfAFP.
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meability of cell membranes and ion concentration homeostasis to
maintain the metabolic activity of S. thermophilus cells during cry-
opreservation. Moreover, the fluorescence intensity of DPH
decreased obviously after freezing treatment, indicating decreased
cell membrane fluidity, especially that of the negative control
group (Fig. 4b). Furthermore, the cell membrane fluidity of the
rsfAFP group was significantly higher than those of the groups sup-
plemented with other cryoprotectants and the negative control
group.

Various physicochemical events occur when cells are exposed
to freezing stress. The cellular membrane is sensitive to low tem-
peratures and is the primary target of damage. Therefore, the
membrane integrity of S. thermophilus cells was investigated by
PI/CFDA fluorescent dyes. The membrane integrity of S. ther-
mophilus cells treated with different cryoprotectants was higher
than that of cells in the PBS group (Fig. 4c). Importantly, the mem-
brane integrity of cells in the rsfAFP group was also considerably
higher than those of the commercial cryoprotectant groups and
closest to the unfrozen group. The mechanical damage caused by
ice crystals is often cell membrane damage, which disrupts the
Fig. 6. Molecular docking simulations showing interactions of peptidoglycan and capsula
of rsfAFP and potential binding sites for (a) peptidoglycan and (b) capsular polysaccharid
between rsfAFP and peptidoglycan; (e) general overview (left) and (f) magnified view (r
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intracellular Ca2+ balance. Therefore, we also analyzed the intracel-
lular calcium ion concentration, which is positively correlated with
the fluorescence intensity of the Fluo-3/AM fluorescent probe. The
fluorescence intensity changed the least upon the addition of
rsfAFP compared to the other cryoprotectants and negative control
and was similar to the fluorescence level of the cells without freez-
ing treatment (Fig. 4d). These results indicate that rsfAFP had a sig-
nificant protective effect on S. thermophilus and that the physical
parameters of the cell membrane were maintained under freezing
stress.

Damage to the cell membrane caused by mechanical stress is
irreversible. To better understand the changes in cell membranes
caused by freezing stress, we conducted scanning electron micro-
scopy (SEM) studies. The SEM results showed that the cells were
disrupted and shriveled after cold stress and surrounded by intra-
cellular components that had leaked from the cell (Fig. S5). How-
ever, the rsfAFP group showed the opposite result: the S.
thermophilus cells were plump, and the cell surface was smooth
and intact. This may have occurred because the mechanical stress
caused by ice crystals caused the cell membrane to rupture, lead-
r polysaccharide (PDB: 1CAP) with rsfAFP (PDB: 2PNE). Visualization of the structure
e in rsfAFP. (c) General overview (left) and (d) magnified view (right) of the docking
ight) of the docking between rsfAFP and a capsular polysaccharide.
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ing the cell contents to leak and deposit on the cell surface to form
a continuous substrate [30], and the mechanical stress of S. ther-
mophilus cells was reduced in the presence of rsfAFP.

To further investigate the mechanism by which rsfAFP interacts
with the membrane of S. thermophilus cells, we first observed iso-
lated S. thermophilus incubated with or without rsfAFP in situ via
cryo-TEM. As shown in Fig. 4e, cells without rsfAFP exhibited seri-
ous rupturing and cellular deformation. An easily recognized
cytoskeleton and typical cell structure were clearly observed for
the samples treated with 0.5 mg/mL rsfAFP. This is the first report
that clearly shows the whole-cell structure of S. thermophilus cells
under freezing conditions with AFPs and ice crystals. Furthermore,
compared to the control cells, the ice crystal content around the
cells treated with rsfAFP was obviously lower, the ice crystals were
smaller, and the cytoderm was significantly thicker. A layer of
material seemed to be wrapped around the cytoderm, from which
we inferred that rsfAFP bound the cell wall by interacting with
molecules on the membrane, thus covering the cell surface and
forming a protective layer to prevent the formation of large ice
crystals. Since S. thermophilus can secrete extracellular capsular
polysaccharides [31], we hypothesized that the interaction
between rsfAFP and capsular polysaccharides leads to the forma-
tion of a tight membrane structure that protects the bacteria from
damage caused by freezing. This result corroborates the results of
previous studies on the physiological functions of cell membranes,
which showed that rsfAFP effectively maintained the permeability
and structural integrity of cell membranes, preventing cellular
leakage caused by ice crystal-induced mechanical damage.

Investigation of the interaction of rsfAFP with S. thermophilus under
freezing stress

To assess whether rsfAFP reduces ice crystal-induced mechani-
cal damage, we used Raman spectroscopy. Raman spectroscopy is a
fast in situ sampling method for determining the structural varia-
tion of proteins and hydrates, so in situ Raman spectroscopy was
employed to study the interactions between rsfAFPs and the extra-
cellular ice of S. thermophilus. An ice Raman peak (3130 cm�1)
appeared after the bacterial PBS suspension was frozen, and a crys-
tallization peak (3430 cm�1) appeared when the temperature was
below �20 �C (Fig. 5a, b), which can be used as an indicator of
intracellular ice [32]. Furthermore, the stretching vibration peaks
of the amide band (1200–1800 cm�1) and CH band (2840–
3000 cm�1) typical of organic matter [33] became weaker or disap-
peared with decreasing temperature (Fig. 5c-f). During freezing,
AFPs bind ice crystals by their hydrophobic groups, and hydropho-
bic groups repel liquid water molecules [15]. When the protein
solution froze, the amide band disappeared, indicating that the
molecular vibrations were limited because the protein had
adsorbed on the ice crystals (Fig. 5c, d). In addition, the extracellu-
lar ice Raman signal from the sample containing S. thermophilus
and rsfAFP (Fig. 5f) was significantly weaker than that of the con-
trol group (Fig. 5b), in which no intracellular ice Raman signal was
observed.

Based on cryo-TEM and Raman spectroscopy analyses, we spec-
ulated that rsfAFP may bind the extracellular capsular polysaccha-
rides of S. thermophilus or peptidoglycan in the cell wall in some
way. Therefore, the interaction between rsfAFP and cellular
polysaccharides was further analyzed by using Fourier trans-
form infrared spectroscopy (FTIR). By analyzing the FTIR spectra
of rsfAFP and either peptidoglycan or cellular polysaccharides at
different ratios, it was found that the presence of peptidoglycan
(Fig. S6a) or capsular polysaccharides (Fig. S6b) changed the amide
band spectrum of the protein. A new peak at 859 cm�1 appeared
after rsfAFP interacted with peptidoglycan, and the signal intensity
increased as the concentration of peptidoglycan increased
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(Fig. S6a). Otano et al. [34] reported that N-H and N in nucleic acids
can form hydrogen bonds to produce characteristic infrared peaks
at 859 cm�1. Therefore, we speculated that the new peaks
(859.88 cm�1 and 859.03 cm�1) are likely to indicate hydrogen
bonding between the N-H in rsfAFP and the N+ in peptidoglycan
(Fig. S6a). The peak from 1038 cm�1 to 1058 cm�1 is characteristic
of C-O in bacterial polysaccharides [35]. The peak undergoes a
blueshift when the ratio of rsfAFP to polysaccharide increases from
0:1 to 1:1 but undergoes a redshift when this ratio decreases.
Moreover, as the ratio of rsfAFP to capsular polysaccharide
increased, the C-O peak intensity increased, indicating an interac-
tion between capsular polysaccharide and rsfAFP that reduces
the vibration frequency of C-O. This result confirmed the previous
speculation that rsfAFP binds to the extracellular capsular polysac-
charides of S. thermophilus or peptidoglycan in the cell wall.

Isothermal titration calorimetry (ITC) can measure the thermo-
dynamic characteristics of biomolecules during the binding pro-
cess and is used to analyze the interaction between biomolecules
[36]. Therefore, we further analyzed the binding thermodynamic
properties of rsfAFP to S. thermophilus cells by ITC. The results
(Fig. S7) showed that the rsfAFP and S. thermophilus solution was
exothermic during the titration process (DH < 0), indicating that
rsfAFP and S. thermophilus had binding behavior, and the binding
process generated heat. With the progress of the titration, the gen-
erated heat gradually decreased, the titration inflection point
appeared at the sixth drop, and the heat release tended to 0 lJ/s
after the seventh drop, indicating that the rsfAFP binding sites
were saturated. Fig. S7b was obtained by fitting the binding pro-
cess curve with Launch NanoAnalyze software. Although the bind-
ing constant of rsfAFP and S. thermophilus could not be obtained
because the molar concentration of the S. thermophilus cell suspen-
sion could not be calculated, the fitted curve showed that the titra-
tion process of rsfAFP and S. thermophilus conformed to the SSIS
model. In conclusion, the results of the ITC experiments proved
that there is an interaction between rsfAFP and S. thermophilus cells
and that rsfAFP can bind to S. thermophilus cells.
Molecular docking to simulate the interactions between rsfAFP and
cellular polysaccharides

The positions of potential binding sites for different polysaccha-
rides on rsfAFP are depicted in Fig. 6. The two polysaccharides
bound a similar site on rsfAFP that is characterized by a wide
and large groove. In the models, the bound polysaccharides differ
in both orientation and conformation, as they selectively interact
with specific binding site residues. Fig. 6 depicts the potential
binding modes. Two hydrogen bonds were formed between pepti-
doglycan and rsfAFP (GLY63 and ASP75). Several hydrophobic
interactions of peptidoglycan with the residues ARG62, ALA74,
GLY76 and ALA77 in rsfAFP were also observed. In contrast, three
hydrogen bonds were formed between the lactobacillus capsular
polysaccharide and residues ARG62, GLY63 and LYS65 of rsfAFP.
Thus, there are multiple hydrogen binding sites for polysaccharides
on the surface of the hydrophilic helix, especially the binding site
provided by GLY63 and LYS65. This observation suggested that
rsfAFP predominantly binds cellular polysaccharides via hydrogen
bonds and hydrophobic interactions.
Discussion

Cryopreservation is one of the most commonly used techniques
for the preservation of LAB, but mechanical damage caused by ice
crystals during the preservation process damages LAB, reducing
their vitality and function [7]. Given this, there is a continuing need
for new cryoprotectants to investigate innovative cryopreservation
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methods. AFPs are proteins/peptides that regulate ice structure and
promote the cryopreservation of live cells, which can reduce freez-
ing damage and increase survival rates for cells under freezing con-
ditions by regulating the ice crystal structure around cells during
the freezing process [37]. However, the effects of AFPs on cell
membrane structure, physiology and metabolism by regulating
ice crystal formation during the freezing process has remained
unclear.

Thus, to address this gap in knowledge, we aimed to investigate
the mechanism by which rsfAFP regulates cell physiological func-
tions and apoptosis under freezing stress. In this study, rsfAFP, an
AFP with a defined structure and function, was recombinantly
expressed, purified, and used to cryoprotect S. thermophilus. We
found that rsfAFP inhibited the growth of ice crystals and caused
them to adopt a hexagonal shape in frozen solution. Other studies
have pointed out that AFPs bind a single ice crystal, forming a
hexagonal unit by binding a specific ice crystal plane, which leads
to the creation of a curved ice front on that plane between bound
AFPs through the Gibbs-Thomson effect. Further adsorption of
water on such an ice front is energetically unfavorable, which thus
inhibits crystal growth [38]. Furthermore, we found that rsfAFP
had significant THA, i.e., it lowered the freezing point and acceler-
ated the melting of ice crystals into liquid water under low-
temperature freezing conditions, thus shortening the freeze–thaw
time of cells, which could decrease freezing-induced damage in
frozen cells. The THA of AFPs is closely related their effect on the
structure of ice crystals; it lowers the nonequilibrium freezing
temperature (Tf) and slightly elevates the equilibrium melting
temperature (Tm) of AFP solutions, resulting in a difference
between Tf and Tm, which causes TH. Furthermore, the measured
glass transition temperatures within cell suspensions showed that
rsfAFP increased the vitrification transition temperature of S. ther-
mophilus suspensions from �30.1 �C to �22.9 �C (Fig. S8), and, as a
previous study showed, the vitrification transition temperature
plays an important role in protecting cells at low temperatures
[30]; this finding implies that rsfAFP could cryoprotect S. ther-
mophilus by adjusting the vitrification transition temperature of
S. thermophilus cell suspensions. Vitrification in cell cryoprotection
is advantageous; for example, vitrification at a high subzero tem-
perature can make cells osmotically unresponsive at all tempera-
tures down to the Tg of the extracellular solution, which can
decrease intracellular damage [39]. These results imply that rsfAFP
has strong antifreeze activity and can be applied for the cryopro-
tection of microbes and similar applications in industry.

Furthermore, the structure-based cell death mechanism of the
cryoprotective effect of rsfAFP on S. thermophilus was evaluated
through analyses of the physiological function, membrane struc-
ture, and apoptotic signaling pathways of S. thermophilus. First,
the results showed that rsfAFP maintained the growth of S. ther-
mophilus through freezing treatment, decreased its acidification
ability, and maintained the metabolic activities of LDH, b-
galactosidase, PK and HK, which are key cell enzymes closely
related to the physiological functions of cells, to a significantly
greater extent than other cryoprotectants. rsfAFP also significantly
reduced the activity of key enzymes in the membrane involved in
ion transport: Na+-K+-ATPase, Ca2+-ATPase, and Mg2+-ATPase.
Moreover, through staining with fluorescence probes (RH123,
DPH, and Fluo-3/AM) and SEM, we found that rsfAFP maintained
the integrity of the cell membrane structure, reduced cell mem-
brane potential and fluidity changes, andmaintained normal mem-
brane permeability and ion concentration gradients during
freezing; thus, the metabolic activity of the cells was well main-
tained due to the cryoprotective effect of rsfAFP under freezing
stress.

We further investigated the effects of cell death-triggering
stress in S. thermophilus with rsfAFP intervention under freezing
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stress. Previous research has shown that the cell death of prokary-
otes, such as Escherichia coli, is almost the same as eukaryotic
apoptosis, which exhibits DNA fragmentation, phosphatidylserine
exposure and chromosome condensation, which are characteristic
features of apoptosis [40]. Thus, to determine the antiapoptotic
effect of rsfAFP on S. thermophilus under freezing stress, TUNEL
staining was performed, and cells treated with rsfAFP or glycerol
showed weak TUNEL staining, as shown in Table S1. The results
showed that the percentage of TUNEL-positive cells was only (5.0
2 ± 2.42)% in the rsfAFP treatment group, which was significantly
lower than that in the other treatment groups. This result implies
that the fragmentation of S. thermophilus DNA was inhibited upon
treatment with rsfAFP. Moreover, the effect of extracellular phos-
phatidylserine exposure on S. thermophilus undergoing cell death
was also analyzed, and the results indicated that the percentage
of annexin V-positive cells, i.e., those with exposed phos-
phatidylserine, in the rsfAFP treatment was only 0.04%, which
was significantly lower than that in the other treatment groups.
These findings are the first to suggest that the typical features of
eukaryotic apoptosis also occurred in S. thermophilus under freez-
ing stress. In summary, the above experimental results confirmed
that rsfAFP can effectively preserve the physiological and biochem-
ical functions of S. thermophilus by reducing damage to cell mem-
branes during freezing.

While this conclusion was made based on the effects of rsfAFP,
we also wanted to determine the mechanism responsible for these
effects. Thus, we investigated how rsfAFP directly interacts with
the cell membrane of S. thermophilus. We evaluated the structure
of S. thermophilus cells and their interactions with rsfAFP under
freezing treatment by cryo-TEM. The cryo-TEM images clearly
show that rsfAFP covered the outer layer of S. thermophilus cells
to form a dense protective layer that inhibited the propagation of
ice through the cell wall, which slowed ice crystal growth outside
the cells and inhibited ice recrystallization and nucleation in the
extracellular and intracellular regions of S. thermophilus cells. This
phenomenon of rsfAFP covering the outer layer of cells has not
been described in previous studies and could provide a clear,
structure-based explanation for how rsfAFP maintains the struc-
tural integrity and physiological function of cell membranes under
freezing stress. Furthermore, we elucidated the ability of rsfAFP to
cover the outer layer of S. thermophilus cells. In situ Raman spec-
troscopy showed that the stretching vibration peaks of the amide
band decreased or disappeared during freezing and that the signals
for extracellular ice (3130 cm�1) and intracellular ice (3430 cm�1)
decreased in intensity. The change in amide vibrations combined
with the cryo-TEM data indicated that rsfAFP may react with extra-
cellular components by hydrogen bonding or other molecular
interactions. Moreover, ITC analysis further confirmed the interac-
tion between rsfAFP and S. thermophilus cells.

Considering that LAB such as S. thermophilus have a capsular
structure and contain capsular polysaccharides, peptidoglycans
and other components [31], we speculated that rsfAFP may inter-
act with these components. Therefore, the interaction between
an AFP and these components was further investigated by using
molecular dynamics simulations. The overall structure of the pep-
tide is helical, and the peptide is divided into a hydrophilic side and
a hydrophobic side. The inner side of the helix on the hydrophilic
side of the peptide mainly has GLY as the skeleton, and hydrophilic
amino acid residues such as LYS and HIS are evenly distributed on
the outer side. The helical spacing coincides with the ice cell spac-
ing [17]. Multiple binding sites for polysaccharides/ice crystals are
present on the surface of rsfAFP. Among them, GLY63 and LYS65
provide the strongest binding sites on the helix. On the
hydrophobic-side surface, VAL and ALA are evenly distributed,
forming the hydrophobic surface. When the protein binds a
polysaccharide, the polysaccharide site is occupied and can likely
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no longer bind an ice crystal; as a result, the hydrophobic surface
can prevent ice crystals from growing from the polysaccharide.
Conclusion

In summary, this study clearly reveals that rsfAFP exhibits anti-
freeze activity and can interact with the extracellular capsular
polysaccharides and peptidoglycan of S. thermophilus as well as
ice crystals, regulate the molecular structure of ice crystals, cover
the outer layers of S. thermophilus cell membranes to form protec-
tive dense layers that preserve membrane structural integrity, and
maintain the normal physiological functions of the cells. In this
manner, rsfAFP improved the survival rate of S. thermophilus cells
under freezing stress. This study elucidated the mechanism of
the cryoprotective activity of rsfAFP under freezing stress and pro-
vides a scientific basis for the use of this AFP as an effective cryop-
reservation agent for LAB and other microbes.
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