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a b s t r a c t

Antifreeze proteins (AFPs) can inhibit the freezing of body fluid at subzero temperatures to promote the
survival of various organisms living in polar regions. Type III AFPs are categorized into three subgroups,
QAE1, QAE2, and SP isoforms, based on differences in their isoelectric points. We determined the thermal
hysteresis (TH), ice recrystallization inhibition (IRI), and cryopreservation activity of three isoforms of the
notched-fin eelpout AFP and their mutant constructs and characterized their structural and dynamic fea-
tures using NMR. The QAE1 isoform is the most active among the three classes of III AFP isoforms, and the
mutants of inactive QAE2 and SP isoforms, QAE2ACT and SPACT, displayed the full TH and IRI activities with
resepect to QAE1 isoform. Cryopreservation studies using mouse ovarian tissue revealed that the QAE1
isoform and the active mutants, QAE2ACT and SPACT, more effectively preserved intact follicle morphology
and prevented DNA double-strand break damage more efficiently than the inactive isoforms. It was also
found that all active AFPs, QAE1, QAE2ACT, and SPACT, formed unique H-bonds with the first 310 helix, an
interaction that plays an important role in the formation of anchored clathrate water networks for effi-
cient binding to the primary prism and pyramidal planes of ice crystals, which was disrupted in the inac-
tive isoforms. Our studies provide valuable insights into the molecular mechanism of the TH and IRI
activity, as well as the cryopreservation efficiency, of type III AFPs.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antifreeze protein (AFP) was first isolated from an Antarctic fish
in 1969 [1] and since then has been found in various organisms liv-
ing in polar regions including fish, insects, plants, bacteria, and
fungi [2–6]. The primary indicator for the antifreeze activities of
AFPs is thermal hysteresis (TH), which gives rise to a difference
between the freezing point (Tf) and melting point (Tm) [2–7]. The
mechanism of AFP’s TH activity involves binding to ice crystals
and inhibiting their growth, and thus AFP is called an ice-binding
protein (IBP); such activity results in ice recrystallization inhibition
(IRI) [8]. Ice recrystallization produces large ice crystals by growth
of small ice crystals, and this is fatal to cells. However, AFPs pre-
vent the recrystallization process through IRI activity, resulting in
a cryoprotective effect especially from cell membrane damages
[9–11].

Despite the beneficial effects of TH activity, most studies about
AFPs have focused on the basic principles of the TH activity rather
than its biological applications. Moreover, only a few studies have
been conducted on the role of AFPs in cryopreservation of red
blood cells, oocytes, embryos, and ovaries [11–14]. Preservation
of fertility after cancer treatment has become an important health
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care issue as survival rates after cancer treatment have increased.
Oocyte, embryo, and ovarian tissue (OT) cryopreservation are clin-
ically available options, but improvement of the survival and func-
tion of cryopreserved cells and tissue is still necessary. Three
previous studies reported beneficial effects of AFPs on ovarian tis-
sue quality after the vitrification-warming process in mouse mod-
els [13–15]. However, the exact mechanism and molecular basis of
the protective effects have not been fully investigated.

Ovarian tissue cryopreservation has been widely used to pre-
serve fertility in women. It can be applied by either slow freezing
or vitrification. In the slow freezing, tissue is slowly frozen to
approximately �80 �C, followed by the storage of the tissue in liq-
uid nitrogen at �196 �C [16–18]. Slow freezing shows a limitation
which has potential risk for ice crystal formation in the ovarian tis-
sue that may occur mechanical damage to the cells. On the other
hand, vitrification is an instant solidification of the solution as a
result of increased viscosity during cooling with higher concentra-
tions of cryoprotectants compared with that of used in slow freez-
ing. Notably, vitrification does not make an ice crystal
theoretically. Many studies have demonstrated that vitrification
is a useful option to cryopreserve ovarian tissue in mouse, sheep,
human and others [19–21].

Fish AFPs are grouped into four types on the basis of their struc-
tures: alanine-rich a-helical type I AFPs, cysteine-rich type II AFPs,
~7-kDa globular type III AFPs, and glutamate/glutamine-rich a-
helical type IV AFPs [2–6]. Type III AFPs are compact globular pro-
teins [22] and have been categorized into two subgroups
quaternary-amino-ethyl (QAE), further divided into QAE1 and
QAE2 subgroups, and sulfopropyl (SP) sephadex-binding isoforms
based on differences in their isoelectric points (Fig. 1) [23,24].
The QAE1 isoform has a much higher TH activity than QAE2 and
SP isoforms and can stop ice crystal growth at temperatures below
the Tf of the solution [24]. The ice-binding surface (IBS) of a type III
AFP (residues 9 – 21 and 41–44 in Fig. 1A) consists of two adjacent
surfaces, which bind to the pyramidal and primary prism planes of
the ice crystal, respectively (Fig. 1B) [25]. The QAE2 isoform from
Zoarces elongatus Kner could be converted into active mutants
(QAE2ACT) obtained by changing of the IBS with the corresponding
residues of QAE1, which exhibits TH and IRI effects similar to those
Fig. 1. Sequence homology and IBS of Type III AFPs. (A) Multiple sequence alignment of t
11 of the notched-fin eelpout type III AFP, respectively. Yellow bars indicate invariant or n
variant residues in the IBS of type III AFPs. The x and # symbols represent residues compo
the QAE1 isoform, (HPLC12, PDB id: 1HG7) [22] (C) QAE2 isoform (AFP11, PDB id: 2LX2
binding to the pyramidal plane of ice are colored yellow and the surfaces binding to the
references to color in this figure legend, the reader is referred to the web version of thi
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of its paralogue QAE1 [25,26]. The QAE2ACT mutants, which bear
the substitutions V9Q/V19L/G20V or V9Q/V19L/G20V/I42V, was
structurally compared with QAE1 and QAE2 [25]. Vice versa, the
inactive mutants of the QAE1 isoform (QAE1INACT), which bears
the substitutions V20G, L19V/V20G, or Q9V/L19V/V20G, had no
TH activity [27]. The active QAE1 isoform and QAE2ACT mutant
showed unusual intermolecular hydrogen bonding (H-bonding)
interactions between the T18 side-chain and the surface water
molecule, whereas this interaction was not observed in the inac-
tive QAE2 isoform and QAE1INACT mutants [26,27]. It has been sug-
gested the anchored clathrate water (ACW) mechanism in which
the AFP exhibited H-bonding interactions with an array of surface
waters that three-dimensionally match to both the pyramidal and
primary prism planes of the ice crystal [28]. Recently, Mahatabud-
din et al. reported that in type III AFP, the two ice-like water clus-
ters also exhibited a space-match to the primary prism and
pyramidal ice planes like ACW [29]. In the ACW mechanism, the
AFP-water interaction can be assisted by the hydrophobic interac-
tion via side-chain groups of IBS, which might regulate the TH and
IRI activities of AFPs [28,29]. However, the detailed molecular
mechanism by which AFPs exhibit cryopreservation effects
through TH and/or IRI activities is not well understood and
requires not only further biophysical characterization but also fur-
ther studies of its biological applications.

NMR is a powerful technique for the study of structure, dynam-
ics, and folding of biomolecules such as nucleic acids [30] and pro-
teins [31]. Hydrogen exchange measurement using NMR provides
residue-specific information on the thermodynamics and kinetics
of H-bonded secondary structure and exposure to solvent water.
NOE cross-peaks of the exchangeable protons with water reso-
nance can be used to determine their chemical exchange with sol-
vent water on the s – ms timescale. Recently, in AFPs, NOE data of
the amide protons suggested the existence of unusual intermolec-
ular H-bonding interactions between the AFPs and the surface
water molecule [26,27].

To understand the molecular basis of the physical and biological
function of type III AFPs, we have compared three wild-type (wt)
AFPIII isoforms from Zoarces elongatus Kner (notched-fin eelpout)
(nfeAFP) with their mutants bearing triple mutations of IBS resi-
he type III AFPs. Wt nfeAFP6, wt nfeAFP8, and wt nfeAFP11 are the isoforms 6, 8, and
early invariant residues in the type III AFP family. Red, blue, and green bars indicate
sing the pyramidal and primary prism plane-binding surfaces, respectively. IBS of (B)
) [26] and (D) SP isoform (HPLC6, PDB id: 1OPS) [61] of type III AFPs. The surfaces
primary prism plane of ice are colored red, blue, or green. (For interpretation of the
s article.)



Table 1
Protein information of AFPs studied here.

AFPs Isoform (pI) Genbank ID Origin Peptide / mutation Tag

nfeAFP8 QAE1 (9.97) AB188396.1 Zoarces elongatus Kner (Notched-fin eelpout) N1 � A66 a (66 aa) N-terminal His-tag
nfeAFP8_tri QAE1INACT (9.97) Q9V/L19V/V20G N-terminal His-tag
nfeAFP11 QAE2 (9.70) AB188399.1 Zoarces elongatus Kner (Notched-fin eelpout) N1 � A66 a (66 aa) N-terminal His-tag
nfeAFP11_tri QAE2ACT (9.70) V9Q/V19L/G20V N-terminal His-tag
nfeAFP6 SP (7.06) AB188394.1 Zoarces elongatus Kner (Notched-fin eelpout) G2 � K67 a (66 aa) N-terminal His-tag
nfeAFP6_tri SPACT (7.06) P19L/A20V/G42S N-terminal His-tag

a Original residue number; nfeAFP8, N23 � A88; nfeAFP11 N23 � A88; nfeAFP6, G23 � K88.
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dues (Fig. 1 and Table 1). For all nfeAFP variants we have deter-
mined TH and IRI activities and the cryopreservation effects on
mouse OT. The direct comparison of active and inactive variants
as for their structural and dynamical properties studied by NMR
provide valuable insights into the molecular mechanisms of the
TH and IRI activity as well as cryopreservation efficiency of type
III AFPs.

2. Materials and methods

2.1. Sample preparation

The DNA coding sequences for the wt nfeAFP8 (aa 1 – 66), wt
nfeAFP11 (aa 1 – 66), and wt nfeAFP6 (aa 2 – 67) and their mutants
(nfeAFP8_tri, nfeAFP11_tri, and nfeAFP6_tri) (see Table 1) were
purchased from BIONEER Inc. (Daejeon, Korea) and cloned into
E. coli expression vector pET28a, which has an N-terminal His-
tag. To produce uniformly 15N-labeled or 13C, 15N-labeled wt and
mutant nfeAFPs, BL21(DE3) cells were grown in M9 minimal med-
ium that contained 1 g/L 15NH4Cl and/or 2 g/L 13C-glucose as the
sole nitrogen and carbon sources. The expressed proteins were
purified by Ni–NTA affinity, followed by Sephacryl S-100 gel filtra-
tion chromatography (GE Healthcare, Chicago, IL, USA) on a GE
AKTA FPLC. The concentrations of all proteins were measured using
a Pierce BCA Protein Assay Kit (Thermo Fisher, Scientific, Waltham,
MA, USA). For the functional assays, the purified proteins were dis-
solved in a buffer containing 10 mM sodium phosphate (pH 6.0)
and 100 mM NaCl.

2.2. TH measurements

Details of TH measurements have been described in a previous
report [27]. The TH of the wt and mutant nfeAFPs was measured
using a nanoliter osmometer (Otago, Dunedin, New Zealand). The
nfeAFPs were concentrated to 2 mM and then serially diluted to
a range of 0.5 ~ 2.0 mM. The TH measurements were repeated at
least three times. The protein samples were frozen at �20 �C for
5 min on the center of a freezing stage attached to the stage of a
conventional microscope. The frozen protein samples were slowly
warmed at a rate of 5 �C/min to be thawed until only a single ice
crystal was present. Thereafter, the temperature was lowered at
a rate of 0.01 �C/min to observe ice crystal growth. The TH activity
was further assayed by observing the morphology of ice crystals, as
described in previous reports [32–34]. In this assay, ice crystal
nuclei are let to grow in a solution of the protein to be analysed.
The formation of spherically shaped crystals indicates the absence
of TH activity, while hexagonal bipyramidal-shaped ice crystals
indicate the presence of TH activity.

2.3. IRI measurements

The IRI of the wt and mutant nfeAFPs was measured using the
protocol, which is reported by Knight et al. [35,36] with a slight
modification. Purified protein solutions were standardized (with
899
respect to solute concentration) by adding 50 lL of 60% sucrose
to 50 lL purified protein. The resulting solution (final concentra-
tion: 10 mg/ml) was placed between two circular 12 mm diameter,
coverslips, which were gently blotted dry to remove any excess
fluid on the surface. The coverslips were placed on the center of
a temperature-controlled freezing stage of a nanoliter osmometer
(Otago, New Zealand) attached to the stage of a conventional
microscope (Zeiss Axiolab, Germany), and then were flash-frozen
at �30 �C for 5 min. After complete freezing, the temperature
was increased up to �6 �C and held for 30 min and 240 min to
allow recrystallization. The coverslips were viewed on the stage
using an attached microscope (�100).
2.4. Experimental animals and ethics statement

Five-week-old B6D2F1 female mice (Orient Co., Seongnam,
South Korea) were housed under a 12-h light/dark cycle at 22 �C
and fed ad libitum. Retrieved OTs from the mice (n = 139) were ran-
domly allocated into a sham control (vitrification and warming of
OTs without any AFPs) and six experimental groups (wt AFPs
nfeAFP6, nfeAFP8, nfeAFP11; mutant forms nfeAFP6_tri, nfeAFP8_-
tri, and nfeAFP11_tri). All experimental procedures were per-
formed under the approval of the Institutional Animal Care and
Use Committee of Seoul National University Bundang Hospital
(Approval no.: BA1707-227/062-01).
2.5. Vitrification and warming of mouse ovarian tissue

In accordance with the optimal mouse OT vitrification protocol,
vitrification was performed by two-step procedures as previously
described [14,37–40]. For the first step, OTs were placed in an equi-
libration solution consisting of 7.5% (v/v) ethylene glycol (EG;
Sigma-Aldrich, St. Louis, MO, USA) and 7.5% (v/v) dimethyl sulfox-
ide (DMSO; Sigma-Aldrich) in Dulbecco’s phosphate-buffered sal-
ine (D-PBS, WelGene, Daegu, Korea) with 20% fetal bovine serum
(FBS, Gibco, Carlsbad, CA, USA) for 10 min at room temperature
(RT). In the second step, equilibrated OTs were moved to the vitri-
fication solution containing 20% EG, 20% DMSO, and 0.5 M sucrose
(Sigma-Aldrich) in D-PBS with 20% FBS and placed for 5 min at
room temperature. To improve heat conductivity, the OTs were
loaded onto an electron microscopic copper grid and the residual
solution was removed as previously described [38,41]. Then the
OTs were put into 1.8 mL cryovials (Nunc, Roskilde, Denmark)
and directly plunged into liquid nitrogen. The OTs were cryopre-
served for more than one day. To warm the OTs, tissues were
immersed into four steps of serially diluted sucrose media
(1.0 M, 0.5 M, 0.25 M, and 0 M sucrose in D-PBS with 20% FBS)
in a step-wise manner at RT for 5 min. For each experimental
group, 10 mg/mL of the selected nfeAFP was added to the vitrifica-
tion solution (2nd step of vitrification) and the first step of the
warming solution (1 M sucrose solution) as previously described
[14].
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2.6. Ovarian follicle classification and morphological analysis

All OTs were fixed with Bouin’s solution (Sigma-Aldrich) for
more than one day, and the OTs of each group were embedded into
paraffin blocks. The blocks were serially sectioned at 5-mm thick-
ness. For hematoxylin and eosin (Merck, Darmstadt, Germany)
staining, sections at 100-mm intervals were stained and used for
ovarian follicle classification/grading and apoptosis detection as
described in previous studies [16,42].

The developmental stages of ovarian follicles were classified as
follows: 1) primordial, a single layer of flattened pre-granulosa
cells; 2) primary, a single layer of granulosa cells, one or more of
which is cuboidal; 3) secondary, two or more layers of cuboidal
granulosa cells, without the antrum; or 4) antral, multiple layers
of cuboidal granulosa cells with the antrum [37,41,43,44].

The morphological integrity of the follicle was graded as fol-
lows: 1) primordial/primary follicle: grade 1 (G1), spherical with
even distribution of the granulosa cells; grade 2 (G2), granulosa
cells are pulled away from the edge of the follicle, but the oocytes
are still spherical; and grade 3 (G3), pyknotic nuclei, misshapen
oocytes, or vacuolation; and 2) secondary/antral follicle: G1, intact
spherical follicle with evenly distributed granulosa and theca cells,
small spaces, and spherical oocytes; G2, intact theca cells, dis-
rupted granulosa cells, and spherical oocytes; and G3, disruption
and loss of granulosa and theca cells, pyknotic nuclei, and missing
oocyte. Under light microscopy (Nikon, Tokyo, Japan) of 400�mag-
nifications, only follicles with visible oocytes were counted and
classified to avoid miscounting. Since primordial follicles are an
important indicator of ovarian reserve, their integrity was assessed
separately. In the present study, we conducted this experiment at
least five times to evaluate the statistical significance.

2.7. Evaluation of follicle apoptosis

Apoptosis of ovarian follicles was evaluated by TUNEL assays
using an In Situ Cell Death Detection Kit (Roche, Basel, Switzerland)
as previously described [39]. Briefly, the tissue sections were deparaf-
finized, rehydrated and incubated with ready-to-use proteinase K
solution (Dako, Hovedstaden, Denmark) for 15 min at room temper-
ature. Following incubation, the slides were treated with TUNEL reac-
tion mixture in a humidified dark chamber for 1 h at 37 �C. After that,
the slides were mounted using the VECTASHIELD� Mounting Med-
ium with 40,6-diamidino-2-phenylindole (Vector Laboratories, Bur-
lingame, CA, USA) and examined under the inverted Zeiss AX10
microscope (Carl Zeiss, Oberkochen, Germany) at 400� magnifica-
tions. The cells that had fragmented DNA emitted green fluorescence,
while normal cells emitted blue fluorescence. Follicles with over 30%
of apoptosis-positive cells or oocyte nuclei (emitting a green signal)
were considered as apoptotic, as described previously [40,45].

2.8. Immunostaining of cH2AX and Rad51 at sites of DNA DSBs in
mouse OTs

The effects of nfeAFPs on DNA damage and repair were respec-
tively investigated using the biomarkers cH2AX and Rad51. For
target antigen retrieval, prepared slides were microwave-heated
(700 W) in pH 9.0 Tris/EDTA buffer (DAKO) for 20 min, following
peroxidase-blocking solution (DAKO) treatment, which was con-
ducted to inactivate the endogenous horseradish peroxidase for
10 min. For the next step, cH2AX (1:100; Millipore, Millipore,
Burlington, MA, USA) and Rad51 (1:100; Bioworld Technology, St.
Louis Park, MN, USA) antibodies were added to the different slides,
respectively, for 1 h at RT. Secondary Alexa 594 (1:1000; Life Tech-
nology, Carlsbad, CA, USA) antibody treatment was performed for
1 h at RT and counterstained with VECTASHIELD� Mounting Med-
ium with 40,6-diamidino-2-phenylindole (Vector Laboratories). All
900
slides were examined under an inverted Zeiss AX10 microscope
(Carl Zeiss) at 400� magnification. Follicles with at least one
cH2AX (+) nucleus were considered as follicles with DNA DSBs.
In the same way, follicles containing at least one Rad51 (+) nucleus
were regarded as follicles with DNA repair [14,40,45,46].

2.9. Statistical analysis

The chi-square test was performed for follicle integrity, apopto-
sis and DNA DSB/repair ratios using the SPSS version 12.0 software
(SPSS Inc., Chicago, IL, USA). The results were considered signifi-
cantly different when the P value was < 0.05.

2.10. NMR experiments

For NMR experiments, the purified proteins were concentrated
to 1 mM in a 90% H2O/10% D2O buffer containing 10 mM sodium
phosphate (pH 6.0) and 100 mM NaCl. All of the 1H, 13C, and 15N
NMR experiments were performed on an Agilent DD2 700-MHz
spectrometer (GNU, Jinju, Korea) or a Bruker Avance-III 800-MHz
spectrometer (KBSI, Ochang, Korea) equipped with a triple-
resonance cryogenic probe. All three-dimensional (3D) triple-
resonance experiments were carried out with 1 mM 13C, 15N-
labeled wt nfeAFP11 and wt nfeAFP6. All 2D 1H/15N-HSQC, 3D
NOESY-1H/15N-HSQC and 3D TOCSY-1H/15N-HSQC spectra for wt
and mutant nfeAFPs were obtained using 1 mM 15N-labeled pro-
tein samples. 2D and 3D data were processed with NMRPIPE [47]
and analyzed with SPARKY [48].

The 1H, 13C, and 15N backbone resonance assignments for wt
nfeAFP11 and wt nfeAFP6 were obtained from the following 3D
experiments: CACB(CO)NH, HNCACB, HNCO, NOESY-1H/15N-
HSQC, and TOCSY-1H/15N-HSQC. The 1H and 15N backbone reso-
nance assignments for nfeAFP11_tri and nfeAFP6_tri were obtained
from the 3D NOESY-1H/15N-HSQC and TOCSY-1H/15N-HSQC exper-
iments. The 1H/15N chemical shift changes (Ddavg) were calculated
using the following equation:

Ddavg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DdHð Þ2 þ DdN=5:88ð Þ2

q
ð1Þ

where DdH and DdN are 1H and 15N chemical shift changes between
the wt and utant nfeAFPs, respectively. Backbone dynamics param-
eters, including longitudinal R1 relaxation rates, transverse R2 relax-
ation rates, and {1H}-15N heteronuclear NOEs were measured using
15N-labeled wt and mutant nfeAFPs at 5 �C. R1 values were mea-
sured in a series of spectra with relaxation delays of 50, 100, 150,
200, 250, 300, 350, 400, 500, and 600 ms. R2 measurements were
taken with relaxation delays of 10, 30, 50, 70, 90, 110, 130, 150,
190, and 230 ms. For evaluation of {1H}-15N heteronuclear NOE val-
ues, three different data sets with and without an initial proton sat-
uration (2.5-s period) were measured.

3. Results

3.1. TH activity of nfeAFPs

Previous study [27] reported that an QAE1 isoform (wt nfeAFP8)
from Zoarces elongatus Kner shows full TH activity (Fig. 2). A
QAE2ACT mutant of the QAE2 isoform (nfeAFP11_tri), which bears
substitution V9Q/V19L/G20V (Fig. 1C), exhibits TH and IRI effects
similar to those of its paralogue QAE1 (Fig. 2) [25]. In this study,
a triple mutant (SPACT) of the inactive SP isoform (nfeAFP6_tri) is
prepared by of P19, A20, and G42 on the IBS with the correspond-
ing residues (L19, V20, and S42) of the QAE1 isoform (Fig. 1D).
Interestingly, this mutant exhibits remarkable TH activity, similar
to that of wt nfeAFP8 (Fig. 2). As the temperature decreased below
Tm, the crystal growth of the ice bipyramid in nfeAFP6_tri solution



Fig. 2. TH activity of nfeAFPs. (A) Morphological change in an ice crystal observed for 1 mM solutions of wt nfeAFP8 [27] nfeAFP8_tri [27] wt nfeAFP11, nfeAFP11_tri, wt
nfeAFP6, and nfeAFP6_tri. Photomicroscope images were obtained at a cooling rate of 0.01 �C�min�1. Tburst is defined as the temperature at which crystals rapidly expand. (B)
TH activities of wt and mutant AFPs as a function of each total concentration. TH is defined as the absolute value of the difference between Tm and Tburst.
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was strongly inhibited (the sixth row of the third column in
Fig. 2A). However, wt nfeAFP11 and wt nfeAFP6 are incapable of
stopping the growth of an ice bipyramid below Tm (Fig. 2A). The
bursting elongation of wt nfeAFP11 and wt nfeAFP6 was accompa-
nied by rapid crystal expansion (the third and fifth rows of the
third column in Fig. 2A). Thus, these two isoforms had much smal-
ler TH values (= |Tm � Tburst|) than wt nfeAFP8, nfeAFP11_tri, and
nfeAFP6_tri, because Tm ~ Tburst, where Tburst is the bursting tem-
perature. The difference in the IBS is that the inactive isoforms,
wt nfeAFP11 and wt nfeAFP6, have V/V/G/S and Q/P/A/G at posi-
tions 9/19/20/42, respectively, but the active AFPs, wt nfeAFP8,
nfeAFP11_tri, and nfeAFP6_tri have Q/L/VS. These results indicates
that the sequence of the IBS is very important for the ACW network
formation that is related to the TH activity of type III AFPs.

3.2. IRI activity of nfeAFPs

Fig. 3 shows IRI activities of the three wt isoforms of nfeAFP,
nfeAFP8, nfeAFP11, and nfeAFP6, and their triple mutants,
nfeAFP8_tri, nfeAFP11_tri, and nfeAFP6_tri. The first row of Fig. 3
indicates the polycrystalline ice created by rapid freezing at
�30 �C; this is the expected result of IRI activity. Because the cov-
erslips were flash-frozen at a higher temperature than �70 �C of
previous report [35] ice crystals exhibited leaf shapes rather than
round or bipyramidal shapes in contrast to the TH results as shown
in Fig. 2. At �6 �C, compared with the BSA control, all AFP samples
displayed IRI over the first 30 min (second row of Fig. 3). However,
after 4 h at �6 �C, the wt nfeAFP11, wt nfeAFP6, and nfeAFT8_tri
(inactive mutant of nfeAFP8) demonstrated lower IRI activity with
some ice crystal growth, whereas wt nfeAFP8 and the nfeAFP11_tri
and nfeAFP6_tri mutants still exhibited significant IRI effects (third
row of Fig. 3).
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3.3. Morphological evaluation of ovarian follicles

In order to demonstrate that AFPs preserve tissue quality by
preventing structural and genetic disruption, we added the differ-
ent AFPs to the vitrification and warming solutions as indicated in
Fig. 4A. Following the vitrification-warming process, the ovarian
tissues were histologically analyzed. A total of 22,286 mouse ovar-
ian follicles were evaluated for the proportion of morphologically
intact (G1) follicles, both for all collected follicles and for the subset
of primordial follicles. In terms of primordial follicles, the vitrified-
warmed control showed the lowest proportion of intact follicles
(54.1%); however, the proportions were significantly increased to
a range of 61 – 70% in the AFP-treated groups, except for the
nfeAFP8_tri group (58.7%) (Fig. 4A). Primordial follicles in OTs
incubated with AFPs with high TH and IRI activity, i.e., wt nfeAFP8,
nfeAFP6_tri, and nfeAFP11_tri, had significantly higher proportions
of intact follicles than those incubated with inactive AFPs (wt
nfeAFP6, wt nfeAFP11, and nfeAFP8_tri) (Fig. 4A).

Similarly, the proportion of total follicles that were morpholog-
ically intact was higher in the AFP-treated samples, with a range of
52 – 63%, whereas the proportion of intact follicles in the vitrified-
warmed control was only 37.5% (Fig. 4A). As with the subset of pri-
mordial follicles, the proportion of intact total follicles was highest
when treated with AFPs with high TH and IRI activity and lowest
when treated with the inactive AFPs (Fig. 4A).

3.4. Evaluation of apoptotic follicle ratios

To evaluate the efficiency of cryopreservation of ovarian folli-
cles, we assessed the ability of AFPs to prevent ovarian follicular
apoptosis. Exposure to AFPs significantly decreased the proportion
of apoptotic follicles (17 – 27%) compared with the vitrified-



Fig. 3. IRI assessment of nfeAFPs. Ice crystal images collected after complete freezing at �30 �C for 5 min (row 1) and after 30 min (row 2) and 4 h (row 3) at �6 �C. Images
show recrystallization of the AFP-containing solutions as indicated. BSA was used as a negative control.

Fig. 4. Beneficial effects of nfeAFPs on mouse ovarian tissue preservation upon vitrification and warming. Preservative effects were quantified in terms of on (A) intact follicle
morphology and (B) ovarian follicle apoptosis. Follicle stability was assessed by (C) DNA DSBs, detected via cH2AX staining, and (D) DNA repair activity, measured by staining
for Rad51. Different superscript letters indicate significant difference (P < 0.05).
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warmed control (31.7%) as shown in Fig. 4B. Notably, the nfeAFP8-
treated OTs had the lowest proportion of apoptotic follicles
(Fig. 4B). In addition, theOTs treatedwith theQAE2ACT (nfeAFP11_tri)
and SPACTmutants (nfeAFP6_tri) showed significant differences from
the other nfeAFP-treated samples, which had no TH and IRI activity
(Fig. 4B).

3.5. Evaluations of DNA DSBs and repair

Next, we assessed the number of DNA DSBs, as indicated by
detection of cH2AX, and DNA repair activity, as indicated by
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Rad51 staining, in the follicles of OTs treated with AFPs. The
nfeAFP8- and nfeAFP11_tri-treated samples had lower proportions
of cH2AX–positive follicles (43.6% and 48.9%, respectively), indi-
cating a relatively lower level of DSBs than the other groups (52
– 57%) (Fig. 4C). The nfeAFP8-treated group had a significantly
lower proportion of Rad51-positive follicles (43.0%) than the other
groups (49 – 53%) (Fig. 4D). Representative images of hematoxylin
and eosin staining, terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL) assays, and immunohistochemistry
for cH2AX and Rad51 are shown in Supplementary Data
Fig. S1.



Seo-Ree Choi, J. Lee, Yeo-Jin Seo et al. Computational and Structural Biotechnology Journal 19 (2021) 897–909
3.6. Assignment of amide backbone resonances of wt and mutant
nfeAFPs

To investigate the structural features of the AFP isoforms that
give rise to their differing cryopreservative characteristics, NMR
studies of wt nfeAFP8, nfeAFP8_tri, wt nfeAFP11, nfeAFP11_tri,
wt nfeAFP6, and nfeAFP6_tri were performed to compare the
effects of mutations in the IBS on the 3D structures of AFPs. Amide
backbone resonance assignments for wt nfeAFP11 and wt nfeAFP6
were made by heteronuclear NMR experiments [NOESY-1H/15N-
HSQC, TOCSY-1H/15N-HSQC, HNCACB, and CACB(CO)NH]. The
amide backbone resonances of nfeAFP11_tri and nfeAFP6_tri were
assigned by comparing their 3D NOESY-1H/15N-HSQC and
TOCSY-1H/15N-HSQC spectra with those of wt nfeAFP11 and wt
nfeAFP6, respectively. Amide backbone resonance assignments
for wt nfeAFP8 and nfeAFP8_tri were previously reported [27].
Chemical shifts of all the assigned backbone resonances for wt
nfeAFP8, nfeAFP8_tri, wt nfeAFP11, nfeAFP11_tri, wt nfeAFP6,
and nfeAFP6_tri are listed in Supplementary Data Tables S1 – S3.

The superimposed 1H/15N-HSQC spectra for wt and mutant
nfeAFP11 and nfeAFP6 proteins at 5 �C are shown in Supplemen-
tary Data Figs. S2 and S3, respectively. In nfeAFP8_tri, the Q9V,
L19V, and V20G mutations caused significant chemical shift
changes (davg > 0.06 ppm) in residues L10, I11, M21, M22, and
L51, which are located close to the mutated residues (Fig. 5A, B)
[27]. The nfeAFP8_tri mutant also displayed chemical shift
changes > 0.06 ppm at residues Q2 and A3 compared to the wt
nfeAFP8 (Fig. 5A), probably due to the position of the histidine
tag at the N-terminus versus the C-terminus, respectively [27].
Similarly, in nfeAFP11_tri, the V9Q, V19L, and G20V mutations
caused chemical shift changes > 0.06 ppm in only residues L10,
I11, M51, and G52 (Fig. 5A, C). In contrast, the P19L, A20V, and
G42S mutations in nfeAFP6_tri caused systemic perturbation in
the HSQC spectrum of nfeAFP6. Residues A16 – T18, M21, M22,
Fig. 5. Chemical shift differences between wt and mutant nfeAFPs. (A) The weighted av
nfeAFP11, and nfeAFP6. # symbols indicate the disappearance of the peak upon mutation
nfeAFP6 (PDB id = 1OPS) are shown. Dark purple color indicates the mutated residues in
between the wt and mutant nfeAFPs: red, blue, and green, >0.12 ppm; magenta, cyan, an
legend, the reader is referred to the web version of this article.)
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S38 – V41, and K43 underwent significant chemical shift
changes > 0.06 ppm (Fig. 5A, D). In addition, residues G2 – T8 of
the b1 strand, I11 – N14, E23 – K25 of the b2 strand, I32 – A35
of the second 310 helix, and G52 also experienced significant chem-
ical shift changes, even though these residues are far from the
mutated residues (Fig. 5D). These results indicated that the triple
mutation of nfeAFP6 caused unusual backbone conformational
changes in the b1 and b2 strands and the second 310 helix, unlike
the mutations in nfeAFP8 and nfeAFP11.

3.7. NOESY-1H/15N-HSQC spectra of wt nfeAFP6 and nfeAFP6_tri

Fig. 6 depicts the expansion of NOESY-1H/15N-HSQC spectra
showing the NOE cross-peak of the amide protons of the first 310

helix and b2 strand in wt nfeAFP6 and nfeAFP6_tri. In the inactive
wt nfeAFP6, the A20 – M22 amide protons showed NOE cross-
peaks with the solvent water resonance but had no NOE interac-
tions with the T18-Hc1 resonance (Fig. 6A). However, the active
nfeAFP6_tri mutant displayed the T18-Hc1 resonance at
5.04 ppm, which showed significant NOE cross-peaks with the
amide protons of T18 – M22 (Fig. 6B). A previous study found that
the T18 – M22 amide protons in wt AFP8 showed significant NOE
cross-peaks with the T18-Hc1 resonance at 5.09 ppm [27]. A sim-
ilar result was observed for the active mutant of nfeAFP11,
nfeAFP11_tri [26]. However, like nfeAFP6, the inactive nfeAFP11
isoform [26] and the nfeAFP8_tri mutant [27] do not have these
NOE interactions. Instead, in these AFPs, the T18 amide protons
showed NOE cross-peaks with a solvent water resonance [26,27].
These results indicate that the T18 side-chain of the active QAE1
isoform exhibits unique H-bonding interactions, which are dis-
rupted in the inactive QAE2 and SP isoforms.

In wt nfeAFP6, the F34 side-chain showed strong NOE cross-
peaks with the amide protons of residues G24 and K25 of the b2
strand (Fig. 6C). In addition, this side-chain also exhibited weak
erage 1H/15N chemical shift changes (Ddavg) between the wt and mutant nfeAFP8,
. 3D structures of (B) nfeAFP8 (PDB id = 1HG7), (C) nfeAFP11 (PDB id = 2LX2), and (D)
each nfeAFP isoform. Colors used to illustrate 1H/15N chemical shift changes (Ddavg)
d yellow, 0.08–0.12 ppm). (For interpretation of the references to color in this figure



Fig. 6. NOESY-1H/15N-HSQC spectra of the nfeAFP6s. Strip plots of the NOESY-1H/15N-HSQC spectra (mixing time: 160 ms) in (A, C) wt nfeAFP6 and (B, D) nfeAFP6_tri at 5 �C.
The data show the cross-peaks aligned to the (A, B) T18, L19, A20/V20, M21, and M22 and (C, D) M22, E23, G24, K25, and F34 amide resonances. Wat indicates the resonance
originating from the free water molecules. Rectangles in D show where cross-peaks are lost after the mutations are introduced.
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NOEs with the E23 amide proton (Fig. 6C). However, in nfeAFP6_tri,
the E23 amide proton had no NOE cross-peak with the F34 side-
chain (Fig. 6D). These results indicate that the F34 side-chain has
different orientation in the nfeAFP6_tri compared to wt nfeAFP6.
In addition, in wt nfeAFP6, the F34 and G24 amide protons showed
the NH M NH NOE with the S4 and V6 amide protons, respectively
(Fig. 6C), whereas nfeAFP6_tri did not show these NOEs (Fig. 6D).
These NOE data indicate that the wt nfeAFP6 displays a distinct
conformation of the first 310 helix and b2 strand compared to the
active QAE1 isoform of nfeAFP6; these features are correlated with
the unusual chemical shift changes of nfeAFP6 upon the P19L/
A20V/G42S mutations described above. Taken together, this dis-
tinct conformation explains why the SP isoform exhibits a lower
TH and IRI activity than the QAE1 isoform.
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3.8. Backbone dynamics of wt and mutant nfeAFPs

Next, in order to understand why the QAE2 isoform displays
low TH and IRI activity, even though its IBS is similar in conforma-
tion to the QAE1 isoform, we determined the longitudinal R1 relax-
ation rates, transverse R2 relaxation rates, and {1H}-15N
heteronuclear NOEs for wt and mutant nfeAFPs (Supplementary
Data Fig. S4). Interestingly, in the inactive isoform, wt nfeAFP11,
the R2/R1 ratio of G20 is significantly larger than the average value
(Fig. 7A). We further analyzed the products R1R2 to clarify the
structural flexibility, because the R2/R1 ratio has both the structural
flexibility and anisotropic motion information [49]. The wt
nfeAFP11 has much larger R1R2 value for G20 with an NOE value
of 0.86 ± 0.03 than the average value at a magnetic field strength



Fig. 7. Backbone dynamics of nfeAFPs. (A) R2/R1 and (B) R1R2 values of wt nfeAFP8, AFP8_tri, wt nfeAFP11, nfeAFP11_tri, wt nfeAFP6, and nfeAFP6_tri at 5 �C. The error bars
represent curve fitting errors during the determination of R1 and R2 values from experimental data.
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of 16.4 T (Fig. 7B), indicating conformational flexibility of the first
310 helix on the ls – ms timescale. Similarly, the inactive mutant of
nfeAFP8, nfeAFP8_tri, which was previously studied [27] also had a
significantly large R1R2 value of G20 with an NOE value of
0.85 ± 0.04 at a field strength of 16.4 T (Fig. 7B). These results indi-
cate that both the wt nfeAFP11 and nfeAFP8_tri exhibit conforma-
tional flexibility in the first 310 helix, which might explain their
lower TH and IRI activity.

The inactive nfeAFP6 isoform does not display this kind of flex-
ibility (Fig. 7A), perhaps because the P19 residue introduces back-
bone rigidity into the first 310 helix. In addition, the active mutants,
nfeAFP11_tri and nfeAFP6_tri, also show no clear backbone confor-
mational flexibility of the first 310 helix (Fig. 7).
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4. Discussion

The type III AFPs are classified as QAE1, QAE2, and SP isoforms
[23,24]. The QAE1 isoform is able to bind to both the primary prism
and pyramidal planes of ice [50]. This isoform is capable of stop-
ping the growth of ice crystals and exhibits full TH and IRI activity
(Figs. 2 and 3). However, the QAE2 and SP isoforms can bind to only
the pyramidal plane [50] and are incapable not only of stopping ice
growth but also of inhibiting ice recrystallization (Figs. 2 and 3).
Thus, the ability to bind to the primary prism plane of ice crystals
is thought to be the very important for the TH and IRI activity.

The QAE2 isoform nfeAFP11 differs from the QAE1 isoform
nfeAFP8 by four residues positioned at the prism plane binding
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surface (residues 9, 19, 20, and 41) (Fig. 1). A previous study
revealed that replacement of residues 9, 19, and 20 in nfeAFP8 with
the corresponding residues of nfeAFP11 converted the active iso-
form into an inactive AFP (called a QAE1INACT) [27]. This QAE1INACT

(nfeAFP8_tri) lost both TH and IRI activity (Figs. 2 and 3). Con-
versely, the inactive QAE2 isoform can be converted to a fully
active AFP (called a QAE2ACT) by mutation of the same three resi-
dues [25]. In the case of the SP isoform nfeAFP6, the prism plane
binding surface has three residues (19, 20, and 42) that differ from
the corresponding plane of nfeAFP8 (Fig. 1). The current study
found that replacement of these residues in nfeAFP6 with the cor-
responding residues of nfeAFP8 converted it to a fully active SPACT

(Figs. 2 and 3).
In order to connect the TH and IRI activities of AFPs and their

biological effects, we also studied the effects of the wt and mutant
nfeAFPs on mouse OT cryopreservation. As expected, the three
active AFPs (nfeAFP8, nfeAFP11_tri, and nfeAFP6_tri) preserved
significantly higher proportions of intact ovarian follicles than
the QAE2 and SP isoforms or the control solution (Fig. 4A). A sim-
ilar pattern was also observed in the apoptosis data of ovarian fol-
licles incubated with AFPs (Fig. 4B). This means that the specific
mutations made to the inactive nfeAFP11 and nfeAFP6, which con-
verted them into active AFPs, could not completely recover the
protective capacity of wt nfeAFP8. For better understanding of
the effect of AFPs on follicular apoptosis, more systematic biophys-
ical and cryopreservation studies are required.

The mechanism that AFPs protect ovarian tissue during vitrifi-
cation is not fully known. In the present study, mutants that has
higher TH and IRI activity showed better cryoprotective results.
TH activity is not the main mechanism of cryoprotection because
ice formation can occur when temperature is decreased to below
TH gap. During vitrification, theoretically ice formation does not
occur thus ice recrystallization during warming is the main cause
of cryodamage. Previous study showed that IRI during the warming
procedure is critical to the cryoprotective outcomes of the
vitrification-warming of ovarian tissue [15]. Other previous studies
demonstrate that TH activity was not necessarily translated into
improvements in the cryopreservation efficiency of biological sam-
ples [51,52]. Interaction with membrane is another possible cry-
oprotective mechanism of AFPs. One mechanism of cell damage
at low temperature is thermotropic phase transition partly due
to weakened hydrophobic interactions. When the transition from
liquid crystalline to gel phase occurred, cell membranes become
leaky, resulting in cell death [53]. Rubinsky et al. proved AFPs pro-
tect cell membrane during hypothermic storage [54].

Cryodamage involves mechanical and osmotic stress and
induces DNA DSBs followed by severe or lethal mutations of cells
[55,56]. In this study using mouse OT, the proportions of cH2AX
(+) follicles were significantly decreased in the active AFP-treated
samples compared with the sham control-treated and the inactive
AFP-treated samples. This study demonstrated that nfeAFP8 (high
TH and IRI) was superior in protecting follicles form DNA damage,
leading to decreased need for DNA repair during cryopreservation
of OT. In the case of the nfeAFP6_tri and nfeAFP11_tri mutants,
they had high TH and IRI activities but did not improve DNA dam-
age/repair as much as nfeAFP8, and this could be due to the limita-
tions of mutant AFPs. Only wt nfeAFP8 with high TH and high IRI
activities showed remarkably improved outcomes in all evalua-
tions in this study when compared to the vitrified-warmed control.
These results suggest that supplementation of the vitrification and
warming media for cryopreservation of OT with the native QAE1
isoform, especially nfeAFP8, would be a promising approach for
patients who need to preserve their fertility.

In the present study, ovarian tissues were exposed to high con-
centration of cryoprotective agents (CPAs) which induce an inevi-
table osmotic shock in cells and tissue. Increased ROS generation
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is associated with osmotic stress in a variety of somatic cells as
well as in sperm and may serve as a signaling mechanism respon-
sible for the cell adaptive response [57,58]. Notably, cryopreserva-
tion process also creates abundant amount of ROS in oocytes,
spermatozoa, somatic cells and tissues [12,58,59]. In our previous
study, vitrification media supplemented with different types of
AFPs decrease the ROS production in mouse oocyte and it may
result in a reduction of DSBs [12]. Collectively, AFPs in cryopreser-
vation and warming media might modulate osmotic injuries dur-
ing ovarian tissue cryopreservation and eventually show the
protective effects in terms of intracellular DNA damage. However,
further studies how AFPs decrease ROS production would be
required.

As described above, for the efficient cryopreservation of mouse
OT achieved by supplementation of AFPs, the AFPs must stop the
growth of ice crystals and efficiently inhibit ice recrystallization.
The QAE1 isoform, which has high TH and IRI activities, can bind
to both the primary prism and pyramidal planes of hexagonal ice
crystals, whereas the QAE2 and SP isoforms bind solely to the pyra-
midal plane (see Fig. 8) [25,50]. Comparison of the conformation
and dynamics of the QAE1 isoform with the inactive QAE2 and
SP isoforms can explain the strong binding affinity of the QAE1
AFPs to the prism plane of ice crystals (summarized in Fig. 8). First,
in the QAE1 isoform, the L19 and V20 amide protons and the T18 c-
OH of the QAE1 isoform play an important role in anchoring water
molecules (#78, #80, and #81 in Fig. 8), which might be considered
the ACW cluster that space-match to the primary prism plane of
the ice crystal. The same H-bonding interaction was also observed
in the QAE2ACT tetra-mutant (V9Q/V19L/G20V/I41V) [25]. This
structural feature is consistent with the observation of the T18-
Hc1 resonance and absence of NOEs of the L19 and V20 amide pro-
tons with the solvent water resonance in wt nfeAFP8 [27]. In addi-
tion, the QAE2ACT (nfeAFP11_tri) [26] and SPACT mutants
(nfeAFP6_tri) (Fig. 6B) displayed the same NOE pattern as the wt
nfeAFP8. In contrast to wt nfeAFP8, in several QAE1INACT mutants
of nfeAFP8 (V20G, L19V/V20G, and nfeAFP8_tri), the T18-Hc1 res-
onance is absent and the NH of residues 19 and 20 showed signif-
icant NOEs with the solvent water [27]. Similar results were
observed for the inactive QAE2 [26] and SP isoforms (Fig. 6A). This
NOE pattern is consistent with the structural feature of the QAE2
isoform, in which the amide protons of residues V19 and G20
exhibited H-bond interaction with surface water molecule rather
than the ACW network [25]. Recently, it has been reported that
the efficiency of TH and IRI activities was determined by the bind-
ing affinity of AFPs to a wider area of ice crystal [60]. Taken
together, it has been suggested that the disruption of ACW net-
works in the inactive QAE2 and SP isoforms as well as QAE1INACT

mutant reduces the AFP-binding area of ice crystal, resulting in loss
of TH and IRI activity.

Second, in the inactive AFPs, QAE2 and QAE1INACT, the first 310

helix, which constitutes the prism plane binding surface, showed
a flexible backbone conformation compared to that of the QAE1
isoform (Fig. 8). The inactive AFPs, QAE1INACT (nfeAFP8_tri) and
QAE2 (wt nfeAFP11) had a significantly larger R1R2 value for G20
than the average value (Fig. 7B), indicating conformational flexibil-
ity. The structural study revealed that, in the QAE2 isoform, the
amide protons of residues V19 and G20 exhibited H-bond interac-
tion with surface water molecule rather than the ACW network
[25]. The larger R1R2 value of G20 can be explained by the chemical
exchange between the surface water-bound and -unbound confor-
mations. However, the active AFPs, such as QAE1 and QAE2ACT,
exhibited the unique H-bonding interaction with two ACW net-
works which space-match to the primary prism and pyramidal
ice planes [25]. Thus, the QAE1 isoform as well as the active
mutants, QAE2ACT (nfeAFP11_tri) and SPACT (nfeAFP6_tri), show
no clear backbone conformational flexibility of the first 310 helix



Fig. 8. Summary of cryopreservation activity of type III AFP. The orange color indicates the mutated residues in each AFP isoform. The red, blue, and green colors indicate the
residues which show the Ddavg values of > 0.12 ppm between the wt and mutant AFPs. Water molecules from the 1HG7 PDB entry that match the spacing of waters on the
primary prism plane of ice are colored brown and numbered according to the PDB entry. The primary prism plane of ice crystal is colored yellow. The first 310 helix region
(residues T18 – M22) and residue 42 are represented by stick view. Green solid lines indicate H-bonding interactions. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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(Fig. 7B). The inactive SP isoform (wt nfeAFP6) does not display this
kind of flexibility (Fig. 7B) because the P19 residue introduces
backbone rigidity into the first 310 helix. It was concluded that,
in the inactive AFPs, QAE1INACT and QAE2, the flexible structure
of the first 310 helix interferes with the H-bonding interaction
between the IBS and the prism plane of ice crystals, thereby pre-
venting full TH and IRI activity.

Third, the inactive SP isoform displays unusual backbone con-
formational differences in the b1 and b2 strands and the second
310 helix, which constitutes the prism plane binding surface, com-
pared to the active QAE1 isoform (Fig. 8). In nfeAFP6_tri, residues
of the b1 and b2 strands and the second 310 helix presented signif-
icant chemical shift changes compared to wt nfeAFP6, even though
these residues are far from the mutated residues (Fig. 5D). How-
ever, in the case of nfeAFP8_tri and nfeAFP11_tri, the triple muta-
tions caused significant chemical shift changes in the residues
located close to the mutated residues (Fig. 5). Taken together, it
was concluded that the inactive SP isoform exhibits a distinct over-
all backbone conformation from the active QAE1 isoform, which
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disrupts the H-bonding interaction of the IBS with the prism plane
of ice crystals for full TH and IRI activity.
5. Conclusions

In this study, we have studied the TH, IRI, and cryopreservation
activities as well as the structural and dynamic features of the
three isoforms of type III nfeAFPs and their IBS mutants. We found
that, like the active QAE1 isoform, the QAE2ACT and SPACT mutants
of the inactive isoforms displayed the full TH and IRI effects. Cryop-
reservation studies of mouse OT revealed that the supplementation
of preservation and warming media with the QAE1 isoform and
QAE2ACT and SPACT mutants showed more effective preservation
of intact follicles and prevented DNA DSB damage more effectively
than other inactive isoforms. NMR studies showed that the QAE1
isoform, including the QAE2ACT and SPACT mutants, formed unique
H-bonds within the first 310 helix that played an important role in
the formation of ACW networks for efficient binding to the primary



Seo-Ree Choi, J. Lee, Yeo-Jin Seo et al. Computational and Structural Biotechnology Journal 19 (2021) 897–909
prism and primary planes of ice crystals, which was disrupted in
the inactive isoforms. Our results suggest that the unique confor-
mation of the IBS in the type III AFPs is modulated by specific
mutations in the IBS and thus determines the degree of TH, IRI,
and cryopreservation activity.
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