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Abstract
Ice-binding proteins (IBPs) are capable of binding ice crystals and inhibiting their growth. IBPs have also been reported to
stabilize cell membranes under non-freezing conditions. The effects of IBPs help to reduce cold- and freezing-induced damage
to cells and tissues in cryopreservation. Here, we examined whether certain IBPs, namely, fish NfeIBP6 and NfeIBP8 and
fungal AnpIBP1a N55D (AnpIBP), improve the recovery rate of the nematode Caenorhabditis elegans after a deep
cryopreservation at −80°C. The expression of fungus-derived AnpIBP in C. elegans significantly improved its recovery rate.
This result provides useful information to establish a cryopreservation technique for long-term storage using IBP molecules.
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Figure 1. Recovery rates of control animals and IBP-expressing worms:
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(A) Experimental procedures to observe the freeze and cold tolerance in living C. elegans (Kuramochi et al. 2019; Kuramochi
et al. 2022b).

(B) Experimental procedure to observe the recovery rate of C. elegans after cryopreservation.

(C) Strain list.

(D) Recovery rate of control animals and each IBP-expressing worm after cryopreservation at −80°C. In each assay, n > 100
(group = 5). Boxes show the first, second and third quartiles. The Wilcoxon rank sum test with Bonferroni correction was
performed. *p < 0.05.

(E) Detailed information on the recovery rate in (D).

Description
Ice-binding proteins (IBPs) inhibit the growth of ice crystals by binding to them (Harding et al. 1999; Graether et al. 2000). Ice
growth inhibition is closely related to the freezing point depression activity of an IBP which is generally evaluated as thermal
hysteresis (TH) value, a difference between the melting and freezing points of that solution (Knight et al. 1984; Fletcher et al.
1986). Recently, we reported that IBPs improve the survival rate of C. elegans during exposure to −5 °C (freezing) (Fig. 1A)
(Kuramochi et al. 2019). IBP exhibiting high TH activity dramatically improved the survival rate after the freezing. Ice
crystals were probably inhibited by IBPs. Our data obtained using the diffracted X-ray blinking technique suggested that IBP
binds to ice crystals in the body of living C. elegans (Kuramochi et al. 2022a). Ice growth inhibition reduces the damage to
tissues and cells of living C. elegans under freezing conditions. In addition, we found that IBPs also improve the survival rate
after +2 °C and +4 °C hypothermic preservations (Kuramochi et al. 2022b). IBPs stabilize cell-membrane lipids at such
temperatures (Rubinsky et al. 1991; Tomczak et al. 2002). IBPs have the potential to protect tissues and cells from cold- and
freezing-induced damage. We speculated that these effects are probably effective to improve the recovery of C. elegans after a
deep cryopreservation at −80°C.

Here, we examined whether certain IBPs, namely, fish NfeIBP6 and NfeIBP8 and fungal AnpIBP1a N55D (AnpIBP), improve
the recovery rate of C. elegans after cryopreservation at −80°C (Figs. 1B and 1C). NfeIBP6 and NfeIBP8 were isolated from
Zoarces elongatus Kner (Notched-fin eelpout). AnpIBP was recently isolated from Antarctomyces psychrotrophicus. The TH
activities of NfeIBP6, NfeIBP8 and AnpIBP are approximately 0 °C (0.4 mM), 0.5 °C (0.4 mM), and 0.7 °C (0.3 mM),
respectively. Our previous paper showed that the survival rates of transgenic worms expressing IBPs in neurons or intestinal
cells during exposure to freezing were lower than those of worms expressing IBPs in body wall muscles (Kuramochi et al.
2019). Transgenic worms expressing IBPs in body wall muscles are therefore suitable for use to observe the recovery rates
after cryopreservation. After the cryopreservation, the recovery rates of the wild-type animals and transgenic worms
expressing the fluorescent protein named Venus in body wall muscles were 6.9% and 4.8%, respectively. In contrast, the
survival rates of the worms expressing NfeIBP6, NfeIBP8, or AnpIBP in body wall muscles were 16.2%, 12.7%, and 18.9%,
respectively (Figs. 1D and 1E). The recovery rate of transgenic worm expressing AnpIBP in body wall muscles was
significantly higher than that of wild-type animals. IBPs presumably protected the cells from cold- and freezing-induced
damage. NfeIBP6, NfeIBP8, and AnpIBP differ in TH activity but did not appear to show significant differences in the
recovery rates of IBP-expressing worms. Overall, not only the inhibition of ice crystal growth but also cell membrane
protection are assumed to be the key factors to improve the viability of C. elegans in the −80 °C-cryopreservation.

In this study, we found that IBPs expressed in living worms improve the recovery rate after cryopreservation. The mechanism
of reducing cold- and freezing-induced damage to cells and tissues in cryopreservation might be related not only to the
inhibition of ice crystal growth but also to cellular protection. Further investigation is needed to understand the mechanism by
which IBPs achieve cryopreservation.

Methods
Strains and constructs generated previously (Kuramochi et al., 2019) were used in this study. We used the myo-3 promoter
region for the specific expression of IBPs in body wall muscles. The region containing the promoter was amplified by PCR
and inserted at the XbaI and ApaI sites of the plasmid pPD95.79 (a kind gift from Andrew Fire). To generate the transgenic
animals, the plasmid DNAs were injected into the lin-15 (n765ts) mutant at a concentration of 30−50 ng/µL with a pbLH98
lin-15 (+) injection marker using a standard microinjection method (Mello et al. 1991). Worms were cultivated at 22 °C on
nematode growth medium (NGM) plates with sufficient food (Escherichia coli OP50). Well-fed worms were used for
cryopreservation. We used 3-5 medium NGM plates with large numbers of fresh L1-L4 and adult animals. The NGM plates
were washed two times with 1 mL of M9 buffer. The M9 suspension with worms was collected in conical tubes. This was
performed on 3-5 plates per sample. The M9 suspension was distributed 1 mL to five cryovials, and then was mixed with 1
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mL of freezing solution (Brenner 1974; Stiernagle 2006). The cryovials were transferred to a −80 °C deep freezer. In this
cryopreservation procedure, we did not use a Styrofoam box. A Styrofoam box causes slow ice crystal formation and prevents
cellular damage because it slows the rate of freezing. To investigate the effect of IBP molecules on ice control, we performed
cryopreservation under conditions that eliminated the slow freezing effect of the Styrofoam box. Worms were stored for 1 day
or more at −80 °C. For recovery, tubes were thawed at room temperature (RT) until all ice had turned to liquid. Then, the
contents of the tube were poured into a fresh NGM plate. After 1 hour at RT, the numbers of dead and living animals in the
plate were counted based on worm movement. Recovery rates were obtained from five trials. Recovery rates in wild-type and
IBP worms did not satisfy a Gaussian distribution based on the Shapiro-Wilk test. A non-parametric Wilcoxon rank sum test
with Bonferroni correction was performed to evaluate the recovery rate using R version 3.6.1.

Reagents
N2, and MT1642 lin-15 (n765ts). Strains were provided by the CGC, which is funded by the NIH Office of Research
Infrastructure Programs (P40 OD010440).

References
Brenner S. 1974. The genetics of Caenorhabditis elegans. Genetics 77: 71-94. PubMed ID: 4366476

Fletcher GL, Kao MH, Fourney RM. 1986. Antifreeze peptides confer freezing resistance to fish. Can. J. Zool. 64: 1897–1901.
DOI: 10.1139/z86-284

Graether SP, Kuiper MJ, Gagné SM, Walker VK, Jia Z, Sykes BD, Davies PL. 2000. Beta-helix structure and ice-binding
properties of a hyperactive antifreeze protein from an insect. Nature 406: 325-8. PubMed ID: 10917537

Harding MM, Ward LG, Haymet AD. 1999. Type I 'antifreeze' proteins. Structure-activity studies and mechanisms of ice
growth inhibition. Eur J Biochem 264: 653-65. PubMed ID: 10491111

Knight CA, DeVries AL, Oolman LD. 1984. Fish antifreeze protein and the freezing and recrystallization of ice. Nature 308:
295-6. PubMed ID: 6700733

Kuramochi M, Dong Y, Yang Y, Arai T, Okada R, Shinkai Y, et al., Sasaki YC. 2022. Dynamic motions of ice-binding proteins
in living Caenorhabditis elegans using diffracted X-ray blinking and tracking. Biochem Biophys Rep 29: 101224. PubMed ID:
35146137

Kuramochi M, Takanashi C, Yamauchi A, Doi M, Mio K, Tsuda S, Sasaki YC. 2019. Expression of Ice-Binding Proteins in
Caenorhabditis elegans Improves the Survival Rate upon Cold Shock and during Freezing. Sci Rep 9: 6246. PubMed ID:
31092839

Kuramochi M, Zhu S, Takanashi C, Yang Y, Arai T, Shinkai Y, et al., Sasaki YC. 2022. A mutation to a fish ice-binding
protein synthesized in transgenic Caenorhabditis elegans modulates its cold tolerance. Biochem Biophys Res Commun 628:
98-103. PubMed ID: 36084557

Mello CC, Kramer JM, Stinchcomb D, Ambros V. 1991. Efficient gene transfer in C.elegans: extrachromosomal maintenance
and integration of transforming sequences. EMBO J 10: 3959-70. PubMed ID: 1935914

Rubinsky B, Arav A, Fletcher GL. 1991. Hypothermic protection--a fundamental property of "antifreeze" proteins. Biochem
Biophys Res Commun 180: 566-71. PubMed ID: 1953726

Stiernagle T. 2006. Maintenance of C. elegans. WormBook : 1-11. PubMed ID: 18050451

Tomczak MM, Hincha DK, Estrada SD, Wolkers WF, Crowe LM, Feeney RE, Tablin F, Crowe JH. 2002. A mechanism for
stabilization of membranes at low temperatures by an antifreeze protein. Biophys J 82: 874-81. PubMed ID: 11806929

Funding: This study was supported by Grants-in-Aid for Scientific Research 19K15787 and 21K14466, Grant-in-Aid for
Scientific Research on Innovative Areas 20H04696 and 20H04660, JST ACT-X JPMJAX22B7, the Sasakawa Scientific
Research Grant from The Japan Science Society, and the Nakatani Foundation for Advancement of Measuring Technologies in
Biomedical Engineering.

Author Contributions: Masahiro Kuramochi: conceptualization, formal analysis, funding acquisition, investigation,
methodology, writing - original draft, writing - review editing. Tatsuya Arai: writing - review editing, writing - original draft.
Kazuhiro Mio: writing - original draft, writing - review editing. Sakae Tsuda: writing - original draft, writing - review editing.
Yuji C Sasaki: writing - original draft, writing - review editing.

Reviewed By: Erik Andersen

 

4/7/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/4366476
https://doi.org/10.1139/z86-284
https://www.ncbi.nlm.nih.gov/pubmed/10917537
https://www.ncbi.nlm.nih.gov/pubmed/10491111
https://www.ncbi.nlm.nih.gov/pubmed/6700733
https://www.ncbi.nlm.nih.gov/pubmed/35146137
https://www.ncbi.nlm.nih.gov/pubmed/31092839
https://www.ncbi.nlm.nih.gov/pubmed/36084557
https://www.ncbi.nlm.nih.gov/pubmed/1935914
https://www.ncbi.nlm.nih.gov/pubmed/1953726
https://www.ncbi.nlm.nih.gov/pubmed/18050451
https://www.ncbi.nlm.nih.gov/pubmed/11806929


 

History: Received January 5, 2023 Revision Received February 19, 2023 Accepted April 5, 2023 Published Online April 7,
2023 Indexed April 21, 2023

Copyright: © 2023 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Kuramochi, M; Arai, T; Mio, K; Tsuda, S; Sasaki, YC (2023). The effect of ice-binding proteins on the
cryopreservation of Caenorhabditis elegans. microPublication Biology. 10.17912/micropub.biology.000734

 

4/7/2023 - Open Access

https://doi.org/10.17912/micropub.biology.000734

