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Abstract 

Effects of a beetle antifreeze proteins (AFP) from Dendroides canadensis (DAFP-1) on a model 

freeze-labile enzyme, lactate dehydrogenase (LDH), were investigated under freezing and thawing 

conditions. The presence of DAFP-1 can effectively protect the enzymatic activity of LDH upon 

repeated freezing and thawing and the protective role of DAFP-1 is more significant than that of 

bovine serum albumin (BSA), a common protectant for freeze-labile proteins. The results of 

circular dichroism (CD) spectroscopy suggest that the presence of DAFP-1 provides protection to 

the denaturation of LDH under freezing and thawing. The molecular dynamics (MD) simulation 

of DAFP-1 and LDH suggests that DAFP-1 interacts with LDH using its ice-binding surface (IBS) 
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and mainly through its arginine residues. A mutant of DAFP-1, where all the arginine residues 

were replaced by alanine residues, lost its effect in protecting LDH under freezing and thawing. 

The results demonstrated that DAFP-1 is an effective protectant for a freeze-labile protein under 

freezing and thawing and the arginine residues in DAFP-1 are important for its protective role. By 

correlating the protective effect of an AFP with its structure, new insights in the identification and 

development of effective protectants for freeze-labile proteins were provided.  

 

 

1. Introduction 

Liquid water plays an important role in governing the structure and function of biological 

macromolecules [1]. Significant adverse consequences associated with the solidification of water 

can occur to not only living organisms (e.g., freeze injury, death), but also various processes of 

biological macromolecules [2]. For example, the productions of proteins and protein 

formulations are now an indispensable part of industry, where freezing is frequently applied to 

protein solutions in order to slow down undesirable chemical denaturation for extended period 

storage. However, stresses during the freezing and thawing process, such as cold temperature, 

large variations in pH, ice formation, freeze-concentration, and/or crystallization of solutes, can 

destabilize proteins and cause protein denaturation and aggregation [2-6]. Consequently, severe 

function loss often occurs to proteins under freezing and thawing, which has been a major concern 

for the long-term storage of freeze-labile proteins.  

 

Lactate dehydrogenase (LDH) is a ubiquitous cytosolic enzyme for the interconversion of pyruvate 

and lactate driven by NADH/NAD+ in cells and its release into serum or culture media is one of 
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the most important biomarkers for tissue damage or cell death [7, 8]. However, LDH is sensitive 

to freezing and noticeably loses its activity after thawing, which limits its storage time [8]. 

Therefore, it is necessary to improve the freezing resistance of LDH. In fact, LDH has been utilized 

as a common model protein in the development of stable pharmaceutical formulations [9]. 

Experimental evidence has shown that LDH and some other proteins denature at the ice-water 

surface and ice formation is a critical destabilizing factor, among the others (e.g., cold temperature, 

freeze-concentration), for the function loss of these proteins upon freezing of the aqueous solutions 

[10, 11].  It has been reported that LDH loses its activity during freezing due to ice formation and 

its exposure to the ice-water interface [11-13].  

 

In order to protect LDH and other proteins during the freezing and thawing process, additives are 

often used as co-solutes. Protective effects of additives, such as certain proteins, sugars, salts, and 

surfactants, on LDH and other labile proteins under freezing have been reported [4, 9, 14-20]. 

Despite the discovery of various protective molecules, each has its own advantages and 

disadvantages. For instance, low molecular weight sugars and salts, the most common types of 

protectants, are generally low cost and stable, but are less effective and prone to crystallization 

during freezing [4, 14, 16]. Comparing to the sugars and salts, proteins and non-ionic surfactants 

can be highly effective protectants, however, their available types are limited and they are more 

expensive and less studied [4, 9, 15, 18, 21, 22]. The identification and development of protectants 

is traditionally through trial and error, while many known effective protective agents can be found 

in organisms living in freezing habitats that have evolved in nature to enable physiological 

processes and survival in those freezing habitats.  

 



4 
 

Antifreeze proteins (AFPs) evolved in many cold-adapted organisms, such as fish, insect, and 

plant, are known to inhibit ice formation and growth and thus provide protection for these 

organisms from freeze damage in a noncolligative manner [23-25]. Through its functional surface 

or site, referred to as the ice-binding surface (IBS), an AFP can adsorb onto specific ice crystal 

surfaces and control the formation and growth of the ice while exposes its hydrophilic non-ice-

binding surface (NIBS) to liquid water [26-29]. The NIBS of an AFP, which is relatively more 

hydrophobic, when exposed to water, can significantly depress ice nucleation temperature and 

delay the time of ice nucleation; the exposure of the IBS to water, however, greatly promotes ice 

nucleation [27]. Due to the great structural diversity of AFPs whose structures are known, the IBS 

and NIBS of AFPs are not often structurally apparent, however, those of some other AFPs like the 

AFP studied here are structurally distinct (Figure 1). Owing to their unique abilities in controlling 

ice formation and the facts that many effective protective agents are found in organisms under 

freezing conditions, AFPs have naturally been considered and studied as potential protective 

agents for preservation of biological materials and macromolecules [30-35]. However, mixed 

results on their effectiveness in protecting freeze-labile proteins were achieved in different studies 

[30, 33] and the role of different AFPs in protecting freeze-labile proteins remains elusive, thereby 

impeding the identification and development of effective protective agents from this natural 

resource [30, 33-35].  

 

In this study, we first investigated and demonstrated the protective effect of a beetle AFP from 

Dendroides canadensis (DAFP-1) on a model freeze-labile enzyme, lactate dehydrogenase (LDH), 

under freezing and thawing conditions. DAFP-1 has distinct IBS and NIBS. The IBS of DAFP-1, 

located on a relatively flat β-sheet consisting of short β-strands formed by repetitive arrays of 
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threonine residues that (Fig. 1), is readily distinguishable from its NIBS, which is on the opposite 

side of the protein [36]. Recent studies have reported that DAFP-1 can interact with many other 

molecules for its other roles. For example, the IBS of DAFP-1 can interact with crystalline 

nucleosides and carbohydrates [36-39] to control their crystallization and the arginine residues in 

DAFP-1 can interact with anionic and polyhydroxy co-solutes to enhance the antifreeze ability 

[40]. Here, we also sought to understand the possible mechanistic role of DAFP-1 in protecting 

LDH through a combined experimental and molecular dynamics (MD) simulation approach.  

 

 

2. Materials and methods 

2.1. Materials 

All chemicals were purchased from either Sigma-Aldrich (St. Louis, MO) or Fisher Scientific 

(Pittsburgh, PA) at ACS grade or better (unless described elsewhere) and were used as received. 

Rabbit muscle lactose dehydrogenase (LDH, L-2500) and bovine serum albumin (BSA, A-7906) 

were purchased from Sigma-Aldrich (St. Louis, MO). Milli-Q water produced from a Synergy 

water system was used for the preparation of all solutions.  

2.2. Protein expression and purification 

The expression and purification of the AFP, an isoform from Dendroides canadensis, and the 

mutant AFP, R9/25/30/54A, followed the previously published procedure [40-42]. The mutations 

(i.e., R9A, R25A, R30A, and R54A) in the AFP were generated through site-directed mutagenesis 

with the QuickChange kit (Agilent Technologies) using the wild-type plasmid as a template and 

the mutant plasmid was confirmed by sequencing [41]. Briefly, the AFPs were expressed as a 
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fusion protein in Escherichia coli Origami B cells. The cells were harvested by centrifugation at 4 

°C. After the cells were disrupted, the crude protein was purified using immobilized metal ion 

affinity chromatography (IMAC) (Ni-NTA agarose, Qiagen). The tags of the AFP were cleaved 

off with enterokinase (New England Biolabs) and then the resulting protein was further purified 

by using IMAC and ion exchange chromatography. The purified wild-type AFP and R9/25/30/54A 

were characterized using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) gel electrophoresis, matrix-assisted laser desorption ionization time-of-flight (MALDI-

TOF) mass spectrometer, circular dichroism spectrometry, and differential scanning calorimetry, 

respectively, as previously described [40-42]. The purity of the AFP and the mutant AFP was 

assessed to be greater than 95% by high-performance liquid chromatography (HPLC) 

(Supplemental Information).  

 

2.3. Enzyme assays 

All the LDH sample solutions were prepared from a LDH solution containing 1.0 mg/mL in 10 

mM phosphate buffer, pH 7.0. To prepare 1.00 mL of a sample LDH solution for freeze-thaw 

experiments, 50 µL of 1.0 mg/mL LDH solution was mixed with each of the individual additives 

(i.e., the AFP, BSA) and/or water in varying amounts. The concentrations of the AFP were from 

1.7 to 80 µg/mL. The concentration of BSA was 5.0 mg/mL. The final LDH concentration in all 

the sample LDH solutions was 50 µg/mL.  

 

One mL sample enzyme solution was pipetted into a 1.6-mL microcentrifuge tube, then placed in 

a freezer at -20°C. After the sample was completely frozen for a certain period of time (e.g., 24 
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hours, a week), the sample was then completely thawed at room temperature for an hour. Thawed 

samples were then subjected immediately to enzyme activity assays for the remaining enzymatic 

activity. A complete freeze-thaw cycle of a sample was counted by freezing the sample at -20 ºC 

for at least 16 hours and then completely thawing the sample at room temperature for an hour. This 

freeze-thaw cycle was repeated until the LDH sample in the absence of additives completely lost 

its activity. The freeze-thaw experiments were performed in triplicate for each LDH sample.  

Activity of the enzyme was assayed by monitoring the formation of β-nicotinamide adenine 

dinucleotide, reduced (NADH) in absorbance at 340 nm spectrophotometrically. The assay 

medium consisted of 100 mM CAPS buffer (N-cyclohexyl-3-aminopropanesulfonic acid, 

Calbiochem) pH 10.0, 1 mM β-nicotinamide adenine dinucleotide (NAD+), and 24 mM lactate. 

To initiate the reaction, 10 µl of sample containing 50 µg/ml LDH was added into 990 µL of assay 

medium that was pipetted into a cuvette. Specific activity (SA) of the sample was determined by 

using the rate of LDH reaction calculated from the slope of the linear portion as described in the 

following equation: SA = [(ΔA/Δt) / (6.22 × l × c)] × df, where ΔA is absorbance difference in Δt, 

Δt is the time duration in minutes, l is the pathlength of the cuvette, which is 1 cm, c is protein 

concentration in mg/ml, df is the dilution factor, which is 100, and 6.22 is the millimolar extinction 

coefficient of NADH at 340 nm in mM–1 cm–1 [43]. The LDH activity of untreated samples was 

set to 100% for comparison. All measurements were performed in triplicate at 25 ºC using a 

Beckman Coulter UV/VIS spectrophotometer and D800 Spectrophotometer software was used to 

assay fractions.  

 

2.4. Statistical analysis 
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The data of enzyme assays was further analyzed using one-way analysis of variance (ANOVA) 

and paired t-tests in Microsoft Office Excel 2016. A p-value of less than 0.05 was considered to 

be statistically significant.  

 

2.5. Circular dichroism (CD) spectroscopy 

Potential conformational changes of the AFP and the LDH after freeze-thaw cycles were analyzed 

using circular dichroism (CD) spectroscopy. Protein samples, the AFP, LDH, and the mixture of 

the AFP and LDH, were subjected to a freeze-thaw cycle once per week for three weeks. All 

protein samples were dissolved in in 0.1 M sodium phosphate buffer, pH 7.0. For the protein 

mixture, the AFP (162 µg/mL) and LDH (98 µg/mL) were mixed in equal volume. The 

concentrations of the AFP and LDH were 81 µg/mL and 49 µg/mL, respectively, in all the samples. 

Samples were centrifuged at 10,000 × g for 10 min at 4 °C. CD spectra were collected for untreated 

protein samples (before any freeze-thaw treatments) and treated proteins on a Jasco 810 

spectropolarimeter (JASCO Inc.) at ambient temperature using a quartz cuvette with a path length 

of 0.1 cm. The far-UV CD spectrum of each sample was collected from 270 nm to 195 nm over 

three accumulations as previously described [40].   

 

2.6. Structural modeling 

Structure of rabbit LDH: The structure of full length sequence of rabbit LDH monomer was 

built by using the Swiss-Model server [44] and based on the PDB structure 3H3F [45] as a 

template. The resulting monomer was then aligned to each of the 4 monomeric units in the 3H3F 

tetramer to generate the structure of full-length and tetrameric rabbit LDH bound to 4 NADH 
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molecules. The resulting structure was embedded in a water box and subjected to 50ns of molecular 

dynamics (MD) simulations using the Amber biomolecular simulation package, the Amber ff99SB 

force field for proteins [46], and GAFF force field for NADH to relax the LDH tetrameric structure 

in its native environment. This was carried out in multiple steps, where first the water is relaxed 

keeping the protein fixed, and then both protein and water are relaxed together. The multiple 

structure snapshots from the MD simulation were analyzed to select a snapshot that represented 

an average LDH structure closest to all the snapshots. 

Structure of DAFP-1: The structure of full-length sequence of DAFP-1 was built by using the 

Swiss-Model server [44] and based on the PDB structure 1EZG of the beetle, Tenebrio molitor 

[26] as a template. This structure was also embedded in a water box and subjected to 50ns of MD 

simulations using the Amber package and protocol as described above for rabbit LDH. The MD 

trajectories was analyzed to select a snapshot that represented an average DAFP-1 structure closest 

to all the snapshots.  

Structures of LDH:DAFP-1 complex: The protein-protein interactions in LDH:DAFP-1 

complexes were modeled through the Cluspro program [47] by using the average structures of 

LDH and DAFP-1 proteins obtained above. Two docking modes were used for DAFP-1: one mode 

utilizing its IBS surface for docking to LDH, and the other mode utilizing its NIBS surface for 

docking to LDH. The IBS surface showed stronger affinity for LDH compared to the NIBS surface 

(range of -939 kcal/mol to -676 kcal/mol for the IBS surface binding versus range of -672 kcal/mol 

to -483 kcal/mol for the NIBS surface binding). The top 21 complexes based on “Balanced” energy 

scoring function of Cluspro for the IBS mode were analyzed visually. Eight of those complexes 

were used to create an oligomeric LDH:DAFP-1 complex based on lowest energy non-overlapping 
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arrangement of DAFP-1 around the LDH tetramer, that resulted in the L4D8 complex shown in 

Fig. 5 in the main text. 

Relaxing of the LDH:DAFP-1 complex: The above obtained L4D8 complex containing 4 NADH 

molecules was inserted in a water box and subjected to 100ns of MD simulations using the same 

MD protocol as mentioned earlier for the individual proteins to relax the complex in its 

physiological environment and to test the stability of the LDH-bound DAFP-1 molecules. The 

complex snapshots were saved every 100ps and analyzed using VMD [48] for noncovalent 

interactions between LDH and DAFP-1. This analysis is presented in Table 1 below. 

 

3. Results and discussion 

3.1. Protective effect of DAFP-1 on LDH enzymatic activity  

To elucidate the potential role of AFPs in protecting freeze-labile proteins upon freezing, we 

assessed the effect of DAFP-1 on the enzymatic activity of LDH under freezing and thawing 

treatments. LDH (50 µg/mL) was initially subjected to a freeze-thaw cycle treatment in the absence 

and presence of DAFP-1. The freeze-thaw cycle treatment was overnight unless specified 

otherwise. As shown in Fig. 2, LDH lost about 20% of its activity in the absence of DAFP-1 after 

a freeze-thaw treatment. In contrast, when LDH was frozen and thawed in the presence of DAFP-

1 at a range of different concentrations, the activity of the enzyme was protected to different levels 

(Fig. 2). The protective effect of DAFP-1 is generally more significant at the higher concentrations 

until the activity of the freeze-thaw treated LDH reaches to that of the untreated LDH. In particular, 

the enzymatic activity of LDH after a freeze-thaw treatment was protected to a full extent in the 

presence of DAFP-1 at 25 µg/mL, that is, the molar ratio of DAFP-1 to LDH is 8:1, while further 

increasing the concentration of DAFP-1 or the molar ratio of DAFP-1 to LDH (e.g., DAFP-1 is at 
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80 µg/mL and the molar ratio of DAFP-1 to LDH is 26:1) does not enhance the activity of LDH 

(Fig. 2).  

 

Then, LDH (50 µg/mL), alone and in the presence of DAFP-1 (25 µg/mL), was subjected to 

multiple freeze-thaw cycle treatments and the resulting enzymatic activity was assayed for each 

sample after every treatment. After four freeze-thaw cycle treatments, the activity of LDH alone 

reduced dramatically and only remained about 45% of its original activity. In contrast, the presence 

of DAFP-1 significantly protects the enzymatic activity of LDH and the enzyme remained about 

90% of its original activity even after six freeze-thaw cycle treatments (Fig. 3). The protective 

effect of DAFP-1 on the enzymatic activity of freeze-thaw treated LDH is more significant than 

that of bovine serum albumin (BSA), a common protectant for freeze-labile proteins. The 

protective effect of BSA is generally considered as nonspecific ones of high protein concentrations 

[49]. The protection by BSA was achieved at a much higher concentration in comparing to DAFP-

1. After six freeze-thaw cycle treatments, the enzymatic activity of LDH remained about 50% of 

its original activity in the presence of BSA at 5 mg/mL (Fig. 3), in comparing to 90% of its original 

activity remained in the presence of DAFP-1 at 25 µg/mL. Considering their molecular weights 

difference, DAFP-1 (MW = 9 kDa) and BSA (MW = 66 kDa), DAFP-1 is also more efficient than 

BSA in protection of the freeze-labile enzyme on a molar basis.  

 

3.2. Protective effect of DAFP-1 against LDH denaturation after freeze-thaw treatments 

To assess the effects of freezing and thawing and the protective effects of the AFP on LDH 

denaturation, circular dichroism (CD) spectra of LDH alone and LDH in the presence of DAFP-1 

were collected in the far-ultraviolet (UV) region at room temperature before and after freeze-thaw 
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treatments, respectively. The concentrations of LDH and DAFP-1 for the CD experiments were 

0.7 µM and 18 µM, respectively, in order to obtain better signal-to-noise ratio in the far-UV CD 

region (Figure 4). Moreover, the resulting molar ratio of LDH and DAFP-1 for the CD experiment 

is 1:25, which is the highest tested molar ratio for the enzymatic activity assays (Figure 1). Since 

there is no statistical difference between the results for the molar ratios of 1:8 and 1:25 (Figure 1),   

the protective effects by DAFP-1 under these two ratios could be assumed to be similar. 

 

The far-UV CD spectrum of LDH without freeze-thaw treatments exhibits two typical troughs at 

about 208 nm and 222 nm (Fig. 4a, LDH), which are the characteristics of a predominant α-helical 

structure [45]. After four freeze-thaw cycle treatments in 3-weeks, the intensities of the 

characteristic peaks of the LDH in the far-UV region reduced to almost zero, suggesting that in 

the absence of protectants, LDH may almost completely denature and/or the protein itself (i.e., 

LDH) may be almost completely lost due to precipitation/adsorption during the freeze-thaw 

treatments (Fig. 4a, FT LDH).  

 

The far-UV CD spectra of the AFP before and after the same freeze-thaw treatments were also 

collected. The far-UV CD spectra of the DAFP-1 sample without freeze-thaw treatments and the 

DAFP-1 sample after the same freeze-thaw cycle treatments are very much alike (Fig. 4b), which 

indicates that the AFP does not denature upon the freeze-thaw treatments.  

 

To investigate the protective effect of the AFP on the denaturation of LDH under freezing and 

thawing, the far-UV CD spectra of the mixture of LDH and DAFP-1 under the above freeze-thaw 

treatments was collected and then analyzed by subtracting the CD signal of DAFP-1. The resulting 
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CD signal is then the CD signal of the AFP-protected LDH after the freeze-thaw treatments. In 

contrast to that of LDH alone after the freeze-thaw treatments, which was completely almost lost, 

the CD signal of the AFP-protected LDH mostly remains that of a native LDH in solution (Fig. 

4c, FT LDH’). The CD results suggest that the presence of DAFP-1 can protect LDH denaturation 

under repeated freeze-thaw treatments, which were in accordance with the activity assay results.  

 

Moreover, to validate the background subtraction by subtracting the CD signal of DAFP-1 from 

the CD signal of the mixture of LDH and DAFP-1, the CD signal of the mixture of the two proteins 

and the sum of the CD signals for each individual proteins at the specific concentration were 

collected and compared. As shown in Fig. 4d, the CD signal of the mixture of the two proteins is 

almost identical to the sum of the CD signals of each individual proteins, suggesting that LDH 

undergoes negligible conformational changes upon the presence of DAFP-1. Therefore, it is a valid 

background subtraction and any potential interactions between DAFP-1 and LDH would be weak 

[50].  

 

3.3. Potential interactions between the IBS of DAFP-1 and LDH  

To examine potential interactions between LDH and DAFP-1, an oligomeric complex of LDH and 

DAFP-1 was built using the protein-protein docking method called ClusPro [47] as described in 

the section of structural modeling. There are 8 DAFP-1 molecules and 1 LDH tetramer in the 

system (i.e., a molar ratio of 8:1) reflecting the optimal ratio of DAFP-1 to LDH determined in the 

enzymatic assays (Fig. 2). As the IBS and NIBS of DAFP-1 are located on the opposite sides of 

the protein (Fig. 1), either the IBS surface of DAFP-1 or the NIBS surface of DAFP-1 was used to 

dock to the LDH tetramer during the protein-protein docking process, which led to the 
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identification of multiple binding modes. The binding affinities of the IBS and NIBS modes of 

DAFP-1 binding to LDH were then calculated and compared. The results indicate that the IBS 

binding mode of DAFP-1 has stronger binding affinity for LDH (range of -939 kcal/mol to -676 

kcal/mol) compared to the NIBS binding mode of DAFP-1 (range of -672 kcal/mol to -483 

kcal/mol). Consequently, eight of the IBS surface-utilizing sterically non-overlapping lowest 

energy conformations of DAFP-1 bound to the LDH tetramer were used to create the LDH:DAFP-

1 oligomeric complex [LDH4(DAFP-1)8 or L4D8]. The L4D8 complex was relaxed in aqueous 

environment using molecular dynamics (MD) simulations with the AMBER force field and 

simulation program [46]. Throughout the simulation, all 8 DAFP-1 molecules stayed bound tightly 

to the LDH protein, which validates the stability of DAFP-1 utilizing its IBS surface to interact 

with the LDH tetramer.  

 

In this L4D8 complex, four DAFP-1 molecules are bound directly to the four LDH protomers in 

the tetramer (one DAFP-1 per LDH protomer). The remaining four DAFP-1 molecules interact 

with the dimer or trimer interfaces of the tetrameric LDH (Fig. 5). The dominant interactions 

between LDH and DAFP-1 are through salt-bridges and hydrogen bonds. The residues on the IBS 

of DAFP-1 dominate the interactions between the AFP with LDH, in particular Arg25, Arg30, and 

Arg54 along with Thr39, Thr65, and Thr74 (Table 1). The side chains of Arg25, Arg30, Arg54 on 

DAFP-1, for example, electrostatically interact with those of Glu103, Glu224, and Asp285 on 

LDH, respectively (see Table 1 for all the interactions and their relative stability during the MD 

simulation). The IBS residues of DAFP-1 are engaged in 16 salt bridge interactions and 20 

hydrogen bond interactions with LDH residues. In addition, none of the 8 DAFP-1 molecules 
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occlude the NADPH catalytic site on LDH, proposing that DAFP-1 binding should not interfere 

with LDH’s catalytic function.  

 

Moreover, the structural modeling of the L4D8 complex suggests that the IBS of DAFP-1 faces to 

LDH, while the NIBS of DAFP-1 is exposed to water and the arginine residues in DAFP-1 play a 

role in such a molecular arrangement. Fig. 6 shows one such set of salt-bridge interactions between 

the Arg residues on DAFP-1 and the Glu and Asp residues on LDH. To demonstrate the potential 

roles of arginine residues of DAFP-1 in protecting LDH, we prepared the mutant of DAFP-1, 

R9/25/30/54A, where all the arginine residues were replaced by non-polar residues, alanine. The 

wild‐type DAFP -1 and the R9/25/30/54A mutant were demonstrated to possess similar structures 

and ice-binding function in previous studies [40-42]. The effect of the mutant, R9/25/30/54A, on 

protecting the enzymatic activity of LDH was examined in this study following the same 

procedures as above. As shown in Fig. 7, comparing to that of the wild-type DAFP-1, the protective 

effect of the mutant R9/25/30/54A on LDH under freezing and thawing was reduced significantly. 

Based on the interactions between DAFP-1 and LDH shown in Table 1, by removing the four 

arginine residues in DAFP-1, the mutant R9/25/30/54A, would lose 10 out of 16 salt-bridge 

interactions and 4 out of 20 hydrogen bond interactions between the IBS of DAFP-1 and LDH, 

which significantly weaken the association between the IBS of DAFP-1 and LDH. The results 

suggest that the arginine residues in DAFP-1 dominate the association between the IBS of DAFP-

1 and LDH and the loss of the arginine residues greatly diminishes the protective effect of DAFP-

1 on LDH under freezing and thaw.   

 

3.4. Possible roles of DAFP-1 in protecting LDH  
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The identified protective effect of DAFP-1 may depend on its interactions with the protected 

molecule (i.e., LDH) and water. For example, the binding of DAFP-1 to the LDH dimer interfaces 

(Figure 5) may improve the integrity of the tetrameric enzyme during the freezing-thawing 

process. Furthermore, the contact of LDH with ice or ice-water interface, a major destabilizing 

factor of LDH under freezing and thawing [11], can be reduced because of such interactions. 

Moreover, the arrangement of DAFP-1 by burying the ice-nucleation-promoting IBS towards 

LDH, while exposing the ice-nucleation-depressing NIBS to water, may shield LDH from ice more 

effectively and the long side chains of the arginine residues might act as molecular clamps 

recognizing and/or assisting such arrangement of DAFP-1.  

 

Interactions with the protected protein and/or water-ice interfaces have been reported for some 

known nonionic surfactants, which can effectively protect certain proteins under freezing and 

thawing. For instance, Tween 20 may stabilizes recombinant human factor XIII, a homodimeric 

protein that aggregates at the ice-water interface, mainly through competing with soluble 

aggregates for the interfaces to inhibit subsequent transition to insoluble aggregates [21], whereas 

Tween 80 may stabilize LDH during freezing and thawing mainly through its weak interactions 

with LDH [9].  

 

There are also examples about the protective effects of several plant-based late embryogenesis 

abundant (LEA) proteins on LDH during freezing and thawing in the literature recently [22, 51]. 

Most LEA proteins are intrinsically disordered proteins (IDPs) with high hydrophilicity, while 

LEA_2 proteins are more hydrophobic adopting a stable fold in solution. Interestingly, the 

protective effects of LEA proteins on LDH under freezing and thaw are not restricted to their 
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structures in solution, that is, both disordered and structured LEA proteins (e.g., certain LEA_4 

proteins and LEA_2 proteins, respectively) can protect LDH during freezing and thawing, while 

their roles may be different. For example, a disordered LEA_4 protein may protect LDH by 

primarily competing with LDH aggregates for adsorption to the air/water interfaces during 

freezing and thawing [51], which can resemble to the role of certain non-ionic surfactants (e.g., 

Tween 20). However, how a structured LEA_2 protein works effectively remains elusive [22]. The 

findings in this study may also provide an explanation for the protective role of a LEA_2 protein 

irrespective of the detailed structures of the two proteins, that is, similarly to DAFP-1, a LEA_2 

protein might bind to the LDH dimer interfaces and reduce the contact of LDH with ice, thereby 

stabilizing LDH during the freezing-thawing process.  

 

4. Conclusion 

In summary, the protective effect of an AFP with structurally distinct IBS and NIBS on a model 

freeze-labile enzyme has been investigated and potential interactions between the IBS of an AFP 

and another protein have been shown. Specifically, the presence of DAFP-1 can effectively protect 

the enzymatic activity of LDH upon repeated freeze-thaw treatments. The MD simulation results 

show that assisted by the side chains of the arginine residues on its IBS, DAFP-1 utilizes its IBS 

to interact with LDH, while exposes its opposite NIBS to water. The mutant study further 

demonstrated the importance of arginine residues in the AFP’s protective role supporting the MD 

simulation observations. This study provides new insights in understanding the protective role of 

AFPs against protein denaturation during freezing and thawing. The findings may also help explain 

the protective role of other structured proteins that can effectively protect freeze-labile proteins. 

Such understanding will help identify and design highly effectively protectants in various fields, 
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such as biopreservation and biologics formulations. It needs mention that the addition of protein-

based protectants will reduce the purity of biological samples. Depending on the applications, 

further isolation may be required. For example, size exclusion HPLC can be used to isolate the 

added AFPs from LDH after thawing.   
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Fig. 1. The DAFP-1 model structure shown with its Ice-Binding Surface (IBS) in blue and Non-Ice-Binding 
Surface (NIBS) in red. The regularly spaced Threonine residues are shown as sticks. 
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Fig. 2. Lactate dehydrogenase (LDH) activity in the absence and presence of a variety of AFP 
concentrations after a single freeze-thaw cycle. The concentration of LDH was 50 µg/mL. Values are shown 
as mean ± standard deviation. Asterisks indicate a significant difference at the level of p < 0.05 compared 
to the samples of LDH alone. 
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Fig. 3. Comparison of the cryoprotective effects of bovine serum albumin (BSA) and antifreeze protein 
(AFP) on lactate dehydrogenase (LDH) activity after a number of repeated freeze-thaw cycles over six 
days. The activities of LDH alone, LDH in the presence of AFP, and LDH in the presence of BSA are 
shown as black bars, dotted bars, and striped bars, respectively. The concentration of LDH was 50 µg/mL 
and the concentrations of BSA and the AFP were 5 mg/mL and 25 µg/mL, respectively. Values are shown 
as mean ± standard deviation. Asterisks indicate a significant difference at the level of p < 0.05 compared 
to the samples of LDH alone.   
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Fig. 4. Circular dichroism (CD) spectra of (a) LDH without any freeze-thaw treatments (LDH, solid line) 
and after four unprotected freeze-thaw treatments (FT LDH, dashed line; (b) DAFP-1 without any freeze-
thaw treatments (AFP, solid line) and after four freeze-thaw treatments (FT AFP, dashed line); (c) four 
freeze-thaw treatments protected by DAFP-1 (FT LDH’, solid line) where the CD signal of DAFP-1 was 
subtracted from the CD signal of the mixture of LDH and DAFP-1; and (d) the mixture of DAFP-1 and 
LDH (Mixture, solid line) and the sum of the CD spectra of LDH and DAFP-1 (AFP+LDH, dashed line). 
The LDH and DAFP-1 concentrations were 0.7 µM and 18 µM, respectively. 
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Fig. 5. A model of DAFP-LDH interactions. LDH Chain A (LDH A) is in red, LDH Chain B (LDH B) is 
in green, LDH Chain C (LDH C) is in blue, and LDH Chain D (LDH D) is in orange. The DAFP-1 molecule 
bound to LDH A is in red, the DAFP-1 molecule bound to LDH B is in green, the DAFP-1 molecule bound 
to LDH C is in blue, and the DAFP-1 molecule bound to LDH D is in orange. The DAFP-1 molecules 
bound to LDH AB and LDH CB interfaces are in Purple and the DAFP-1 molecules bound to LDH ACD 
and LDH BCD interfaces are in purple. 
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Fig. 6. A close-up view of two DAFP-1 Arginine residues (shown as sticks) sticking out of the DAFP-1 
(purple) is shown interacting with the Glu/Asp residues (shown as balls-and-sticks) of LDH protomers (red 
and green) through salt-bridge interactions. 
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Fig. 7. Protective effects of the wild-type antifreeze protein (AFP) and the mutant AFP (R9/25/30/54A) on 
lactate dehydrogenase (LDH) activity after a number of repeated freeze-thaw cycles over six days. The 
activities of LDH alone (black bars) and LDH in the presence of AFP (dotted bars) were plotted for 
comparison. The activities of LDH in the presence of R9/25/30/54A are shown as striped bars. The 
concentration of LDH was 50 µg/mL and the concentrations of the AFP and the mutant were both 25 
µg/mL. Values are shown as mean ± standard deviation. Asterisks indicate a significant difference at the 
level of p < 0.05 compared to the samples of LDH alone.  
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Table 1. Interacting residues between DAFP-1 and LDH. Interacting residues in DAFP-1 are shown in 
blue cells. Salt bridge interactions are shown in orange cells. 

 

 
1Chain-Residue, where chain A,B,C,D are for 4 LDH protomers and L,M,N,P,Q,R,S,T chains are for 8 DAFP1 molecules. 
2SideChain or BackBone, representing the part of the residue involved in noncovalent interaction. 
3Stability of the noncovalent interaction as a fraction of the time it is stable during the MD simulation. The interactions stable at 
least 25% of the time are generally considered significant and are shown in this table. The orange stability cells refer to salt-bridge 
interactions. 

DAFP1 SITES Donor SC/BB2 Acceptor1 SC/BB2 Stability3

S-ARG30 SideChain D-GLU224 SideChain 93.5%
D-SER78 BackBone T-THR74 BackBone 89.2%
R-ARG30 SideChain B-PHE331 SideChain 84.2%
P-ARG54 SideChain A-ASP285 SideChain 83.3%
B-LYS154 BackBone R-THR65 SideChain 79.6%
R-THR39 SideChain B-SER150 BackBone 77.9%
R-ARG54 SideChain B-ASP285 SideChain 74.8%
C-SER78 BackBone S-THR74 BackBone 73.3%

M-ARG54 SideChain C-ASP55 SideChain 71.5%
P-ARG30 SideChain A-PHE331 SideChain 67.9%
L-ARG25 SideChain B-GLU103 SideChain 63.6%

N-ARG54 SideChain D-ASP285 SideChain 58.2%
P-THR39 SideChain A-SER150 BackBone 55.7%
R-THR53 SideChain B-GLY151 BackBone 52.1%
L-ARG54 SideChain B-ASP55 SideChain 38.4%
P-THR41 SideChain A-LYS148 BackBone 37.8%

N-ARG30 SideChain D-PHE331 SideChain 36.0%
T-ARG30 SideChain C-GLU224 SideChain 35.8%
S-THR51 SideChain D-GLU175 SideChain 32.5%
N-THR74 SideChain A-GLU15 SideChain 29.4%

C-ASN122 SideChain Q-THR26 SideChain 28.5%
M-ARG54 SideChain D-LYS242 BackBone 26.2%

L-ARG30 SideChain B-GLU54 SideChain 26.0%
S-ARG54 SideChain D-GLN225 SideChain 25.5%
A-LYS13 BackBone N-CYS76 BackBone 81.2%

C-GLN232 SideChain T-ASP78 SideChain 66.4%
B-ARG98 SideChain L-GLU50 SideChain 65.4%
S-SER14 SideChain C-ASP5 SideChain 60.2%

D-GLN65 SideChain T-ALA75 BackBone 58.7%
C-GLN100 SideChain M-GLU50 SideChain 45.5%

N-CYS76 BackBone A-LYS13 BackBone 44.9%
A-ARG98 SideChain L-ASP78 SideChain 40.2%
B-HIE129 SideChain R-GLU50 SideChain 33.1%
A-LYS148 SideChain P-ASP42 SideChain 30.0%
A-HIE129 SideChain P-GLU50 SideChain 29.1%
B-LYS154 SideChain R-ASP78 SideChain 27.2%
D-LYS80 BackBone T-PRO83 SideChain 59.5%

D-ARG98 SideChain M-PRO83 SideChain 58.7%
D-LYS80 SideChain T-PRO83 SideChain 53.5%

D-ARG111 SideChain M-PRO83 SideChain 37.0%
C-ASP81 BackBone S-PRO83 SideChain 30.6%

D-GLU101 BackBone M-SER79 BackBone 28.2%

Ice Binding 
Surface 
Arginine 

Threonine 
Residues

Ice Binding 
Surface 
Other 

Residues

Non-Ice 
Binding 
Surface
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1. HPLC analysis 
The purity of DAFP-1 and the mutant R9/25/30/54A were assessed by HPLC. The HPLC analysis 
were performed on a Waters HPLC system consisting of a Waters 1525 binary HPLC pump, a 
Xbridge BEH200, 3.5 µm SEC HPLC column, 7.8 × 150 mm (Waters, Milford, MA) and a Waters 
2998 photodiode array detector. The SEC buffer contained 0.10 M Na2SO4, 0.10 M sodium 
phosphate butter (pH 7.00), and 0.02% NaN3. All the buffers and samples were filtered through a 
0.1 μm filter and vacuum degassed before use. The flow rate was 1.0 mL/min at ambient 
temperature. The injection volume was 5 µl and the sample concentration was 0.3 mM. Elution 
was performed at a flow rate of 1.0 ml/min at ambient temperature. The eluates were monitored at 
280 nm. Pure DAFP-1 and the mutant R9/25/30/54A were eluted at 5.00 and 4.96 minutes, 
respectively (Figure S1).  
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2. Supporting figures 
 

 
 
Figure S1. The HPLC chromatograms of (a) DAFP-1 and (b) the mutant R9/25/30/54A. The 
retention times for DAFP-1 and the mutant R9/25/30/54A are 5.00 min and 4.96 min, respectively. 
The purity of the AFPs was greater than 95%. 
 
 


