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Abstract

Antifreeze proteins (AFPs) noncolligatively depress the nonequilibrium freezing point of a 

solution and produce a difference between the melting and freezing points termed thermal 

hysteresis (TH). Some low-molecular-mass solutes can affect the TH values. The TH enhancement 

effects of selected polyhydroxy compounds including polyols and carbohydrates on an AFP from 

the beetle Dendroides canadensis were systematically investigated using differential scanning 

calorimetry (DSC). The number of hydroxyl groups dominates the molar enhancement 

effectiveness of polyhydroxy compounds having one to five hydroxyl groups. However, the above 

rule does not apply for polyhydroxy compounds having more than five hydroxyl groups. The most 

efficient polyhydroxy enhancer identified is trehalose. In a combination of enhancers the strongest 

enhancer plays the major role in determining the TH enhancement. Mechanistic insights into 

identification of highly efficient AFP enhancers are discussed.
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1. Introduction

Antifreeze proteins (AFPs) have been found in many organisms such as fish [1], insects 

[2,3], bacteria [4], and plants [5] where they function to enhance the organism’s resistance to 

freezing injury in winter. AFPs depress the nonequilibrium freezing point of the solution by 

binding to ice and inhibiting its growth without altering the melting point and the produced 

difference between the freezing and melting points is termed thermal hysteresis (TH) [6–8]. 

According to the adsorption-inhibition mechanism of AFP action [9], AFPs adsorb onto the 

ice crystal surface at preferred growth sites via one or more interactions including 
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hydrophobic, van der Waals interactions [10–12], and/or hydrogen bonding [13–15] and the 

ice crystal growth process is thereby halted by the Kelvin effect [9].

Five types of AFPs with unrelated structures have been identified in fish [16,17], and at least 

three types of insect AFPs have been structurally characterized so far [18–21]. The TH 

activities of beetle AFPs are usually higher than those of fish AFPs [18,22]. The AFPs from 

the fire-colored beetle Dendroides canadensis (DAFP) and the meal-worm Tenebrio molitor 
(TmAFP), representing a type of insect AFP, are extensively disulfide bonded right-handed 

β-helical proteins with repeat structures [19,23]. Similar to TmAFPs, DAFPs have nearly 

identical 12- or 13-amino acid repeats with a size of 7.3–16.2 kDa [18,24]. The cleavage of 

the disulfide bonds results in the loss of the antifreeze activities of DAFPs and TmAFPs.

AFP-producing insects usually adapt to subzero temperature by freeze avoidance. In contrast 

to freeze-tolerant insects, freeze-avoiding insects must lower the freezing point and/or the 

supercooling point of their body fluids, which can be implemented through the removal of 

ice nucleators, the production of AFPs as well as the production of low-molecular-mass 

antifreezes which are mainly polyhydroxy compounds (e.g., glycerol, sorbitol, and glucose) 

[22,25–28]. The various polyhydroxy compounds in the freeze-avoiding beetles can be 

produced in multimolar concentrations and act through colligative means to cause freezing 

and supercooling depression and/or TH enhancement of AFPs [25,28].

In the presence of enhancers, the TH activities of beetle AFPs are further enhanced [8,29–

33. The TH of an AFP solution thus depends ] on the intrinsic activity and the concentration 

of the specific AFP, and the existence of TH enhancers [29,31,32,34]. These TH 

enhancement substances are either low-molecular-mass molecules or certain proteins, 

including other AFPs [29–32]. Some low-molecular-mass enhancers, such as glycerol, do 

play a physiological role in enhancing the TH activity of AFPs in D. canadensis hemolymph 

[35]. Recently, polycarboxylates were reported as a class of efficient TH enhancers for 

DAFP-1, though they are not present at sufficiently high concentrations in the insects to act 

as natural enhancers [33].

Here we investigated the TH activities of a purified DAFP isoform, DAFP-1 (the most 

prevalent DAFP in D. canadensis hemolymph), in the presence of selected polyhydroxy 

compounds including polyols and carbohydrates as potential low-molecular-mass TH 

enhancers using differential scanning calorimetry (DSC). The intentions of the study were to 

explore a relatively large series of polyhydroxy compounds as potential TH enhancers and to 

investigate the effects of hydroxyl groups and other modifications in polyhydroxy molecules 

on their TH enhancement abilities. Some general properties of low-molecular-weight 

polyhydroxy enhancers are derived.

2. Materials and methods

2.1. Materials

All the chemicals except for 2-dexy-D-erthro-pentose and ally α-D-glucopyranoside 

(GLYCON Biochemicals, Germany) were purchased from Sigma Chemical Co. (St. Louis, 

MO) and used without additional purification. All solutions were prepared using Milli-Q 
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water produced from a Synergy water system (Millipore Co.) with a minimum resistivity of 

18 MΩ·cm. The samples were filtered through a 0.1 μm filter before use.

2.2. DAFP-1 preparation

E. coli Origami B cells harboring pET32b-DAFP-1 were grown in LB media supplemented 

with kanamycin (15 μg/mL) and ampicillin (50 μg/mL). IPTG (0.5 mM) was added to the 

culture to induce a high level expression of DAFP-1 when OD600 reached 0.6. The cells 

were harvested by centrifugation at 4 °C. The cells were disrupted mechanically by two 

passes through a French press (Thermo Fisher). The crude protein was purified using Ni-

NTA agarose (Qiagen). The C-terminal tag (containing the hexahistidine) was cleaved using 

enterokinase (New England Biolabs) and removed using Ni-NTA agarose. The cleaved 

protein was then purified by ÄKTA Purifier 10 (GE Healthcare) using a Sephacryl S-100 gel 

filtration column (GE Healthcare). The identity of the purified protein was confirmed using 

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry 

at Stanford Protein and Nucleic Acid Biotechnology Facility (expected 8968.8; observed 

8969.4). The protein concentration was determined by UV–Vis spectroscopy (Varian) using 

the absorption at 280 nm [36]. The concentration of DAFP-1 was 450 μM in all the samples.

2.3. Thermal hysteresis characterization

The TH activities of AFPs are commonly investigated by direct microscopic observation 

methods including nanoliter osmometer and capillary methods [35,37]. Differential scanning 

calorimetry (DSC) has also been utilized as a reliable method to study the TH activities of 

various AFPs [38–43]. The TH of DAFP-1 alone and DAFP-1 in the presence of the selected 

polyhydroxy compounds were measured as described previously [33] using a DSC 823e 

(Mettler-Toledo) equipped with an HSS7 high sensitivity sensor and an intracooler chiller. 

Each combination of DAFP-1 and enhancer was prepared three times and a given sample 

was measured at least twice. The standard deviations were 0.02 °C.

3. Results

3.1. Effects of the number of hydroxyl groups (n=1–5) in acyclic polyols on DAFP-1 activity

To investigate the effects of the number of hydroxyl groups in polyols on the TH activity of 

DAFP-1, the TH activity of DAFP-1 in the presence of several acyclic polyols with varying 

numbers of hydroxyl groups (methanol, ethanol, ethylene glycol, glycerol, threitol and 

adonitol) was measured using DSC. The structures of the selected polyhydroxy compounds 

are listed in Fig. 1. The molar enhancement effectiveness order, adonitol (5a)>threitol 

(4a)>glycerol (3a)>ethylene glycerol (2a) ~1,3-propanediol (2b)>methanol (1a) ~ethanol 

(1b), is observed for the selected acyclic polyols (Fig. 2). The numbers in parenthesis 

represent the number of hydroxyl groups in the polyhydroxy compounds and the letters 

differentiate the polyhydroxy compounds with the same number of hydroxyl groups (Fig. 1). 

The enhancing ability appears to increase with increasing numbers of hydroxyl groups in the 

acyclic polyols (n =1–5). Additionally, it seems that the above trend is not significantly 

affected by increasing carbon chain length. For example, methanol and ethanol have similar 

TH enhancing ability and both contain one hydroxyl group, although their carbon chain 

lengths have a 2-fold difference. Likewise, the carbon chain lengths of ethylene glycol (2a) 
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and 1,3-propanediol (2b) are different, the TH enhancing abilities of the two compounds are 

nearly identical (Fig. 2).

3.2. Effects of polyhydroxy compounds with the same number of hydroxyl groups (n=2–5) 
on DAFP-1 activity

The effects of diol, triol, tetraol, and pentaol and their derivatives on DAFP-1 activity are 

shown in Fig. 3A–D. Shown in Fig. 3A, the TH enhancement abilities of diols and their 

derivatives (Fig. 1, compounds 2a–2f), i.e., ethylene glycol (2a), 1,3-propanediol (2b), 1,2-

propanediol (2c), 2,3-butanediol (2d), 1,3-butanediol (2e), and 3-butene-1,2-diol (2f), are 

very similar. The position of the hydroxyl groups and the modification of the carbon chains, 

such as variation in carbon chain length and double bond inclusion, seem to have little effect 

on the TH enhancement ability of the molecules.

Similar results are observed for triol, tetraol, pentaol and their derivatives. Glycerol (3a), 

tromethamine (3b), and 2-deoxy-D-erthro-pentose (3c) have three hydroxyl groups and show 

similar TH enhancement effects on DAFP-1 activity (Fig. 3B). Likewise, the TH 

enhancement abilities of tetraols and the derivatives threitol (4a), arabinose (4b), methyl β-

D-galactopyranoside (4c), rhamnose (4d), lyxose (4e), and ally α-D-glucopyranoside (4f) 

are nearly identical (Fig. 3C). Pentol and its derivatives adonitol (5a), glucose (5b), tagatose 

(5c), 1-deoxy-1-(methylamino)-D-galactitol (5d), and 1-deoxy-1-nitro-D-iditol (5e) have 

nearly the same TH enhancement ability (Fig. 3D). It is apparent that the extent of 

enhancement ability of acyclic polyols, cyclitols, and carbohydrates containing the same 

number of hydroxyl groups (n=1–5) is similar and is not affected appreciably by other 

modifications (i.e., methylation, amination, and nitration).

3.3. Effects of the number of hydroxyl groups (n>5) in polyhydroxy compounds on DAFP-1 
activity

Fig. 4 shows the TH enhancement effects of sorbitol (6a) and several disaccharides having 

eight hydroxyl groups on DAFP-1 activity. The order of TH enhancing effectiveness is: 

trehalose (8a)>maltose (8b)>lactose (8c)>sorbitol (6a) ~sucrose (8d) at 0.50 M and trehalose 

(8a)>maltose (8b)>sorbitol (6a)>sucrose (8d) at 0.80–1.60 M. Apparently, the trend that the 

enhancing ability increases with increasing number of hydroxyl groups in the polyols 

observed in Fig. 2 is not held for polyhydroxy compounds having more than five –OH 

groups. In addition, more complicated concentration dependent effects are observed. The TH 

enhancement abilities of the common disaccharides trehalose, maltose, lactose, and sucrose, 

are quite different although they all contain eight –OH groups. Trehalose is the most 

efficient one tested. In contrast to the other disaccharides tested in this study, sucrose has 

low TH enhancement efficiency. The TH enhancement abilities of sucrose and sorbitol are 

nearly identical at 0.50 M. However, at higher concentrations (i.e., 0.8, 1.2 and 1.6 M), 

sorbitol exhibits stronger enhancement efficiency than sucrose. The results of sorbitol and 

sucrose reported here are consistent with the previous study [32].

3.4. Effects of the combinations of polyhydroxy compounds on DAFP-1 activity

The enhancement effects of four pairs of polyhydroxy compound combinations, i.e., 

glycerol and methanol, glycerol and ethanol, trehalose and glycerol, and trehalose and 
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glucose on DAFP-1 activity were shown in Fig. 5A and B. There is no further enhancement 

on the TH activity of DAFP-1 solutions in the presence of the combinations of a stronger 

enhancer and a weaker enhancer compared to the effect of the stronger enhancer alone in the 

system within the experimental error: glycerol~glycerol+methanol~glycerol+ethanol (Fig. 

5A) and trehalose~trehalose+glycerol~trehalose+glucose (Fig. 5B). For example, the TH 

value of DAFP-1 solution in the presence of 0.50 M glycerol and 0.50 M methanol is nearly 

identical to that in the presence of 0.50 M glycerol alone (Fig. 5A) and the TH value of 

DAFP-1 solution in the presence of 0.50 M trehalose and 0.50 M glucose is very close to 

that in the presence of 0.50 M trehalose alone (Fig. 5B). Similar results were observed for 

other combinations of the polyhydroxy enhancers (data not shown). The results demonstrate 

that a stronger enhancer plays a significant role in the presence of combinations of similar 

enhancers and there may be a competitive process between a stronger and a weaker enhancer 

in the system though the mechanism is still unclear. Our limited data here also suggest that 

the viscosities of the solutions have little effect on the TH values at least for these systems.

4. Discussion

In contrast to polycarboxylates shown previously to enhance DAFP activity [33], 

polyhydroxy compounds are often found at high concentrations in the hemolymph of 

overwintering insects [22,25,26,44]. The polyhydroxy compounds identified in many winter 

insects are quite varied and may be composed of various acyclic polyols, cyclitols, and 

carbohydrates. Several polyhydroxy compounds tested here (e.g., glycerol, sorbitol, glucose, 

maltose, and trehalose) have been identified at high concentrations in some species of 

freeze-avoiding insects [26]. Glycerol is the only reported low-molecular-weight molecule 

whose concentration is high enough in D. canadensis hemolymph to function 

physiologically as an enhancer [32,35]. In freezing-tolerant insects, high concentrations of 

polyhydroxy compounds (e.g., glycerol and trehalose) are also identified and function as 

cryoprotectants (e.g., lessening the extent of cell dehydration and protecting biomolecular 

structures during freezing). Therefore, the systematic investigation of low-molecular-weight 

polyhydroxy compounds as potential enhancers for AFPs is important to provide further 

insight into identification of highly efficient AFP enhancers.

The relationship between the structures of polyhydroxy compounds and their TH 

enhancement ability is systematically investigated in this study. The selected polyhydroxy 

compounds do not have TH themselves, but they can enhance the TH activity of DAFPs. 

The present results demonstrate that the number of hydroxyl groups plays a major role in 

determining the TH enhancement effects of polyhydroxy compounds on DAFP-1 but the 

position of the hydroxyl groups, the length of the carbon chains, or the modifications of the 

carbon chains have little effect on the TH enhancement abilities of these molecules. 

However, the polyhydroxy molecules having more than five hydroxyl groups show complex 

results. Trehalose, a well-known natural cryoprotectant, is the most efficient TH enhancer 

among the tested polyhydroxy enhancers in this work. Our results on the TH activity of 

DAFP-1 in the presence of the combinations of a stronger and a weaker enhancer indicated 

that the weaker enhancer plays little role in the combinations and a competitive process may 

occur. This phenomenon has also been reported for the polycarboxylate TH enhancers of 

DAFP-1 recently [33].
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Though various AFP enhancer molecules have been identified, our understanding of AFP 

enhancers remains lacking [29–32,45,46]. Hypotheses have been proposed for the 

mechanism of protein enhancers and low-molecular-mass enhancers of beetle AFPs. Protein 

enhancers usually form larger protein complexes with beetle AFP molecules and increase 

the TH activities of beetle AFPs by blocking larger surface areas of ice. As a low-molecular-

mass enhancer, glycerol has been reported to promote the interactions of certain DAFPs with 

other DAFPs and with other protein enhancers and thereby further the enhancement [30,31].

It is reasonable to assume that at least some of the enhancers reported in this work may 

stimulate the interactions among DAFP-1 molecules on the ice surface and a larger surface 

area of the ice may thus be blocked by the protein complexes of two or more DAFP-1 

molecules. It should be noted that relatively high concentrations of polyhydroxy enhancers 

may be required to stimulate the interactions, otherwise the extent of the enhancement is 

negligible [31]. Upon freezing the polyhydroxy enhancer molecules may stimulate the 

interactions among DAFP-1 molecules by hydrogen bonding to residues such as Glu, His 

and Arg in DAFP-1 [47]. Such interactions may not exist in liquid water since the hydrogen 

bonds between DAFP-1 and carbohydrate enhancer molecules can be highly interrupted by 

water molecules. There are two Glu, one His and four Arg residues in DAFP-1, which may 

hydrogen bond to seven carbohydrate molecules on the ice surface [31]. The ice surface 

coverage can be roughly estimated by the molecular mass of DAFP-1 and enhancer 

complex. However, the estimated enhancement effect of DAFP-1 and enhancer complex is 

generally smaller than the theoretical effect from the Kelvin effect (Wang and Wen, 

unpublished data). Possible explanations could be: (1) the above estimated model is too 

simple. Other possible contributions to the TH enhancement phenomenon by some 

polyhydroxy compounds may be due to fine changes in AFP structures and/or AFP-ice/

water interactions. (2) The Kelvin effect itself is a simple mechanism which has its own 

limitations [9]. Other mechanisms, such as changes in solubility of AFPs at the ice–water 

interfacial region [48], were also proposed for AFPs. (3) Another possible mechanism by 

which these polyhydroxy compounds function as TH enhancers is that the presence of 

polyhydroxy compounds decreases the free water in the system. Polyhydroxy compounds 

may form hydrogen bonding networks with water molecules. As the concentration of 

polyhydroxy molecules rises, the effective concentration of free water decreases and the 

percentage of the free water molecules joining to the ice surface thus becomes less. At this 

point, neither the actual mechanism for DAFP is fully understood nor the mechanism(s) of 

the enhancement effect. All of these possibilities (1–3), plus others, may play a role.

The DAFP isoforms (i.e., DAFP-1, DAFP-2, and DAFP-4) have very similar structures and 

antifreeze activities [31]. TmAFPs and DAFPs are similar in structure and activity [18]. 

Therefore, it would not be surprising to see some or all of the above polyhydroxy 

compounds may also function as enhancers for other DAFP isoforms and/or TmAFPs. In 

addition, it would be interesting to learn whether these compounds could enhance the TH 

activity of DAFP isoform combinations.
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Abbreviations

AFP antifreeze protein

TH thermal hysteresis

DSC differential scanning calorimetry

DAFP Dendroides canadensis antifreeze protein
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Fig. 1. 
The structures of the selected polyhydroxy compounds tested as potential enhancers for 

DAFP-1. The numbers and the letters indicate the number of hydroxyl groups in the 

compounds and different compounds with the same number of hydroxyl groups.
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Fig. 2. 
The TH activity of DAFP-1 in the presence of polyols with 1–5 hydroxyl groups.
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Fig. 3. 
The TH activity of DAFP-1 in the presence of (A) diol derivatives, (B) triol derivatives, (C) 

tetraol derivatives, and (D) pentol derivatives.
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Fig. 4. 
The TH activity of DAFP-1 in the presence of polyhydroxy compounds with more than five 

hydroxyl groups.
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Fig. 5. 
The TH activity of DAFP-1 in the presence of polyhydroxy compound combinations. (A) 

glycerol and a weaker enhancer (methanol or ethanol); (B) trehalose and a weaker enhancer 

(glycerol or glucose).
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