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Abstract 

The thermal stabilization and refolding of horseradish peroxidase (HRP) upon heating were 

investigated using an artificial molecular chaperone consisting of cholesterol-bearing pullulan 

(CHP) nanogels. The CHP nanogels inhibited the aggregation of HRP under heating by 

complexation with the denatured HRP. The enzyme activity of HRP complexed with CHP 

nanogels was not detected. However, the enzyme activity recovered to 80% of native HRP after 

the addition of cyclodextrin (CD) to the complex. The dissociation of CHP nanogels was induced 

by the formation of an inclusion complex of cholesterol groups of CHP with CD. The enzyme 

activity of HRP was only significantly recovered by the addition of -CD or its derivatives. 

Natural molecular chaperones, such as GroEL/ES, trap, fold and release the nonnative proteins by 

changing the hydrophobicity of the specific sites of the molecular chaperone that interact with the 

nonnative protein. The functional mechanism of the nanogel chaperon system is similar to that of 

natural molecular chaperones. The nanogel chaperone system is a useful tool to aid the refolding 

and thermal stabilization of unstable proteins for post-genome research, and in medical and 

biological applications. 

 

Keywords: Artificial chaperone · Protein refolding · Nanogel · Hydrophobic 

interaction · Cyclodextrin 
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Introduction 

In recent years, various stimuli-responsive materials have been developed and 

applied in biological and medical fields for drug delivery systems and tissue 

engineering, for example [1–7]. In particular, nano-scale polymer hydrogels 

(nanogels) in various responsive materials have attracted much attention [8–11]. 

Polymeric nanogels are nanoparticles that have a three-dimensional network 

structure consisting of cross-linked polymer chains. This is an interesting material 

that has characteristics of both gels and nanoparticles. The nanogels can be stably 

complexed with biological molecules, such as proteins and nucleic acids, in a 

network with high water content. Furthermore, the molecules complexed with 

nanogels can be released by a change in the network structure or a gel-phase 

transition in response to an external stimulus. Various stimuli such as temperature, 

light, magnetic fields, electrical current and pH have been considered for polymer-

based biomaterials, while chemical-responsive systems have been rarely reported 

[12, 13]. Here, we report a cyclodextrin-responsive nanogel for use as an artificial 

molecular chaperone. 

We have already reported the preparation of self-assembled nanogels by 

controlled association of hydrophobically modified polymers in water [14, 15] 

and that cholesterol-bearing pullulan (CHP) formed stable monodisperse 

nanoparticles (CHP nanogels, ~30 nm) in water. The CHP nanogel has been 

reported to selectively interact with proteins (guests) as a host and is useful as a 

drug carrier [16-18]. Furthermore, various stimuli-responsive nanogels including 

the self-assembly of pH-responsive cholesteryl-bearing poly(amino acids) [19], a 

thermo-responsive alkyl group-modified poly(N-isopropylacrylamide)-CHP 

mixture [20], and a photo-responsive spiropyrane-modified pullulan [21] have 

been reported to date. We have also shown that CHP nanogels can be dissociated 
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by the addition of cyclodextrin (CD) [22]. The CD formed inclusion complexes 

with the cholesteryl groups and thus dissociated the hydrophobic cross-linking 

points in the nanogel network. Accordingly, the CHP nanogels are CD-responsive.  

We have developed an artificial molecular chaperone system using CHP 

nanogels and CD that inhibits protein aggregation upon refolding [23, 24]. The 

target bioactive proteins are made by genetic recombination technology; however, 

many proteins that are expressed in the cells aggregate because of misfolding. 

Additionally, unstable proteins are prone to form aggregate during stress or even 

in mild conditions [23–25]. Therefore, for efficient development of therapeutic 

proteins, materials and technologies are required to promote refolding and 

enhance stability of the proteins. The stabilization of proteins is an important topic 

in protein engineering, drug pharmaceuticals, food sciences and post-genome 

research. To protect proteins from stress, various stabilization reagents, including 

low molecular weight reagents and high molecular weight additives have already 

been tested [26, 27].  

In living systems, natural molecular chaperones such as GroEL/ES aid 

protein folding by preventing the aggregation of denatured proteins. In general, 

native proteins partially unfold in response to stress, such as heating, which 

exposes the hydrophobic groups to the outer surface. Hydrophobic interactions 

between the exposed hydrophobic chains cause aggregation, which results in the 

formation of insoluble aggregates that are usually irreversible. Molecular 

chaperones selectively trap the folding intermediate proteins or heat-denatured 

proteins via hydrophobic interactions to prevent irreversible aggregation. Then, 

with the aid of ATP and another co-chaperone, the chaperone releases the folded 

(refolded) proteins. The CHP nanogel–CD system can simulate the function of 

molecular chaperones. Indeed, we have reported the molecular chaperone-like 
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activities of this system using enzymes such as bovine carbonic anhydrase and 

porcine citrate synthase [28–30]. The nanogel-CD system has some superior point 

in comparison with other artificial chaperone system. Similar two-step systems 

employing surfactants–cyclodextrins [31] are referred to as “artificial chaperone” 

techniques. However, it can be difficult to completely remove the surfactants, 

which potentially denature proteins, after treatment with such systems. Water-

soluble polymers such as polyethyleneoxide [32], a nanosphere [33], and size-

exclusion chromatography matrices [34] also increase the recovery yield of native 

proteins during refolding. These polymers appear to act as a hydrophobic buffer 

by blocking the exposed hydrophobic surface on the denatured protein just 

enough to prevent aggregation. In this polymer system, excessively strong binding 

to the intermediate would prevent folding to the native conformation. In this 

context, the current nanogel system can provide the delicate balance for the 

various folding processes resulting in the high refolding efficiency and high 

generality. In this study, we investigated the molecular chaperone-like activities of 

an artificial molecular chaperone for horseradish peroxidase (HRP). HRP is a 

monomeric, heme-containing glycoprotein with important practical uses in 

clinical work, in enzyme immunoassays, and in histological chemistry as a 

reporter enzyme. Despite the enormous interest in HRP because of its broad 

practical applications, little is known about the stability control or the most 

efficient refolding method for HRP. Consequently, studies of the stability of HRP 

are important not just for academic purposes, but also considering its broad array 

of applications. 
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Experimental 

Materials 

Horseradish peroxidase type IV-A (HRP) was purchased from Sigma (St. Louis, 

MO, USA) and was used directly in all experiments described here. Tris base and 

o-dianisidine were purchased from SIGMA. Sodium dihydrogenphosphate, 

disodium hydrogenphospate, hydrogen peroxide (H2O2) and acetonitrile were 

purchased from Kanto Chemical Co., Ltd. (Tokyo, Japan). Sodium chloride, -

cyclodextrin (-CD), -cyclodextrin (-CD) and -cyclodextrin (-CD) were 

purchased from Wako Pure Chemicals (Osaka, Japan). 2-hydroxy-propyl-b-

cyclodextrin (HP--CD) purchased from Mitsubishi Chemical (Tokyo, Japan). 

Methyl--cyclodextrin (methyl--CD) purchased from Tokyo Kasei Kogyo 

(Tokyo, Japan). All materials were used as obtained from the suppliers. CHP 

substituted with 1.2 cholesteryl groups per 100 glucose units of pullulan (Mw 

100,000) was synthesized as previously reported [14]. 

Preparation of the CHP nanogel suspension 

CHP was suspended and swollen in MilliQ-water or buffer solution with stirring 

for 12 h at 25°C. The suspension was then sonicated using a probe-type sonicator 

(Sonifier 250, Branson Co., Ltd., CT, USA; Tip diameter 2 mm) at 40 W for 10 

min under cooling with ice. The resulting suspension was filtered through 0.45- 

and 0.22-µm PVDF filters (Millex-HV, Millipore Co., Ltd., Billerica, MA, USA) 

to remove any impurities. Finally, a clear aqueous solution was obtained. As 

previously reported, the Mw of CHP nanogels formed with CHP, which was 

substituted with 1.2 cholesteryl groups per 100 glucose units of pullulan, was 4.5 

× 10
5
. [35] 
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Evaluation of complexation between the CHP nanogel and heat-
denatured HRP using HPLC 

The HRP concentration was determined by absorbance at 403 nm with a 

coefficient of 102 mM
–1 

protein·cm
–1

 [36]. HRP (27 mg/mL) was diluted with or 

without CHP nanogels (0.3–4.8 mg/mL) to provide the final HRP solution (final 

concentration: 0.27 mg/mL HRP, 0.3–4.8 mg/mL CHP nanogels and 50 mM Tris-

HCl (pH 8.0)). The enzyme solutions were heated at 80°C for 3 h and then cooled 

at 30°C for 1 h. After centrifugation at 1000 ×g for 10 min and filtration with a 

0.22-m filter (Millex-HV, Millipore Co., Ltd.), 10 L of each sample was 

assayed by high-performance liquid chromatography (HPLC). The HPLC system 

(Tosoh Co., Ltd. Tokyo, Japan) was composed of a CCPS dual pump, a CO-8020 

column oven, an RI-8020 refractive index detector and a UV-8020 UV detector, 

and all measurements were performed using a TSK-Gel-4000SWXL column with 

a guard column. The flow rate was 0.5 mL/min. 

 

Circular dichroism measurements of HRP 

The secondary structure of HRP in the presence or absence of CHP nanogels was 

determined by circular dichroism. HRP (27 mg/mL) was diluted with or without 

the CHP nanogel solution (4.8 mg/mL) (final concentration: 0.27 mg/mL HRP, 4.8 

mg/mL CHP nanogels and 50 mM Tris-HCl (pH 8.0)). The sample solution was 

heated at 80°C for 3 h and cooled at 30°C for 1 h. The circular dichroism 

spectrum of the enzyme solution was obtained with a J-720 circular dichroism 

spectrophotometer (JASCO Co., Ltd., Tokyo, Japan) equipped with a 

thermoregulated cell compartment, using a 0.1-cm light-path quartz cell for 

backbone region studies. The measurements were carried out under a nitrogen 

atmosphere. The signals of reference samples containing buffer and CHP nanogels 
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were subtracted from the circular dichroism signals. 

 

Refolding analysis of heat-denatured HRP with nanogel molecular 
chaperone 

The HRP solution (27 mg/mL) was mixed with CHP nanogel solution (4.8 

mg/mL) (final concentration: 0.27 mg/mL HRP, 4.8 mg/mL CHP nanogel and 50 

mM Tris-HCl buffer (pH 8.0)) for the thermal denaturation studies. The solution 

was left for 1 h at 25°C, heated at 80°C for 3 h and then cooled to 30°C for 1 h. 

After cooling, the CD (-CD, -CD, -CD, HP--CD and methyl--CD) were 

added to the CHP nanogel and the HRP mixture at the indicated concentrations. 

After standing for 15 h, enzymatic activity was determined. Spontaneous 

refolding was induced by diluting with the buffer in the absence of CHP nanogels. 

HRP activity was determined using the o-dianisidine method [37]. In 

brief, 100 L of HRP solution (1.3 g/mL) was added to 3.0 mL of substrate 

solution containing 0.76 mM o-dianisidine, 0.88 mM H2O2 and 50 mM Tris-HCl 

(pH 8.0). After mixing for 5 s, the increase in absorbance at 400 nm was measured 

as a function of time. The absorbance of the solution was measured every 1 s for 

120 s using a U-2010 spectrophotometer (Hitachi, Tokyo, Japan). The initial rate 

of the change in absorbance was always linear. The reactivated yield of HRP was 

determined by comparing the initial rate of the reactivated enzyme with that of the 

native enzyme. 

 

Effect of the calcium ion concentration on the refolding of HRP with 
CHP nanogels 

The folding of HRP is critically dependent upon the concentration of calcium ions. 

Therefore, we investigated the effect of calcium ion concentration on refolding of 
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HRP mediated via the nanogel artificial chaperone system. HRP was heat 

denatured as in the thermal denaturation study. The solution was stored for 1 h at 

25°C, heated to 80°C for 3 h and then cooled to 30°C for 1 h. After cooling, HP-

-CD and calcium chloride were added to the sample to give a final concentration 

of 20 mM HP--CD and 0–8 mM calcium chloride. Enzymatic activity was 

determined after incubation for 15 h. 

 

Results and discussion 

Interaction between CHP nanogels and heat-denatured HRP 

HRP is a monomeric, heme-containing glycoprotein comprising 308 residues with 

eight oligosaccharide side chains. The molecular mass of HRP is 44 kDa. 

Approximately 18% of the molecular mass is due to eight covalently linked 

carbohydrate chains. HRP has four intermolecular disulfide bonds providing 

molecular stability. HRP also contains 2 mol of calcium ions/mol protein, which 

appears to be important for maintaining the structure and function of the enzyme 

[38, 39]. HRP organizes the heme and calcium ions in a predominantly -helical 

secondary structure. HRP can be deactivated by a structural change or aggregation 

in response to heat. In living systems, molecular chaperones help the folding of 

newly synthesized proteins and prevent the aggregation of mature proteins during 

stress. To verify the molecular chaperone-like function of CHP nanogels, we 

performed refolding experiments by heating HRP in the presence of CHP 

nanogels.  

Fig. 1 shows the interaction between CHP nanogels and HRP upon 

heating, as detected by HPLC. Native HRP has an optical absorption profile with 

a Soret peak at 403 nm in addition to its absorbance at 280 nm. CHP nanogels do 
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not absorb UV at 403 nm. Therefore, intact HRP was detected based on its 

absorbance at 403 nm and elution at 18 min. After incubating HRP at 80°C for 3 h 

in the absence of CHP nanogels, a peak corresponding to native HRP was not 

detected in the elution profile at 18 min. Since the heat-denatured and aggregated 

HRP was removed from the sample solution by centrifugation and filtration before 

sample injection, these results indicate that the heated HRP does not 

spontaneously refold. When we incubated the HRP with CHP nanogels, the 

original peak for HRP disappeared and a new peak was detected at 11 min 

corresponding to the CHP nanogels. These data indicate that HRP complexed with 

CHP nanogels upon heating. However, by mixing the native HRP with CHP 

nanogels at room temperature for 24 h, the elution profile of HRP was the same as 

that of native HRP. These results suggest that the CHP nanogels effectively 

trapped denatured HRP.  

Fig. 2 shows the percentage of HRP that complexed with CHP nanogels 

after heating the mixture of HRP and CHP nanogel, as a function of the CHP 

nanogel concentration determined by HPLC. The aggregation of HRP (0.27 

mg/mL; 6.1 M) was almost inhibited by nanogels at a concentration of 1.2 

mg/mL (2.7 M, mol per nanoparticle). In contrast, native HRP hardly complexed 

with CHP nanogels, even at the highest concentration of CHP nanogels tested. 

These results indicate that the complexation behavior between HRP and the CHP 

nanogels is similar to that with the molecular chaperone (GroEL/ES), which 

selectively interacts with denatured proteins rather than native proteins. 

To investigate the structure of HRP in the presence of CHP nanogels, 

the secondary structure of HRP after heating was investigated by circular 

dichroism measurements. Fig. 3 shows the circular dichroism spectra of native 

HRP and the CHP nanogel–HRP complex after heating. Upon complexation with 
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the CHP nanogels, the secondary structure of HRP differed slightly from that of 

native HRP. We consider that the conformation of HRP was changed by heating, 

but significant structural changes were prevented by complexation of HRP with 

the CHP nanogel. 

 

Refolding of heat-denatured HRP in the presence of CHP nanogels 

In natural molecular chaperone systems, such as GroEL/ES, GroEL binds to 

nonnative proteins and the addition of ATP induces protein folding and release. 

CHP nanogels are formed by hydrophobic interactions between CHP cholesteryl 

groups in water. The CHP nanogels are then dissociated by CD, which 

incorporates the hydrophobic molecules into their cavities [22]. Thus, the 

complexed protein can be released from the CHP nanogel by the addition of CD. 

In the nanogel chaperone system, CD effectively replaces the role of ATP. Fig. 4 

shows the enzyme activity of HRP after recovery through the addition of several 

kinds of CD to the nanogel–HRP complex. Enzyme activity was evaluated using 

the o-dianisidine assay and all measurements were normalized to that of native 

HRP. In the absence of CHP nanogels, HRP formed an aggregate and enzyme 

activities were very low after heating (23%). By contrast, in the presence of CHP 

nanogels, almost all of the HRP molecules were protected from heat denaturation 

by complexation with CHP nanogels upon heating. Notably, the nanogel–HRP 

complex had no enzyme activity, indicating that the CHP nanogels trapped the 

heat-denatured HRP in a nonnative form. However, after adding CD to the CHP 

nanogels (4.8 mg/mL)–HRP (0.27 mg/mL) complexed solution, the enzyme 

activity gradually recovered with increasing concentration of CD, except for -

CD, but recovered was only significant in the presence of -CD and its derivatives. 
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This is because -CD more strongly interacts with the cholesteryl group than does 

-CD or -CD [40, 41]. Therefore, -CD was the most effective CD to induce 

dissociation of HRP from the CHP nanogels. This is consistent with our previous 

study showing that -CD derivatives such as HP--CD and methyl--CD were the 

most effective refolding reagents for nanogel chaperone systems [42]. The higher 

refolding ability of methyl-β-CD was due to the more effective dissociation of the 

nanogel-protein complex. In the presence of 2.0 mM methyl-β-CD, almost all of 

the nanogels dissociated. However, in the case of β-CD, concentrations exceeding 

several ten mM led to the dissociation of all the nanogels [42]. This is a possible 

explanation why the recovered efficacy of HRP by methyl-β-CD is about twice 

than that of β-CD. 

The folding of HRP is critically dependent on the concentration of 

calcium ions and heme. Calcium ions appear to play a particularly important role 

in protein folding to form the active enzyme [38, 39]. Fig. 5 shows the refolding 

of heat-denatured HRP via the nanogel chaperone system as a function of calcium 

ion concentration. After exposure to heat, the enzyme activity of HRP was 

critically dependent on the concentration of the calcium ions. In the absence of 

calcium ions, the enzyme activity recovery was 70%. However, in the presence of 

2.0 mM calcium ions, over 90% of the activity was recovered. Andrew et al. 

reported that calcium ions are necessary or HRP to form a structure capable of 

binding heme [38]. This indicates that calcium ions, as well as the nanogel 

chaperone system, play a key role in the folding of HRP upon heating.  

 

Conclusion 

In conclusion, we tested whether the nanogel chaperone system in combination 
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with CD could be used to aid refolding of HRP after heating (Fig. 6). CHP 

nanogels prevent protein aggregation upon heating by complexing with the 

denatured proteins. As shown in Fig. 6, protein refolding was assisted by the 

control of nanogel association with CD. This function to aid the protein refolding 

by the nanogel chaperone system is similar to that of the GroEL/ES molecular 

chaperone system. In general, the artificial molecular chaperones that have been 

developed based on hydrogel materials consist of synthetic polymers because it is 

difficult to control the mesh size of the hydrogel and the degree of cross-linking. 

Furthermore, a system, such as the CD system used here, is needed to control the 

interactions between the protein and the complexing material. We have further 

evaluated the artificial molecular chaperone system for possible applications to 

stabilize unstable proteins. 
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Figure captions 

Fig. 1 HPLC measurements of native and heat-denatured HRP in the presence or absence of CHP 

nanogels. HRP (0.27 mg/mL) without or with CHP nanogels (4.8 mg/mL) was detected based on 

UV absorbance at 403 nm. The elution rate was 0.75 mL/min at 30°C. The elution buffer was 50 

mM Tris-HCl buffer (pH 8.0). 

 

Fig. 2 Complexation properties of native and heat-denatured HRP (0.27 mg/mL) with CHP 

nanogels (0.3–4.8 mg/mL) as a function of the CHP nanogel concentration. Percentages of 

complexed HRP were determined by HPLC and were accurate to within ±5%. 

 

Fig. 3 Effect of heating on the circular dichroism spectra of native HRP and the CHP nanogel–
HRP complex. CD spectra were determined for native HRP (0.27 mg/mL HRP in 50 mM Tris-HCl 

buffer (pH 8.0)) and the CHP nanogel–HRP complex (0.27 mg/mL HRP, 4.8 mg/mL CHP nanogels 

and 50 mM Tris-HCl buffer (pH 8.0)). 

 

Fig. 4 Refolding of heat-denatured HRP (0.27 mg/mL) via the artificial molecular chaperone 

system as a function of the cyclodextrin (CD) concentration. Enzyme activity was assayed by the 

o-dianisidine method. Recovered enzyme activities were normalized to that of native HRP and 

these values were accurate to within ±5%. 

 

Fig. 5 Refolding of heat-denatured HRP in the presence of nanogels as a function of the calcium 

ion concentration. Heat-denatured HRP (0.27 mg/mL) was complexed with CHP nanogels (4.8 

mg/mL) and calcium chloride was added to the refolding solutions with cyclodextrin to induce 

protein release. Enzyme activity was assayed by the o-dianisidine method. Recovered enzyme 

activities were normalized to that of native HRP and these values were accurate to within ±5%. 

 

Fig. 6 Schematic representation of the artificial nanogel chaperone system.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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