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ABSTRACT Cyclodextrin is a water-soluble circular oligosaccharide with a cylinder shape characterized by exterior
hydrophilic rims and an interior hydrophobic cavity, which makes it an ideal additive to prevent proteins from aggregating during
refolding. In this research, three hydroxypropyl cyclodextrins (HPCDs), HP-a-, b-, and g-CD, were used to investigate the
molecular mechanism of their effects on assisting aminoacylase refolding. The aggregation and reactivation experiments
suggested that at moderate concentrations, HPCDs could suppress aggregation and assist aminoacylase refolding in a
concentration-dependent manner, and HP-b-CD was the most efficient of the three HPCDs. Low concentrations of HP-a-CD
and high concentrations of HP-g-CD promoted off-pathway aggregation. Spectroscopic studies indicated that the hydrophobic
exposure of the unstructured species in the refolded solutions was gradually reduced by the three HPCDs with the efficiency
HP-b-CD . HP-g-CD . HP-a-CD. Furthermore, the fast phase of aminoacylase reactivation was slowed down by the addition
of 75 mM HP-b- and g-CD, but no significant effect was observed for HP-a-CD. The dissimilarity in the effects of the three
HPCDs suggested that the internal cavity size played a crucial role in their antiaggregation ability. Further analysis suggested
that the observations might be much more complicated than expected because of the various types of interactions between
cyclodextrins and proteins in addition to their ability to bind to protein aromatic residues.

INTRODUCTION

Refolding of recombinant proteins from solubilized inclu-

sion bodies is often frustrated by off-pathway aggregation

leading to low yields of soluble native proteins. In general,

aggregation is caused by the nonnative association of hydro-

phobic surfaces that are exposed during the refolding process

(1). Preventing protein aggregation has attracted numerous

researchers’ attention for many years, and various strategies

have been developed to facilitate the refolding of the dena-

tured states to functional proteins (2,3). Improved protein-

refolding yields have been obtained by using various dilution

protocols and the addition of buffer additives or folding aids

(4–7). Particularly, the method known as the ‘‘dilution addi-

tive technique’’ (4,8) has been found to be able to assist

protein refolding by the addition of low molecular weight

folding aids in the buffer, which is used to dilute the chem-

ically denatured protein. Although these methods have been

found to work for many proteins, the efficiency of various

methods is usually different from case to case (9–12). Thus

the development of new strategies is still a challenge in en-

hancing protein-refolding yields.

Cyclodextrin is a water-soluble, nontoxic, stable, circular

oligosaccharide composed of a-(1,4)-linked a-D-glucosyl
units. The structure of cyclodextrin is cylinder shaped with

hydrophilic rims outside where OH-6 is on the narrow rim

and OH-2 and OH-3 are on the wide rim. The interior, where

H-3, H-5, and H-6 hydrogens and O-4 ether-like oxygens are

located, forms a hydrophobic cavity (13). The exterior polar

groups help cyclodextrin to dissolve in water, whereas the

central nonpolar cavity enables it to interact with the hydro-

phobic residues of proteins or drugs. The most common

types of cyclodextrin are a-, b-, and g-cyclodextrin, which
consist of six, seven, and eight glucosyl units. The more

glucose units in the cyclodextrin circle, the larger the cavity

(13). Natural cyclodextrins have rather limited solubility in

water (14), and various derivatives have been synthesized

to improve its solubility (15). Cyclodextrins as well as their

chemically modified variants have been widely used in

pharmaceuticals as drug carriers (14,16). The properties of

cyclodextrin also make it an ideal additive to prevent pro-

teins from sticking together during refolding (17–21).

Aminoacylase (N-acyl-L-amino acid amido hydrolase, EC

3.5.1.14), which exists in mammalian kidneys and in many

microorganisms, is an important enzyme participating in

amino acid metabolism in organisms (22–25). The unfolding

of aminoacylase has been thoroughly studied (26–30),

whereas the refolding and reactivation of aminoacylase has

always failed due to serious aggregation (26,27,30). The

refolding of aminoacylase was thought to be irreversible for

a long time, until recently, when it was shown that the reac-

tivation of aminoacylase could be successful under low

concentrations and low temperature conditions (7). Thus

aminoacylase is a good model to test the effect of various

refolding-enhancing strategies including the addition of

cyclodextrins. In this work, the effects of hydroxypropyl

cyclodextrins (HPCDs) on the inhibition of aggregation and

the promotion of refolding were studied by using guanidine
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hydrochloride (GdHCl)-denatured aminoacylase as a model

system. It was found that aminoacylase refolding could be

promoted significantly by the addition of HPCDs in the dilu-

tion buffer. Moreover, it was also of interest to find that the

hydroxypropyl a-, b-, and g-cyclodextrins (HP-a-CD, HP-
b-CD, HP-g-CD, respectively) have quite different abilities
in assisting the refolding of aminoacylase in vitro. The main

difference among these three HPCDs is the size of the cavity,

and thus the different behavior of the three HPCDs helps us

to understand the structure-activity relationship of cyclo-

dextrins. The results herein also provide clues in designing

improved cyclodextrin-based antiaggregation agents.

MATERIALS AND METHODS

Materials

Aminoacylase was prepared from pig kidney according to the procedure of

Birnbaum (23) to the step of acetone fraction. The crude preparation was then

purified first by gel filtration though SephadexG-150 and then by ion exchange

with diethylaminoethyl cellulose as describedbyKordel and Schneider (24,25).

The final preparation was homogeneous on polyacrylamide gel electrophoresis

in the presence and absence of sodium dodecyl sulfate (SDS). SephadexG-150

was purchased from Pharmacia (Piscataway, NJ). Hydroxypropyl-a-cyclodex-

trin (HP-a-CD) was a Fluka (Milwaukee, WI) product, and hydroxypropyl-

b-cyclodextrin (HP-b-CD) and hydroxypropyl-g-cyclodextrin (HP-g-CD)

wereAcros (Somerville,NJ) products. Ultrapure gradeGdHCl, chloroacetyl-L-

leucine, SDS, and 8-anilino-1-naphthalenesulfonate (ANS) were purchased

fromSigma (St.Louis,MO).All other reagentswere local products of analytical

grade.

Binding of HPCDs to free Trp

The binding ability of the three HPCDs to free Trp was monitored by

intrinsic fluorescence on an F-2500 fluorescence spectrophotometer using

1-cm path-length cuvettes with an excitation wavelength of 280 nm at 25�C.
The fluorescence spectra over a wavelength range of 300–600 nm were

measured for 0.25 mM Trp in 30 mM Tris-HCl buffer with or without the

addition of 10 mM HPCDs. The concentration-dependent effect of HP-

b-CD on the fluorescence spectra of Trp was studied by ranging the

concentration of HP-b-CD from 0.5 to 75 mM with a Trp concentration of

0.1 mM. The fitting of the fluorescence spectra was carried out using the

discrete states model as described previously (31,32).

Aminoacylase activity assay

The enzyme concentration was determined by measuring the absorbance at

280 nm and using the absorption coefficient A%
1 cm ¼ 13:5(24). Enzyme

activity was determined at 25�C by measuring the absorbance at 238 nm

accompanied with hydrolysis of the substrate and using the molar absorption

coefficient e238 ¼ 185 M�1cm�1 as reported by Kordel and Schneider

(24,25) except that chloroacetyl-L-leucine was used instead of pure

L-enantionmorph. The reaction system was prepared by mixing 10 ml of

1 mM enzyme to 0.5 ml of substrate medium.

Spectroscopy measurements

Aminoacylase was denatured in 30 mM Tris-HCl buffer, pH 7.5, containing

4 M GdHCl. The solution was incubated overnight at 25�C before refolding

experiments were carried out. The denatured aminoacylase (60 mM) was

diluted 60-fold into the refolding buffer (30 mM Tris-HCl, pH 7.5) con-

taining various concentrations of HPCDs and refolded at 4�C for 24 h. Then

the samples were used for all biospectroscopy studies except for aggregation

experiments. All experiments were repeated three to four times to ensure the

reproducibility of the data.

Emission fluorescence spectra were recorded with an F-2500 fluores-

cence spectrophotometer using 1-cm path-length cuvettes at 4�C. An exci-

tation wavelength of 295 nm was used to measure the intrinsic fluorescence

of aminoacylase Trp. Far-ultraviolet circular dichroism (CD) spectra were

measured on a Jasco (Tokyo, Japan) 715 spectropolarimeter with a 1-mm

path-length cell over a wavelength range of 200–250 nm. The final enzyme

concentration was 1 mM for fluorescence and CD experiments.

For aggregationmeasurements, the denatured aminoacylase (60 or 120mM)

was diluted 60-fold into refolding buffer (30 mMTris-HCl, pH 7.5) containing

various concentrations of HPCDs. The final enzyme concentration was 1 or

2mM.Aggregationwasmonitored bymeasuring the turbidity at 400nmusing a

Perkin-Elmer Lambda Bio units/V spectrophotometer (Norwalk, CT) at 25�C.

RESULTS

Binding of hydroxypropyl cyclodextrins
to free Trp

It has been proposed that the ability of cyclodextrins to bind

with protein aromatic residues contributes to their effects on

protein refolding (19,20,33). It is impossible to monitor the

interactions between HPCDs and aminaocylase during refold-

ing due to serious aggregation; thus the binding ability of the

threeHPCDs to aromatic residueswas studied using freeTrp as

a model system. As presented in Fig. 1 A, it is clear that the
intrinsic fluorescenceof freeTrpwas affectedby the additionof

10 mM HP-b-CD but was not affected by the other two

HPCDs. The addition of HP-b-CD to free Trp solutions not

only increased the emission intensity but also blue shifted the

emission maximum from 351 nm to 348.5 nm. This result

suggested that the binding of free Trp with HP-b-CD led to a

microenvironmental change of the aromatic side chains. How-

ever, when the HP-b-CD concentration exceeded 50 mM, the

fluorescence intensity gradually decreased (Fig. 1 B, solid
squares), which might have been caused by the viscosity

change of the solutions. To more precisely characterize the

effect of HP-b-CD, curve fitting was carried out according to

the discrete statesmodel ofTrp asdescribedpreviously (31,32).

In general, the appearance of the Class III component centered

around 350 nm indicates the existence of fully water-exposed

fluorophores, whereas the Class II component centered around

340 nm reflects the existence of fluorophores exposed to

bondedwaters (32). The fluorescence spectrumof free Trpwas

found to have only the Class III component centered at 353 nm,

which is consistent with the fact that free Trp are fully exposed

to water in solutions.With the addition of HP-b-CD, a Class II
component centered at 342 nmappeared and increasedwith the

increase of the concentration of HP-b-CD. Thus the binding
of Trp with HP-b-CD resulted in a partial shielding of the

Trp aromatic ring from water.

Effects of HPCDs on aminoacylase aggregation
during refolding

When 1 mM GdnHCl-denatured aminoacylase was refolded

in the absence of HPCDs, aggregation appeared immediately,
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whereas in the presence of HPCDs, aggregation was

inhibited by the three HPCDs in different manners (Fig. 2).

In the case of HP-a-CD, the aggregation was slightly inhib-

ited at low concentrations, greatly increased at the 25 mM

concentration, and then gradually inhibited at concentrations

above 25 mM. For HP-b-CD, as the concentration was in-

creased, the aggregation of aminoacylase was significantly

prevented in a concentration-dependent manner. HP-g-CD
inhibited the aminoacylase aggregation with the highest

efficiency achieved when the concentration of HP-g-CD
reached 50 mM. Surprisingly, at a high concentration (150

mM) although the aggregation rate was gradually reduced by

the addition of HP-g-CD, the degree of aggregation reached

a level similar to that of the control after 600-s incubation.

Among the three HPCDs, HP-b-CD reduced the turbidity of

refolding aminoacylase most effectively, and 75–150 mM

HP-b-CD could almost completely inhibit protein aggrega-

tion. When aminoacylase concentration in the refolding buf-

fer increased from 1 to 2mM, the efficiency of the three HPCDs

to suppress aggregation was much smaller than the condi-

tions with 1 mM enzyme (Fig. 3). However, the concentration-

dependent manners of the three HPCDs were similar to those

in Fig. 2. The results in Fig. 3 suggested that at low con-

centrations, the HPCDs were aggregation promoters and HP-

a-CD was the most effective one. These results from aggre-

gation experiments revealed that the three HPCDs might

work by a much more complex mechanism than that pro-

posed previously (17–21).

Effects of HPCDs on the activity
recovery of aminoacylase

The activity of aminoacylase was measured 2 h after dilution,

and the relative activity was obtained by normalizing the data

by taking the activity of the native enzyme at the same

concentration as 100%. The activity of the enzymewithout the

addition of HPCDs could be recovered to;36% of the native

enzyme, which is quite consistent with results reported in the

literature (7). Like the results from aggregation studies, the

three HPCDs behaved quite differently in assisting the reac-

tivation of aminoacylase (Fig. 4 A). In the case of HP-b-CD,
as the concentration was increased from 10 to 75 mM, the

activity of refolded aminoacylase gradually increased, and the

activity recovered to;66% of that of native enzyme when the

concentration of HP-b-CD was 75 mM. The effect of HP-g-
CD was similar to HP-b-CD at concentrations below 50 mM.

However, the reactivation reached a maximum at ;25 mM

HP-g-CD, and the activity of aminoacylase recovered to;52%

FIGURE 1 Binding ability of HPCDs to free Trp by

intrinsic fluorescence. (A) Fluorescence spectra of 0.25

mM free Trp in 30 mM Tris-HCl buffer, pH 7.5, without

(solid line) or with 10 mM HP-a-CD (dashed line), HP-

b-CD (dashed dotted line), HP-g-CD (dotted line). (B)

The intensity changes of the Trp fluorescence (solid

squares), the class II (open squares), and class III (open
circles) components as a function of HP-b-CD concen-

tration. The concentration of Trp was 0.1 mM. The fitting

of the fluorescence spectra was carried out using the

discrete states model as described previously (31,32).

Class III component centered at 353 nm reflects the

existence of fluorophores that are fully exposed to water

in solutions, whereas Class II component centered at

342 nm indicates the existence of fluorophores exposed

to bonded waters (32).

FIGURE 2 Aggregation of aminoacylase in refolding buffers with the addition of HPCDs. Aminoacylase denatured in 4 M GdHCl was diluted into

the standard buffer (30 mM Tris-HCl, pH 7.5) and preequilibrated at 25�C in the absence (1) or presence of 5 (2), 10 (3), 25 (4), 50 (5), 75 (6), or 150 (7) mM

HP-a-CD (A), HP-b-CD (B), and HP-g-CD (C). Aggregation was monitored by measuring the turbidity at 400 nm. All reactions occurred at 25�C. The
final concentration of aminoacylase was 1 mM.
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of that of the native enzyme in the presence of 75 mM HP-

g-CD. For HP-a-CD, similar to its effect on protein

aggregation, a significant decrease of the reactivity of amino-

acylase was observed in the presence of 25 mM HP-a-CD,
and then the activity of the enzyme was slightly enhanced

to ;44% with the addition of 75 mM HP-a-CD.
Fig. 4 B shows the change of aminoacylase activity on the

time course in the presence of 75 mM HPCDs. The reacti-

vation of GdnHCl-denatured aminoacylase shows a typical

biphasic process. To characterize whether the reactivation

rates were affected by the addition of HPCDs, the kinetic

parameters were obtained by fitting the data using a biphasic

model, and the rate constants are presented in Table 1. It was

interesting to find that the three HPCDs had differential

effects on the reactivation kinetics. Both HP-b- and g-CD
decreased the fast phase rate constant ;23-fold but had no

significant effect on the slow phase rate constant. In contrast,

the addition of HP-a-CD did not affect the fast phase rate

constant but slightly increased the slow phase rate constant

(approximately twofold). As a control, we also performed

reactivation kinetic studies by using osmolytes as dilution

additives as those described in our previous work (34). No

significant effects on the reactivation kinetics were found for

conditions using30%dimethylsulfoxide (DMSO), 1Mproline,

or 1 M sucrose as folding aids (Table 1).

Effects of HPCDs on the secondary and tertiary
structure recovery of aminoacylase

CD, intrinsic, and extrinsic fluorescence spectra were mea-

sured to characterize the effects of HPCDs on the structural

recovery of aminoacylase. In the control experiment, no

significant effect of the 75 mM HPCDs on the spectra of

native enzyme was found (data not shown). Fig. 5 shows the

typical CD spectra of the aminoacylase refolded in buffer

without or with 25 and 75 mM HPCDs. The concentration-

dependent effects of HPCDs on aminoacylase refolding were

monitored by the CD ellipticity at 222 nm ([u]222). As shown
in the inset of Fig. 5, the results indicated that as concen-

tration increased, the three HPCDs had different behavior in

the secondary structure recovery of aminoacylase. For HP-b-
CD, [u]222 decreased very quickly as the concentration

of HP-b-CD increased to 10 mM and then decreased slowly

as HP-b-CD concentration increased. For HP-g-CD, [u]222
did not change significantly at low concentrations of HP-

g-CD (,10 mM) but then decreased continuously as the

FIGURE 3 Aggregation of 2 mM aminoacylase in the refolding buffers

with the addition of various concentrations of HP-a-CD (circles), HP-b-CD

(squares), and HP-g-CD (triangles). The final concentration of aminoac-

ylase in the refolding buffers was 2 mM. The turbidity was measured 600 s

after the refolding was initiated. The data were normalized by the turbidity

of the refolded sample in absence of HPCDs (approximately fivefold of

the 1 mM enzyme). All other conditions were the same as those in Fig. 2.

FIGURE 4 Reactivation of aminoacylase in the absence or presence of

various HPCDs. (A) The recovered activity of aminoacylase in the presence

of various concentrations of HPCDs. (B) Change of aminoacylase activity

on the time course in the presence of 75 mMHPCDs. The data were fitted by

a biphasic model. Enzymatic activity was measured 2 h after the addition of

the denatured aminoacylase to the standard buffer in the absence (solid
circles) and presence (5–75 mM) of HP-a-CD (open circles), HP-b-CD

(open squares), and HP-g-CD (open triangles). The activity of native

enzyme at the same concentration was taken as 100%. The final amino-

acylase concentration was 1 mM. The enzymatic activity was monitored by

absorption at 238 nm. All reactions occurred at 25�C.
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concentration increased. The behavior of HP-a-CD was

more complicated. With increasing HP-a-CD concentration,

[u]222 slightly decreased at first, then increased gradually at a
concentration of 25 mM, and finally decreased slowly.

Consistent with the aggregation and reactivation studies, HP-

b-CD was the most efficient in assisting aminoacylase to

recover its native secondary structures, and the ellipticity

could be recovered to ;60% of the native enzyme in the

presence of 75 mM HP-b-CD.
The effects of HPCDs on the recovery of the tertiary

structures of aminoacylase were studied by intrinsic fluo-

rescence to monitor the microenvironment of Trp residues.

The change of the fluorescence emission maximum (Emax) is

presented in Fig. 6 A. Since high concentrations of HP-b-CD
had profound effects on the fluorescence of the protein, only

samples with HP-b-CD concentrations lower than 25 mM

were measured. Emax of native aminoacylase was at ;333.5

nm, whereas that of the denatured enzyme was at ;349 nm.

In the absence of HPCDs, Emax could be recovered to 338

nm. A slight blue shift from 338 to 336.5 nm was observed

when the concentration of HP-b-CD increased to 25 mM.

With increasing HP-g-CD concentrations up to 75 mM, Emax

blue shifted to 335.5 nm. For HP-a-CD, Emax red shifted to

338.5 nm at a concentration of 25 mM and then blue shifted

to 337 nm, proving that HP-a-CD has little effect on the

recovery of aminoacylase’s tertiary structures. It might be

worth noting that HP-b-CD red shifted the emission maxi-

mum of free Trp (Fig. 1), whereas HP-a- and g-CD did not.

Thus the results of HP-b-CD might be composed of both

protein conformational changes and the effects of HP-b-CD.
However, considering that HP-b-CD had little effect on

native enzyme (data not shown), it is safe to conclude that the

TABLE 1 Reactivation rate constants of aminoacylase in the

presence of HPCDs or osmolytes

kf (3 102 s�1) ks (3 103 s�1)

Without HPCDs 35 6 7 1.2 6 0.4

75 mM HP-a-CD 35 6 7 2.8 6 0.4

75 mM HP-b-CD 1.5 6 0.3 0.8 6 0.1

75 mM HP-g-CD 1.9 6 0.4 1.0 6 0.2

Without osmolytes* 33 6 6 2.7 6 0.9

30% DMSO* 37 6 7 2.2 6 0.7

1 M proline* 40 6 8 2.3 6 1.0

1 M sucrose* 47 6 9 1.9 6 0.5

30% glycerol*y – –

*The data were from Kim et al. (34).
yThe kinetic parameters could not be obtained due to the failure of fitting

the data into a biphasic model.

FIGURE 5 CD spectra of refolded aminoacylase in different concentra-

tions of HPCDs. Denatured aminoacylase was added into the standard buffer

in the absence (1) and presence of 25 (open symbols) or 75 (solid symbols)

mM HP-a-CD (circles), HP-b-CD (squares), and HP-g-CD (triangles). The

final aminoacylase concentration was 1 mM. The inset shows the HPCD

concentration dependence of the molar ellipticity at 222 nm ([u]222, ex-

pressed in [103 � degrees � cm2 � dmol�1]). The native aminoacylase (3) is

also presented.

FIGURE 6 The changes of the emission maximum of intrinsic fluores-

cence (A) and the maximum intensity of ANS fluorescence (B) of the

refolded aminoacylase in various concentrations of HP-a-CD (circles), HP-

b-CD (squares), and HP-g-CD (triangles). All samples were incubated at

4�C for 24 h to be refolded completely. For ANS fluorescence experiments,

ANS was added to each refolded sample and equilibrated for 30 min. The

final aminoacylase and ANS concentrations were 1 and 40 mM, respectively.

The excitation wavelength was 380 nm, and the emission wavelength was

400–600 nm.
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results in Fig. 6 A were dominated by the conformational

changes of the enzyme.

The effects of HPCDs on the recovery of the tertiary struc-

ture of aminoacylase were also studied by ANS fluorescence

to investigate the exposure of the hydrophobic groups. ANS

was added to the refolded samples and the ANS fluorescence

spectra were measured after a further 30-min equilibration.

Since HPCDs are potential competitors of ANS to access the

hydrophobic region of the protein, the results shown in Fig. 6

B are the apparent results of conformational changes and the

shielding effects of HPCDs. It is difficult to distinguish the

two effects directly from Fig. 6 B. However, a comparison

of Fig. 6, A and B, suggested that the shielding effects of

HPCDs on aminoacylase dominated the apparent results

shown in Fig. 6 B. The different concentration-dependent

behavior suggested that the three HPCDs had different

binding ability to the enzyme with decreasing order HP-b-
CD . HP-g-CD . HP-a-CD. This result was quite

consistent with the studies using free Trp as shown in Fig.

1. Furthermore, this result also indicated that although no

significant effects were observed for HP-g-CD and HP-a-
CD on free Trp, these two HPCDs also had the ability to bind

with the hydrophobic regions of proteins. The results in Figs.

5 and 6 A also suggested that the refolded solutions con-

tained considerable amounts of nonnative structures. The

presence of all three HPCDs could successfully reduce the hy-

drophobic exposure of these nonnative species, as indicated

by Fig. 6 B, and thus protect them against aggregation.

DISCUSSION

The efficiency of protein refolding is largely determined by

the rates of refolding and aggregation (35–37). To improve

the recovery yield of active proteins, various methods have

been developed to block off-pathway aggregation (2–6,

38–40). Particularly, the use of low molecular weight

chemical additives in the dilution buffer has been found to

have the ability to improve the refolding yields of many

proteins (8–11,34,41–43). These additives have been found

to work by different mechanisms: osmolytes stabilize the

native states via ‘‘preferential hydration’’ (39) or ‘‘solvo-

phobic thermodynamic force’’ (40); poly-(ethylene glycol)

as well as other surfactants block aggregation by specifically

binding with aggregation-prone species (5,9); whereas

cyclodextrin assists protein refolding by binding with the

aromatic residues (17–21,41,42).

The ability of various cyclodextrin derivatives to prevent

protein aggregation varied significantly in previous inves-

tigations (17,19,33,44,45). It is believed that the binding of

the ‘‘host’’ cyclodextrin derivatives with the aromatic side

chains of the ‘‘guest’’ proteins is crucial for its ability to

assist protein refolding. Thus the numbers of aromatic

residues and their locations in proteins might play a crucial

role in investigating the effects of cyclodextrins. Table 2

summarizes the effects of cyclodextrins on different

proteins in literature and the numbers of aromatic residues

of these proteins. Although only limited numbers of

proteins have been studied, a preliminary hypothesis could

be proposed. That is, b-cyclodextrins were the most

efficient of the cyclodextrin derivatives when the proteins

contained high content of aromatic residues (.0.1),

whereas a-cyclodextrins were the best when the proteins

contained low content of aromatic residues (,0.1). More-

over, the effects of HPCDs were also found to be dependent

on both cyclodextrin and protein concentrations. This

might be one of the reasons different effects of cyclodex-

trins were observed for different proteins.

The molecular mechanism of the aggregation-suppressing

effect of cyclodextrins has been attributed to the binding of

cyclodextrins with protein aromatic side chains (19,20,33).

The interactions between cyclodextrins and the aromatic resi-

dues might have several different effects on protein refolding.

First, globular proteins are characterized by a hydrophobic

interior core and a hydrophilic surface. The hydrophobic

packing and exclusion of water from the interior are crucial

for protein folding (36,46). If the aromatic residues crucial

for protein refolding are masked by cyclodextrin, the correct

hydrophobic interactions of proteins may be retarded by the

hydrophilic cyclodextrin rims. As a result, the refolding rate

may be slowed and the extent of slowing depends on the

dissociation rate. Second, if the aromatic residues responsi-

ble for protein aggregation are protected by cyclodextrin, the

aggregation can be blocked. Third, if the aromatic residues

are located on the surface of the proteins, no significant

effects may be observed. In this research, it was found that

HP-b- and g-CD could alter the reactivation kinetics of

aminoacylase (Table 1). This property seems to be specific

to cyclodextrins, which was supported by the observation

that no similar effect was found for osmolytes (Table 1) and

surfactants (5,9).

Based on the results in previous studies (7,26), the refold-

ing pathway of aminoacylase was proposed to be a multistate

TABLE 2 Summary of effects of different cyclodextrins on protein aggregation

Proteins Effects of cyclodextrins Residues (n) Aromatic residues (m) m/n Reference

Carbonic anhydrase a . b . g 252 10F 1 8Y1 4W 0.087 (17)

Phosphofructokinase-1 a; g ¼ 0 322 8F 1 5Y 0.04 (44)

Phosphatidylinositol phosphate kinase b . a, g 202 12F 1 8Y 1 2W 0.109 (45)

Amyloid b-peptide b; a, g ¼ 0 17 2F 0.118 (33)

Human growth hormone b . a, g 192 1F 1 8Y 1 13W 0.115 (19)

Aminoacylase b . g . a 782 46F 1 18Y 1 16W 0.102 –
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process, as shown in Scheme 1. For such a multistate

process, the observation might be complicated by the effects

of cyclodextrins on the transition from the unfolded state (U)

to the intermediate (I), from I to the native state (N), and from

I to the aggregates (A). It might be worth noting that most of

the aromatic residues might be exposed to water in the un-

folded state and the intermediate state has limited numbers of

exposed aromatic residues, whereas the native state contains

only the exposed residues located on the surface. Thus in

general, cyclodextrin has few effects on the native state of

proteins. At low concentrations of cyclodextrin, only parts of

the aromatic side chains of proteins in the unfolded state

could be masked by cyclodextrin molecules, which may not

significantly affect k1. Since the number of exposed aromatic

residues in the intermediate state is much smaller than that of

the unfolded state, the addition of low concentrations of

cyclodextrin may lead to decrease of k2 and kA. The decrease
of k2 and kA further results in an accumulation of the

aggregation-prone intermediate state. Thus cyclodextrin may

act as an aggregation promoter at low concentrations, which

was observed in Figs. 2 and 3. At high concentrations,

cyclodextrin could affect all the transitions, and the obser-

vation was dependent on the nature of the refolding kinetics

and the binding constant of cyclodextrin. If the transition

rates of U to I and I to A are slowed down, the aggregation

may be gradually suppressed. This may explain the sup-

pression effects of HPCDs under moderate concentrations. If

the transition rate of I to N* was affected the most, an accu-

mulation of the aggregation-prone intermediate state I would

result in more off-pathway aggregates. This may explain the

opposite effects of 75 and 150 mM HP-g-CD shown in Figs.

2 and 3. These theoretical analyses could be further sup-

ported if refolding kinetics could be obtained. Unfortunately,

no refolding kinetic data could be obtained for the refolding

of aminoacylase due to severe aggregation. However, the

reactivation kinetics clearly showed that cyclodextrin could

slow down the reactivation rate.

As analyzed above, the different binding constants with

the aromatic residues of proteins may contribute to the dif-

ferent concentration-dependent manners of the three HPCDs

used in this research. This could explain the good ability of

HP-b-CD to assist aminoacylase reactivation. As for HP-a
and g-CD, the binding is rather weak compared to HP-b-CD

(see Fig. 1 and 19,20,35). However, HP-a and g-CD could

also prevent aggregation and assist aminoacylase reactiva-

tion. This suggested that besides the interactions between the

cyclodextrin cavity and the aromatic residues, there are other

interactions including the incorporation of linear hydropho-

bic side chains into the cyclodextrin cavity, the transient

interaction between the aromatic side chains and the cavity

edge, and the transient interaction between the surface of the

protein and the hydrophilic exterior rims of the cyclodextrin

(its oligosaccharide nature). This conclusion is supported by

the results from ANS spectra (see Fig. 6 B), which suggested
that the hydrophobic exposure in the refolded solutions was

significantly protected by the addition of all of the three

HPCDs, whereas the corresponding CD and intrinsic fluo-

rescence spectra (Figs. 5 and 6 A) indicated that considerable
amounts of unstructured species were present. Although it is

difficult to distinguish the different types of interactions in

this research, the fact that HP-a-CD did not affect the

reactivation kinetics but also gradually increased the refold-

ing yield indicated that these interactions also contributed to

the ability to assist protein refolding. Moreover, the similar

effects of HP-b- and g-CD on the reactivation kinetics

(Table 1) suggested that the ability to bind with the aromatic

side chains only partially contributed to the effect of HPCDs.

This may also explain why the substituents on the cyclo-

dextrin ring were very important in determining its ability to

assist the refolding of proteins (18).

In conclusion, among the various cyclodextrin derivatives,

the relatively strong interaction between aromatic residues

and the cavity of b-cyclodextrins may present a very suitable

system to suppress aggregation during refolding. Besides

this specific interaction, other transient interactions may also

contribute to the efficiency of cyclodextrins. Although the

different effects of cyclodextrins on the rate of the different

transition stages during protein refolding may complicate

the prediction of the final results, the addition of moderate

concentrations of cyclodextrins is expected to enhance the

refolding yield of proteins. The results herein also suggested

that cyclodextrins might work by a quite different mecha-

nism from the well-established ones of osmolytes, surfactants,

and chaperones.
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