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Abstract Hydroxypropyl-β-cyclodextrin (HP-β-CD) en-
hances steroid 1-dehydrogenation biotransformation by
Arthrobacter simplex. In this work, HP-β-CD-induced im-
provement of A. simplex CPCC 140451 cell envelope per-
meability which had positive effects on the steroid biocon-
version was confirmed by a comparative investigation
which showed a lower dehydrogenase activity and higher
cell permeability of the cells after being incubated with
HP-β-CD. Atomic force microscopy and transmission elec-
tron microscopy micrographs showed that HP-β-CD altered
the size, sharpness, and surface structure of the cell enve-
lope. The analysis of lipid composition revealed that the
proportion of extractable lipids decreased and the fatty acids
profile was considerably altered. The contents of unsaturat-
ed fatty acids and long-chain fatty acids were reduced by
11.77 and 14.98 %, respectively. The total leakage of
protein level increased to 8 %. Proteins belonging to the
ATP-binding cassette superfamily and major facilitator su-
perfamily were observed outside the cell. These alterations
can explain the change of permeability on the molecular
level under HP-β-CD treatment. Results showed the mate-
rial basis and mechanisms underlying the cellular changes,
thus most likely contributing to the conversion rate in
addition to cyclodextrins known effects on substrate
solubility.
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Introduction

Steroid hormone production is a well-known example of the
successful application of microbial biotransformation technol-
ogy in large-scale industrial processes, as exemplified by the
1-dehydrogenation of steroids catalyzed by Arthrobacter
simplex (Fernandes et al. 2003), which is obligatory aerobes,
cocci in stationary phase, and Gram-positive. However, the
main problem of steroid biotransformation remains to be its
poor water solubility and low dissolution rate, which results in
poor availability of substrate. Cyclodextrins (CDs) are a fam-
ily of cyclic oligosaccharides with hydrophilic outer surface
and lipophilic central cavity. These characteristics enable the
formation of inclusion complexes with various molecules that
fit inside the CD cavity. Given their complexing ability, CDs
have been introduced to microbial transformations of steroids
for the first time in 1985 by Udvardy, who also demonstrated
that biotransformation can be intensified by adding CDs to the
reaction mixture of the steroid substrate. Since their first use,
CDs have been widely applied in microbial steroid transfor-
mation to enhance the solubility, stability, and bioavailability
of steroids (Li et al. 2013; Manosroi et al. 2008).

Numerous studies have demonstrated that a variety of
cellular functions are affected when cells are exposed to β-
CD (Zidovetzki and Levitan 2007) for the reason that natural
or chemically modified CDs can interact with cell components
by virtue of either their complexing ability and/or their surface
activity (Hapiot et al. 2011). When cells are exposed to high
concentration of methyl-β-cyclodextrin (M-β-CD) (5–
10 mmol L−1) for a prolong period of time (>2 h), 80–90 %
of total cellular cholesterol can be removed (Kilsdonk et al.
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1995; Levitan et al. 2000). Under the condition, cells typically
lose their morphology, round up, and, in extreme cases, be-
come nonviable. Puglisi et al. (1996) showed that the thermo-
dynamic parameters of dipalmitoylphosphatidylcholine
(DPPC) main phase transition were also affected by the ap-
pearance of CDs, indicating an interaction between CDs and
DPPC. Indeed, M-β-CD was found to interact with proteins
such as ubiquitin, chymotrypsin inhibitor 2 (CI2), S6, and
insulin (Aachmann et al. 2008) for the hydrophobic character
of its pocket.

Besides steroidal solubilization, CDs have multiple func-
tions in microbial transformation of steroids. Thus, a general
investigation of the interactions between CDs and
transforming cells is necessary. Jadoun and Bar (1993a, b)
studied the effect of CDs on Rhodococcus erythropolis and
showed that CDs slightly inhibited microbial growth and
limited the leakage of cellular proteins and cholesterol
oxidase. Donova et al. (2007) investigated the effects of
M-β-CD on sterol-transforming mycobacterial cell. M-β-
CD increased the cell wall permeability to steroids and soluble
nutrients. Such interactions disorganized the lipid bilayer and
promoted the release of steroid-transforming enzymes weakly
associated with the cell wall. Both R. erythropolis and
Mycobacterium have an unusual cell envelope composition
and architecture compared with other Gram-positive microor-
ganisms. The low permeability of mycobacterial cell enve-
lopes results from the unique composition and organization of
the cell wall lipids, which form an asymmetric bilayer that
hinders the entry of solutes into the cell (Nikaido and Jarlier
1991; Nikaido et al. 1993).

The cell envelope structures of A. simplex are closer to
those of most Gram-positive microorganisms compared those
of R. erythropolis and Mycobacterium. Shen et al. (2011)
previously studied the effect of adding hydroxypropyl-β-
cyclodextrin (HP-β-CD) to anA. simplex cell culture medium.
Compared with M-β-CD, HP-β-CD has a better biocompat-
ibility, an enhancement effect on steroid conversion, and a
wide application range in the steroid biotransformation, al-
though which has a relatively low solubility for steroidal
compound (Ma et al. 2009; Manosroi et al. 2008; Shen et al.
2011). The presence of HP-β-CD improved cell wall perme-
ability to lipophilic compounds but significantly inhibited cell
growth and biocatalytic activity. Compared with studying the
effect of CDs during the growth process, studying the CD-
induced changes in cells during the bioconversion process can
directly illustrate the effect of CDs on steroid microbial trans-
formation and solubilization. Thus, the strategy that
A. simplex cells were pre-incubated with HP-β-CD and
washed three times with KH2PO4-NaOH buffer (PBS), which
ensured that no HP-β-CD affected the solubilization of corti-
sone acetate (CA), was devised to imitate the interaction
process between HP-β-CD and A. simplex cells during the
bioconversion. Besides, the changes of dehydrogenase

activity, cell permeability to steroids, and cell ultrastructure
and the material basis of the further change in permeability,
including the variations in lipid and protein contents, were
investigated. The data obtained will improve our understand-
ing of the mechanism underlying the effect of HP-β-CD on
the bioconversion of hydrophobic compounds by altering cell
envelope permeability.

Materials and methods

Materials

Substrate CA (99.4 % purity) was obtained from Tianjin
Pharmaceutical Company. Standard C12–C28 fatty acids and
phosphocholine (PC) were obtained from Sigma-Aldrich Co.,
USA. HP-β-CD (31.7 % degree of substitution, 1,523 average
relative molecular mass) was obtained from Xi’an Deli
Biology & Chemical Industry Co., Ltd. All chemical solvents
and salts used were of analytical grade or higher.

Microorganism cultivation and treatment with HP-β-CD

A. simplex CPCC 140451 (ASP) was stored in our lab and
cultivated in two stages as described previously (Ma et al.
2009). The cells were harvested by centrifugation at 6,000×g
for 5 min at 4 °C. Cells were washed three times with PBS
(0.5 mol L−1, pH 7.2). The washed cells were then resuspend-
ed in PBS. Cell concentrations were maintained at 2.0 g dry
weight L−1. HP-β-CD was added into the cell suspension at
different concentrations after incubation at 32 °C for different
times on a rotary shaker (160 rpm). Afterward, the pre-
incubated ASP cells with HP-β-CD were washed with PBS
three times and resuspended in the same buffer.

Steroid transformation and analysis

CA (5.0 mgmL−1) was added into 30mL of cell suspension at
34 °C, 180 rpm. One hundred-microliter samples were with-
drawn and extracted by ethyl acetate at various time intervals
and dried in vacuum, and then, the solid extracts were
redissolved in the high-performance liquid chromatography
(HPLC) mobile phase (dichloromethane/ether/methanol,
86:12:2 (v)) and filtered through a 0.45-μm filter. HPLC
(Agilent 1100, USA) analysis was performed on a Kromasil
SIL, 5u, 250×4.6 mm column with UVabsorbance detection
at 240 nm as previously described (Ma et al. 2009). All
experiments were done with two replicates at least thrice.

The activity of dehydrogenase

ASP cells were pre-incubated from 0.5 to 10 h by 50mmol L−1

HP-β-CD. The relative activity of dehydrogenase compared
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with control (no HP-β-CD pre-incubating) was determined by
triphenyl tetrazolium chloride (TTC) analysis. One milliliter
PBS and 2 mL TTC solution (0.5 %) were added to the tube
with 1-mL cell suspension, and after incubating at 37 °C for
30 min, the reaction was terminated by 0.5 mL formaldehyde,
and then, the tubes were removed and centrifuged for 10 min.
TF extraction was carried out using 80% acetone (Xiong et al.
2013). The absorbance of the combined supernatants was
measured at 485 nm. The dehydrogenase activity of different
samples was expressed by the ratio of OD485 of treated sample
with the control.

Preparation of liposome and transportation of CA

The liposome was prepared by the thin-film hydration method
(Varona et al. 2011). Briefly, the phospholipid was dissolved
in chloroform and dried under vacuum using a rotary evapo-
rator. The film was then hydrated with 20 mL of Milli-Q
water, and the resulting liposome dispersions were obtained
by sonicating for 30 min. The transportation experiment was
performed by adding liposome dispersions (V1) to CA
(1 g L−1) solution (V2) with HP-β-CD at 0 to 100 mmol L−1.
After the mixture was left to stand for 30 min at room tem-
perature, centrifugation was performed at 15,000×g for
20 min. The concentration of free CA (C1) was determined
by subjecting the supernatant to HPLC. The quantity (M) of
CA transferred to liposomes was calculated using the follow-
ing logistic function:

M ¼ 1 g L−1−C1

� �� V 1 þ V 2ð Þ

Preparation of AFM and TEM

The samples of treated and untreated cells were fixed over-
night in 2.5 % glutaric aldehyde in PBS; after which, the cells
were washed three times with PBS and resuspended in the
same buffer. For atomic force microscopy (AFM), the proce-
dure was performed as previously described, using a JSPM-
5200 AFM (JEOL) in tapping mode (Shen et al. 2012). The
sample solution was dropped on a freshly prepared mica
surface and air-dried for more than 24 h. For transmission
electron microscopy (TEM), the samples were dried, embed-
ded in epoxy resin, sliced, stained, and observed under a
HT7700 TEM instrument operated at an accelerating voltage
of 120 kV (Hitachi, Japan).

Lipid analyses

The lipids were extracted from the samples of lyophilized cells
(200mg each) with 100mL chloroform/methanol (2:1, v/v) by
vigorous stirring for 48 h at 29 °C, as previously described
(Donova et al. 2007). The residue was separated by filtration,

and the filtrate was evaporated and weighed. The composition
of fatty acids was determined in methanolysates of the obtain-
ed from lipid, as previously described (Fuchs et al. 2011). The
chloroform phase was reduced in volume, and methanol/tol-
uene/concentrated sulfuric acid (30:15:1,(v)) was added and
incubated at 75 °C for 16 h. The formed fatty acid methyl
esters were extracted twice with hexane. Fatty acid analysis
was conducted using an Agilent 7890A gas chromatograph
with a flame ionization detector on a CP-Sil 88 capillary
column (50 m×0.25 mm internal diameter, 0.2-μm film
thickness) under a temperature gradient of 110 °C to
230 °C. The temperature of the injector was set at
250 °C, nitrogen flow rate was 20 mL min−1, and the
detector was set at 260 °C. The ascending temperature
program of the oven started at 110 °C for 4 min.
Temperature was increased to 170 °C at 3 °C min−1,
200 °C at 2 °C min−1, and 230 °C at 3 °C min−1 for
6 min. The standard C12–C28 fatty acids were used for
quantification.

Protein analysis

Sample preparation

Cells untreated and treated with 100 mmol L−1 HP-β-CD for
2 h were collected and washed three times with PBS. Pellets
were resuspended in lysis buffer comprising 7.8 mol L−1 urea,
2 mmol L−1 thiourea, 4 % CHAPS, and 40 mmol L−1 dithio-
threitol (DTT). The lysis buffer contained protease inhibitor
phenylmethylsulfonyl fluoride. The suspensions were im-
mersed in an ice bath and sonicated for 90 cycles (10 s per
cycle at 10-s intervals). After sonication, the suspensions were
withdrawn and centrifuged at 12,000×g for 20 min. Protein
contents in the supernatural fluids were estimated with a
Bradford protein assay using bovine serum albumin as stan-
dard. The proteins were precipitated overnight with four vol-
umes of acetone and carefully removed after centrifugation at
12,000×g for 10 min at 4 °C.

Trypsin digestion

The pellet was redissolved in reducing solution containing
6 mol L−1 guanidine hydrochloride and 100 mmol L−1 am-
monium bicarbonate at pH 8.3. The final concentration of the
protein was 2 to 3 μg μL−1. A 200 μL aliquot of reducing
solution was mixed with 2 μL of 1 mol L−1 DTT. The mixture
was incubated at 56 °C for 1 h. A 10 μL aliquot of 1 mol L−1

iodoacetamide was added, and the mixture was incubated in
the dark at room temperature for 40 min. The protein mixtures
were spun, exchanged into 100 mmol L−1 ammonium bicar-
bonate buffer, and then incubated with trypsin (20:1 to 50:1) at
37 °C for 20 h.
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LC-MS/MS analysis

Liquid chromatography-mass spectrometry/mass spectrome-
try (LC-MS/MS) experiments were performed using a
Surveyor HPLC system coupled with an LTQ linear ion trap
mass spectrometer (Thermo, San Jose, CA, USA). A reversed-
phase C18 column (150 μm×100 mm h; Column Technology
Inc., USA) was used to separate the protein extract. The
HPLC solvents used were 0.1 % formic acid (v/v) aqueous
(A) and 0.1 % formic acid (v/v) acetonitrile (B). A 20-μL
trypsin-digested peptide mixture was injected and washed out
at a rate of 200 μL min−1. The gradient elution conditions
were as follows: 5 % B for 30 min, from 5 % B to 32 % B for
60 min, to 90 % for 10 min, balance for 5 min, to 5 % in
0.1 min, and 5 % B for 35 min. The mass spectrometer used
for this study is LTQ XL (Thermo Fisher). The temperature of
the ion transfer capillary was set at 160 °C. A voltage of
3.0 kV was applied to the ESI needle, and the normalized
collision energy was set at 35.0 %. System control and data
collection were performed using Xcalibur software version
1.4 (Thermo).

Protein identification

The acquired MS/MS spectra were compared against the
Ar t h robac t e r d a t a b a s e f r om NCBI u s i ng t h e
TurboSEQUEST program in the Proteomics Discovery 1.2
software suite (Thermo). Peptide tolerance was set at ±1 Da,
andMS/MS tolerance was set at ±0.5 Da. Peptides with a 1, 2,
and 3 charge states were accepted when they were fully
digested by trypsin and had a cross correlation (Xcorr) of at
least 1.9, 2.2, and 3.75, respectively. The delta correlation
score was set to 0.08, indicating a significant difference be-
tween the best-matched peptide reported and the next best-
matched peptide. These criteria were established based on
probability-based evaluation using a previously described
sequence-reversed database search to provide >95 % overall
confidence level for the entire set of unique peptide identifi-
cations (<5 % false positive rate) (Varona et al. 2011).

Results

Effect of ASP pre-incubation by HP-β-CD on the steroid
transformation and activity of dehydrogenase

After the ASP cells being treated and washed, we choose 20
teams at random to determine the quantity of HP-β-CD
remained on the cell surface. The result showed that the
solubilization of CA was not affected by HP-β-CD, which
was detected only in three teams at a concentration less than
0.01 mmol L−1 (data not shown). The dynamics of CA 1-

dehydrogenation carried out by ASP cells of untreated or pre-
incubated 0.5 h with 50 mmol L−1 HP-β-CDwas studied. The
results revealed that ASP pre-incubated by HP-β-CD obvi-
ously affected the transformation process. As shown in Fig. 1,
CA conversion ratios were almost 20 % higher after 3-h
conversion by the treated cells than those by control, and the
time for reaching the final conversion ratio reduced by 1 h for
the pre-incubated cells. Comparing the initial reaction rates,
the pre-incubated cells was about two times of the initial
(0.3080 and 0.1548 mg mL−1 h−1, respectively), suggesting
that a pre-incubation of the cells with HP-β-CD might en-
hance their 1-dehydrogenation activity.

As shown in Fig. 2, the activity of dehydrogenase de-
creased after being treated by HP-β-CD. When the treated
time was less than 1 h, HP-β-CD slightly affected the activity
of dehydrogenase, as evidenced by the 8 % dehydrogenase
activity inhibition of ASP cells treated 0.5 h with 50 mmol L−1

HP-β-CD compared with the untreated cells. With the
prolonging of the treated time, the activity of dehydrogenase
decreased significantly. The conversion rate of CA after
HP-β-CD treatment significantly enhanced, whereas the ac-
tivity of dehydrogenase reduced.

Effect of pre-incubation with HP-β-CD on membrane
permeability and substrate availability

Liposome had similar bilayer structure and fluid characteris-
tics to real cell membrane (Bagatolli et al. 2010). To study the
effect of HP-β-CD on cell permeability to the substrate,
liposomes were used to substitute for ASP cells. The effect
of HP-β-CD on the transportation of CA was studied. The
results would help us to understand and predict the events that
occurred during the transport of CA through the HP-β-CD-
exposed cell membrane. The permeability of liposomes com-
prising PC is illustrated in Fig. 3. When the liposomes were
mixed with HP-β-CD, the amount of CA that penetrated the
liposomes increased with increasing HP-β-CD concentration.
The CA amount in liposomes increased by 8.3 % with in-
creasing HP-β-CD concentration from 20 to 100 mmol L−1.
Thus, HP-β-CD changed the permeability of the liposomes to
CA. And then, we speculated that HP-β-CD interacted with
the cell envelope, and such interaction might cause the change
in cell permeability to CA.

Alteration of cell ultrastructure

The AFM and TEM micrographs directly showed the cell
morphology. As shown in the AFM images, untreated bacteria
comprised typical rod-like cells, which showed rough and
bright surfaces with regular creases. The exposure of bacteria
to 100 mmol L−1 HP-β-CD caused remarkable cell surface
changes, including wrinkles, gross creases, and large latitude
(Fig. 4). The cell membrane surface changed. As shown in the
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TEM images, the cells pre-incubated without HP-β-CD
(Fig. 5a) had a typical ASP ultrastructure. Cells remained
intact, and the cell envelope was complete and clear. When
the cells were exposed to 100 mmol L−1 HP-β-CD (Fig. 5b),
the cell envelope became blurred and lost its integrity. Cell
permeability is closely related to the integrity of cell mem-
brane. Thus, these alterations may explain the increased per-
meability ofASP cells. The micrographs illustrated that HP-β-
CD altered the size, sharpness, surface structure, and perme-
ability of cells.

HP-β-CD affects cell lipid composition

The effect of HP-β-CD on the lipids of ASP cells was
studied (Fig. 6). The preparations differed to a much greater
extent in terms of lipid concentrations, which increased
drastically with increasing HP-β-CD concentration. The per-
centage of loss lipid in cells pre-incubated with
100 mmol L−1 HP-β-CD was 33 %, which approximate
sixfold of those in 10 mmol L−1 HP-β-CD.

Fig. 1 Effect of HP-β-CD
pretreatment on the CA
conversion process. The CA
conversion ratios when ASP cell
was pre-incubated 0.5 h with
(triangle) and without (square)
50 mmol L−1 HP-β-CD. The
conversion ratios of CAwere
determined by HPLC analysis.
Standard deviations are indicated
by error bars or are within each
symbol

Fig. 2 Effect of HP-β-CD on the
activity of dehydrogenase. ASP
cell pre-incubated from 0.5 to
10 h by 50 mmol L−1 HP-β-CD.
The relative activity of
dehydrogenase compared with
control (no HP-β-CD pre-
incubating) was determined by
TTC analysis. Standard
deviations are indicated by error
bars or are within each symbol
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The quantity of fatty acid components in the HP-β-CD-
incubated cells was lower than that in the control. This finding
agreed with the low overall content of noncovalently bound
lipids in HP-β-CD-incubated cells (Fig. 6).

Gas chromatography analysis data showed that the C16 and
C18 were the main fatty acid components of ASP (Table 1).
C16 and C18 comprised more than 60 % of the total fatty acids

in both preparations. HP-β-CD treatment only slightly affect-
ed the fatty acid composition. Only the relative percentage of
fatty acids in the preparations varied significantly. The
fatty acid profiles of the treated cells were not in
agreement with those of the control cells, indicating that
the selective change in fatty acids content was probably
caused by HP-β-CD rather than by cell lysis. A similar

Fig. 3 Effect of HP-β-CD on the
penetration of CA to liposome.
The amount of CA that penetrated
the liposome (mmol L−1) with
increasing HP-β-CD
concentration from 20 to
100 mmol L−1. Standard
deviations are indicated by error
bars

Fig. 4 AFM image showing cell
morphological changes. a, c Cells
pre-incubated without HP-β-CD
(control). b, d Cells pre-incubated
2 h with 100 mmol L−1 HP-β-CD
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effect was described for Mycobacterium vaccae cells
exposed to polycations (Korycka-Machała et al. 2001)
and for mycobacteria exposed to M-β-CD (Donova
et al. 2007).

The contents of unsaturated fatty acids and long-chain fatty
acids were reduced by 11.77 and 14.98 % with increasing
HP-β-CD concentration from 0 to 100 mmol L−1. When
HP-β-CD interacted with ASP cell, the long-chain fatty acids
and unsaturated fatty acids were more obviously influenced by
HP-β-CD than other fatty acids. The contents of long-chain
fatty acid (C18:0–C20:0) residues in the treated cells were less
than those detected in control lipids, indicating that these com-
ponents were easily removed from the cell surface. Unsaturated
fatty acids (C16:1, C17:1, and C18:1) were either absent (18:1
trans) or were present at lower levels in treated cell lipids than in

the control cells. Other variations in the fatty acids patterns were
not as evident as the abovementioned ones.

HP-β-CD affects cell protein composition

The protein contents of cells pre-incubated with or without the
different HP-β-CD concentrations were investigated (Fig. 6).
Elevated protein discharge was observed in the presence of
100 mmol L−1 HP-β-CD. The amount of eliminated proteins
reached 8 % of the total protein content.

Proteomic profiling of ASP control cells and cells exposed
to 100 mmol L−1 HP-β-CD was performed. HP-β-CD affect-
ed protein composition, and compared with the control, ap-
proximately 60 proteins were downregulated after pre-
incubation with HP-β-CD. The downregulated proteins

Fig. 5 TEM image showing cell
morphological changes. a Cells
pre-incubated without HP-β-CD
(control). b Cells pre-incubated
2 h with 100 mmol L−1 HP-β-CD

Fig. 6 Effect of HP-β-CD on
ASP loss lipid concentration and
protein leakage. The percentage
of loss lipids (square) and leakage
of proteins (triangle) with
increasing HP-β-CD
concentration from 10 to
100 mmol L−1. Lipids were
extracted from samples of
lyophilized cells (200 mg each)
with 100 mL chloroform/
methanol (2:1, v/v). The leakage
of proteins were extracted from
cell after ultrasonic
decomposition. Protein contents
in the supernatural fluids were
estimated with a Bradford protein
assay using bovine serum
albumin as standard. Standard
deviations are indicated by error
bars or are within each symbol
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included intracellular and membrane proteins identified by
LC-MS/MS (Table S1). The characteristics of the downregu-
lated proteins are summarized in Figs. 7 and 8.

Different proteins were classified to delineate their
functions (Fig. 7). Approximately 52 % of the identified
proteins were located in the cytoplasm, indicating that
the majority of proteins mainly functioned in cellular
metabolism. Approximately one third of the identified
proteins were situated in the plasma membrane, and
such proteins were mainly used for material transporta-
tion of inorganic ion, carbohydrate, amino acids, and
polypeptide. Many of these transport proteins belong to
ATP-binding cassette (ABC) superfamily and major fa-
cilitator superfamily (MFS). A small percentage (2 %)
of periplasmic space proteins was also detected in our
dataset.

We characterized the identified proteins based on the grand
average of hydropathy (GRAVY) and aromatic amino acid
content (Fig. 8). The GRAVY and the aromatic amino acid
content showed that the intracellular proteins were widely
distributed, whereas the membrane proteins were mainly in

the hydrophobic area and areas with a high concentration of
aromatic amino acids.

Discussion

CDs have been shown previously to enhance steroid conver-
sion (Donova et al. 2007; Druzhinina et al. 2008; Manosroi
et al. 2008; Roglič et al. 2005; Shen et al. 2012). The enhance-
ment effect was mainly attributed to steroidal solubilization by
the formation of inclusion complexes with CDs (Kolomytseva
et al. 2009; Ma et al. 2009; Mohamed et al. 2014). In this
work, we investigated the interaction of HP-β-CD with ASP,
particularly the effect of HP-β-CD on the permeability of
steroids, such as CA, in ASP cells.

After ASP pre-incubating by 50 mmol L−1 HP-β-CD, the
obvious promotion of steroid transformation process was
achieved; no-residual HP-β-CD meant that the solubilization of
CAwas not affected by HP-β-CD. In other words, the solubili-
zation was not the influence factor for transformation. The fact

Table 1 Effect of HP-β-CD on
ASP cell fatty acid composition Fatty acids Quantity (% of total fatty acids)

0 mmol L−1 30 mmol L−1 50 mmol L−1 75 mmol L−1 100 mmol L−1

Saturated 12:0 0.15 0.43 0.54 0.77 0.51

14:0 0.16 0.28 0.18 0.30 0.30

15:0 2.33 3.36 4.26 4.34 4.06

16:0 27.71 27.29 30.61 27.46 29.94

17:0 2.34 3.79 2.98 4.12 3.08

18:0 26.48 24.85 24.46 23.95 24.26

20:0 5.81 3.46 3.49 3.81 3.45

Unsaturated 16:1 t 7.09 6.52 6.23 6.15 6.31

16:1 c 2.02 2.64 2.27 1.48 1.93

17:1 7.43 6.30 6.99 7.02 6.63

18:1 t 0.32 0.28 0.26 0.24 0

18:1 c 0.30 0.29 0.22 0.29 0.27

Unidentified 17.86 20.51 17.51 20.07 19.26

Fig. 7 Subcellular localization of the downregulated proteins, which compared with control (no HP-β-CD pre-incubating). The downregulated proteins
were determined by LC-MS/MS analysis, and peptide mass fingerprint was searched in NCBI
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showed that when the inventories of CA were the same, the
substrate availability was no difference between the two groups
of experiment. It suggested that besides the solubilization, HP-β-
CD could affect the bioconversion through other ways.

Korycka-Machała et al. (2001) had pointed out that appar-
ent steroid-transforming activity was determined by the quan-
tity and activity of steroid-transforming enzyme, the substrate
availability, and the membrane permeability to steroids. The
conversion rate of CA after HP-β-CD treatment was signifi-
cantly enhanced, whereas the activity of dehydrogenase was
reduced. Thus, we speculated that there was a significant
increase in ASP cell permeability to CA upon exposure of
the ASP cell to HP-β-CD, and it is another factor mediated by
HP-β-CD that promotes the bioconversion besides solubiliza-
tion. Because liposome had similar bilayer structure and fluid
characteristics to real cell membrane and played an important
role in mimetic biomembrane research (Bagatolli et al. 2010),
the simulated cell membrane permeability experiment was
performed using liposomes. Transmission efficiency and
quantity of substrate (CA) increased when the liposomes were
exposed to HP-β-CD. The liposomes revealed that the cell
permeability increased under HP-β-CD treatment. CDs could
form inclusion complexes with hydrophobic membrane com-
pounds, which could affect the cell envelope composition and
cause the change in cell permeability. The AFM and TEM
micrographs further proved these changes, which illustrated
that HP-β-CD altered the size, sharpness, surface structure,
and permeability of cells.

The observed loss lipids in the presence of HP-β-CD
agreed with the effect of M-β-CD on Mycobacterium sp.
(Donova et al. 2007). Such effect resulted from the
complexing ability and/or the surface activity of CDs; lipid
content reduction disrupted the membrane and perturbed its

fine structural arrangement. As shown in Fig. 4, wrinkles and
invaginations were observed after cells were incubated with
100 mmol L−1 HP-β-CD for 2 h, but the bilayer structure of
the membrane was maintained. Permeability was affected by
changes in cell envelope structure and lipid content variation;
a proper treatment could remarkably increase cell permeabil-
ity for the steroids, CA (Piel et al. 2007).

The high accumulation of unsaturated and long-chain fatty
acids outside the cells can be attributed to the enhanced release
of lipids from the cell wall under HP-β-CD treatment; such
enhanced release of lipids may contribute to the alteration in
permeability (Donova et al. 2007;Wieslander et al. 1995). The
thickness of the membrane was strongly affected by the length
of the incorporated hydrocarbon chains. Acyl chain length in
the fluid phase was approximately 50% of the thickness of the
hydrocarbon region of the bilayer (Thurmond et al. 1994).
Thin and/or unsaturated membranes of Acholeplasma
laidlawii are more permeable than thicker and more satu-
rated membranes (Wieslander et al. 1995). Hence, the
decrease in the number of long-chain fatty acids may
lead to the formation of a thin membrane with increased
permeability.

The interaction between CDs and proteins was previously
described. Qiu et al. (2012) showed that HP-β-CD could form
an inclusion complex with hydrophobic membrane protein of
a parenzyme and superoxide dismutase (SOD), which was
located intracellularly. Molecular docking studies and other
relevant calculations of SOD with HP-β-CD suggested that
HP-β-CD was located in the combined region of the two
ligands; HP-β-CD interacted with the two ligands simulta-
neously (Qiu et al. 2012). Moreover, interacting with CDs and
proteins, β-CD binds to glucoamylase 1 and its variants
(Williamson et al. 1997), interacts with glycosyltransferase

Fig. 8 GRAVYand aromatic
amino acid distribution of the
downregulated proteins in
membrane protein (circle) and
intracellular protein (square).
Used the ProtParam feature of
Expert Protein Analysis Software
(ExPASy) Web site to compute
GRAVYand aromatic amino acid
distribution of proteins
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(Schmidt et al. 1998), and forms complexes of α-CD with pig
pancreatic amylase (Larson et al. 1994).

The leakage of proteins was observed in ASP. These proteins
includedmembrane and intracellular proteins. Given its chemical
structure, molecular weight, and very low octanol/water partition
coefficient, the CDs failed to readily permeate the biological
membranes (Arun et al. 2008). So, the leakage of intracellular
protein is probably occurred for themembranewas disordered by
forming inclusion complexes between HP-β-CD and hydropho-
bic membrane proteins, and then, the cell permeability was
increased, and this was consistent with the TEM observation.
Thus, we preliminarily concluded thatmembrane protein directly
interacted with HP-β-CD, but such direct interaction was not
observed with the intracellular protein. HP-β-CD directly
interacted with hydrophobic membrane proteins. An inclusion
complexwas formed betweenHP-β-CD and hydrophobicmem-
brane proteins. HP-β-CD interacted with the membrane skeleton
lipid to loosen the cytoskeleton and reduce the bonding force
between the cell membrane and proteins. Thus, proteins were
eliminated from the membrane, and cell permeability increased.
The leakage of intracellular protein probably occurred alongwith
increasing permeability. These findings were in agreement with
the results of TEM and GRAVY.

Different proteins have special functions that are critical for
maintaining normal bacteria growth and enzyme activity.
Among the downregulated membrane proteins, two kinds of
transport-related proteins were detected. The ABC superfam-
ily and MFS account for nearly half of the solute transporters
encoded in the genomes of microorganisms (Getsin et al.
2013). Transport can be regulated by manipulating the mem-
brane protein interactions. The increased permeability resulted
from interactions between CDs and cell membrane proteins.

As for the decrease of the activity of dehydrogenase, on the
one hand, the downregulation of putative D-amino-acid dehy-
drogenase could directly illustrate it, and on the other hand,
molecules of many peptides and proteins were too hydrophilic
and bulky to be wholly included in the CD cavity, and the
topological constraints of the peptide backbone might reduce
the formation of inclusion complexes. Thus, their interaction
with CDs could be only local; that was, accessible hydropho-
bic side chains might form inclusion complexes with CDs.
Such interaction possibly affected the overall three-
dimensional structure of peptides and proteins or inhibits their
intermolecular association and thus changed their chemical
and biological properties (Dahan et al. 2010).

In conclusion, the present study showed that HP-β-CD had
multiple interactions with ASP cells. We found that HP-β-CD
altered the lipid and protein profiles, leading to the change of
membrane permeability, and then promoted the steroid-
transforming activity. The mechanisms of HP-β-CD are very
complex and have an effect not only on solubilization but also
on permeability, which have important scientific significance
and research value.
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