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Abstract Rhodococcus sp. CGMCC 4911 trans-

formed 1,3-propanediol cyclic sulfate (1,3-PDS) and

its derivatives into corresponding diols. Ethylene

sulfate, glycol sulfide, 1,3-PDS, and 1,2-propanediol

cyclic sulfate were effectively hydrolyzed with grow-

ing cells. (R)-1,2-Propanediol ([99 % e.e.) was

obtained at 44 % yield with growing cells. Glycol

sulfide, ethylene sulfate, and 1,3-PDS were converted

into the corresponding diols at 94.6, 96.3, and 98.3 %,

respectively. Optimal reaction conditions with lyoph-

ilized resting cells were 30 �C, pH 7.5, and cell dosage

17.9 mg cell dry wt/ml. 1,3-Propanediol was obtained

from 50 mM 1,3-PDS at 97.2 % yield by lyophilized

cells after 16 h. Lyophilized cells were entrapped in

calcium alginate with a half-life of 263 h at 30 �C, and

the total operational time of the immobilized biocata-

lysts could reach over 192 h with a high conversion

rate.
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Diols � Immobilization � 1,3-Propanediol cyclic
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Introduction

Short chain diols, exemplified by ethylene glycol, 1,2-

propanediol (1,2-PD), 1,3-propanediol (1,3-PD), are

important as platform chemicals (Metsoviti et al.

2013; Oda et al. 2013). They are widely used to

synthesize polymers and other intermediates due to

their structures and reaction activities. Compared to

the conventional chemical method, biosynthesis can

offer a highly selective reactions and environmentally

benign process and is thus of great interest (Clomburg

and Gonzalez 2013). Many microorganisms or

enzymes can synthesize diols from the corresponding

substrates (Clomburg and Gonzalez 2013; He et al.

2013).

Organic sulfate esters can be hydrolyzed into

primary or secondary alkyl alcohols (Gadler and

Faber 2006) by sulfatases (EC3.1.6.X). Sulfatases are

a heterogenic group of enzymes that catalyze the

hydrolytic cleavage of sulfate esters by liberating

inorganic sulfate and the corresponding alcohol. Most

of the work on alkylsulfatases has been used to

transform alkyl sulfate (Toesch et al. 2014). However,

there are limited data about biotransformation of

cyclic sulfates into diols. Cyclic sulfates and its
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derivatives are a class of valuable and versatile

synthons for the synthesis of important intermediates

(Steinmann et al. 2001). Biotransformation of cyclic

sulfates into diols is of interest owing to the desirabil-

ity of conducting such conversions under mild condi-

tions. Clearly, it is a feasible alternative to synthesize

diols from the biotransformation of corresponding

cyclic sulfates by sulfatase.

This is the first report that Rhodococcus sp.

CCZU10-1 can convert 1,3-propanediol cyclic sulfate

and its derivatives into diols.

Materials and methods

Materials

1,3-Propanediol cyclic sulfate (1,3-PDS; 1a see

Table 1) was purchased from Sigma-Aldrich Co.

Ltd. (USA). 1,2-Propanediol cyclic sulfate (1,2-PDS;

2a) and ethylene sulfate (ES; 3a) were obtained from

Quzhou Ruierfeng Chemical Co., LTD (Zhejiang,

China). Glycol sulfide (GS; 4a) was purchased from

Aladdin Chemical Reagent Co. Ltd. (Shanghai,

China). Other chemicals were obtained from commer-

cial sources and were of analytical grade.

Microorganisms

Brevibacterium sp. CCZU12-1 and Rhodococcus sp.

CCZU10-1, two nitrilase-producing strains, were

isolated from soil (He et al. 2012, 2014b). They are

preserved in our laboratory and are also deposited at

China General Microbiological Culture Collection

Center (CGMCC) with accession numbers of CGMCC

7042 and 4911. Using 1,3-PDS as inducer, they exhibit

sulfatase activity.

Cultivation condition

Cultivation was carried out in a 250 ml flask contain-

ing 60 ml medium at 180 rpm and 30 �C. The medium

had the following composition (per liter): 10 g

glucose, 10 g peptone, 4.4 g KH2PO4, 1.3 g Na2-

HPO4�12H2O, 0.1 g MgCl2, 1 g NaCl, 2 mM 1,3-

PDS, pH 7.0. Whole-cell biocatalysts were harvested

after 48 h of cultivation, washed and lyophilized by

vacuum-freezing.

Sulfatase assay

One unit (U) of activity is defined as the amount of

cells [dry cell weight (CDW), g] required to catalyze

the formation of 1 lmol diol per min under the

standard condition.

Immobilization of whole-cell biocatalyst

The lyophilized cells were immobilized in calcium

alginate according to the previous method (He et al.

2014c).

Analytical methods

1,3-Propanediol (1,3-PD) and its derivatives were

assayed by GC according to Oda et al. (2013). The

enantiomeric excess (e.e., %) of 1,2-propanediol (1,2-

PD) was determined by HPLC using a chiral column

(Chiralcel OD-H, Daicel Co., Japan) at 40 �C which

was eluted with n-hexane/2-propanol (80:20, v/v,

1.0 ml/min) and detected at 254 nm (Oda et al. 2013).

Table 1 Hydrolysis of various substrates with growing cells

of Rhodococcus sp. CCZU10-1

Substrate Biomass, g dry cell

weight (CDW)/l

Conversion,

%

1a,

O

S

O
O

O

2.96 ± 0.15 98.3 ± 1.7

2a,

O

S

O
O

O

2.56 ± 0.17 44.1 ± 2.3

([99 % e.e.)

3a,

O

S

O
O

O

2.45 ± 0.14 96.3 ± 2.7

4a,

O

S

O

O

2.31 ± 0.18 94.6 ± 2.6

Biotransformations were carried out in a 250 ml flask

containing 60 ml culture medium (10 g glucose, 10 g

peptone, 4.4 g KH2PO4, 1.3 g Na2HPO4�12H2O, 0.1 g

MgCl2, 1 g NaCl, 1,000 ml water, pH 7.0) containing

10 mM substrate at 180 rpm and 30 �C for 72 h
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Results and discussion

Screening of sulfatase-producing strain

To obtain the desired sulfatase-producing strain, 92

isolates were obtained using 2 mM 1,3-PDS as sole

carbon and sulfur source through enrichment cultiva-

tion procedure from 480 municipal sewage samples.

Sulfatase activity was found in 53 isolates. Rhodo-

coccus sp. CCZU10-1 and Brevibacterium sp.

CCZU12-1 were the best for the biotransformation

of 50 mM 1,3-PDS. Three isolates [Rhodococcus sp.

CCZU10-1 (CGMCC 4911), Bacillus sp. CCZU11-1

(CGMCC 9297) and Brevibacterium sp. CCZU12-1

(CGMCC 7042)] exhibited high sulfatase activity of

4.8, 1.6 and 1.3 U/g CDW, respectively. In addition,

Rhodococcus sp. CCZU10-1 could transform 1,2-PDS

into (R)-1,2-PD ([99 % e.e.). In the following exper-

iments, Rhodococcus sp. CCZU10-1 was used for

further investigation.

Biotransformation of 1,3-PDS and its derivatives

with growing cells

There are limited data about biotransformation of

cyclic sulfates. Rhodococcus sp. was cultured in

growth medium supplemented with 10 mM 1,3-PDS

for 72 h, and 1,3-PDS was transformed into 1,3-PD at

98.3 % yield (Fig. 1).

Four substrates (1a–4a) were hydrolyzed with

growing cells (Table 1). 1,3-PDS (1a), ES (3a) and

GS (4a) were hydrolyzed with high conversions (94.6-

98.3 %) over 72 h. 1,2-PDS (2a) was hydrolyzed into

(R)-1,2-PD ([99 % e.e.) with a yield of 44.1 %. This

is the first report that Rhodococcus sp. can transform

cyclic sulfate or sulfite into diols. Platform chemicals

(1,2-PD, 1,3-PD, etc.) are employed as the basic

starting materials for producing chemical intermedi-

ates, building block compounds, and polymers (Clom-

burg and Gonzalez 2013; Lin et al. 2005; Metsoviti

et al. 2013; Oda et al. 2013; Wei et al. 2014). 1,3-PD is

used to synthesize polytrimethylene terephthalate

(PTT). 1,2-PD is mainly used as deicer in airplane

fluids, as a non-toxic replacement of ethylene glycol

in automobiles and as a mist to disinfect air.

Significantly, some high-value diols can thus be
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Fig. 1 Biotransformation of 1,3-propanediol cyclic sulfate

(1,3-PDS) with growing cells of Rhodococcus sp. CCZU10-1.

Biotransformations were performed in a 250 ml flask containing

60 ml culture medium (10 g glucose, 10 g peptone, 4.4 g

KH2PO4, 1.3 g Na2HPO4�12H2O, 0.1 g MgCl2, 1 g NaCl,

1,000 ml water, pH 7.0) containing 10 mM 1,3-PDS at 180 rpm

and 30 �C for 72 h
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Fig. 2 Effects of reaction temperature and pH on the catalytic

activity of lyophilized cells of Rhodococcus sp. CCZU10-1.

Biotransformations of 1,3-PDS were performed at the different

temperature (20–40 �C) and different pH buffer (potassium

phosphate buffer, 6–8). Biotransformation of 1,3-PDS was

performed for 1 h at 30 �C and 180 rpm in 10 ml potassium

phosphate buffer (100 mM, pH 7.5) containing 0.143 g dry cell

weight. The specific activity was 4.78 U/g CDW and was taken

as 100 %
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obtained from the hydrolysis of cheaper cyclic

sulfates.

Biotransformation with lyophilized cells

of Rhodococcus sp. CCZU10-1

During biotransformation, different reaction pH, reac-

tion temperature, and cells dosage have significant

effects on the catalytic activity (He et al. 2013, 2014a).

In this study, the effect of temperature on the catalytic

activity was examined by lyophilized cells (Fig. 2a).

The catalytic activity increased with temperature,

reaching a maximum at 30 �C. Above 30 �C, the

catalytic activity decreased considerably, possibly due

to thermal deactivation of enzymes in the resting cells

during the reaction. Various pH values buffers were

also tested (Fig. 2b). The catalytic activity exhibited a

maximum at pH 7.5. Furthermore, the effects of

different cells dosage (7.1–28.6 mg CDW/ml) on the

catalytic activity were investigated. As shown in

Fig. 3, the high catalytic activity was at 17.9 mg

CDW/ml. When the cell concentration was over this

value, the viscosity of the aqueous phase was probably

too high (He et al. 2014a) and then the catalytic

activity stabilized. The optimum cell concentration

was therefore 17.9 mg CDW/ml.

The optimum reaction temperature, reaction pH,

and cells dosage were thus 30 �C, 7.5, and 17.9 mg

CDW/ml, respectively. Under these conditions,

50 mM 1,2-PDS and 1,3-PDS were hydrolyzed by

lyophilized cells (Fig. 4). After 16 h, (R)-1,2-PD

([99 % e.e.) and 1,3-PD were obtained with the yield

of 47.8 and 97.2 %, respectively.

Biotransformation with immobilized cells

Immobilized whole-cell biocatalyst is an applicable

and economic formulation in the biotransformation,

which can avoid the need to extract and purify

intracellular enzymes, facilitate recovery and reuse,

improve the resistance of cells lysis, and increase the

stability of the biocatalytic activity of the cells.

Compared to free cells or enzymes, immobilized

microbial cells have better operational stability, easier

separation from the reaction media for reuse, and

satisfactory biocatalytic efficiency (He et al. 2012,

2014c). In this study, calcium alginate-immobilized

lyophilized cells were employed. After the immobi-

lization, the thermal stabilities of the biocatalysts were

examined and the results were shown in Fig. 5a.

Considering that the optimized reaction was at 30 �C,

the test of thermal stability was also performed at

30 �C. Best results were achieved using immobilized

cell, which retained 85.2 % activity after 72 h at 30 �C

and 180 rpm, whereas the free lyophilized cells could

only maintain 8.6 % activity after 48 h. The half-life

of the former (263 h) was 12.8-fold of the latter

(20.5 h).
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Fig. 3 Effects of cells dosage on the catalytic activity of

lyophilized cells of Rhodococcus sp. CCZU10-1. Biotransfor-

mations of 1,3-PDS were performed at 30 �C and 180 rpm in

10 ml potassium phosphate buffer (100 mM, pH 7.5) containing

different concentration of cells (7.1–28.6 mg CDW/ml)
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Fig. 4 Time course for the biotransformation of 1,3-PDS and

1,2-PDS with lyophilized cells of Rhodococcus sp. CCZU10-1.

Biotransformations of 50 mM 1,3-PDS or 1,2-PDS were

performed at 30 �C and 180 rpm in 10 ml potassium phosphate

buffer (100 mM, pH 7.5) containing 0.179 g CDW cells
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The reusability of immobilized whole-cell biocata-

lysts was investigated. Each batch was performed for

16 h. At the end of each batch, the immobilized cells

were collected and then reused for another batch. As

shown in Fig. 5b, the immobilized cells had good

stability and reusability. Using 1,3-PDS as substrate,

the conversion rate was not less than 96 % after the

12th batch. Compared to the immobilized cells, free

lyophilized cells could be used only 5 times with the

conversion rate over 50 %. Using 1,2-PDS as

substrate, similar tendency was achieved (Fig. 5b).

The total operational time of the immobilized bio-

catalysts could reach over 192 h. Significantly, the

immobilized cells had some advantages such as

enhanced stability, good reusability, and easy separa-

tion from the reaction mixture (Dinamarca et al. 2014;

He et al. 2014c).

Conclusion

This is the first report of the biotransformation of 1,3-

PDS and its derivatives in high conversions using

Rhodococcus sp. (CGMCC 4911). The optimum

reaction conditions were: 30 �C, 7.5, with 17.9 mg

CDW/ml. Lyophilized cells produced (R)-1,2-PD

([99 % e.e.) and 1,3-PD from the corresponding

substrates over 16 h with the yields of 47.8 and

97.2 %, respectively. Lyophilized cells were

entrapped in calcium alginate with a half-life of

263 h at 30 �C; operational times of the immobilized

biocatalysts were over 192 h with high conversion

rates. Significantly, this is an alternative to biosynthe-

sing diols from the corresponding cyclic sulfates by

using a sulfatase.
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