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Abstract Hirudin variant III (HV3) is potentially useful

in the prevention and treatment of cataracts. To prepare

sufficient amounts of rHV3 for further preclinical studies,

we developed an effective process for robust preparative-

scale extracellular production of rHV3 in Escherichia coli.

In a 7-l bioreactor, under the optimal fed-batch fermenta-

tion conditions, rHV3 was excreted into the culture

supernatant and yielded up to 915 mg l-1. Then, a four-

step purification procedure was applied to the product,

which included ultrafiltration, hydrophobic chromatogra-

phy, anion-exchange chromatography, and preparative

reversed-phase fast protein liquid chromatography (FPLC).

The overall maximum recovery attained was 56 %, the

purity reached at least 99 % as evaluated by HPLC anal-

ysis, the molecular weight was determined to be

7,011.10 Da by matrix-assisted laser-desorption time-of-

flight mass spectrometry (MALDI-TOF/MS) analysis, and

the pI was 4.46 as analyzed by isoelectric focusing. The N-

and C-terminal sequence analysis confirmed the product

homogeneity. The final product contained at most 10 pg of

residual DNA per dose (0.2 mg) of rHV3 by high-sensi-

tivity hybridization assay and at most 3 EU endotoxin

protein/mg by limulus amebocyte lysate assay. Taken

together, the rHV3 produced in multigram quantities in E.

coli by this bioprocess meets the regulatory criteria for

biopharmaceuticals and can be used as a drug candidate for

preclinical studies.

Keywords Hirudin � Preparative-scale extracellular

production � Fermentation

Abbreviations

ATU Antithrombin units

FPLC Fast protein liquid chromatography

HPLC High-performance liquid chromatography

HV3 Hirudin variant III

MALDI-TOF Matrix-assisted laser-desorption time-of-

flight mass spectrometry

Introduction

Escherichia coli is usually the first choice host microor-

ganism for the mass production of recombinant proteins of

pharmaceutical and industrial interest. Despite the lack of

post-translational modification and the existence of endo-

toxin, it has numerous desirable characteristics as a pro-

duction host, such as fast cell growth, easy manipulation,

straightforward high cell density fermentation, and capac-

ity to hold over 50 % of foreign protein in total protein

expression [41].

However, it has proven to be difficult to produce small

eukaryotic polypeptides containing intramolecular disulfide

bonds by employing cytoplasmic expression in E. coli

because of their degradation by various proteases and dif-

ficulty in correctly forming the disulfide bridges in the

cytoplasm [1, 21]. Compared to intracellular expression,

direction of the peptide of interest to the periplasmic space

or into the culture medium has multiple advantages, such

as simplicity of purification, avoidance of protease attack,

and absence of N-terminal methionine extension, as well as

correct protein folding [3, 25]. Although there are
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numerous examples showing secretion of various proteins,

such as human leptin, staphylokinase(sak), hGCSF, hTPA,

hEGF, hPTH, hGH, salmon calcitonin, and scFv antibody

in E. coli [3, 23], very few of them have been commer-

cialized because of the relatively low yield.

Hirudin is a typically secreted small polypeptide with

three intramolecular disulfide bonds, which was initially

isolated from Hirudo medicinalis [30]. Hirudin is a highly

potent inhibitor of thrombin and two hirudin variants and a

hirudin analogue have been approved for marketing as

antithrombic drugs by the US Food and Drug Adminis-

tration (FDA) [7, 36]. In addition to hirudin, two hirudin-

like polypeptides HM1 and HM2 were identified from

Hirudinaria manillensis, and the striking difference is the

lack of a sulfated tyrosine residue in the C-terminal portion

of the molecule which is replaced by aspartic acid [33, 37].

Interestingly, we have previously shown that recombinant

hirudin variant III (rHV3) is potentially useful in the pro-

phylaxis and treatment of cataract [26, 27]. Thus, to pro-

duce sufficient amounts of rHV3 for further preclinical

studies, in this study, we developed an effective bioprocess

for the robust preparative-scale extracellular production of

active rHV3 with the expected characteristics in multigram

quantities in E. coli.

Materials and methods

Bacterial strains and plasmids

Escherichia coli recombinant harboring plasmid pTASH

[39] was used in this work for extracellular production of

rHV3. The plasmid pTASH outlined in Fig. 1 contains the

Tac promoter of pkk223-3 (Pharmacia Biotech), the high-

copy replication origin of pUC18, as well as a modified

L-ASP signal peptide gene sequence which was fused with

the HV3 gene in the correct reading frame via a unique

NheI restriction site at its 30 end.

Fed-batch fermentation

The stock strain was inoculated into a 500-ml flask con-

taining 200 ml of liquid LBA medium (LB medium sup-

plemented with 100 lg ampicillin ml-1) and cultured in a

rotary shaker at 37 �C for 14 h at 220 rpm. Then, the

culture was transferred to LBA medium at 2 % (v/v) for

seed scale-up. After 8-h incubation at 37 �C, the seed

culture was then transferred to 5 l of fermentation medium

in a 7-l bioreactor (Laboratory Fermenter Type L1523,

Bioengineering AG, Switzerland) at 4 % (v/v) for fer-

mentation. The fermentation medium contained

10 g tryptone l-1, 5 g yeast extract l-1, 40 g monosodium

glutamate l-1, 10 g malt extract powder l-1, 6.7 g

KH2PO4 l-1, 7.57 g Na2HPO4�12H2O l-1, and was sup-

plemented with 100 mg ampicillin l-1, pH 6.5. During

fermentation, the pH was maintained at 6.3–7.5 by con-

trolled addition of NH4OH or HCl, the temperature was set

at 37 �C, and the dissolved oxygen was maintained at

30–60 % air saturation level.

After fermentation for ca. 3 h, the OD600nm reached 3.

Then, the fed-batch stage was started by supplementing

with feed medium I (100 g malt extract powder l-1) at a

rate of ca. 150 ml h-1 for ca. 4 h, and the dissolved oxygen

was controlled at 40–60 % of air. Thereafter, feed medium

II (33.3 g tryptone l-1, 16.7 g yeast extract l-1, 133 g

monosodium glutamate l-1, 100 g malt extract pow-

der l-1) was supplemented at a rate of ca. 100 ml h-1 for

ca. 2 h until the OD600nm reached 9, then the fermentation

was starved for ca. 2 h. Subsequently, it was supplemented

with feed medium II at ca. 50 ml h-1 until the volumetric

productivity reached a plateau. After completion of fer-

mentation, the culture supernatant was collected by cen-

trifugation at 12,0009g for 20 min at 4 �C, and frozen at

-20 �C.

Protein purification

The culture supernatant was filtered through a 0.22-lm

ultrafiltration membrane (Mini Pellicon GVPP, Milipore)

and the filtrate was concentrated by using a 5-kDa MWCO

ultrafiltration membrane (Mini Pellicon Biomax-5 C, Mil-

ipore). The concentrated filtrate was adjusted to pH 5.0–6.0

Fig. 1 Construction of secretory expression vector pTASH. Ptac Tac

promotor, Ap ampicillin resistance gene, HV3 hirudin variant 3 gene,

Sig degenerate L-asparaginase II signal sequence, Ori replication

origin of pUC plasmid, rrnBT1T2 transcription terminator
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and loaded onto a Diaion HP20 (Mitsubishi Chemical, JP)

column (ø5.5 9 60 cm) pre-equilibrated with 20 mM

acetic acid. The column was washed thoroughly with

20 mM acetic acid, 50 mM Tris–HCl (pH 8.5), and 20 mM

acetic acid containing 10 % (v/v) isopropanol sequentially.

Then, elution was performed with 20 mM acetic acid

containing 30 % (v/v) isopropanol, and active fractions

were pooled for further purification.

The pooled fractions were slowly adjusted to pH 6.0

with 1 M piperazine and concentrated by using a 5-kDa

MWCO ultrafiltration membrane (Labscale TFF Biomax

5 k A, Milipore), then loaded onto a DEAE-cellulose DE52

column (ø1.0 9 60 cm) pre-equilibrated with 20 mM

piperazine (pH 6.0) and washed with the same buffer.

Thereafter, elution was conducted with 20 mM piperazine

(pH 6.0) in a linear gradient of 0–0.3 M NaCl.

Preparative reversed-phase separation was conducted

using a Kromasil 5-C18 column (10 mm 9 250 mm) on

Bio-Rad BioLogic DuoFlow Pathfinder 20 FPLC system

with a QuadTec UV/Vis detector (BioRad). Solvent A was

0.1 % trifluoroacetic acid in H2O. Solvent B was 0.1 %

trifluoroacetic acid in acetonitrile. The gradient went from

15 to 35 % B in 0–40 min and 30 to 100 % B in 40–45 min

at a flow rate of 2 ml min-1.

Antithrombin activity analysis

Antithrombin activity was measured quantitatively by

means of titration of a solution of thrombin, and the

thrombin neutralizing activity of the samples was expres-

sed as antithrombin units (ATU). One ATU is the amount

of test sample that neutralizes one NIH unit of thrombin.

The test was performed as follows: 0.2 ml of a standard

solution of 0.05 % bovine fibrinogen in Tris–HCl buffer

pH 7.4 was incubated at 37 �C in the presence of

0.01–0.1 ml of the sample solution. Thereafter, aliquots of

5 ll (0.5 NIH units) of a 100 NIH units ml-1 thrombin

standard solution were added progressively at an interval of

1 min and mixed gently. The end point of the titration was

considered reached when a fibrin clot formed within 1 min.

Tricine/SDS-PAGE analysis

Tricine/SDS-PAGE analysis was performed according to

Schagger [34]. Low molecular weight marker was obtained

from Fermentas. Gels were stained with Coomassie Bril-

liant Blue R-250.

HPLC analysis and protein quantitation

The sample was applied to an Inertsil ODS-SP C18 column

(4.6 9 250 mm) equilibrated with 0.1 % trifluoroacetic

acid in H2O on a Shimadzu LC-2010 HPLC system.

Solvent A was 0.1 % trifluoroacetic acid in H2O. Solvent B

was 0.1 % trifluoroacetic acid in acetonitrile. The product

was eluted with a linear gradient of acetonitrile from 15 to

40 % B in 0–40 min and from 40 to 100 % B in 40–45 min

with a flow rate of 1 ml min-1. Protein concentration of

the expressed product was determined by comparing

sample peak area to the reference standard [32].

Isoelectric focusing

Isoelectric focusing (IEF) was performed on a Bio-Rad

Model 111 Mini IEF Cell, and pI was determined by

comparison with the migration of standard pI marker

(Broad pI Kit, pH 4.45–9.6) in a Bio-Lyte ampholytes

PAGE plate, pH 3–10.

MALDI-TOF/MS analysis

Matrix-assisted laser-desorption time-of-flight mass spec-

trometry (MALDI-TOF/MS) analysis was performed on

4800 Proteomics Analyzer (Applied Biosystems, Fra-

mingham, MA, USA). The purified product was diluted

with 0.1 % TFA at different levels, such as 19 and 109.

Then, a matrix comprising a-cyano-4-hydroxycinammic

acid at 5 mg/ml in 50 % acetonitrile containing 0.1 % TFA

was used. After 0.5 ll sample was spotted on the well of

the MALDI target under a magnetic field, and 0.5 ll matrix

solution was added dropwise to the sample. After air-dry-

ing, the molecular weight was analyzed using MALDI-

TOF/MS. During MS analysis, the linear high mass mode

was operated, and scanning range was from 3,000 to

20,000 Da. The laser power was set at 6,000. The mass

spectra were acquired during 1,000 laser shots after being

calibrated using an internal calibration generated from the

ion signal of peptide mixtures of myoglobin (1,6951.4 Da,

Sigma).

N- and C- terminal amino acid sequence analysis

The N-terminal amino acid sequence of rHV3 was deter-

mined by Edman degradation with a Procise� sequencing

system, model 491(Applied Biosystems, Framingham,

MA, USA). The C-terminal amino acid sequence analysis

was performed on a Thermo LTQ Velos bioanalytical mass

spectrometry system (Thermo, Finnigan, USA)

Detection of residual E. coli DNA

The chemiluminescent slot-blot hybridization method [10]

was utilized for the quantitative determination of residual

E. coli DNA in the purified rHV3 product by using DIG
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High Prime DNA Labeling and Detection Starter Kit I as

well as positively charged nylon membranes (Roche

Applied Science, Indianapolis, IN, USA).

Endotoxin assay

Endotoxin level was tested by using a standard limulus

amebocyte lysate (LAL) assay (Zhanjiang Bokang Marine

Biological Co., Ltd., China) following the manufacturer’s

protocol.

Results

Fed-batch fermentation

Escherichia coli recombinant [39] harboring plasmid

pTASH outlined in Fig. 1 was fed-batch cultivated under

optimal conditions in a 7-l bioreactor for extracellular

production of rHV3 resulting in the accumulation of

extracellular antithrombin activity up to

1.2 9 104 ATU ml-1 within 24 h (Fig. 2). Since the

finally purified product showed a specific activity of

13,118 ATU mg-1(see Table 1), the yield was thus cal-

culated to be 915 mg l-1. From the process curves of fed-

batch fermentation, it can be seen that the cell density was

increased to a higher level by feeding at the first phase, and

as the cell growth reached a plateau the product expression

was initiated and kept increasing until the fermentation was

completed. Nevertheless, to achieve high-level expression,

efforts should be made to maintain a favorable dissolved

oxygen level, nutrient balance, and relatively constant pH

during the period of fermentation.

Product purification from culture medium

Cell-free culture supernatant was prepared by centrifuga-

tion and ultrafiltration. Thereafter, the product was highly

purified from the clarified supernatant in four sequential

steps, which included ultrafiltration, Diaion HP20 hydro-

phobic chromatography, DEAE-cellulose DE52 anion-

exchange chromatography, and preparative RP-FPLC. In a

typical case, 683 mg of final product with a purity at least

99 % was obtained from 1.3 l culture supernatant by using

this purification approach. The maximum overall recovery

rate was 56 %, the final product showed a specific activity

of 13,118 ATU mg-1, and the % purity of samples at

every step of the purification process was independently

determined by comparing the rHV3 peak area to the total

protein peak areas by analytical HPLC (Table 1).

Tricine/SDS-PAGE analysis of the final product was

conducted on 18 % (w/v) resolving gel and stained with

Coomassie Brilliant Blue R-250 (Fig. 3). In addition, the

purity of the final product was further determined to be at

least 99% by HPLC analysis (Fig. 4).

Characterization of the final product

MALDI-TOF/MS analysis on the final purified product

gave a mass value of 7,011.10 Da (Fig. 5), which was

similar to the theoretically calculated value of 7,025.61 Da

(DNAsis software Ver2.5, Hitachi Software Engineering

Co., Ltd). Comparison with the mass value of ca. 14 kDa

Fig. 2 Process curves of fed-

batch fermentation under the

optimal conditions in a 7-l

stirred tank bioreactor. ATU/ml
antithrombin activity in culture

medium, OD600nm optical

density at 600 nm, DO(%)
dissolved oxygen in air

saturation
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(Fig. 3) obtained by tricine/SDS-PAGE analysis indicated

that the secreted product formed a dimer during the

expression process. A similar phenomenon was also

observed by another group [30], and it was speculated that

the dimer formation could be caused by the strong hydro-

phobic interaction between two hirudin molecules.

The first 15 N-terminal amino acid residues of the product

were determined to be N-ITYTDCTESGQNLCL-, and the

C-terminal amino acid residues were -PQSHNQGDFEPI-

PEDAYDE-COOH, which were completely consistent with

those of natural HV3.

In addition, the isoelectric point of the product was

determined to be 4.46 as compared to the standards that

migrated in an adjacent lane on the Bio-Lyte ampholytes

PAGE plate with a gradient range of pH 3–10 (Fig. 6), and

it was very close to the theoretical value of 4.02 calculated

by DNASTAR software (DNASTAR, Inc., Madison, WI).

Quantitation of residual E. coli DNA

By high-sensitivity hybridization assay, the finally purified

product contained less than 10 pg of residual DNA per

Table 1 Purification of rHV3 from culture medium

Purification step Total protein (mg) Total activity (9105 ATU) Specific activity (ATU mg-1) Purity (%) Recovery (%)

Culture supernatant 5,452 160 3,082 10 100

Ultrafiltration 4,438 142 3,210 10 89

Diaion HP20 3,198 123 3,846 31 77

Ultrafiltration 2,102 110 5,233 47 69

DE-52 cellulose 1,024 102 8,499 85 64

C18 RP-FPLC 683 89.6 13,118 99 56

Fig. 3 Analysis of the purified rHV3 by tricine/SDS-PAGE on 18 %

(w/v) resolving gel; the gel was stained with Coomassie Brilliant Blue

R-250. M MW marker (kDa), 1 finally purified rHV3

Fig. 4 HPLC analysis of the finally purified rHV3 product by using

an Inertsil ODS-SP C18 column (4.6 9 250 mm) on a Shimadzu LC-

2010 HPLC system. Solvent A was 0.1 % trifluoroacetic acid in H2O.

Solvent B was 0.1 % trifluoroacetic acid in acetonitrile. The product

was eluted with a linear gradient of acetonitrile from 15 to 40 % B in

0–40 min and from 40 to 100 % B in 40–45 min with a flow rate of

1 ml min-1

Fig. 5 MALDI-TOF/MS analysis on a 4800 Proteomics Analyzer

(Applied Biosystems). The mass spectra were acquired during 1,000

laser shots after being calibrated using an internal calibration

generated from the ion signal of peptide mixtures of myoglobin

(16,951.4 Da, Sigma)
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0.2 mg rHV3 (Fig. 7), and it was below the safety limit

100 pg per dose suggested by the FDA for residual DNA in

recombinant biopharmaceuticals [31], as the highest dose

in our preclinical studies for prevention and treatment of

cataract was set as 0.2 mg rHV3 per dose.

Endotoxin examination

The endotoxin detected in the final purified product by

LAL assay was at most 3 EU per mg of protein.

Discussion

Thus far, various host organisms have been employed to

express hirudin and its analogs either intracellularly or

extracellularly, which include bacteria (E. coli, Strepto-

myces lividans, Lactococcus lactis) [2, 5, 8, 18], filamen-

tous fungus (Acremonium chrysogenum) [29], transgenic

plant [6, 28], transgenic mice milk [40], and yeasts such as

Saccharomyces cerevisiae [4, 11, 13, 14, 16, 22], Pichia

pastoris [32], and Hansenula polymorpha [12]. However,

of these expression systems, only E. coli and S. cerevisiae

organisms are accepted by regulatory authorities for

recombinant production in the pharmaceutical industry,

whereas the commonly used P. pastoris is usually preferred

in fundamental research for the structural and functional

analysis of proteins [35].

Hirudin and its analogs have been extracellularly

expressed in S. cerevisiae at high level by fed-batch fer-

mentation; however, the major drawback to this system is

the long fermentation period, because it would inevitably

increase the manufacturing cost and processing complex-

ity. For example, in the case of rHV2-Lys 47, although it

could be extracellularly expressed in S. cerevisiae at the

high level of 500 mg l-1 by high cell density fed-batch

fermentation, approximately 60 h was required for the

overall fermentation period [22]. As another example,

when hirudin was produced in GAL1-disrupted S. cerevi-

siae by optimal fed-batch culture, about 70 h was needed

for the fermentation to achieve a yield of 62.1 mg l-1 [13].

In comparison to the S. cerevisiae system, the remark-

able advantage in utilizing the E. coli system for the pro-

duction of recombinant proteins is the short fermentation

period, typically less that about 24 h. Thus, many efforts

have been made to intracellularly express hirudin and its

analogs in E. coli by employing various approaches. For

example, hirudin variant 1 (f-HV1) which was fused to

porcine adenylate kinase protein could be produced intra-

cellularly at high level as an inclusion body in E. coli by

temperature shift coupled with a high cell density fer-

mentation technique [19, 20]; however, the product

appeared to be inactive and no procedure for subsequent

downstream cleavage and refolding was included. Another

approach was to express hirudin-CBD-intein fusion protein

in E. coli; however, the yield was quite low and not all

Fig. 6 pI measurement by using Bio-Lyte ampholytes PAGE plate

with a gradient range of pH 3–10

Fig. 7 Chemiluminescent hybridization assay for quantitative deter-

mination of residual E. coli DNA in purified rHV3 products. P DNA

positive control, S test samples (0.2 mg rHV3 product), N negative

control, B blank
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produced hirudin molecules possessed the correct pairing

of cysteine residues [15]. Besides, a chimeric protein of

human Annexin V fused to hirudin C-terminal segment

free of intramolecular disulfide bond was designed and

intracellularly expressed in E. coli, yet the expression was

modest [42]. In addition, Liu et al. [17] developed a novel

approach for direct expression of sulfohirudin in E. coli by

genetically encoding the modified amino acid- sulfotyro-

sine in response to the amber nonsense codon TAG. In any

event, these approaches appear to be unsuitable for scaling

up to industrial production.

Secretory expression offers an attractive approach for the

production of hirudin in E. coli owing to its multiple unique

advantages. Initially, the phoA signal peptide was utilized

to direct the secretion of hirudin in E. coli, two processed

proteins were isolated from the periplasmic fraction, and

one of them was identical to desulfatohirudin and also had

similar biological properties [5]. Thereafter, Nippon Mining

Company patented a secretory E. coli system for high-level

extracellular production of various hirudin variants and a

chimeric HV1/HV3 analog by using phoA signal peptide

[24], and in the case of HV1C3, the yield of correctly

processed product accumulated in the culture medium

reached up to 507 mg l-1 after fermentation for 24 h.

Besides, in our previous studies [9, 39], a novel secretory

system for the extracellular secretion of HV3 was devel-

oped by using the L-asparaginase II signal sequence, and by

fed-batch fermentation at bioreactor scale, bioactive rHV3

and its muteins could be efficiently secreted into the culture

medium, and yielded up to 8.5 9 103 ATU ml-1 [38]. In

this study, the yield was further improved and reached up to

1.2 9 104 ATU ml-1 after fermentation for only 24 h by

the optimal fed-batch fermentation. Interestingly, no indu-

cer such as IPTG or lactose was required for high-level

secretory expression although the vector was constructed on

the basis of Tac promoter. A possible reason is that the malt

extract contained in the medium includes certain unknown

components which may act as the inducer or the host cell is

lacI-. Subsequently, we developed an effective four-step

purification procedure which consisted of ultrafiltration,

hydrophobic chromatography, anion-exchange chromatog-

raphy, and preparative reversed-phase FPLC. With this

procedure, the product could be purified to homogeneity

with an overall recovery of 56 %, and the product purity

reached at least 99 % as evaluated by HPLC analysis.

Biochemical analyses revealed that the product had the

same characteristics as those of the wild-type HV3. In

addition, the results also indicated that this purification

procedure might enable the efficient removal of the residual

E. coli DNA and endotoxin to allow the final product to be

acceptable for pharmaceutical use.

In conclusion, the bioprocess described here offers an

effective approach for the robust preparative-scale

extracellular production of rHV3 in E. coli at low cost, and

the product meets the regulatory requirement to be used as

a drug candidate for preclinical studies.
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