
Basic fibroblast growth factor (FGF�2) is a member

of a large family of fibroblast growth factors. There are

now known 24 FGF members, and four receptors of these

cytokines (FGFR) have been identified [1]. Various cells

synthesize FGF�2, which modulates proliferation and

differentiation of certain cell types. In addition FGF�2

exhibits potent angiogenic effects in vivo and in vitro,

stimulates growth of smooth muscle cells, wound healing,

and tissue regeneration [2]. The wound healing effect

makes FGF�2 a potential therapeutic agent of commer�

cial importance. FGF�2 might also play an important role

in differentiation and functioning of the nervous system

as well as regeneration of eyes and skeleton [3�5].

FGF�2 is a globular protein consisting of a single

polypeptide with molecular mass of 18 kDa. FGF�2 mol�

ecule contains four cysteine residues, which do not form

intramolecular disulfide bonds. Several groups of

researchers determined crystal structure of FGF�2 in the

presence and in the absence of a heparan sulfate frag�

ment [6, 7]. It was found that FGF�2 consists of 12

antiparallel β�sheets, which form a trigonal pyramid

structure. All members of the FGF family bind heparin

or heparan sulfates, which influence FGF�2 structure

and facilitate formation of dimers and higher order

oligomers. Interaction of FGF�2 with heparin protects

this protein against heat shock, denaturation in acidic

medium, and proteolysis [8]. FGF�2 binds to an extra�

cellular domain of specific receptors (FGFR 1�4) that

contain one transmembrane domain. This binding initi�

ates a signal cascade finally resulting in modification in

gene expression [9].

FGF�2 has been purified from various bovine organs

and tissues including adenoma, brain, hypothalamus,

thymus, and kidneys [9]. However, due to very low con�

tent it is nearly impossible to obtain significant FGF�2

quantities from animal tissues. Purification of small

quantities of FGF�2 is very expensive. The human gene
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Abstract—Basic fibroblast growth factor (FGF�2) is a member of a large family of structurally related proteins that affect the

growth, differentiation, migration, and survival of many cell types. The human FGF�2 gene (encoding residues 1�155) was

synthesized by PCR from 20 oligonucleotides and cloned into plasmid pET�32a. A high expression level (1 g/liter) of a fused

protein thioredoxin/FGF�2 was achieved in Escherichia coli strain BL21(DE3). The fusion protein was purified from the

soluble fraction of cytoplasmic proteins on a Ni�NTA agarose column. After cleavage of the thioredoxin/FGF�2 fusion with

recombinant human enteropeptidase light chain, the target protein FGF�2 was purified on a heparin�Sepharose column.

The yield of FGF�2 without N� and C�terminal tags and with high activity was 100 mg per liter of cell culture. Mutations

C78S and C96S in the amino acid sequence of the protein decreased FGF�2 dimer formation without affecting its solubil�

ity and biological activity.
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encoding FGF�2 was cloned and characterized in 1986

[10]. During subsequent decades, several laboratories

obtained recombinant FGF�2 from E. coli cells [11�15].

Experiments have shown that direct expression of FGF�2

in various bacterial strains yields about 1�10 mg of protein

per liter of cell culture. Low yield was partially associated

with the fact that FGF�2 is expressed in bacterial systems

as inclusion bodies and it undergoes renaturation poorly.

A fusion protein glutathione S�transferase/FGF�2 was

purified from a bacterial strain with the yield of 20 mg per

liter of cell culture; however, the activity of this prepara�

tion was significantly lower compared with natural FGF�

2 [16]. Substitution of two cysteine residues (C78 and

C96) in FGF�2 for serine residues improved protein sol�

ubility and its biological activity [15].

In this study, we have developed a new method for

preparation of human recombinant FGF�2 in E. coli; this

results in highly purified and highly active protein prepa�

ration of high yield (100 mg per liter of cell culture). The

low cost required for this preparation opens possibilities

for its use for therapeutic goals.

MATERIALS AND METHODS

Materials. Escherichia coli strain BL21(DE3) and a

plasmid vector pET�32a were from Novagen (USA); Ni�

NTA agarose, kits for isolation and purification of PCR�

fragments, for extraction of DNA from gel, and for isola�

tion of plasmid DNA were from Qiagen (USA); restric�

tases, Pfu DNA polymerase, and T4 DNA ligase were

from Fermentas (Lithuania); heparin�Sepharose (Fast

flow) was from GE Healthcare (USA).

Oligonucleotide design, PCR, and cloning. DNA

encoding the amino acid sequence of FGF�2 (513 bp)

was synthesized by means of PCR using 20 overlapping

oligonucleotides of 35�42 bases in length. For improve�

ment of gene expression in bacterial cells, eukaryotic

codons poorly expressed in prokaryotic cells were substi�

tuted by corresponding prokaryotic ones. Sites for BglII

restrictases as well as sites for cleavage by enteropeptidase

(at the 3′�end) and by HindIII (at the 5′�end) were also

added to the nucleotide sequence. Two parts of the gene

(nucleotides 1�11 and 11�20) were synthesized in separate

PCR reactions by means of Pfu DNA polymerase. The

50�µl final PCR mixtures contained 50 pmol of each

flanking primer and 2.5 pmol of other primers. PCR was

carried out by heating of mixtures at 95°C for 5 min fol�

lowed by subsequent 30 cycles at 95°C for 30 sec, 47°C for

30 sec, and 74°C for 45 sec. PCR products were extract�

ed from the agarose gel and assembly of the full gene from

two fragments was achieved by the PCR method using Pfu

DNA polymerase. The reaction mixture containing 15 ng

of each fragment and 50 pmol of each flanking primer was

heated at 95°C for 5 min followed by 33 cycles at 95°C for

1 min and 74°C for 1.5 min.

The amplified DNA sequence was cleaved by means

of BglII and HindIII restrictases and then cloned into the

BglII/HindIII restriction sites of the pET�32a plasmid

after the thioredoxin (Trx) gene. The FGF�2 gene

sequence was confirmed by automated sequencing using a

ABI Prism�310 gene analyzer. The FGF�2 containing

double mutation C78S/C96S was obtained by insertion of

nucleotide substitutions into corresponding codons by

site�directed mutagenesis using the following primers: 5′�
GTCTATCAAAGGTGTGTCTGCTAACCGTTAC�

CTG�3′ and 5′�CAGGTAACGGTTAGCAGACACAC�

CTTTGATAGAC�3′.
Expression and purification of FGF�2. The E. coli

strain BL21(DE3) was transformed by the plasmid DNA

pET�32a/FGF�2. A single colony of an overnight culture

was inoculated into 10 ml of LB medium with ampicillin

(100 µg/ml) and grown at 37°C for 17 h. The overnight

culture was diluted in TB medium (Terrific Broth;

enriched medium) with ampicillin (100 µg/ml) up to light

absorption of 0.1 at 550 nm and growth at 37°C for 2�

2.5 h up to light absorption of 0.6. After cell induction

with 0.02 mM IPTG (isopropyl�β�D�1�thiogalactopyra�

noside), cultivation was continued at 25°C for 24 h. Cells

collected by centrifugation at 4000g for 15 min were then

disintegrated using a French press in medium containing

50 mM phosphate buffer (pH 8.0), 300 mM NaCl,

10 mM imidazole (lysis buffer). After centrifugation at

100,000g for 60 min, the fraction of cytoplasmic proteins

was applied onto a Ni�NTA agarose column.

Nonspecifically bound proteins were removed by column

washing with lysis buffer containing 20 mM imidazole,

and then the fused protein was eluted using lysis buffer

containing 250 mM imidazole. The purified fusion pro�

tein Trx/FGF�2 was dialyzed against 50 mM Tris�HCl

buffer (pH 7.8) containing 50 mM NaCl, and then it was

cleaved by the catalytic subunit of human recombinant

enteropeptidase [17] (during incubation at room temper�

ature for 16 h at the enzyme/substrate ratio of 1 : 75,000).

The resulting FGF�2 was separated by affinity chro�

matography on heparin�Sepharose. The protein was

applied onto an affinity column in 50 mM Tris�HCl

buffer (pH 7.8) containing 50 mM NaCl. The column

was washed with 50 mM phosphate buffer containing

300 mM NaCl; FGF�2 was eluted with the same buffer

but with 1.5 M NaCl. The FGF�2 protein preparation

was dialyzed against medium containing 50 mM phos�

phate buffer (pH 7.5) and 150 mM NaCl, sterilized by

ultrafiltration, and stored at 4°C. The N�terminal

sequence of FGF�2 was determined after SDS�PAGE

and trans�blotting onto a PVDF membrane.

Protein concentration during purification was deter�

mined by the Bradford method [18]. Concentration of

FGF�2 was determined spectrophotometrically at 280 nm

using molar absorbance coefficient 14,650 M–1⋅cm–1 esti�

mated from the amino acid sequence on the ExPASy serv�

er (www.expasy.org) using the ProtParam program.
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SDS�PAGE. Electrophoresis of protein preparations

was carried out in 15% SDS�polyacrylamide gel by the

method of Laemmli [19]. Proteins were stained using

0.1% solution of Coomassie R�250 in water–methanol–

acetic acid (50 : 40 : 10).

Evaluation of biological activity of FGF�2. Biological

activity of FGF�2 was tested using a fibroblast NIH3T3

cell line using the MTT (3�[4,5�dimethylthiazol�2�yl]�

2,5�diphenyl tetrazolium bromide) test [20]. Initially

mouse NIH3T3 fibroblasts were grown in DMEM medi�

um supplemented with 10% embryonic calf serum (ECS)

and containing 2 mM glutamine and antibiotics. Cells

were seeded onto a 96�well plate (2000 cells per well) in

DMEM with 10% ECS. On the next day, cells were

washed and cultivated in medium containing 0.5% serum

for 18 h, and then FGF�2 was added. After cultivation for

48 h, cells were washed and their number was determined

using a CellTiter 96 Aqueous MTS Cell Proliferation

Assay (Promega, USA) at 490 nm following the supplier’s

recommendations.

RESULTS AND DISCUSSION

Expression and purification of FGF�2. For expression

of thioredoxin–basic fibroblast growth factor fusion pro�

tein (Trx/FGF�2), the E. coli BL�21(DE3) strain was

transformed by the expressing vector pET�32a/FGF�2. A

high level of Trx/FGF�2 expression (about 1 g of liter of

cell culture) was achieved after cell induction with

0.02 mM IPTG and subsequent cell growth in TB medi�

um for 24 h at 25°C. Analysis of fractions of soluble and

insoluble proteins showed that 50�55% of Trx/FGF�2

existed in soluble form. Trx/FGF�2 was purified from the

soluble fraction of cytoplasmic proteins on Ni�NTA

agarose. After purification, the fusion was cleaved with

the catalytic subunit of recombinant human enteropepti�

dase. Nonspecific cleavage of Trx/FGF�2 by enteropepti�

dase was not detected. The molecular mass of the

Trx/FGF�2 fusion protein was 34.31 kDa. Cleavage of the

fused protein with enteropeptidase yielded FGF�2

(17.25 kDa) and tagged thioredoxin (17.07 kDa). Since

the two proteins had almost identical molecular masses,

cleavage of the fused protein resulted in appearance of

only one band of about 17 kDa on the polyacrylamide gel

(Fig. 1, lane 5). Long�term incubation for 24 h of the

fusion protein with enteropeptidase resulted in formation

of a protein with molecular mass of 15 kDa (Fig. 1); the

latter may be attributed to known nonspecific cleavage of

thioredoxin at its C�terminus.

Natural FGF�2 exhibits high affinity towards

heparin, and so after the cleavage of the fusion protein

Trx/FGF�2 by enteropeptidase final purification of

FGF�2 was carried out using a heparin�Sepharose affini�

ty column. Figure 1 shows that purity of resulting prepa�

ration of FGF�2 was 95�98%. Yield of purified FGF�2

without N� or C�terminal tags was 100 mg per liter of cell

culture.

After transfer of purified FGF�2 onto a PVDF mem�

brane, its N�terminal sequence (MAAGSI) was deter�

mined; it corresponds to residues 1�6 of human FGF�2.

Mass spectrometry analysis showed only one peak of

molecular mass of 17,258 Da (data not shown); this cor�

responds well to the calculated mass of FGF�2 of

17,253 Da.

Earlier it was demonstrated that substitution of two

cysteine residues (C78 and C96) for serines increases sol�

ubility of FGF�2 and its biological activity [15]. We intro�

duced these substitutions into the amino acid sequence of

FGF�2 by means of site�specific mutagenesis and

obtained the mutant variant FGF�2/C78S/C96S using

the method developed for the wild�type protein. The yield

of FGF�2/C78S/C96S of 105 mg per liter of cell culture

was not increased compared with the wild type. SDS�

PAGE in the absence and in the presence of β�mercap�

toethanol showed that the FGF�2 preparation contains

about 5�7% of dimeric molecules, whereas the mutant

variant FGF�2/C78S/C96S consists of monomers only

(Fig. 2). It is known that in the absence of reducing agents

FGF�2 forms oligomers, particularly dimers. Analysis of

crystal structure of FGF�2 has shown that dimerization

involves cysteine residues C78 and C96, whereas C25 and

C92 are inaccessible [21].

It was earlier demonstrated that substitutions of cys�

teines 78 and 96 for serine improved solubility of recombi�

nant FGF�2 during direct protein expression in E. coli and

significantly increased yield of this protein [15]. This may

be attributed to the fact that in the case of direct expression

of FGF�2 in E. coli it forms inclusion bodies, whereas the

mutant variant FGF�2/C78S/C96S is mainly expressed in

Fig. 1. Expression and purification of human recombinant FGF�

2 (SDS�PAGE data). The amount of protein was 10 µg per lane.

Lanes: 1) molecular mass markers; 2) preparation obtained using

an overnight culture; 3) fraction of cytoplasmic proteins; 4)

fusion protein Trx/FGF�2 preparation after purification on Ni�

NTA agarose; 5) preparation of the fusion protein Trx/FGF�2

after cleavage with enteropeptidase; 6, 7) preparation of FGF�2

purified on heparin�Sepharose; 8) fraction of proteins not bound

on heparin�Sepharose.
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the soluble form. In the case of expression of the fusion

proteins (Trx/FGF�2) we did not find any significant

quantitative difference in the ratio of soluble and insoluble

form of the expressed protein between wild type and the

mutant variant Trx/FGF�2/C78S/C96S. This suggests

that the carrying protein, thioredoxin, improves solubility

of target protein and promotes its folding in cytoplasm.

Biological activity of recombinant FGF�2 and its
mutant variant FGF�2/C78S/C96S. Mitogenic activity of

the recombinant proteins FGF�2 and FGF�

2/C78S/C96S was investigated using the NIH3T3 fibro�

blast cell line and the MTT test. The two preparations

exhibited basically the same (high) activity (Fig. 3). At

3.2 ng/ml concentration, both FGF�2 and FGF�

2/C78S/C96S caused a twofold stimulation of growth of

NIH3T3 cells, and ED50 (50% effective dose) was

0.3 ng/ml. These results are consistent with mitogenic

activity of both native FGF�2 (ED50 of 0.2 ng/ml) and

various recombinant preparations (ED50 from 0.3 to

1.2 ng/ml) reported for NIH3T3 cells [15, 22].

Previously it was demonstrated that after substitution

of cysteines 78 and 96 for serine, bovine FGF�2 com�

pletely retained its mitogenic activity. In addition, its sta�

bility in acidic medium increased [23, 24]. Recently a

tenfold increase in activity of the human recombinant

mutant FGF�2/C78S/C96S compared with wild�type

protein was reported [15]. This effect may be associated

with the fact that these authors found initial low activity

of wild�type FGF�2 (ED50 = 7 ng/ml).

Preparations of FGF�2 obtained in this study exhib�

ited high stability and they retained their total activity

after storage at 4°C for at least one year. The mutant vari�

ant FGF�2/C78S/C96S was as stable as the wild�type

protein (data not shown).

Thus, using our methods for expression and purifica�

tion of recombinant FGF�2 protein yields highly puri�

fied, highly active, and stable preparation. High yield

(about 100 mg per liter of cell culture) and low cost of this

preparation opens possibilities for its preclinical and clin�

ical trials.

This work was financially supported by the

Mitoengineering Center of Lomonosov Moscow State

University.

REFERENCES

1. Nobuyuki, I., and Ornitz, D. M. (2004) TRENDS Genet.,

20, 563�569.

2. Bikfalvi, A., Klein, S., Pintucci, G., and Rifkin, D. B.

(1997) Endocr. Rev., 18, 26�45.

3. Presta, M., Era, P., Mitola, S., Moroni, E., Ronca, R., and

Rusnati, M. (2005) Cytokine Growth Factor Rev., 16, 159�

178.

4. Spence, J. R., Aycinena, J., and Rio�Tsonis, K. (2007)

Devel. Dynam., 236, 1161�1174.

5. Cancedda, R., Bianchi, G., Derubeis, A., and Quarto, R.

(2003) Stem Cells, 21, 610�619.

6. Zhu, X., Komiya, H., Chirino, A., Faham, S., Fox, G. M.,

Arakawa, T., Hsu, B. T., and Rees, D. C. (1991) Science,

251, 90�93.

7. Ericksson, A. E., Cousens, L. S., Weaver, L. H., and

Matthews, B. W. (1991) Proc. Natl. Acad. Sci. USA, 88,

3441�3445.

8. Nuggent, M. A., and Iozzo, R. V. (2000) Int. J. Biochem.

Cell Biol., 32, 115�120.

9. Dailey, L., Ambrosetti, D., Mansukhani, A., and Basilico,

C. (2005) Cytokine Growth Factor Rev., 16, 233�247.

10. Abraham, A. A., Whang, J. L., Tumolo, A., Mergia, A.,

Friedman, J., Gospodarowicz, D., and Fiddes, J. C. (1986)

EMBO J., 5, 2523�2528.

11. Gospodarowicz, D., Neufeld, G., and Schweigerer, L.

(1986) Cell Diff., 19, 1�17.

Fig. 2. Presence of dimeric molecules in FGF�2 and FGF�

2/C78S/C96S preparations. Each sample containing 15 µg pro�

tein was heated at 95°C for 5 min in the presence and in the

absence of β�mercaptoethanol and then subjected to elec�

trophoresis in 12% SDS�polyacrylamide gel. Lanes: 1) molecular

mass markers; 2, 3) FGF�2 with and without β�mercaptoethanol,

respectively; 4, 5) FGF�2/C78S/C96S with and without β�mer�

captoethanol, respectively.

1            2           3          4          5  

66.2 –

45.0 –

31.0 –

21.5 –

kDa

14.4 –

←
FGF�2,
dimer

←
FGF�2,
monomer

Fig. 3. Comparison of mitogenic activity of FGF�2 and FGF�

2/C78S/C96S with respect to NIH3T3 fibroblasts. The number of

cells in each well was determined after incubation with various

concentrations of FGF�2 for 48 h.

0.65

0.60

0.55

0.50

0.4

0.70

0.8 1.6 3.2 6.4 12.8

rhFGF�2, ng/ml

O
D

 4
9

2
 n

m

0.45

0.40

0.35

0.30

Wild type

Mutant

0.0 0.1 0.2



OVEREXPRESSION AND PURIFICATION OF HUMAN FGF�2 225

BIOCHEMISTRY  (Moscow)   Vol.  74   No.  2   2009

12. Iwane, M., Kurokawa, T., Sasada, R., Seno, M.,

Nakagawa, S., and Igarashi, K. (1987) Biochem. Biophys.

Res. Commun., 146, 470�477.

13. Kroiher, M., Raffioni, S., and Steele, R. E. (1995) Biochim.

Biophys. Acta, 1250, 29�34.

14. Garke, G., Deckwer, W. D., and Anspach, F. (2000) J.

Chromatogr. B Biomed. Sci. Appl., 737, 25�38.

15. Wang, J., Honga, A., Renb, J., Suna, F., Shi, Y., Liu K.,

Xie, Q., Dai, Y., Li, Z., and Chenc, Y. (2006) J. Biotechnol.,

121, 442�447.

16. Sheng, Z., Chang, S., and Chirico, W. J. (2003) Protein

Exp. Purif., 27, 267�271.

17. Gasparian, M. E., Ostapchenko, V. G., Schulga, A. A.,

Dolgikh, D. A., and Kirpichnikov, M. P. (2003) Protein

Expr. Purif., 31, 133�139.

18. Bradford, M. M. (1976) Anal. Biochem., 72, 248�254.

19. Laemmli, U. K. (1970) Nature, 277, 680�685.

20. Cory, A. H., Owen, T. C., Baltrop, J. A., and Cory, J. G.

(1991) Cancer Commun., 3, 207�212.

21. Zhang, J., Cousens, L., Barr, P., and Sprang, S. (1991)

Proc. Natl. Acad. Sci. USA, 88, 3446�3450.

22. Squires, C. H., Childs, J., Eisenberg, S., Peter, J.,

Polverini, S., and Sommer, A. (1988) J. Biol. Chem., 263,

16297�16302.

23. Fox, G. M., Schiffer, S. G., Rohde, M. F., Tsai, L. B.,

Banks, A. R., and Arakawa, T. (1988) J. Biol. Chem., 263,

18452�18458.

24. Seno, M., Sasada, R., Ivane, M., Katsuichi, S., Kurokawa,

T., Ito, K., and Igarashi, K. (1988) Biochem. Biophys. Res.

Commun., 151, 701�708.


