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The heat-labile enterotoxin chain B (LTB) signal sequence was used for the processing and export of human growth hormone (hGH). The protein 
was completely processed and exported across the cell membrane to accumulate in the periplasmic space in Eschrrichia co/i. The human growth 
hormone cDNA was cloned as a PCR amplified fragment under the control of tat promoter and translationally fused to the LTB signal sequence. 
The rate of processing of hGH under the control of the LTB signal sequence was equal to or more than the rate of induction of expression, indicating 

effictent processmg. The receptor bindmg activity of the processed periplasmtc protein was established in a radio receptor assay. 

Signal sequence: Processmg; Human growth hormone; Export 

1. INTRODUCTION 

Variation of parameters involved in expression of 
recombinant proteins is a phenomenon commonly ob- 
served in designing strategies for genetically engineered 
proteins. Different permutations and combinations of 
vectors, promoters, signal sequences and regulatory sig- 
nals have been tried for improving the quality and quan- 
tity of recombinant proteins. The human growth 
hormone being a protein of immense biomedical impor- 
tance, a number of strategies have been employed for 
its expression. hGH being a non-glycosylated protein, 
prokaryotic expression systems have been preferred to 
mammalian or yeast expression systems. It has been 
well documented that recombinant proteins expressed 
in E. coli can remain soluble in the cytoplasm [l], be- 
come sequestered into inclusion bodies [2] or be ex- 
creted across the cytoplasmic membrane to accumulate 
in the periplasmic space [3,4]. Expression of hGH in E. 
coli under the control of trp promoter formed inclusion 
bodies that led to difficulties in purification and folding 
of the recombinant protein [5]. True secretion in E. coli 
is rare. A variety of signal peptides from E. coli have 
been tried to achieve export of soluble hGH to the 
periplasm [6-81. The strategy to use the signal peptide 
to make the protein enter the secretary pathway has 
been successful; however, it also has encountered some 
problems. Most commonly, the processing of the pre- 
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Abbreviatrons. hGH, human growth hormone; LTB. heat-labile en- 
terotoxin chain B; IPTG. isopropyl$-o-thio-galactopyranoside, 
pGGhGH-E, plasmid harbormg hGH gene under the tat promoter 
and LTB signal sequence. 

cursor polypeptide is not always efficient and leads to 
losses of protein in the form of cytoplasmic retention of 
unprocessed protein. This has been observed with 
ompA signal peptide for hGH, human interleukin-lp 
(human IL-l/?) and alkaline phosphatase signal se- 
quence for IL-l/? in E. coli [3,9]. Alternate hosts like 
Pseudomanas, Bacillus subtilis have also been tried and 
even these systems do have similar problems associated 
with it. Native signal sequences employed for export 
were not able to direct the protein in the export path- 
way. This was observed when native human tissue plas- 
minogen activator and ovine pre-growth hormone were 
expressed in E. coli and pre-hGH was expressed in Pseu- 
domanas [lo-121. The neutral protease gene signal gave 
partial processing of hGH in Bacillus [13,14]. The quest 
for the ideal combination of the host, the promoter and 
the signal sequence, thus, continues. 

In the present study, we report the efficient processing 
of human growth hormone by the heat-labile entero- 
toxin chain B signal sequence. Upon export across the 
cell membrane the mature protein accumulates in the 
periplasmic space in E. coli. 

2. MATERIALS AND METHODS 

2.1. Enzymes and chemicals 
DNA restriction and modtfication enzymes were purchased from 

New England BioLabs. USA. Isopropyl-B-o-thio-galactopyranoside 
(IPTG) and ampictllin were from Boehrmger Mannheim, Germany 
and Sigma Chemicals, USA respecttvely. Bacto-tryptone, Bacto-yeast 
extract and Bacto-agar were from Difco Laboratories, Detroit. USA. 

2.2. Bacterial strains, plasmids arzd media 
E. coli HBlOl cells were used as hosts for all transformations 

Plasmtd analysts and transformatton were carried out as described 
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[15]. Plasmid pMMB68 was a gift from Dr. Jan Holmgren. Commer- 
cially available plasmid pUCl8 was used for cloning. 

2.3. Constructton ofplasmrd pGGhGH-E 
Convement cloning sites were created by PCR amplification using 

primers harboring Sac1 and Hind111 sites at the 5’ and the 3’ ends 
respectively. The N-terminal methionine present m the template plas- 

mid ptrpcGH [5] was deleted. The amplification product (560 bp) was 
digested with Sac1 and HrndIII enzymes and cloned in pUC18 to yield 
plasmtd pUCcGH(+l) which served as the source of the insert for 
further constructton. A + 1 frameshift was introduced while re-creating 
the Sac1 cloning site, which was corrected in plasmid pGGhGH-E 
using synthetic oligonucleotides. The cGH fragment excised from 
plasmtd pUCcGH(+l) wtth Sac1 and HrndIII enzymes was further 
digested with Hi&I and the Hmfl-Hind111 fragment was used in a 
triplet cloning strategy alongwith synthetic oligonucleotides to con- 
struct plasmid pGGhGH-E. The detailed cloning strategy is as given 
in Fig. 1, The first amino acid of LTB was retained at the junction of 
the signal sequence and mature protein. The +I site is thus occupied 

by an Ala residue. 

2.4. Induction of hGH expressron and preparation of periplasmic frac- 
tions 

E. colr cells harboring the plasmid pGGhGH-E were grown for 
lo-12 h in Lurta Bertem medium (LB) with 50 &ml of ampicillin. 
Freshly subcultured 0.5 A,dml unit cells were induced with 1 mM 
IPTG for different time periods (048 h). Periplasmic fractions were 
prepared by the osmotic shock treatment [16]. 

2.5. Immunoblot analysu of hGH e.rpresslon 
The periplasmtc and the cytoplasmic fractions or the total cell ex- 

tracts were electrophoresed on 15% SDS-PAGE and the separated 
proteins were electrotransferred onto a nitrocellulose membrane at 30 
mA for 10 h. Non-specific sites were saturated using 1% non fat mtlk 
powder in 50 mM PBS (pH 7.2) for 1 h. The membrane was then 
incubated with goat anti-hGH polyclonal antiserum followed by an 
incubation with anti-goat IgG HRPO comugate. The membrane was 
washed thoroughly with PBS containing 0.05% Tween-20 between 
successive incubations. Immunoreactive protein bands were devel- 
oped using 4-chloro-1-naphthol as substrate. 

2.6. Receptor binding actwity of recombmant hGH 
Crude plasma membrane fraction was prepared using homogenized 

rat liver tissue by a modified protocol as described [17]. [‘Y]hGH was 
prepared as described by Fraker and Speek [18]. The receptor binding 
acitvity of hGH was assayed m a radto receptor assay (RRA) using 
periplasmic fractions of the cells using appropriate modtfications of 
the RRA protocol described earher [17] 

3. RESULTS AND DISCUSSION 

3.1. Analysis of the expression of hGH by pGGhGH-E 
The plasmid pGGhGH-E, obtained as described in 

Fig. 1, contains the tat promoter along with the heat- 
labile enterotoxin chain B signal sequences functionally 
linked to the cDNA of the human growth hormone. E, 
coli cells harboring plasmid pGGhGH-E were induced 
for expression with IPTG (Fig. 2). A band comigrating 
with the standard hGH preparation was observed in the 
periplasmic fraction of the induced cells that could be 
immunoblotted with anti-hGH goat polyclonal sera 
(lane 5). A stringent control on inducibility was ob- 
served as no leakage of expression is observed in the 
periplasm of uninduced cells (lanes 4 and 6). The total 
cell extract of the induced cells also showed a single 
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band corresponding to that of mature hGH and no 
band of the unprocessed molecule was detected (lane 7). 
As the polyclonal antiserum raised against hGH can 
detect the unprocessed molecule (unpublished data). 
Unlike the concept of secretory load perceived by sev- 
eral other researchers, our results clearly indicate that 
the processing of the polypeptide resulting in the cleav- 
age of the signal peptide followed by the export of the 
mature protein in the periplasmic space is a very effi- 
cient process. 

In E. coli, the outer membrane protein A (ompA) 
signal peptide used for hGH showed unprocessed pro- 
tein [3]. The human IL-l/3, when expressed as a fusion 
with the alkaline phosphatase (phoA) signal sequence 

sac1 
5’ PRIMER AGGGTAATC~CTKCCTACTATKCA 

Hmdlll 
3’ PRIMER GGCATCGGT- AGAAGCCACACGA 

A 

5’ TTC CCAACTATT CCACT G 3’ 

3’TCGAAAGGGTTGATAAGGTGACTCA 5’ 

B 

5,, 18mer 3, 
5’AGT- 3’ 

I’TCGA, 
25 mer 

ITCP, 5’ 3’-TCGA 5’ 

Fig. 1. Cloning strategy for construction of plasmid pGGhGH-E. (A) 
The synthetic oligonucleotide primers harboring the appropriate sites 
at the 5’ and 3’ ends used for the PCR amplification of the synthetic 
cDNA of hGH (B) Sequence of ohgonucleotides used for triplet 
cloning (C) Construction strategy for plasmid pGGhGH-E. The 560 
bp hGH fragment having SncI at the 5’ end and Hind111 at the 3’ end 
generated by the PCR amphficatton of plasmid ptrpcGH was used as 
a source of insert. All fragments were purified by electroelution as 
described [15]. Hatched box indicates tat promoter and dotted lines 

indicate LTB signal sequence. 
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[20]. A certain proportion of the molecules is cleaved to 
a two-chain form by an enzyme which may be located 
in the cell membrane. The behavior of the two-chain 
form in reducing SDS-PAGE gives a 22 kDa and an 
additional 14 kDa protein. The two-chain form can 
displace [‘*‘I]hGH from a rabbit liver receptor prepara- 
tion as well as intact rhGH [20]. The extracellular hGH 
expressed in Bacillus subtilis was also expressed as a 
two-chain form [21,13]. 

Fig. 2. Western immunoblot analysis of E. coli pGGhGH-E. Periplas- 
mic fractions, cytoplasmic fractions and total cell extracts of E. coli 
pGGhGH-E cells grown in the presence or absence of IPTG were 
electrophoresed followed by an elecrotransfer onto a nitrocellulose 
membrane at 30 mA for 10 h. The membrane was processed for the 
detection of hGH using a goat anti-hGH polyclonal anttserum and 
anti-goat HRPO conjugate as described in text. Lanes 3-5 represent 
periplasmic fractions of E. coli HBlOl cells, E. coli pGGhGH-E cells 
uninduced and induced respectively. Lanes 6 and 7 correspond to the 
total cell extracts of uninduced and induced E. coli pGGhGH-E cells. 
Lanes 8 and 9 correspond to cytoplasmic fractrons of uninduced and 
induced E. coli pGGhGH-E cells. Standard hGH (500 ng) was used 
as control (lane 2). Lane 1 represents molecular weight markers. The 

arrows indicate the 22 kDa and 14 kDa hGH bands 

and ompA signal sequence, gave only 20% and 50% of 
processed protein respectively [9]. The use of neutral 
protease gene signal sequence also showed partial proc- 
essing of hGH in Bacillus [14]. When the neutral pro- 
tease gene prepropeptide was used for the secretion of 
hGH in Bacillus, the unprocessed protein along with the 
48 amino acid prepropeptide was excreted in the early 
hours of secretion phase due to inefficient processing 
and aberrant secretion [13]. In our system, however, the 
rate of the processing is equivalent or more than the rate 
of induction of expression, since, only the mature form 
of growth hormone can be detected in the cell at any 
given time. The cytoplasm of the cells is devoid of any 
hGH suggesting that the protein detected in the total 
cell extract originated from the periplasm alone. These 
observations are, however, consistent with the earlier 
observations; experiments carried out to study bacterial 
export necessitated the construction of special strains 
where the leader peptidase was made limiting in order 
to elucidate the temporal order of events [19]. Under the 
normal circumstances the sheer efficiency of the export 
apparatus made such determinations technically impos- 
sible. In addition to the 22 kDa band corresponding to 
the native and intact hGH, another immunoreactive 
band migrating at 14 kDa can also be observed in the 
periplasmic fractions as well as the total cell extracts of 
cells induced with IPTG (Fig. 2, lanes 5,7). It has been 
well documented that, when hGH is expressed as a 
periplasmic protein a finite fraction of the product is 
produced as a cleaved product. E. coli cells transformed 
with plasmids engineered to express hGH in the peri- 
plasm, produce a proteolytically cleaved form of hGH 

3.3. Effect of inducer concentration and time kinetics of 
h GH expression 

The effect of inducer concentration on hGH expres- 
sion was studied using different concentrations of IPTG 
at a constant induction time. The results of this experi- 
ment are shown in Fig. 3. It was observed that, even the 
lowest concentration of IPTG used, i.e. 0.01 mM, could 
induce the expression of hGH. Increasing concentra- 
tions of the inducer until 0.5 mM led to an increase in 
the expression levels; however, any further increase in 
the IPTG concentration did not lead to any detectable 
increase in the expression levels. In order to analyze the 
time course of induction at a given inducer concentra- 
tion, kinetic studies were performed. The post-induction 
growth curve of E. coli harboring the plasmid 
pGGhGH-E showed that the cells were in active log 
phase of growth 12 h post-induction, after which they 
entered the stationary phase that lasted until 24 h and 
was followed by the death phase of the growth curve 
(data not shown). The results of the time kinetics of 
hGH expression are given in Fig. 4. The number of cells 
used for extracting the periplasmic fraction was main- 
tained constant. Immunoblot analysis of the periplas- 
mic fractions showed that the induction levels seem to 
increase until 12 h post-induction beyond which they 
plateaued. Processed hGH was detected in samples 
withdrawn immediately on addition of the inducer (Fig. 
4, lane ot). As the cells do not have any detectable hGH 

Fig. 3. Effect of inducer concentration on the expression of hGH : 0.5 
A600/ml unit E. coli pGGhGH-E cells were induced for 6 h with 0.01, 
0.025,0.05.0.1,0.25,0.5, 1.0 and 1.5 mM IPTG. Periplasmrc fractions 
of these samples were immunoblotted by using a goat anti-hGH poly- 
clonal antiserum. Standard hGH (500 ng) is used as control. MW 
corresponds to molecular weight markers. The arrow corresponds to 

mature hGH. 
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Fig. 4. Time kinetics of induction of E coli pGGhGH-E. E coli 

pGGhGH-E cells were induced with 1 mM IPTG. At drfferent post- 
induction intervals, samples were taken and pertplasmtc fractions were 
prepared from 5.0 x 10” cells each. Equal volumes of periplasmtc frac- 
tions were electrophoresed on a 15% SDS-PAGE The electrophore- 
sed samples were then analyzed by rmmunoblottmg. The arrows mdi- 
cate the mature hGH. hGH IS standard preparation (500 ng). MW 

Indicates molecular wetght markers 

prior to induction (lane UNIND.), the appearance of 
the protein immediately on induction can be attributed 
to the sample processing time amounting to a few min- 
utes. Thus, it can be inferred that the onset of induction 
is very efficient. Fig. 5 shows the analysis of the total 
cell extracts as a time course of hGH expression. The 
amount of total hGH detected in the culture follows a 
similar pattern like that of growth curve as both are a 
function of cell number. No residual unprocessed pro- 
tein is detected in the cells indicating that the increasing 
protein load does not lead to inefficient processing and 
export in this case even after cells enter the late phases 
of growth. 

It has been reported that the expression of some in- 
ducible recombinant proteins is improved on lowering 

_- * _ -i.c’ c 

Fig. 5. Time course of induction of E co/i pGGhGH-E. E. co/i 
pGGhGH-E cells were induced with 1 mM IPTG. At different time 
points equal culture volume was withdrawn and the cell pellet was 
resuspended m reducmg SDS-PAGE sample buffer. After boiling and 
centrtfugation, equal volume of supernatant was analyzed on a 15% 
SDS-PAGE and immunoblotted as described.. hGH is standard prep- 

aration (500 ng). MW mdrcates molecular wetght markers. 
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Frg. 6. Specifictty of the radroreceptor assay. The plasma membrane 
preparatron havmg the receptor prepared as described m the text was 
assayed for specrficny of hGH bmding. LTB was used as a nonspecific 
competitor. Periplasmrc fracttons of E co/r HBlOl cells and E CO/I 
pGGhGH-E cells wrth and without IPTG mductron were assayed. 

the induction temperature to 28°C. However, in our 
system, no significant difference in the expression levels 
was observed at 28°C (data not shown). 

3.4, Analysis of the receptor binding uctivitl! of reconlbi- 
nant hGH 

To establish the receptor binding activity of the pro- 
tein exported with the LTB signal sequence, a radio 
receptor assay (RRA) was standardized using a rat liver 
membrane preparation. Results are shown in Fig. 6. 
The receptor assay was shown to be specific for hGH. 
However, in the RRA. the periplasmic fractions of the 
uninduced cells brought about 14% inhibition of the 
receptor binding as compared to the 85% inhibition 
observed with induced cells. This indicates small 
amount of hGH present in the cells prior to induction. 
The detection of leakage of expression only by RRA, an 
assay more sensitive than the immunoblot. indicates 
that the levels of leakage are probably minimal. 

In this report, we clearly demonstrate that the use of 
heat-labile enterotoxin chain B signal sequence brings 
about complete and efficient processing and export of 
human growth hormone in E. coli. The protein accumu- 
lates in the periplasm on cleavage of the signal peptide 
as a soluble protein and the recombinant protein is 
capable of binding to the receptor. 

Ackno~tGdgenwnts Thus work was supported by a grant from the 
Department of Biotechnology. Govt. of Indta. We thank Dr. Rahul 
Pal for critical comments on the manuscript and for the help in recep- 
tor assays. hGH used in the study was supplied by the Nattonal 
Institute of Diabetes and Drgestrve and Kidney Drsorders (NIDDK) 
under the Nattonal Hormone and Pttuitary Program (Universtty of 

64 



Volume 330, number 1 FEBS LETTERS September 1993 

Maryland School of Medicine). Technical assistance of Mr. Rambodh 
and Mr. Ranbu is acknowledged. 

REFERENCES 

PI 

PI 

131 

[41 

151 

Oshizawa. T., Terao. T., Kimura, H., Fudeda, H., Tanimoto, T.. 
Niim. S., Kawamura, J., Hayakawa, T., Otsuka, E. and Ikehara, 
M. (1985) Chem. Pharm. Bull. 33, 3561-3564. 
Schoner, R.G., Ellis, L.F. and Schoner, B.E. (1985) Bio/Technol- 
ogy 3, 151-154. 
Hsumg, H.M., Cantrell, A., Luirink, J., Oudges, B., Veros, A.J. 
and Becker, G.W. (1989) Bio/Technology 7, 267-271. 
Takahara, M., Hibler, D.W., Barr, P.J., Gerlt, J.A. and Inouye, 
M. (1985) J. Biol. Chem. 260, 2670-2674. 
Ikehara, M., Ohtsuka, E., Tokunaga, T., Taniyama, Y., Iwai, S., 
Kitano, K., Miyamoto, S., Ohgi, T., Sakuragawa, Y., Fqiyama, 
K., Ikari, T., Kobayashi, M., Miyake, T., Shibahara, S., Ono, A., 
Ueda, T., Tanaka, T., Vaba, H., Miki, T., Sakurai, A., Oishi, T., 
Chisaka, 0. and Matsubara, K. (1984) Proc. Natl. Acad. Sci. 
USA 81, 59565960. 

[6] Becker, G.W. and Hsuing, H.M. (1986) FEBS Lett. 204, 145-204. 
[7] Chang, C.N., Rey, M., Bochner, B., Heyneker, H. and Gray, G. 

(1987) Gene 55, 189-196. 
[8] Gray, G.L., Baldridge, J.S., Mckeown, K.S., Heyneker, H.L. and 

Chang, C.N. (1985) Gene 39, 247-254. 
[9] Curry, K.A., Yem. A.W., Deibel Jr., M.R., Hatzenbuhler, N.T., 

Hoogerheide, J.G. and Tomich, C.S. (1990) DNA Cell Biol. 9. 
167-175. 

[lo] Sarmientos, P., Duchesne, M., Denefle, P., Boiziau, J., Fromage, 
N., Delporte, N., Parker, F., Lelievre, Y., Mayaux. J.F. and 
Cartwright, T. (1989) Bio/Technology 7, 495-501. 

[I 11 Wallis, O.C. and Walhs, M. (1989) FEBS Lett. 250. 371-376. 
[12] Gray, G.L.. McKeown, K.A., Jones, A.J S., Seeburg, P.H. and 

Heyneker, H.L. (1984) BiolTechnology 2, 161-165. 
1131 Nakayama, A., Kawamura, K., Shimada, H., Akaoka, A.. Mita, 

I., Homo, M. and Furutani, Y. (1987) J. Biotechnol. 5, 171-179. 
[14] Nakayama, A.. Ando. K., Kawamura, K., Mita, I., Fukazawa, 

K., Hori. M., Honjo, M. and Furutani, Y. (1988) J. Biotechnol. 
8, 123-124. 

[15] Sambrook, J., Frnsch, E.F. and Maniatis, T. (1989) Molecular 
Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, NY. 

[16] Neu, H. and Heppel, L. (1965) J. Biol Chem. 240. 3685-3692. 
[17] Yeko, T.R., Khan-Dawood, F.S. and Dawood, M.Y. (1989) J 

Clin. Endocrinol. Metab 68, 529-534. 
[18] Fraker, P.J. and Speek, J.C. (1978) Biochem. Biophys. Res. Com- 

mun. 80. 8499857. 
[I91 Dalbey, R.E. and Wickner, W. (1985) J. Biol. Chem. 260, 159255 

15931. 
[20] Davis. E.C , Balsonade, I.P., Moore, J.A.. Rudman, C.G., Ben- 

net, W.A. and Hancock, W.S. (1990) Int. J. Pept. Pro. Res. 35, 
17-24. 

[21] Honjo, M., Nakayama, A., 110, A., Mita, I., Kawamura, K., 
Sawakura, A. and Furutani. Y. (1987) J. Biotechnol. 6, 191-204. 

65 


