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A ¢DNA, encoding the human growth hormone (hGH),
was synthesized based on the known 191 amino acid
sequence. Its codon usage was optimized for a high level
expression in Escherichia coli. Unique restriction sites were
incorporated throughout the gene to facilitate mutagenesis
in further studies. To minimize an initiation translation
problem, a 624-bp cassette that contained a ribosome
binding site and a start codon were fused to the hGH-
coding sequence that was flanked between the EcoRI and
HindIII sites. The whole fragment was synthesized by an
overlapped extension of eight long synthetic
oligonucleotides. The four-short duplexes of DNA, which
were first formed by annealing and filling-in with a
Klenow fragment, were assembled to form a complete
hGH gene. The hGH was cloned and expressed
successfully using a pET17b plasmid that contained the T7
promoter. Recombinant hGH yielded as much as 20% of
the total cellular proteins. However, the majority of the
protein was in the form of insoluble inclusion bodies. N-
terminal amino acid sequencing also showed that the hGH
produced in E. coli contained formyl-methionine. This
study provides a useful model for synthesis of the gene of
interest and production of recombinant proteins in E. coli.

Keywords: Codon usage, E. coli, Human growth hormone,
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Introduction

The human growth hormone (hGH) is a pituitary-derived
polypeptide with a wide range of biological functions,
including protein synthesis, cell proliferation, and metabolism
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(Kystyo and Isaksson, 1977). The hormone consists of 191
amino acid residues, which fold into a four-helix bundle
structure with two disuifide bridges (De Vos et al., 1992). Due
to the variety of biological activities, the growth hormone has
therapeutic applications in the treatment of dwarfism, bone
fractures, skin burns, and bleeding ulcers. Since hGH is a non-
glycosylated protein, prokaryotic expression systems, such as
Escherichia coli, are preferred in the production of
recombinant hGH (Goeddel et al., 1979; Chang et al., 1987,
Kato et al., 1987).

Synthetic genes are becoming increasingly popular for the
production of proteins (Engels and Uhlmann, 1989). Desirable
features of a synthetic gene include the use of codons that are
optimal for expression in the desired host (Makoff et al.,1989;
Hernan er al., 1992), the silent removal of DNA sequences
that effect transcription or translation (Romanos et al., 1991),
and the introduction of unique restriction sites (Climie and
Santi, 1990). Several methods exist for the assembly of
synthetic constructs (lkehara ez al., 1984; Engels and
Uhlmann 1989). hGH was the first that was chemically
synthesized by sequentially ligating 78 gene fragments,
totaling 726 bases (Ikehara et al., 1984). Here, the design,
construction, and assembly of the PCR product from a few
oligonucleotides, based on the amino acid sequence of the
human growth hormone, are described. We used a method that
begins with the chemical synthesis of overlapping
oligonucleotides from alternating strands of the gene (Dillon
and Rosen, 1990). A primer extension of these overlapping
oligonucleotides was then performed. The method does not
rely on DNA ligase, but instead employs DNA polymerase to
build increasingly longer DNA fragments during the assembly
process. This was followed by a PCR amplification that
produced a full-length sequence, which was subsequently
trimmed with restriction endonucleases and cloned into
suitable vectors. The synthetic hGH facilitates a more rapid
generation of large numbers of site-directed mutagenesis by
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the simple replacement of small restriction fragments with
synthetic DNA duplexes that carry the desired mutations. This
approach is made possible by the addition of more than 30
unique restriction sites within the hGH coding sequence.
Expression of the synthetic hGH and the optimized procedure
for the culture system in E. coli are also presented.

Materials and Methods

All restriction endonucleases and DNA modifying enzymes were
from Boehringer Mannheim, Promega, or New England Biolabs
and were used according to the manufacturers protocols. All other
chemicals were obtained from BDH or Sigma.

The bacterial strains used in this study were: DHS5o (F-
180dlacZDM15D(lacZYA-argF) U169 endAl recAl hsdR17 (r K-
m K+) deoR thi-1 supE44 1-gyrA96 relAl), purchased from Life
Technology Inc., Gaithersburg, MD., BL21 (DE3) (FhsdSg(ry",
M) ompT gal(Aclts857) indl Sam7 nin5 lacUV5-T7 genel),
BL21(DE3) pLysS (FhsdSy(rs", My") ompT gal(Aclts857) indl
Sam7 nin5 lacUV5-T7 genel pLysS plasmid), and pET17b (bla
gene, T7 promoter and terminator, pBR322 origin) were from
Novagen Madison, WI. pUC18 (containing the bla gene, lacZ gene,
and M13mp19) was obtained from New England Biolabs.

E. coli DH5a was used for construction of all of the plasmids.
The BL21(DE3) and BL21(DE3)pLysS strains were used in the
expression that was driven by the T7 promoter.

All of the DNA manipulations and electrophoresis procedures
were carried out according to Maniatis et al. (1982).

hGH gene design and assembly The sequence of the synthetic
hGH cassette is shown in Fig. 1. The synthetic hGH, used in this
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Fig. 1. The nucleotide sequence and its deduced amino acids of
the synthetics human growth hormone (hGH) gene. Restriction
sites unique to this hGH molecule are boxed. Stop codons are
underlined.

study, was designed based on the published sequence of the
synthetic hGH (Ohtsuka et al.,1983). Our synthetic hGH was
different from that in the database. Qurs consisted of codons
preferred by E. coli, and more than thirty unique restriction sites
were introduced throughout the synthetic fragment. A 5’
untranslated region, containing a purine-rich Shine-Dalgarno (SD)
sequence for ribosome binding upstream from a translation start
codon in order to ensure efficient translation initiation, was also
included in the fragment. Stop codons for three different reading
frames were placed upstream of a hGH start codon to prevent a
possible fusion protein. Unique EcoRI and HindIlI sites were added

Hindlll

in

Anneal, fill in and PCR amplify

ﬂ Anneal, fill in and PCR amplify

ABCDEFGH (full length synthetic hGH)

Fig. 2. Schematic representation of the gene synthesis process. Each overlapping segment (duplex) was annealed, extended, and
amplified by PCR using the specific primer pairs as shown. Finally, the four short duplexes were assembled, extended to give a full-
length hGH gene, and finally amplified by PCR using al and h1 as the flanking primers.
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Table 1. A list of the oligonucleotides used in this study

No Name Nucleotide sequence Length (bp) Tm (°C)

1 Fragment A 5’-ggaattctaagtaggagg?attaatacatatgttcccgaccatcccgctgtcccgtctgttcgacaacg 90 )
ctatgetgegtgctcacegt-3

) Fragment B 3 -gacgcacgagtggcagacgtggtcgaccgaaagctgtggatggtcctcaagcttcttcgtatgtag 90 )
ggctttcttgtctttatgaggaag-5

3 Fragment C 5 -gaaagaacagaaatactccttcct,gcagaacccgcagacctccctgtgcttctccgaatcgatccc 90 i
gaccecgtccaaccgtgagaaac-3

4 Fragment D 3 -aggttggcacttctttgggtcgtc,tttaggttggacctcgaggacgcatagagggacgacgactagg 9 i
tcaggaccgagctcggeaagte-5

5 Fragment E 5 —gctcgagccggttcagttcftgcgttccgttttcgctaactccctggtttacggtgctagcgactccaa 90 i
cgtttacgacctgcgaaaga-3

6 Fragment F 3’-aatgctggacgactttctggac?ttcttccataggtctgggactacccagcagaccttctgccaagg 9 )
ggcgeatggecagtetgaagtt-5

7 Fragment G 5 -gtaccggtcagatcttcaaacagacctactccaaattc,:;acaccaactcccacaacgacgacgct 105 )
ctgctgaaaaactacggttgetgtactgcticegtaaag-3

8 Fragment H 3 -acatgacgaaggcatttctgtacctgtttcactttggz,laggacgcatagcaagtcacggcaaggcaa 104 )
cttccaaggacgccaaagattaagatcttcgaacce-S

9 Primer al 5’-aattctaagtaggaggc-3’ 19 51.63

10 Primer bl 3’-cttgtctttatgaggaag-5’ 20 47.69

11 Primer cl 5’-gaaagaacagaaatactcct-3’° 24 56.47

12 Primer dl 3’-cgagctcggcaagte-5’ 16 59.10

13 Primer el 5’-gctegageeggttca-3° 16 59.10

14 Primer f1 3’-cgcatggccagtctgaagtt-5’ 20 57.01

i5 Primer gl 5’-gtaccggtcagatcttca-3’ 20 55.20

16 Primer hl 3’-aagattaagatcttcgaaccc-5’ 22 54.87

at the 5° and 3’ termini, respectively, of the coding strand. The
nucleotide sequences were submitted to GenBank. The accession
number is AF359458.

To construct the synthetic hGH gene, eight separate overlapping
oligonucleotide ~fragments were designed (Fig. 2). The
oligonucleotides that were used, their melting temperatures, and
lengths are shown in Table 1. All of the oligonucleotides were
ordered from GenSet Singapore Biotech. Pte Ltd. The gene was
initially constructed as four segments (AB, CD, EF, GH) (Fig. 2).
To fill in the overlapping oligonucleotides, DNA polymerization
was carried out using the Klenow fragment of E. coli DNA
polymerase. To anneal the overlapping oligonucleotide pairs, each
of the overlapping oligonucleotides (100 ng/pl each) were mixed in
pairs (i.e., AB; CD; EF; and GH) in the following conditions. A
reaction mixture of 25l that contained 100ng of each
oligonucleotide, 10 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 7.5 mM
dithiothreitol, 1.25 uM each dNTP, was heated to 94°C for 5 min
and then allowed to cool slowly to 37°C in order to anneal and form
duplexes. The extension reaction was initiated by the addition of 7
units of Klenow fragment, then further incubated at 37°C for 30
min. PCR amplification was performed to amplify the segments
using segment specific primer pairs: albl, cldl, elfl, glhl. For
amplification, 30 cycles (94°C, 30 sec; 50°C, 1 min; 72°C, 1 min)
were carried out using 7aqg Polymerase.

All of the gene segments (AB; CD; EF; GH) were heated to 94°C
for 5min and slowly cooled down to 37°C. The single-stranded
gaps between the overlapped oligonucleotides (ABCDEFGH) were
thus produced. The complete coding sequence for hGH was filled
in by Tag Polymerase. The final construct was subjected to PCR

amplification again using al and hl as the flanking primers. The
reaction mixture without polymerase was heated to 94°C for 5 min,
then cooled down to 80°C. Tag polymerase was added, followed by
30 cycles of 94°C (1 min), 50°C (1 min), 72°C (1 min), and further
incubated at 72°C for 10 min. The PCR product of the expected
length (624 bp) was digested with EcoRI and HindIIl. The digested
band was purified by electrophoresis and eluted from a 2% (w/v)
agarose gel using a Qiaquick kit (Qiagen). The EcoRI/HindIII
digested 624-bp hGH gene was then ligated into pUC18 using a
Rapid DNA ligation kit (Boehringer Mannheim). One-tenth of the
volume of the ligation reaction mixture was used for transformation
into the E. coli DHSo strain. Transformed cells were selected by
plating and incubating on a medium that contained 100 pg/ml
ampicillin. Transformants that contained the correctly constructed
DNA fragments were identified by double digestion with EcoRI
and Hindlll. The hGH synthetic insert was verified by double-
stranded plasmid sequencing with the PRISM™ Ready Reaction
Taq DyeDeoxy Termination Cycler Sequencing kit (PE Applied
Biosystems). The transformant carrying the right sequence was
selected and named pUChGH231.

Construction of an E. coli expression plasmid The
pEThGH231 was constructed to obtain a high-level expression of
recombinant hGH under the T7 promoter. The first 30-bp sequences
that contained the ribosome binding site and stop codons for three
different reading frames were omitted. The Ndel /Hindlll fragment
of the synthetic gene was ligated to a pET17b plasmid that resulted
in a pEThGH231 plasmid.
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Gene expression Escherichia coli BL21(DE3) and BL21(DE3)
pLysS cells were transformed with the pEThGH231, then selected
at 37°C on LB-plates that contained 100 pg/ml ampicillin. For
protein expressions, BL21(DE3) and BL21(DE3) pLysS cultures
were grown at 25°C to approximately ODgy,=0.5-0.6 in either the
LB broth (5 g/1 NaCl, 10 g/l bactopeptone and 5g/1 yeast extract) or
the M9 medium (200 m!/l1 M9 salt (64 g/l Na,HPO, - 7H,0, 15 g/l
KH,PO,, 2.5 g/l NaCl and 5 g/l NH,Cl), 2 ml/1 of 1 M MgSO,, 20%
(w/v) glucose and 1 M CaCl,). The lacUV5 promoter was induced
by the addition of IPTG to a final concentration of 1 mM.

Automated DNA sequencing The ABI PRISM™ Sequencing Kit
was used to prepare a sample for a sequencing analysis on the ABI
PRISM 377 DNA Sequencer. Principles of this kit are based on using
fluorescent-labeled terminator cycle sequencing (Smith ez al., 1982).

The PCR reaction was performed in a total volume of 20 pl
using 8 ul of Terminator Premix (A-,T-,C- and G-dye terminator,
dITP, dATP, dCTP, dTTP, Tris-HCI pH 9.0, MgCl,, thermal stable
pyrophosphatase and Amplitaq DNA polymerase), 500 ng of a
plasmid DNA template, 0.5 pM of a universal primer for pUCIS, or
a T; initiator and terminator primer for a T, promoter plasmid. The
reaction mixture was performed in an automated thermal cycler for
25 cycles (Perkin Elmer Cetus Model 2400) with the following
conditions: denaturing temperature at 96°C for 10 s, annealing
temperature at 50°C for 5 s, and extension temperature at 60°C for
4 min. After completion of the PCR reaction, the PCR product was
recovered by the phenol-chloroform extraction method. The dye-
labeled-PCR product was analyzed on the ABI PRISM 377 DNA
Sequencer.

Electrophoresis SDS/PAGE was carried out on 1-mm-thick 12%
acrylamide slab gels according to Laemmli (1970). Standard
molecular marker kits were purchased from BioRad and New
England Biolabs.

Determination of protein concentration The amount of hGH
was estimated from the electrophoresis band, comparing the total
cellular protein from the integration of all bands using a scanning
densitometer.

Fractionation of recombinant hGH protein A method was
developed, based on published procedures, to separate the
periplasmic proteins, soluble- and insoluble-intracellular proteins
from the E. coli cells (French et al., 1996). Cultured E. coli cells
were collected by low speed centrifugation. The cell pellet was
resuspended in a fractionation buffer that contained 500 pg/ml
lysozyme, 200 mM Tris-HCI, pH 8.0, 50 mM EDTA, and 20% (w/
v) sucrose. The cell suspension was incubated for 15 min at room
temperature before an equal volume of cold water was added. The
suspension was incubated for a further 15 min before recovery of
the periplasmic fraction by centrifugation. The cell pellet was then
resuspended in a STET buffer (50 mM Tris-HCI, pH 8.0, 8%
sucrose, 50 mM EDTA, 0.1% Triton X 100). After incubation at
room temperature for 15 min, the cells were then disrupted with a
sonicator and the clear cell lysate was centrifuged at 10,000 rpm for
15 min. The pellet was washed twice with a STET buffer and used
as the insoluble fraction (inclusion bodies). The supernatant was
used as the soluble fraction.

N-terminal peptide sequencing Immobilization of the protein
for N-terminal sequencing was carried out following the method of
Matsudiara (Matsudiara, 1987) with some modifications. The
protein samples were resolved in SDS-PAGE and then transferred
to a Problott™ membrane (PVDF membrane) by using a semi-dry
blot apparatus (BioRad, USA). Electroblotting was carried out in a
buffer that contained 10mM of 3-(cyclohexylamine)-1-
propanesufonic acid, pH 11.0, and 10% (v/v) methanol at a
constant current of 100 V, 140 mA at 4°C for 1 h. The transblotted
membrane was detected by staining with 0.1% (w/v) Coomassie
blue R-250 in 40% (v/v) methanol and 1% (v/v) acetic acid for
1 min. It was subsequently destained in 30% (v/v) methanol for 10
min. The membrane was briefly rinsed with de-ionized water, dried,
and stored at —20°C until it was used. The protein bands of interest
were excised from the membrane and further analyzed by N-
terminal sequencing using an Applied Biosystem model ABI492
automated protein sequencer.

Results and Discussion

Synthesis of hGH and its expression in E. coli. In this
study, a synthetic human growth hormone gene was designed
based on a published sequence. This synthetic gene was
constructed from eight oligonucleotides that ranged between
90-105 nucleotides in length, with complementary overlaps of
15-22 nucleotides. The gene was initially assembled in four
short segments-the AB, CD, EF, and GH segments. The short
duplexes were annealed, filled in, and amplified to produce
the complete gene that encoded hGH using the PCR technique
(Fig. 2). The PCR product was cloned into a pUC18 plasmid,
pUChGH231. The correct nucleotide sequences of the
synthetic hGH insert were verified by DNA sequencing. The
expression vector, pPEThGH231, was constructed by fusing the
Ndel/HindIll fragment of the synthetic hGH from
pUChGH231 to the pET17b vector.

High levels of expression were achieved with pEThGH231,
in which the hGH gene was inserted immediately downstream
of the T7 promoter. Different strains of E. coli. (e.g., BL21
(DE3) and BL21(DE3)pLysS) were transformed with the
pEThGH231 plasmid. Upon induction of the cultures that
contained pEThGH231, a protein that migrates at about 22
kDa on a SDS-PAGE gel was observed (Fig. 3).

Because the expression level, or the amount of protein
product, depends on the duration of the induction time, all
cultures were collected at 3 and 24 h in order to determine the
expression level and protein stability. Intracellular
accumulation of 22-kDa hGH occurred at 3 h after induction
and increased rapidly. The expression level of hGH, estimated
from the densitometric scanning of a Coomassie-blue stained
gel, was about 15-20% of the total cellular proteins in
BL21(DE3) and BL2I(DE3)pLysS cells (Fig. 3). This
indicates that the T7 promoter-expression system was highly
efficient. Recombinant hGH was stably expressed in the
BL21(DE3) and BL21(DE3)pLysS cells at high levels, even
after 24h of induction. However, the transformant
pEThGH231/BL21(DE3) that was grown in non-induced



506 Sittiruk Roytrakul et al.

Fig. 3. SDS PAGE analysis of crude extract from either
uninduced or induced E. coli cell harboring recombinant hGH
(pEThGH231). Lane 1 was from the non-induced BL21(DE3)/
pEThGH231 grown for 24 h. Lanes 2-3 were from BL21(DE3)/
pEThGH231 induced for 3 and 24 h. Lane M was a protein
molecular weight marker. Lane 4 was from non-induced BL21
(DE3)pLysS/pEThGH231 grown for 24 h. Lanes 5-6 were from
BL21(DE3)pLysS/pEThGH231 induced for 3 and 24 h.

conditions (LB medium at 25°C) also produced as much hGH
protein as that in the induced conditions. This suggests that
the T7 promoter was leaky. It was, therefore, important to vary
the induction conditions in order to obtain the optimal amount
of hGH.

Physico-chemical properties of the expressed protein
Following resolution on SDS-PAGE, the hGH protein was
transferred to a PVDF membrane. The isolated protein band
was subjected to Edman degradation in order to determine the
amino-terminal sequence. The sequences of the first 6 amino
acids at the N-terminus of this protein from either BL21(DE3)
or BL21(DE3)pLysS cells were M-F-P-T-I-P. This is one
disadvantage of direct expression of heterologous protein in E.
coli, as it synthesized the protein that is initiated with
formylmethionine (fMet). It is possible that overproduction of
hGH in E. coli yielded a product that was incompletely
deformylated, as was reported in other recombinant protein
that were expressed in the bacterial host (Warren et al., 1996).
Several proteins were poor substrates for peptide deformylase
(PDF), and exhibited incomplete deformylation, particularly
when they were overproduced.

The hGH that was obtained from this study contained
methionine as the N-terminal amino acid. Most of the hGH
protein accumulated as an insoluble form in the E. coli cells. It
is possible that the intracellularly produced methionyl hGH
might affect biological activities because of this additional
residue, since incorrect folding was observed previously in a
similar case of methionyl 22-kDa hGH. It was also reported
that the methiony] residue at the N-terminus of the methionyl
human growth hormone may play a role in antibody
formation in patients that are treated with the hormone
(Glasbrenner, 1986). However, it was shown previously

66.2 —
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Fig. 4. SDS PAGE analysis of soluble and insoluble proteins
extracted from the induced E. coli cells harboring recombinant
hGH (pEThHG231). Lane M was a protein standard marker.
Lanes 1-2 were soluble and insoluble fraction, respectively, from
the 24 h-induced BL21(DE3)/pEThGH231 cell. Lanes 3-4 were
soluble and insoluble fractions, respectively, from the 24 h-
induced BL21(DE3)pLysS/pEThGH231 cell.

(Kostyo et al., 1985) that the methionyl-hGH has diabetogenic
and insulin-like activities. In order to obtain the mature
soluble hGH, an alternative approach may be to employ other
host systems.

Effect of nutrient and temperature on solubility of
recombinant hGH Fractionation of the cell extract revealed
that the protein was localized mainly in the insoluble fraction
(Fig. 4). Although being expressed in an inclusion body
provides some advantages (including facile isolation of the
protein in high purity and concentration), it results in a
significant barrier to gene expression in the cytosol. These
problems are further tasks of refolding the aggregated protein.
It is uncertain whether the refolded protein retained its
biological activity and the reduction in yield of the refolded
and purified protein (Rudolph and Bennett, 1982)

Therefore, attempts were carried out to increase the
proportion of soluble hGH relative to the insoluble form by
reducing the level of protein expression. The expressed
solubility changes may be due to nutrient starvation and
induction at low temperatures, which leads to a lowering of
specific growth rates, hence concomitant reduced rates of
foreign protein production. It was reported that metabolic
pools in E. coli are under strict physiological control
(Tweeddale et al., 1998). The protein synthesis rate and its
solubility may respond to nutrient limitation. Here, changing
either the media content (LB or M9), or harvesting after a
longer post-induction period in 4°C (3 or 24 h) or both, were
tested. The M9 medium, using glucose as a carbon source,
was also tested. The result showed (Table 2) that the highest
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Table 2. Expression of hGH in E. coli containing pEThGH231, when induced at 4xC in either a LB or M9 medium.

E. coli strains (% total cellilar protein)

Soluble hGH produced in LB

Soluble hGH produced in M9
(% total cellular protein)

3 h post-induction

BL21(DE3)pLysS

24 h post-induction
BL21(DE3) 6.4 94
149 8.8

3 h post-induction 24 h post- induction
6.1 6.6
8.8 19.7

level of soluble hGH was obtained from the BL21(DE3)
pLysS cells that were grown in a M9 medium (19.7% of total
cellular protein). However, an Edman degradation analysis
showed that the sequence of the N-terminal amino acids of the
soluble hGH remained M-F-P-T-I-P. Therefore, downstream
removal of the f-Met from the recombinant hGH is needed.

This study is a useful model for the synthesis and
expression of genes of interest in E. coli. The expression of
synthetic hGH (estimated by using densitometric scanning)
that was obtained from our study was as high as 0.5 g/l. A
previous method for synthesis of hGH involved the ligation of
78 gene fragments using DNA ligase with an expression level
of approximately 168.7 mg/l (Ikehara et al., 1984). Our
procedures provide an easier and more rapid way to achieve
production of the desired proteins with reliable results. More
restriction sites can be easily added for a further site-directed
mutagenesis study. It also allows codon usage to be designed
in order to favor the host expression system. Therefore, this
system is not only limited to E. coli, it can be successfully
applied to eukaryotic host cells, such as Pichia pastoris
(Eurwilaichitr L, Roytrakul S., Suprasongsin C, and Panyim
S., submitted manuscript).
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