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ABSTRACT 
Human calcitonin (hCT) is a 32-amino acid hormone which plays important roles in the regulation of calcium metabolism, treatment of 
osteoporosis, inhibition of osteoclastic activity and Paget bone disease. Recombinant hCT has been previously produced at low 
concentrations in plant-based systems with biological activity. To investigate if hCT could be effectively produced and accumulate at high 
concentrations in a plant system, we established transgenic tobacco plant lines expressing an optimized synthetic gene construct. Several 
strategies were applied to increase production levels including a strong over expression promoter, modified codon usage and organelle 
targeting. An hCT expression construct with tobacco codon preference was synthesized and attached to a chloroplastic signal sequence 
from the Rubisco small subunit gene of Brassica napus L. The construct was created by designing specific primers, using Polymerase 
Chain Reaction (PCR) and overlapping extension methods. Agrobacterium-mediated transformation was used to establish transgenic 
tobacco plants. The transgenic plants were analyzed by molecular methods and hCT concentration was determined by quantitative EASIA. 
hCT was expressed in the cytoplasm and accumulated in the chloroplast with a 26% efficiency. This is the first report describing 
expression and chloroplast targeting of hCT in transgenic plants. 
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INTRODUCTION 
 
Calcitonin (CT) is a conserved 32-amino acid peptide 
hormone produced by specialized C-parafullicular cells of 
the thyroid gland in mammals or by cells of ultimo-bron-
chial glands in fish (Wellis et al. 1985). Some structural 
elements are essential for biological activity of this peptide 
such as N-terminal Disulfide Bridge (Cys1-Cys7), amphi-
patic �-helix and C-terminal proline amidation (Merli et al. 
1996). 

The main function of CT is the physiological regulation 
of calcium levels in the blood. Due to this action, CT plays 
an important role in the treatment of human disease. Cal-
citonin activity is not species-specific, but the prolonged 
application of animal-derived calcitonin leads to a gradual 
decrease or loss of activity associated with immunological 
reactions. An increase in therapeutic demand and the high 
cost of synthetic peptide production lead to the biotechnolo-
gical production of recombinant hCT (Hong et al. 2003). 
Early research focused on chemical synthesis of the hCT 
gene and expression in E. coli (Ivanov et al. 1987) and S. 
cerevisiae (Mironova et al. 1991). Unfortunately, these stu-
dies showed low levels of hCT gene expression in both sys-
tems. Moreover, biologically active hCT requires amidation 
at the C-terminus and resulted in a search for other eukary-
otic expression systems (Merli et al. 1996). 

The majority of therapeutic proteins produced today are 
made in bacteria (Escherichia coli), yeast (Saccharomyces 
cerevisiae) or mammalian cell culture (Walsh 2003, 2006; 
Demain and Vaishnav 2009). Other production systems 
under development include the yeast Pichia pastoris, insect 

cell culture and transgenic animals and plants. In general, 
transgenic plants offer several advantages over other recom-
binant protein production platforms (Rasala et al. 2010). 
Plant systems provide many of the post translation modifi-
cations required for the expression of functional mam-
malian proteins, including glycosylation and amidation. Re-
combinant hCT with biological activity has been previously 
reported in Solanum tuberosum (Ofoghi et al. 2000), but the 
low yield of the recombinant peptide limits production in 
this system. 

To date, many commercially important recombinant 
proteins have been successfully expressed in plants. How-
ever, a high level of recombinant proteins accumulation has 
always been a critical factor. A possible approach for in-
creasing recombinant protein production in transgenic 
plants is to localize proteins at different organelles (Hyun-
jong et al. 2006). 

The chloroplast organelle has an extensive transporta-
tion system.  It has been shown that a soluble protein can 
be accumulated at high levels when it is targeted to chloro-
plasts. Most of the nucleus-encoded chloroplast proteins are 
synthesized in the cytosol as precursors with an N-terminal 
targeting signal called the transit peptide, which functions 
as the ticket for entry into chloroplasts (Li and Chiu 2010). 
The nuclear encoded small subunit of Ribulose 1-5 Bis-
phosphate Carboxylase Oxygenase (Rubisco) is well cha-
racterised and contains a signal sequence that targets the 
protein to chloroplast (Kim et al. 2009). The tobacco plant 
is an established model system for the production of recom-
binant pharmaceutical proteins (Fischer and Schillberg 
2004). 
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To our knowledge, this research is the first report des-
cribing high-level nuclear expression and chloroplast ac-
cumulation of recombinant hCT in tobacco plant. 

 
MATERIALS AND METHODS 
 
Construction of chloroplast-targeted synthetic 
hCT expression vector 
 
A synthetic hCT (114 bp) (Accession number EU 523227) with 
tobacco codon preference was supplied on the pPCRScript plas-
mid and was amplified with gene-specific BNCalF forward and 
CalRs reverse primers (Table 1). The chloroplast transient peptide 
sequence (169 bp) isolated from the Rubisco small subunit of 
Brassica napus L. (Noodije et al. 2007) was amplified from the 
pUC18 plasmid using forward BNTPFx and CalBNR reverse pri-
mers (Table 1). To avoid non-desirable nucleic acid substitutions, 
all the intermediate fragments were amplified with pfu polymerase 
(Fermentas) enzyme. In order to attach B. napus chloroplast tran-
sient peptide (BnTP) to hCT, the two PCR products were assem-
bled in a two-step Splice Overlapping Extension (SOE) PCR using 
a High fidelity PCR Enzyme Mix (Fermentas). The TP-hCT am-
plicon was then cloned into a T/A cloning vector (pTZ57R/T, Fer-
mentas) and confirmed by sequencing in both directions with the 
standard M13 forward and reverse primers (accession number EU 
533949). The pTZ57R/T vector was digested with XbaI and SacI 
(Fermentas) and TP-hCT was subcloned into the binary vector 
pBI121 (Clontech) replacing the �-glucuronidase (GUS) reporter 
gene. 

The recombinant pBI121 plasmid was confirmed using res-
triction enzyme digestion and PCR amplification. The pBI121 ex-
pression cassette was comprised of a CaMV 35S promoter con-
trolling the TP-hCT coding sequence and a NOS polyadenylation 
signal. The binary pBI121 recombinant plasmid was used with 
Agrobacterium to transform tobacco plants. 
 
Transformation of tobacco plants 
 
Recombinant binary vector pBI121-TP-hCT was introduced into 
competent Agrobacterium-tumefaciens LBA4404 cells using the 
standard freeze and thaw method (Hofgen and Willmitzer 1988). A 
sterile Nicotiana tabacum ‘Samson’ cultivar was transformed by 
the standard leaf disk method (Gallois and Marinho 1995). Elon-
gated shoots (3-5 cm in height) were rooted in MS-agar selective 
medium (Murashige and Skoog 1962) containing 100 mg/l Kana-
mycin (Fluka, China) in the absence of any plant hormones. The 
rooted plants were transferred to soil, after 4 weeks, mature leaves 
from below the apical meristem were harvested and used for mole-
cular analyses. The plants were grown in a misting chamber (80% 
relative humidity, 16-h photoperiod and light intensity of 60-80 
�Em-2 s-1) for 2-3 weeks. Plants were then transferred to the green-
house conditions at 25 ± 2°C with a 16 h light and 8 h dark photo-
period and allowed to flower and set seed. 
 
Molecular analyses of transgenic plants 
 
1. PCR and RT- PCR analyses 
 
Two hundred mg of leaf tissues from mature transgenic plants 
were frozen in liquid nitrogen and ground to a fine powder. Geno-
mic DNA was extracted using the standard cetyltrimethyl am-
monium bromide (CTAB) method (Sambrook and Russell 2001). 
PCR was performed using ~100 ng of genomic DNA and BNTPFx 
and CalRs primers for TP-hCT. The thermal program: 95°C for 5 
min as initial denaturation, followed by 30 cycles of denaturation 
(95°C for 30 sec), annealing (50°C for 30 sec) and extension 

(72°C for 30 sec) and additional 10 min at 72°C for final extension 
was applied. Amplified products were separated on 2% agarose gel 
and visualized by ethidium bromide staining. In the RT-PCR expe-
riment, Total RNA was isolated from fresh leaves of transgenic 
and control tobacco plants by RNXTM-RNA Extraction Solution 
(Cinnagene, Tehran, Iran) according to the manufacture’s protocol. 
To prepare cDNA, 2 μg of total RNA was reverse transcribed 
using CalRs as the reverse primer and RT kit (Qiagen, Germany) 
according to the manufacturer’s instructions. Reverse Transcrip-
tion PCR (RT-PCR) was performed in a total reaction volume of 
25 μl, containing 5 μl of cDNA and the BNTPFx and CalRs pri-
mers using the thermal program as described above. 
 
2. Southern blot analysis 

 
Two samples of genomic DNA (100 μg each) from leaf tissue 
were digested with XbaI and HindIII, electrophoretically separated 
on a 1% agarose gel and transferred to a Hybond N+ membrane 
(Roche Applied Science, Germany) for overnight. A Digoxigenin 
(DIG)-labeled-hCT probe was prepared using a PCR Probe Syn-
thesis Kit (Roche) following the manufacturer’s instructions. After 
drying the membrane at 110°C for 1 hr, it was pre-hybridized for 1 
hr and then hybridized against DIG-labeled hCT probe at 65°C 
overnight. After treatment with AP-conjugated antibody, the hyb-
ridized probe was detected using NBT/BCIP color substrate. 
 
Chloroplast isolation 
 
Leaves from transgenic and control plants were incubated in direct 
lamp light (intensity 60-80 �Em-2 s-1) for 1 hr. Two hundred mg of 
leaves were homogenized in 8 ml of basic buffer (0.33 M sorbitol, 
0.01 M KCl, 0.001 M EDTA, 0.5 M HEPES)(Merck, Germany). 
Then 92 ml of 0.33 M sorbitol solution was added as an isolation 
solution. Crushed tissues were filtered through double layered 
cheesecloth into fresh ice-chilled tubes and centrifuged at 3000 
rpm, for 4 min at 4°C to pellet the chloroplasts. The green pellet 
containing chloroplasts was resuspended in 20 ml of isolation 
solution and centrifuged (3000 rpm/4 min/4°C). The chloroplasts 
were then resuspended in 1 ml of suspension solution (0.33 M 
sorbitol, 0.001 M MgCl2, 0.001 M MnCl2) (Merck, Germany) and 
stored at 4°C. 
 
Protein extraction from whole leaf and isolated 
chloroplasts 
 
Two hundred mg of fresh leaf tissue was frozen in liquid nitrogen 
and homogenized in ice-chilled protein extraction buffer (50 mM 
HCl, 1 mM EDTA, 10 mM NaCl, 5 mM MgCl2, 1% Triton X-100, 
2% �-mercaptoethanol) (Merck, Germany). The solutions were 
then centrifuged (13000 rpm/15 min/4°C) and the supernatants 
were stored at -20°C for further analyses. For protein extraction 
from intact chloroplasts, the samples were homogenized in sus-
pension solution (above) supplemented with 1 mM PMSF and 50 
mM EDTA to inhibit protease activity. The chloroplasts were dis-
rupted by Silent Crusher (Heidolph, Schwabach, Germany) at 
maximum speed for 20 min on ice. After centrifugation (13000 
rpm, for 10 min at 4°C), the clear supernatant was stored at -20°C 
for further analyses 
 
hCT peptide detection by quantitative enzyme 
amplified sensitivity immunoassay (EASIA) 
 
The concentration of total protein from whole leaves and isolated 
chloroplasts were analyzed by the Bradford assay (Bradford 1976). 
The amplified sensitivity immunoassay (EASIA) test was per-
formed on extracted protein samples using the Bio Source CT-

Table 1 The sequences of used primers. CalRs has SacI (underlined) and BNTPFx has XbaI sites (underlined) at the 5�ends. 
Name of primers Sequence of primers 
BNCalF 5�-GGAGGAAGAGTTAACTCGTGTGGGAATCTGAGTAC- 3� 
CalRs 5�-GAGCTCTTAAGGTGCTCCAACCCC- 3� 
BNTPFx 5�-TCTAGAATGGCTTACTCTATGCTCT- 3� 
CalBNR 5�-GTACTCAGATTCCCACACGAGTTAACTCTTCCTCC- 3� 
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U.S-EASIA Kit (BioSource Europe S.A., Belgium) according to 
manufacturer’s instructions. In this method, calibrators and sam-
ples react with the capture monoclonal antibody (MAb 1) coated 
on microtiter well and a monoclonal antibody (MAb 2) labeled 
with horseradish peroxidase (HRP). After the formation of a sand-
wich (coated MAb 1 – human CT – MAb 2 – HRP), bound 
enzyme-labeled antibody was measured through a chromogenic 
reaction at 450-630 nm (T80 Double Beam UV/VIS Spectropho-
tometer). 
 
RESULTS 
 
Construction of TP-hCT expression vector 
 
The amplification of the intermediate fragments and fusion 
of TP and hCT by SOE-PCR are shown in Fig. 1. 
 
PCR screening of transformants and RT-PCR 
analysis 
 
In order to confirm the integration of the TP-hCT construct 
into the plant genome and its transcription, PCR and RT-
PCR techniques were performed, respectively. The pBI121-
TP-hCT plasmid was used as a positive control and the 
genomic DNA from the transformed plants with a transfor-
mation vector lacking the TP-hCT gene served as a negative 
control (Fig. 2A). 

The RT-PCR assay showed a single band of approxi-
mately 270 bp (corresponding to the size of the TP-hCT 
gene) in all transgenic plants; such a band was not seen in 

the RT-PCR products of negative control plants (Fig. 2B). 
 
Southern blot analysis of transformants 
 
In order to determine the copy number of T-DNA loci in 
transgenic plants, a transgenic line was analyzed by sou-
thern blotting. A transgenic line which was transformed 
with pBI121 vector was used as a negative control. Plant 
genomic DNA was separately digested with XbaI and 
HindIII and each was hybridised with a ~270 bp probe that 
targets the transient peptide and human Calcitonin gene se-
quences (Fig. 3A). The results from both digestion and hyb-
ridisations revealed that the transgenic line carried three 
copies of the TP-hCT construct. As there is a unique XbaI 
and HindIII sites in the recombinant TP-hCT-T-DNA cons-
truct, the number of hybridised bands indicated the integ-
ration of at least three separate TP-hCT loci copies in the 
genome of transgenic tobacco lines (Fig. 3B). 
 
Quantitative hCT peptide detection by EASIA 
 
The total protein concentration and quantitative hCT pep-
tide EASIA test results of whole leaves and isolated chloro-
plasts of transgenic plants are presented in Table 2. The rate 
of hCT accumulation in chloroplasts is ~26% of total ex-
pressed hCT peptide in tobacco plant cells. 
 
DISCUSSION 
 
Following the initial purification and sequencing of Human 
Calcitonin (hCT), the peptide hormone was demonstrated to 
have a therapeutic efficacy in the prevention and treatment 
of osteoporosis. Production of recombinant hCT has been 
attempted in both prokaryotic and eukaryotic expression 
systems with only limited success. 

hCT

SacI

BnTP

XbaI

BnTp Calcitonin

SacIXbaI

1     21     21     2

A B C 

D E F 

Fig. 1 Attachment of BnTP to hCT by SOE-PCR. (A) Schematic ampli-
fied hCT with 15 bp of BnTP at its 5� end and SacI site at 3� end. (B) Sche-
matic amplified BnTP with 15 bp of BnTP at 3� end and XbaI site at 5� 
end. (C) Schematic attachment of 2 amplified genes with XbaI site at 5� 
and SacI site at 3� ends. (D) Line 2 is amplified hCT by BNCalF and 
CalRs primers (~115 bp). (E) Line 2 is amplified BnTP by BNTPFx and 
CalBNR primers (~ 175 bp). (F) Line 2 is attachment of BnTP and hCT 
by SOE-PCR (~270 bp). In every picture line 1 is 100 bp DNA ladders. 

1   2   3  4  5 1   2   3    4A B 

Fig. 2 PCR and RT-PCR analyses on transgenic plants. (A) Ampli-
fication of TP-hCT (~270 bp) in transgenic plants, lines 1 and 2 are ampli-
fied fragments from transgenic plants, line 3 is positive control and line 4 
is wild type plant. (B) RT-PCR assay in transgenic plants, line 1 is wild 
type plant, line 2 is positive control and line 3 is RT-PCR product from a 
transgenic plant. The last line in both figures is 100 bp ladders. 

A B 
 
Fig. 3 Southern blot analysis of transgenes. (A) Schematic representation of recombinant binary vector T-DNA and position of XbaI and HindIII sites 
and the probe. (B) Southern blot analysis of XbaI and HindIII digested DNA isolated from T0 transgenic and control tobacco plants. Line 1 is 
pTZ57R/TP-hCT plasmid as positive control, lanes 2 and 4 are transgenic genomic plants digested with XbaI and HindIII, respectively; lines 3 and 5 are 
DNA digested with XbaI and HindIII from negative control plants. 
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In general the recombinant proteins including pharma-
ceuticals can be expressed in bacteria, yeast, mammalian 
cell cultures and in transgenic animals or plants. Each ex-
pression system has its own disadvantages. In prokaryotes, 
recombinant peptides are highly susceptible to degradation 
in the cytosol (Levy 2008) and lack of post-translational 
modifications, such as glycoslyation and amidation (Sand-
gathe et al. 2003). Amidation of the C-terminus is essential 
for the biological activity of hCT and occurs only in higher 
eukaryotic cells (Hong et al. 2003). Transgenic animals and 
mammalian cells carry the risk of contamination with 
human pathogens; while, proteins purified from plants 
should be free from toxins and viral agents that may be pre-
sent in preparations from bacteria or mammalian cell cul-
ture (Horn et al. 2004; Rasala et al. 2010). Plant systems 
are able to perform many of the post-translational modifica-
tions required for functional mammalian proteins (Gormond 
and Faye 2004; Rasala et al. 2010). However, despite their 
potential for cost effective large scale production (Schill-
berg et al. 2005), often the yields of recombinant peptides 
and proteins are low in plant hosts (Korban 2002; Hyunjong 
et al. 2006). Nuclear expression of transgenes enables regu-
lated and tissue-specific expression, as well as posttransla-
tional modifications (Rasala et al. 2010). Protein targeting 
to organelles (De Virgilio et al. 2008), specifically the chlo-
roplast (Garg et al. 2007) has become a standard approach 
to increase the level of recombinant proteins in transgenic 
plants. 

The Rubisco small subunit contains a highly conserved 
processing and cleavage site in the transient peptide (TP) 
amino acid sequence that is essential for efficient transloca-
tion and cleavage by the stromal processing peptidase (SPP) 
(Robinson and Ellis 1984). In this work this transient pep-
tide was used for translocation of hCT peptide from cyto-
plasm in to chloroplast. 

The expression construct (TP-hCT) was created by 
fusing the transient peptide and synthetic hCT gene, uti-
lising PCR overlapping extension as to avoid any unwanted 
nucleotide alterations. The amplicon was verified by auto-
matic sequencing. 

Production of recombinant hCT in Solanum tuberosum 
has been previously reported, but the yield of hCT in this 
transgenic plant was only ~0.02% of the total cellular solu-
ble protein (Ofoghi et al. 2000). To overcome to this prob-
lem several reports have addressed the improvement of pro-
tein expression in transgenic plants via the modification of 
the gene with plant optimized codon usage and the chloro-
plast targeting (Kim et al. 2008). In order to increase the 
level of protein expression and accumulation, we employed 
a combination of these strategies. Firstly, the codons of the 
hCT gene were adjusted to the plant codon preference by 
chemical synthesis. The GC content of synthetic hCT gene 
was decreased from 51 to 44% which is more suitable for 
expression in plant hosts (Geyer et al. 2007). Secondly, the 
synthetic hCT gene was fused to the chloroplastic transient 
peptide sequence isolated from B. napus Rubisco small sub-
unit to provide efficient translocation. Thirdly, adding the 
XbaI site (TCTAGA) at the beginning of the TP fragment 
provided an Adenine (A) at position -3, Guanidine (G) at 
position +4 and Cytosine (C) at position +5, which restored 
an efficient translation signal for plant expression (Lutcke et 
al. 1987). 

Southern blot analysis identified three separate copies 
of the TP-hCT cassette were integrated into the genome of 
transgenic plant. Transcription of the TP-hCT gene was 
verified by RT-PCR and this data shows there is no any 
apparent silencing in the transcription level in transgenic 

tobacco plant. 
The expression of the recombinant hCT peptide and its 

translocation into chloroplasts were investigated by EASIA 
using specific antibodies. The results of quantitative EASIA 
showed that hCT production in leaves is ~345 ng/mg of the 
total cell soluble protein (0.54%), a 27-fold increase over 
the previous report in S. tuberosum plant expression system 
(Ofoghi et al. 2000). The increase in recombinant hCT ex-
pression demonstrates a combinatorial approach to opti-
mising the gene sequence and other control elements can 
have a significant impact on transgene translation and pro-
tein accumulation. 

The original hCT gene has two regions (amino acids 
number 13-15 and 20-23) that contain a series of codons 
with mammalian coding preference. In the synthetic hCT 
gene, these two codon groups were altered to plant coding 
preference. Moreover, like other heterologous expression 
systems, production of small peptides such as hCT as a 
fusion protein (TP-hCT) can protect it from cytosolic deg-
radation (Sandgathe et al. 2003). 

Furthermore, in silico analyses of the mRNA secondary 
structure using RNAfold Web Server (Gruber et al. 2008), 
predicted synthetic TP-hCT to be more stable (lower �G) 
than native hCT (data not shown). The mRNA stability 
could increase the molecule half life and results more pro-
tein synthesis. 

Quantitative EASIA showed that the rate of hCT ac-
cumulation in chloroplasts was ~91 ng/mg (0.14%) of total 
cell soluble protein and it means near 26% of total hCT 
production was accumulated in the chloroplast. The Bio-
Source CT-U.S-EASIA Kit that is used for in vitro quanti-
tative measurement of the human Calcitonin (hCT) in blood 
serum and plasma samples was used for analysis of recom-
binant hCT. Therefore, the antigenic region of recombinant 
hCT must be immunologically the same as hCT and sug-
gests structural similarity to the native hCT peptide hor-
mone. Various forms of hCT exist in the plasma: monomer, 
oxidized monomer, dimer, higher molecular weight forms 
and possibly a precursor of hCT (Assicot et al. 1993; Rong 
et al. 1996; Andreotti and Motta 2004). The BioSource CT-
U.S-EASIA Kit antibody is specific for the hCT monomer, 
suggesting the transgenic plant can produce a monomer 
form of recombinant hCT. The biological function of hCT is 
depending on amidation of proline at the carboxyl terminus 
and this post translational modification should be inves-
tigated for recombinant hCT which produced in tobacco 
plant. To our knowledge, this is the first report of expres-
sion and accumulation of recombinant hCT in chloroplast of 
a transgenic model plant. This work could introduce a novel 
plant system with high yields of recombinant hCT suitable 
for therapeutic application. 
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