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Abstract Human calcitonin (hCT) is a C-terminus 
e-amidated peptide hormone consisting of 32 amino 
acids. The amidated structure is essential for its biolo- 
gical activities, and the C-terminal-glycine-extended 
precursor peptide, hCT[G],  is converted to bioactive 
hCT by a C-terminus-e-amidating enzyme. An efficient 
production method is described for the hCT[G]  pep- 
tide, as a part of the fusion protein consisting of a modi- 
fied E. coli /?-galactosidase, linker amino acids and 
hCTI-G]. Stable inclusion bodies of the fusion protein 
in E. coli were expressed by focusing on the amino acid 
charge, and the fusion protein was modified by insert- 
ing a basic amino acid sequence into its linker region. 
This modification greatly affected the formation of in- 
clusion bodies. E. coli strain W3110/pG97S4DhCT 
[G]R4 could produce a large amount of stable inclu- 
sion bodies, and the hCT[-G] peptide was released 
quantitatively from the fusion protein by S. aureus V8 
protease. This enabled a large-scale production method 
to be established for the hCT[-G] precursor peptide in 
E. coli to produce mature hCT. 

Introduction 

Calcitonin (CT) is a C-terminus-~-amidated peptide 
hormone consisting of 32 amino acids; it is produced 
and secreted by the parafollicular cells of the thyroid 
gland in mammals and by the ultimobranchial gland of 
fish (Wallis et al. 1985). This C-terminus-c~-amidated 
structure is essential for its biological activities (Gutt- 
mann 1980). It has been suggested that a C-terminus- 
e-amidating enzyme converts the C-terminal-glycine- 
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extended precursor peptide to mature CT during the 
post-translational modification steps (Bradbury et al. 
1982). CT is an endogenous regulator of calcium ho- 
meostasis, acting principally on bone (Austin and 
Heath 1981). Chemically synthesized CT of different 
origins, e.g., salmon, porcine, eel and human, have been 
used therapeutically for various bone metabolism dis- 
eases. However, all CT except the human type (hCT) 
are potentially antigenic in humans, and the long-term 
use of salmon CT is followed by a decrease in its 
activity (Azria 1989). Therefore, establishing an efficient 
expression system for precursor hCT[G]  in microor- 
ganisms and converting this precursor hCT I-G] to ma- 
ture hCT by a C-terminus-e-amidating enzyme would 
be very advantageous for industrial production and 
therapeutic use. 

Many short peptide hormones have been expressed 
as a part of a fusion protein in Escherichia coli, and 
target hormones have been released from fusion pro- 
teins by chemical or enzymatic cleavage (Uhlen and 
Moks 1990). In such cases, highly expressed fusion 
proteins tend to accumulate as inclusion bodies in E. 
coli. Since inclusion bodies form an insoluble aggreg- 
ate, there are advantages in using them as a starting 
material. For example, the isolation steps for inclusion 
bodies are relatively simple, and concentrated material 
can be easily obtained. Although the mechanism for 
inclusion-body formation is still not clear, factors such 
as the growth temperature, average charge, turn-form- 
ing residue fraction, cysteine fraction, proline fraction, 
hydrophilicity and total number of residues have been 
suggested to affect inclusion body formation (Schein 
and Noteborn 1988; Wilkinson and Harrison 1991). 
Among these factors, we focused on the amino acid 
charge to increase the amount of fusion protein ex- 
pressed as an inclusion body in E. coli. 

In this paper, we describe the construction of a 
series of expression plasmids that encode fusion pro- 
teins containing the hCT[Gl  precursor under the con- 
trol of the lactose promoter in E. coli. The fusion 
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proteins consisted of (a) a modified E. coli /%galac- 
tosidase, (b) linker amino  acid residues consisting of 
various numbers  of basic amino  acids and  (c) the 
h C T [ G ]  precursor  peptide. We studied the relation- 
ship between the expression of a fusion protein and the 
total  amino acid charge caused by changing the amino 
acid residues in the linker region. As a result, it was 
found that  the insertion of basic amino  acid residues 
into the linker region greatly affected the fo rmat ion  of 
inclusion bodies. The E. coli strain harbour ing  one of 
the constructed plasmids, p G 9 7 S 4 D h C T [ G l  R4, could 
produce  a large a m o u n t  of the fusion protein as an 
inclusion body,  and the h C T  I-G] precursor  peptide was 
released f rom it by Staphylococcus aureus V8 protease 
with high efficiency. 

the culture were taken 0, 2, 5, 10 and 20 min after the unlabelled 
L-methionine was added and then analysed by 16% sodium dodecyl 
sulphate/polyacrylamide gel electrophoresis (SDS-PAGE). After the 
gels had been dried on paper, an autoradiograph was taken. 

Fermentation experiment 

Fed-batch cultivation was carried out with 30-1 fermentors, 20-1 
production medium supplemented with 2% glucose being used as 
a start-up medium. During the batch fermentation period, the tem- 
perature and pH were maintained at 32°C and 7.0, respectively, and 
the dissolved oxygen level was controlled to 30% of the air satura- 
tion value by controlling the agitation speed. After the glucose had 
been consumed, the temperature was increased to 37°C, and an 80% 
glycerol solution was fed to promote transcription from the lactose 
promoter. The fed-batch cultivation was continued until cell growth 
had ceased. 

Materials and methods 

Materials 

E. coIi strain W3110 was used as a bacterial host (Bachmann 1972). 
Synthetic oligonucleotides were prepared with a model 380B DNA 
synthesizer (Applied Biosystems). DNA restriction enzymes and T4 
DNA ligase were purchased from Takara-shuzo (Kyoto, Japan). 
L-[35S]Methionine was purchased from Amersham, and S. aureus 
V8 protease (endoprotease Glu-C) was obtained from Boehringer 
Mannheim-Yamanouchi. Restriction enzymes were used by follow- 
ing the manufacturer's instructions. 

Media 

The SB medium consisted of glycerol (0.5%), yeast extract (2.4%), 
tryptone (1.2%) and 100 mM potassium phosphate buffer (pH 7.5) in 
deionized water. The production medium was composed of yeast 
extract (0.4%), K2HPO4 (0.4%), KH2PO4 (0.4%), Na2HPO4 
(0.27%), (NH4)2SO4 (0.12%), NH~C1 (0.02%), L-methionine 
(2 mg/ml), MgSO4" 7H20 (0.2%) and the mineral solution reported 
by Mori et al. (1979). Glucose or glycerol was added to the produc- 
tion medium as a carbon source; tetracycline (10 gg/ml) was added 
to maintain the plasmid. 

pI value calculation 

The isoelectric point (pI) of each fusion protein was calculated with 
a computer program (Skoog et al. 1986), the DNASIS-Mac software 
being obtained from Hitachi Software Engineering Co. 

Pulse-chase experiment 

Specific pulse-labelling of the newly synthesized fusion protein was 
performed by using L-[35S]methionine (Cantrell et al. 1991). Seed 
cultures were grown overnight at 37°C in the production medium 
supplemented with 0.5% glycerol and 50 ~tg/ml each amino acid. 
The cells were washed by centrifugation in the same medium with- 
out methionine, cysteine and yeast extract. The washed cells were 
cultured again with the same medium at 37°C, and when the 
A66o value reached 0.2, L-[35STmethionine was added to a final 
concentration of 0.74 MBq/ml. The cells were labelled for 2 min, 
before unlabelled L-methionine was added at 1 mg/ml. Aliquots of 

Reversed-phase high-performance liquid chromatography (HPLC) 
analysis 

Reversed-phase HPLC analysis was performed in a C18 column 
(YMC-packed A-302 type; 4.6 x 150 mm, YMC, Kyoto, Japan). 
Elution was carried out with a linear gradient of 10% to 38% 
acetonitrile in a 0.1% trifluoroacetic acid solution at a flow rate of 
1.0 ml/min, the effluent being monitored by its absorbance at 
214 nm. 

Results 

Const ruct ion  of the expression plasmids 

Plasmid p G 9 7 S 4 D h C T F G ]  has previously been con- 
structed to express precursor  h C T [ G J  as par t  of 
a fusion protein in E. coli by M a g o t a  K, T a n a k a  S (in 
preparation).  As shown in Fig. 1, the chemically syn- 
thesized h C T [ G ]  gene was placed after a modified 
E. coli fi-galactosidase gene (encoding 97 amino  acids 
f rom the N terminus) via a l inker-peptide (Glu-Phe-  
Leu-Glu)  coding gene. The glutamic acid residue pre- 
ceding the first amino acid (cysteine) of hCTI-G]  was 
designed to release the h C T  [ G l  peptide with S. aureus 
V8 protease ( H o u m a r d  and Drapean  1972). When  
W3110/pG97S4DhCT[-G]  was cultured and analysed 
for expression of the encoding fusion protein (/~GH [Gl) ,  
the expression level was low (Magota  K, T a n a k a  S, 
personal  communicat ion) .  The ]3GH [-G] protein is an 
acidic protein; in other words, the calculated pI(plcal) 
value of the protein is 4.43. Since the intracellular p H  
value for E. coli is 7.5-7.9 (Slonczewski et al. 1981), it 
was suggested that  the solubility of f l G H [ G ]  might  be 
high in E. coli cells. One possible explanat ion for the 
low expression is that  the high solubility o f / ~ G H  [ G l  
might  have prevented the format ion  of insoluble inclu- 
sion bodies, and proteolytic degradat ion  occurred. In 
order to improve  the expression level of h C T  [G]  con- 
taining the fusion protein, we int roduced basic amino 
acid residues into the linker region to increase the plcal 
value of the fusion protein f rom the acidic to neutral  
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pG97S4DhCT[G] 

~ lacP~[ ~-ga197S4D I linker [ h~[G] ] ~at~. ~ 

DNAsequence ---GATGCGG~TTCCTCGAGTGTGGT 
--CTACGCCTT~GGAGCTCACACCA 

~ i n o  acid sequence D A E F L E C G 

II II 

~-gN97S4D li~er ~h~[G] 

S. aureusV8 protease 

Fig. l Schematic drawing of the pG97S4DhCT[G] expression plas- 
mid. Plasmid pG97S4DhCT[G] is a pBR322-derived high-copy 
plasmid, the/~GH [G] fusion protein gene being transcribed under 
the control of the E. coli lactose promoter. The chemically syn- 
thesized hCT[G] gene encodes the C-terminal-glycine-extended 
precursor peptide of hCT. A chemically synthesized trp a terminator 
region (trp a ter.) was introduced to increase the expression efficien- 
cy. lac P/O, E. coli lactose promoter operator region; fi-ga197S4D, 
a modified E. coli fi-galactosidase (consisting of the N-terminal 97 
amino acids with the glutamic acids located at 40, 41, 71 and 75 
substituted with aspartic acids). The cleavage site by S. aureus V8 
protease is indicated by an arrow 

level, pG97S4DhCT [G] was used as the starting plas- 
mid to construct a series of seven expression plasmids. 
As shown in Fig. 2a, the region of nucleotides at posi- 
tion 403-495 in pBR322 (the HaeIII-Eco47III frag- 
ment) encodes 31 amino acid residues containing 10 
arginine residues, this region being used to establish the 
basic amino acid sequences. A series of truncated se- 
quences (RI-R10) from this region were introduced 
into the EcoRI-XhoI sites of the pG97S4DhCT[G] 
plasmid (Fig. 1). The methods for plasmid construction 
are described below. 

Plasmids pG97S4DhCT [-G] R 1, pG97S4DhCT 
[G] R3, pG97S4DhCT [G] R4 and pG97S4DhCT [G] 
R5 were all prepared in the same manner. Chemically 
synthesized oligonucleotides R1, R3, R4 and R5 were 
ligated to the EcoRI- and XhoI-digested pG97S 
4DhCT[G] plasmid. The DNA sequences of these 
oligonucleotides are shown in Fig. 2b. The resulting 
plasmids were named pG97S4DhCT[G]R1, pG97S 
4DhCT [G] R3, pG97S4DhCT [G] R4 and pG 
97S4DhCT[G] R5, respectively. 

In the case of pG97S4DhCT[G]R6 and pG 
97S4DhCT[G]R10, the 121-base-pair(bp) BamHI- 
Eco47III fragment of pBR322 was isolated from a gel, 
further digested with BanI, and blunt-ended with T4 
DNA polymerase. The resulting 62-bp BanI-Eco47III 
fragment was isolated and ligated with the EcoRI-di- 
gested, blunt-ended pG97S4DhCT[G] to obtain 
pG97S4DhCT[G]R6, pG97S4DhCT[G]R10 was 

BanI / BbeI(413) 
BamHI(375) HaeI]I(400)(Banl/BbeI(434) Eco4]III(494) 

403 @5 

pBR322 

kttHRRHRCGCWRLYRRt{HRWGRSGSPLRAHE 

1 
I J  

! ! : :  

i ! ".'i al0 
i ! ~ : :  R8 

: ! i  
: ,4. i R6 

I 

i< 

i-~" ~-'; R5 

:4ff '------d-~R4 t ' ~ ' - ' ~ R 3  ~ RI 

S G S P L R A H 
RI AATTC TCG GGC TCG CCA CTT CGG GCT CAT C 

G AGC CCG AGC GGT GAA GCC CGA GTA GAGCT 

R L Y R R 
R3 AATTC CGC CTA TAT CGC CGA C 

G GCG GAT ATA GCG GGT GAGCT 

R4 

R5 

R H H R R H R 
AATTC CGG CAT CAC CGG CGC CAC AGG C 

G GCC GTA GTG GCC GCG GTG TCC GAGCT 

R L Y R R H H R W G R 
AATTC CGC CTA TAT CGC CGA CAT CAC CGA TGG GGA AGA C 

G GCG GAT ATA GCG GCT GTA GTG GCT ACC CCT TCT GAGCT 

Fig. 2a, b Restriction map and linker amino acid sequences, a Lo- 
cation of the restriction-enzyme cleavage sites in the tetracycline- 
resistance gene of pBR322. Nucleotide 1 is the first thymidine resi- 
due in the EcoRI site of the pBR322. The nucleotide positions from 
403 to 495 encode 31 amino acid residues. ~-, The truncated se- 
quences (R1, R3, R4, R5, R6, R8 and R10) inserted into expression 
plasmid pG97S4DhCT[G]; R x  the number (x) of arginine residues 
in the linker amino acid sequence, b Sequences of the oligomers 
introduced into the EcoRI-XhoI  site of pG97S4DhCT[G]. All the 
oligomers are flanked by EcoRI and XhoI  sites 

constructed in a similar manner, except that the 95-bp 
HaeIII-Eco47III fragment was used. Plasmid 
pG97S4DhCT[G]R8 was constructed by deleting the 
BbeI(413-434) region from the pG97S4DhCT [G] R10 
plasmid. 

Table 1 shows the calculated pI value for each fusion 
protein and the newly constructed linker peptide se- 
quences just described. 

Expression of the fusion proteins 

E. coli W3110 cells harbouring the constructed plas- 
mids were grown at 37°C for 16 h in 100 ml SB medium 
contained in 1-1 flasks. Since E. coli W3110 has only 
a single copy of the wild-type lactose-repressor gene, 
constitutive expression of the fusion proteins was ob- 
served. After harvesting, the total cellular proteins were 
analysed by SDS-PAGE. The molecular mass of each 
fusion protein was in the range from 18 kDa to 22 kDa, 
corresponding to the length of the linker peptide 
(Fig. 3). Fusion proteins (ploal>4.90) containing 
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Table 1 Linker amino acid 
sequences and calculated pI 
values (Ploal) for the fusion 
proteins. Amino acid residues 
in bold type were derived from 
EcoRI-XhoI  sites. Pica1 values 
for the fusion proteins were 
determined by the method of 
Skoong and Wichman (1986) 
(see Materials and methods) 

Plasmid Fusion protein Linker amino acid sequence P/ca1 

pG97S4DhCT [G1 /~GH [G] EFLE 4.43 
pG97S4DhCT [G] R 1 /~GH [G] R 1 EFSGSPLRAHLE 4.70 
pG97S4DhCT [61 R3 /~GH [61 R3 EFRLYRRLE 4.90 
pG97S4DhCT [G1 R4 /3GH [61 R4 EFRHHRRHRLE 5.80 
pG97S4DhCT [61 R5 /3GU [61 R5 EFRLYRRHHREGRLE 5.91 
pG97S4DhCT [GI R6 flGH [61 R6 ELRLYRRHHREG- 6.01 

RSGSPLRAHEQFLE 

pG97S4DhCT [G] R8 

pG97S4DhCT[G] R10 

/~GH [G] R8 

/3GH[G]R10 

EFRHHRRLYRRHHREGRSG- 6.83 
SPLRAHEQFLE 

EFRHHRRHRCGCWRLYRR- 7.85 
HHREGRSGSPLRHEQFLE 

Fig. 3 SDS-PAGE analysis. After cultivation of each strain in the 
SB medium, the absorbance at 660 nm was measured. An equal 
number of cells were loaded onto 16% SDS-PAGE gels as described 
by Laemmli (1970). Lanes: 2 W3110/pG97S4DhCT[G1; 
3 W3110/pG97S4DhCT[GIR1; 4 W3110/pG97S4DhCT[-G]R3; 
5 W3110/pG97S4DhCT[G1 R4; 6 W3110/pG97S4DhCT[G] R5; 
7 W3110/pG97S4DhCT[G] R6; 8 W3110/pG97S4DhCT[G1 RS; 
9 W3110/pG97S4DhCT[G]R10; 1, 10 molecular mass standards 
(kDa) The arrows indicate the position of the expressed fusion 
proteins 

more than 3 arginine residues in the linker region 
were expressed to comprise over 20% of the total 
cellular protein (Fig. 3, lanes 4-9). These highly ex- 
pressed fusion proteins formed inclusion bodies, since 
fusion proteins were collected by centrifugation after 
disruption of the cells (data not shown). On the other 
hand, in the case of W3110/pG97S4DhCT[G] 
(/3GH[G], piCaS=4.43) and W3110/pG97S4DhCT 
[GIRl  (/3GH[G]R1, pica1 = 4.70), the amount of ex- 
pressed fusion protein was very low (5% of total pro- 
tein; Fig. 3, lanes 2 and 3). Formation of an inclusion 
body led to the high expression, since an inclusion 
body is considered to be insensitive to intracellular 
proteases. 

Stability of the fusion proteins 

The influence of post-translational protein turnover on 
production of the fusion protein was examined by 
a pulse-chase analysis with L-[35S~ methionine. By this 
analysis, the half-lives of each fusion protein were de- 
termined (Fig. 4). The half-lives were much longer 
(more than 20 min) for the high producers 
(/3GH[G] R4; ploa~ = 5.80 and/~GH [G] R6; plca~ = 6.01) 
than that (10min) for the low producer (/3GH[G]; 
pica1 = 4.43). In this experiment, labelled /?GH[G]4 
and/3GH l-G] R6 were predominantly observed in the 
insoluble fraction, even just after the chase (data not 
shown). To test whether these linker sequences contrib- 
uted to the stabilization of transcribed mRNA, we 
analysed the stability of these transcribed mRNAs. The 
half-lives of the mRNAs were all about 2 min with the 
same E. coli strains (data not shown). Therefore, these 
data indicate that the stability of the fusion protein was 
increased by introducing the basic amino acid sequenc e 
into the fusion proteins. Rapid inclusion-body forma- 
tion seems to have been a major factor for this stabiliz- 
ation. 

Cultivation of each strain in a fermentor 

The E. coli strains were each cultured in a 30-1 fermen- 
tor as described in Materials and methods. As shown in 
Table 2, all the E. coli strains, except for W3110/ 
pG97S4DhCT[GlR10, could be grown to high final 
cell density (A66o = 94-120). Although W3110/ 
pG97S4DhCT[G]R10 showed the highest expres- 
sion efficiency per cell with flask culture (Fig. 3, 
lane 9), the cell growth was approximately half that 
of the other E. coli strains. Since the culture condi- 
tions of these strains were the same, we speculate for 
the case of W3110/pG97S4DhCT[G]R10 that 
the rapid formation of inclusion bodies might 
have inhibited cell growth or that the /~GH[G]R10 
fusion protein might have been toxic to the host 
cell. 
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Fig. 4 Post-translational stability. E. coli strains W3110/ 
pG97S4DhCT[G], W3110/pG97S4DhCT[G]R4 and W3110/ 
pG97S4DhCT[G] R6 were labelled with L-[35S] methionine, and an 
electrophoretic analysis of the fusion proteins was performed as 
described in Materials and methods. The amount of each labelled 
protein was determined by a densitometric scanning of the auto- 
radiograms with a Molecular Dynamics 300A computing den- 
sitometer. These values were used to calculate the half-lives (tl/2) of 
each fusion protein. Values above the lanes show the time after 
chasing and the arrows indicate the position of the labelled fusion 
proteins 

Table 2 Effects of linker sequence on cell growth and hCT[G] 
release. The percentage of hCT[G] released from each fusion pro- 
tein was determined by a reversed-phase HPLC analysis 

Strain/plasmid Final cell Release of 
density (A660) hCTEG] (%) 

W3110/pG97S4DhCT [G] R3 106 
W3110/pG97S4DhCT[G] R4 94 
W3110/pG97S4DhCT[G~ R5 105 
W3110/pG97S4DhCT[G] R6 110 
W3110/pG97S4DhCT [G] R8 120 
W3110/pG97S4DhCT[G] R10 53 

64 
97 

5 
34 
16 
90 

Release of hCT[G]  from the fusion proteins 
by S. aureus V8 protease 

E. coli cells that had been cultured as just described 
were collected and mechanically disrupted with the 
Manton-Gaullin homogenizer (model 15M8TBA) at 
a pressure of 500 kg/cm 2. The inclusion bodies were 
collected by centrifugation and washed twice with de- 
ionized water. The washed inclusion bodies were then 
suspended in an 8 M urea solution (20 mN TRIS-HC1 at 
pH 8.0 and 2 mM dithiothreitol) and diluted to a 2 N 
urea solution with deionized water. After preincubating 
at 30°C for 10 min, S. aureus V8 protease was added to 
the solution at an enzyme:substrate ratio of 1:5000 

(w/w), which was then incubated for 60 min. The effi- 
ciency of release of hCT[G]  from the fusion protein 
was analysed by reversed-phase HPLC. As shown in 
Table 2, there were notable differences in releasing 
efficiency among the fusion proteins. The fiGH [Gl R4 
fusion protein was cleaved efficiently (97%), but the 
f lGH[G]R5 fusion protein was only cleaved by 5%. 
Figure 5 depicts the HPLC pattern for the S. aure- 
us-VS-protease-treated f iGH[G]R4 fusion protein. 
The released hCT [-G] was eluted at the same retention 
time (6.0 min) as that of authentic reduced hCTI-G]. 
The hCT [G] peak was also detected in the case of the 
other digested fusion proteins. 

Discussion 

In this report we have described an attempt to form 
stable inclusion bodies in E. coli cells by changing the 
amino acid charge in the linker region of the hCT l-G] 
fusion protein. The starting f lGH[G] fusion protein 
comprised only 5% of the total protein (Fig. 3, lane 2), 
and the [35Slmethionine-labelled fusion protein was 
mainly detected in the soluble fraction (data not 
shown). On the other hand, the insertion of a sequence 
with more than 3 basic amino acids into the flGH [G] 
fusion protein promoted the formation of inclusion 
bodies (Fig. 3, lanes 4-9) and increased the stability of 
the fusion proteins (Fig. 4). It has been reported that the 
intracellular pH value for E. coli is 7.5-7.9 (Slonczewski 
et al. 1981). Hence, it is suggested that the change in pI 
from acidic to neutral might have decreased the in- 
tracellular solubility of the fusion protein and might 
have stimulated the formation of inclusion bodies. 
However, further studies are needed to elucidate the 
mechanism of inclusion-body formation caused by the 
insertion of basic amino acids. 
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Fig. 5a, b HPLC analysis of the flGH [G] R4 fusion protein, a No 
treatment with S. aureus V8 protease; b 60 min treatment with 
S. aureus V8 protease. Peaks: 1 /~GH[G]R4 fusion protein; 
2 hCT[G] (reduced form); 3 partner peptide (modified ~-galac- 
tosidase plus R4 linker) 

The /?GH[-G]R4 fusion protein was cleaved effici- 
ently (97%), whereas the /~GH[G]R5 fusion protein 
was only cleaved by 5% (Table 2). Despite 
/?GH[G]R6, /~GH[G]R8 and /~GH[G]R10 fusion 
proteins having the same 24-amino-acid sequence in 
the linker region, the releasing efficiency was quite 
different. The conformation of the fusion protein in the 
2 M urea solution might have affected the substrate 
recognition of S. aureus V8 protease. 

It was observed that modification of the linker se- 
quence affected inclusion-body formation, cell growth 
and releasing efficiency by S. aureus V8 protease. In 
respect of hCT[G] productivity, we conclude that 

pG97S4DhCT[-G] R4 was the best expression plasmid 
of those constructed, the yield from a 20-1 culture of the 
strain harbouring this plasmid being as high as 10 g 
hCT[G]. 

Although not shown, the purified hCT I-G] precursor 
was converted to C-terminus-~-amidated mature hCT 
by a X .  laevis C-terminus-e-amidating enzyme, which 
was derived from a recombinant Chinese hamster 
ovary cell line (Furukawa et al. 1993). hCT thus ob- 
tained showed full biological activity (data not shown). 
In conclusion, we developed a high level expression 
system for the hCT [G] precursor peptide by changing 
the total amino acid charge of the fusion protein. This 
expression system is capable of producing mature hCT 
on an industrial scale. 
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