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Synthesis of mini-proinsulin precursors using N-termini of
human TNF « as fusion partners in recombinant  Escherichia
coli
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Synthesis of human mini-proinsulin precursors was investigated in controlled fed-batch cultures at high cell concen-
trations of recombinant  Escherichia coli. Transcription of the recombinant gene was controlled by a T7 promoter
system. The human mini-proinsulin was prepared by substituting a C-chain peptide of natural proinsulin with a
peptide sequence of only nine amino acids. The reduced size of fusion proinsulin and hence the increased purity
of human insulin in the recombinant product may contribute to increasing the fermentation yield of human insulin.
Three precursors (T1-, T2-, and T3-M2PI) were constructed by utilizing the N-terminus residues of human tumor
necrosis factor « as fusion partners. The T2 precursor was most soluble in the cytoplasm, and exerted the most
inhibitory effect on recombinant cell growth. In the production of T2-M2PI, significant amounts of undesirable meta-
bolic by-products (acetate and ammonia) accumulated in the culture broth even at very low specific cell growth
rate. The major portion of all synthesized precursors aggregated to insoluble inclusion bodies but the protein aggre-
gates were easily converted to monomers in the presence of the anionic detergent (SDS) without using any reducing
agent. With the expression of T1-M2PI, growth inhibition was minimal, and the maximum volumetric yield of mini-
proinsulin (M2PI) in fermentation cultures was at the highest level among the synthesized precursors.
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Introduction characteristics of the fusion expression system in protein
r§tability, yield, and bacterial physiology need to be investi-
gated in detail for development of optimal fermentation
processes.

Human insulin derived from rDNA technology was the

One potential disadvantage of direct expression of foreig
proteins inEscherichia colicytoplasm is that synthesis of
the desired proteins is initiated with methionine which is

not efficiently processet vivo. To overcome this problem, first marketed human health-care product, commercialized

several methods have been developed, including th S . , .
secretion of heterologous protein [5,6,10,11,15] and enzySy Eli Lilly and Company in the United States in 1982.

matic removal of an appropriately designed N-terminalsmce the bulk market of human insulin requires large-scale

fusion partner [3,4,9,14]. Sometimes protein stability is a];evrgwegggmm(;rlo?/g%%hgs ﬁ)rzogrl:)(;gg cr:)l#]rg:r?tr;tgglr]nsslijgl;r?i,fi-
problem in the production of small heterologous proteins ntly affect productivity of the fermentation process.

or peptides such as human proinsulin because of their sh erefore, it is of great importance to develop an efficient

half-life in the host cell [16]. In order to increase the stab- ; Lo i
ility of expressed protein irkE. coli, expression in fusion anq stable expression system for a high-yield fermen
Jjation process.

ipnrtcr) ;%glfurl]:rsfﬁlsﬁgnbgsgtgvrlr?segrgTrggjgeer?flfgng?gcﬁet;iaz(ggrh% The present investigation is concerned with the synthesis
f recombinant fusion human proinsulin in fed-batch cul-

production of insoluble inclusion bodies [17], the choice of . . : ]
fusion partner sometimes significantly determines the squF-ures OfE. coli. Human proinsulin was prepared by replac

> . : ' ing the natural C-chain peptide (35 amino acids) with a
bility, toxicity to host cell, and/or yield (or concentration) ; L ; : )
of expressed fusion protein, which in tun affects the €W peptide sequence consisting of only nine amino acids.

efficiency of complex downstream processes [2,7,8,12]. AThc;fngsjtlji;a,n[tlg]urq%g ?Jgi'gﬁur'ﬁ?nir.] arsoiaiiﬂnnarnggg 023 g;': -
the same time, there has not been the same physiologic [ ted to authentic h pr¢ i bp ina th
background for the development of fermentation processe, e converted 1o aau hen IC human ms_ubln_ y removing the
producing the desired recombinant proteins with high stap.USIOn partner and the pro-sequence ibyitro treatment

ility as well as high yield, where the biomass concentrationWIth cyanogen bromide and proteolytic enzymes, respect-

o . 1 ively [1]. In the present work, the effects of various fusion
Is increased to high levels>@5g L™). Therefore, the partners (derived from N-terminus residues of tumor

necrosis factor) on cell growth and gene expression were
Correspondence: Dr J Lee, Biochemical Process Engineering RU Koreinvesm‘:]atecI in well-controlled fed-batch cuitures at high
Research Institute of Bioscience and Biotechnology (KRIBB), PO Box&?_II concentratlons.. Some 'mport?‘m CharaCter,'St'CS in solu-
115, Yusong, Taejon 305-600, South Korea bility and aggregation of synthesized recombinant precur-
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Materials and methods 20 g glucose. The MgSfand glucose were autoclaved sep-
arately, and 200 mg ampicillin was added per liter through

Recombinant E. colf strains and precursor design 0.2um syringe filter. In the growth-phase fed-batch oper-

The host-plasmid systems u;ed in this study consist of thgtion, the glucose-salt synthetic medium (containing per
structural genes for mini-proinsulin (M2PI) precursors Ca:’iter' 800 g glucose, 2 g MgSETH,0, 20 ml trace metal
?eEdT?g;ﬁhr/lezcomEletl??g'}'-zrl\Y/l-zbaZﬁg plé';_eggp_)rrg'\sﬂszl?r\llvﬁlﬁsthmé §olution) was used as a feed with the addition of ammonium
Ep coli strain EEZl(DES) (F'om Tphsd§(rB* mB) as hydroxide as both nitrogen source and pH regulator. The
' : Pl | 4 . feed media used for recombinant protein synthesis con-
the host. The preparation of the mini-proinsulin, the ShUttIeained er liter: 1.5g (NH,SO,, 211 g yeast extract, 1
vector, and the host strain were described in detail by Shirﬁ/I P - 120 2= gy 9

S . . SO, 7H,0, and 274 g glucose. All feed media contained
et al [13]. The mini-proinsulin precursors [T1-M2PI 9ot Fh . N
(13KkDa), T2-M2PI (8.6 kDa), and T3-M2PI (8.9 kDa)] élgvzrgpggglg;apiglryhter. The MgS@and glucose were auto
were expressed using N-terminus residues of hINF ™y a0k ang fed-batch bioreactor experiments were con-
(human tumor necrosis facta) as fusion partners (F|.gure. ducted in 5-L Bioflo Ill laboratory fermenters (New Brun-
1). The following peptide consisting of 54 amino acids (ie _ . C : .
N-terminus 8th (Pro) to 61st (Arg) residues of hTa)fvas swick Scientific, NJ, USA). In the growth (or preinduction)
used as the fusion partner T1: ?/IPSDKPVAHVVANPQA— phase of fed-batch operation, all recombinant strains were
EGQLQWLNRRANALLANGVELRDNQLVVPIEGLFLI-  J7oWh atfalsF’eC'f'C ‘ﬁtrg"‘:}h rate, 3'21?""" eXPO”er?“g"
. . . feeding of glucose-salt defined media. Ammonium rox-
YSR_. Anotherfuspn partner, T2, consists of the 15—reS|du<%de wags ac?ded to the culture as both nitrogen sour%:e and
e et Fole Lot oo aan P EgUIlor only in the rowh phase. When th cel con
residues of hTNk were u.sed asyihe fusion partner T3 Thecentration reached 65-70 g dry weight per L culture, the
' recombinant gene expression was initiated with the addition
same spacer sequence, Ser-Ser-Gly-Ser-Met, was added {p)pp (0.03 mmoles per g dry cell weight), and then the
the C-terminus of T1, T2, and T3 above, and all fusion

partners were removed by vitro treatment with cyanogen postinduction medium was continuously added at a con-

. . L tant feed rate, 74 ml~h until the end of postinduction
bromﬁle (CNBt? usgg thle last methlgmne aﬁztgf cleavag hase. Unless otherwistle mentioned, the Igioreactors were
site. All recombinank. coli strains producin recur- : , ’
sors were kindly donated by the FI)3rotein Igngineepr)ing Lab_operated at pH 6.75 (only in the growth phoase_) anb[:37_
oratory at Hanhyo Institutes of Technology, Yusong,D'SSOIVed oxygen was controlled above 40% air saturation

South Korea to avoid oxygen limitation. Data acquisition and control of
' various operating parameters (eg temperature, dissolved
oxygen concentration, pH, rpm, and the medium flow rate)

Cultivation media and bioreactor operation ivere effectively achieved by using the Bioflo IIlI's elec-

The preparation of stock cultures and inoculum for eac
bioreactor experiment was as described in our previou
report [13]. The synthetic medium used for initial batch
cultures contained per liter: 13 g KAO,, 4 g (NH,),HPQ,,

1.7 g citric acid, 20 ml trace metal solution (containing perAnalytical methods

liter: 0.42g EDTA, 0.125g CoGi6H,O, 0.75g The glucose concentration was measured by a YSI glucose
MnCl,-4H,0, 0.11 g CuSQ5H,0, 0.15g HBO;, 0.125g analyzer (model 2300 Stat Plus, Yellow Springs Instru-
NaMoO,-2H,0, 0.85g ZnSQ7H,O, and 5g ments, Yellow Springs, OH, USA). The acetic acid and
FeCL-6H,0), 0.1 g thiamine-HCI, 1.2 g MgS©O/rH,0O, and  ammonia concentrations were measured by employing acet-

ronic control module and the software, Advanced Fermen-
ation System.

T
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Figure 1 Schematic presentation of mini-proinsulin precursors. Arrows indicate the cleavage site for CNBr.
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ate (Boehringer Mannheim, Mannheim, Germany) andhe amount of human mini-proinsulin produced was also
ammonia (Sigma, St Louis, MO, USA) assay reagents asalculated from a previously developed correlation between
per the procedures suggested by the supplier. The opticBISA concentration and the measured band area. Non-
density of each culture sample was measured at 600 nmeducing SDS-PAGE with inclusion bodies separated from
(ODsog) using a Pharmacia Ultrospec Il spectrophotometercell lysates was also conducted to estimate the molecular
The dry weight concentration of recombinant cells (DCW,interaction of recombinant protein aggregates.
g L™) was then obtained using a previously developed cor-
relation between optical density and dry cell mass concen- . .
tration, ie DCW= 0.417 ODQy, "Results and discussion

Expression levels of M2PI precursors were measured by¥xpression of three M2PI precursors in high cell
subjecting samples taken from the fermenter to denaturingensity cultures
gradient sodium dodecyl sulphate-polyacrylamide gelAs discussed in the earlier report [13], even a small amount
electrophoresis (SDS-PAGE) (10-20% tricine gel, Novex,of the fusion mini-proinsulin (T2-M2PI) inhibits host cell
San Diego, CA, USA). Bovine serum albumin (BSAx8)  growth, and therefore the time and extent of plasmid gene
was separately loaded on each gel with culture samples a&xpression were controlled using the inducible T7 promoter
standard for protein quantification [13]. The resulting pro-system. For the purpose of developing the fusion expression
tein bands were scanned with a laser densitometepartner with which low growth inhibition and high M2PI
(Ultroscan XL, Pharmacia LKB Biotechnology, Uppsala,
Sweden). From this analysis, the percentage of recombinant

E . X 150
protein from the total cellular protein was determined and
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Figure 2 (a) Cell growth (open symbols) and production of M2PI pre- Time (h)

cursors (closed symbols) (T1-M2PO( @), T2-M2PI (O, m), and T3-

M2PI (A, A)) in recombinang. coli. (b) Ratio of soluble to total synthe- Figure 3 Production of (a) acetate and (b) ammonia in recombitant
sized precursors in the postinduction pha®@e:T1-M2PI; B, T2-M2PI; coli cultures under gene expression during postinduction phesé:l-
A, T3-M2PI. M2PI; B, T2-M2PI; A, T3-M2PI.



Synthesis of mini-proinsulin precursors
CS Shin et al

B

yield can be obtained, three precursors of mini-proinsulinAccumulation of the metabolic by-products (acetate
consisting of different fusion partners were synthesizedand ammonia)
using the same host-vector system. The growth of recombiAs shown in Figure 3, significant amounts of acetate and
nant E. coli during the postinduction phase was most sig-ammonia were accumulated in the induced culture broths
nificantly inhibited with the expression of T2-M2PI, of cells producing the T2-M2PI. In the postinduction phase,
whereas the growth inhibition was effectively circumventedacid or base as pH regulator were not added to the culture,
with the expression of T1 precursors (Figure 2a). Thehence the accumulated acetate and ammonia are cellular
maximum concentrations of synthesized T1-, T2-, and T3metabolic by-products. In the production of T1 and T3 pre-
M2PI (g recombinant protein per L culture) are 8.1 L cursors, the accumulation of acetate and ammonia was
(0.62 mM), 4.6 g * (0.53 mM), and 4.7 g t* (0.53 mM), apparently less than in the production of T2 precursor.
respectively, where the highest expression level of T1 pre- The overproduction of T2-M2PI may hamper metabolic
cursor might result from the largest molecular size of T1-activities and thereby result in the unbalanced rates of gly-
M2PI. From the maximum molar concentrations above, thecolysis and the oxidation of metabolites due to saturation
volumetric yield of mini-proinsulin (M2P1) in the fermen- of the respiration capacity. Provided that glucose overflow
tation cultures was highest with the expression of T1 preoccurs during unbalanced cellular metabolism, the extra
cursor. Figure 2b shows that almost all synthesized T2glucose and pyruvate could be released as the inhibitory
M2PI was initially soluble in the cytoplasm, and the soluble by-product (acetate) even at a very low specific cell growth
portion of T2-M2PI was maintained during the whole post-rate as shown in Figure 3a. A significant amount of
induction period at an apparently higher level than that olammonia is also accumulated in every recombinant culture
the other two precursors. broth (Figure 3b). With the expression of T2-M2PlI, the cell
Recombinant gene expressionHn coli leads mainly to  growth rate decreased to nearly zero after recombinant gene
aggregation of the synthesized proteins into insolubleexpression (Figure 2a), while at the same time the recombi-
inclusion bodies, but sometimes (especially at lownant protein yield drastically increased due presumably to
expression levels) all or some of the expressed proteinthe drastic increase of plasmid copy number with the
exist in soluble form in the cytoplasm. The inclusion bodiesdecrease of cell growth rate, from the results of our earlier
may cause distension of recombinant cell walls [17] andreport [13]. Since glucose did not accumulate in the culture
make the cells more sensitive to hypo-osmolarity of thebroth, probably the increased nutrient requirement for cellu-
culture environment [18] by reducing the integrity of the lar maintenance and protein synthesis caused glucose star-
cell membrane, which in turn inhibits recombinant cell vation and hence ammonia accumulation in the culture
growth. However, it is generally accepted that the heterobroth.
logous soluble proteins inhibit host cell growth more sig-
nificantly than the aggregated proteins, either due to thé\nalysis of synthesized protein aggregates
toxicity of protein itself or because it competes with an Although most of the expressed recombinant protein was
essential growth factor of the host cell. present as intracellular soluble protein at the beginning of
The growth of recombinark. coli producing T2-M2PI1  the postinduction phase, the soluble proteins were progress-
was most repressed immediately after promoter inductioiively aggregated into inclusion bodies (Figure 2b).
(Figure 2a). This may be related to the fact that the T2nclusion body formation was estimated by reducing and
precursor was initially all soluble protein (Figure 2b). The non-reducing SDS-PAGE with the total cell lysates (Figure
key factors determining the solubility of precursors are not4). Even in the non-reducing conditions of analysis, all syn-
clear, but the higher solubility of T2-M2PI may be some- thesized precursors appeared at the same monomer pos-
what associated with the high hydrophilicity of the T2 ition, which suggests that the protein aggregation was not
fusion partner (ie percentages of hydrophilic amino acidamediated by a strong molecular interaction such as covalent
in T1, T2, and T3 are 49, 88, and 38%, respectively).  disulfide linkage and hence that the insoluble aggregates of

Figure 4 SDS-PAGE analysis of total cell lysate samples from induced recombactli cultures producing (a) T1-M2PI, (b) T2-M2PI, and (c)
T3-M2PI. Lane 1: boiled samples under reduced conditions; lane 2: non-boiled samples under reduced conditions; lane 3: boiled samples under non-
reduced conditions; lane 4: non-boiled samples under non-reduced conditions. Arrows indicate the M2PI precursor in each recombinant culture.
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all M2PI precursors can be easily converted to the mono- 1984. Pseudomonas aeru_ginosaecretes and correctly processes
mer form in the or ioni ; i human growth hormone. Bio/Technology 2: 161-165.

tﬁ Od tt e P esenfe Oli.amom: dletfrgen”t \?llthOUt usm.gG Hsiung H, NG Mayne and GW Becker. 1986. High-level expression,
other (_'ma uring agents ( |g_ure ). Intracellular am_mon'a efficient secretion and folding of human growth hormoneEsther-
production may have some influence on the formation of ichia coli. Bio/Technology 4: 991-995.
reduced protein aggregates. The intracellular pH shift to a7 Kroeff EP, RA Owens, EL Campbell, RD Johnson and HI Marks.
more alkaline condition would decrease the intracellular 1989. Production scale purification of biosynthetic human insulin by

. - reversed-phase high-performance liquid chromatography. J Chroma-
redox potential, and hence tle coli cytoplasm would be togr 461: 45-61.

under more reducing Conditi_on& which mig_ht provide a 8 Marston FAO. 1986. The purification of eukaryotic polypeptides syn-
cellular environment protecting the recombinant protein thesized inEscherichia coli Biochem J 240: 1-12.

from aggregation by covalent disulfide linkage. 9 Matteucci M and H Lipetsky. 1986. Alkaline phosphatase fusions: a
In the production of T1-M2PI. the grovvth inhibition tag to identify mutations that result in increased expression of secreted

. . . . human growth hormone fror&. coli. Bio/Technology 4: 51-55.
effect was minimal, and the maximum volumetric y'eld of 10 Nakayama A, K Kawamura, H Shimada, A Akaoka, J Mita, M Honjo

M2P1 in fermentation culture was higheSt- Increased protein and Y Furutani. 1987. Extracellular production of human growth hor-
turnover, decreased metabolic efficiency, and hence growth mone by a head portion of the prepropeptide derived fimilllus
inhibition of E. coli at high cell density cultures are often amyloliquefaciensieutral protease iBacillus subtilis J Biotechnol 5:

. . . . 171-179.
respon5|ble for fermentation failures, and Consequemly' Ih Oliver D. 1985. Protein secretion ikscherichia coli Ann Rev

seems possible that the N-terminus T1 fragment of human  icrobiol 39: 615-648.
TNFa is an adequate fusion partner for high-level 12 Petrides D, E Sapidou and J Calandranis. 1995. Computer-aided pro-
expression of mini-proinsulin as well as for stable bioreac- cess analysis and economic evaluation for biosynthetic human insulin
tor control. production—a case study. Biotechnol Bioeng 48: 529-541.
13 Shin CS, MS Hong, CS Bae and J Lee. 1997. Enhanced production
of human mini-proinsulin in fed-batch cultures at high cell density
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