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SUMMARY

Human IL-4 (hIL-4) has been cloned from a human T cell line based on its homology to the murine IL-4
¢DNA sequence [36]. We have compared cytoplasmic and extra-cytoplasmic expression of this basic protein in
Escherichia coli using various combinations of promoters, replicons and host strains. Strains producing a
cytoplasmic product were most successful at heterologous protein expression, producing up to 500 mg/1 of an
inactive aggregated form of the protein. The biological activity of the protein could be restored by refolding
the protein with guanidine hydrochloride and glutathione giving a specific activity identical to that of IL-4
derived from CHO cell lines stably transformed with an hl1L-4 expression plasmid. Strains designed to secrete
human IL-4 into the periplasmic space produced far less protein (approximately 5 mg/l). However, a signif-
icant fraction of this protein was detected in the culture medium. This fraction appeared to be soluble after
ultracentrifugation, and demonstrated high specific activity without refolding. Leakage of heterologous pro-
tein into the culture medium may be a viable way to recover biologically active products without relying on the
denaturation and refolding in vitro that can, at times, yield incorrectly folded gene product.

INTRODUCTION

. Originally described as B-cell stimulatory factor I
Present address: Merk Sharp & Dohme, Research Laborato- BSE-I). H IL-4 i hiehl . i
ries, P.O. Box 200, Rahway, NJ 07065-0900 (BSF-I), Human IL-4 is a highly species-specific
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cells and mast cells [24], enhances IL-2 dependent
T-cell proliferation [36], induces the expression of
class I MHC antigens on resting B cells, bone mar-
row derived macrophages and activated thymocytes
[37,7]. It has also been shown to induce the IgE
receptor, FceRII/CD23 [15]. The hIL-4 receptor has
been found on both haemopoietic and non-haemo-
poietic cell lines [5,20]. The mature protein consists
of 129 amino acids and exhibits an apparent molec-
ular weight (including glycosylation) of 20 000. The
mature protein contains six cysteine residues. Re-
duction of the molecule causes loss in biological ac-
tivity indicating that at least some of the cysteine
residues are involved in the formation of disulfide
bonds that are integral to its functional activity
(personal communication, P. Trotta, Schering
Corp., Bloomfield, NJ).

We have investigated the production of hIL-4 in
E. coli. Cytoplasmic expression of hIL-4 results in
high levels of insoluble product. This product can
be refolded by conventional means to yield a pro-
tein with high specific biological activity; however,
there is preliminary evidence that the refolded mate-
rial is heterogenous. We have contrasted cytoplas-
mic expression with a secretory expression system.
This system processes the signal sequence giving a
product with the correct amino terminus but also
yields insoluble cell-associated (periplasmic) pro-
tein. Surprisingly, a significant percent of the
processed protein ‘leaks’ from the cell as a soluble,
active molecule. We propose the isolation of this
leaked material as a viable alternative to refolding
insoluble h1L-4.

MATERIALS AND METHODS

Host strains

E. coli 294 (end™, hsdR, thi, pro) has been previ-
ously described [3]. Other host strains used in this
study were W3110 (F~, hsdR, HsdM ™) [6] DH-1
[F~, recAl, endAl, gyrA96, thi-1, hsdRI7(r.",
), supE44, recAl,7.”] [22] and AB1899 (thr-1,
leuB6, thi-1, argE3, hisG4, proA2, lon-1, lacY],
galK2, mtl-1, xyl-5, ara-14, strA31, tsx-33, 17,
supE44) [14].

Plasmids

pTACRBS, a high copy number vector carrying a
TAC promoter upstream of the lac ribosome bind-
ing site and, in addition, a synthetic consensus ribo-
some binding site, has been described previously
[26]. pKG-2 [11] is a derivative of pV U208, a ther-
moinducible runaway replication plasmid [12].
pKG-86 is a derivative of pK.G-2. The 959 bp frag-
ment of pBR325 [29] carrying the chloramphenicol
resistance gene was isolated following digestion
with Banl, Klenow fill in, and digestion with Aatll.
This region was then inserted between the Aa:I and
Scal sites of pKG-2, resulting in the chloramphen-
icol and tetracycline resistant thermoinducible high
copy number plasmid, pKG-86.

Construction of pKGT189-12

We initially sought to determine the solubility of
a native IL-4 molecule produced in the cytoplasm
of E. coli. The isolation of the human interleukin-4
c¢DNA in the expression plasmid, pcD-hIL-4, has
been described [36]. In order to construct the ma-
ture hIL-4 coding sequence for expression of the
protein in E. coli, pcD-hIL-4 was restricted with
EcoRV and BamHI. The 550 bp fragment carrying
all but the first 12 base pairs of the IL-4 coding
region was cloned between the EcoRV and BamHI
sites in pBR322, resulting in the plasmid,
pRGT651-3, as shown in Fig. 1. To complete the 5
end of the coding region, the synthetic oligonucleo-
tides shown in Fig. 1 were cloned between the Hin-
dIll and EcoRYV sites in pRGT651-3, resulting in
the plasmid, pRGT662-3.

In order to express hIL-4 in E. coli, pPRGT662-3
was restricted with Sacl and the 3’ overhang was
removed by the action of T4 DNA polymerase. The
plasmid was then restricted with Sa/l. The approxi-
mately 825 bp fragment carrying the mature hIL-4
coding region was then cloned behind the TAC pro-
moter in the plasmid pTACRBS [26] as follows:
pTACRBS was digested with Sacl. The 3" overhang
was removed with T4 DNA polymerase, and the
plasmid was then digested with Sa/l. The large frag-
ment carrying the TAC promoter, ampicillin resist-
ance gene and high copy number ori was isolated
and ligated to the 825 bp hIL-4 fragment. The liga-
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Fig. 1. Construction of the cytoplasmic hIL-4 expression plasmid, pKGT189-12: pKGT189-12 was constructed as shown. Details of the

construction scheme are given in the text. Shown on the oligonucleotides is an overscore, indicating the 5’ half of an EcoRV restriction

site, and arrows, indicating the cleavage sites of the other restriction endonuclease sites present. The diagram is not drawn to scale.

Abbreviations as used: hIL-4, human IL-4 gene; TAC, TAC promoter; amp", ampicillin resistance marker; tet’, tetracycline resistance
marker; h.c. ori; high copy number origin of replication, cop® ori; origin of replication for pVU208.
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tion was used to transform E. coli 294. One of the
resulting transformants, known as pRGT681-5 is
shown in Fig. 1.

A thermoinducible high copy number, tetracy-
cline resistant hIL-4 expression vector was next
constructed from pRGT681-5. pPRGT681-5 was re-
stricted with BamHI and the 5" overhang filled in by
the action of Klenow plymerase. The vector was
subsequently digested with EcoRI and the approxi-
mately 800 bp fragment carrying the TAC promoter
and the hIL-4 coding region was ligated to the large
EcoRI-Scal fragment of pKG-2 carrying the Cop®
origin of replication and the gene encoding tetra-
cycline resistance. Following transformation of E.
coli 294, one of the resulting transformants was
pKGT189-12, as shown in Fig. 1.

Construction of pKGT269-2

Due to the insolubility and low refolding yield of
hIL-4 expressed in the bacterial cytoplasm, we con-
structed expression vectors capable of secreting ma-
ture hIL-4 into the E. coli periplasmic space. The E.
coli secretory expression vector pINIITompA?2 [10]
was subjected to site specific mutagenesis as previ-
ously described [38], converting the 3" end of the
ompA signal peptide coding region into a Hindlll
recognition site. This resulted in the secretory vec-
tor known as pompH3, as shown in Fig. 2. The
EcoRV-BamHI fragment carrying all but the first
12 bp of the mature hIL-4 coding region was isolat-
ed from pcD-hIL-4 as described above. A region of
synthetic DNA encoding the first four amino acids
of mature hIL-4 and carrying the four bp HindIIl
overhang was synthesized (as shown in Fig. 1). The
vector pompH3 was digested with HindlIl and
BamHI, removing the polylinker. The vector was
then simultaneously ligated to both the EcoRV-
BamHI hIL-4 fragment and the synthetic DNA
fragment. One of the resulting hIL-4 expression
plasmids, known as pAH3, is shown in Fig. 2.

In an attempt to increase the expression level,
hIL-4 was next cloned into a thermoinducible high-
copy number vector, viz., pKG-2. The plasmid
pAH3 was digested with AafIl and Aval and the
large fragment carrying the hIL-4 coding region
was ligated to the Aatll-Aval fragment of pKG-86

carrying the thermoinducible origin of replication
and the gene encoding chloramphenicol resistance.
The ligation mixture was used to transform E. coli
294. One of the resulting clones carried the chlo-
ramphenicol resistant, thermoinducible high copy
number hIL-4 expression plasmid pKGT269-2.

DNA synthesis
DNA synthesis was performed on a Applied Bio-
systems Model 380 A DNA synthesizer.

Enzymes

All restriction enzymes, T4 DNA ligase and Kle-
now fragment of DNA polymerase [ were obtained
from New England Biolabs and were used in ac-
cordance with the manufacturer’s recommenda-
tions.

Growth of cells

Cells with temperature inducible plasmids were
grown at 30°C in baffled shake flasks or in 10 liter
fermenters controlled for pH (7.0) and oxygen sat-
uration (50%) prior to induction. For all fermenta-
tions modified GC medium was used. This media
consists of 30 g/l casamino acids, 20 g/l yeast ex-
tract, 5 g/l KH,PO, pH 7.0; with 20 ml/l each of
80% glycerol and 200 mM MgSO, solution were
added after autoclaving.

Preparation of samples for analysis

Cells were harvested by centrifugation and resus-
pended in 20 mM sodium phosphate, 150 mM
NaCl pH 7.4 (PBS) to an optical density of 30 at
660 nm. Cells were broken on ice with a Heat Sys-
tems-Ultrasonic Inc. sonicator until the optical den-
sity at 660 nm was 3 or lower. Insoluble material
was recovered by centrifugation at 4°C and 7 000 x
g for 10 min. This fraction contained all of the IL-4
in most strains examined. From secretory strains,
the growth medium was saved. The medium was
treated with 5% trichloroacetic (TCA) acid (w/v)
and the precipitate recovered.

Electrophoretic analysis
For SDS polyacrylamide gel electrophoresis [19]
broken cell or TCA pellets (see above) were resus-



perided to an optical density of 30 at 660 nm based
on the original culture density in 10 mM Tris-HCI
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Fig. 2. Construction of the periplasmic human IL-4 expression plasmid, pKGT269-2: pKGT269-2 was constructed as shown. Details of
the construction schema are given in the text. The double underline indicates the signal peptide coding region. Underscores in expansion
of pompH3 idicates changes made in the construction of pompH3 from pINIITompA [10]. The diagram is not drawn to scale. Abbrevia-
tions as used: hIL-4, human IL-4 gene; OmpA, ompA signal peptide; lppF, bacterial major lipoprotein prometer; lac® promoter/
operator; amp’, ampicillin resistance marker; tet’, tetracycline resistance marker; cam®, chloramphenicol resistance marker; cop” ori,

0.001% bromophenol blue and heated at 95°C for
10 min. For Coomassie blue stained gels 20 ul of
sample was loaded per lane of a 15% acryla-
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mide-0.4% bisacrylamide gel. Western blots [34]
were performed on SDS gels transferred to nitrocel-
[ulose paper. Filters were incubated with 10 mM
Tris-HCI pH 8, 150 mM NaCl, 0.05% Tween 20
and 0.5% bovine serum albumin containing a rab-
bit polyclonal antibody raised to SDS denatured
IL-4. A goat anti-rabbit alkaline phosphatase con-
jugate (Jackson Immuno Research Laboratories,
West Grove, PA) was used for the second antibody
reaction. Color development was performed with
Promega-Biotec ‘Protoblot’ reagents as described
by the manufacturer. Scanning of Coomassic blue
stained gels was done with an LKB Ultrascan XL
Laser Densitometer.

Refolding studies

Insoluble material after sonication was dissolved
in 6 M guanidine hydrochloride, 20 mM Tris-HCI
pH 8, 10 mM glutathione to an optical density
equivalent to 100 at 660 nm (based on the original
cell density). Insoluble material was removed by
centrifugation. The supernatant was then diluted

A 1

2 3 4 5

100 fold in 1 M guanidine-HCI, 20 mM Tris-HCl
pH 8, 2.5 mM glutathione and 0.5 mM oxidized
glutathione. After holding at 4°C overnight, the
sample was dialyzed against 20 mM Tris-HCI pH 8
at 4°C. Insoluble material was removed and the su-
pernatant analyzed for biological activity. Van
Kimmenade et al. [35], described a similar proce-
dure for refolding hIL-4. For sonicate pellets from
secretory expression strains no reduced or oxidized
glutathione was used at any time.

Bioassays

The biological activity of hIL-4 was determined
with a peripheral blood lymphocyte cell prolifer-
ation assay [36].

RESULTS
Human IL-4 expression in the cytoplasm of E. coli

We have examined the production of hIL-4 from
two different plasmid constructions, pRGT681-5

B 12 3 4 5

DLty 7

Fig. 3. Effect of temperature on expression of hiL-4 in the cytoplasm. pKGTI189-12/E. coli 294 was grown in modified GC medium at
30°C. Upon reaching an optical density of 1 at 660 nm, equal aliquots were removed and fermentation continued at 30°C, 34°C, 38°C and
42°C. One flask was kept at 30°C. pKGT681-5/F. coli 294 was fermented in modified GC medium at 37°C throughout the experiment.
Cells were harvested, lysed by sonication and the insoluble fraction analyzed by SDS polyacrylamide gel electrophoresis. The gels were
then stained for total protein with Coomassie Blue (Panel A) or stained immunologically for IL-4 protein (Panel B). Panel A, lane 1,
molecular weight standards (indicated as kilodaltons to left); lanes 2-5 pKGT189-12//E. coli 294 grown at 30°C, 34°C, 38°C and 42°C,
respectively; lane 6, pPRGT681-5/E. coli 294 at 37°C. Panel B, lanes 14 pKGT189-12/E. coli 294 at 30°C, 34°C, 38°C and 42°C; lane 5,
pRGT681-5/E. coli 294 at 37°C. Migration position of hIL-4 (arrow) is shown.
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Fig. 4. Effect of temperature on growth kinetics of pKGT189-
12/E. coli 294: Matched cultures of pKGT189-12/E. coli 294
were grown at 30°C in modified GC medium as described. Upon
reaching an optical density of 4 at 660 nm the fermentation tem-
peratures were shifted to 37°C to 42°C, and fermentations con-
tinued. Cell densities were measured spectrophotometrically.

and pKGT189-12. The production of IL-4 from
each was comparable if pKGT189-12 was grown at
38-40°C. Therefore, the majority of our work was
with this- plasmid because production could be reg-
ulated by temperature.

IL-4 expression was estimated by Coomassie
stained SDS-PAGE and western blot of pKGT189-
12/E. coli 294 at various temperatures (Fig. 3). A
large increase in expression level was noted at
growth temperatures of 34°C, 38°C and 42°C. Total
production at 42°C was typically about 5% of total
protein as estimated by gel scanning. Production of
hIL-4 from pRGT681-5/E. coli 294 at 37°C is
shown in panel A, lane 6.

Expression of IL-4 by pKGT189-12/E. coli 294
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was further examined at 37°C versus 42° in 10-1 fer-
mentors controlled for pH (7.0) and dissolved ox-
ygen (50% saturation). At an optical density of 4 at
660 nm, the cultures were shifted from 30°C to 37°C
or 42°C. The 42°C culture reached an optical densi-
ty of about 18-20 at 660 nm, while the 37°C culture
reached an optical density of 30 at 660 nm (Fig. 4).
Since an uninduced culture (maintained at 30°C) al-
so reached an optical density of 30, induction of
hIL-4 production, per se, has no deleterious effects
on cell growth. The lower growth potential at 42°C
may be due to effects of temperature and increased
plasmid copy number rather than the hIL-4 produc-
tion. The kinetics of expression of h1L-4 from each
fermentation are shown in Fig. 5.

Effect of host backgrounds on hIL-4 expression

Expression of hIL-4 from pKGT189-12 varied
widely depending on the strain of E. coli (Fig. 6).
Strains 294 and W3110 resulted in high and equiv-
alent expression while DH1 and AB1899 yielded
considerably lower production. The reasons for
these differences are presently unknown.

Solubility of IL-4

The hIL-4 expressed in E. coli from either
pPKGTI189-12 or pRGT681-5 plasmid at 23-42°C
was totally insoluble, i.e., less than 0.1% of total
hIL-4 was found in the supernatant of sonicated
cells after centrifugation at 200 000 x g for 30 min.
Microscopic examination of cells induced at 42°C,
where expression is highest, surprisingly showed no
evidence of polar inclusion bodies. Inclusion bodies
at the bacterial poles have been seen with other pro-
teins expressed at about 5% of total protein, e.g.,
prochymosin [32,33]. Electron micrographs (Fig. 7)
taken of pKGT189-12/E. coli 294 before and after
induction at 42°C again did not show evidence of
polar inclusion bodies, but did show nondescript
electron dense regions at numerous sites along the
inner surface of the cytoplasmic membrane.

Refolding studies

Since the h1l.-4 expressed in E. coli was insoluble,
it was solubilized prior to assay. Biological activity
was evaluted with a lymphophyte proliferation as-
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Fig. 5. Effect of temperature on induction kinetics of human IL-4 in pKGT189-12/E. coli 294: Aliquots of fermentations described in

Figure 3 were removed at the designated times. Cells were harvested, lysed by sonication and the insoluble fraction analyzed by SDS

polycrylamide gel electrophoresis. The gels were then stained for total protein using Coomassie Brilliant Blue. Lane 1, molecular weight

standards (indicated as kilodaltons to left); lanes 2 and 9, pK.G2/E. coli 294 negative control; lanes 3-8, pKGT189-12/E. coli 294 — 1,0, 1,

2, 3 and 4 h after shifting from 30°C to 42°C; lanes 10-16, pKGT189-12/E. coli 294 — 1,0, 1, 2, 3,4, 9 and 5 h after shifting from 30°C to
37°C. The migration positidn of hIL-4 is marked.
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Fig. 6. Effect of bacterial host strains on IL-4 expression from
pKGTI189-12:E. coli strains 294 (lane 1); DH-1 (lane 2); AB1899
(lane 3); and W3110 (lane4) were transformed with pKGT189-12
and grown as described. Upon reaching an optical density of 1 at
660 nm, cultures were shifted to 40°C, and fermentations contin-
ued for 3 h. Cells were harvested, lysed by sonication and the
insoluble fraction analyzed by SDS polyacrylamide gel electro-
phoresis. The gels were then stained immunologically for hIL-4.

say and SDS lysates of pKGT189-12/294 induced at
various temperatures versus time were examined
(Fig. 8). Cell pellets were resuspended to an optical
density of 30 at 660 nm (based on original cell densi-
ty) and lysed with SDS similarly to the procedure
used for solubilizing sonicate pellets (without the
addition of bromophenol blue) as described in Ma-
terials and Methods. The lysate was diluted 1:5; in
bioassay medium. Tt is clear that bioactivity in-
creased with time of induction as does hIL-4 expres-
sion (see above). The specific activity of SDS solu-
bilized hIL-4 was 730%£300 wu/ug. This is
considerably lower than that for native hIL-4 of
~25 000 u/ug [35].

If 6 M guanidine-hydrochloride at pH 7.5 was
used for solubilization instead of SDS, specific ac-
tivity increased about five-fold. With this available
information, we devised a simple refolding scheme
based on common protocols which yielded soluble
hIL-4 from the insoluble pellet fraction.

Human IL-4 expression in the periplasm
We characterized the production of hIL-4 from
two strains which secreted hIL-4 into the periplasm
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Fig. 7. Visualization of IL-4 aggregats within E. coli pKGT189-12/294: Aliquots of fermentations (42°C induction) described in Fig. 3

were removed at the designated times. Cells were harvested, then resuspended to original culture volume in 2.5% glutaraldehyde in 0.12

M cacodylate buffer, pH 7.0. The fixed cell pellets were then subjected to electron microscopy. A is cells at 30°C; B is cells after 4 h of
induction at 42°C.
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Fig. 8. Characterization of induction kinetics of pKGT189-12/E.
coli 294 by bioassay in the presence of SDS: Aliquots of fer-
mentations described in Fig. 3 were removed at the designated
times. Cells were harvested and lysed with SDS, then diluted 1:50
in bioassay buffer as described in Materials and Methods. Sam-
ples from fermentations of pKGT189-12/E. coli 294 at 42°C (A),
38°C (B), 34°C (C), and fermentations of pKG25/E. coli 294 at
42°C, 38°C, or 34°C (D) were then assayed as described.

(pAH3/E. coli 294 and pKGT269-2/E. coli 294).
The latter plasmid contained the same thermoin-
ducible origin of replication as does pKGT189-12.
Upon induction of this strain at 42°C, hIL-4 pro-
duction could be detected on a western blot (Fig. 9).
Induction was also achieved with 0.1 mM IPTG at
30°C. In both cases, the amount of processed hIL-4
was less than 1% of the total hIL-4 produced in the
cytoplasmic strains. More unprocessed than
processed hIL-4 was also detected indicating that
we may have exceeded the capacity of these cells to
export hIlL-4.

Induction of pKGT269-2/E. coli 294 with IPTG
at 30°C resulted in cessation of growth (generation
time increases from 1-2 hours to about 24 hours)
and a drop in oxygen consumption to 5% of the
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Fig. 9. Expression and localization of hIL-4 produced by a secre-
tion cloning plasmid: pKGT269-2/E. coli 294 was grown in mod-
ified GC medium at 30°C. Upon reaching an optical density of
~ 1 at 660 nm, the fermentation temperature shifted to 42°C, and
fermentation continued. Aliquots of the fermentation was re-
moved, cells lysed by sonication, and the cell fractions analyzed
by SDS polyacrylamide gel electrophoresis. The gels were then
stained for hIL-4 protein immunologically. Lane 1, purified E.
coli derived hIL-4; lane 2, soluble fraction for lysate of
pKGT269-2/E. coli 294; lane 3, insoluble fraction from lysate of
pKGT269-2/E. coli 294; lane 4, soluble fraction from lysate of
negative control strain pK GR6/E. cofi 294, lane 5, insoluble frac-
tion from lysate of pKG86/E. coli 294; lane 6, media fraction
from pKGT269-2/E. coli 294 fermentation; lane 7, media frac-
tion from control pKG86/E. coli 294 fermentation.

preinduction levels. Colony-forming units per ml
remained constant for many hours indicating that
no net cell death occured. Growth cessation was
correlated with about a ten-fold increase in the
amount of hIL-4 within 1-2 hours.

Almost no soluble hIL-4 was found in pKGT269-
2/294 after cell breakage (Fig. 9) and no hIL-4
could be released using an osmotic shock. Small
amounts were released with a wash in 0.15 M NaCl
containing 2.5 mM EDTA at pH 7.2 (data not
shown). These results indicate that the ‘hIL-4 in the
periplasm was nearly as insoluble (or tightly bound)
as IL-4 retained in the cytoplasm. The material
from the periplasm was refolded in a manner simi-
lar to that described above and observed to have the

correct specific activity (data not shown). Sequence
analysis of the periplasmically derived hIL-4
showed it to have the correct amino terminal se-
quence starting with histidine indicating that the
processing of the signal sequence was faithful.

Release of Human 11L-4 into the culture medium

The media after induction of pKGT269-2/294
was found to contain a considerable amount (30-
50%) of the processed hIL-4 (Fig. 9). This hiL-4
was completely soluble on ultracentrifugation
(250 000 x g, 30 min) and had a specific bioactivity
expected for the native molecule.

Although we are not yet certain of the mecha-
nism behind the release of hIL-4 into the medium,
the total amount released was small (1-3 pg/ml for a
typical fermentation), The molecular weight of this
hIL-4 containing complex is polydisperse and grea-
ter than 100 000 by gel filtration. Human IL.-4 from
the medium did not bind to a cation exchange resin
(such as SP-sephadex) even though it had a pl of
greater than 10. It has been shown that pure hIL-4
will form a tight, almost 1:1 molar complex with
lipopolysaccharide from E. coli (C. Lunn, et al,,
submitted for publication) and it is possible that
such a complex may be present in the medium. Hu-
man IL-4 was partially purified from the medium
by trichloroacetic acid precipitation, followed by
resuspension of the insoluble material in 6 M guani-
dine hydrochloride at pH 8. This solution was slow-
ly analyzed against 10 mM Tris-HCIl, pH 8. The
hIL-4 present was bound to an SP-sephadex col-
umn and eluted with 1 M NaCl. As mentioned
above, the specific bioactivity of this material was
the same as the native molecule.

DISCUSSION

Current understanding of bacterial gene regula-
tion has permitted construction of plasmids capable
of production of large amounts of heterologous
gene products in E. coli. With the addition of ap-
propriate presequences (i.e., a signal peptide) the
heterologous gene product can be directed outside
the bacterial cytoplasm. Each mode of production



has its own strengths and weaknesses in the matters
of yield, solubility and stability of the product. In
this paper, we have investigated the production in
E. coli of an extremely basic human protein, inter-
leukin-4, using both cytoplasmic and extra-cyto-
plasmic expression systems.

In all cases in which the protein was expressed in
the cytoplasm, expression of hIL-4 resulted in the
accumulation of the gene product in insoluble pro-
tein aggregates. Alteration of the host strains har-
boring the hIL-4 encoding plasmid affected protein
production, but was unable to produce soluble
hIL-4. Manipulation of fermentation temperature
was attempted to increase the amount of soluble
heterologous protein [31] but no soluble hIL-4 was
generated regardless of fermentation temperature
used (23° to 42°C).

Electron microscopic characterization of many
protein aggregates [32,33] show rounded structures
localized to one pole of the bacterial cell. In con-
trast, visualization of the hIL-4 aggregate-contain-
ing bacteria by electron microscopy (Fig. 7) showed
amorphous electron dense regions (presumably
hIL-4) contiguous with the inner surface of the cy-
toplasmic membrane at numerous points around
the periphery of the cell. The significance of this
observation is not clear. It may be due to the highly
basic hIL-4 (p > 10) associating with acidic groups
such as cytoplasmic membrane phospholipids. This
argument has been used to rationalize the require-
ment of a basic amino terminus in E. coli signal
peptides for efficient translocation [16].

Insoluble hIL-4 was succesfully refolded by con-
ventional procedures but was shown to be hetero-
genous on ion-exchange chromatography (P. Trot-
ta, personal communication). In addition, hIL-4
produced cytoplasmically contained a methionine
at the amino terminus that is lacking in native IL-4.
Both these factors led us to examine expression of
hIl-4 in a secretory system.

The secretory expression of hIL-4 had a number
of salient features. First, total hIL-4 production was
low, i.e., 1-5% of the level of the cytoplasmic ex-
pression strains. Second, processing of the signal
sequence was faithful leaving an N-terminal histi-
dine (see Fig. 2), although the majority of the ex-
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pressed hIL-4 was unprocessed. Third, cell-associ-
ated, processed hIL-4 was almost totally insoluble,
although it could be refolded. Thus, the advantage
of having a correct amino terminal sequence lack-
ing the N-terminal methionine was nullified by the
need to refold h1L-4, and was further complicated
by the low yield.

Interestingly, with secretory expression a consid-
erable percentage of the processed hIL-4 (30-50%)
was not cell-associated but found in the medium.
This material was completely soluble and had the
expected specific bioactivity. The possibility exists
that the processed hIL-4 in the media could be a
result of cell Iysis. This would be consistent with the
finding that some unprocessed hIL-4 can also be
detected in the medium (Fig. 9). However, we do
not notice cell lysis upon induction commensurate
with the fraction of IL-4 released, either by loss of
optical density or by checking for the relase of cy-
toplasmic enzymes. Therefore we believe that some
of the processed hIL-4 has ‘leaked’ across the outer
membrane into the medium.

We have been able to purify hIL-4 from the medi-
um to a yield of about 1 mg/l which represents
about 0.01% of total starting protein. This phe-
nomenon of extracellular secretion has also been
observed for HuGM-CSF in our laboratory (un-
published observation) and reported by at least one
other group [30]. We view the purification of hIL-4
from the culture medium as a viable and interesting
option. It could be important for production of a
protein that is difficult to refold and/or is biological-
ly active at a low dosage. More important, it is a
starting point for conmstructing better producing
strains. For example, one factor limiting the
amount of leaked hIL-4 is probably the nearly bac-
teriostatic effect of IPTG induction. We can only
speculate as to its cause. It must be at least partially
hIL-4-dependent because the same effect is not seen
when GM-SCF is secreted using a similar plasmid
backbone, IPTG induction, and the same host
strain [11]. Possibly the basic hIL-4 binds tighily to
the secretory apparatus or forms membrane pores.
If this growth-inhibiting effect could be reversed in
a mutant, it might be possible to increase produc-
tion.
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