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Pilot scale production of a recombinant human epidermal

growth factor, secreted by Bacillus brevis , using expanded bed
adsorption

A Miyauchi, S Ebisu, K Uchida, M Yoshida, M Ozawa, T Tojo, K Kadowaki(land H Takagi

Research Laboratory, Higeta Shoyu Co, 2—-8 Chuo-cho, Choshi-shi, Chiba 288-8680, Japan

Recombinant Bacillus brevis which carried an expression plasmid encoding the human epidermal growth factor
(EGF) gene on a cryptic high-copy number plasmid, pHT926, extracellularly produced EGF in its biologically active
form at a concentration of over 1.5g L 7 in the culture broth in a 30-L jar fermenter. The culture broth also contained
some other EGF compounds, which mainly consisted of oligomeric and polymeric forms with disulfide bonds. We
developed a simple purification method for EGF, without prior cell removal from the culture broth, comprising cation
exchange expanded bed adsorption followed by ultrafiltration with UF 10 000 and 3000 membranes. The EGF com-
pounds were efficiently separated from the EGF in its native form in the expanded bed adsorption step. With this
purification method, only EGF in its native form was recovered from the culture broth, with a yield of nearly 80%,
and 90% purity. This efficient and economic system has made it possible to use EGF as a pharmaceutical in the
livestock industry.
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Introduction al [18] reported a new expression plasmid, pHT110tGH,
_which enable$. brevisHPD31 to secrete tuna growth hor-
gmone efficiently. This plasmid was derived from a cryptic
multi-copy plasmid, pHT926 [5], found imBrevibacillus

Human epidermal growth factor (EGF) is a small polypep
tide of 53 amino acid residues containing three disulfid
bonds, with a molecular weight of 6216 daltons. This poly- . .
peptide has the ability to temporarily inhibit wool growth PorstélensisiP926 [19], which belongs to the same genus
in Merino sheep [16], as well as activities inhibiting gastric @S the HPD31 strain. _ _ _
acid secretion [8] and accelerating epithelial cell prolifer- EVven if an efficient secretion system is used, centrifug-
ation [9]. Therefore, this valuable wool can be easily har-ation and microfiltration are normally_ necessary to. remove
vested by hand from the bodies of Merino sheep administhe cells from th(_a fermentat|or] broth in t_he first purl_flcat|0n
tered EGF [17]. The use of EGF in this manner is calledSteps. The clarified fermentation broth is then subjected to
biological wool harvesting [17]. This system requires theseveral chromatographic steps for concentration and puri-
production of high quality EGF in large quantities and atfication of the product. Recently, expanded or fluidized bed
a low price. adsorption was developed as a downstream processing tech-
The industrial production of recombinant proteins hashique for the capture of proteins from unclarified fermen-
been achieved using the well-studied bacteritscher- tation broth or unclarified homogenates [7,10]. Expanded
ichia coli, as a host. However, other potential host-vectoibed adsorption can reduce the number of operations in
systems, in which a heterologous protein is secreted intdownstream processing, because this system has the ability
the culture medium, have been investigated. Proteif simultaneous clarification, concentration and purifi-
secretion is attractive in order to obtain a high yield of thecation. In general, fewer operations in the purification pro-
product, to simplify the purification scheme, and to elimin- cess will increase the yield, reduce waste, and decrease the
ate the cell disruption step. capital cost. For these reasons, expanded bed adsorption is
Udakaet al developed a host-vector system involving an attractive downstream processing technique. Therefore,
the protein hyper-producing bacteriufacillus brevis as  we selected a cation exchange expanded bed adsorption
a host for efficient extracellular production of heterologoussystem for the primary purification step in order to achieve
proteins [24,25].B. brevisHPD31 [21], recently reclassi- efficient purification of EGF.
fied as Brevibacillus choshinensig20], carrying EGF In this study, we found a considerable amount of high
expression-secretion plasmids derived from pUB110 angnolecular weight EGF compounds in the culture broth,
pHY483 was able to produce EGF at 240 mg [28] and  consisting of oligomeric and polymeric molecules with
1.1g L™ [6] in the culture medium, respectively. Sagige  jntermolecular disulfide bonds. We describe the production
of EGF on a large scale, witB. brevisHPD31 as the host

_ _ _ and plasmid pHT926 as the vector in a batch fermentation,
Correspondence: A Miyauchi, Research Laboratory, Higeta Shoyu Cognq g purification method involving expanded bed adsorp-
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Deceased tion which can efficiently separate the polymerized EGFs
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Materials and methods Equipment for expanded bed adsorption 209
_ _ _ The column used was a STREAMLINE 50 (inner diameter,
Bacterial strain and plasmid 50-mm) borosilicate glass one (Pharmacia Biotech,

B. brevisHPD31-M3, which was obtained from the wild- Uppsala, Sweden), containing the STREAMLINE SP
type strain by means df-methylN'-nitro-N-nitrosoguani-  adsorbent (Pharmacia Biotech) for cation exchange adsorp-
dine treatment as a methionine auxotroph, was used as thgn with the expanded bed procedure. The bed height in
host strain. Plasmid pHT110EGF (Figure 1) was con-the sedimented configuration was 10 cm.
structed as follows; th8pd-Pstl fragment of pNU200EGF
[28] containing the Sregion of the cell wall protein (CWP)  pyrification process for EGF
gene [27] and the EGF gene was inserted into 3pel-  The bed of sedimented adsorbent particles was expanded
partial Pst sites of pHT110R2L5tGH [18]. Transformation and equilibrated with an upward flow of 20 mM sodium
by electroporation was performed as described previouslycetate-HCI buffer, pH 3.0, at the flow rate of 300 cr. h
[22]. The resultant expanded bed height was 40 cm. Then the
culture broth, which had been adjusted to pH 3.0 with 1N

. — . hydrochloric acid, was applied at a flow rate of 300 cth h

Media and cultivation conditions

2SL-ME medium, designed for EGF production, ContainsTwenty millimolar sodium acetate-HCI buffer, pH 3.0, was

the following: 40 g - of b | i 5 qof then passed through the adsorbent in the expanded mode
e ? ov;/lngt. 1 293 _E SI:OKA esaon p(;ypgpggi, gl Of until the UV signal decreased to the baseline, this was done
Kﬂeaéoexgacd (501g Lf; f?: 84. ';'2 O '20 9 L1 Of without stopping the flow through the column. Then the
In 4 Hé e I*lg f Oth € Q'. 0, 9 0 pump was stopped and the adsorbent was allowed to settle.
9 chose a? hgltr.n t'o ery rom)f/cm. 4 as fol onel e upper adapter of the STREAMLINE 50 column was
-ermenter cultivation was performed as 10llows. ON€, yareq to the sedimented bed surface. Elution of the bed
millilitre of an overnight culture in 2SL-ME medium at was performed with 50 mM sodium acetate-HCI buffer, pH
30°C was inoculated into 100 mi of the same medium in &g g i1, the sedimented mode with downward flow at a flow
500-ml flask, followed by incubation at 30 for 6 h with o0 ot 500 cm . The UV-absorbing peak fractions con-
shaking. The culture was then inoculated into 20 L of thetaining EGF were pooled. The column was then cleaned
same medium in a 30-L jar fermenter (Komatsugawan 50 mm sodium acetate buffer (pH 7.5) containing 2 M
Chemical Engineering Co, Tokyo, Japan). Fermentation\ 5| cleaning buffer) in the sedimented mode.
was carried out at 3%, 1vwm aeratlt_)n_,_ZOO rpm agitation, = rqrecovered EGF fraction was adjusted to pH 2.0 with
and 0.2 kg cr? inner pressure. The initial pH was adjustec_j 6N HCI. The solution was then filtered through a MW
to .7'2 but the pH was not con_trolled throughout the CUItI'10 000 ultrafiltration membrane (Biomax-10; Millipore,
vation. Adekanol LG297 (Asahi Denka Kogyo Ltd, Tokyo, Bedford, MA, USA). Any EGF remaining in the retentate

Japan) was used as an antifoaming agent. was obtained by diafiltration with a sufficient volume of
20 mM sodium acetate-HCI buffer, pH 2.0. The filtrate was
then adjusted to pH 7.0 with 5N NaOH, and subsequently
concentrated and dialyzed against sufficient pyrogen-free

Spel water using a MW 3000 ultrafiltration membrane (Omega

3; Pall Filtron Corp, Northborough, MA, USA) until the

electric conductivity value of the filtrate solution reached

,"' ApaLl the level of pyrogen-free water.

4

Bglll Preparation of standard EGF by HPLC

Standard EGF of 98% purity was prepared from the UF
3000-concentrated EGF by high performance liquid chrom-
atography (HPLC). The column used was of CAPCELL
PAK C18, 5um, 15 mmx 250 mm (Shiseido, Tokyo,
Japan). Preparative HPLC was carried out as follows: a lin-
ear gradient of 20—40% acetonitrile in 0.1% trifluoroacetic
acid was used for 120 min at a flow rate of 10 ml min
Detection was with a 280-nm UV detector. The purity of
EGF in each of the 10-ml fractions eluted from the column
was determined by means of the analytical HPLC men-
tioned below. The fractions containing EGF of over 98%
ApaLl purity were pooled and lyophilized.

pHT110EGF
(3.5kb)

Sacl

Accl

Analysis and activity of EGF

Figure 1  Structure of pHT110EGF, the expression vector used for REGFThe amount and purity of EGF were determined by HPLC
production. The plasmld contains thé f‘égion of the cell wall protein on a reverse phase Column (ClBondasphere ﬁm
(CWP) gene oB. brevisHPD31 including the promoter region and signal . . ; y
sequence, the EGF gene, and the erythromycin resistance gefje Teen 4.6 m’T"‘ 150 mm‘. Waters .Co’ M"ford’ MA.’ USA). The 0
sequence encoding the mature EGF is directly fused to the signa®Nalysis was carried out with a linear gradient of 25-34%

sequence. acetonitrile in 0.1% trifluoroacetic acid for 28 min at a flow
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rate of 1.0 ml min'. Detection was with a 280-nm UV
detector. The purity of EGF was calculated using the per-=
centage of the EGF peak area per the total peak area. =

Sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) and immunoblot analysis were per-
formed as described by Laemmli [15], and Towkh al
[23], respectively. For immunoblotting, anti-EGF serum <
was obtained from a rabbit immunized with the standard=
EGF prepared above. &

The NH,-terminal amino acid was determined with a %
gas-phase protein sequencer (model 477A; Applied BiosysZ
tems, CA, USA). The COOH-terminal amino acid sequence
was determined by the Klemm method [13] using carboxy-
peptidase Y.

The stimulatory effect of EGF on the initiation of
Balb/c3T3 cell division was examined by the Carpenter ando
Cohen method [3]. The control EGF used in this experi-~
ment was purchased from Sigma (St Louis, MO, USA).

120

415

110

Glucose (g/l) a

DCW (g/

Other analytical methods
Cell concentrations were monitored by measuring the 01T
optical density at 660 nm (Qfg). The OLQy, value was
then converted into dry cell weight (DCW). One unit at
OD4e, corresponded to 0.31 g't.of DCW. The number of 0.01 0 v ™ 13 o 5
viable cells was determined by counting colonies on T2 i

plates containing 10 g T of casein polypeptone, 2 gL Time (h)

of yeast extract, 5 g 1 of beef extract, 10 g i of glucose  Figure 2 Time course of EGF productiof. brevisHPD31 containing

and 15 g L* of agar, pH 7.0. The stability of the plasmid PHT110EGF was grown in a 30-L jar fermenter under the conditions given
in the bacterium was defined as the ratio of the number of"de" Materials and methods.

colonies on T2 plates with and without erythromycin at a

concentration of 1(ug mi™.

Glucose concentrations were measured with a Bloodemained in the culture medium at the end of the fermen-
Sugar Test kit (Boehringer Mannheim, Germany). Thetation. The pH of the culture broth changed from 7.2 to 8.0
endotoxin content of the product solution was determinedn the early stationary phase of growth and from 8.0 to 8.5
with a Limulus test kit (Wako Pure Chemical Industries, after 48 h cultivation. The plasmid was maintained stably
Osaka, Japan). The DNA content was determined with @ over 95% of the cells until 64 h after inoculation.
silicon sensor-based system (threshold test) as described by
Kung et al [14]. Characterization of EGF in the culture medium
The properties of EGF produced 1B/ breviswere deter-
mined by SDS-PAGE and Western blot analysis using anti-
hEGF serum under reducing and non-reducing conditions
Mass production of EGF by B. brevis (Figure 3). Many ladder bands, including high molecular
We designed 2SL-ME medium for both high-level pro- ones, appeared on Western blotting of the culture super-
duction of EGF (Figure 2) and low accumulation of other natant under non-reducing conditions, as shown in Figure
extracellular proteins, as shown in Figure 3a. For efficienBb, lane 2. The molecular weights of bands a, b, ¢ and d
EGF production, we examined several fermentation parain Figure 3b, lanes 2 and 4, were calculated to be 6000,
meters: pH, temperature, aeration, and agitation speed, t2 000, 18 000 and 24 000, respectively. Under reducing
a 30-L fermenter. Figure 2 shows the time course of a ferconditions, these ladder bands disappeared, only EGF with
mentation of the strain under optimal conditions, asa molecular weight of 6000 remained. The results indicate
described in Materials and methods. Cell growth reachedhat the proteins in the ladder bands might be oligomeric
stationary phase at 16 h at a DCW concentration ofand polymeric EGFs with intermolecular disulfide bonds.
3.1 gL and a viable cell count of 2.0 10° cells mr. Both standard EGF and secreted monomeric EGF, which

The production of EGF in the culture medium increasedeach gave a single peak with a retention time of 14 min on
markedly from the early stationary phase of growth. TheHPLC analysis (Figure 4), gave two separate bands on
production rate was constant until 54 h, and the amount 068DS-PAGE under a non-reducing condition.

EGF in the culture supernatant reached 1.5 dt 64 h. We found that the polymerized EGF sedimented out of
SDS-PAGE (Figure 3a) indicated that EGF was the majothe culture supernatant when the pH was adjusted to 3.0,
extracellular protein secreted byB. brevis carrying only the EGF in its native form remaining in the super-
pHT110EGF. The rate of glucose utilization was maximumnatant phase (Figure 3). The ratio of monomeric and poly-
at 16-42 h, being 0.5 g'h while it was very low until the meric EGF produced from HPD31 carrying pHT110EGF
end of the log phase of growth. A small amount of glucosewas 1:0.2, which was calculated from results obtained on

Viable cells (1x10" /ml) ®

Results
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Figure 3 Coomassie brilliant blue (CBB) staining of SDS-PAGE gels (left), and Western blot analysis (right) of culture supernatants and acid-treated
samples under reducing (a) and non-reducing (b) conditions. Molecular weight markers (lane 1) are indicated on the left-hand side of the gels. The
culture supernatant at 64 h of fermentation (lane 2) was adjusted to pH 3.0. After acid treatment for 5 min, a supernatant (lane 3) was obtained by
centrifugation. The precipitate was collected and solubilized with an equal volume of 20 mM Tris-HCI (pH 7.5) (lane 4). Lane 5 is the standard EGF
purified (2.5u9) by preparative HPLC. Each sample for CBB staining and Western blotting was diluted 2-fold and 20-fold, respectively. Five-microlitre
aliquots of these samples treated with reducing and non-reducing SDS-PAGE sample buffer were applied to each gel. a, b, ¢ and d indicate monomer
and oligomeric EGF as described in the text.

a b c

Absorbance at 280 nm
pra—

0 10 20 0 10 20 0 10 20

Retention time (min)

Figure 4 HPLC analysis of samples at different steps of the purification process. (a) Culture supernatant at the end of the fermentation; (b) supernatant
of the flowthrough fraction on expanded bed adsorption; (c) fraction eluted from the expanded bed. The HPLC conditions are given in Materials and
methods. The arrows indicate EGF.
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Figure 5 Chromatography of EGF from an unclarifi€d brevisculture  igterent steps of the purification process. Molecular weight markers (lane
after expanded bed adsorption using STREAMLINE SP. The eluted frac-l) are indicated on the left-hand side of the gel. Lanes 2 and 3 are the

tion (from 225 min to 270 min), indicated by the bar, was collected.  recipitate and supernatant of a culture at the end of the fermentation,
respectively. Lanes 4 and 5 are the precipitate and supernatant of the

. " . lowthrough fraction with the expanded bed adsorption process, respect-
SDS-PAGE under reducing conditions after acid treatmen&/ely. The culture and flowthrough fractions were adjusted to pH 7 prior

of the culture supernatant (Figure 3a, lanes 3 and 4).  to centrifugation, and each precipitate was suspended in an equal volume
of water. Lane 6 is the fraction eluted from the expanded bed. Lane 7 is

Pilot scale purification of EGF from a batch culture the filtrate of the UF 10 000 process. Themubaliquots of these samples
Figure 5 and Table 1 summarize the expanded bed adsorﬁﬁgtg‘:rg"v:,t?nﬁggfe'ggé?zs'PAGE sample buffer were applied to the gel.
tion procedure. The eluted fraction volume with the cationic '
exchange adsorbent of STREAMLINE was 8.5 L, which
had an EGF concentration of 1.8 gLIn this purification  were detected at very low levels or not at all in the solution
step, monomeric EGF was mainly found in the eluted frac{Table 1).
tion, as found on HPLC (Figure 4), while the EGF purity The purification procedure demonstrated here gives a
was increased to more than 90%. A yield of about 80%product yield in excess of 70% with effective and efficient
of the monomeric secreted EGF was obtained (Table 1)xemoval of contaminants.
Although the sample applied to the expanded bed column
contained viable cells, living cells were not detected in theStructural analysis and biological activity of the
eluted fraction (data not shown). purified EGF

The protein content and the EGF quality were analyzedrhe 20 residues of the NHerminal amino acid sequence
after each purification step by SDS-PAGE (Figure 6). EGFand the five residues of the COOH-terminal amino acid
which was the major product in the culture supernatansequence of the EGF purified as described above were
(lane 3), was efficiently recovered in the eluted fractionidentical with those of authentic EGF (data not shown).
(lane 6). The polymerized EGF, which was insoluble at pH Purified EGF had a stimulatory effect on the initiation
3.0, was not adsorbed to the cationic resin under the coref Balb/c3T3 cell division. Its 50% effective dose (EJp
ditions used (lane 6). The high molecular mass proteinsvas 0.7 ng mitt, which is almost the same as that of reagent
found in the culture supernatant (lane 3) were almost totallygrade EGF (ER, = 0.6 ng mf?).
removed in this step (lane 6), and a high level of purity
was reached after the UF 10 000 step, as shown by th
single band in lane 7 in Figure 6. Consequently, the EG
after the UF 3000 concentration step was more than 90%n a 30-L jar fermenter, EGF production increased dramati-
pure. High molecular weight proteins, endotoxins and DNAcally at the early stationary phase of growth (Figure 2). The

iscussion

Table 1 Purification and characterization of EGF frdBn breviscarrying pHT110EGF

Purification step Volume (L) Total EGF (g) Endotoxin content DNA content  Glucose content Purity (%) Yield (%)
(EUmg*  (pg mg* product) (mg mg*
product) product)
Unclarified culture 15 19.6 - - 3.6 - 100
STREAMLINE eluate 8.5 15.4 10 - ND 90 79
UF 10 000 filtrate 16 14.7 1 - ND 90 75
UF 3000 concentrate 0.5 14.0 1 <17 ND? 92 71

aND: <0.1ug mg™.
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5 region of the CWP gene, in which five tandemly arrangedNevertheless, these EGF molecules were detected as double213
promoters exist, was utilized to express EGF. Since the PBands with different mobilities under non-reducing con-
promoter leads to the efficient and constitutive expressiomitions on SDS-PAGE (Figure 3). We have no evidence to
of the CWP gene even in the stationary phase of growtlexplain this phenomenon. More investigation is needed on
in B. brevis[1], the P2 promoter may also act mainly to the structural alteration and modification of EGF under the
express the EGF gene in recombin&ntbreviscells. present conditions.

B. breviscarrying pHT110EGF extracellularly produced A portion of the EGF secreted . brevisformed a high
over 1.5 g It of EGF in a 30-L fermenter. This represents molecular weight complex with disulfide bonds. Chaatg
over 2.5- and 12.5-fold increases comparedBtobrevis al [4] reported that several folding intermediates generated
carrying pHY700EGF and pNU200EGF, respectively, asin thein vitro disulfide folding pathway from unfolded EGF
reported previously [6,28]. The expression plasmid, pHY7+0 the native form were recognized. These intermediates
OOEGF, contains the replication origin of pWT481 [26] contained non-native disulfide bonds, and the formation of
from B. brevis481. It is stable, but exhibits a low copy the native EGF was accelerated by both redox agents and
number inB. brevis[6]. Plasmid pHT100, which was con- protein disulfide isomerase. B. brevis EGF is probably
structed by inserting the erythromycin resistance gene intéranslocated through the cytoplasmic membrane in a
plasmid pHT926 found in a strain of the same genus, waseduced form. After secretion, continuous protein folding
very stable irB. brevisover 260 generations in the absencemust occur spontaneously or with the aid of functional pro-
of selective antibiotics with a high copy-number (80 copiesteins which catalyze native disulfide formationvivo such
per cell) [5]. In fact, the recombinant plasmid, as Dsb A [2,12] found inE. coli, and Bdb protein [11]
pHT110EGF, was also stable B brevisup to 64 h after found in B. brevis However, it is suggested that a portion
inoculation. The efficient production of EGF 8. brevis  of the reduced EGF or its intermediates might fold incor-
HPD31 cells carrying pHT110EGF seems to have resultedectly on binding to each other through intermolecular
from a high gene dosage effect on EGF expression througtdisulfide bonds because of the locally high concentration
out fermentation. of EGF aroundB. breviscells.

The kinds of ingredients of the culture medium markedly This process, consisting of expanded bed adsorption, and
influenced the production of EGF by. brevis In parti-  ultrafiltration on UF 10 000 and UF 3000, is simple and
cular, a high concentration of soybean polypeptone in 2SLefficient for the purification of a recombinant protein
ME medium caused higher productivity of EGF as com-secreted byB. brevis The process can be easily scaled up
pared with other peptones (data not shown). In additionto industrial scale, and the EGF produced in this manner
accumulation of other extracellular proteins was reducedan be successfully used for biological wool harvesting.
under the optimal conditions. The amount of EGF secreted
into the medium was calculated to be approximately 70%ucknowledgements
of the total extracellular proteins from the optical densities . :
of the stained bands observed on SDS-PAGE in lane 2 iN/€ are grateful to Professor S Udaka of Tokyo University
Figure 3a. On EGF production under optimal conditions,Of Agriculture for valuable advice and fruitful discussion.
the machineries of protein synthesis and/or translocation
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