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Abstract

Production of recombinantspin, a aspartyl protease inhibitor homologue produced by the parasitic nenfatddetrongylus colubriformis,
in Escherichia coli is reported. Culture conditions were investigated for maximizing the productidspof in soluble bioactive form as opposed
to inclusion body. High growth and expression rates caused preferential production of inclusion bodies. In fed-batch fermentations, controlli
expression at low values by decreasing the bioreactor temperature, dissolved oxygen level and concentration of nutrients, all proved effectiv
enhancing the production of solubdepin. A high volumetric titre of 220 mg/lAspin was attained in batch fermentations induced with 2 g/L
L-arabinose with the postinduction temperature reduced t€Zfbm 37°C. The pH and dissolved oxygen levels were not controlled, as acidic
final pH values and low dissolved oxygen levels favored production of salupla.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction test to identify animals that resist infection. Previous attempts
to expressAspin in Escherichia coli at Wallaceville Animal
Intestinal nematode infections cause major economic lossdsesearch Center (Upper Hutt, New Zealand) have resulted in
in farm animals. Infections reduce weight gain, reproductive perthe protein almost exclusively being produced as inclusion bod-
formance and wool productiofirichostrongylus colubriformis  ies. Although a procedure for the solubilization Adpin has
(“bankrupt worm”) is a nematode parasite that infects the smalbeen developed, only low activities are recovered. Therefore,
intestine of sheep and goats. The parasite has significant ectiis work investigated the preferential production of recombi-
nomic impact on sheep farming in New Zealand. Currently thenantAspin as active soluble protein ifi coli.
only effective means of controlling colubriformis is through E. coli is commonly used to produce recombinant proteins
regular use of anthelmintics. Sheep can develop immunity tbbecause it can be grown rapidly to high densities on inexpen-
T. colubriformis as a result of repeated natural infectifdr. sive media and its genetics are well understood. Unfortunately
Elevated immunoglobulin E (IgE) levels in sheep have beereukaryotic proteins expressedincoli commonly form insolu-
associated with protective immunity to nematode infection. Surble inclusion bodies made up of inactive protgin6]. Recovery
face antigens of’. colubriformis have been shown to induce of the biologically active protein from the inclusion bodies
immunity against several other related nematdages requires solubilization and refolding that greatly add to the cost
Aspin, or Tco-API-1[3,1], is an aspartyl protease inhibitor of production{7]. For some proteins, little activity is recoverable
homologue produced b¥. colubriformis. High titres of IgE  [8,38]. For this reason there is substantial interest in attempt-
antibodies againgtspin are found in lambs that have developed ing to express the protein in a biologically active soluble form
an effective immunity to gastrointestinal parasifgs Poten- [9-12]
tially, Aspin can be used in a simple in vitro immunodiagnostic  Culture growth rate has been shown to be important in deter-
mining the solubility of the expressed protejfisl 0,13] At high
growth rates protein expression can overwhelm the machinery
* Corresponding author. Tel.: +64 6 350 5934; fax: +64 6 350 5604. required for correct folding leading to accumulation of mis-
E-mail address: Y.Chisti@massey.ac.nz (Y. Chisti). folded insoluble proteifil0,7]. Expression rate can be reduced,
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for example, by a lowering of the recombinant culture tem-All cultures were grown in duplicate for 16 h at 180 rpm. The specific condi-

perature[14—16} Other methods of reducing inclusion body tions used and the results are summarizediahle 1 After 16 h cell density,

formation include using early induction of express[&ﬁ 15] total protein, recombinant protein content and specific activity were measured,
. - - Y as detailed in the following sections.

nutrientand oxygen restriction to restrict the growth fag19], 9

and direct reduction of the expression rate by not fully derepres

. . . 5_.3. Inducer concentration and postinduction temperature trials
ing the recombinant protein promot@0,17] P P

The effect of varying the-arabinose inducer concentration and postinduc-

2. Materials and methods tion temperature were assessed in shake flasks. Overnight seed (1 mL) was added
to each 250 mL shake flask containing 25 mL of Terrific broth andd/nL of
2.1. Strain and plasmid kanamycin. All cultures were grown at 3€, 180 rpm, for 8 h. For the postinduc-

tion temperature trial, the flasks temperatures were adjusted after growth to 10,

Aspin was expressed irE. coli Rosetta-gamiM B(DE3) (Novagen, 16,19, 23,28, and 37T before 2 g/L of.-arabinose was added to each flask. For
Germany), genotype FopmT hsdSg (rg"mg~) gal dem lacYl aphC the inducer concentration trial all cultures were reduced taC3postinduction
gor522::TI0(TR) 1xB::kan (DE3) pRARE (Crii). The Rosetta-gart!! strain ~ and induced with 0.05,0.1,0.5, 1.0, 2.5, 5.0, 7.5, and 10.0 gitasbinose. All
has a special mutation that allows the formation of disulfide b¢ad All experiments were performed in duplicate. Total protein, recombinant protein and
seed cultures were grown in the presence of eithgrgdhl chlorampheni-  final cell density were measured after 12 h, as detailed in the following sections.
col, 15pg/mL kanamycin or 12.p.g/mL tetracycline. Production seeds were
stored in Luria Broth with 20% glycerol at80°C in the presence of all three 2 4 Fermenter trials
antibiotics. TheAspin AY2-4 expression vector kindly provided by Dr. David
Maass (AgResearch Ltd, Upper Hutt, New Zealand) places the coding sequence aj pioreactor culture trials were performed in 3.3 L roundbottomed stirred

of Aspin [1,3] under the control of theraBAD operon which is repressed in  farmenter (BioFlo 3000, New Brunswick Scientific, Edison, NJ, USA) of
the absence af-arabinosg21]. Aspin was fused to an E-tag and hexahistidine ;30 mm vessel diameter. The fermenter was fitted with pH and dissolved oxy-
sequence to aid purification and identificat[ah gen sensors (Mettler Toledo, OH, USA). Temperature was controlled°at 37
via a water-filled stainless steel base. Agitation was provided by two centrally
2.2. Environmental screening trials mounted six-bladed Rushton turbines spaced 80 mm apart with the lowermost
impeller positioned 70 mm above the base of the vessel. Aeration occurred
A Plackett—-Burman experimental design was used to test seven envithrough a perforated pipe sparger ring. Dissolved oxygen (DO) was controlled at
ronmental variables or factors for their effect on solubkgin production. 30% of air saturation by using a sequential cascade of agitation between 50 and
Plackett—Burman is a partial factorial experimental design that is commonh800 rpm and aeration between 2 and 10 L/min with pure oxygen blended into the
used to identify the most significant variables when large numbers of experisparged air at high cell densities. The pH was controlled at 6.8 using 10% phos-
ments are prohibitive. The design requires one more experiment than the numbgioric acid and 5M sodium hydroxide. Antifoam 289 (Sigma, St. Louis, MO,
of tested variables. Results of trials can be assessed in a simple spreadsheet ush®A) was added automatically to control the foaming. The foam was sensed
aF-testto determine the significance of each factor, but no information is gainedsing a conductivity probe mounted 5 cm above the culture level. Unless stated
on possible interaction between factors. The seven environmental factors testetherwise, the initial medium volume was 1.4 L. Fermentations were inoculated
included the following: culture temperature, pH, dissolved oxygen concentrawith 100 mL of culture that had been grown for 16 hin a 2 L shake flask €37
tion, concentration of yeast extract, concentration of phosphate salts, inducticend 180 rpm) to an optical density (595 nm) of approximately 1.5.
time, and the concentration pfarabinose inducer. Screening experimentswere  The feed medium of the fed-batch fermentations contained per liter: 315¢g
carried out in shake flasks (250 mL). Thus, 1 mL of inoculum culture was addedjlycerol and 315 g yeast extract. Reagents and chemicals were purchased from
to each of 16 flasks containing 50 mL of Terrific broth angutmL kanamycin. Sigma (St. Louis, MO, USA), BioRad (Hercules, CA, USA), Merck (Darmstadt,

Table 1
Plackett—Burman trial conditions and results
Experiment Variabl@

Temperature Inducer Induction time Yeast extract P-salts pH Dummy Aspin

concentration concentration concentration (mg/mL)

1 L L L H H L L 0.349
2 H L L L L L H 0.244
3 L H L L H H H 0.738
4 H H L H L H L 0.372
5 L L H H L H H 0.469
6 H L H L H H L 0.434
7 L H H L L L L 0.691
8 H H H H H L H 0.259
Z(H) 1.309 2.060 1.854 1.449 1.781 2.013 1.711
Z(L) 2.247 1.497 1.703 2.107 1.776 1.543 1.846
Difference —0.938 0.563 0.151 —0.658 0.006 0.470 -0.135
Effect —0.234 0.141 0.038 —0.164 0.001 0.117 —-0.034
Mean square 0.110 0.040 0.003 0.054 0.000 0.028 0.002
F-test 48.239 17.414 1.257 23.754 0.002 12.119
Significant Yes Yes No Yes No Yes

a The low (L) and high (H) levels were: 30 and 32 for temperature; 0.2 and 2 g/L for inducer concentration; 4 and 8 h for induction time; 5 and 24 g/L for yeast
concentration; 0 and 60 mM for phosphate salt concentration; 6.8 and 7.2 for pH. A dummy variable was used to assess the degree of variability. 8886 confi
interval was used for the test of statistical significance.
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Germany) and Difco (Sparks, MD, USA). Unless stated otherwise, fermentations  ForAspin quantification by ELISA1], all samples were diluted toglg/mL
used Terrific broth (TB) that contained per liter: 24 g yeast extract (Merck), 12 gotal protein with PBS (8 g NaCl, 0.2 g Kif?Oy-12H,0, 0.2 g KCl per liter) and
soy-peptone (Merck), 4.8 g potassium di-hydrogen orthophosphate, 2.2 g deoated on a 96 well ELISA plate. After incubation (2 h,°&) unbound mate-
potassium hydrogen orthophosphate and 5 g glycerol. A defin@di medium rial was poured off and the plate was washed three times with washing buffer
that has been described previougg] was used in one of the fermentations, as (0.05% Tween-20 in PBS). Binding sites were then blocked for 5 min with blotto
identified in Sectior8. (5% non-fat milk powder in PBS) to prevent non-specific binding and the plates
Various fed-batch trials were conducted with either pH-stat or exponentialvere rinsed six times in washing buffer. Purified IgE specifid4pin [1] was
feeding. The pH-stat feeding was controlled by the automated BioCommanthen added to the wells and incubated overnight@) The wells were then
control software (New Brunswick Scientific). Exponential feeding began 2 hwashed and probed with monoclonal xB6/xD3 (kindly provided by Richard
after a batch phase. The rate of feeding was calculated according to followin§haw, AgResearch Ltd, Upper Hutt, New Zealand). A goat-anti-mouse horse

equation23,13} radish peroxidase (HPR) conjugate (Gibco; Invitrogen Corporation, Carlsbad,
LVX CA, USA) was added. The color was developed using,33-tetramethyl-
F= —" "¢ 1) benzidine (TMB) substrate. The absorbance was measured at 630 and 450 nm
(SF = $)¥us with a microtitre plate reader (MR5000; Dynatech Laboratories Inc., Chantilly,
The specific growth ratg in Eq. (1) was set to the desired value. In E@), VA, USA). The measured absorbance was compared with standard curve pre-

t is the time (h),F the flow rate of feed at time V the reactor volume (L) at  Pared using a sample of known activity]. All three Aspin fragments were

timet, Sg the substrate concentration in feed (gA.jhe substrate concentration fecognized by the ELISA used.

in the culture broth at time (g/L), X the cell concentration at time(g cell

dry weight/L), andYys is the biomass yield coefficient on glucose (g dry cell 3, Results and discussion

weight/g).

Culture growth was monitored by measuring optical density at 595 nm usin . . .

a Genesis 2C spectrophotometer (Thermo Electron Corp, New York, NY, USA): -1. Environmental screening trials

The dry cell weight (DCW, g/L) was estimated from a calibration curve that

correlated experimentally measured dry weight to spectrophotometric measure- A Plackett—Burman trial was used to test seven environmen-

ments of optical density. tal variables (i.e. culture temperature, pH, dissolved oxygen
concentration, concentration of yeast extract, concentration of

phosphate salts, induction time, and the concentration- of

For recovering the proteins, 20 mL of bacterial broth was centrifuged atarabmosej _mducer.)_for their effect on solubllgin pI’OdUCtIOI‘.]. .
3000x g for 15 min. The resulting pelletwas resuspended in 1.5 mL of extraction] N€ Specific condlthns' Lllsed and the resul_ts are Summanze.d in
buffer (50 mM sodium phosphate, 300 mM sodium chloride, adjusted to pH 8.0Table 1 The F-test significance of each variable on volumetric

with 5N NaOH) in an eppendorf. Samples were sonicated at 50% power in 1 miproduction’ cell specific production and activity 4fpin, are
bursts for 5 min using an ultrasound horn (Son-IM XL; Misonix Inc., Farming- shown inTable 2

dale, NY, USA). Cell debris and inclusion bodies were removed by centrifugation .
(27,000x g, 5 min). Supernatant (1 mL) was added tqd0of TALON® metal Reducmg the culture temperature from 37 to’80had the

affinity resin (Clontech Laboratories Ltd., Palo Alto, CA, USA) and agitated for gréatest effect on the biomass specific production of soluble
>1h. Unbound material was removed by centrifuging (27,8¢0 1 min). The  Aspin and its specific activity{able 2. This effect of postin-
resin was washed three times with the above specified extraction buffer and thgyction temperature on expression of active soluble protein has
bound material was eluted using 100 of 100 mM NaEDTA. been reported for many other prote[8s21,26,15,12]A lower-

Inclusion body protein was solubilized in 8 M urea glycine buffer. The latter . . .
contained (per liter): 484.8 g urea, 11.25 g glycine buffer, 0.37 g EDTA and had“g of t-emperature reQUces grOWth and synthesis rates, allowing
been adjusted to pH 9.0 with 10 M NaOH. Dithiothreitol (0.77 g/L) was addedMore time for the folding mechanisms to correctly fold the pro-
just prior to use. Total protein measurements used the BioRad protein ass&@in into active soluble forrf27]. In view of its high significance
whichis based on the Bradford methi@d]. Protein standards were made using (Table 2, the postinduction temperature was selected as a vari-
bovine serum albumin (Sigma, St. Louis, MO, USA) in distilled water. Sodium able for further investigation.

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of proteins . . .
was carried out on 0.75 mm thick 15% acrylamide separating gel and 4% slack- The concentration of yeast extract in the growth medium

ing gel, using a Mini-Protean Il electrophoresis unit (BioRad, Hercules, cA,had a strong negative effect on the solublgin titre and the
USA) [25]. Protein bands were visualized with Coomassie brilliant blue stain.biomass specific activity of the recombinant protéeialfle 2.

Low molecular weight marker proteins were used as standards (Amersham BicFhis was likely because yeast extract provided a readily acces-
sciences, Uppsala, Sweden). The quantity of Coomassie stained recombineg]b|e source of amino acids and trace meﬂzﬁsZQ], to enhance

protein was evaluated densitometrically from SDS-PAGE gels using an GS-80 e cell arowth rate. Cultures arown in media rich in veast
imaging densitometer (BioRad, Hercules, CA, USA) and Quantity One imag grow - Lultu grown | ia Tl ny

quantification software (BioRad). On SDS-PAGE of affinity purified material, EXtractare known to experience high growth rgtés. Increased

2.5. Protein recovery and analyses

Aspin fragments occurred at 6, 22 and 28 kDa. growth associated with a high rate of total protein synthesis usu-
Table 2
F-test significance of various environmental factors on volumetric and biomass specific expregsian ahd the activity of the recombinantpin produced
Response Significant environmental conditfons

Temperature Inducer concentration Induction time Yeast concentration P-salt concentration pH
Aspin (ng/mL) 48.2 ) 17.4 (+) 1.3(+) 23.8¢) 0.0 (+) 12.1¢)
Aspin (ng/mg DCW) 135.04) 47.1(+) 1.8 (+) 65.14) 0.0 (+) 32.1¢)
Activity (U/mg Aspin) 223 () 10.8 (+) 1.4 (+) 11.5¢) 0.9 () 04(-)

2 Values greater than 4.8 indicate statistical significance at 95% confidence level. The signs in parentheses indicate whether changing froné¢hieidbw to t
value had a negative or positive effect.
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ally causes increased protein aggregation. Some sources hav
reported that media rich in yeast extract elevate expression of s
soluble proteins in high-cell-density cultures, but these reports

have focused on volumetric titres and not the biomass specific &
titres[11]. Inrich media, volumetric concentration of the desired
protein may be high simply because of the high cell density, even
though the cell specific production of the protein may be low.
In the range investigated in this work, the concentration of yeast
extract had a marginal positive effect on the final biomass level
only at the highest tested concentration of the yeast extract.

The concentration of the inducear-arabinose) had a strong
effect on both the amount of solubdepin produced and its spe-
cific activity (Table 2. Increasing the-arabinose concentration 0.0 \ I | I \
from 0.2 to 2 g/L led to an increase in the titre of solubkpin 0 1 2 3 4 5 6
and the total inclusion body protein. This effect was further stud- {(2) Arabinose concentration (g/L)
ies and is discussed in Secti8r2.

The timing of induction had no statistically significant effect
on either the titre ofispin or its specific activity {able 2. Early
induction is known to increase soluble protein production of 60
some recombinant proteins by limiting the culture growth rate
[15,30,39] For example, Lim and Jun@0] found that induc-
tion in early logarithmic phase gave a five-fold improvement in
soluble interferonx production compared to when the culture
was induced in late logarithmic phase. The effect of induction
timing appears to depend on the specific case. Thus, other stud
ies have reported higher volumetric levels of protein expression
wheninduced in the late exponential growth pH&4¢32]. Early
induction in the present study was observed to have little overall
effect on the growth rate of cells and Alpin cultures achieved 0 : ' . ' '
similar final cell densities. 0 ! 2 8 4 5 6

Media supplementation with inorganic phosphate has been (©) Arabinose concentration (g/L)
reported to increase cell growth and recombinant protein prOdU(\F"lg. 1. (a) Total production afispin with various concentrations of inducing
tion [19,22] Ryan et al[19] tested various levels of phosphate agent; (b) effect of inducing agent concentration on solilsign and insoluble
and found that both cell growth rate agdactamase produc- protein production.
tion were increased when culture phosphate levels were sup-
plemented to 128 mM. In the present study, the basal mediur@oncentrations of-arabinose of between 0.1 and 2.0 g/L have
contained sufficient phosphate and further supplementation hdzben used to induce production of various other recombinant
no effect on the production or activity afpin (Table 9. (Terrific ~ proteind21,27,17,33]Choi et al]33] used 1 g/L ot.-arabinose
broth is rich in peptone and yeast extract that contain approxito induce the production of human granulocyte colony stimulat-
mately 10% w/w phosphate.) ing factor (hG-CSF) to a level of 6-9 g/L in a high-cell-density

The solubility of recombinant proteins expressedircoli  fermentation of ank. coli strain that did not metabolize-
has been reported to be affected by [ Reducing the pH arabinose. The high concentration requirementfarabinose
from 7.2t0 6.8 led to an increase in both volumetric and specifidy theAspin producing strain of our work is likely attributed to
titres of solubleAspin (Table 9. This is at odds with Strand- its being able to metabolizearabinose.
berg and Enforg8] who found that amount of recombinant  For otherwise identical conditions, the inducer concentra-
B-galactosidase expressed as inclusion bodies increased wiibin affected titres of soluble and insolubdepin to different
decreasing pH. The pH range for optimal folding of differentdegreesKig. 1b). Increasing the-arabinose concentration from
proteins appears to be differdti®] and any generalization con- 0.05 to 0.75 g/L increased cell specific production of both solu-
cerning the effect of pH on folding is difficult because of the ble and insolubléspin. Above a concentration of 0.75 g/L, the
complex interactions among sequences of amino acid residuescreasing inducer concentration caused a slight decline in the

cell specific concentration of the soluble protein, but the concen-
3.2. Inducer concentration effects tration of the inclusion bodyspin continued to increase until
the optimal inducer concentration of 2.5 g/L.

The effect of varying.-arabinose inducer concentration on  This behavior was associated with the nature ofutta8AD
total volumetric protein production is shown kfig. la. Max-  promoter. ThewraBAD is a strongly regulated promoter and its
imum protein production occurred at inducer concentration oexpression level is modulated by the concentration of arabinose
2.5g/L. Higher levels of arabinose reduced protein expressiorj21]. As the concentration of the inducer increased, the protein

0.6
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expression level increased, but above a inducer concentration 100
of 0.75 g/L the cell's protein folding machinery could no longer 90 |- ® Soluble
process the recombinant protein into a correctly folded formand | © "ol
the excess protein ended up as inclusion body. The restriction of =
recombinant expression rate through partial induction has been &
shown to favor the formation of soluble protéi0,34,17] Lim

et al. [17] observed a halving in the interferenproduction
when the concentration afarabinose was reduced from 2 to
0.4 g/L; however, the fraction of interferanproduced in the

Aspin (mg/g
5
T

soluble form increased from less than 5 to 80%. 200
The reduced inclusion body production seerfig. 1b for 10
a inducer concentration of 5g/L was likely a consequence of 0 ' ' ‘

10 20 30 40

hyper-production. High concentrations of arabinose are known
yper-p g Postinduction temperature (°C)

to cause hyper-production of recombinant protein (>30% of
total cellular protein), which can lead to destruction of ribo- 0.5 140

—_
@
=

somes, production of heat shock proteins and cell dgxth
ThearaBAD promoter has been previously shownto be strongly = g4 1100 =
! . & =
regulated with a low level of basal expressi@1,27] In the L 0
absences of-arabinose, 0.053 g/g DCW of solutepin was B sl 100 &
produced (data not shown). For systems in which the reduction § E
of basal expression is important, the addition of glucose to the s £
. , . E 02 -80 &
growth media causes strong repression ofdta gene which o <
regulates theraBAD promoter[27]. 2 . . g
@ 01- ___//6 ® Soluble fraction |80
3.3. Postinduction temperature ©  Total Aspin
0.0 ! ! ‘ 40
The variations of the biomass specific concentrations of sol- 10 20 % “
p (b) Postinduction temperature (°C)

uble and inclusion bodyspin, for various postinduction tem-
peratures are shown ifig. 2a. For both forms ofAspin, the  Fig. 2. (a) Effect of postinduction temperature on the production of specific
concentration in the cells increased as the postinduction tem?olubleAs_pin and insoluble protein. Inducer_concentrati_on was Zg/L'._(b) Sol-
perature was raised from 10 to 28. This was because the uble fraction OfAspin and _total (§0Iuble and insoluble) biomass specifigin
rate of protein synthesis increased with increasing temperaturg.OdUCEd at various postinduction temperatures.

In Fig. 2a, the concentration of solubkespin declined as the .

postinduction temperature was further raised from@go the ~ Was less than when the culture was induced at3however,
optimal growth temperature of 3T. This was because even the magnitude of the effect was unexpected. At@20.034 g/g
though the total rate of protein synthesis increased or levelleBCW Of solubleAspin was produced, orless than observed in the

off, the high rate of synthesis overwhelmed the protein f0|dingabsence of the inducing agent. The final cell-density and amount
machinery. This is seen clearly Fig. 2b, where the cell spe- of inclusion protein were also the lowest compared to the other

cific production of total recombinarispin increases until about trials. Within limits, up-shifting the culture temperature is known

30°C, but the solubletspin concentration in the cells peaks at to increase the plasmid copy number and rate of recombinant
a significantly lower temperature. protein synthesis and this is known to favor increased inclusion

For recombinant proteins that have a tendency to form insolP0dy formation/16].
uble aggregates iR. coli, decreasing the culture temperature
has been shown to reduce protein aggregdtionl1,7,16,12]  3.4. Fermenter trials
Reducing the postinduction temperature from 37 t6Q8&d to
a doubling of the biomass specific titre of solullgin. This Further assessments of recombindsyin production were
is consistent with Schein and Notebd@j who tested a num- carried out in the controlled environment of a bioreactor to
ber of E. coli strains and plasmid constructs and found that thdacilitate development of a commercial production process. Fer-
soluble fraction of the recombinant protein could be increasedhentations were performed in fed-batch mode after an initial
by using a lower culture temperature in the range of 20€30 batch phase. Fed batch feeding comprised pH-stat feeding in
Lowering the temperature apparently slows protein biosynthesisne fermentation and exponential feeding in the others. The
more than the folding mechanisms, so that accumulation of praresults are shown ifTable 3 The pH-stat fed fermentation
tein as inclusion bodies is reducf10,27] Lower cultivation  attained a final cell density of 21.9 g DCW/L after 24Table 3;
temperatures are also claimed to reduce stress responses durimayvever, both the volumetric and cell specific titres of soluble
induction and product degradation by proteg4é$. Aspin were quite low even though the production of the inclu-
An experiment was run with a postinduction temperature ofsion body protein was comparable to some of the cultures fed
42°C (data not shown). As expected, the productiodgfin ~ exponentially.
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Table 3
Summary of growth conditions and production characteristicsspfn fermentations
Feeding methdtl Fermentation conditions
Postinduction Postinduction Final cell density Inclusion body SolubleAspin Specific soluble
temperature®C) growth rate (1) (g/L) protein (g/L) (g/L) Aspin (9g/g DCW)
None (shake flask) 28 b 0.91 0.448 0.239 0.259
pH-stat 28 0.052 21.9 2.585 0.008 0.0004
Exponential 25 0.037 22.6 2.721 0.085 0.004
Exponential 25 0.046 14.8 1.982 0.023 0.002
Exponential 25 0.033 131 ¢ 0.027 0.002
None 23 0.019 0.96 0.416 0.222 0.231
None 19 0.030 0.92 0.322 0.084 0.091

a Fermentation 5 used a definEdcoli medium[22]; all other fermentations used Terrific broth. Fermentations 6 and 7 used a constant aeration of rate of 0.8 L/min,
agitation speed of 350 rpm, without control of dissolved oxygen and pH.

b postinduction growth rate not measured.

¢ No inclusion body pellet recovered.

The pH-stat culture had the highest postinduction growth ratewn amino acids and this ties up metabolic capafitly,29]
compared to the other fermentations and this was the likely causeermentation 5 took 20 h to reach a cell density of 10 g DCW/L
of the low titre of solubledspin. As noted earlier, high postin- at which time it was induced with 2 g/L af-arabinose. The
duction growth rates are known to cause recombinant eukaryotjgostinduction growth rate was accurately controlled with the
proteins produced iA. coli to aggregate and forminclusion bod- actual measured rate being 0.033hThe culture took 28 h to
ies[35,26,10,11,32,12])ndeed, proteins endogenousHocoli  attain the 13.1 g DCW/L biomass concentration. In agreement
can accumulate as inclusion bodies if expressed at a high rateth this work, use of defined media has generally lowered the
[35], suggesting that inclusion body formation is a consequencttres of recombinant proteirj81,11].
of high expression rate regardless of the protein being expressed. In view of these results, reducing the growth rate is clearly not
A total of 2.6 g/L of inclusion body protein was produced with the sole factor that determines recombinant protein synthesis and
a specific titre of 118 mg/g DCW, but the contentiepin could  the specific method used to reduce growth is important. In this
not be quantified because of the presence of a large number sfudy, controlled feeding with a rich medium was clearly better
impurities. than using a nutrient poor defined medium to control growth

Subsequent fermentations used various strategies to contn@te. However, despite lower titres, using a chemically defined
the specific growth rate at lower values than attained in the pHmedium in commercial processes can have important advantages
stat culture Table 3, to enhance production of solubdgpin. [6].

The strategies used included a lowering of the postinductiontem- Although the pH-stat and exponentially fed fermentations
perature to 25C, use of a low feed rate in exponential feeding provided much useful information about the productioagfin,

and control of the dissolved oxygen supply. Similar approachethey did not attain the high levels of soluliepin and cell spe-
have been described by oth§s,36,39] cific Aspin that were attained in shake flasks (e.g. fermentation

Thus, in fermentations 3-5 ifable 3 the postinductiontem- 1 in Table 3. Thus, the highest level ofspin obtained in the
perature was reduced to 26 with the postinduction growth fermenter was still less than half of that attained in shake flasks.
rates controlled at 0.037, 0.046 and 0.033 hespectively. Fer-  Considering this, attempts were made to emulate the shake flask
mentation 3 gave a final (24 h) biomass concentration that wasonditions in the fermenter. Thus, the aeration rate was lowered
comparable to the faster grown pH-stat fermentation (i.e. ferto 0.8 L/min, the agitation rate was fixed at 350 rpm, the culture
mentation 2). The total inclusion body proteins levels in the twowas not fed and the pH was not controlled. Postinduction, the
cultures were quite comparable, but the slower grown fermentemperature was reduced toZ3after 8 h of growth (fermenta-
tation produced nearly 10 times as much solublgin as the tion 6 inTable 3. The fermentation profiles of dissolved oxygen
faster grown pH-stat culture. FermentationTaljle 3 also had and pH variations are shown kig. 3. With these conditions in
a low postinduction growth rate, but produced a low level ofthe fermenter, the final cell density after 24 h was only 0.910g
biomass and no recoverable inclusion body. Significantly mor®CWY/L and the postinduction growth rate was 0.019 Kfer-
solubleAspin was produced than in the pH-stat mode. Fermenmentation 6 inTable 3. These results were comparable to those
tation 5 was conducted using limited nutrient levels of a definedbtained in the shake flask (fermentation Table 3 and, pre-

E. coli medium[22]. The cell specificAspin production was dictably, the inclusion body concentration, the soluble amount
half of that in fermentation 3. The defined medium was assessef Aspin and its cell specific production compared closely with
because such media are known to reduce batch-to-batch vaderresponding values of the shake flask. Apparently, the low
ability of a fermentation and feeding can be better managedrowth rate caused by a low and diminishing level of dissolved
because of well known levels of nutrients in the medium. Com-oxygen €ig. 3) reduced cell growth and contributed to occur-
pared to complex media, synthetic media are well known taence of highdspin titres. The lowering of the growth rate by
reduce growth rate because the cells need to synthesize theéstricted oxygen supply has previously been used to increase
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o postinduction culture temperature, reduced feeing rate, and lim-
% 100 72 4500 itation of dissolved oxygen concentration. The titre of soluble
% P i amaes Aspin doubled when the postinduction temperature was reduced
g 8o e = from 37 to 28C. . _
£ L A PO . Usmg_fed—batch tep_hmques in the fermenter allowed produc-
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2 . . ‘ \ . 1% insoluble inclusion bodies. The solubdepin titre of 222 mg/L
3 0 5 10 15 20 25 attained in the best case bioreactor was relatively high compared
e Time (h) to other published data. Only a few publications have reported
Fig. 3. Dissolved oxygen and pH profiles of fermentation 6. attaining soluble recom_binant eukaryote protein titres _at lev-
els of 200-500 mg/L using. coli [11,37] Generally, the titre
values have ranged over 1-40 md15,12] In view of compar-
L %0 atively high titres, production of solubléspin in commercial
_ dos = fermenters using. coli is feasible and will eliminate the expen-
% 020 - = sive additional processing that would be required if production
= {20 § occurred in the form of inclusion bodies.
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