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MASSEY UNIVERSITY

ABSTRACT

DEVELOPMENT OF OPTIMAL

FERMENTATION EXPRESSION

SYSTEMS FOR RECOMBINANT
PROTEINS

by Daniel Manderson

This research set out to maximise the titre of four recombinant protein
products (t.e. [£¢95 vaccine antigen against Fchinococcus granulosus; a aspartyl
protease inhibitor homologue, Aspin; a secreted cytokine granulocyte colony
stimulating factor (G-CSF); a secreted gonadotropin ovine follicle stimulating
factor (oI'SH)) and develop parameters for the expression of those proteins in
a small scale stirred tank bioreactor.

Production of F£¢95 as inclusion bodies in E. w// was influenced by the
medium, feeding strategy, induction timing and dissolved oxygen
concentration. Expression was greatest using the medium Terrific Broth.
Higher F¢95 titres were favoured using exponential feeding, a low dissolved
oxygen concentration and with cells induced in mid-exponential growth. A
maximum titre of 1.73 g/L of Eg95 was produced in a fed-batch fermentation
controlled at 37°C, pH 7.0 and 30% dissolved oxygen. Induction with 0.1
mM of IPTG added four hours after inoculation, was optimal. The
maximum titre attained, was a 360% improvement on fermentations prior to

this research.



Aspin was used to investigate the culture conditions for maximizing the
production of soluble protein in FE.cok  Soluble Aspin production was
favoured at low expression rates. A volumetric titre of 0.220 g/L of soluble
Aspin was attained in batch fermentation by inducing with 2 g/L of L-
arabinose, with the temperature reduced from 37°C to 23°C and by
maintaining a low dissolved oxygen (DO) concentration. This yield was
relatively high compared to previous reports [1-3].

G-CSF production in the yeast Pichia pastoris was influenced by the
medium, pH and methanol-to-cell ratio. A maximum titre of 0.028g/L of G-
CSF was produced in shaker flasks of enhanced yeast extract Hy-Soy dextrose
medium (YEHD), maintained at 200 rpm, 30°C, pH 6.0 and with 1% (v/v)
methanol fed per day. Cells were resuspended to an optical density of 8 prior
to induction. No improvement in G-CSF was achieved in the fermenter,
likely due to an inhibition by toxic materials. The optimised shaker flask yield
was consistent with previous reports [4-6].

Production of ¢FSH in insect cells was influenced by the cell density at
inoculation and rate of agitation. 0.001g/L of oF'SH was produced in shaker
flasks inoculated at a density of 1 x 10° cells/ml., cultured at 27°C and

agitated at 140rpm. This represented an improvement over previous yields

[7]-
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1: pET102 vector map showing the various genes (source
Invitrogen). The /acZ. gene is shown here as the gene of interest.
The ribosome binding site (RBS) proceeds the gene of interest
which is expressed with fusion partners HP thioredoxin, EK
recognition, V5 epitope and poly-histidine domains. The plasmid
contains the T7 promoter regulated by the operator (/aO). A T7
translational terminator stabilises the mRNA and ampicillin
resistance gene (b/a) which aids clone selection. An orgin of

replication (or1) determines the plasmid copy number........cccocveiiiininne.

Figure 2: pPICZ vector map showing the various genes (source Invitrogen).

The pPICZ vector was used for the expression of colony
granulocyte stimulating factor (G-CSF). The gene of interest was
cloned into the various cloning sites (S7# 1, EcwR 1, Pwl 1...).
Expression is under the control of the alcohol oxidase (AOXI)
promoter and the gene expressed with the fusion partners myc-
epitope and poly-histidine tag to aid protein detection and
purification. The plasmid contains the TEF1 and EM7 promoters
which control the expression of the Zeocin™ resistance gene. The
AOXI translational terminator stabilises the mRNA and the pUC
origin of replication (ori) aids replication and maintenance of the

(P T oL B A S ——

Figure 3: pMIB vector map showing the various genes (source Invitrogen).

The pMIB vector was used for the expression of ovine follicle
stimulating factor (¢FSH). The gene of interest was cloned into the
various cloning sites (5ph 1, Hind 111, Asp7181....). Expression 1s
under the control of the OpIE2 promoter and the gene expressed
with the fusion partners V5 epitope and poly-histidine tag. The
plasmid contains the OpIE1 and EM7 promoters which control the
expression of the blasticidin and ampicillin resistance gene. The
AOXI1 translational terminator stabilises the mRNA and the pUC
origin of replication (ori) aids replication and maintenance of the

plasmid in Baollcsswssmmussammmumnasamnsmsemms s s

Figure 4: General stages of downstream processing for protein production,

adapted from Perry’s Engineering Handbook [136]........cccocviueriiininnne.

Figure 5: Techniques of cell disruption showning the various chemical,

biological and physical methods wousemmumsmammmmammmmmses

Figure 6: Comparison of vatious separation processes showing the range of

particle and molecular size covered and the primary factor

)
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governing the separation process. Source Unit Operations Of

Creicll Edovyestiny [L6] .commummaniomnmranmeosanmmsrssmms

Figure 7: Equation for exponential feeding regime [93]. F(t) is the flow rate
of feed at time t, u is the desired specific growth rate (h"), V(t) the
reactor volume at time t (L), S; the substrate concentration in feed
(g/L) and S(t) is the substrate concentration in culture at time t
(g/L), X(t) cell concentration at time t (g cell dry weight/L), Y

cell titre on glucose (g dry cell weight/g), tis time (h).....cccocccuvcieciunenne.

Figure 8: Vessel specification for the 3300ml. BioFlo 3000 bioreactor (New
Brunswick Scientific., Edison, NJ, USA). All dimensions are in

Figure 9: Equation for the calculation of the specific growth rate (u). X is
the optical density at time t, X, is the optical density at time 0. t1s

the tifne petiod betwean ) afid € .ommmronmmmmsmpmomsimmosssmmos s

Figure 10: Formula for the calculation of the dry cell weight. All
measurements are in grams. Wet cell weight (WCW), dry cell

o= oLl B LR () TR TR ———

Figure 11: Broth pH varation in shake flask cultures of various media:
Terrific Broth (IB), Super Broth (SB), S.O.B, Luria Broth (LLB) and
M9 Minimal Medium (M9). 1mL of inoculum was added to 50mlL.
of each of the five media in separate 250mL shaker flasks. The
cultures were then incubated at 180rpm and 37°C. After 4 hours
cultures were induced with 0.1mM IPTG with the pH measured

evety torg honts thefeafter. o mumummammrmsssnsms B 65

Figure 12: Comparison of the final cell density and volumetric titre of [£¢95.
Media used included: Terrific Broth (1B), Super Broth (SB), S.O.B,
Luria Broth (LB) and M9 Minimal Medium (M9). 1ml. of inoculum
was added to 50mL of each of the five media in separate 250mlL.
shaker flasks. The cultures were then incubated at 180rpm and
37°C.  After 4 hours cultures were induced with 0.1mM IPTG.
Total protein, recombinant protein content and final cell density

were Measured After 8 MOULS. cuue it eeee e e eaeeeaes

Figure 13: Effect of IPTG concentration on the specific and volumetric
titres of [2¢95. 1mL of overnight seed was added to twelve 250mlL
shaker flasks containing 50ml. of Terrific Broth. Duplicate shaker
cultures were induced four hours after inoculation with; 0.0001,
0.001, 0.01, 0.1, 0.5 and 1mM of IPTG. All cultures were incubated
at 180rpm and 37°C. Total protein, recombinant protein content

and final cell density were measured after 8 houts......c.ccovevicvinrccnnne.

Figure 14: Effect of induction time on the volumetric and specific titres of
Eg95. 1ml of overnight seed was added to eight 250ml. shaker
flasks containing 50mlL of Terrific Broth. Duplicates cultures were
induced at 0, 2, 4 and 6 hours after inoculation with 0.1mM of
IPTG. All cultures were incubated at 180rpm and 37°C. Total
protein, recombinant protein content and final cell density were
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Figure 15: Effect of dissolved oxygen concentration on biomass growth in

Figure

Figure

fed-batch fermentations. Fermentations were inoculated with
100ml. of seed OD~1.5 in 1.4L of Terrific Broth. The dissolved
oxygen (DO) was controlled at 30%, pH at 7.0 and temperature at
37°C. All fermentation cultures used a feed solution of 315g/L of
glycerol and 315¢/L of yeast extract. Feeding was controlled by the
automated program BioCommand (New Brunswick Scientific).
Feed was supplied initially at a rate of 15ml./h, increasing by
0.15mL/h for every minute above their respective set point.
Fermentations were induced with 0.1mM IPTG after 4 hours and
maintained until two sequential reductions in cell density were

measured as indication the culture was going into stationary phase........73

16: 15% SDS-PAGE gel of Talon column elusions of varying
concentrations of Aspin. Aspin fragments are found between 20-
30kDa and at 6.5kDa (personal correspondence, Richard Shaw,
AgResearch, Upper Hutt, New Zealand). Lane 1 shows the low

molecular weight MAFKEl v mmumussousmmmmmsmammmarmmsrsssios 82

17: Effect of various concentrations of L-arabinose on the cell
specific total protein titre. Fourteen 250ml. shaker flasks were
inoculated with 1ml. of overnight seed culture in 25ml. of Terrific
Broth. Cultures were incubated for 4 hours at 37°C and 180rpm in
a shaking incubator. The temperature was reduced to 30"C and the
cultures induced in duplicate with 0.05, 0.1, 0.5, 1, 2.5, 5, 7.5, 10g/L

of L-arabinose respectively. Cultures were tested for total protein

production 12 houts after IMOCUEHON. o amsummmommsms s 93
Figure 18: Effect of various concentrations of L-arabinose on the soluble

and insoluble dtre of Agpin. Fourteen 250ml. shaker flasks were
inoculated with 1mlL of overnight seed culture in 25ml. of Terrific
Broth. Cultures were incubated for 4 hours at 37°C and 180rpm in
a shaking incubator. The temperature was reduced to 30°C and the
cultures induced in duplicate with 0.05, 0.1, 0.5, 1, 2.5, 5, 7.5, 10g/L

of L-arabinose respectively. Cultures were tested for soluble and

insoluble protein production 12 hours after inoculation ..........cccccevuve.

Figure 19: Effect of temperature on the specific soluble and insoluble titres

of Aspin. Twelve 250ml. shaker flasks were inoculated with 1mL of
overnight seed culture in 25ml. of Terrific Broth. Cultures were
incubated for 4 hours at 37°C and 180rpm in shaking incubators.
The culture temperatures were adjusted in duplicate to 10, 16, 19,
23, 27, 37°C respectively and induced with 2g/L. L-arabinose.
Cultures were tested for soluble and insoluble protein production

12 houts attet INOCUIAHON: o ssmsmmsmmismmsmms s T e

Figure 20: Fermentation output of various measured parameters of the

second _Agpin fermentation. Measured variables include; acid pump
speed [%], air [I/min], base pump speed [%)], carbon source pump
speed [%)], dissolved oxygen [%], inducer pump speed [%], pH,
temperature ['C| and agitation speed [rpm]|. The fermenter was

.96



inoculated with 100mL of cells at OD~2 into 1.41. Terrific broth.
An exponential feeding regime was begun after 2 hours with a
solution of 315g/L of glycerol and 315g/L yeast extract at a rate of
0.3h" according the formula outlined previously [87]. The DO was
controlled at 30% through agitation between 200-800rpm and
aeration (0.5-2 L/min, temperature 37°C and pH 6.8. The culture
temperature was reduced to 25°C after eight hours and induced
with 2g/1. of L-arabInose. ..., 99
Figure 21: Effect of the post-induction growth rate on the soluble Agpin
titre and inclusion body production for the fermentation cultures.
All the fermentations were inoculated with 100ml of overnight
seed into 1.4L of Terrific Broth at 37°C, pH 6.8. The DO was
controlled at 30% through agitation between 200-800rpm and
aeration 0.5-2 L./min except for two of the fermentations which
used constant aeration of 0.8 L/min and agitaton at 350 and
250rpm respectively. The cultures were all induced with 2g/L. of -
arabinose after eight hours and harvested after 24 hours. Three of
the fermentations used an exponential feeding regime which was
begun after 2 hours with a solution of 315g/L of glycerol/ yeast
extract at a initial rate of 0.3h" according the formula outlined in
e e O RS ——— 101
Figure 22: Fermentation output of various measured parameters for the
fifth Aspin fermentation. The fermenter was inoculated with
100mL of cells at OD~2 into 1.4L. Terrific Broth. No pH or DO
control was used. Agitation was held constant at 350rpm and
aeration 0.8 L/min. The culture temperature was initially held at
37°C and then reduced to 25°C after eight hours and induced with
I T 103
Figure 23: Effect of resuspending cells to various optical densities prior to
induction on the volumetric and specific titres of G-CSF. 200ml.
of enhanced YEHD medium was inoculated with 1ml. of frozen
seed in a 2. shaker flask. This culture was placed in a shaking
incubator at 30°C and 200rpm for 48 hours. The culture was then
centrifuged at 3000g for 5 minutes. Pelleted cells were resuspended
in sixteen 250mL shaker flasks to OD of 0.25, 0.5, 1, 2, 4, 8, 10, 12
in YEHD medium with 0.5% (v/v) methanol replacing the
dextrose. G-CSF production was measured three days after
T1aYa1bTela 0] o e 125
Figure 24: Effect of various pH on the volumetric and specific titres of G-
CSF after 3 days. 25ml of enhanced YEHD medium was
inoculated with 1mlL of seed in a 250ml. shaker flask. This culture
was placed in a shaking incubator at 30°C and 200rpm for 24 hours.
The culture was then centrifuged at 3000g for 5 minutes. Pelleted
cells were resuspended in fourteen 25ml. cultures at an optical
density of 5 in YEHD medium with 0.5% (v/v) methanol replacing
the dextrose and supplemented with 0.1M phosphate buffer. The

I\



cultures were adjusted in duplicate to a pH 3, 4, 5,6, 7, 8, 9 with 2N

sodium hydroxide and 2M hydrochloric acid. Cultures were grown

for three days at 30°C, 200rpm with 0.5% (v/v) methanol added

VBB EE ATHEYE: a8 R RS A S AR 535S S ASS 127
Figure 25: Effect of various concentrations of methanol on the volumetric

and specific titre of G-CSF after 3 days. 25mlL of enhanced YEHD

medium was inoculated with 1mlL of seed in a 250ml. shaker flask.

This culture was placed in a shaking incubator at 30°C and 200rpm

for 24 hours. The culture was then centrifuged at 3000g for 5

minutes. Pelleted cells were resuspended in ten 25ml. cultures to

an optical density of 5 in enhanced YEHD medium with; 0.125,

0.25, 0.5, 1.0, 2.0% (v/v) methanol replacing the dextrose. Cultures

were grown for three days with the same amount of methanol

added to the culture each day. ..o 128
Figure 26: Comparison between chemical compounds in the basal salt

medium with 150mlL. of dextrose feed and 200mL of methanol feed

with the cellular composition of a yeast culture at 100g/L. DCW

Figure 27: Typical P.pastoris fermentation profile of various measured
variables.  Acid/ base and carbon source (either glycerol or
methanol) pump feed rate (1.5ml./%). Sparging airflow rate,
culture dissolved oxygen concentration as a percentage of air
saturation, pH, temperature and agitation rate. 1250mlL of basal
salt medium was inoculated with 150ml. of overnight seed at OD
of approximately 5. Agitation was manually stepped up to
1000rpm to maintain the DO above 30%, aeration was constant at
2 L/min with pure oxygen blended at high cell-densities to
maintain the DO above 30%. The culture temperature was
maintained at 30°C and pH at 5.0. Fed-batch feeding of the culture
was carried out according to protocol outline previously [21].
Cultures were grown tll the glycerol in the initial medium was
completely exhausted as indicated by a DO spike (~18 hours). A
continuous feed of 50% glycerol containing 1.2% (v/v) of Pichia
Trace Metal (PTM,) solution was then started at 1.8% (v/v) for
four hours to accumulate biomass. The glycerol feed was stopped
for a half hour starvaton period before induction. Induction was
initiated using a continuous feed of methanol containing 1.2%
(v/v) of PTM, solution at an initial rate of 3ml./h which was
increased over 28 hours to 12ml./h at which level it was retained at
for the remainder of the culture.......coccoeeverrueiiiccccceccee e 136

Figure 28: Equation for the calculation of the specific growth rate (). N, is
the cell number at time t, N, is the cell number at time 0. t is the
tithe petiod betasen U A B s semuresarmssesmmmmssose 144

Figure 29: Effect of inoculation cell density on the growth rate of High
Five cells, volumetric and cell specific expression of oFSH in
Express Five. Six 250ml. shaker flasks were inoculated with 0.4,



Figure

0.6 0.8, 1, 2 x 10° cells/mL in 25mL. of Express Five. Cultures were
then incubated at 27°C at 100rpm for 48 hours. The cell density
and recombinant protein production was measured after 48 hours. .....
30: Effect of agitation on the growth rate of High Five cells,
volumetric and cell specific expression of oFSH in Express Five.
250ml. shaker flasks inoculated with 1 x 10°cells/ml. in 25ml. of
Express Five. Cultures were incubated at 27°C and agitated at 80,
100,120,140,160 rpm respectively for 48 hours. The cell density
and recombinant protein production was measured after 48 hours. .....

Figure 31: Western blot of aggregated oFFSH protein at 70kDa. Proteins

were sepatated on.a 13.5% SDE-PAGE gel. ...ocusmummsmmmmnmnmssons

Figure 32: Profile of measured variables for the bioreactor culture of oFSH

Figure

in High Five cells. The measured variables are; cell density [10°
cells/mL], pH, pure oxygen in sparging gas [%] and culture DO
[%0]. 1L of Express Five medium was inoculated with 400mlL. of
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