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Abstract Production of recombinant proteins is an
industrially important technique in the biopharmaceuti-
cal sector. Many recombinant proteins are problematic to
generate in a soluble form in bacteria as they readily form
insoluble inclusion bodies. Recombinant protein solubility
can be enhanced by minimising stress imposed on bacte-
ria through decreasing growth temperature and the rate of
recombinant protein production. In this study, we deter-
mined whether these stress-minimisation techniques can be
successfully applied to industrially relevant high cell den-
sity Escherichia coli fermentations generating a recombi-
nant protein prone to forming inclusion bodies, CheY-GFP.
Flow cytometry was used as a routine technique to rapidly
determine bacterial productivity and physiology at the sin-
gle cell level, enabling determination of culture heteroge-
neity. We show that stress minimisation can be applied to
high cell density fermentations (up to a dry cell weight of
>70 g L) using semi-defined media and glucose or glyc-
erol as carbon sources, and using early or late induction
of recombinant protein production, to produce high yields
(up to 6 g L") of aggregation-prone recombinant protein
in a soluble form. These results clearly demonstrate that
stress minimisation is a viable option for the optimisation
of high cell density industrial fermentations for the pro-
duction of high yields of difficult-to-produce recombinant
proteins, and present a workflow for the application of
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Introduction

Production of recombinant proteins in bacterial hosts is an
important part of the biopharmaceutical industry. Although
many new biopharmaceutical drugs (such as monoclonal
antibodies) are made in mammalian hosts, bacterial hosts
are undergoing a resurgence in popularity not only for
relatively simple protein and peptide drugs (such as insu-
lin) but also for more complex molecules such as antibody
fragments. Of the 58 biopharmaceutical drugs approved
between 2006 and June 2010, 17 were produced in Escher-
ichia coli [29]. Efficient production of soluble recombi-
nant proteins is also essential for generation of proteins for
structural studies that are the basis of the development of
new drug ligand molecules.

Two major routes are utilised for recombinant protein
production in bacterial hosts. First, the recombinant pro-
tein can be generated in the form of inclusion bodies (IBs);
dense intracellular particles comprising mainly misfolded
protein but also containing some correctly folded functional
protein [6]. Many recombinant proteins have a tendency to
form IBs in bacterial hosts for a number of reasons includ-
ing differences in folding pathways and physicochemi-
cal conditions between bacteria and eukaryotic cells [14].
Inclusion bodies are relatively simple to generate to high
yields, are easy to purify due to their density, and are a rela-
tively pure source of recombinant protein [21]. However, to
generate functional protein, IBs must be denatured (usually
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chemically) and then the protein must be refolded; this
refolding step varies in success and yield, such that some
recombinant proteins cannot be successfully refolded.

Alternatively, the recombinant protein may be syn-
thesised in a correctly folded, soluble form, and purified
in this functional form [22]. This is especially desirable
for recombinant proteins with multiple isoforms and for
structural determination studies. However, there are many
potential problems with this approach, and some recombi-
nant proteins cannot be readily synthesised in bacteria in
a soluble form. Often, attempts to produce soluble recom-
binant protein lead to IB formation, decreases in host cell
viability, loss of recombinant protein-encoding plasmids
and overgrowth of non-producing, plasmid-free bacteria,
all of which can lead to low biomass and recombinant pro-
tein yields. Indeed, many recombinant proteins that are dif-
ficult to produce are referred to as ‘toxic’ proteins, due to
the apparently toxic effects on host bacteria [17]. Nonethe-
less, soluble production frequently represents a desirable
recombinant protein production route.

Previous studies have attempted to increase the pro-
portion of soluble recombinant protein generated in bac-
terial hosts using a variety of methods. Some recombi-
nant proteins can be induced to fold using modulation of
chaperones, a class of proteins that assist protein folding
(reviewed by [10]). This can be done by individual chaper-
one overproduction or induction of the heat shock response,
the mechanism by which E. coli naturally responds to mis-
folded proteins; however, this route is far from generic
and needs to be individually tested and optimised for each
recombinant protein and host.

Another, more generically applicable, approach to
increasing recombinant protein folding is minimisation of
stress, typified by reducing the rate of recombinant pro-
tein production thus allowing recombinant protein transla-
tion and folding to proceed more slowly. Examples are the
use of E. coli strains that transcribe recombinant protein-
encoding genes more slowly [11] and reduction of inducer
concentration and temperature [20]. In the latter system,
two important improvements were made to fermentation
conditions using the IPTG-induced pET system [24] to
produce an aggregation-prone recombinant protein (CheY—
GFP) in a soluble form. First, an IPTG concentration of
8 WM was used instead of 0.5 mM, which decreased the
rates of CheY—GFP transcription and translation. Second, a
growth temperature of 25 °C was used throughout the pro-
cess instead of growth at 37 °C before induction of recom-
binant protein production and 25 °C after induction, to
slow growth and translation rates and prevent cold shock.
Although these alterations decreased the rate of recom-
binant protein synthesis, the reduction in physiological
stress imposed on the bacteria meant that plasmid loss was
greatly reduced, so far fewer bacteria were non-productive,

@ Springer

and the slower rate of synthesis meant that CheY-GFP
could be folded into a soluble form, decreasing IB forma-
tion. Overall, this ‘improved’ protocol resulted in far higher
overall recombinant protein yields per unit biomass and
higher recombinant protein solubility.

In order that such methods are useful industrially, they
need to be applied to high cell density fermentation regimes
such as fed-batch growth. In this study, we developed high
cell density fed-batch fermentations using stress-minimi-
sation methods [20] to achieve four aims: high biomass
generation; high percentage of productive bacteria; high
yield of recombinant protein; and enhanced solubility of
the generated recombinant protein. We used flow cytometry
(FCM) as a single-cell analysis tool to optimise the fermen-
tations in terms of bacterial physiology and productivity.
Protocols were developed that tested industrially derived
semi-defined medium, different carbon sources, and differ-
ent points of induction of recombinant protein production.

Materials and methods
Bacterial strains, plasmids, and microbiological methods

Escherichia coli strain BL21* (DE3) [F~ ompT hsdSg
(rgmg) gal dem rnel31 N(DE3)] was used throughout
(Invitrogen, Paisley, UK). The recombinant CheY-GFP
fusion protein was encoded by the pET20bhc—CheY-GFP
plasmid [8, 20], comprising the E. coli cheY gene fused to
gfp cloned into pET20bhc [7, 27]. The gfp gene contains
the S65T (maximum X, red-shifted to 488 nm) and F64L
(folding improvement) mutations and so is equivalent to
the GFPmutl protein [4]. Bacteria were transformed with
the plasmid using the heat shock method and transformants
selected on nutrient agar (Oxoid) plates supplemented with
100 pg carbenicillin mL™! (Melford, Ipswich, UK; a more
stable variant of ampicillin). Optical density at 650 nm was
used as a routine measurement technique for biomass, due
to its widespread use industrially and speed of data acquisi-
tion. For colony forming unit (CFU) analysis, bacterial cul-
tures were serially decimally diluted in PBS (8 g L™! NaCl,
0.2 g L"' KCl, 1.15 g L~! Na,HPO,, 0.2 ¢ L~! KH,PO,,
pH 7.3; Oxoid), plated onto nutrient agar plates (Oxoid)
and incubated at 25 °C for 48 h. Colonies were replica
plated onto plates containing 80 jLg carbenicillin mL~! to
determine plasmid retention. The dry cell weight (DCW) of
four aliquots of 2 mL of culture (harvested by centrifuga-
tion) was determined after drying at 100 °C for >24 h.

Fermentation methods

An Electrolab (Tewkesbury, UK) Fermac 310/60 5 L bio-
reactor was used with four baffles and an agitator with 2
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six-bladed Rushton turbines. Aeration was achieved by
sparging air from below the lower impeller at a rate of
3 L min~! through a reusable, autoclavable 0.22 pm filter
(Sartorius). Dissolved oxygen tension (DOT) was meas-
ured in situ using a D150 Oxyprobe (Broadley James) and
was maintained above a set point of 30 % by increasing
agitation to a maximum of 1,000 rpm from a minimum of
200-500 rpm. pH was measured by an F-695 FermProbe
(Broadley James) and was controlled at a set point of
6.3 + 0.1 with the automated addition of sterile 10 % (v/v)
NH; or 5 % (v/v) HCI. Off gas was passed through a con-
denser, autoclavable 0.22 pm filter (Sartorius), two catch
pots and analysed using a PrimaDB gas mass spectrometer
(Thermo); data were logged and analysed using GasWorks
v1.0 (Thermo).

Inocula were grown from a sweep of cells from an
agar plate in 35 mL of LB [10 g L™! tryptone (BD Bacto),
5 g L™! yeast extract (BD Bacto), 5 g L™! NaCl (Sigma)]
supplemented with 100 pug mL ™" carbenicillin in a 250 mL
conical flask, at 25 °C and agitated at 150 rpm for 18-21 h.
Prior to addition to the vessel, 5 mL of inoculum was
removed and used for screening and analysis.

Five fermentation protocols were used as outlined in
Table 1; the initial batch medium volume was 1.5 L in each
case. Protocol A used a complex LB-based medium [20]:
10 g L™! tryptone (BD Bacto), 5 g L™! yeast extract (BD
Bacto), 5 g L~! NaCl (Sigma), 1 mL L' E. coli sulphur-free
salts and 1 mL L™ silicone antifoam (Corning); supplemented
post-autoclaving with 5 g L~! glucose and 100 mg L~! carben-
icillin. E. coli sulphur-free salts comprised 8.2 g MgCl,-7H,0,
1 g MnCl,-4H,0, 0.4 g FeCl;-6H,0, 0.1 g CaCl,, and 2 mL
concentrated HCI in 100 mL of distilled water. CheY-GFP
production was induced by the addition of 8 uM IPTG at an
ODys, of around 0.5. Five hours post-induction, 1 mM ser-
ine, 1 mM threonine, and 1 mM asparagine were added to the
bioreactor. The feed for protocol A contained 100 g L™! tryp-
tone, 50 g L ™! yeast extract, 200 g L' glucose, 10 mM serine,
10 mM threonine, 10 mM asparagine, 100 mg L~ carbeni-
cillin, 8 uM IPTG, 1 mL L~! E. coli sulphur-free salts, and
0.1 % (v/v) silicone antifoam in a final volume of 1 L. Feed-
ing began on depletion of initial carbon source as indicated by
an increase in the DOT (~11 h post-induction). The feed rate
initially was 13.69 mL h~!' and was increased when online
monitoring systems (DOT and GC-MS) indicated that the
feed rate had become growth-limiting (21.13 mL h™" at 30 h,
27.17 mL h™" at 44.5 h, and 38.0 mL h™" at 49.5 h, feed was
exhausted at ~57 h [2]).

Protocols B-E used a semi-defined medium [30]:
14 g L™' (NH,),SO,, 20 g L™! yeast extract, 2 g L™!
KH,PO,, 165 ¢ L~! K,HPO,, 7.5 g L' citric acid,
1.5 mL L~! concentrated H;PO,, and 0.66 mL L~" polypro-
pylene glycol as antifoam; supplemented post-autoclaving
with 34 mL L~ trace metal solution, 10 mM MgSO,-7H,0,

2 mM CaCl,-2H,0, and 100 mg L™" carbenicillin. Proto-
cols B-D used 35 g L' glycerol as a carbon source; pro-
tocol E used 5 g L™! glucose. Trace metal solution con-
tained 3.36 g L™! FeSO,-7H,0, 0.84 g L~! ZnSO,-7H,0,
0.15 g L™! MnSO,-H,0, 025 g L™' Na,MoO,-2H,0,
0.12 g L' CuS0,-5H,0, 0.36 g L' H;BO,, and 48 mL L'
concentrated H;PO,. The feed composition and rate for pro-
tocols B-E are described in Table 1. For protocol D, feeding
began prior to depletion of carbon source (17.5 h post-induc-
tion), was paused to allow consumption of glycerol (18.5 h)
and resumed once it was apparent that the glycerol had been
consumed (22 h). For protocol E, an exponential feed profile
was calculated using the following equation [23]:

1
F=[=-]x L%—m x Xo x et
S Yxs

where: F equals the feed rate into the bioreactor (L h™1),
X, total biomass in bioreactor at start of feed (g DCW), u
specific growth rate set at 0.2 h™!, ¢ time (h), S feed glu-
cose concentration (400 g L™"), Yy, cell yield on glucose
(0.622 g biomass g glucose™! [28]), and m maintenance
coefficient for glucose (0.00468 g glucose g biomass™! h™!
[28]). A i of 0.2 was chosen as it is in the range of initial
w values observed (0.05-0.25) for glycerol fermentations
in this study. When the feed rate F reached 67.5 mL h™! (at
~25.6 h post-induction), it was not increased any further.

Flow cytometry

Bacteria were analysed using a BD Accuri C6 flow cytom-
eter (BD, Oxford, UK). Samples were excited using a
488 nm solid state laser and fluorescence was detected
using 533/30 BP (FL1 channel) and 670 LP (FL3 chan-
nel) filters corresponding to GFP and propidium iodide (PI)
fluorescence, respectively. Bacteria were stained with PI
to determine viability; PI can only enter dead bacteria. A
200 g PI mL™! stock solution was made up in distilled
water and added to samples at a final concentration of 4 pg
PI mL~!. Particulate noise was eliminated using a FSC-H
threshold. 20,000 data points were collected at a maximum
rate of 2,500 events s~!. Data were analysed using CFlow
(BD). Percentages of GFP™ (productive) bacteria were
determined using a gate on a FSC-A versus FL1-A inten-
sity plot. Percentages of PI* (dead) bacteria were deter-
mined using a gate on a FL3-A versus FL1-A intensity plot.

SDS-PAGE

Proteins were separated according to molecular weight
using Tris/Glycine SDS-PAGE with a 15 % (w/v) poly-
acrylamide gel [18]. Bacterial cell pellets were suspended
in sample buffer containing p-mercaptoethanol and heated
at 100 °C for 10 min before being loaded onto the gel.

@ Springer
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Equal quantities of biomass were loaded into each lane.
SDS-PAGE gels were stained with Coomassie Blue and
dried, and then scanned (Canon Canoscan 9000F) and the
density of each protein band quantified using ImageJ [19]
to permit calculation of the percentage of total protein that
was CheY—GFP. Independently, soluble and insoluble bac-
terial protein fractions were separated using BugBuster®
(Novagen). Bacterial cell pellets were suspended in a vol-
ume of BugBuster® equal to that of sample buffer, incu-
bated at room temperature for 10 min then fractionated by
centrifugation at 16,873g for 20 min. The pelleted insoluble
fraction was subsequently washed in PBS to remove any
residual soluble protein. Both fractions were then resus-
pended in a volume of sample buffer equal to the volume
of BugBuster® used and incubated at 100 °C for 10 min
before separation by SDS-PAGE as above. This protocol
results in soluble fractions that are twice the volume and
hence half the protein concentration of the insoluble; to
ensure gels were loaded with samples from an equivalent
biomass twice the volume of soluble fractions were loaded
on the gel. ImageJ was used to determine the percentage of
CheY—GFP in the soluble and insoluble fractions.

Results and discussion

This study investigated the production of the CheY-GFP
fusion protein, a model ‘difficult’ protein that is prone to
misfolding and inclusion body formation when overex-
pressed in E. coli [8]. CheY is an E. coli chemotaxis pro-
tein, and is fused here to the commonly used Aequorea
victoria green fluorescent protein (GFP). Previous studies
have demonstrated that GFP fluorescence correlates to cor-
rect folding of the CheY-GFP fusion, so can be used as a
measure of protein solubility and yield [20, 27]. The genes
encoding CheY-GFP are carried by a pET vector [24];
expression is dependent upon the IPTG-inducible T7 RNA
polymerase gene encoded at the DE3 locus of the E. coli
BL21* host. Initial fermentations followed the ‘improved’
protocol described by Sevastsyanovich et al. [20], referred
to here as protocol A (Table 1). Growth data, measured
using optical density at 650 nm, reveal that growth pro-
ceeded for 48 h post-induction (Fig. 1a) up to an ODgs, of
around 71. Feeding started 11 h after induction, triggered
by an increase in DOT (Supplemental Fig. 1) indicating
depletion of initial batch phase carbon source (5 g L™! glu-
cose). Peak biomass concentration as determined by DCW
analysis was 30.1 g L'

Plasmid retention as determined by both replica plat-
ing and the GFP' phenotype of bacterial colonies on
agar plates remained above 94 and 97 %, respectively
(Fig. 1b). We also used FCM [13] to determine the green
fluorescence of each bacterium; these data are presented

as the percentage of bacteria containing GFP (determined
by applying a green fluorescence/forward scatter gate,
within which bacteria are considered to be GFP™) and the
mean green fluorescence of GFP* cells, denoted FL1-A
(Fig. 1c). The percentage of GFP™ cells as determined by
FCM remained above 90 % (Fig. 1b), closely correlating
with agar plate data. Less than 5 % of bacteria were dead
throughout the fermentation as determined by FCM and
propidium iodide staining. Online gas MS data (Supple-
mentary Fig. 1) reveal that oxygen demand and CO, evolu-
tion rates dropped sharply after around 55 h post-induction,
corresponding to the end of the feed.

The mean green fluorescence of CheY-GFP* bacteria
(FL1-A, determined using FCM) increased over the course
of the fermentation following a small decrease immediately
post-induction (Fig. 1c), thought to be caused by a concur-
rent decrease in bacterial size [as indicated using FCM for-
ward scatter (FSC-A) measurements]. The cell size dynam-
ics observed here are concomitant with previous studies of
E. coli cell size over growth curves; an increase in cell size
during lag phase, followed by a decrease in cell size during
exponential growth [1].

Maximum green fluorescence per bacterium did not
increase significantly after 28 h post-induction, although
biomass increased thus increasing the quantity of recom-
binant protein present in the fermenter as a whole. SDS-
PAGE analysis of whole bacteria and soluble and insoluble
bacterial fractions (Fig. 1d) revealed that CheY-GFP con-
centration per unit biomass (expressed as a percentage of
whole cell protein) did not dramatically change during the
fermentation, increasing slightly from 11.4 % at induction
to 16.8 % at 24 h post-induction, then fluctuated over the
remainder of the fermentation. The percentage of CheY-
GFP in the soluble fraction (as determined by Bugbuster®
extraction) did increase from around 40 % soluble at induc-
tion to over 60 % soluble 26 h post-induction; this increase
occurred at the same time as the increase in green fluores-
cence as measured by FCM.

Taken together, the protocol A fermentation could there-
fore be split into three phases: 0-28 h post-induction, con-
current increase in biomass and quantity of recombinant
protein per cell; 28-48 h, biomass accumulation but no
change in quantity of CheY-GFP per cell; and accumula-
tion of neither biomass nor recombinant protein after 48 h
post-induction. 48 h could be determined to be the optimal
harvest time. The final yield of total CheY-GFP produced
(at 70 h post-induction) was estimated to be 2.3 g L~!
(assuming protein comprises 60 % of DCW, based on
observations of 50-61 % [26] and an estimate of 70 % by
Sevastsyanovich et al. [20]), corresponding to a yield of
1.5 g L™! soluble Che Y-GFP.

Three potential problems were identified with proto-
col A [20] that could limit its utility in biopharmaceutical

@ Springer
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Fig. 1 Fermentation data using A 300
protocol A (original ‘improved’
protocol, complex medium and
feed, early induction). a ODgs, °
(squares) and CFU (crosses) Dg x
data. Arrow indicates time of o

feed starting. b Plasmid reten-
tion data; percentage of colonies
that were GFP™ (squares) and
percentage plasmid™ colonies -10 0
(crosses) as determined using
agar plates. Flow cytometry
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manufacturing. First, both the base medium and feed con-
tain complex animal-derived products (tryptone) so are not
suitable for a ¢cGMP process. Many industrial RPP pro-
cesses tend to use defined media or semi-defined media
without animal products; choice of defined or semi-defined
media is usually down to company policy and product.
The use of semi-defined media offers a compromise before
the potentially high cost of development of a fully defined
medium optimised for a particular bioprocess. Mini-
misation of the use of complex media components also
decreases the risks of batch variability. This variability was
characterised for this system by growing the E. coli BL21*
pCheY-GFP strain for 14 h at 30 °C in LB medium com-
posed of complex medium components sourced from dif-
ferent suppliers: a variability of 21 % in final OD5, was

@ Springer

Time post-induction (hours)

observed due to differences in yeast extract and tryptone
composition.

Second, large quantities of additional complex medium
components are fed into the fermenter during the fed-batch
phase. This can result in osmotic problems and the pres-
ence of large quantities of undefined proteinaceous medium
components can complicate downstream processing of
product proteins [5]. Finally, use of glucose as a feed can
present difficulties from acid formation due to overflow
metabolism, especially when growth rates fluctuate. Use
of glycerol as a carbon source does not usually present
this problem. These three concepts in industrial fermenta-
tion design are typified by the protocol used by Want et al.
[30], which was used to test CheY-GFP expression here
(referred to as protocol B; Table 1).
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Use of an industrially derived fermentation protocol

As well as the use of semi-defined medium and glycerol
as carbon source, protocol B used a growth temperature of
37 °C and induction at a relatively high biomass using a
high concentration (0.1 mM) of IPTG. The glycerol feed
was started at the same time as induction, when online
measurements suggested exhaustion of batch-phase glyc-
erol (primarily by reduction in oxygen demand), and was
fed at a rate of 67.5 mL h™!. This protocol resulted in more
heterogenous data than protocol A; data from two fermen-
tations are shown in Fig. 2. The growth data in terms of
ODgs, and CFU measurements are similar for both fer-
mentations (Fig. 2a). Cell density increased to an ODgs,
of around 55, whereupon RPP was induced by addition of
0.1 mM IPTG. Growth continued until an ODgs, of around
80; oxygen consumption data (DOT and gas MS) reveal
that induction caused growth arrest followed by a recovery,
but rapid growth only proceeded for around 5 h post-induc-
tion (Supplementary Fig. 2). This is indicative of metabolic
stress generated upon CheY—GFP synthesis at 37 °C [20].
Although the growth of duplicate fermentations was sim-
ilar, CheY-GFP production in each fermentation was quite
different. Both replicates showed high levels of plasmid
loss before induction (as determined both by plating and
FCM; Fig. 2b), suggesting that even uninduced cells were
under stress. CheY-—GFP is synthesised from this plasmid
system even in the absence of inducer (Fig. 1), thus impos-
ing stress before induction [20]. FCM data revealed that
15 h post-induction, >30 % of bacteria were still CheY—
GFP™" in fermenter 1; despite this, on agar plates, all colo-
nies from fermenter 1 were GFP™ at this time point. This is
likely caused by physiological stress in CheY-GFP bacte-
ria generating a viable but non-culturable phenotype, com-
monly encountered in bacterial recombinant protein pro-
duction cultures. Plasmid loss was greater in fermentation
2 than 1; only ~10 % of bacteria were CheY-GFP™. The
proportion of dead (PI1) bacteria in fermenter 1 was also
higher than in fermenter 2, and the CFU mL~! was lower.
Mean green fluorescence of the CheY-GFP* bacteria were
equivalent (Fig. 2c), but the much lower proportion of pro-
ductive bacteria in fermenter 2 meant that far less CheY—
GFP was produced per unit biomass (Fig. 2d). It is interest-
ing to note that the solubility of CheY-GFP produced by
fermenter 2 was very high; this is probably a consequence
of the very low quantity of CheY—GFP being produced.
For fermenter 1, the final yield of CheY-GFP was esti-
mated at 2.2 g L™!, corresponding to a yield of 0.7 g L™!
soluble CheY-GFP. It can be concluded that fermenter 1
was more productive in terms of CheY-GFP productiv-
ity per unit biomass, but that bacteria were under greater
physiological stress. Fermenter 2 had a lower proportion of
productive bacteria, resulting in a lower CheY-GFP yield

(~0.6 g L™! CheY-GFP, ~0.5 g L' soluble CheY-GFP)
but less physiological stress, resulting in higher CFU meas-
urements and a lower proportion of dead bacteria.

The low overall levels of plasmid retention, green fluo-
rescence, and CheY-GFP accumulation and solubility as
compared to protocol A suggests that protocol B put bac-
teria under physiological stress that was detrimental to
recombinant protein production. Therefore, the improve-
ments used to initially design the improved protocol A
were applied to the industrially derived protocol B; namely
reduction of temperature to 25 °C throughout and induction
with a far lower concentration of IPTG (8 wM) to generate
protocol C (Table 1).

Application of improved conditions to an industrial
protocol

Due to the low growth temperature compared to protocol B,
protocol C cultures grew far slower (Fig. 3a), taking around
21 h to reach the induction point (ODgs, &~ 40, when glyc-
erol was exhausted as indicated by online measurements).
Following induction, the culture grew well for 11 h as indi-
cated by a steady increase in oxygen demand (DOT and gas
MS data; Supplementary Fig. 3). The feed likely became
growth limiting at 11 h post-induction, even though it lasted
until around 18 h post induction, at which point oxygen
demand (as determined by gas MS) fell dramatically. The
final ODgs, was recorded as 297. Unlike protocol B cul-
tures, the proportion of GFP™ bacteria as measured by FCM
remained very high throughout (>93 %), indicative of good
plasmid retention and a consequence of lowered physiologi-
cal stress (Fig. 3b). Mean green fluorescence per GFP™ bac-
terium as determined by FCM (FL1-A) decreased between
inoculation and induction (concurrent with a decrease in
cell size, signified by mean FSC-A measurements) and, as
in protocol A, increased following induction, although this
increase was to a far greater extent than protocol A cultures,
reaching a peak mean green fluorescence of 240,000 com-
pared to 176,000 for protocol A (Fig. 3c). Unlike protocol A
cultures, mean forward scatter (FSC-A), signifying bacterial
size, increased following induction, and was greater at the
end of the fermentation in protocols B and C than in proto-
col A. This is probably due to the higher osmolarity in the
medium and feed used in protocol A [16].

CheY-GFP solubility as determined by Bugbuster®
peaked at nearly 60 % at the point of induction and then
decreased to a low point at 5 h post-induction, however,
recovered to almost the peak value at termination reaching
a final solubility of around 56 % (Fig. 3d). Total CheY—
GFP accumulation per unit biomass followed a similar
pattern, however, peak accumulation occurred at 2 h post-
induction. These data suggest that CheY-GFP concentra-
tion per unit biomass and solubility were lowest during
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Fig. 2 Fermentation data using protocol B [industrially derived
‘standard’ conditions, semi-defined medium, late induction, high
(IPTG)]. a ODgs, data for replicate 1 (squares) and 2 (crosses) CFU
data for replicate 1 (circles) and 2 (triangles). Arrow indicates time
of feed starting. b Plasmid retention data; percentage of colonies that
were GFP* (squares) and percentage plasmid™ colonies (crosses) as
determined using agar plates. Flow cytometry data; percentage of
cells that were GFP™ (circles) and percentage of cells that were PI*

periods of rapid growth. The final yield of CheY-GFP was
estimated at 10.7 g L™}, corresponding to a yield of 6 g L™
soluble CheY-GFP.
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and so dead (triangles). Replicate 1—Ieft, replicate 2—right. ¢ Flow
cytometry data; mean cellular green fluorescence (FL1-A) of GFP*
cells (squares) and mean forward scatter (FSC-A) of GFP™ cells
(crosses). Replicate 1—left, replicate 2—right. d SDS-PAGE data;
percentage solubility of CheY-GFP (squares) and percentage of total
protein that was CheY-GFP (crosses). Replicate 1—left, replicate
2—right

Summary data comparing protocols B and C (Table 2)
clearly demonstrate the benefits of operating using
stress-minimisation conditions in terms of the resultant
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biomass yield (final ODgs, increased nearly fourfold; DCW
increased almost threefold) and recombinant protein yield
and solubility. Compared to protocol A, protocol C showed
an almost fivefold increase in cell density and although
FCM analysis showed similar percentages of GFP™ cells,
suggesting similar levels of plasmid retention, GFP™ bac-
teria in protocol C at harvest were 46 % more fluorescent
than in protocol A and showed higher levels of homoge-
neity as evidenced by the lower CV of the green fluores-
cence values. CheY-GFP solubility as assessed by Bug-
Buster® fractionation was 11 % higher in protocol A than
in protocol C; this is in agreement with Moore et al. [12]
who showed that increasing the concentration of complex
media components (tryptone and yeast extract) increased
solubility of recombinant T4 dCMP deaminase. However,

Time post-induction (hours)

CheY-GFP concentration as a percentage of total cellular
protein in protocol C was almost double that of protocol
A; this may partially explain the slightly lower solubility,
the higher quantity of CheY—GFP having overwhelmed the
bacterial protein folding pathways. These data, combined
with the increased biomass, resulted in an over fourfold
increase in CheY-GFP volumetric yield and a fourfold
increase in the volumetric yield of soluble CheY-GFP.

Alteration of induction point
As in protocol B [30], many RPP protocols induce recom-
binant protein production at a relatively high biomass to

separate biomass generation and recombinant protein pro-
duction stages. This is often done when the recombinant
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Table 2 Summary of fermentation data at harvest

&

Total soluble
CheY::GFP
(geL™

Total
CheY::GFP
(gL™h¢

% of pro-

SDS-PAGE
CheY::GFP tein that is

Mean %

% coeffi-
cient of

Mean Mean

% bacteria
PI™

% bacteria
GFP*

DCWl Yys (g g‘l) Flow cytometry measurements
(gL™)

Peak/final

QR*

Protocol

Springer

FSC-A
(GFP*

FL1-A (all
(CV) FL1-Abacteria)

bacteria)

FL1-A

CheY::GFP

soluble

variation

(GFP*

bacteria)

8,800 62.5 13.0 2.3 1.5

73

2.1 166,700 157,200

94.3

0.363

30.1

64.5 (71.8)

A

(176,100)
117,700

29,100 30.0 13.4 22 0.7

93

62,800

6.7

33.0

27.9 0.136

72.4 (81.8)

Bb

(117,800)

240,100

10.7

55.6 24.5

23,900
25,200
22,700

54
83
73

228,600
271,600

290,100

0.365 95.2

0.378

2.8

7

297
288

25.7 12.0 4.5

374

369,400
295,500

8.8
59

73.5

5

77
4

30.1 7.7 3.8

49.5

0411 98.2

2.6

167

% Values in parentheses are peak measurements

5 Values refer to fermentation 1 (Fig. 2)

¢ Estimated from DCW and % CheY::GFP of total protein assuming protein comprises 60 % of E. coli dry cell mass (based on 50-61 % estimates from [26] and 70 % from [20])

protein in question is a ‘toxic’ protein, prone to cause
host bacteria stress; in addition this can lead to reduction
in metabolic burden that can be caused by simultaneous
requirements for cellular resources for both biomass and
recombinant protein generation. For many recombinant
protein production processes, the time from induction to
time for harvest is limited (the ‘production window’) and
is governed by the amount of time that the host bacteria
can generate recombinant protein without losing viability.
Protocol A utilised early induction, using the logic that
reduction in stress and lower growth rates would allow
bacteria to generate recombinant protein more slowly and
thus apportion cellular resources more evenly between bio-
mass and recombinant protein generation. Therefore, pro-
tocol C was modified to allow induction at an earlier point
(ODg¢s0 = 0.5), as in protocol A, to generate protocol D.
Cell growth was broadly comparable to protocol C, tak-
ing around 40 h to reach an ODg;5, of 288 (Fig. 4a). Online
data revealed that metabolic activity declined at 28 h post-
induction (Supplementary Fig. 4), reflecting a decrease in
growth rate; as with protocol C, this is probably due to the
feed rate limiting growth. The proportion of GFP™ cells as
determined by FCM (Fig. 4b) during early stages of the
fermentation was lower than expected at ~80 %; however,
this was mainly due to non-fluorescent antifoam particulate
matter with a similar scatter distribution to bacteria; this
particulate noise was visible due to a low cell density at the
start of these fermentations. At later points in the fermen-
tation the percentage of GFP™ cells remained above 95 %
but at termination the proportion had dropped to 74 %.
PI staining also showed an increase in the percentage of
dead cells at termination up to 8.8 %. These data suggest
that by termination the culture had become physiologically
stressed. As before, the mean green fluorescence of GFP™
bacteria and the mean forward scatter initially decreased
(Fig. 4c); after 18 h post-induction both parameters steadily
increased until termination, FL1-A reaching a final value
of 370,000. The increase in FL1-A during the latter stages
of the fermentation was greater than that of FSC-A (sig-
nifying cell size), suggesting accumulation of CheY-GFP
per bacterium. FSC-A changes were similar to protocol
C, except that induction occurred at the maximum mean
FSC-A value rather than the minimum; this suggests that
bacterial size is primarily regulated in response to growth
phase and is not a result of recombinant protein production.
SDS-PAGE analysis (Fig. 4d) showed a steady increase in
the percentage of total cellular protein that was CheY-GFP
throughout; from 16 % at the point of induction to 26 %
at termination. However, the percentage solubility showed
an overall decrease during the fermentation from 47 % at
induction to 37 % at termination, suggesting that over-
all product quality had decreased; again, possibly due to
higher rates of CheY—GFP synthesis, as seen in protocol C.
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Fig. 4 Fermentation data A 300
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Final yield of CheY-GFP was estimated at 12 g L™, cor-
responding to a yield of 4.5 g L™! soluble Che Y-GFP.
Comparing protocols C and D allow the effect of early
versus late induction to be examined. In terms of biomass
generation protocols C and D showed similar final meas-
urements (Table 2). In addition, culture viability, as indi-
cated by the percentage of PI* cells, was similar. It can
therefore reasonably be concluded that culture growth and
biomass generation did not appear to be affected by earlier
induction. In terms of CheY-GFP productivity the effect
of early induction was an increase in heterogeneity within
the culture. The percentage of total protein that was CheY—
GFP was similar at harvest, but the product quality, as indi-
cated by CheY-GFP solubility, was almost 20 % lower in
protocol D. The proportion of GFP" cells was over 20 %

Time post-induction (hours)

lower for protocol D, but the mean green fluorescence of
the GFP™ cells was over 50 % higher. Nonetheless, simi-
lar amounts of CheY-GFP per unit biomass were observed
by SDS-PAGE in protocols C and D, although its solubility
was lower in protocol D.

Based on these data, earlier induction increased cul-
ture heterogeneity in protocol D, evidenced by a larger
number of GFP™ cells, and a lower percentage of soluble
CheY-GFP as determined by SDS-PAGE. It is possible
that induction of RPP tends to select for culture hetero-
geneity, even in stress-minimising conditions; the longer
time between induction and harvest allowed a larger sub-
population to develop in protocol D than protocol C. This
represents an additional factor when choosing a harvest
window.
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Fig. 5 Fermentation data A 300
using protocol E [improved 1.E+11
industrially derived conditions,
semi-defined medium, early - 200 1E+09 7,
induction, low (IPTG), glucose 03 E
feed]. a ODgs, (squares) and o LE+O7 2
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Use of glucose as a carbon source

Although glycerol has advantages over glucose as a carbon
source, it is more expensive and the preferred carbon and
energy source of E. coli is glucose. Therefore, protocol D
was modified to use glucose as a carbon source both in the
batch medium and the feed, generating protocol E. Growth
data reveal steady growth to a final ODg;, of 167 (Fig. 5a);
gas MS revealed that growth significantly slowed at 32 h
post-induction (Supplemental Fig. 5), corresponding to the
end of the glucose feed. Plasmid retention remained above
92 % throughout (Fig. 5b). The percentage of GFP™ cells
determined by FCM remained above 98 %, except for the
initial sample that was 85 %, again caused by antifoam

@ Springer

Time post-induction (hours)

particulates. The percentage of dead cells as determined
by FCM remained at <7 % throughout, although there was
an increase between 26 h (1.8 %) and termination (5.9 %),
possibly suggesting a increase in cell stress due to the onset
of stationary phase.

Mean green fluorescence and forward scatter of GFP™
cells (Fig. 5c) showed a similar pattern to other early-
induced fermentations. Between 6 and 20 h post-induction
FSC-A decreased to a greater extent than FL1-A, suggest-
ing that while the cells became smaller, CheY-GFP con-
tent per cell increased. Between 20 and 26 h post-induc-
tion FL1-A increased by ~30 % and FSC-A increased by
~20 %, suggesting accumulation of CheY-GFP per cell
despite increasing cell size. At termination mean green
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fluorescence per bacterium had reached 296,000. SDS-
PAGE data (Fig. 5d) showed an increase in the percentage
of total cellular protein that was CheY-GFP from 2 h post-
induction until termination, reaching a final peak value of
30 %. CheY-GFP solubility fluctuated during the fermen-
tation, the peak solubility of 50 % being observed at 5 h
post-induction and final solubility being 46 %. Final yield
of CheY-GFP was estimated at 7.7 g L™, corresponding to
ayield of 3.8 g L™! soluble Che Y-GFP.

Although utilising the same carbon source, protocol E
shows several benefits over protocol A: a 2.5-fold increase
in ODgs; a 65 % increase in the mean green fluorescence
of GFP™ bacteria; and the largest amount of CheY-GFP
as expressed as a percentage of cellular protein achieved
in this study. Although the soluble percentage of CheY—
GFP was higher in protocol A than protocol E, the far
higher quantity of CheY—GFP per cell and higher biomass
concentration meant that the volumetric yield of soluble
CheY-GFP in protocol E was over double that of proto-
col A (3.8 g L7! versus 1.5 g L™1). As before, increases in
CheY-GFP per cell probably correlate with decreases in
CheY-GFP solubility due to overloading of cellular protein
folding pathways.

Comparison of protocols E and D allows elucidation
of differences caused by changing carbon source. There
are numerous studies that claim recombinant protein pro-
duction is enhanced by growth on either glucose [3, 25]
or glycerol [9, 15, 31]; this seems to be dependent upon
recombinant protein, strain, medium composition, and
growth conditions, and so is likely not a generic effect.
In this study, protocol E had a lower final ODgs, than D;
however, this was expected as total glucose added was
less than glycerol, and Yy, values were broadly compara-
ble (Table 2). FCM data demonstrate that there were fewer
GFP~ bacteria in protocol E than D, suggesting lower phys-
iological stress, although protocol D had a longer runtime
than E, which could select for a non-productive GFP™ sub-
population. CheY-GFP yield per cell and solubility were
higher in protocol E, although the higher biomass gener-
ated in protocol D resulted in a higher overall CheY-GFP
yield. Again, there is a balance between biomass produc-
tion, CheY-GFP production and solubility; protocols C—E
have demonstrated that although each of these parameters
may be optimised individually, it is at the expense of other
parameters.

Conclusion

The stress-minimisation method [20] has been shown to
be highly applicable to an industrially derived high cell
density fed-batch recombinant protein production pro-
tocol, both with early and late induction of RPP and with

glucose and glycerol as carbon sources. Stress minimisa-
tion increased biomass yield and CheY-GFP yield and
solubility while decreasing culture heterogeneity. Similarly,
transfer to a semi-defined medium improved biomass yield
and overall CheY-GFP productivity per unit volume, while
representing a more industrially favoured approach to RPP
due to elimination of animal-derived products and minimi-
sation of complex media components. Changing the point
of induction was shown to have little overall effect on the
improved protocols. FCM was shown to be a very useful
analytical tool in fermentation monitoring and optimisa-
tion, in particular allowing culture heterogeneity, stress and
the relationship between bacterial size and GFP content to
be monitored. In summary, the stress-minimisation meth-
ods described here could effectively be applied to a wide
range of high cell density culture recombinant protein pro-
duction fermentations.
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