
WO 2005/024000 PCT/GB2004/003747 1.  METHODS FOR
PRODUCING RECOMBINANT PROTEINS The present invention
relates generally to methods for producing recombinant
proteins in  Escherichia coli host cell cultures and
more specifically provides a method for controlling 5
the partitioning of said proteins between the
periplasm of E. coli host cells and the culture
supernatant. E. coli is a widely used and convenient
system for the production of recombinant  proteins.
The advantages of this system comprise the ease of
gene manipulation, the  availability of reagents
including gene expression vectors, the ease of
producing quantities of 10 protein, speed and the high
adaptability of the system to express a wide variety
of proteins.  For review see Baneyx, Current Opinion
in Biotechnology, 1999,10,411-421. E.coli is  now
widely used for the large-scale production of
therapeutic proteins such as insulin,  growth hormone
and antibodies (Swartz, Current Opinion in
Biotechnology, 2001, 12, 195- 201; Humphreys and
Glover, Current Opinion in Drug Discovery and
Development, 2001, 4, 15 172-185; Verma et al.,
Journal of Immunological Methods, 1998, 216, 165-181;
Simmons et  al., Journal of Immunological Methods,
2002, 263, 133-147). Expression of any foreign gene in
E. coli begins with the insertion of a cDNA copy  of
the gene into an expression vector. Many forms of
expression vector are available. Such  vectors usually
comprise a plasmid origin of DNA replication, an
antibiotic selectable 20 marker and a promoter and
transcriptional terminator separated by a
multi-cloning site  (expression cassette) and a DNA
sequence encoding at least one ribosome binding site.
Transcription of the foreign gene is usually
controlled by a regulated promoter, which allows  cell
growth to be separated from product synthesis
resulting in higher yields than if the  protein was
constitutively expressed. Maximal yield of the protein
can be achieved by 25 determining the optimal point
during fermentation for expression to be induced,
typically  once the cells have been grown to a high
cell density. Recombinant proteins expressed in E.
coli can be produced in the cytoplasm, or  secreted
into the periplasm or the supernatant depending on the
nature of the protein and its  folding requirements
(Makrides, Microbiological Reviews, 1996, 60,
512-538). For 30 example, proteins can be targeted to
the periplasm via a signal sequence and expression in
the periplasm can offer several advantages over
expression in the cytoplasm, including lower  numbers
of host cell proteins, less degradation of the
recombinant protein and an oxidizing  



environment which facilitates proper protein folding.
WO 2005/024000 PCT/GB2004/003747 2  While protein
yield during fermentation is a key factor influencing
the cost of producing recombinant proteins in E.coli,
the cost of downstream processing (DSP) of the
protein produced is also important in determining the
final cost of goods. The term DSP  encompasses all the
steps following the fermentation of E. coli that
result in the final purified 5 functional protein.
Depending on the cellular location of the recombinant
protein produced,  these steps may typically include
primary recovery steps such as centrifugation,
filtration,  extraction and
concentration/diafiltration steps followed by one or
more purification steps.  Maximising the efficiency of
these steps to obtain a high yield of functional
protein is key to  minimizing costs during the
large-scale production of recombinant proteins. The
nature of 10 the primary recovery steps used during
DSP will affect the yield and quality of recombinant
protein obtained and will depend on several factors
including, the scale of production, the  nature of the
protein and its cellular location at the end of
fermentation. For example, an  important consideration
for recombinant proteins produced in the periplasm is
the level of  leakage of the recombinant protein into
the supernatant, as a natural level of leakage does 15
occur during fermentation and this can have a
detrimental effect on the yield and quality of  the
recombinant protein obtained from the periplasm. Where
high levels of recombinant  protein leak into the
supernatant the viscosity of the supernatant
increases, making primary  recovery of the cells by
centrifugation or filtration more difficult and
therefore reducing the  yield of protein obtained from
the periplasm. The cells themselves are also less
robust 20 during centrifugation and are more likely to
lyse resulting in damage to the protein and
increasing the protein levels in the supernatant again
reducing yield. An additional problem  is that the
quality of the protein recovered from the periplasm
during extraction may also be  reduced by
contamination with recombinant protein from the
supernatant that may not be  correctly folded or may
be partially degraded. 25 It is therefore desirable to
improve the efficiency of primary recovery of
recombinant  proteins and hence to improve the final
yield and quality of functional protein obtained by
controlling the partitioning of recombinant proteins
between the periplasm and the  supernatant. In the
present invention, we have been able to demonstrate
that it is possible to 30 control the partitioning of
recombinant proteins between the supernatant and the
periplasm  



in E.coli host cell cultures by adjusting the growth
rate of E.coli host cells. By selecting a  suitable
growth rate based on the partitioning of the protein
between the supernatant and the  periplasm and not
necessarily on yield alone, the quality and/or yield
of protein produced  can be increased. WO 2005/024000
PCT/GB2004/003747 3  Thus according to the present
invention, there is provided a method for controlling
the partitioning of a recombinant protein between the
supernatant and the periplasm in E. coli  host cell
cultures wherein expression of the recombinant protein
by said cells is under the control of an inducible
system, which method comprises: a) providing an E.coli
host cell culture 5b) changing the growth rate of the
E.coli host cells c)inducing expression of the
recombinant protein wherein steps (b) and (c) can be
performed in any order or simultaneously; and
subsequently 10d) determining the yield of recombinant
protein in the culture supernatant and the E.coli host
cell periplasm e) comparing the yield determined in
step (d) with the yield determined when at  least one
other growth rate has been used in step (b) f)
selecting a growth rate from the comparison made in
step (e) in which the  15 partitioning of the
recombinant protein between the supernatant and the
periplasm is most suited to the primary recovery of
the recombinant protein. The recombinant protein for
use in the present invention may be any peptide,
polypeptide or  protein having more than about ten
amino acids. The protein may be derived from any 20
source including bacteria but more particularly from
mammalian sources. In one example  the recombinant
protein is an antibody. The term `antibody' as used
herein refers to any  immunoglobulin molecule from any
class such as IgG, IgE, IgM, IgD and IgA for example a
member of the IgG class e.g. IgG1 and also any antigen
binding immunoglobulin fragment,  such as Fv, Fab,
Fab' and F(ab')2 fragments, and any derivatives
thereof, such as single chain 25 Fv fragments. These
antibodies and their fragments may be naturally
occurring,  humanized, chimeric or CDR grafted
antibodies and standard molecular biology techniques  



may be used to modify, add or delete amino acids or
domains as desired. The methods for  creating these
antibody molecules are well known in the art (see for
example, Shrader et al.,  WO 92/02551; Ward et al.,
1989, Nature, 341, 544; Orlandi et al., 1989,
Proc.Natl.Acad.Sci. 30 USA, 86, 3833; Riechmann et
al., 1988, Nature, 322, 323; Bird et al, 1988,
Science, 242,  423; Queen et al., US 5,585,089; Adair,
W091/09967; Mountain and Adair, 1992,  Biotechnol.
Genet. Eng. Rev, 10, 1-142; Verma et al., 1998,
Journal of Immunological  Methods, 216, 165-181). WO
2005/024000 PCT/GB2004/003747 4  E. coli host cells
for use in the present invention may be naturally
occurring E. coli strains or mutated strains capable
of producing recombinant proteins. Examples of
specific  host E.coli strains include MC4100, TG1,
TG2, DHB4, DH5a, DH1, BL21, XL1Blue and  JM109.
Examples also include modified E.coli strains, for
example metabolic mutants and 5 protease deficient
strains. One preferred E. coli host is E. coli W31 10
(ATCC 27,325) a  commonly used host strain for
recombinant protein fermentations. The recombinant
protein of the present invention is typically
expressed in either the  periplasm of the E.coli host
cells or the host cell culture supernatant, depending
on the nature  of the protein and the scale of
production. The methods for targeting proteins to
these 10 compartments are well known in the art, for a
review see Makrides, Microbiological  Reviews, 1996,
60, 512-538. Examples of suitable signal sequences to
direct proteins to the  periplasm of E. coli include
the E. coli PhoA, OmpA, OmpT, LamB and OmpF signal
sequences. Proteins may be targeted to the supernatant
by relying on the natural secretory  pathways or by
the induction of limited leakage of the outer membrane
to cause protein 15 secretion examples of which are
the use of the pelB leader, the protein A leader, the
coexpression of bacteriocin release protein, the
mitomycin-induced bacteriocin release  protein along
with the addition of glycine to the culture medium and
the coexpression of the  kil gene for membrane
permeabilization. In the present invention expression
of the recombinant protein in the E.coli host cells
20 is under the control of an inducible system. The
term `inducible system' as used herein  refers to an
inducible expression system whereby the expression of
the recombinant protein  in E. coli is under the
control of an inducible promoter. Many inducible
promoters suitable  for use in E.coli are well known
in the art and depending on the promoter, expression
of the  recombinant protein can be induced by varying
factors such as temperature or the 



25 concentration of a particular substance in the
growth medium (Baneyx, supra; Goldstein and  Doi,
1995, Biotechnol.Annu.Rev, 105-128). Examples of
inducible promoters include the E. coli lac, tac, and
trc promoters which are inducible with lactose or the
non-hydrolyzable  lactose analog,
isopropyl-(3-D-1-thiogalactopyranoside (IPTG) and the
phoA, trp and  araBAD promoters which are induced by
phosphate, tryptophan and L-arabinose 30 respectively.
The term `inducing expression' as used herein refers
to the point at which induction  is initiated, by for
example, the addition of an inducer or a change in
temperature where  induction is temperature dependent.
Where induction of recombinant protein expression is
achieved by the addition of an inducer to the culture
the inducer may be added by any WO 2005/024000
PCT/GB2004/003747 5  suitable method depending on the
fermentation system and the inducer, for example, by
single or multiple shot additions or by a gradual
addition of inducer through a feed. It will  be
appreciated that there may be a delay between the
addition of the inducer and the actual  induction of
protein expression for example where the inducer is
lactose there maybe a 5 delay before induction of
protein expression occurs while any pre-existing
carbon source is  utilized before lactose. The E. coli
host cell cultures of the present invention may be
cultured in any medium  that will support the growth
of E. coli and expression of the recombinant protein.
The  medium may be any chemically defined medium, such
as those provided in Pirt S.J. (1975) 10 Principles of
Microbe and Cell Cultivation, Blackwell Scientific
Publications, with  modifications where appropriate to
control growth rate as described herein. An example of
a suitable medium is `SM6E' as described by Humphreys
et al., 2002, Protein Expression  and Purification,
26, 309-320. Culturing of the E.coli host cells can
take place in any suitable container such as a  15
shake flask or a fermenter depending on the scale of
production required. Various large  scale fermenters
are available with a capacity of greater than 1,000
litres up to about 100,000  litres. Preferably
fermenters of 1,000 to 50,000 litres are used, more
preferably 1,000 to  10,000 litres. Smaller scale
fermenters may also be used with a capacity of between
0.5 and  1,000 litres. 20 Fermentation of E.coli may
be performed in any suitable system, for example
continuous, batch or fed-batch mode (Thiry and
Cingolani, 2002, Trends in Biotechnology,  



20, 103-105) depending on the protein and the yields
required. Batch mode maybe used  with shot additions
of nutrients or inducers where required.
Alternatively, a fed-batch  culture may be used and
for example, the cultures grown in batch mode
pre-induction at the 25 maximum specific growth rate
that can be sustained using the nutrients initially
present in  the fermenter and one or more nutrient
feed regimes used to control the growth rate post-
induction until fermentation is complete. Fed-batch
mode may also be used pre-induction to  control the
metabolism of the E.coli host cells and to allow
higher cell densities to be  reached (Lee, 1996,
Tibtech, 14, 98-105). 30 In the present invention the
cells are grown at any suitable growth rate prior to
induction of protein expression. To achieve high
growth rate E. coli host cells are typically  grown in
cultures where the nutrient levels, carbon source,
temperature and oxygen  conditions permit such growth.
Preferably the E.coli host cells in the present
invention are  grown under nutrient unlimited
conditions at high growth rate to obtain a high cell
density WO 2005/024000 PCT/GB2004/003747 6  prior to
induction of recombinant protein expression. Growth
can be measured in several  different ways the most
common of which is to measure the increase in cell
density by  measuring the increase in optical density
at 600nm over time. The specific growth rate can  be
determined by plotting the natural logarithm of the
OD600 measurements versus time. 5 Growth measurements
can be taken throughout the culture, for example, by
on line  measurement or by taking samples from the
cultures at regular time intervals during
fermentation. Preferably a high cell density is
obtained before expression of the  recombinant protein
is induced. Examples of suitable densities at which
protein expression  maybe induced range from about 60
to about 100 OD600 10 In step (b) of the method of the
present invention the growth rate is changed  compared
to the growth rate in the E.coli cultures provided in
step (a) of the method. The  change in growth rate in
step (b) may take place at any time before induction
of protein  expression in step (c), at the same time
as induction of protein expression or after induction
of protein expression. In one example, where the
growth rate is changed before step (c) the 15 cultures
are grown at high growth rate in step (a) of the
method until a high cell density is  reached after
which the growth rate is changed and protein
expression induced once the  desired growth rate
change has been observed. In one such example the
growth rate is  changed at between about 1 and about 3
hours before induction of protein expression. In  



another example the cultures are grown at high growth
rate in step (a) of the method and 20 protein
expression is induced in step (c) of the method, after
which the growth rate is  changed in step (b) of the
method. In one such example the growth rate is changed
at  between about 1 and about 3 hours after step (c).
In another example the cells are grown at  high growth
rate in step (a) of the method and steps (b) and (c)
take place simultaneously,  i.e. at approximately the
same time such that the growth rate is changed at the
point of 25 induction. The growth rate of the E. coli
host cells may be controlled by many different methods
well known in the art depending on the fermentation
system (See for example Lee 1996,  Tibtech, 14,
98-105). Suitable methods for controlling growth rate
include changes in  temperature, available oxygen
levels and nutrient levels. Appropriate temperature
changes, 30 oxygen levels or concentrations of
nutrients required to achieve a specific growth rate
can be  determined empirically by one skilled in the
art by testing a range of concentrations and
measuring the effect on growth rate. In one example,
the concentration of nutrients such as  nitrogen and
phosphate present at the start of the fermentation can
be used to control the  growth rate depending on the
point during induction at which the nutrient is
depleted. In one WO 2005/024000 PCT/GB2004/003747 7
particular example of the present invention the
nutrient source controlling growth rate is  phosphate.
Suitable phosphate concentrations are provided in the
examples herein and are  known in the art (See for
example, Pirt, S.J. (1975) Principles of Microbe and
Cell  Cultivation, Blackwell Scientific Publications).
Examples of suitable phosphate 5 concentrations
present in the starting fermentation include those in
the range of 25 to 40mM.  Hence in one example of the
present invention the growth rate in step (b) is
changed by  adjusting the level of phosphate available
to the cells at the start of fermentation. In another
example the growth rate may be adjusted by changing
the concentration of nutrients such as  carbon or
nitrogen added to the culture for example via a feed
or through shot additions. 10 In another example of
the present invention, the growth rate in step (b), is
changed by  adjusting the level of carbon available to
the E.coli host cells. The level of carbon source
available to the cells may be increased or decreased
to achieve the required change in growth  rate.
Preferably the growth rate is controlled by adjusting
the feed rate of carbon source into  the culture. The
term `carbon source' as used herein refers to the
carbon source that is 15 available as an energy source
for E.coli during growth and includes sugars such as
glucose,  



lactose, sucrose and fructose and other carbon sources
such as glycerol, succinate and  lactate. In a
preferred embodiment of the present invention the
carbon source is glycerol.  Preferably the host cells
are cultured in a fed-batch fermenter and the carbon
source is  glycerol provided at a suitable feed rate
to provide the required growth rate. Suitable 20
glycerol feed rates are well known in the art and
include those described in the examples  provided
herein. Examples of suitable glycerol feed rates
include those in the range of from  0.5 to 11 ml/h.
The term `partitioning' as used herein refers to the
distribution of recombinant  protein between the
periplasm of E.coli host cells and the supernatant in
which they are 25 grown. To determine the partitioning
of the recombinant protein the yield in the periplasm
and the supernatant is determined in step (d) of the
method. The yield may be determined by  taking samples
at suitable time intervals throughout the culture of
the E.coli host cells, for  example about every 2-4
hours, or alternatively at the point of harvest, for
example about 24  to 36 hours after induction. Many
methods of protein quantification are known in the art
30 and include methods such as gel electrophoresis,
HPLC, chromatography and  immunodetection methods such
as western blots and ELISA. For example, Fab'
concentrations in periplasmic extracts and culture
supernatants can be determined by Fab'  assembly ELISA
as described in Humphreys et al., 2002, Protein
Expression and  Purification, 26, 309-320. WO
2005/024000 PCT/GB2004/003747 8  In the method of the
present invention the yield of recombinant protein in
the supernatant and the periplasm of E. coli host
cells grown at two or more different growth  rates in
step (b) are compared in step (e) of the method in
order to find the growth rate which  results in
partitioning that is most suited to the primary
recovery of the protein product. 5 Preferably the
yields compared in step (e) are determined in step (d)
at approximately the  same time after induction for
each growth rate. It will be appreciated that this may
not  always be possible, especially for cultures grown
at higher growth rates where the maximum  biomass is
reached earlier than in cultures grown at lower growth
rates. The growth rate change in step (b) of the
method may be an increase or a decrease in  10 growth
rate. The culture provided in step (a) may be growing
at any suitable growth rate in  either nutrient
unlimited or nutrient limited conditions. Preferably
the culture provided in  step (a) is growing in
nutrient unlimited conditions at the maximum specific
growth rate  



possible in those conditions. In one example the
growth rate of the E.coli host cells in step  (a) is
between about 0.1 and 0.25/h, preferably between 0.13
and 0.22/h. Preferably the 15 growth rate is reduced
in step (b) of the method. The growth rate may be
reduced to any  suitable rate above 0/h, preferably
between 0/h and the growth rate provided in step (a).
Suitable growth rates may be identified empirically by
testing at least two different growth  rates and
comparing them in step (e) of the method. Each growth
rate maybe tested in two  or more separate cultures
grown in parallel and/or in succession. In one example
at least two 20 cultures are grown simultaneously
using a different growth rate in each culture in step
(b).  In another example at least two cultures are
grown sequentially using a different growth rate  in
each culture in step (b). Alternatively two or more
different growth rates may be tested  in a single
culture by carrying out steps (a) to (d) using one
growth rate in step (b) and then  carrying out steps
(b) and (d) at least once more varying the growth rate
in step (b) each 25 time. It will be appreciated that
if no suitable growth rate is identified in step (e)
of the  method then further growth rates may be tested
by repeating steps (a) to (d) of the method.
Typically a range of different growth rates will be
tested between 0/h and the growth rate of  the
cultures in step (a). In the first instance the range
of different growth rates tested may  span a wide
range of high and low growth rates that may be
subsequently narrowed if 30 required by repeating
steps (a) to (d) of the method using a narrower range
of growth rates in  step (b). Suitable growth rates
for testing in the first instance may for example be
between  about 2 and about 200 fold less than the
growth rate in nutrient unlimited conditions. In one
example the growth rate is between about 5 and about
200 fold less than the growth rate in  nutrient
unlimited conditions. Alternatively, in the first
instance the range of different WO 2005/024000
PCT/GB2004/003747 9  growth rates tested maybe a
narrow range for example of high or low growth rates
that may  be subsequently widened if required by
repeating steps (a) to (d) of the method using a wider
range of growth rates in step (b). Suitable growth
rates for testing in the first instance may  be for
example between about 2 and about 50 fold less than
the growth rate in nutrient 5 unlimited conditions or
between about 100 and about 200 fold less. In one
example the  growth rate is between about 5 and about
20 fold less than the growth rate in nutrient
unlimited conditions. Suitable growth rates in step
(b) may include growth rates in the range  of 0.0005
to 0.04/h. Once the partitioning of the recombinant
protein at two or more different growth  



10 rates has been compared the growth rate most suited
to the primary recovery of the  recombinant protein is
selected in step (f) of the method. The term `primary
recovery' as  used herein refers to the initial
recovery steps required to produce a cell free
supernatant or  periplasmic extract suitable for
subsequent purification steps. Examples of primary
recovery  steps include, centrifugation, filtration,
cell extraction or lysis, homogenisation, 15
concentration, diafiltration and expanded bed
adsorption. The growth rate most suited to the
primary recovery of the protein will be the growth
rate that results in the best yield and/or  quality of
protein following one or more primary recovery steps.
The term `quality' as used  herein refers to the
integrity of the protein obtained, whether it is
intact and/or correctly  folded. Importantly the most
suitable growth rate may not be the growth rate that
results in 20 the maximum yield of recombinant protein
in the E.coli host cell culture but may instead be
the growth rate that results in the best partitioning
of the protein between the periplasm and  the
supernatant which will result in better quality
protein and/or higher yields following one  or more
primary recovery steps. Hence the growth rate selected
in step (f) may be a trade  off between the protein
yield during culture and the final yield and quality
of protein 25 ultimately recovered. In one example the
recombinant protein may be expressed in the periplasm
of E.coli  host cells as these are easier to handle at
large-scale than the supernatant. The first primary
recovery step required is the recovery of the host
cells from the culture medium, either by
centrifugation or filtration. For proteins produced in
the periplasm an important 30 consideration is the
level of leakage of the recombinant protein into the
supernatant as this  can have a detrimental effect on
the primary recovery and quality of the periplasmic
protein.  The increased protein present in the
supernatant increases the viscosity of the supernatant
making recovery of the cells by centrifugation or
filtration more difficult and reducing  periplasmic
protein yield. The cells themselves are also less
robust during centrifugation WO 2005/024000
PCT/GB2004/003747 10  and are more likely to lyse
resulting in damage to the recombinant protein and
further  increasing the viscosity of the supernatant
due to release of protein, DNA and lipids, which
again reduces the yield of recombinant protein in the
periplasm. The quality of the  recombinant protein
recovered from the periplasm may also be reduced by
contamination 5 with recombinant protein from the
supernatant that may be partially degraded or not
correctly folded. In these cultures it is important
therefore to keep levels of recombinant  



protein low in the supernatant to increase the quality
and/or yield of recombinant protein  following primary
recovery. In this example the final yield and/or
quality of the recombinant protein obtained following
primary recovery may be improved by selecting a  10
growth rate where the level of recombinant protein in
the supernatant is low even if the yield  of
recombinant protein in the periplasm is lower than at
other growth rates where the levels  of recombinant
protein in the supernatant are higher. Therefore, for
proteins produced in the  periplasm in the method of
the present invention it is preferred that the growth
rate selected  in step (f) is a growth rate at which
greater than 55% of the protein is expressed in the 15
periplasm and less than 45% of the protein is in the
supernatant. Preferably greater than  80% of the
protein produced by the host cells is expressed in the
periplasm and less than  20% is in the supernatant. In
one example greater than 90% of the protein produced
by the  host cells is expressed in the periplasm and
less than 10% is in the supernatant. In another
example greater than 95% of the protein produced by
the host cells is expressed in the 20 periplasm and
less than 5% is in the supernatant. In another example
the protein may be produced in the supernatant. The
protein may  be easier to purify given that no
extraction step is required and there will be fewer
host  proteins present in the medium. The quality of
protein may also be better as there will be  less
proteolysis and there may be improved protein folding.
For proteins produced in the 25 supernatant it is
important that the amount of recombinant protein
expressed by the host cells  and secreted to the
supernatant is maximized. To determine if all the
recombinant protein  produced by the host cells is
being secreted into the supernatant it is important to
measure  the recombinant protein levels in the
periplasm as well. If these are still high it may be
possible using the method of the present invention to
adjust the partitioning of the 30 recombinant protein
to increase the yield in the supernatant still
further. As a result, for  proteins produced in the
supernatant in the method of the present invention it
is preferred  that the growth rate selected in step
(f) is a growth rate at which greater than 55% of the
protein is expressed in the supernatant and less than
45% of the protein is in the periplasm.  Preferably
greater than 80% of the recombinant protein produced
by the host cells is WO 2005/024000 PCT/GB2004/003747
11  produced in the supernatant and less than 20% in
the periplasm. In one example greater than  90% of the
protein produced by the host cells is in the
supernatant and less than 10% is in  the periplasm. In
another example greater than 95% of the protein
produced by the host cells  



is in the supernatant and less than 5% is in the
periplasm. 5 Having identified a suitable growth rate
in step (f) of the method, the same growth  rate can
be used during subsequent fermentations of the E. coli
host cells to ensure the  desired partitioning of the
recombinant protein between the supernatant and the
periplasm is  achieved. The present invention
therefore also provides a method of producing a
recombinant protein in E. coli host cell cultures
wherein expression of the recombinant 10 protein by
said cells is under the control of an inducible system
and the partitioning of the  recombinant protein
between the supernatant and the periplasm is most
suited to the primary  recovery of the recombinant
protein said method comprising growing the E.coli host
cells at  the growth rate selected in step (f) of the
method described above. These subsequent fermentations
may be at the same scale or a different scale to that
used in the method 15 described above. For example the
E.coli host cells may be fermented at a small scale to
determine the growth rate most suited to the primary
recovery of the protein and then in  subsequent
fermentations the host cells may be fermented at large
scale to produce larger  quantities of the recombinant
protein using the growth rate selected in step (f).
The recombinant protein produced by the method of the
present invention maybe  20 subsequently purified
following primary recovery. The primary recovery steps
used will  depend on the cellular location of the
recombinant protein at the end of the fermentation.
For example, proteins expressed in the periplasm may
be recovered within the host cells by  centrifugation
or filtration. The protein can then be extracted from
within the cells using  methods such as heat treatment
(see for example US 5,665,866) or mechanical
extraction. 25 Proteins expressed in the supernatant
may be recovered using methods such as expanded-bed
adsorption or centrifugation or filtration to remove
cells followed by for example ion  exchange or
affinity chromatography to capture the protein. The
protein from either the  periplasmic extract or the
supernatant may subsequently be purified using any of
the  methods known in the art depending on the nature
of the recombinant protein and its 30 physical
properties such as size, hydrophobicity and
isoelectric point. Such methods may  include, size
exclusion chromatography, hydrophobic interaction
chromatography, ion  exchange, affinity chromatography
and reverse phase HPLC. Thus in another aspect of the
present invention there is provided a method of
producing a recombinant protein in E. coli  host cell
cultures wherein expression of the recombinant protein
by said cells is under the WO 2005/024000
PCT/GB2004/003747 12  



control of an inducible system and the partitioning of
the recombinant protein between the  supernatant and
the periplasm is most suited to the primary recovery
of the recombinant  protein said method comprising
growing the E. coli host cells at the growth rate
selected in  step (f) of the method described above
and subsequently purifying the recombinant protein. 5
EXAMPLES  The present invention will now be described
by way of example only, in which reference is  made
to: Figure 1. Growth profile of E. coli at a range of
glycerol feeding rates 10 Figure 2. Post-induction
growth rate of E. coli at a range of glycerol feed
rates Figure 3. Partitioning of Fab'A between the
periplasm and the supernatant in E.coli cultures
grown at a range of glycerol feed rates Figure 4.
Growth profile of E.coli at a range of inorganic
phosphate concentrations  Figure 5. Post-induction
growth rate of E.coli at a range of inorganic
phosphate 15 concentrations Figure 6. Partitioning of
Fab' B between the periplasm and the supernatant in
E.coli cultures  grown at a range of inorganic
phosphate concentrations Example 1 20 Optimisation of
partitioning and yield of Fab'A using a limiting
glycerol feed to control  post-induction growth.
Materials and Methods Strain and plasmid. The strain
used in this work was Escherichia coli W3110 (ATCC 25
27325) transformed with a plasmid which confers
resistance to tetracycline and carries genes  coding
for the light and heavy chain polypeptide components
of the Fab' fragment, Fab' A.  Each polypeptide is
preceded by the E.coli OmpA leader peptide. Induction
of expression  from a single tac promoter results in
synthesis and secretion of light and heavy chain
polypeptides into the periplasm where a portion of the
polypeptides fold and assemble to  30 form Fab'. WO
2005/024000 13 Growth medium. PCT/GB2004/003747 The
fermentation growth medium was based on SM6E medium
(described in Humphreys et  al., 2002, Protein
Expression and Purification, 26, 309-320) with 3.86
g/l NaH2PO4.H20 and  



112 g/1 glycerol. 5 Inoculum. Inoculum cultures were
grown in the same medium supplemented with 10 g/ml
tetracycline. Cultures were incubated at 30C with
agitation for approximately 22 hours.  Fermentation.
Fermenters (2.5 litres total volume) were seeded with
inoculum culture to  0.3-0.5 0D600. Temperature was
maintained at 30C during the growth phase and was
reduced to 25C prior to induction. The dissolved
oxygen concentration was maintained 10 above 30% air
saturation by variable agitation and airflow. Culture
pH was controlled at 7.0  by automatic titration with
15% (v/v) NH4OH and 10% (v/v) conc. H2SO4. Foaming was
controlled by the addition of 10% (v/v) Struktol J673
solution (Schill and Seilacher). A number of additions
were made at different stages of the fermentation.
When biomass  concentration reached approximately 40
OD600, magnesium salts and NaH2PO4.H20 were  15 added.
Further additions of NaH2PO4.H20 were made prior to
and during the induction phase to ensure phosphate was
maintained in excess. When the glycerol present at the
beginning of fermentation had depleted (approximately
75 OD600) a continuous feed of 80%  (w/w) glycerol was
applied at rates ranging from 0.5 to 10.9 ml/h. At the
same point in the  fermentation an IPTG feed was
applied at a rate of 1 ml/h for 36 hours such that the
final 20 concentration of IPTG in the fermenter at
this time point was 0.5 mM. The start of IPTG  feeding
was taken as the start of induction. Fermentations
were typically run for 70-73 hours  at the lower
glycerol feed rates (0.5-2.5 ml/h) and 50-60 h at the
higher glycerol feed rates  (5.4-10.9 ml/h).
Measurement of biomass concentration and growth rate.
Biomass concentration was 25 determined by measuring
the optical density of cultures at 600 nm. Growth rate
() is related  to the change in biomass concentration
over time thus: LnXt = LnX0 + t where Xo is the
original biomass concentration, Xt is the biomass
concentration after time  interval, t. Thus, a plot of
LnXt against t for a batch culture gives a straight
line of slope 30 equal to  (unit per hour). However,
the application of a linear limiting feed of glycerol
to a  batch culture results in a decreasing growth
rate due to the increases in biomass and culture WO
2005/024000 PCT/GB2004/003747 14  volume. Therefore,
an average growth rate during the induction period was
determined by  plotting LnOD6oo against time. The
slope of a line of best fit (by the least squares
method)  was determined to give the average growth
rate over the feed period. 



Periplasmic Extraction. Cells were collected from
culture samples by centrifugation. The 5 supernatant
fraction was retained (at -20C) for further analysis.
The cell pellet fraction was  resuspended to the
original culture volume in extraction buffer (100 mM
Tris-HC1, 10 mM  EDTA; pH 7.4). Following incubation
at 60C for approximately 16 hours the extract was
clarified by centrifugation and the supernatant
fraction retained (at -20C) for analysis.  Fab'
quantification. Fab' concentrations in periplasmic
extracts and culture supernatants 10 were determined
by Fab' assembly ELISA as described in Humphreys et
al., 2002, Protein  Expression and Purification, 26,
309-320. Results Fab'A fermentations were run under
conditions where growth was unlimited pre-induction
and growth occurred at the maximum specific rate (t
ax) but was subsequently restricted 15 post-induction
(Fig. 1). Growth rate post-induction was controlled by
the application of a  nutrient (glycerol) limiting
feed to the batch culture at a range of flow rates.
Glycerol flow  rates were selected to give a range of
growth rates upwards of approximately 0 /h. Fig. 2 and
Table 1 show the actual average growth rate over the
induction period for a range of glycerol  feed rates.
Increasing the glycerol feed rate resulted in an
increase in the average growth rate  20 of the culture
as intended. WO 2005/024000 PCT/GB2004/003747 15
Table 1. Average growth rates of E. coli cultures
grown at a range of glycerol feed rates. CultureFeed
rate (ml/h)Growth rate/h FM2910.5-0.0008
FM2921.00.0044 FM2941.10.0033 FM2951.60.0071
FM2962.10.0075 FM2972.50.0092 FM2885.440.0289
FM28910.880.0374 Fermentations were harvested at
approximately 36 hours post-induction at the lower
glycerol  feed rates (0.5-2.5 ml/h) and at about 24
hours post-induction at the higher glycerol feed 5
rates (5.4-10.9 ml/h) and the Fab' concentration in
periplasmic extracts and culture  supernatants
determined by Fab' assembly ELISA. Fig. 3 shows the
Fab' concentration and  



relative distribution between the periplasm and
culture medium. An optimal growth rate for  Fab' titre
was found to be approximately 0.0075 /h. A general
trend was observed in which  the Fab' titre in the
culture supernatant increased with increasing growth
rate. Thus the 10 growth rate selected for optimal
fermentation performance, Fab' yield and compatibility
with  primary recovery will reflect a balance between
maximum yield and optimal distribution of  Fab'. In
the cited example, a glycerol feed rate of 1.6 ml/h
(growth rate 0.0071/h) was  selected for fermentation
scale-up. WO 2005/024000 PCT/GB2004/003747 16 Example
2 Optimisation of partitioning and yield of Fab' B by
varying phosphate concentration to  control
post-induction growth rate Materials and Methods 5
Strain and plasmid. The strain used in this work was
Escherichia coli W3110 (ATCC  27325) transformed with
a plasmid which confers resistance to tetracycline and
carries genes  coding for the light and heavy chain
polypeptide components of the Fab' fragment, Fab'B.
Induction of expression from a single tac promoter
results in synthesis and secretion of light  and heavy
chain polypeptides into the periplasm where a portion
of the polypeptides fold 10 and assemble to form Fab'.
Growth media. The fermentation growth medium was based
on SM6E medium (described in Humphreys et  al., 2002,
Protein Expression and Purification, 26, 309-320) with
the NaH2PO4.H20  concentrations given in Table 2. 15
Table 2. Amount and concentration of NaH2PO4.H20 used
in Fab'B fermentations NaH2PO4.H20 added Concentration
of Fermentation batch number(gel)NaH2PO4.H20 (MM)
DG323.7126.9 DG333.9128.3 DG344.1129.8 DG354.3131.2
DG314.5232.7 DG364.9135.6 



WO 2005/024000 PCT/GB2004/003747 17  Inoculuin.
Inoculum cultures were grown in the same medium with
the appropriate  concentration of NaH2PO4.H20 (see
Table 2) and supplemented with 10 g/ml tetracycline.
Cultures were incubated at 30C with agitation for
approximately 19-26 hours. Fermentation. Fermenters
(2.5 litres total volume) were seeded with inoculum
culture to  5 0.3-0.5 OD600. Temperature was
maintained at 30C during the growth phase and was
reduced to 27C prior to induction. The dissolved
oxygen concentration was maintained  above 30% air
saturation by variable agitation and airflow. Culture
pH was controlled at 7.0  by automatic titration with
15% (v/v) NH4OH and 10% (v/v) conc. H2SO4. Foaming was
controlled by the addition of 10% (v/v) Mazu solution.
10 A number of additions were made at different stages
of the fermentation. Glycerol was  added to the
fermentation as 2 x 45 ml aliquots of an 80% (w/w)
solution, one addition at a  biomass concentration of
20 OD600 and the other at 40 OD600. When biomass
concentration  reached approximately 40 OD600
magnesium and calcium salts were also added. Lactose
(60  ml of a 50% (w/w) solution) was added at 60 OD600
and served as an inducer and carbon 15 source during
the induction phase. Induction occurred upon glycerol
depletion (between  about 75 and 90 OD6oo) as marked
by an increase in dissolved oxygen concentration.
Further  additions of lactose were made as required to
maintain the concentration in the fermenter  between 0
and 55 g/l. A further addition of magnesium was made
between 0 and 2 hours  post-induction. Fermentations
were typically run for 56-61 hours. 20 Analysis of
fermentations. Periplasmic extractions, measurement of
biomass and  quantification of Fab' were done as
described previously (Example 1). Results  The growth
of fermentation cultures post-induction was controlled
by varying the amount of  phosphate (NaH2PO4.H20)
whilst keeping all other starting nutrients constant
(Fig.4). The 25 growth rate during each fermentation
was determined for the period of induction in which
biomass increased (Fig. 5 and Table 3). WO 2005/024000
PCT/GB2004/003747 18  Table 3. Average growth rates of
E. coli cultures grown at a range of phosphate
concentrations. Fermentation Batch numberPhosphate
concentration mMGrowth rate/h 



DG3226.90.0124 DG3328.30.014 DG3429.80.0178
DG3531.20.0191 DG3132.70.0321 DG3635.60.0337 5
Increasing the phosphate concentration resulted in an
increase in growth rate over these  periods of
induction. The phosphate concentrations were selected
to deplete at various points  relative to induction
(slightly before induction, e.g. 26.9 mM, to various
points after  induction). The point (biomass
concentration) at which induction occurs is related to
the  starting glycerol concentration. The amount of
phosphate required to support growth to the 10 desired
induction biomass was calculated based on biomass
yield coefficient data for  inorganic phosphate
provided in Pirt, S.J. (1975) Principles of Microbe
and Cell Cultivation,  Blackwell Scientific
Publications. The optimal phosphate concentration for
Fab' yield and  distribution was determined
empirically as described herein. Fermentations were
harvested 28-31 hours post-induction and the Fab'
concentration in  15 periplasmic extracts and culture
supernatants determined by Fab' assembly ELISA. Fig. 6
shows the Fab' concentration in both the periplasm and
culture supernatant at harvest. A  general trend was
observed in which the Fab' concentration in the
culture supernatant  increased with phosphate
concentration. The optimal range of phosphate for
large scale  primary recovery using periplasmic
extraction and centrifugation / filtration methods was
20 29.8 mM. WO 2005/024000 PCT/GB2004/003747 19 Claims
1. A method for controlling the partitioning of a
recombinant protein between the  supernatant and the
periplasm in E. coli host cell cultures wherein
expression of the 5 recombinant protein by said cells
is under the control of an inducible system, which
method  comprises: a) providing an E. coli host cell
culture b) changing the growth rate of the E.coli host
cells  c) inducing expression of the recombinant
protein 10 wherein steps (b) and (c) can be performed
in any order or simultaneously; and 15 



subsequently  d) determining the yield of recombinant
protein in the culture supernatant and  the E. coli
host cell periplasm e) comparing the yield determined
in step (d) with the yield determined when at  least
one other growth rate has been used in step (b) f)
selecting a growth rate from the comparison made in
step (e) in which the  partitioning of the recombinant
protein between the supernatant and the  periplasm is
most suited to the primary recovery of the recombinant
protein. 20 2. The method according to claim 1 wherein
the yields compared in step (e) are from at  least two
cultures grown simultaneously using a different growth
rate in each culture  in step (b). 3. The method
according to claim 1 wherein the yields compared in
step (e) are from at  least two cultures grown
sequentially using a different growth rate in each
culture in  25 step (b). 4. The method according to
claim 1 wherein the yields compared in step (e) are
from  one culture grown at at least two different
growth rates by carrying out steps (a) to  (d) using
one growth rate in step (b) and then carrying out
steps (b) and (d) at least  once more varying the
growth rate in step (b) each time. 30 5. The method
according to claims 1 to 4 where the growth rate in
step (b) is reduced.  6. The method according to
claims 1 to 5 where changing the growth rate of the
E.coli  host cells in step (b) comprises adjusting the
level of carbon available to the cells. 7. The method
of claim 6 where the carbon source is selected from
glucose, lactose,  sucrose, fructose, glycerol,
succinate and lactate. WO 2005/024000
PCT/GB2004/003747 20  8. The method of claim 7 where
the carbon source is glycerol. 9. The method according
to claims 1 to 8 where changing the growth rate of the
E.coli  host cells in step (b) comprises adjusting the
level of phosphate available to the cells.  10. The
method according to claims 1 to 9 where changing the
growth rate of the E. coli 5 host cells in step (b)
comprises adjusting the level of oxygen available to
the cells.  11. The method according to claims 1 to 10
where the recombinant protein is targeted to  the
periplasm. . 12. The method of claim 11 where the
growth rate selected in step (f) is a growth rate at
which greater than 80% of the recombinant protein
produced by the host cells is 



10 expressed in the periplasm. 13. The method
according to claims 1 to 10 where the recombinant
protein is targeted to  the supernatant. 14. The
method of claim 13 where the growth rate selected in
step (f) is a growth rate at  which greater than 80%
of the recombinant protein produced by the host cells
is 15 produced in the supernatant. 15. The method
according to claims 1-14 where the inducible system
comprises a lac  derived promoter. 16. The method of
claim 15 where the lac derived promoter is lac, tac or
trc. 17. The method according to claims 15 or 16 where
the promoter is induced with lactose  20 or IPTG. 18.
The method according to claims 1-17 where the
recombinant protein is an antibody  or fragment
thereof. 19. The antibody of claim 18 where the
antibody is an IgG. 20. The antibody fragment of claim
18 wherein the fragment is a Fab, Fab', F(ab')2 or  25
scFv. 21. A method of producing a recombinant protein
in E.coli host cell cultures wherein  expression of
the recombinant protein by said cells is under the
control of an  inducible system and the partitioning
of the recombinant protein between the  supernatant
and the periplasm is most suited to the primary
recovery of the 30 recombinant protein said method
comprising growing the E.coli host cells at the
growth rate selected in step (f) of claim 1. 22. The
method of claim 21 where the recombinant protein
produced is subsequently  purified. 


