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On-line control of glucose in HCDC

During the fed-batch phase, the concentration of glucose in the
culture was maintained at 1.5 g 1! by a modified flow injection
analysis device (FIAstar 5020Analyzer with photometer 5023 and
detection controller 5032, Tecator AB, Sweden). The sampling
system, the on-line measurement of glucose, the regulation of
glucose level and feeding device are shown in the middle panel of
Fig. 2. Details of the glucose flow injection analysis and the model-

aided on-line glucose monitoring for the computer controlled
HCDC have been described elsewhere (Pfaff et al. 1995).

On-line measurement of ammonia nitrogen in HCDC

The accessory system for the measurement of the concentration of
ammonium nitrogen is illustrated in the lower panel of Fig. 2. The
sample filter PP19 (abc GmbH, Puchheim, Germany) served for
sampling. This sampler connects the bioreactor and the FIA.
Culture samples were diluted and injected into the flow injection
analyzer. Ammonium nitrogen was measured according to the

method ASN 50-04/92 from Tecator.

Off-line data analysis in HCDC

Cell density was calculated from the absorbance (A4s5s50) measured
with a Novaspec II spectrophotometer (Pharmacia LKB) in a
I-cm-light-path cuvette either directly or after dilution of the
culture with 0.9% NaCl solution. Cell dry weight (biomass) X (g
17!y was calculated on the basis of a calibration curve according to
X=0.36 Ass9. The supernatant of centrifuged samples served for
the analysis of acetate (with test kit 148261 from Boehringer,
Mannheim, Germany), phosphate (with Spectroquant 14842 from
E. Merck, Darmstadt, Germany) and glucose (with analyzer
ESAT 6660 from Prifgerdtewerk Medingen GmbH, Freital,
Germany). The segregation stability of expression plasmids was
determined as the percentage of plasmids harboring cells in the
population as a function of cultivation time, according to Pack

et al. (1993).

Quantitative determination of the miniantibodies

The sample preparation was carried out as described by Pack et al.
(1993). The amounts of functional miniantibodies were determined
by a functional enzyme-linked immunosorbant assay (ELISA).
Maxisorp microtiter plates (Nunc) were coated with human EGF
receptor. The bound miniantibodies were detected with rabbit anti-
scFv425 serum and peroxidase-conjugated goat anti-(rabbit 1gG)
(Jackson Immunoresearch Inc., West Grove, USA). The yield of
active miniantibodies was calculated from a dilution series of the
purified miniantibodies. As a control, it was shown that the anti-
sckFv425 rabbit serum showed no detectable crossreactivity with
other components of plasmid-free E. coli RV308 crude extract.
Furthermore, the addition of £ coli RV308 crude extract to a
dilution series of the same miniantibodies in purified form had no
effect on the ELISA signals.

For the determination of ztotal amounts of miniantibodies, SDS-
PAGE (Laemmli 1970) was carried out in 12% polyacrylamide,
stained with Coomassie brilliant blue and scanned. The con-
centration of miniantibodies was calculated from a dilution series
of purified miniantibodies separated on the same gel. The con-
centration of purified miniantibody in the standard solution was
determined with the BCA Protein Assay Reagent kit (23225%) from
Pierce according to Smith et al. (1985) using bovine serum albumin
(Pierce) as standard. As a control we simultaneously separated by
SDS-PAGE the whole plasmid-free E. coli RV308 crude extract
from a mock HCDC.

Results
Construction of an optimized vector for HCDC

We have introduced into the standard expression and
secretion vectors for antibodies in E. coli several features
that improve their performance in HCDC. To avoid
plasmid loss, we introduced the hok/sok postsegrega-
tional killing system (Gerdes 1988; Thisted et al. 1994).
To lower the basal expression before induction, we in-
serted a terminator upstream of the lac p/o, thus de-
creasing transcriptional read-through from upstream
genes (A. Krebber et al. submitted). Finally, we in-
creased the strength of the tandem ribosome-binding site
by changing the second site into the T7gl10 site, which is
known to be extremely strong (Mertens et al. 1995).

Construction of the anti-(EGF receptor) miniantibody

The anti-(EGF receptor) miniantibody was constructed
from a chimeric form of the antibody 425. The antibody
was chimerized using standard methodology and the
sckFv was assembled in the orientation VH-linker-VL
(Kettleborough et al. 1994). To construct the bivalent
miniantibody, the scFv was fused to a hinge region and
the helix-turn-helix module (Pack et al. 1993). This
miniantibody 1s secreted into the periplasm of E. coli
where 1t assembles to a native, bivalent form.

Growth and miniantibody formation during HCDC

E. coli RV308(pHKK) was cultivated in only 33 h from
As5=0.2 over 11 doublings to an Assg= 400, corre-
sponding to a final biomass of 145 g dry weight 1™
(Fig. 3). This was possible since the cells could grow
both 1n the batch phase and in the fed-batch phase al-
most at their maximal growth rate without any substrate
limitations. Throughout the whole fermentation, the
metabolic by-product acetate accumulated only to
1.5 g 17!, which did not inhibit growth. For over 9
doublings of biomass, the specific growth rate of the
culture remained nearly at its maxmum (4 = pfyax). It
was lower than umax only for a short period directly after
inoculation — because of cellular adaptation — and dur-
ing the late production phase owing to growth inhibition
by the miniantibodies synthesized. The maximum total
yield of the EGF-receptor-specific bivalent minianti-
bodies (scFv425dhlx) was 4.1 g 17" (Fig. 4). About 80%
of these miniantibodies were functional.

Details of the HCDC are shown in Figs. 3, 4. The
batch phase consisted of three sub-phases. After in-
oculation with an exponentially growing preculture, a
lag phase occurred, characterized by the adaptation of
the cells and the increase of u to pmax (sub-phase I). In
sub-phase II, the cells grew exponentially at u=pax.
After a decrease of the PO, below 20% of saturation, the
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Fig. 3 High-cell-density cultivation of E. coli RV308(pHKK). Time
courses of biomass, glucose, ammonium N, phosphate, acetate, stirrer
speed, PO,, O, and CO, 1n off-gas, plasmud stability (expressed as a
percentage of B-lactamase-positive colonies) as well as specific growth
rate are shown. The batch and fed-batch phase with their
characteristic sub-phases I to V are indicated. The 1sopropyl B-b-
thigalactoside (/PT'G) arrow marks the beginning of the miniantibody
production phase. The durations of the on-hne controls: 4 PO»-
stirrer, B PO,-gas flow ratio and C flow injection analyzer-glucose as
well as of the dosage of feeding solution 2 (N + P) and feeding
solution 3 (trace) are also included
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PO,-stirrer speed control maintained the PO, at 20%.
The initial glucose decreased to a level of 1.5 g 17}, which
1s the point that defines the end of sub-phase II. From
now (start of sub-phase III), the concentration of glu-
cose was maintained by the on-line controlled flow in-
jection analysis system during the whole fed-batch phase
(Fig. 2). Since 1.5 g 17! glucose is far above the K, value
for glucose (Bergter 1983), the cells could grow further
at Umax- IPTG was added at 40 g dry biomass 17! to
induce miniantibody formation (beginning in sub-phase
[V). After the maximum stirrer speed had been reached,
the PO, gas flow ratio controller was initialized. Air was
enriched with pure oxygen to keep PO, at 20%. Because
of growth, the levels of ammonium nitrogen and phos-
phate decreased continuously to different extents for
unknown reasons. To avoid limitations of N and P, the
feeding solution 2 (FS2, Table 1) was fed into the culture
at a constant rate (for time interval see Fig. 3). Since
phosphate decreased faster than nitrogen, the dosage
rate of FS2 was enhanced. Further imbalances resulted,
however, as shown by the kinetics of phosphate and
nitrogen (Fig. 3). In addition, 50 ml FS3 was con-
tinuously fed at a constant rate for 1 h to circumvent
shortage of trace elements. The growth ceased in sub-
phase V, leading to a reduction in the CO, evolution
rate. Apart from possibly being caused by metabolic
inbalances, this growth reduction 1s probably due to
accumulation of miniantibodies in the cells.

Figure 4 shows the product formation kinetics dur-
ing HCDC of E. coli RV308(pHKK) with a maximal
volumetric yield of 3.3 g/l functional miniantibodies
and 4.1 g 1! total (functional and non-functional)
miniantibodies. These yields correspond to about 4.2%
of the total cellular protein (functional miniantibodies)
and about 5% (total miniantibodies) respectively. They
were achieved 5 h after IPTG addition and remained at
this level for a further 2 h until the end of the fer-
mentation. The maximal specific yields (mg minianti-
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Fig. 4 Miniantibody formation in the production phase after
addition of  IPTG. The kinetics of functional miniantibody
(scFv4rsdhlx) and of total (functional and non-functional) minianti-
body fragment production are shown
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bodies - dry biomass™') were approximately 25 mg g~
for functional and about 30 mg g ' for total mi-
niantibodies. We obtained very similar amounts of
miniantibodies per dry biomass 1n low-cell-density
cultures in shake flasks, i.e. 3040 mg g (data not
shown). The basal level of mimantibodies prior to
addition of IPTG was approximately 5%-7% of the
maximal product yield.

Discussion

pHKK - an optimized expression vector for HCDC

In previous experiments, involving production of phos-
phorylcholine-binding miniantibodies, we observed con-
siderable plasmid loss during some HCDC runs of E. coli
RV308(pACKO2sc-kan) (Pack et al. 1993). While
pACKO2sc-kan contained genes for resistance to ampi-
cillin and kanamycin, even both antibiotics combined
did not provide the intended selection pressure in
HCDC. The B-lactamase introduced with the inoculant
(probably from a small fraction of lysed cells) in-
activated ampicillin 1n the culture medium within the
first hour of 1mmoculation, while the high initial salt con-
centration rendered the kanamycin ineffective (M. Roth,
unpublished data). To circumvent these problems, our
new vector pHKK (Fig. 1) contains the hok/sok suicide
system, which mediates plasmid maintenance by killing
plasmid-free segregants (Gerdes 1988; Thisted et al.
1994). pHKK proved to be very stable in E. coli RV308
(see Fig. 3). All cells retained pHKK during their culti-
vation to high cell densities (until about 400 Assg, which
corresponds to 145 g dry biomass 7).

The terminator tgp (Nohno et al. 1988) was in-
troduced in pHKK between /acl and the recombinant
expression cassette to prevent read-through from up-
stream genes. This strategy has also led to significantly
reduced read-through in related phage-display vectors
(A. Krebber et al. submitted). Nevertheless, the basal
recombinant expression during growth prior to induc-
tion with IPTG (Fig. 4) could still not be eliminated
completely by using the upstream terminator. Therefore,
we believe that the residual basal expression must be due
to incomplete repression of /ac p/o. This could be related
to incomplete glucose repression at 0.15% glucose in the
growth medium. Furthermore, by introducing the much
stronger T7gl10 ribosome-binding site upstream of pelB,
the translation efficiency of the remaining mRNA mo-
lecules 1s enhanced, which may also contribute to the
basal recombinant expression. Fortunately, the EGF-
receptor-specific bivalent miniantibodies were not toxic
for the host cells (see below). Indeed, after addition of
IPTG the strong expression system led to high cellular
levels of dimeric, functional miniantibodies, secreted
into the periplasm (approx. 4% of total cellular protein
are functional miniantibodies at low as well at high cell
densities).

Growth and miniantibody formation
in HCDC without substrate limitation

Surprisingly, and somewhat fortunately, E. coli
RV308(pHKK) did not accumulate high amounts of
acetate during growth to high cell densities for reasons
yet unknown (Fig. 3). Acetate accumulation under un-
restricted aerobic growth conditions (specific growth
rate @ = Umax) 1S @ common phenomenon for other
E. coli strains. It 1s assumed that aerobic consumption of
glucose 1s limited by electron transport in the respiratory
chain and the tricarboxylic acid cycle, forcing glycolysis
into side pathways (Varma and Palsson 1994). There-
fore, fed-batch cultivations with limited supply of sub-
strate (4 < umax) and hence reduced acetate accu-
mulation have become the state-of-the-art for HCDC of
E. coli (Riesenberg et al. 1991, 1994; Kleman and Strohl
1994; Gerhard and Drews 1994; Korz et al. 1995).
Growth at reduced u as well as product formation under
substrate lhimitation are shortcomings for high-pro-
ductivity processes, however, because they lead to long
fermentation times and decreased product formation.
We could circumvent both disadvantages by using the
low-acetate-accumulator strain RV308 and by main-
taining physiological substrate levels for unrestricted
growth. Both are important prerequisites for high-pro-
ductivity processes.

In recent years, E. coli mutants or engineered strains
with reduced acetate accumulation have been generated
(Bauer et al. 1990; Chou et al. 1994; Aristidou et al.
1994). Unfortunately, a phosphotransacetylase mutant
of E. coli K12 with reduced acetate accumulation grew
much more slowly than its wild-type counterpart (Bauer
et al. 1990). E. coli TOPPS seems to be a low-acetate-
accumulator strain (Phelps et al. 1995), but it is not a
derivative of E. coli K12, it produces hemolysin and is
thought to be pathogenic (Steinriick 1993, personal
commun.). The Bacillus subtilis acetolactate synthase
gene (als) has also been expressed on a plasmid in E. coli
and found to modify drastically the cellular glycolytic
fluxes to direct pyruvate to the less harmful metabolic
by-product acetoin rather than to acetate (Aristidou et
al. 1994). However, E. coli RV308 is advantageous be-
cause 1t accumulates low amounts of acetate without
concomitant accumulation of significant levels of acet-
oin, which lead to reduced growth yields.

The maintainance of an almost constant physiologi-
cal level of glucose at high cell densities 1s not a trivial
task given the very high glucose consumption rates and
the resultant requirement for a rapidly responding con-
troller that can regulate the high feeding rates. Our
glucose flow injection analysis controlling system
(Fig. 2, Plaff et al. 1995) could fulfill this requirement
since only 53 seconds were needed for sampling, sample
dilution and sample transport to the glucose enzyme
electrode. The small deviations from the set point of the
glucose level (1.5 + 0.25 g I™") had no effect on the
growth rate (Fig. 3). These deviations should, in any
case, be further diminishable by applying predictive and



feedback control algorithms according to Kleman et al.
(1991). Alternative approaches for on-line control of
glucose have been described recently, including closed-
loop control of fed-batch cultures using on-line HPLC
(Turner et al. 1994), which includes a time-consuming
microcentrifugation step for separation ot supernatant
and cells. An autoclavable glucose biosensor (Phelps et
al. 1995) has also been used, but changes in PO, and pH
in the culture medium influence the glucose biosensor,
distorting the signal for glucose concentration. Even
short mterruptions in the regulation of PO, and pH or
metabolically caused deviations from their set points
may lead to uncontrolled oscillations of the glucose level
in the culture.

It was the main characteristic of our HCDC with
recombinant E. coli RV308 that the miniantibodies
could be synthesized without limitation or inhibition of
substrates or the presence of inhibitory metabolites.
Only the accumulated miniantibodies themselves finally
led to growth inhibition (Figs. 3, 4). After induction of
miniantibody formation by the addition of 1 mM
[PTG, growth continued almost unchanged for 1.5
doublings of biomass with concomitant miniantibody
accumulation. Neither periplasmic leakiness nor lysis of
cells occurred in HCDC (data not shown). We ob-
tained miniantibodies at several grams per liter. In
E. coli RV308, the final volumetric yield of minianti-
bodies was more than 4 g 17!, of which 80% was
functionally assembled. These miniantibodies were not
toxic for the host cells and the antibody construct gave
rise to very little aggregation and a rather high yield of
protein folding. While experiments to improve other
antibody sequences to the same degree of folding are
underway (Knappik and Pliickthun 1995; H. Both-
mann, G. Wall, L. Nieba, S. Jung, and A. Pliickthun
unpublished), these data show the great potential of the
E. coli technology once these obstacles have been
overcome. Taking all data together, we believe that the
improved vector and the high-cell-density fermentation
we have now established, which 1s devoid of substrate
limitations, will be useful for the production not only
of other antibody fragments but also of many other
recombinant proteins in high volumetric vyields.
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