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Monomeric fragments

vV, V, vV, VvV, vV, V4,

, =
et
st

HOOC COOH HOOC

Fv scFv scFv dsFv dsFv
(VH—Iinker—VL) WL—Iinker-VH) (FRH2-SS-FRLA4) (FRH4-SS-FRL2)

e

scZIP scdHLX

HOOC

Tetrameric fragments

“COOH COOH

scTETRAZIP

Figure 1. Antibody fragments suitable for functional high-level expression in E. coli. For
details on the cloning see ref 16; for details on the miniantibodies see Pack et al. (31-33):
for details on the dsFv fragments see refs 25-27.

or library construction in much detail here, as this is done elsewhere in this
volume (Chapters 1, 2, and 8).

Advances have been made in constructing large antibody libraries from
germline sequences and synthetic D and J segments (3). In this third scenario,
again binding clones need to be selected, usually by phage panning, and a few
candidates will then be ready for expression.

The fourth, frequent scenario is that a known antibody sequence needs to
be modified. A typical example would be ‘humanizing’ an antibody, which
has shown promise in preclinical mouse experiments, for human therapy (5).
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10: Producing antibodies in E. coli: from PCR to fermentation

© An attractive alternative is the use of glycerol stocks with high cell titre {about 10 g dry
biomass per litre} for direct inoculation of the medium for the main culture. Riesenberg et al.
(88) have described the preparation, long-term storage, and application of the special E. coli |
glycerol stocks. The inoculation ratio is 1:300, i.e. about 35 ml stock are sufficient for 10 litres
to begin the fermentation with a reasonable amount of biomass. In glucose-mineral salt media
the consumption of glycerol is suppressed until glucose, has been completely consumed.

9 |If only a fermenter which does not sit on a balance is available, quasi-exponential glucose
feeding can be realized using the dosage controller {see Figure 6) alone. In that case, one
makes the simplification m, = const. (see above).

® This temperature is optimal for formation of miniantibodies during HCDC according to Pack
et al. (32).

" Aqueous ammonia (25% or less concentrated) serves for adjustment of the pH and as the |
nitrogen source for growth.

9 Ucolub N115 is an appropriate antifoam agent during HCDC of E. coli RV308 producing mini-
antibodies and other recombinant proteins. It can be purchased from Fragol industrieschmier-
stoff GmbH.

" Two closed-loop controls for pO, operate throughout the whole fermentation: first pO,
(agitation) and second pO, (gas-flow ratio). The gas is air or air-enriched with pure oxygen.
'The initial speed of the stirrer should be low. This guarantees that the pO, (agitation)-control
starts in the batch-phase after the pO, reaches the set-value of 20% saturation. This enables a
sudden rise in the pO, to high saturation values after the complete consumption of the initially
added glucose. Thus, the end of the batch phase is clearly indicated.

I' We used a lac p/o-expression-system to induce antibody formation (32). The addition of 1
mM IPTG (final concentration) at cell densities up to 70 g dry biomass per litre is sufficient for
induction. '

—

Protocol 6. HCDC°—type 2: feeding of glucose during non-limiting —l
growth (ufed-batch a umax) l

Equipment and reagents

e See Figures 6 and 7. The flow injection e« Preparation of media and feeding solution:
analysis (FIA) for on-line measurement see Protocol 5 '
and control of glucose is necessary. The
fermenter balance is not needed.

Method

1. Precultures: see Protocol 5.
2. Carry out the main culture in the BIOSTAT-ED10™ fermenter.
3. For initial growth conditions see Protocol 5.

4. Inoculation and sampling of the batch phase are the same as in Proto- l
col 5. Follow the decrease of glucose concentration in the culture,
start the glucose-FIA after the glucose concentration has fallen below
8 g/L, control the glucose concentration at 1.5 g/L.?

5. For the fed-batch phase, let the glucose-FIA operate until the end of
the fermentation, induce product {(e.g. miniantibody) formation at the
desired biomass concentration according to Protocol 5. ‘ |
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| Protocol 6. Continued |

? HCDC-type 2 is distinguished from HCDC-type 1 with respect to the pO, kinetics during the
transition from the batch phase to the fed-batch phase. Since the glucose-FIA is started before
the initial glucose is completely consumed, no intermediate increase in pO, occurs (see Fig-
ures 8A and B). Nevertheless, the controls for maintaining pO, at 20% saturation are the same
for both HCDC-types. Due to the higher specific growth rate of the cells growing in the fed-
batch phase of HCDC-type 2, the duration of HCDC-type 2 is considerably shorter than HCDC-type
1. It must be stressed, however, that only strains with significant reduced acetate accumulation
(e.g. E. coli RV308) can be cultivated at y,,,,, until high biomass concentrations (~100 g L*).

W

5.3.4 Off-line analysis

Glucose 1s analysed using the glucose analyser ESAT 6660 (Medingen) or the

glucose test kit No. 716251 from Boehringer Mannheim. Ammonia nitrogen

1s determined 1n the usual way using the Kjeldahl method or the ammonia
test kit No. 1112732 from Boehringer Mannheim. Acetate is determined

using the test kit No. 148261 from Boehringer Mannheim. Other tests are

available (89). Determination of cell density and biomass: cell density is mea-

sured with Novaspec Il (Pharmacia) as optical density (OD) in a 1 cm light-

path cuvette at 550 nm either directly or after dilution of the culture with

0.9% NaCl solution. Cell dry weight X (g L) is calculated on the basis of a

calibration curve (e.g. for E. coli RV308 according to X = 0.36 ODss).

6. Antibody purification

Almost all biochemical or biomedical work will have to be carried out with
purified antibody fragments, be it for an evaluation of binding properties or
the measurement of biological effects. However, the degree of purity
required can vary depending on the experiment. We describe here a general
and extremly fast technique, which should permit the purification of antibody
fragments to high purity. It 1s particularly important that this technology is
scaleable over a very wide range.

6.1 General considerations

Since antibody fragments vary widely in surface composition and isoelectric
points, there can be no generic purification scheme based on classical
approaches, such as ion-exchange chromatography. While recombinant anti-
bodies can, of course, be purified with these techniques, a new procedure
would have to be worked out for every antibody. This will only be worth-
while if very large amounts of the same fragment are required at very high
purity—e.g. for a clinical study.

The framework of the variable domains 1s itself not constant enough to act
as a generic affinity purification scheme (90). Often antibodies are prepared as
fusions for purification. These fusion can be very small peptide tags at either
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can be started to purify the antibody fragment directly. The whole procedure
with both columns will take as little as 15 min.

The 10n-exchange column can be chosen with the following criteria in
mind. Most E. coli proteins have isolectric points around 4—6 (93), and are
thus negatively charged at pH 7.0. If the antibody fragment, whose isolelec-
tric point is almost invariably known from its sequence at this stage, has a
predicted positive net charge at pH 7.0, it will often be in the run-through of
an anion exchanger, and it would be bound almost by itself by a cation
exchanger. Since very acidic isoelectric points of antibodies are rare, most
fragments are easy to purify away from the remaining E. coli proteins at this
stage.

Annoying contaminants are co-purified proteases of E. coli (under native
and denaturing conditions (54)), which may degrade some fragments upon
extended storage. In our hands, all low molecular weight protease inhibitors
Investigated so far have been disappointing, and thus the most important
precaution against proteases is great care during the purification steps,
including rigorous regeneration of the columns.

T'wo commercial resins for IMAC are available from different manufacturers:
iminodiacetic acid (IDA) and nitrilo-triacetic acid (NTA). Both have been used
successfully for antibody purification (54). For perfusion chromatography,
special materials are necessary (94). Only IDA is currently available for
IMAC perfusion chromatography and therefore the 2-step method has been
worked out on this material with immobilized nickel. Nevertheless zinc
(sometimes found to be a better ligand for IDA (54)) might work as well as
nickel does. In standard chromatography we have found that in general
N1-NTA is the favoured material for scFv purification.

UV ™ Fraction
Conductivity collector

Figure 9. Tubing diagram for rapid two-column purification of antibody fragments. At
the beginning of the chromatography, all flow is through IMAC (valve positions as
shown). Upon antibody elution, the flow is redirected to the lon-exchange column (IEX),
by turning valves 2 and 4. The adsorbed protein is then eluted with a new gradient, by
turning valves 1 and 3.
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While the following procedure 1s described for the BioCAD system
(Perseptive Inc.), it should be straightforward to adapt to any computerized
chromatography system, or even manual chromatography, if the tubing dia-

10: Producing antibodies in E. coli: from PCR to fermentation

gram in Figure 9 1s followed.

« Appropriate expression system to produce
his-tagged antibody fragments

e Extraction buffer: 20 mM Hepes, 0.5 M
NaCl adjusted to pH 7 with NaOH

« DNasel {Boehringer Mannheim) 1 mg/ml in
50 mM Tris-Cl, 10 mM MgCl,, pH 7.5

o Automated LC-System: BioCADGB0 worksta-

Protocol 7. Purification of a single-chain Fv fragment with
histidine tail by rapid two-column chromatography

This protocol is given for 5-10 g wet weight of E. coli cells (2 L of shake-
flask culture).

Equipment and reagents

e Cell disruptor: French Press (Aminco)
e Centrifuge (Sorvall SS-34)
« Metal ion stock solution: 0.5 M NiCl,

e Stock buffer system used on the BioCAD
workstation:

—100 mM MHA adjusted to pH 4.5 with
HCI (33 mM Mes, 33 mM Hepes, 33 mM

tion with dual channel variable wavelength
UV/visible detector, semipreparative flow
cell (PerSeptive Biosystems), fraction col-
lector Advantec SF-2120 (Toyo Roshi Inter-
national)

Columns: POR0OS20 MC/M 4.6 mm/100 mm
(metal chelate)

POROS20 HO/M 4.6 mm/100 mm (anion

sodium acetate)

—100 mM MHA adjusted to pH 7.5 with
NaOH (33 mM Mes, 33 mM Hepes, 33
mM sodium acetate)

—100 mM imidazole adjusted to pH 7 with
acetic acid

—3 M NaCl stock solution

exchange)

POROS20 HS/M 4.6 mm/100 mm (cation
exchange)

(all PerSeptive Biosystems)

-~ w N =

—distilled water
« SDS-PAGE equipment and reagents

Note: This method can be carried out with columns and chromatographic equipment from
other manufacturers as long as the general principles laid out in the text and Figure 9 are fol-
lowed.

Method

. Resuspend the cell peliet in 15-20 m| Hepes extraction buffer.

Disrupt the cells in a French Press.

. Add DNasel to a final concentration of 10 ug/ml.
. Centrifuge the suspension (Sorvall SS-34, 48200 g, 4°C, 30 min) and

carefully collect the supernatant.

Filter the solution (0.22 um, use filter with low protein binding prop-
erties).

. Load the filtrate on to an Ni-IDA Poros column (1.66 ml) (pre-

loaded with 3 mi 0.5 M NiCl,) pre-equilibrated with 20 mM MHA-
buffer (6.6 mM Mes, 6.6 mM Hepes, 6.6 mM Na-acetate), 0.5 M
NaCl, pH 7.0. The flow rate should be 6 column volumes (CV) per
minute.
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Protocol 7. Continued

7. After loading the sample, wash the column with 20 mM MHA-buffer
(pH 7.0) containing 0.5 M NaCl until the baseline is reached.

8. A washing step with 5 mM imidazole, 0.5 M NaCl, pH 7.0 is then
applied for 5 CV, followed by a 5 mM imidazole washing step with-
out salt.?

9. Perform the elution either using an imidazole gradient from 5 to
80 mM imidazole (pH 7.0) (no salt) (10 CV) or a step elution with 80
mM imidazole (pH 7.0) (no salt) (6 CV).?

10. Use the BioCAD workstation to allow loading of the IDA-elution
directly on to a second column, without collecting the samples.>¢?

11. This column can be either an anion-exchange or a cation-exchange
column.? After automatically loading the imidazole elution on to the
second column, wash the column with 20 mM MHA-buffer, 30 mM
NaCl, pH 7.0 until the baseline is reached (5 CV).

12. Use salt gradient from 30 to 750 mM NaCl (15 CV) for the cation-
exchange chromatography. Collect the samples in 2 mi fractions and
analyse each fraction by SDS-PAGE.

Note: Purification with the anion-exchange chromatography often does
not need a salt gradient, because the scFv fragment may be in the flow-
through.?

? The pH for the second washing step and the elution depends on the pl of the antibody frag- |
ment and on the type of the second column (i.e. if the antibody has a pl of 8.5 the pH should
be adjusted to 7.0, a cation-exchange column will be the best choice).

® Most of the E. coli host proteins co-purified in IMAC have a pl less then 6.5, therefore
they will bind to an anion-exchange column. A salt gradient for separation usually works very
well.

“ Imidazole as a storage buffer and as a sample component in SDS-PAGE is not desirable,
because it will catalyse the hydrolysis of acid labile bonds (The QlA-expressionist (1992), 2nd |
edn, p. 43 {from Quiagen)). Therefore, the 2-step method might even be useful for those anti-
body fragments which are already pure enough after the IMAC step.

9 This coupled method can also be carried out on standard chromatography system or on an
FPLC set-up, using the general tubing diagram in Figure 9.
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Appendix: Abbreviations for HCDC

d doubling time of biomass, h
7 desired doubling time, h
FIA flow-injection analysis
HCDC high cell-density cultivation
m, weight of the culture, g
Mg maintenance coefficient, for E. coli
g substrate (glucose) mass flow rate, gh™
u specific growth rate (u = (In2) - d™'), h™!
T maximum specific growth, h™
et desired specific growth rate, h™!
N stirrer speed, r.p.m.
N ax maximum stirrer speed
pO, dissolved oxygen concentration, % of saturation
lec ¢  volumetric substrate consumption rate at start of feeding, g L' h™!
lec.,F - [uset ’ (YXIglc—l) T mE] + XF
t cultivation time, h
te starting time of fed-batch mode, h
Vi culture volume, V| (¢) = m.(t) - s}, L (s = density of culture, g litre™")
X cell dry-mass concentration (biomass), g L™
Xr biomass at start of feeding, g L™
i - maximum biomass, g L™
Yygo.  yield coefficient for glucose (formed biomass per consumed glucose)
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