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it is useful to do exactly what needs to be avoided when secreting the antibody, namely, to grow
the cells at higher temperature (e. g., 37°C). At lower temperature, some soluble Fab fragment has
been observed, which can be isolated from the cytoplasm [77], but it has not been completely
characterized for the extent of its disulfide formation and stability.

However, one may also isolate the portion of the protein that precipitates after transport [78]
(Fig. 4¢). At higher temperatures (37°C), the protein can still be transported, but the folding in the
periplasm is severely impaired. Usually, to i1solate soluble folded protein from the periplasm,
growth must be carried out at low temperatures (see foregoing). Therefore, a heat-inducible
promoter is incompatible with soluble expression, but ideal for inclusion body formation. The
attraction of this, at first paradoxical, approach of refolding from periplasmic inclusion bodies
comes from the fact that the periplasmic location protects the protein better from proteinases.
Therefore, some smaller fragments may not reach the critical concentration required for precipita-
tion because of competition from proteolysis in the cytoplasm. In the oxidizing milieu of the
periplasm, some of the precipitated protein has disulfide linkages [78], but it is not known what
percentage of molecules have them, and how many are correct.

Even though cell growth, vector construction, and inclusion body enrichment are straightfor-
ward (as there are no obvious specific difterences from other recombinant proteins), refolding 1s
not. However, if the protein is produced without a signal sequence, the 5'-coding region comes
from the mature protein, not from the signal sequence, and 1its mRNA secondary structure then
plays a more important role. Consequently, the nucleotide sequence may have to be modified to
avoid hairpin structures [79]. In one example, even additional amino acids had to be fused to the
heavy chain of the Fab fragment to obtain good inclusion body formation [80].

Several research groups have established protocols, and Fab fragments have been refolded at
1040% vyield [80], and scFv fragments have usually been refolded at 10-20% yield [25-27,
32,81,82]. After refolding, the protein must be purified again, and especially separated from
incorrectly folded, but perhaps soluble, contaminating antibody protein [82]. This 1s straight-
forward if an antigen affinity column is available, but it may require several steps of conven-
tional chromatography if this is not available. It is not uncommon to obtain a yield of only
a low percentage of purified refolded protein [82] relative to the protein initially present in the
inclusion body. In comparing the productivity of different strategies, it is crucial to keep this
in mind.

What are the factors influencing the yield of refolding? Again, the refolding of antibodies is
not, in principle, different from that of other disulfide-containing proteins [83]. First and foremost,
the disulfide formation must be kinetically catalyzed and thermodynamically allowed. When using
redox couples of reduced and oxidized glutathiones, concentrations of 1-2 mM reduced and
0.1-0.2 mM oxidized glutathione have been productive [80—83]. These conditions do allow the
formation of the disulfide bonds thermodynamically, even if at first they appear to be “reducing,”
since the equilibrium of the protein disulfide bonds is intramolecular and dependent of the protein
contribution to the folded state. Because of the importance of S—S formation, it 1s useful to carry
out refolding at high pH to speed up the disulfide reactions, since the reactive species is the thiolate
anion. The aggregation of folding intermediates is a severe problem and probably the single most
important side reaction lowering the yield. Thus, rather low protein concentrations have to be used,
but the unfolded protein may be added stepwise, since the folded protein has a much higher
solubility. Additionally, additives such as 1 M arginine are often useful, as they appear to increase
the solubility of intermediates [83]. What 1s specific about arginine, however, remains mysterious.
A protein concentration that 1s too low leads to gigantic volumes and losses in subsequent
concentration steps [32, 80—83].

The addition of molecular chaperones in vitro has been attempted [81], yet without dramatic
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effects, just as in vivo [28]. Slight improvements in yield are seen, but the effort of providing
stoichiometric amounts of such proteins makes this approach forbidding on a technical scale.

All in all, in vitro refolding is a feasible strategy for a variety or antibody fragments. Yet, it is
more laborious than production by secretion. Secretion 1s only now beginning to be optimized and
often already at comparable levels [62], and if quantities of folded protein can be obtained by
secretion similar to those in inclusion bodies, it will always be the method of choice. If one
particular antibody fragment needs to be produced routinely, however, optimization of a refolding—
purification scheme can be an attractive option.

V. PURIFICATION

The use of recombinant technology can also make purification of the fragments much easier.
Conventionally, antibodies are purified by either (1) classic chromatography, not making use of
any particular affinities of the antibody; (2) antigen affinity chromatography; or (3) affinity
chromatography with bacterial antibody-binding proteins such as protein A, B, G or L [84-87].

Classic chromatography is usually not the prime choice, as it is laborious and not predictable
for a new fragment.

Antigen affinity chromatography is very advantageous, if purified antigen is available, as it
not only has a very high degree of selectivity, but also immediately separates folded from any
unfolded material. For haptens, the elution can be carried out with soluble hapten under very mild
conditions. For eluting protein antigens, the antibody—antigen interaction must be disturbed, and as
the forces are the same that hold together the antigen itself and the antibody itself, a small amount
of denaturation of the antibody can occur. This method 1s not applicable if antigen cannot be easily
prepared in pure form, as frequently occurs (e.g., with tumor antigens or any other cell surface
protein).

By using a phosphorylcholine affinity column, originally developed for the whole antibody,
the recombinant Fab fragment, the Fv fragment, the scFv fragments (orientation Vyg—linker—-V; and
Vi-linker—Vy), and various bivalent miniantibodies, all could be purified directly from E. coli
extracts [16,21,23,24,61] when the protein was functionally expressed by periplasmic secretion.
Similarly, the same scFv fragment could be purified after in vitro refolding [32], as could the Fv
fragment [70].

Because antibodies have the constant domains in common, several bacteria have developed
proteins that bind to them. These, in turn, can be used when immobilized to a column to purify
antibodies. However, proteins A, B, G, and L do not bind to all subclasses of all species [84-87],
and most bind to domains in the Fc portion, although some Fab fragments and even variable
domains are apparently recognized. Therefore, this method is in general limited to whole antibod-
ies, which are not easily accessible from E. coli.

However, recombinant technology can now be used to create “purification handles.” In
principle, any easily purifiable protein domain can be used in a fusion protein. Because, usually, a
large extraneous domain would be undesirable, a short peptide tail is the method of choice. Several
peptide epitopes have been characterized to which monoclonal antibodies are available [see, €. g.,
41-43]. Yet for a large-scale method, this is not economical.

The method of choice is the fusion of a short tail of histidines to the fragment of interest
[33,34] (Fig. 7). Only a mimimal perturbation 1s necessary, as five histidines are sufficient and, in a
VL. domain, the last two accessible amino acids can be replaced by histidines, thereby requiring an
addition of only three amino acids. This method has been tested for scFv fragments and V
domains, and Fab fragments. Since the heavy chain of an Fab fragment is often insoluble, a
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Figure 7 Schematic view of a single-chain Fv fragment containing a histidine tail for purification with
immobilized metal-affinity chromatography [for details, see Refs. 33,34].

histidine tail there will selectively purify those chains that are correctly assembled with the light
chain [A. Knappik, K. Bauer, and A. Pluckthun, unpublished results]. Crystal structure analysis of
the V. domain of McPC603, with and without the tail, has shown that there is no structural change
[34].

The purification 1s powerful enough to be carried out in one step from crude E. coli extracts. A
variety of columns and buffers have been tested, and optimized procedures have been proposed
[34]. There is circumstantial evidence that this method can even selectively purify correctly folded
protein, as an incorrectly folded single-chain T-cell receptor, produced by the same method, does
not bind to the column [34]. The most important criterion i1s undoubtedly the accessibility of the
histidine tail. This method is also a safeguard against COOH-terminal degradation. Binding studies
have shown the full functionality of the scFv fragment [33]. The histidine handle thus allows
purification of antibody fragments from E. coli without the requirement for any constant domain or
large affinity handles.

VI. CONCLUSIONS

The technology of screening, expressing, and modifying antibodies in E. coli will facilitate
applications of antibodies in many areas of research, technology, and medicine. As this develop-
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ment 1s still at its very beginning, it may reasonably be expected that biotechnology will be a most
decisive factor in antibody-based reagents in the future.
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