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with the antibody fragment [28]. Furthem1ore, to "fill" the periplasm with these putative folding 
catalysts before antibody expression sets in, DsbA was also expressed under its own promoter, 
which appears to be constitutive. Finally, to facilitate disulfide isomerization, reduced glutathione 
was also added to the medium. Yet, there was never any sign of a significant change in folding 
yield [28]. 

In summary, it appears that there are aggregation steps taking place either before the formation 
of S-S bonds and isomerization of peptide bonds occurs, or the bonds are at least independent of 
the extent of the steps. Ongoing research is now directed at elucidating these steps. 

6. Degradation 

No comprehensive study on the effect of proteinases on various antibody fragments has yet been 
reported. It is likely that the recombinant fragments are being somewhat degraded by proteinases, 
but to various extents, and depending on the sequence. Occasionally, there are degradation 
products seen on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE); 
however, small peptide fragments may ·be removed much faster than they are made, and they 
probably do not accumulate [73]. Proteinase-deficient strains have been tested in our laboratory, 
yet without dramatic effects [0. Schroeckh and A. PH.ickthun, unpublished experiments]. 

Taking all these points into consideration, it is clear that further research is required to increase 
the productivity per cell. Yet, today high-density fennentation [74] can already be used to increase 
the productivity of cells. Preliminary experiments [P. Pack, M. Kujau, V. Schroeckh, D. Riesen­
berg and A. Pliickthun, manuscript in preparation] look promising in that high-density fennenta­
tions are feasible for the secretory expression strategy. Future work will have to optimize these 
conditions. 

In conclusion, this discussion shows that not all problems have yet been solved for the 
biotechnological production of antibodies by secretion. However, systematic research in this area 
is only now beginning, and already yields of 1 g/L bacteria are now obtainable in fermentation 
[62]. Very likely, there is ample room for improvement in the future, and this is an exceptionally 
simple procedure by which to obtain purified folded product. 

B. Inclusion Bodies 

The production of antibody proteins in E. coli as inclusion bodies differs little from the production 
of other recombinant proteins by this method. This was the first reported strategy for expressing 
antibody fragments in E. coli [75, 76]. All types of monovalent antibody fragments (Fab, Fv, scFv, 
and even the chains for the whole antibody) have since been produced this way, and a variety of 
strains, plasmids, and promoters have been used. There are no apparent particular requirements for 
the strain or expression system specific for antibodies; any established production strain forE. coli 
inclusion bodies and most inducible strong promoters should be suitable. Fermentation of E. coli 
can also be carried out according to established principles [summarized in Ref. 74]. 

Too little is currently known to predict the ability of different sequences to form inclusion 
bodies (desired in this strategy) and in their susceptibility to proteinases. Recombinant proteins 
occasionally show signs of some degradation, even when produced as inclusion bodies. The 
problem with antibodies is that there is considerable variability in the sequence, and not all 
behavior observed for the antibodies tested so far may be generally valid. For example, it is not yet 
known whether proteinase-deficient strains are generally useful for the yield of inclusion bodies, 
and this may depend somewhat on the particular fragment and the particular sequence of the 
antibody of interest. 

Usually, this approach is carried out using genes not encoding signal sequences. Therefore, 
the antibody fragments stay in the cytoplasm and largely precipitate. Since precipitation is desired, 
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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. 4c). At higher temperatures (37°C), the protein can still be transported, but the folding in the 
periplasm is severely impaired. Usually, to isolate 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 
peri plasm, 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 differences from other recombinant proteins), refolding is 
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 its 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 
10 40% yield [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 is 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 is 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 pr9blem 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 1M arginine are often useful, as they appear to increase 
the solubility of intermediates [83]. What is specific about arginine, however, remains mysterious. 
A protein concentration that is 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 is 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 is not applicable if antigen cannot be easily 
prepared in pure fortn, 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 VIrlinker-VL and 
V L -linker-V H), 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·· s-aine 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 tum, 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 Fe 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, e. 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 minimal perturbation is 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 )llethod has been tested for scFv fragments and VL 
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. 3 3, 34] . 

histidine tail there will selectively purify those chains that are correctly assembled with the light 
chain [A. Knappik, K. Bauer, and A. Pliickthun, unpublished results]. Crystal structure analysis of 
the VL domain ofMcPC603, with and without the tail, has shown that there is no structural change 
[34]. 

The purification is 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 is undoubtedly the accessibility of the 
histidine tail. This method is also a safeguard against COOH-tem1inal 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 is 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. 

REFERENCES 

1. S. J. Benkovic, Catalytic antibodies, Annu. Rev. Biochem., 61: 29 ( 1992). 
2. R. A. Lerner, S. J. Bencovic, and P. G. Schultz, At the crossroads of chemistry and immunology: 

catalytic antibodies, Science, 252: 659 (1991). 
3. P. G. Schultz, Catalytic antibodies, Angew. Chern. Int. Ed., 28: 1283 (1989). 

4. H. H. Sedlacek, G. Schulz, A. Steinstraesser, L. Kuhlmann, A. Schwarz, L. Seidel, G. Seemann, H-P. 
Kraemer, and K. Bosslet, Monoclonal antibodies in tumor therapy, C ontrib. Oncol., 32: ( 1988). 

5. A. Pliickthun, Antibody engineering: advances from the use of Escherichia coli expression systems, 
Biotechnology, 9: 545 (1991). 

6. A. Pliickthun, Mono- and bivalent antibody fragments produced in Escherichia coli: engineering, folding 
and antigen binding, Immunol. Rev., 130: 151 (1992). 

7. D. M. Segal, Antibody-mediated killing by leukocytes, Fe Receptors and the Action of Antibodies (H. 
Metzger, ed.), American Society for Microbiology, Washington, D.C., p. 291 (1990). 

8. V. N. Schumaker and P. H. Poon, Activation of the classical and alternative pathways of complement by 
immune complexes, Fe Receptors and the Action of Antibodies. (H. Metzger, ed.), American Society for 
Microbiology, Washington, D.C., p. 181 (1990). 

9. E. L. Morgan and W. 0. Weigle, Biological activities residing in the Fe region of immunoglobulin, Adv. 
Immunol., 40: 61 (1987). 

10. J. V. Ravetch and J. P. Kinet, Fe receptors, Annu. Rev. Immunol., 9: 457 (1991). 
11. M. H. Tao and S. L. Morrison, Studies of aglycosylated chimeric mouse-human lgG. Role of carbo­

hydrate in the structure and effector functions mediated by the human lgG constant region, J. Immunol., 
143: 2595 (1989). 

12. M. R. Walker, J. Lund, K. M. Thompson, and R. Jefferis, Aglycosylation of human lgG1 and lgG3 
monoclonal antibodies can eliminate recognition by human cells expressing Fe -yRI and/or Fe ')'RII 
receptors, Biochem. J., 259: 347 (1989). 

13. A. R. Duncan and G. Winter, The binding site for C1q on lgG, Nature, 332: 738 (1988). 
14. R. J. Leatherbarrow, T. W. Rademacher, R. A. Dwek, J. M. Woof, A. Clark, D. R. Burton, N. 

Richardson, and A. Feinstein, Effector functions of a monoclonal aglycosylated mouse lgG2a: binding 
and activation of complement component C1 and interaction with human monocyte Fe receptor, Mol. 
Immunol., 22: 407 (1985). 

15. M. Nose and H. Wigzell, Biological significance of carbohydrate chains on monoclonal antibodies, 
Proc. Natl. Acad. Sci. USA, 80: 6632 (1983). 

16. P. Pack and A. Pliickthun, Miniantibodies: use of amphipathic helices to produce functional flexibly 
linked dimeric Fv fragments with high avidity in Escherichia coli, Biochemistry, 31: 1579 (1992). 

17. C. C. Bigelow, B. R. Smith, and K. J. Dorrington, Equilibrium and kinetic aspects of subunit association 
in immunoglobulin G, Biochemistry, 13: 4602 (1974). 

18. M. Klein, C. Kortan, D. I. C. Kells, and K. J. Dorrington, Equilibrium and kinetic aspects of the 
interaction of isolated variable and constant domains of light chain with the Fd' fragment of im­
munoglobulin G, Biochemistry, 18: 1473 (1979). 

19. I. Alexandru, D. I. C. Kells, K. J. Dorrington, and M. Klein, Non-covalent association of heavy and 
light chains of human immunoglobulin G: studies using light chain labelled with a fluorescent probe, 
Mol. Immunol., 17: 1351 (1980). 

20. C. Home, M. Klein, I. Polidoulis, and K. J. Dorrington, Noncovalent association of heavy and light 
chains of human immunoglobulins. III. Specific interactions between VH and VL, J. lmmunol., 129: 660 
(1982). ' 

21. R. Glockshuber, M. Malia, I. Pfitzinger, and A. Pliickthum, A comparison of strategies to stabilize 
immunoglobulin Fv-fragments, Biochemistry, 29: 1362 (1990). 



• • 

250 Pluckthun 

22. M. Better, C. P. Chang, R. R. Robinson, and A. H. Horwitz, Escherichia coli secretion of an active 
chimeric antibody fragment, Science, 240: 1041 (1988). 

23. A. Pliickthun and A. Skerra, Expression of functional antibody Fv and Fab fragments in Escherichia coli, 
Methods Enzymol., 178: 497 (1989). 

24. A. Skerra and A. Pli.ickthun, Assembly of a functional immunoglobulin Fv fragment in Escherichia coli, 
Science, 240: 1038 (1988). 

25. R. E. Bird, K. D. Hardman, J. W. Jacobson, S. Johnson, B. M. Kaufman, S. M. Lee, T. Lee, S. H. 
Pope, G. S. Riordan, and M. Whitlow, Single-chain antigen-binding proteins, Science, 242: 423 
(1988). 

26. J. S. Huston, D. Levinson, M. Mudgett-Hunter, M. S. Tai, J. Novotny, M. N. Margolies, R. J. Ridge, 
R. E. Bruccoleri, E. Haber, R. Crea, and H. Oppermann, Protein engineering of antibody binding sites: 
recovery of specific activity in an anti-digoxin single-chain Fv analogue produced in Escherichia coli, 
Proc. Natl. Acad. Sci. USA, 85: 58,79 (1988). 

27. J. S. Huston, M. Mudgett-Hunter, M.S. Tai, J. McCartney, F. Warren, E. Haber, and H. Oppermann, 
Protein engineering of single-chain Fv analogs and fusion proteins, Methods Enzymol., 203: 46 (1991). 

28. A. Knappik, C. Krebber, and A. Pliickthun, The effect of folding catalysts on the in vivo folding process 
of different antibody fragments expressed in Escherichia coli, Biotechnology, 11 : 77 ( 1993). 

29. E. S. Ward, D. Giissow, A. D. Griffiths, P. T. Jones, and G. Winter, Binding activities of a repertoire of 
single inununoglobulin variable domains secreted from Escherichia coli, Nature, 341: 544 (1989). 

30. M. J. Berry and J. Davies, Use of antibody fragments in immunoaffinity chromatography: comparison of 
Fv fragments, VH fragments and paralog peptides, J. Chromatogr., 597: 239 (1992). 

31. R. Taub and M. I. Green, Functional validation of ligand mimicry by anti-receptor antibodies: structural 
and therapeutic implications, Biochemistry, 31: 7431 (1992). 

32. C. Freund, A. Ross, B. Guth, A. Pliickthun, and T. Holak, Characterization of the linker peptide of the 
single-chain Fv fragment of an antibody by NMR spectroscopy, FEBS Lett., 320: 97 (1993). 

33. A. Skerra, I. Pfitzinger, and A. Pliickthun, The functional expression of antibody Fv fragments in 
Escherichia coli: improved vectors and a generally applicable purification technique, Biotechnology, 9: 
273 (1991). 

34. P. Lindner, B. Guth, C. Wiilfing, C. Krebber, B. Steipe, F. Muller, and A. Pliickthun, Purification of 
native proteins from the cytoplasm and peri plasm of E. coli using IMAC and histidine tails: a comparison 
of proteins and protocols, Methods, 4: 41 (1992). 

35. D. Colcher, R. Bird, M. Roselli, K. D. Hardman, S. Johnson, S. Pope, S. W. Dodd, M. W. Pantoliano, 
D. E. Milenic, and J. Schlom, In vivo tumor targeting of a recombinant single-chain antigen-binding 
protein, JNCI, 82: 1191 (1990). 

36. T. Yokota, D. E. Milenic, M. Whitlow, and J. Schlom, Rapid tumor penetration of a single-chain Fv and 
comparison with other immunoglobulin forn1s, Cancer Res., 52: 3402 (1992). 

37. L. Riechmann, M. Clark, H. Waldmann, and G. Winter, Reshaping human antibodies for therapy, 
Nature, 332: 323 (1988). 

38. D. Giissow and G. Seemann, Humanization of monoclonal antibodies, Methods Enzymol., 203: 99 
(1991). 

39. E. A. Padlan and E. A. Kabat, Modeling of antibody combining sites, Methods Enzymol., 203: 3 ( 1991). 
40. D. M. Kemeny and S. J. Challacombe (eds.), ELISA and Other Solid Phase Immunoassays, Theoretical 

and Practical Aspects. Wiley, Chichester ( 1988). 
41. G. I. Evan, G. K. Lewis, G. Ramsay, and J. M. Bishop, Isolation of monoclonal antibodies specific for 

human c-myc proto-oncogene product, Mol. Cell. Biol., 5: 3610 (1985). 
42. S. Munro and H. R. B. Pelham, An Hsp70-like protein in the ER: identity with the 78kd glucose­

regulated protein and immunoglobulin heavy chain binding protein, Cell, 46: 291 (1986). 
43. K. S. Prickett, D. C. Amberg, and T. P. Hopp, A calcium-dependent antibody for identification and 

purification of recombinant proteins, Biotechniques, 7: 580 (1989). 
44. M. S. Neuberger, G. T. Williams, and R. 0. Fox, Recombinant antibodies possessing novel effector 

functions, Nature, 312: 604 ( 1984). 
45. W. Wels, I. M. Harwerth, M. Zwickl, N. Hardman, B. Groner, and N. E. Hynes, Construction, bacterial 



E. col/ Producing Recombinant Antibodies 251 

expression and characterization of a bifunctional single-chain antibody-phosphatase fusion protein 
targeted to the human erbB-2 receptor, Biotechnology, 10: 1128 (1992). 

46. A. Murdoch, E. J. Jenkinson, G. D. Johnson, and J. J. T. Owen, Alkaline phosphatase-fast red, a new 
fluorescent label. Application in double labelling for cell surface antigen and cell cycle analysis, J. 
Immunol. Methods, 132: 45 (1990). 

47. I. Bronstein and P. McGrath, Chemiluminescence lights up, Nature, 338: 599 (1989). 
48. R. Orlandi, D. H. Giissow, P. T. Jones, and G. Winter, Cloning immunoglobulin variable domains for 

expression by the polymerase chain reaction, Proc. Natl. Acad. Sci. USA, 86: 3833 (1989). 
49. J. W. Larrick, L. Danielsson, C. A. Brenner, E. F. Wallace, M. Abrahamson, K. E. Fry, and C. A. K. 

Borrebaeck, Polymerase chain reaction using mixed primers: cloning of human monoclonal antibody 
variable region genes from single hybridoma cells, Biotechnology, 7: 934 (1989). 

50. W. D. Huse, L. Sastry, S. A. Iverson, A. S. Kang, M. Alting-Mees, D. R. Burton, S. J. Benkovic, and 
R. A. Lerner, Generation of a large combinatorial library of the immunoglobulin repertoire in phage 
lambda, Science, 246: 1275 (1989). 

51. M. Russel, Filamentous phage assembly, Mol. Microbiol., 5: 1607 (1991). 
52. A. S. Kang, C. F. Barbas, K. D. Janda, S. J. Benkovic, and R. A. Lerner, Linkage of recognition and 

replication functions by assembling combinatorial antibody Fab libraries along phage surfaces, Proc. 
Natl. Acad. Sci. USA, 88: 4363 (1991). 

53. C. N. Chang, N. F. Landolfi, and C. Queen, Expression of antibody Fab domains on bacteriophage 
surfaces. Potential use for antibody selection, J. Immunol., 147: 3610 (1991). 

54. H. R. Hoogenboom, A. D. Griffiths, K. S. Johnson, D. J. Chiswell, P. Hudson, and G. Winter, 
Multi-subunit proteins on the surface of filamentous phage: methodologies for displaying antibody (Fab) 
heavy and light chains, Nucleic Acids Res. 19: 4133 (1991). 

55. L. J. Garrard, M. Yang, M.P. O'Connell, R. F. Kelley, and D. J. Henner, Fab assembly and enrichment 
in a monovalent phage display system, Biotechnology, 9: 1373 (1991). 

56. C. F. Barbas Ill, J. D. Bain, D. M. Hoekstra, and R. A. Lerner, Semisynthetic combinatorial anti­
body libraries: a chemical solution to the diversity problem, Proc. Natl. Acad. Sci. USA, 89: 4457 
(1992). 

57. C. F. Barbas lll, A. S. Kang, R. A. Lerner, and S. J. Benkovic, Assembly of combinatorial antibody 
libraries on phage surfaces: the gene III site, Proc. Natl. Acad. Sci. USA., 88: 7978 (1991). 

58. J. McCafferty, A. D. Griffiths, G. Winter, and D. J. Chiswell, Phage antibodies: filamentous phage 
displaying antibody variable domains, Nature, 348: 552 (1990). 

59. T. Clackson, H. R. Hoogenboom, A. D. Griffiths, and G. Winter, Making antibody fragments using 
phage display libraries, Nature, 352: 624 (1991). 

60. J. D. Marks, H. R. Hoogenboom, T. P. Bonnert, J. McCafferty, A. D. Griffiths, and G. Winter, 
By-passing immunization. Human antibodies from V-gene libraries displayed on phage, J. Mol. Bioi., 
222: 581 (1991). 

61. A. Skerra and A. Pliickthun, Secretion and in vivo folding of the Fab fragment of the antibody McPC603 
in Escherichia coli: influence of disulphides and cis-prolines, Protein Eng., 4: 971 (1991). 

62. P. Carter, R. F. Kelley, M. L. Rodrigues, B. Snedecor, M. Covarrubias, M. D. Velligan, W. L. T. 
Wong, A. M. Rowland, C. E. Kotts, M. E. Carver, M. Yang, J. H. Bourell, H. M. Shepard, and D. 
Henner, High level Escherichia coli expression and production of a bivalent humanized antibody 
fragment, Biotechnology, 10: 163 (1992). 

63. J. R. Beckwith and D. Zipser, The Lactose Operon. Cold Spring Harbor Laboratory, Cold Spring 
Harbor, N.Y. (1970). 

64. C. Yanisch-Perron, J. Vieira, and J. Messing, Improved M13 phage cloning vectors and host strains: 
nucleotide sequences of the M13mp18 and pUC19 vectors, Gene, 33: 103 (1985). 

65. R. Knaus and H. Bujard, Principles governing the activity of E. coli promoters, Nucleic Acids and 
Molecular Biology, Vol. 4 (F. Eckstein and D. M. J. Lilley, eds.), Springer-Verlag, Berlin p. 110 
(1990). 

66. J. G. Belasco and C. F. Higgins, Mechanism of mRNA decay in bacteria: a perspective, Gene, 72: 15 
(1988). 



252 Pluckthun 

67. A. Pliickthun, R. Glockshuber, I. Pfitzinger, A. Skerra, and J. Stadlmiiller, Engineering of antibodies 
with a known three-dimensional structure, Cold Spring Harbor Symp. Quant. Bioi., 52: 105 (1987). 

68. J. E. G. McCarthy and C. Gualerzi, Translational control of prokaryotic gene expression, Trends Genet., 
6: 78 (1990). 

69. B. E. Schaner, R. M. Belagaje, and R. G. Schoner, Enhanced translational efficiency with two-cistron 
expression system; Methods Enzymol., 185: 94 (1990). 

70. R. Glockshuber, T. Schmidt, and A. Pliickthun, The disulfide bonds in antibody variable domains: 
effects on stability, folding in vitro, and functional expression in Escherichia coli, Biochemistry, 31: 
1270 (1992). 

71. L. L. Randall and S. J. S. Hardy, Correlation of competence for export with lack of tertiary structure of 
the mature species: a study in vivo of maltose-binding protein in E. coli, Cell, 46: 921 (1986). 

72. A. A. Laminet, T. Ziegelhoffer, C. Georgopoulos, and A. Pliickthun, The Escherichia coli heat shock 
proteins GroEL and GroES modulate the folding of the /3-lactamase precursor, EMBO J., 9: 2315 ( 1990). 

73. M. R. Maurizi, Proteases and protein degradation in Escherichia coli, Experientia, 48: 178 (1992). 
74. D. Riesenberg, High-cell-density cultivation of Escherichia coli, Curr. Opinions Biotechnol., 2: 380 

(1991). 
75. M. A. Boss, J. H. Kenten, C. R. Wood, and J. S. Emtage, Assembly of functional antibodies from 

immunoglobulin heavy and light chains synthesised in E. coli. Nucleic Acids Res., 12: 3791 (1984). 
76. S. Cabilly, A. D. Riggs, H. Pande, J. E. Shively, W. E. Holmes, M. Rey, L. J. Perry, R. Wetzel, and H. 

L. Heyneker, Generation of antibody activity from immunoglobulin polypeptide chains produced in 
Escherichia coli, Proc. Natl. Acad. Sci. USA, 81: 3273 (1984). 

77. S. Cabilly, Growth at sub-optimal temperatures allows the production of functional, antigen-binding Fab 
fragments in Escherichia coli, Gene, 85: 553 (1989). 

78. M. W. Pantoliano, R. E. Bird, S. Johnson, E. D. Asel, S. W. Dodd, J. F. Wood, and K. D. Hardman, 
Conformational stability, folding, and ligand-binding affinity of single-chain Fv immunoglobulin frag­
ments expressed in Escherichia coli, Biochemistry, 30: 10117 ( 1991). 

79. C. R. Wood, M.A. Boss, T. P. Patel, and S. J. Emtage, The influence ofmRNA secondary structure on 
expression of an immunoglobulin heavy chain in Escherichia coli, Nucleic Acids Res., 12: 3937 (1984). 

80. J. Buchner and R. Rudolph, Renaturation, purification and characterization of recombinant Fab­
fragments produced in E. coli, Biotechnology, 9: 157 (1991). 

81. J. Buchner, U. Brinkmann, and I. Pas tan, Renaturation of a single-chain immunotoxin facilitated by 
chaperones and protein disulfide isomerase, Biotechnology, 10: 682 ( 1992). 

82. J. Buchner, I. Pastan, and U. Brinkmann, A method for increasing the yield of properly folded 
recombinant fusion proteins: single-chain immunotoxins from renaturation of bacterial inclusion bodies, 
Anal. Biochem., 205: 263 (1992). 

83. R. Rudolph, Renaturation of recombinant, disulfide-bonded proteins from "inclusion bodies," Modern 
Methods in Protein and Nucleic Acid Research (H. Tschesche, ed.), Walter de Gruyter, Berlin, p. 149 
(1990). 

84. M. D. P. Boyle and K. J. Reis, Bacterial Fe receptors, Biotechnology, 5: 697 (1987). 
0 

85. B. H. K. Nilson, A. Solomon, L. Bjorck, and B. Akerstrom, Protein L fromPeptostreptococcus magnus 
binds to the K light chain variable domain, J. Bioi. Chern., 267: 2234 (1992). 

86. E. L. Faulmann, J. L. Duvall, and M. D. P. Boyle, Protein B: a versatile bacterial Fc-binding protein 
selective for human IgA, Biotechniques, 10: 748 (1991). 

87. M. Inganas, S. G. 0. Johansson, and H. H. Bennich, Interaction of human polyclonal lgE and IgG from 
different species with protein A from Staphylococcus aureus: demonstration of protein-A-reactive sites 
located in the Fab2 fragment of human IgG, Scand. J. Immunol., 12: 23 (1980). 




