




come several problems. An otherwise inefficient transla­
tional initiation can be made more efficient, the 
N -terminal portion may help the protein precipitate and 
thus protect it from proteolytic degradation, and a precise 
in vitro cleavage of the fusion protein may also lead to the 
desired N-terminus. The V L domain4 4 has been ex­
pressed as a gene fusion to the ell repressor of phage A.. It 
was cleaved with the blood clotting protease factor Xa and 
reconstituted with antibody-derived V H· Both V Hand V L 

have also been fused to a truncated 
cleaved with factor Xa, refolded and purified to homoge­
neity by hapten affinity chromatography (R. Glockshuber 
and A. Pliickthun, unpublished). This strategy can be 
useful for the construction of variants that are very 
unstable in vivo, for the expression of a single variable or 
constant domain, or for the expression of single domains 
of related molecules from the immune system. The suc­
cess of this strategy depends on the availability of an 
efficient cleavage, and, just as with direct expression, on 
an efficient refolding procedure and on the purification of 
the correctly folded and assembled molecular species by 
antigen affinity chromatography. 

Secreted fusion proteins. Another strategy that can be 
used to express antibody domains is to fuse them to 
another secreted protein. Both N -terminal and C-termi­
nal fusions to antibody domains have been construct­
ed13·15·50. The fusion partner used at theN-terminus was 
Staphylococcus aureus protein A and the fusion partner at 
the C-terminus was either V H or V L (ref. 15 and I. 
Pfitzinger and A. Pliickthun, unpublished) or a single­
chain Fv fragment13. The resulting hybrid protein is 
secreted to the periplasm and, after partial lysis of the 
outer membrane, to the medium. The fusion proteins can 
be purified by IgG-affinity chromatography. 

The use of a C-terminal secretion signal, namely that of 
hemolysin A 50 has also been investigated. Here the anti­
body domain was expressed without anN-terminal signal 
sequence and genetically fused to the C-terminal frag­
ment of hemolysin via a cleavable linker sequence. In this 
case, the linker contained the recognition sequence for 
factor Xa. Secretion depends on the specialized transport 
system for hemolysin, which must be supplied on a 
separate plasmid 50. The fusion proteins of V H and V L 

with hemolysin A were secreted to the medium, but the 
purification and handling of the rather hydrophobic 
fusion proteins is not trivial, and this method will require 
further development before being competitive as a gen­
eral production method for antibody domains. 

Functional expression by secretion. The simultaneous 
secretion of both chains of the antibody fragment gives 
rise to native and functional antibody fragments, and is 
therefore the prerequisite for many of the attractive 
features of a bacterial expression system, notably the 
screening of binding activity without prior in vitro folding. 
It was first developed for the Fv fragment 14 and the Fab 

fragment 15 in our laboratory and independently by Better 
et al. for the Fab fragment 16

• 

The essence of the strategy is to reproduce in E. coli the 
normal folding and assembly pathway of antibodies within 
the eukaryotic cell. In antibody producing cells, the two 
chains are expressed separately as precursors with N-ter­
minal signal sequences and separately transported to the 
lumen of the endoplasmic reticulum (ER). There, the 
signal sequences are cleaved by a membrane-bound signal 
peptidase. In the lumen of the ER, folding of the protein, 
disulfide bond formation and assembly of the and 
heavy chain to the complete antibody take place2 

. 

The crucial hypothesis in the design of the secretory 
expression system for antibody fragments was that pro­
tein transport to the periplasm of E. coli is functionally 
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3 Scheme of stabilization strategies for the Fv fragment. 
The top arrow describes the chemical crosslinking of both chains. 
The middle arrow describes the design of an artificial additional 
disulfide bond connecting the two domains. The bottom arrow 
describes the design of a peptide linker connecting the C-termi­
nus of one chain to the N-terminus of the other chain. 

equivalent to the transport of a protein to the lumen of 
the ER. A system was thus designed that directs both 
chains of the antigen binding fragment of the antibody to 
the periplasm of the sall}e E. coli cell. It has been known 
for some time that many heterologously expressed secre­
tory proteins can fold correctly when transported to the 
periplasm of E. coli (for a review see ref. 51). The 
expression of antibody fragments was the first example, 
however, in which the assembly of a periplasmic het­
erodimer was required. 

There are several critical steps in the expression and 
secretion pathway that must occur correctly for the F v or 
Fab fragment to assemble, and these shall be discussed: (1) 
Approximately stoichiometric amounts of both chains 
must be synthesized. This was accomplished by construct­
ing an artificial operon, in which both genes are under the 
control of the same promoter and both coding regions are . 
preceded by Shine-Dalgarno sequences. (2) Both chains 
must be transported to the periplasm. This was achieved 
by precise fusions to two different E. coli signal sequences, 
one from the outer membrane protein A (ompA) and the 
other from alkaline phosphatase (phoA). It has been 
found, however, that a variety of signal sequences will 
function on both chains (A. Skerra and A. Pliickthun, 
submitted). (3) Both signal sequences must be cleaved at 
the correct position to yield the identical N-terminus as in 
the original antibody molecule. The precise fusion of the 
signal sequences is necessary but not always sufficient for 
this to occur51, and the location of cleavage had to be 
verified experimentally for both chains. This was done for 
the F v fragment of McPC603 by the determination of the 
N -terminal protein sequence on both chains, and the 
correct cleavage was confirmed for both chains 14

• (4) The 
folding to globular domains must then occur, (5) the 
intramolecular disulfide bonds must form, and (6) the two 
chains must assemble to form the required heterodimer. 
While the in vivo folding has not yet been investigated in 
detail, it probably is crucial that the folding of either chain 
occurs in the presence of the other, to give a heterodimer. 

There are several advantages to this secretory expres­
sion system: First, it directly leads to an assembled func­
tional product with correctly formed disulfide bonds 
without the need to refold the protein in vitro. Second, the 
problem of protease degradation is greatly diminished, as 
there are fewer proteases in the periplasm than in the 
cytoplasm. Protection is also achieved by the folding to 
globular domains, accompanied by the oxidation of the 
S-S-bonds in the periplasm. Since the exposure to the 

. oxidizing milieu of the periplasm during the folding 
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4 Three-dimensional structure of the F v fragment of 
McPC603 illustrating the geometric relations in the covalent 
linking strategies. The heavy chain is shown in black, and the 
light chain is shown in grey. The hapten phosphorylcholine is 
labeled and emphasized by thick lines on the top. The numbering 
is that of McPC603. (A): residues that have been replaced to 
obtain successful in vivo formation of an intermolecular disulfide 
bond, (B): geometric relationships in a single-chain Fv fragment. 
The N-termini of both chains are labeled and denoted by thick 
lines. The linker with the sequence (GGGGSh is shown on the 
same scale in completely extended form on the bottom. The 
serine residues are emphasized by thick lines. In McPC603, it was 
used to connect H 122 to L 1. 

process is necessary for the disulfide bonds to form, the 
secretion of both chains is an essential requirement. 

The expression rate must be commensurate with the 
rates for the transport, folding and assembly steps or the 
protein will accumulate as insoluble material in either the 
periplasm or the cytoplasm. It is not automatically useful, 
therefore, to employ extremely strong promoters , or 
problems with cell lysis may be encountered (see below). 
In our laboratory the lac promotor/operator was found to 
be useful. The design of our initial vectors has been 
reported 14

•
15

, and improved vectors have since been con­
structed52 according to the same principles, but with 
several new convenient features and im~roved properties. 
They are described in detail elsewhere 2. 

The correct assembly of both the F v and the F ab 
fragment was proven experimentally. The most critical 
test is the determination of the binding constant and 
stoichiometry. In the case of the F v and the F ab fragment 
of McPC603 prepared from E. coli, an affinity constant 
identical to that of the whole antibody prepared from 
ascites or its proteolytic F ab fragment could be demon­
strated, as well as a stoichiometry of binding of one mole 
hapten per mole Fv fragment 1 4 ·~0 • 53 . 
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It is generally found advantageous, especially in work­
ing with large volumes for preparative purposes, to 
achieve a secretion to the peri plasm, and not to the 
medium. The volumes to be processed are smaller, and 
fewer problems with the separation of cell debris are 
usually observed. Leakage of periplasmic proteins to the 
culture medium is a phenomenon that is sometimes ob­
served when heterologous proteins are secreted in E. coli. 
To avoid premature leakage, the operon expressing the 
two chains of the antibody fragment was put under the 
control of an inducible promotor (lac). At higher temper­
atures, the outer membrane of the cells begins to become 
permeable shortly after induction 15

• This results in the 
liberation of peri plasmic proteins, e.g. J3-lactamase, to the 
growth medium, and in the simultaneous "leakage" of the 
F v or the F ab fragment. There is no indication that this 
phenomenon is related to the choice of a particular signal 

. sequence (A. Skerra and A. Pliickthun, submitted), and it 
would be incorrect to speak of a "secretion to the medi­
um". Notably at lower growth temperatures, this phenom­
enon can be minimized 53 (A. Skerra and A. Pliickthun, 
submitted). The biochemical basis of this phenomenon is 
only poorly understood. It is not a consequence of the 
expression of F ab versus F v fragments either, but it does 
depend on the strain and growth conditions. In essence, it 
leaves the investigator the choice of obtaining the frag­
ments from the medium or the periplasm, depending on 
host strain, plasmid, induction time, temperature, and 
probably several other yet unidentified parameters. 
ANTIBODY FRAGMENTS FUNCTIONALLY 
EXPRESSED IN E. COLI AND THEIR PROPERTIES 

The fragment of the antibody needed (Fig. 1) will 
depend on the application envisaged. If whole antibodies 
are desired, mammalian cells may currently still be the 
preferred production host3

•
4

• If antibodies are intended 
for human use, it will have to be decided whether the 
natural effector functions of the whole antibody are 
desired or whether instead artificial effectors should be 
engineered into much smaller fragments of the antibody, 
which are particularly easily obtained from E. coli and may 
have particular ad vantages in tumor diagnostics and ther­
apy (see below). 

In the following sections, some of the properties of the 
various fragments will be discussed. The mouse IgA 
McPC603 is a particularly well characterized antibody and 
its crystal structure with and without bound antigen is 
known 54

-
56. From studies of this antibody, of which many 

different fragments have been obtained and compared 
side by side, some general features can be noted. 

Fab fragments. Fab fragments of antibodies can easily be 
prepared by proteolytic cleavage and have been well 
characterized. They have frequently been documented as 
having the same antigen binding activities as the whole 
antibody 1

•
18

. The recombinant Fab fragment ofMcPC603 
was designed (according to the defined electron density in 
the crystal structure) to end before the hinBe region, and 
it was compared to the proteolytic material 0

. The prote­
olytic IgA fragment obtained by pepsin cleavage is an Fab' 
fragment, where the prime denotes that it contains the 
hinge region. Furthermore, it is glycosylated in CH 1. Yet, 
neither of these differences have any influence on the 
antigen binding constant30. Binding constants of other 
recombinant F ab fragments have been investigated by 
solid phase methods, and similar binding as in the prote­
olytic material was also found 16. 

There is an interesting difference between the F ab 
fragment and the Fv fragment, however. It appears that 
the yield of folding and/or assembly of the F ab fragment is 
lower in E. coli than that of the Fv fragment, while no 

. dramatic differences in expression or secretion can be 



detected (A. Skerra and A. Pliickthun, submitted). 
F v fragments and single-chain fragments. F v fragments 

are currently the smallest conceivable antibody fragments 
still containing the complete antigen binding site. F v 
fragments are difficult and often impossible to prepare by 
proteolysis, and therefore, only few reports were available 
about their properties (reviewed in ref. 57) before they 
became available through gene technology 14. There was 
one report about a V H/V L CL hybrid apparently not show­
ing full functionality58

. However, a detailed analysis of the 
Fv fragment of McPC603 has shown14·53 that it does 
indeed have the same binding properties as the F ab 

fragment or the whole antibody. Complications in binding 
measurements may arise, however, since Fv fragments 
have tendency to dissociate into V H and V L upon dilu­
tion 53. The exact equilibrium constants for domain disso­
ciation will vary from antibody to antibody, since the 
hypervariable loops contribute to this interaction. For 
McPC603, the dissociation constant was found to be about 
10-6 M (ref. 53). This dissociation does not interfere with 
all applications, and the relatively small size of the mole- . 
cule makes it an attractive target for structural studies by 
X-ray crystallography9 and NMR. An important applica­
tion for Fv fragments or covalently linked Fv fragments 
(see below) might be in tumor diagnostics and therapy. 
The small size may allow the penetration of dense tumor 
tissue and provide for low antigenicity, but tumor local­
ization and in vivo pharmacokinetic properties of these 
fragments still need to be carefully analyzed. 

Several strategies have now been developed (Fig. 3) to 
covalently link the two chains of the Fv fragment to 
overcome the dissociation problem. The first approach 
was to chemically crosslink the two chains with glutaral­
dehyde. In the case of McPC603, this is accomplished 
without any loss of binding affinity. These crosslinked 
species have been used in mutagenesis studies to deter­
mine the influence of different binding interactions6

. The 
second strategy was to design an intermolecular disulfide 
bond (Fig. 4). It could be shown that the additional 
disulfide bridge indeed forms spontaneously in the peri­
plasm, and the molecule could thus be obtained in fully 
functional form from E. coli 53. Antigen binding affinity 
was only marginally affected in the case of McPC603. 

The third strategy was to connect the two domains by a 
peptide linker (Figs. 3,4). The resulting fragment has 
been called "single-chain F v fragment". Such peptide­
linked single-chain F v fragments had first been obtained 
as insoluble inclusion bodies that had to be refolded in 
vitro 10

•
45

-
47

, but the single-chain Fv fragment can also be 
secreted in functional form 53. In the cases investigated, 
the affinities were almost identical to the complete anti­
body. It remains to be seen, however, whether this will 
turn out to be a general result. It is conceivable that the 
linker may obstruct or disturb certain antigen binding 

• s1tes. 
The linking of the domains in the secreted single-chain 

fragment does not increase the yield of functional frag­
ment when compared to the secreted F v fragment under 
exactly the same conditions, and it is thus unlikely that the 
association of V L and V H is a kinetic problem in E. coli. 
Rather, the yield even appears to be slightly lower than in 
the normal F v fragment under identical conditions, pos­
sibly because of some proteolysis within the linker. 

Both orientations of the linker (the C-terminus of V H 

connected to the N-terminus of V Lor the C-terminus of 
V L connected to the N -terminus of V H) have been con­
structed10·45-47·53 and both arrangements gave rise to 
fragments that can be refolded to give binding activity. 
Two different types of linker designs have been reported. 
In one, a flexible, hydrophilic linker was chosen46

•
53, 
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which was shown to be compatible with secretion and in 
vivo folding. In the other case45, a fragment was taken 
from the protein structure database, which was known to 
connect residues at a similar distance and orientation. The 
in vivo folding in E. coli of the latter single-chain fragment 
has not been reported. 

Fusions of the C-terminus of the single-chain Fv frag­
ment to a toxin 10 and a fragment of the Staphylococcus 
aureus protein A have been constructed (I. Pfitzinger and 
A. Pliickthun, unpublished). In these hybrid proteins, 
both the antibody domains and the additional domains 
seemed to be functional. Functionality of both parts was 
also found when the protein A portion was fused to the 
N-terminus of the single-chain Fv fragment13. This un­
derlines again that antibody domains often fold indepen­
dently and that the normally present C-terminal constant 
domains may be removed or replaced by a variety of 
different domains without endangering the binding activ- . 
ity. The domain to be attached to the antibody fragment 
must, however, be able to fold without disturbing the 
folding of the variable domains and still be functional 
when it carries an antigen binding fragment as an N -ter­
minal extension. 

Isolated domains. The physical characteristics of iso­
lated domains will vary from antibody to antibody. In 
some cases, antigen binding will be observed, in others 
not. We have investigated the properties of isolated V H 

and V L domains from McPC603. The V H domain is 
poorly soluble at temperatures above 4°C, and is unable to 
bind antigen (R. Glockshuber and A. Pluckthun, unpub­
lished). The use of V H domains as a general substitute for 
antibody combining sites59 therefore faces some technical 
challenges. It is possible that the solubility problem can be 
alleviated by appropriately engineering the framework, 
but it remains to be shown that satisfactory binding and, 
most importantly, the narrow specificity, which is the 
hallmark of antibodies, can be maintained in such modi­
fied fragments. 

Isolated V L domains have a tendency to dimerize. The 
precise dissociation constant varies depending on the 
specific antibody but usually lies between 10-3 M and 
10-6 M. V L of McPC603 does not bind the antigen, either. 
On the other hand, this recombinant domain was recently 
shown to give rise to very well ordered crystals of the 
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dimer7 , with a structure essentially identical to the V L 

domain in the Fab fragment. This offers the prospect of 
rapidly obtaining a structural database of characteristic 
complementarity determining regions by protein engi­
neering, as many variants crystallize isomorphously (B. 
Steipe, R. Huber and A. Pliickthun, unpublished). 

Purification. In the periplasmic secretion system, con­
siderable enrichment of the antibody protein is possible by 
cell fractionation, which can be carried out on a prepara­
tive scale52. The periplasm of E. coli contains only a small 
part of the total cell protein, and therefore subsequent 
purification is simplified. Alternatively, the protein can be 
purified from a cell homogenate. But if the protein is 
purified from the medium, it must be enriched from large 
volumes and be separated from cell debris [see e.g. ref. 
50]. 

Antibodies and their fragments can of course be puri­
fied by classical techniques such as ion exchange chroma­
tography, but particularly advantageous is the use of 
antigen affinity chromatography60

. This technique is the 
same as used for the purification of whole antibodies from 
ascites or cell culture. In the case of anti-hapten antibod­
ies, the fragment can be eluted with soluble hapten 14

, 

while for protein antigens other mild displacement tech­
niques are usually required 1 

•
60

• One of the consequences 
of expression in E. coli of native fragments is that they are 
directly amenable to affinity-based purifications. 

Another general strategy is the design of an affinity 
handle. In antibod~ fragments, the C-terminus is the 
preferred location5 . A single-chain fragment can be 
purified to homogeneity in a single step using immobi­
lized metal affinity chromatography, and only a minimal 
structural perturbation of 3 additional C-terminal resi­
dues is necessary. This affinity tail does not disturb the 
binding of the antibody fragment nor does it interfere 
with secretion in E. calt2

• Both a C-terminal and an 
N-terminal fusion of protein A (ref. 13, and I. Pfitzinger 
and A. Pliickthun, unpublished) to a single-chain Fv 
fragment have also been exploited for affinity-chromatog­
raphy with IgG as the affinity ligand, but this constitutes a 
much larger structural perturbation than the metal-af­
finity tail. 

Libraries. Two essential components were necessary to 
express and screen antibody libraries in E. coli. First, 
native expression and assembly in vivo had to be estab­
lished for single genes14

-
16

, after which it could be ex­
tended to libraries. Second, a system for rapidly obtaining 
the required sequences was needed. For this, the devel­
opment of the polymerase chain reaction (PCR) proved 
crucial. Antibodies have, even within their variable do­
mains, framework regions that are fairly well conserved61

• 

In addition, sequences in the constant regions can be used 
for priming. Several authors have reported such a PCR 
amplification of antibody variable domains and suitable 
primers for it59·62

-
67

. Experiments with expression librar­
ies reported so far started from immunized animals. In 
this case, the mRN A producing the newly elicited antibod­
ies is very highly enriched. The library therefore does not 
have to be unduly large to find the desired clones. 

Two strategies have been reported for screening the 
bind in~ activity. One was the secretion of only V H do­
mains5 , whose properties have been discussed above. 
Such screening must be carried out with great care to 
insure that affinity is not due to hydrophobic binding to 
the domain interface in the absence of V L· Furthermore, 
the approach implicitly assumes that enough binding 
interactions are actually located on V H for the particular 
antibody desired. The selectivity (which is one of the 
essential features of the antibody) is likely to be lower for 
such fragments than for the whole binding pocket made 
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up of V Hand V L' but this has not yet been investigated in 
detail. 

Another approach was therefore developed to avoid 
this problem, which is based on F ab fragments. A A-phage 
was designed based on "A-ZAP"68

, built around a plasmid 
~e~~or exactll a~alogous to t~e secretion vectors described 
Initially 14

-
1 (Ftgs. 2,5). A hbrary of such A-phages was 

created from the recombination of separate libraries of 
V H and V L genes obtained by PCR. The resulting plaques 
contained enough F ab fragment to detect binding activi­
ties by binding radioactively labeled antigen to plaque lifts 
on filters. For producing the fragment for further char­
acterization, the plasmid can be excised from the phage 
and the production methods described above used. The 
PCR based approach must now be subjected to a critical 
analysis of the actual diversity contained in such libraries. 
It should be stressed that the work with libraries is not 
limited to the combinatorial approach. Improved plasmid 
vectors52 allow random mutagenesis approaches and 
other strategies for generating libraries. 

The final goal will be to create libraries approaching the 
diversity of the immune system. This will, however, prob­
ably not be possible by a simple extension of existing 
approaches. At the very least, all existing approaches will 
have to be combined. In a "naive" library, i.e. the antibody 
library of an animal not previously immunized with the 
antigen under scrutiny, the mRNAs encoding suitable 
molecules may be extremely rare. Therefore, libraries 
with very large diversity must be generated. The screen-

. ing of such libraries will only be possible if it can be done 
in the same multistep fashion as in the immune system. 
Therefore, future approaches will have to aim at rebuild­
ing analogous multistep selection processes containing 
such features as selection and somatic mutation, but on 
the basis of bacterial cells or bacteriophages. 

One of the obvious applications for the bacterial expres­
sion and screening technology would be to produce hu­
man monoclonal antibodies. One must keep in mind, 
however, the various problems to be overcome. Not only 
must the desired antibody bind with high affinity, but 
equally important is its selectivity, i.e. its narrow specificity. 
Antibodies with broad specificities would be unlikely can­
didates for the clinic. Finding antibodies with a desired 
binding affinity in a library is therefore only the beginning 
of the research necessary in this area. 
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