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This article summarizes the techniques for the expression of
various antibody fragments in Escherichia coli. The properties
of the various antigen binding fragments are discussed and sev-
eral strategies for expression are compared. Emphasis is placed
on the secretory approach, as it leads directly to functional frag-
ments and thus forms the basis for all screening approaches,
whether with cells or phages. Purification procedures of the
fragments from E. coli are also discussed. © 1991 Academic

Press, Inc.

The genetic engineering of antibodies has received an
important boost from the development of methods for the
convenient production of antibody fragments in bacteria.
In this article, some of the recent advances of this tech-
nology are summarized, and the rationale for the various
parts of the methodology 1s discussed. This area of re-
search 1s fairly new, with the inevitable consequence that
the detailed methodology, including vectors, strains,
growth, fermentation, and purification, is 1n a constant
state of flux and improvement. Therefore, emphasis is
placed on the background of and rationales for the pro-
cedures.

Why would one want to produce antibodies or antibody
fragments in Escherichia coli? One reason is close at hand.
Manipulations of E. coli are very simple, and the general
procedures of working with these bacteria are established
in the laboratories dealing with DNA manipulations.
Growth of E. coli is inexpensive and can be scaled up with
equipment much simpler than that necessary for the fer-
mentation of higher cells. The transformation of DNA
and the transfection with phage are extremely efficient.
This has two important consequences. First, one may
carry out genetic constructions directly in the expression
vectors and second, one may create libraries with large
diversity. Such a collection of plasmids or phage may be
the product of random mutagenesis, a collection of syn-
thetic fragments, or libraries from the repertoire of the
immune response of an animal or a human being. There
is currently no way to establish libraries with the same
degree of diversity in higher cells.
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The simplicity of genetic constructions is also very
beneficial for the design and testing of hybrid molecules
consisting of antibody fragments and other proteins, and
it 18 very useful in the investigation of chimeric, human-
ized, and totally human antibodies. Furthermore, one may
make use of the enormous knowledge that has accumu-
lated about E. coli in terms of its metabolism, genetic
manipulations, and infective phage.

CHOOSING THE APPLICATION

There are many uses for antibody fragments in E. coli.
One should first distinguish those for which one specified
fragment 1s desired. This might be the large-scale pro-
duction of an antibody fragment for physical and bio-
chemical studies or for medical use. The advantages of a
production in E. coli are mostly simplicity, the rapid access
to fragments and mutants, and the opportunity for bio-
synthetic labeling. Upon further development of this
technology, the production costs should become signifi-
cantly lower than those for all other production methods
of antibodies. T'his might be of benefit in many diagnostic
or therapeutic products based on antibodies. Another as-
pect worth mentioning is a safety aspect: a prokaryotic
production process for antibodies, in which viral contam-
inations are not a problem, might facilitate the use of
recombinant antibodies in affinity chromatography of
pharmaceutical products, or even human use. The most
obvious benefit of this new technology, however, is in
providing a facile route to altering the fragments by any
kind of protein engineering.

Although for the mere production of a single antibody
fragment (or hybrid molecule) expression in the native
state 1s not absolutely necessary (as one may develop a
procedure for refolding the proteins from inclusion bod-
1es), a secretion of native fragments 1s still extremely con-
venient. Such a technology has previously been developed
(1-3) and 1s discussed in more detail below.

The second group of applications can be combined un-
der the heading screening. Any kind of random mutagen-
esis, or any other library, will lead to a collection of dif-
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ferent antibody fragments. Usually one will be interested
in testing this collection of molecules for function, be it
for antigen binding, aflinity, cross-reactivity, or even ca-
talvsis, In this case, it is mandatory to use a strategy lead-
ing to native fragments in vive {1-3), as a very large num-
ber of different antibody fragments can clearly not all be
refolded from inclusion bodies.

It 18 thus the desired application of the antibody that
determines both the optimal fragment and the most suit-
able expression strategy. These points are discussed below,

The choice of the antibody fragment (Fig. 1A) depends
on the desired application. To guide investigators in this
decision, some of the known physical properties of the

antibody fragments are described. It should be stressed
that there are at least 10°° different antibodies, and ob-
viously, they will differ in their detailed physical char-
acteristics. Therefore, some range in properties must be
expected.

The Whole Antibody

There are three features of the whole antibody that
deserve mentioning in this context. First, it 18 bivalent.
This means that a weak thermodynamic aflinity can be
compensated for by the entropic effect and may still lead
to tight surface binding to appropriately spaced antigen.
Notably, antibodies directed against protein-bound hap-

FiG. 1.

{A) Nchematic representation of antibody fragments that can
be functionally expressed in K coll, {a) The Fab fragment, (h) the Fy
fragment, (o) an Fy {fragment covalently crosslinked by the introduction
of an artificial disuifide bond, and {d} the single-chain Fv {ragment. (B}
Arrangement of the operons for the co-secretion of native antibody
fragments. pfo, a promoter/operator structure; 51, Shine-Dalgano se-
guences {nbosome bingding sites); sig, signal sequences; term, & tran-
seription terminator; and Vi, Gy, Vi, O, the antibody domains, {a)
The expression unit for an Fab fragment b for an Fy fragment, and
(¢} for a secreted single-chan {ragment,
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tens and polymeric antigenic determinants show this ef-
fect. Second, the antibody is glycosvlated. The nature and
position of glycosylation depend on the class of the an-
tibody and the species producing it. Most antibody species
are glveosylated in Cy2, but others such as IgA and IgM
can be glvcosylated in Cyl (1.e., in the Fab fragment) (4).
There 18 no reported evidence that this glycosylation has
any effect on antigen binding. The exception are rare
cases, in which the hypervanable regions may fortuitously
contain a glycosylation signal, and this mayv lead to an
abolishment of antigen binding {5) or even an improve-
ment in antigen binding (6). Glyvcosylation is, first of all,
an intracellular sorting signal (often vital for the animal
cell secreting it), but it does aiso play an important role
in mediating the antibody effector functions (7-9). Gly-
cosvlation also influences the in vive stability of the pro-
tein, but these effects are not vet predictable. Third, the
Fc part of the antibody is itself responsible for many ef-
fector functions and the actions it elicits are an integral
part of the animal immune response (10},

If whole antibodies are desired, E. colt mav not be the
preferred production host, as many of the advantages of
having the complete molecule depend on glyvcosylation.
For whole antibodies, efficient expression systems based
on mammalian cells are available (11-13), and new strat-
egies using other eukarvotic hosts are being developed
(14-17). Furthermore, it has not vet been fully investi-
gated whether the assembly of whole antibodies can be
accomplished with satisfactory vields in £. coli. Protein
engineering using £, coll as an expression host might in-
stead be used to design alternative solutions for accom-
plishing the same objectives of biological effector func-
tions and high avidity. For instance, immunotoxins or
radiotoxins that accomplish the same goal of cell killing
even more efficiently than natural antibodies might be
designed. It should also be stressed that the design of the
antibody combining site can be optimized using much
smaller fragments in K. coli, and the final version can
then still be transferred to ¢

v complete antibody molecule
to be expressed in higher cells if this is desired. Therefore,
E. coli and mammalian expression should complement
each other.

The Fab Fragment

The Fab fragment of the antibody consists of the whole
light chain and first two domains of the heavy chain, the
so-called Fd fragment. The two constant domains Cyl
and C; increase the association energy of the fragment
compared to the Fv fragment. In many antibody classes,
notably lgG, the light and the heavy chain are covalently
linked, but covalent linking of the Fab fragment is not
required for obtaining stable fragments. Mouse IgA, for
instance, is not covalently hinked, vet gives rise to stable
Fab fragments in K. colt (18). This association of the two
chains is an unportant factor for determining the stability
of recombinant antibody fragments (18, 19). Additionally,
the Fab fragment, by having constant domains, can be
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detected using standard immunological reagents directed
against the constant parts.

The Fab fragments of antibodies have been shown nu-
merous times to have the same thermodynamic antigen
binding affinities as the whole antibody (4). This has also
been shown for Fab fragments produced in E. coli (2, 3,
18), even 1n a case where the Cyz1 domain of the proteolytic
material was glycosylated (18). Thus, this glycosylation
in the constant domains clearly does not influence antigen
binding.

An interesting and not fully understood property of
Fab fragments is that they give lower yields than the Fv
fragment of the same antibody under the same conditions
in the in vivo assembly in E. coli (A. Skerra and A. Plick-
thun, unpublished). This fact offers room for improve-
ments in yield, and its mechanistic basis is being inves-
tigated in the author’s laboratory.

The Fv Fragment and Its Derivatives

From crystal structures of antibodies, it has been clear
that the Fv fragment comprises the complete binding site
of the antibody. Research on Fv fragments had been
hampered by the fact that they are very difficult (and
sometimes impossible) to prepare by proteolysis. Givol’s
group (20) first succeeded in preparing an Fv fragment
by mild pepsin digestion, but the mouse antibody con-
tained the unusual A\;-chain. This procedure seems to be
unsuccessful for other antibodies (21) and the use of a
complicated multistep procedure must be attempted, or
very rare mutant antibodies lacking the Cyl domain (22)
are required as the substrate. Clearly, the simplest way
to obtain Fv fragments is by gene technology, and, while
they can be prepared in myeloma cells (23), the simplest
system to produce them is by using E. coli (1). Because
the technology to produce Fv fragments of any antibody
has become available only very recently, there is less
knowledge about the range of physical properties and the
stability of F'v fragments than of Fab fragments.

It has now become clear, due largely to the study of
recombinant protein produced in E. coli (1, 18), that Fv
fragments are indeed fully functional. Their only problem
lies in the individuality of domain interactions, to which
the hypervariable regions and the J segment contribute
directly or indirectly. This results in different interaction
energies between Vg and Vi, for different antibodies. Some
Fv fragments may therefore be fully stable under all con-
ditions, whereas others dissociate at high dilution. For
instance, in the case of the phosphorylcholine binding
antibody McPC603, the dissociation constant of Vi and
V., is about 107° M (19), and the presence of the antigen
improves this interaction energy due to its simultaneous
binding to both chains.

To stabilize Fv fragments against dissociation, one may
chemically crosslink them with glutaraldehyde (19). Al-
ternatively, intermolecular disulfide bonds can be intro-
duced by protein engineering (19) (Fig. 1A). To this goal,
a strategy (24) based on finding two positions (one 1n

each chain) in the three-dimensional structure, in which
the backbone atoms of two residues can be superimposed
on known disulfide bonds (19), was used. The positions
for the new cysteines can be chosen such that the antigen
binding site and proline residues (required for turns) are
avoided. There are several such positions available (19).
It remains to be investigated experimentally which of the
suitable positions might be of most general use for variable
domains, about which no structural information is avail-
able. Yet, in the investigated case of McPC603 (19), com-
pletely functional crosslinked fragments were obtained in
vivo, with identical antigen binding properties and greatly
increased stability.

Another solution to the dissociation problem is to link
the two domains by a genetically encoded peptide linker,
and create a so-called single-chain antibody (Figs. 1A and
B). Both arrangements of the two domains in the gene
have been constructed: In about half the reported cases,
Vy was placed upstream of V;, (19, 25-28) and 1n the
others, V;, was placed upstream of Vy (29-36). Generally,
linkers that were found successful were around 14-16
amino acids 1n length. The required length depends of
course on the choice of the endpoint of the upstream do-
main. The optimal linker length will also vary if the
downstream domain is not started at the first amino acid
of the mature antibody.

A number of different linker designs have been reported.
The first variety, (GGGGS),, has been designed using the
fact that glycine is able to accommodate a wider range of
conformations than other amino acids and therefore
should not be a folding nucleus or disturb the folding of
the two domains. Serine makes the linker chain more
soluble and prevents its internalization into the hydro-
phobic core during folding. Indeed, correct folding in vitro
(25-29) and in vivo (19) has been obtained with the linker.
In a modification of this design (30), some amino acids
of the first B-strand of C;, were used as part of the linker,
followed by zero to three repeats of (GGGGS). Too short
a linker does of course not allow the folding to the native
structure. In an alternative approach, a database search
(31) has shown that the C-terminus of Vi can be con-
nected to the N-terminus of Vy by a stretch of amino
acids from carbonic anhydrase (29-33), which connects
two parts of the structure in this enzyme with a distance
similar to that required for the single-chain Fv fragment.
New linkers (34-36) that consist of Ser, Gly, Lys, and
(Glu have now been reported, again aiming for solubility
and flexibility.

Clearly, there are many ways to link the two domains.
It remains to be investigated which linkers other than
(GGGGS); (19) are compatible with in vivo transport and
folding, and to what degree they are resistant to proteases
in E. coli. In the course of these investigations, the de-
termination of crystal structures of various single-chain
Fv proteins will be an important guide for further im-
provements. The linker may also be designed to contain
additional features useful for the detection of the construct
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(i.e., containing the epitope for an antibody made against
the linker peptide) or features useful for its purification.
For instance, a stretch of histidine residues can be incor-
porated into the linker residues for immobilized metal
affinity chromatography (I. and A. Plickthun, unpub-
lished).

The stability toward irreversible denaturation seems
to be correlated directly with the association of the two
chains (19). Thus, disulfide-bonded Fv fragments are
vastly more stable than unlinked Fv fragments, possibly
because of forcing a very tight interaction upon the frag-
ment. The single-chain variant tested (containing the
linker (GGGGS);) and the chemically crosslinked Fv spe-
cies are significantly more stable toward irreversible de-
naturation, albeit not as dramatically as the disulfide-
linked one (19).

In conclusion, the smaller Fv fragment will emphasize
the individuality of each particular antibody in terms of
stability and dissociation energy. Yet, the prospects in
tumor biology and medicine with such small fragments
(34) possibly showing improved tumor penetration, faster
loss of unbound molecules from the body, and less im-
munogenicity make it worthwhile to consider the pro-
duction of the Fv fragment of the antibody under study.
Three strategies for stabilization are now available (19),
and for labile Fv fragments, the covalent linking of the
domains should be undertaken. With single-chain anti-
bodies, the possibility that the connecting linker may dis-
turb the binding of some antigens cannot be excluded.
However, the reported binding constants (see above) for
single-chain antibodies were all within one order of mag-
nitude of the parent antibody, provided that the linker
was chosen appropriately, and almost identical in some
cases (19).

Isolated Domains

Even more than with the Fv fragments, the physical
properties of individual domains will vary from antibody
to antibody. The domain interface makes especially the
Vy domain “sticky” (37). This makes Vy domains difficult
to work with, as some precipitate easily at room temper-
ature (Glockshuber and Plickthun, unpublished). The
solubility problem may be solved by protein engineering,
but the main problem will remain, namely, that the single
domain contains only half the antigen binding site and
therefore a lower affinity (or no affinity at all in many
antibodies) and, more importantly, a low selectivity.

The V;, domain may dimerize with itself. Dissociation
constants are usually between 1072 and 107 M. V. is un-
likely to bind to the original antigen significantly as a
dimer for steric reasons alone. Again, protein engineering
may be used to alter dimer dissociation energies, but it is
unlikely that any single domain will be able to compete
with antibodies in selectivity. Single antibody domains
are therefore no antibody substitute.

CHOOSING THE EXPRESSION STRATEGY

After choosing the fragment to be expressed, the ex-
perimenter 1s confronted with the selection of the strategy.
There are currently four available strategies for obtaining
antibody fragments from E. coli:

(1) The direct expression in the cytoplasm.

(11) The expression of cleavable cytoplasmic fusion
proteins.

(iii) The expression of secreted fusion proteins.

(iv) The secretion of both chains in the same cell, (the
only strategy leading to functional antibody fragments).

Each strategy can in principle be used with any of the
fragments discussed above. Any procedure aimed at
screening, whether in cell supernatants, on colonies, or
in phage plaques, however, must use the secretion strategy
(1-3) because functional folded antibody fragments are
crucial. Even the expression on the surface of a filamen-
tous phage makes use of the same E. coli secretion ap-
paratus (38) in order to assemble the antibody domains
in an oxidizing milieu. Thus, the experiment envisaged
also determines the strategy. If merely large-scale pro-
duction is desired, all four strategies are in principle
available.

(1) Cytoplasmic Expression

The direct expression of antibody fragments in the cy-
toplasm (reviewed in (39)) will normally lead to inclusion
bodies. While this may facilitate a partial purification us-
ing differential centrifugation steps (for detailed protocols
see, e.g., (40-42)) it does leave the investigator to work
out a refolding protocol. A study of the parameters for a
particular Fab fragment has appeared (42), but no detailed
optimization of the procedures for other types of frag-
ments has been reported. The published data often do
not contain detailed protocols, and sometimes give no in-
dication of the folding yield at all. It is possible that each
fragment has a different folding optimum of the param-
eters to be considered in the folding reaction. First, the
protein concentration must be considered, as too high a
concentration will lead to aggregates, whereas too low a
concentration will prevent the two domains from finding
each other (in addition to being cumbersome). Too low a
concentration should not be a problem in covalently
linked fragments, however. Also, the redox buffer, the pH,
the temperature, and the salt concentration must be op-
timized. Yet, since correctly folded material can often be
selectively purified by antigen affinity chromatography,
this strategy can be still used successfully and has been
used in most reported work on single-chain antibodies
(25-36). It is more laborious than the secretion strategy
discussed below and requires careful quantitation of the
success of refolding.

(1t) Cytoplasmic Fusion Proteins
In the expression of single domains, fusion proteins
can be constructed with highly expressed cytoplasmic
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FIG. 2. Schematic representation of the secretory process. The an-
tibody protein is allowed to reach the oxidizing periplasmic compartment,
where disulfide bonds can form and each domain may act as the folding
template for the other. During this process, the outer membrane starts
to become leaky at higher temperature (37°C), but less so at room tem-
perature.

proteins, helping the domain to precipitate and form in-
clusion bodies (43, 44). In addition to the refolding steps
detailed above, the cleavage procedure must be optimized.
For this purpose, the blood clotting protease factor Xa
has been used (43, 44). Detailed protocols for the use of
factor Xa have been reported (45). Depending on the pro-
teolytic sensitivity and efficiency of translational initia-
tion of a particular domain, this strategy can prove ad-
vantageous, even though it contains additional steps.
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(i11) Secreted Fusion Proteins

The third strategy is to export a hybrid protein. In this
case, the antibody domain or fragment is fused to the C-
terminus of a normally transported protein. The Staph-
ylococcus aureus Protein A has been used for this purpose
(26). It has been shown that a single-chain Fv fragment
can retain 1its function and that cleavage 1s not always
required, although for functional and medical studies, this
should be undertaken and has been investigated (I. and
A. Pliickthun, unpublished).

Fusions can also be made to the C-terminus of the an-
tibody domain. In the case of secreted antibody fusion
proteins, this transport, however, would then be depen-
dent on the secretion of the antibody domains, and is
therefore discussed in the next section. The use of the C-
terminal secretion signal from hemolysin has also been
reported (46), but the method has not yet reached the
maturity required for large-scale protein production.

(iv) Secretion of Functional Antibody Fragments

The fourth strategy is to secrete the antibody domains
(1-3) or a single-chain fragment (19). This is the only
strategy that results in functional antibody fragments in
vivo and therefore is the basis of all procedures relying
on screening binding activity directly with bacteria or
phage. The strategy was first developed for Fv fragments
(1) and Fab fragments (2, 3) and has been extended to
single-chain fragments (19). Why must an antibody chain
be secreted to be functional? The main reason seems to
be the disulfide bond that provides stability to the anti-
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FIG. 3. Strategies for random mutagenesis made possible by using expression phagemids.
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body domain. Without the disulfide bond in the variable
domains, no functional molecules of any antibody frag-
ment tested can be made (44). Therefore, the folding must
take place in an oxidizing environment (Fig. 2). Also, the
presence of both chains during folding may allow each
chain to act as the folding template for the other. It should
be noted that functional fragments can be obtained
whether the two domains are linked or not, and therefore
secreted heterodimers can clearly be produced in E. col:.
Even when a functional fragment is to be expressed on
the surface of a phage (38), the secretion strategy must
be used. The biochemistry of filamentous phage coat as-
sembly makes this type of phage particularly suitable for
surface expression of antibody domains, since the coat
proteins of filamentous phages use the same transport
apparatus as secreted E. coli proteins, and therefore fusion
proteins are straightforward constructions.

The vectors developed in the author’s laboratory have
been described in detail elsewhere (1, 3, 47). Briefly, an
artificial operon was designed (Fig. 1B), where both chains

growth at
jow
temperature,
induction of
expression

Bacteria harboring
expression plasmid

pellet cells

peliet debris,
apply supernatant
{o column

pellet spheropiasts,
apply supernatant
to column

Antigen affinity
chromatography

Immobilized metal affinity
chromatography {(IMAC)

FIG. 4. Purification scheme for antibody fragments secreted in E.
coli. Two alternative strategies are shown: lysis of whole cells by French
press or preparation of the cytoplasmic fraction.

are under the control of one promoter, and each chain
(either V4 and Vi for the Fv fragment or VyzCy and V. Cy
for the Fab fragment) is preceded by Shine-Dalgano se-
quences. The secretion vector for the single-chain Fv
fragment (19, 47) 1s completely analogous, but the inter-
genic region is replaced by the linker region. Desirable
features of such vectors include an inducible promoter
with a resident repressor gene on the plasmid, as the bac-
teria become sensitive to lysis when secreting antibody
(see below). Also, further vector constructions and all
mutagenesis strategies are greatly simplified by the pres-
ence of a filamentous phage origin on the plasmid (47)
(Fig. 3).

The choice of the signal sequence deserves some com-
ment. A. Skerra and A. Pluckthun (unpublished) have
shown that a variety of E. coli signal sequences will func-
tion. Other workers (2, 37) have used still different signal
sequences with success, notably the one from the pelB
gene of Erwinia carotovora. Independent of the particular
signal sequence chosen, the outer membrane becomes
leaky as a consequence of the induction of protein pro-
duction, especially at high temperatures (2) (Fig. 2).
Therefore, 1t would be incorrect to speak of a “secretion
to the medium,” as there i1s no selectivity about the se-
cretion. Rather, the periplasmic content seems to be par-
tially emptied out. After prolonged times at higher tem-
perature, the whole cell may start to lyse. These facts give

C

C

FIG. 5. Purnification strategies especially suitable for recombinant
antibody fragments (in addition to conventional purification techniques).
(a) Antigen affinity purification; (b) Immobilized metal affinity chro-
matography, in fragments containing a (his)s-tail; (¢) hybrid protein
with affinity-selectable domain or peptide at the C-terminus; (d) hybrid
protein, with affinity selectable domain or peptide at the N-terminus.
The arrows denote cleavage at engineered sites for proteases or chemical
cleavage.
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the investigator the choice of either letting the cells lyse
and purifying the protein from the medium or suppressing
the lysis phenomenon and purifying the protein from the
cell.

In the author’s laboratory, there 1s a strong preference
for working with the smaller volume of centrifuged cells
rather than the supernatant medium, especially on larger
scales. The medium from lysed cells also contains mem-
brane fragments, which sometimes may be difficult to re-
move (46). The protein can be prepared either from the
cells by French press lysis or by a periplasmic fraction-
ation (Fig. 4), and detailed protocols for both have been
given elsewhere (1, 2, 47). One of the essential variables
controlling lysis of the growing cells and the efficiency of
folding is the temperature (19). It is generally found ad-
vantageous to grow the cells at room temperature.

CHOOSING THE PURIFICATION STRATEGY

If the periplasmic secretion system is used, an enrich-
ment of the antibody protein can be achieved by a cell
fractionation, 1.e., the selective lysis of the outer mem-
brane (47). The periplasm of E. colt contains a much
smaller number of proteases and also only a small fraction
of the total cell protein. For this reason alone, purifica-
tions can be simplified. The antibody protein in the se-
cretion system can also be purified from a cell homogenate
(1, 3). In this case, the whole cell 1s passed through a
French press (Fig. 4).

If the protein 1s produced in the native state, the an-
tibody fragments can be directly purified by antigen af-

VL

his his

JIS 3 his

FIG. 6. Structural view of the single-chain Fv fragment containing a
(his); tail.

finity chromatography (Fig. 5) (1, 3, 19). This technique
1s essentially the same as that used in the purification of
whole antibodies from cell culture or serum. In the case
of anti-hapten antibodies, the fragments can be eluted
with soluble hapten, whereas for protein antigens other
techniques are required. Detailed protocols for antigen
affinity chromatography are available elsewhere (48).

A new strategy of completely general use is the design
of an affinity handle. In antibody fragments, the C-ter-
minus is the location of choice (Fig. 5). Single-chain frag-
ments can be purified to homogeneity in a single step
from E. colt using immobilized metal affinity chromatog-
raphy (IMAC), and only a minimal structural perturba-
tion of three additional residues on the C-terminus is
necessary (Fig. 6) (47). The affinity tail found most ad-
vantageous contained five consecutive histidine residues,
did not disturb the binding of the antibody fragment to
the antigen, and did not interfere with transport to the
periplasm. In contrast, clusters of arginine residues, which
might be useful in ion-exchange chromatography, were
not compatible with secretion (47). The exact design of
the affinity tail and the detailed protocols for the chro-

matography of the native fragment have been given else-
where (47).

FACTORS INFLUENCING YIELD

The quest for increasing the yield must begin with an
analysis of the problem. From experience with different
antibody fragments and related molecules it has become
apparent that along the expression pathway the bottle-
necks for different fragments are at different steps. All
factors influencing gene expression in E. colt of course
also apply to antibodies. Protein-independent factors in-
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FIG. 7. Alternative pathways for obtaining the DNA for the antibody
expression.
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clude the gene dosage (i.e., the plasmid copy number) and
the mRNA production rate (i.e., the promoter strength).
These are reasonably well understood (49, 50, and ref-
erences therein) (at least compared to the other factors)
and should normally not provide any problem. The steady-
state level of mRNA, however, is also dependent on its
degradation rate, and the signals determining this are only
beginning to be unraveled (51). More importantly, trans-
lational efficiency in turn also determines the mRNA sta-
bility by protecting the mRNA with ribosomes. Trans-
lational initiation is usually considered to be the major
problem (52), although the pragmatic use of the 5-un-
translated and translated region of a well-translated pro-
tein like OmpA (in the form of its signal sequence) alle-
viates some of the lack of theoretical understanding. The
translational elongation is unlikely to be limiting at the
levels at which antibodies can be expressed in the correct
folding state (52).

The real challenge in the manipulation of the system
lies in the complicated protein folding fate that a trans-
ported protein suffers. First, it is prevented from folding
before being transported through the membrane. At this
point, it will interact with cytoplasmic molecular chape-
rones (53), and be sensitive to proteases. Then it must be
transported, the signal sequence must be cleaved correctly,
and folding and assembly must occur on the periplasmic
side of the membrane. Clearly, the importance of various
kinds of molecular chaperones on the periplasmic side of
the membrane will vary from fragment to fragment, and
also their sensitivity to cytoplasmic, periplasmic, and
membrane bound proteases. These factors are only poorly
understood and are now being investigated 1in the author’s
laboratory to provide rational approaches to the conve-
nient production of various antibody fragments and re-
lated molecules.

The best available tactic is therefore to work on in-
creasing the cell density. Procedures reporting yields of
functional recombinant proteins of “a gram per liter” are
usually high-cell-density fermentations, where not so
much the yield of protein per cell but the yield of cells is
very high. Densities corresponding to ODs5, of 400 can
be reached today (54). In evaluating expression yields, it
is very important to be aware of these facts, and not to
directly compare experiments done at 500-fold different

cell densities to judge expression strains, vectors, or pro-

cedures.

- While much research remains to be done in the further
investigation of protein folding in vivo and the physiology
of the producing cell, even now the production of antibody
fragments of E. coli can be used advantageously. Engi-
neering studies that made use of E. coli expression (re-

viewed in (55)) illustrate this point. Furthermore, the

expression technology was the basis for work with libraries
and screening technology (Fig. 7 and discussed elsewhere
in this issue). The comparative simplicity of the meth-
odology will undoubtedly act synergistically in the further
rapid development of the field of antibody engineering.
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