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CHAPTER 1
Antibodies from Escherichia coli

A. PLUCKTHUN reprinted from:

A. Pluckthun, Antibodies from Escherichia coli.
In: The pharmacology of monoclonal antibodies
M. Rosenberg and G. P. Moore, Eds. (Springer
Verlag, Berlin, 1994), vol. 113, pp. 269-315.

A. Introduction

Antibody engineering is still at its very beginning. No matter what the goal
of the study, 1t 1s likely that a number ot different ideas and variants of the
recombinant antibody will have to be tested. It 1s therefore usetul to be able
to make new variants of the antibody protein easily, reliably and fast.
Mostly for historic reasons, the molecular biology of Escherichia coli 1s more
advanced than that of any other specices; 1n fact essentially all moiecular
cloning 1s done today with this bactertal strain. It 1s therefore attractive 1o
carry out antibody expression with this bacterium as well.

This chapter will describe the molccular biology of antibody expression
in Lscherichia coli. Some of the problems encountered will be common to
all protein expression in E. coli, and they will not be discussed in detail. As
will become apparent, the unique problem of making antibodies in E. coli is
not so much one of ribosomal biosynthesis of the polypeptide (and certainly
not one of efficient transcription, as this problem is more or less solved), but
one of efficient folding of the polypeptide in the cell or, for some applica-
tions, in vitro. For this reason, it will be necessary to discuss the peculiarities
of the antibody protein structure: its domain-like organization, its conserved
disulfide bonds and its distinct sequence variability, which all have an effect
on expression.

Due to their glycosylation and their large size, the production of func-
tional whole antibodies in E. coli 1s still impractical, and the relation of
the particular antibody fragment chosen, its biophysical characteristics and
the effects on expression (that 1s, folding efficiency) must also be analyzed.
In this context, solutions of the bivalency problem uniquely suited for
bacterial expression will be discussed.

The bacterial system offers the possibility to produce fragments of the
antibody directly, which can be useful for applications in which only binding
1s required. Examples might be in vitro diagnostics, affinity chromatography.
antigen stabilization or catalysis. In other instances, the desired final product
may be a whole antibody, humanized or human, to be used, for example. in
therapy. In such cases, it can still be advantageous to carry out all testing of
variants of the antigen binding site with E. coli fragments and then trans-
plant the finished version to the eukaryotic expression system of the whole
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270 . A. PLUCKTHUN

antibody. Finally, the easy availability of the recombinant product invites
construction of many new molecules: hybrid proteins and antibodies with
engineered metal binding sites, or with peptide tags for easy detection, or

molecules with substantial alterations in the ftamework and quaternary
structure.

Besides these *‘rational™ alterations, L. coli permits a unique access to
random approaches. Because of the unparalleled etficiency with which trans-
formation with DNA or transtection by phages can be achieved in E. coli,
many types of libraries of antibody variants can be assembled and screened
by methods discussed below. With this background as a rationale, the
emphasis of this article on the process of in vivo folding and assembly as the
basis of all engineering and screening may become apparent.

B. Expression of Functional Antibody Fragments
in E. coli by Secretion

I. General Overview

There are two basic strategies for obtaining recombinant antibodies and
their fragments from E. coli (Fig. 1). The first i1s to produce inclusion bodies

Pt oot el }

Fig. 1la~¢. The different expression strategies found to be useful for antibody pro-
duction in E. coli. a Functional expression: In this case, the two chains making up
the antibody combining site must be transported to the oxidizing milieu of the
periplasm. In this compartment, there is a disulfide forming enzyme (DsbA) which
allows the formation of the crucial intramolecular disulfide bonds, found in each
domain and required for stability. A The pathway for two independent chains (as in
a Fv or Fab fragment) is shown. Both are made as precursors containing a signal
sequence and are then transported to the periplasm, where the signal sequence is
cleaved off. There, folding, disulfide formation and assembly takes place. B Alter-
natively, both variable domains can be linked to form a continuous polypeptide
chain (scFv fragment) which can then also be secreted.

For reasons not understood in mechanistic detail, secretion of these proteins
presents a stress to E. coli and results in leakiness of the outer membrane after some
ttime. This appears to occur to some degree with all types ot antibody fragments and
signal sequences tested, but its magnitude depends on the primary sequence of the
antibody. The phenomenon 1s observed more readily in shake flasks than in con-
trolled fermentation condittons, where it can be minimized. To prevent leakage
and periplasmic¢ inclusion body formation, it is crucial to grow cells at low tem-
peratures (e.g., 25°C).

b Periplasmic inclusion body formation. This 1s observed for many fragments,
but has been exploited preparatively mostly for sckv fragments. This phenomenon is
temperature-dependent and is most easily induced at a temperature of 37°C or
higher. The protein is apparently transported, processed and then precipitates. The
protein must be refolded in vitro as in c. |

¢ Cytoplasmic inclusion body formation. In this case, the protein is expressed
without a signal sequence under as strong a promoter and translation signal as

possible. Inclusion body formation appears to be more successtul at temperatures of
37°C and higher. The protein must be refolded in vitro
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272 A. PLUCKTHUN

and refold the protein in vitro. The second is to imitate the situation in
the eukaryotic cell and secrete the protein. With this method, completely
functional antibody protein can be obtained (SKERRA and PLUCKTHUN 1988;
BETTER et al. 1988), and this strategy will be discussed first.

In E. coli a secretion machinery exists which leads to the transport of
those proteins to the periplasmic space which carry a signal sequence (for a
recent review, see PUGSLEY 1993). These are usually proteins which need to
be outside of the “main” cell, for example, to degrade some biomolecules
for easier uptake (e.g., peptidases, phosphatases). This secretion allows the
protein to escape from the reducing environment of the cytoplasm, which
in general, while perhaps not always (CaBiLLYy 1989), appears to prevent
normal disulfide formation (GILBERT 1990). Antibodies, as proteins which
are normally secreted and equipped with disulfide bonds which are gene-
rally, but perhaps not for every primary sequence, necessary for stability
(GLOCKSHUBER et al. 1992), ought to be secreted in bacteria, too, in order to
reach a folded state identical to that formed in eukaryotes.

The E. coli secretion machinery directs the protein to the periplasm.
There are specialized systems for transport out of the cell (PuGsLEY 1993),
but they have not yet been used tor high level production of tforeign proteins
(HoLLAND et al. 1990). It should be noted that, under conditions of high
temperature and depending on the particular primary sequence and frag-
ment of the antibody, a leakiness ot the outer membrane 1s frequently
observed with a variety of signal sequences (PLUCKTHUN and SKERRA 1989).
In these circumstances, periplasmic markers such as f-lactamase and alkaline
phosphatase are also found in the medium, just as 1s the recombinant anti-
body protein. Nevertheless, some authors still refer to this phenomenon
loosely as ‘secretion to the medium” (see, e.g., TAKKINEN et al. 1991). This
leakiness, whose molecular cause 1s still unknown, 1s possibly related to the
formation of insoluble periplasmic protein from an aggregation process
that occurs after the protein has been transported through the membrane
(Fig. 1), but it may indicate the interference of the antibody with the trans-
port of some crucial outer membrane component. After some time, the cells
can also lyse completely, and this limits the production phase.

Periplasmic secretion has permitted the functional expression of a
wide variety of antibody fragments with many antigen binding specificities.
Because of the general importance and widespread application of this tech-
nology, it may be useful to discuss both the physiological limitations of the
process in this chapter and the potential solutions to these problems. How-
cver, using this technology, it 1s already possible to conveniently obtain
recombinant antibody fragments in suffictent amounts for essentially all
studies.

II. Relation of Functional Secretion to Phage Libraries

An interesting and important consequence of the successful periplasmic
folding of antibody fragments 1s the compatibility of the antibody folding
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Fig. 2. The coating of a filamentous phage with hybrid proteins, present as inter-
mediates in the inner membrane of E. coli

with display on the surface of a filamentous phage, such as M13 or fd. Since
the NH>-terminus of both the minor coat protein g3p (the product of gene
III) and the major coat protein g8p (product of gene VIII) are probably
exposed to the aqueous surrounding in the phage coat, NH,-terminal ex-
tensions are still compatible with phage assembly (Fig. 2). This was first
demonstrated for peptides displayed on the phage coat (SMITH 1985; PARMLEY
and SmiTH 1988: Scort and SMitH 1990; CwirLA et al. 1990; DEVLIN et al.
1990; GrReenwooD et al. 1991; Fericr et al. 1991). During phage assembly,
these coat proteins are present as intermediates in the inner membrane of
E. coli (reviewed in RusseL 1991), with their NH,-termini exposed to the
periplasmic space. The budding phage then coats 1its DNA with these
proteins waiting in the membrane. Consequently, any protein folding of
fusion proteins consisting of NH,-terminal antibody fragments and COOH-
terminal phage coat proteins would take place in the periplasm, but while
anchored to the inner membrane via the COOH-terminal membrane
domain. Therefore, the same kind of fragments which correctly assemble 1n
the periplasm can also ultimately be displayed on filamentous phage, with
important applications in affinity screening of libraries. This has the 1m-
portant consequence of coupling genotype (the antibody gene on packaged
phagemid) and phenotype (the displayed antibody fragment). Such ex-
periments have been carried out with both Fab and single chain Fv frag-
ments (McCAFrFERTY et al. 1990; BArBAS et al. 1991; CrLackson et al. 1991;
BREITLING et al. 1991: MARkS et al. 1991: KANG et al. 199]1; CHANG et al.
1991: HooGENBOOM et al. 1991; GARRARD et al. 1991; Gram et al. 1992;
BarBas et al. 1992a) and will be discussed 1n more detail elsewhere in this
volume. It is occasionally surmised that this process will automatically select
for ethicient folding and thus expression. However, while extremely poor
expression will undoubtedly be selected against, 1t 1s unclear to what degree,
at the extremely low expression levels of the minor phage coat proteins,
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small differences in aggregation tendency of the displayed antibody frag-
ment would be apparent.

The use of filamentous phage 1n antibody libraries must be contrasted
with the use of phage 4 (Husk et al. 1989). In this case, the phage only
delivers the DNA to the E. coli cell. In the A phage genome, a plasmid
constructed according to the principles laid out by SKERRA and PLUCKTHUN
(1988) and BETTER et al. (1988), 1s incorporated. Since production of viable
phage would severely interfere with protein production (which of course
requires healthy cells), the plasmid must be rescued after library formation
before usetul production 1s possible.

The display of proteins on the surtace of E. coli has been described as
well (Francisco et al. 1992, 1993; KLAUSER et al. 1992; FucHs et al. 1991),
but as of yet no work with libraries has been reported. It remains to be seen

how such screening methods would compare to the screening of filamentous
phage libraries.

I1I. Description of the Secretion Process

At room temperature, a major portion ot the Fv fragments and a significant
fraction of the Fab fragments investigated in detail (SKERRA and PLUCKTHUN
1991; KnappIK et al. 1993, unpublished) go to the native state (Fig. 3), but it
Is now clear that this portion crucially depends on the primary sequence
of the vaniable domains. It was shown that the antibody fragments are
processed correctly, contain their disulfide bonds, assemble to heterodimers
and bind antigen with the same affinity as the normal antibody (SKERRA and
PLUCKTHUN 1988). The two chains of the Fv or Fab fragment therefore find
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Fig. 3a—f. Monovalent fragments of antibodies functionally expressed in E. coli. a
Fab fragment; b Fv fragment; ¢ disulfide-linked Fv fragment; d single chain Fv
fragment with the orientation Vy-linker-V,; e single chain Fv fragment with the
orientation V| -linker-Vy;; f Fv fragment which has been stabilized by chemical cross-
linking after purification. (See GLOCKSHUBER et al. 1990a)
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each other even if they are not covalently linked, as they do in eukaryotes.
This has now been demonstrated for a variety of Fv fragments (see, e.g.,
SKERRA and PLUCKTHUN 1988; WARD et al. 1989; GLOCKSHUBER et al. 1991;
McMaNus and RIECHMANN 1991; ANTHONY et al. 1992; STEMMER et al.
1993a) and Fab fragments (see, ¢.g., BETTER et al. 1988; PLUCKTHUN and
SKERRA 1989; ANAND et al. 1991a; CARTER et al. 1992: BArBAS et al. 1992b:;
BETTER et al. 1993), demonstrating the generality of the method. In con-
clusion, the antibody binding site of the fragments produced in bacteria
is functionally identical to the natural antibody (see also Sect. 1). Low
bacterial growth temperature 1s the most efficient method to minimize peri-
plasmic aggregation and maximize the yield of folded antibody protein
(SKERRA and PLUCKTHUN 1991; KNapPPIK et al. 1993). This may have to do
with the stability of folding intermediates and the rate of protein bio-
synthesis or secretion, both of which are functions of temperature, but the
relative importance of these phenomena is not yet clear.

From an investigation of the limiting step in the process of secreting
antibody fragments, it was concluded (SKERRA and PLUCKTHUN 1991) that, if
a vector with strong transcription and translation initiation signals is used, it
1s periplasmic folding and/or assembly which limits the level of functional
expression. During antibody folding, the insoluble periplasmic protein is
formed as a by-product, presumably via the aggregation of an intermediate.
This conclusion was arrived at as follows: With increasing promoter strength,
the amount of correctly folded antibody does not increase significantly. The
insoluble, correctly processed antibody protein increases, and only at the
highest promoter strength is there a significant sign of precursor. This
insoluble protein was shown, at least in one case (GLOCKSHUBER et al. 1992),
to be accessible to externally added proteases after producing spheroblasts
under conditions in which soluble cytoplasmic precursor was not degraded.
One may conclude that the signal sequence 1s cleaved off and that part of
the protein folds correctly to produce fully functional antibody fragments,
although some part of it does not achieve the native state and instead
aggregates and precipitates (Fig. 1).

In the antibody McPC603 (PERLMUTTER et al. 1984; PLUCKTHUN 1993a),
the Fv and Fab fragments are produced at about similar amounts on the
ribosome from the same vector, and the total amount of protein produced is
comparable (SKERRA and PLUCKTHUN 1991; KnaPPIK et al. 1993). However,
the amount of functional protein is greater for the Fv fragment. This finding
has suggested that particular folding problems in the Cyl or C; domains
may be responsible for the less etficient folding of the Fab fragment.
Alternatively, the presence of the constant domains may just potentiate
tfolding problems 1n the variable domains. There is evidence supporting the
latter view, as different variable domains in the same Fab vector fold in
different proportions (KNApPPIK and PLUCKTHUN, unpublished). This pheno-
menon may be masked if an Fv fragment is particularly prone to proteolysis
(SCHWEDER and PLUCKTHUN, unpublished).
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While protein folding 1s an exergonic and spontaneous reaction, it is
now clear that proteins exist which guide this process to prevent the side
reaction of aggregation (JAENICKE 1993). No general periplasmic molecular
chaperone has been unambiguously identified at this time (see, ¢.g., PUGSLEY
1993). There is no evidence, nor is it likely, that cytoplasmic molecular
chaperones such as GroEL or DnaK (JAENICKE 1993) have any direct
influence on periplasmic protein folding processes. They may, however, help
the assembly of phage particles displaying the antibody under certain con-
ditions (SODERLIND et al. 1993), and phages are known to require chaperone
assistance in their assembly (ZEILSTRA-RYALLS et al. 1991), but there is no
evidence to suggest that the chaperone mfluences antibody folding. Cyto-
plasmic chaperones may have an indirect effect on cell stability.

IV. The Role of Periplasmic Protein Folding

There 1s great variation 1n the literature about the reported efficiency of the
secretory expression method for antibodies. This fact has to do with vari-
ations among vectors, procedures and quantification and the use of different
fragments of antibodies varying in sequence. While the problem 1s far from
being understood and still further from being solved, enough experiments
have now been carried out to at least attempt some kind of correlation.
From a variety of experiments (CARTER et al. 1992; KnAppPIK and
PLUckTHUN, unpublished), evidence is accumulating that the primary se-

cytoplasm periplasm

periplasmic
Cytaplajmfc mIl mIz —ii- m13 E— N
chaperone f
8 pU : ph ph aggregation,

degradation

degradation,
aggregation

Fig. 4. Hypothetical folding pathway of a secreted protein. The protein is made on
the ribosome as an unfolded precursor (pU) and probably kept in a transport-
competent state (pl;) by association with an as yet unidentified cytoplasmic factor
(chaperone). This factor presumably prevents premature folding. It is unknown
whether a fraction of the protein is degraded on its way to the membrane. After
transport, the signal sequence is cleaved to give the mature folding intermediate m/,,
which must then fold via other hypothetical intermediates (m/l,, mli;) to the native
state N. During periplasmic folding, as yet unidentified periplasmic chaperones may
act on the protein, and the disulfide forming activity DsbA acts on the antibody. It is
unknown whether the resident proline cis-trans isomerase (rotamase) acts on the
antibody. Overexpression of rotamase and DsbA do not seem to change the amount
going to N, and thus the diversion to aggregates appears to happen before these
steps, or at least to be independent of their extent
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quence of the antibody plays a decisive role. The primary sequence of the
antibody determines the critical partitioning of the protein intermediates
(presumably after transport) between folding to the native structure, aggre-
gation and degradation (Fig. 4). This deduction requires constructs to be
compared with each other which differ in nothing else but the primary
sequence, i.e., the same type of fragments (Fab, Fv, single chain Fv) in
exactly the same vector. As a case in point, an Fab fragment of a humanized
antibody gave much more favorable (10- to 50-fold) partitioning between
folding and aggregation than the chimerized version of the same molecule
containing the mouse variable domains (CARTER et al. 1992).

Other antibody fragments may conceivably be prone to proteolysis and
thus not reach the expression limit possible by folding. In poorly designed
vectors, 1t may of course also be possible that other steps, such as transcrip-
tion or translation, are himiting and expression is so low that insoluble
protein 1s never seen. In low expression systems, it is thus possible that an
improvement of these processes will increase the overall yield of folded
protein (STEMMER ct al. 1993a). It should be gencerally feasible, however. to
reach the limit set by protein folding with suitable vectors (see below and,
e.g2., SKERRA and PLUCKTHUN 1991), and it was shown that with such vector
systems the antibody protein can be one of the most prominent soluble
proteins in the cell, if it has a sequence and structure which allows efficient
folding (KNAPPIK and PLUCKTHUN, unpublished; CARTER et al. 1992).

V. Catalysis of Pefiplasmic Protein Folding

1. Disulfide Bond Formation

The observed difference in folding between the Fv and the Fab fragment
of the same antibody (SKErRrRA and PLUcKTHUN 1991) led to the question
of whether particular structural features in the constant domains can be
delineated which might be responsible for this difterence, perhaps by leading
to particularly slow folding steps of the Fab tragment. Two types of slow
processes in protein tolding have been discovered which can be pinpointed
to particular chemical events (FiscHErR and ScHMID 1990): proline cis-trans
isomerization and disulfide formation and isomerization. It 1s now clear,
however, that these are not the only slow events and that noncovalent
rearrangements of the protein during folding, once the protein has already
attained a native-like structure, can be slower still and thus can be rate deter-
mining. Unfortunately, the rate determining step for most antibody frag-
ments 1s not known and, again, may well depend on the primary sequence.

The importance of proline cis-trans 1somerization and disulhde 1som-
erization can be tested by mutagenesis experiments and by catalysis with
specific proteins 1n vitro and in vivo. Such experiments have been carried
out with different fragments of the antibody McPC603 (SKErRrRA and PLUCK-
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Fig. 5. Cysteine residues and cis-peptide bonds adjacent to proline residues in the
Fab fragment of the antibody McPC603, a mouse IgA

THUN 1991; KNAPPIK et al. 1993) in E. coli and a single chain Fv-toxin fusion
protein in vitro (BUCHNER et al. 1992a).

The Fab fragment of McPC603, a mouse IgA, carries five disulfide
bonds (SAtrow et al. 1986). One consensus S-S bond is present in each
domain linking the two f-sheets, and there is an extra one in Cy1, which is a
feature of mouse IgA (Satow et al. 1986; CockLE and YouNnG 1985) (Fig. 5).
Removing this additional disulfide creates an Fab fragment which is fully
functional but i1s not obtained at significantly higher yield (SKERrRA and
PLUCKTHUN 1991), although the removal of two cysteines might at first be
expected to diminish the possibilities for incorrect disulfide linkages. The
light chain of this Fab ends in a free cysteine probably linked to the other
Fab in the mouse IgA (ABEL and GREY 1968), but similarly, its removal does
not change the partitioning of Fab between folded and aggregated protein.
If the Cyl domain of an Ig(G1 is introduced instead of the Cy;1 of the mouse
IgA, a covalent link is obtained between H and L, yet again at about the
same level of correctly assembled protein. These data are consistent with
the idea that disulfide formation does not limit the periplasmic folding
process.

The formation of disulfide bonds is known to occur in the bacterial

periplasm (PoLLitt and ZALkIN 1983) (Fig. 4), and recently an enzymatic
system has been discovered which is responsible for it (BARDWELL et al.
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1991, 1993; KaAMITANI et al. 1992). Briefly, the protein DsbA, itself con-
taining a reversibly opening disulfide bond, is involved in the formation and
perhaps rearrangement of disulfide bonds of the proteins to be folded after
they have reached the periplasmic space. There has been some debate about
whether disulfide rearrangement involving stable intermediates (as opposed
to the serial formation of only correct disulfide bonds) is a physiologically
relevant reaction (CREIGHTON 1978; WEISSMAN and KIM 1991; GOLDENBERG
1992). In the best investigated case in vitro, that of the bovine pancreatic
trypsin inhibitor BPTI, disulfide formation occurs in a very late state of
folding, after the tertiary fold is essentially complete (WEeissMAN and Kim
1991).

In the case of the antibody domains, the mechanistic details of disulfide
formation have remained unclear. In their natural environment (the B
cell or plasma cell) antibodies develop disulfide links in the endoplasmic
reticulum (BERGMANN and KueHL 1979), catalyzed by the eukaryotic disul-
fide isomerase (FREEDMAN et al. 1989). The conserved intradomain disulfide,
however, 1s completely buried, and 1t seems that 1ts formation must occur at
an early step 1n folding.

Using a dsbA~ deletion mutant, no formation of Fv fragment could be
observed in the bacterial periplasm (KNappik et al. 1993). Fv formation
could, however, be restored by plasmid-encoded DsbA. These experiments
show that bacterial DsbA takes part in the formation of active Fv fragment,
and is required for this assembly.

An obvious question was therefore whether the overexpression of DsbA
would increase the amount of active Fv, single chain Fv (scFv) or Fab
fragment. For the antibody McPC603, for which such an experiment was
carried out, the answer was negative (KNAPPIK et al. 1993). This is consistent
with the results from the experiments on removing disulfides by mutagenesis
(SKERRA and PLUCKTHUN 1991), and it suggests that aggregation of the peri-
plasmic protein occurs either before disulfide formation or 1s at least inde-
pendent of its extent. This experiment does not, however, automatically
lead to the generalization that disulfide formation may never be limiting for
any fragments or fusion protein. There might conceivably be cases in which
overexpression of a disulfide formation catalyst and/or the inclusion of redox
couples (i1.e., reduced and oxidized glutathione at various proportions)
might make a difference. However, in the investigated cases, the aggregation
phenomena seemed to be independent of the extent of disulfide formation
and perhaps to precede it (Fig. 4).

In vitro, a strong dependence of folding rates and yields on disulfide
formation has been seen for antibody folding (HABER 1964; Roweg and
TANFORD 1973; Roweg 1976; Goro and HAamAGucHI 1979, 1982, 1986; Gorto
et al. 1988; Huston et al. 1991; BUcCHNER et al. 1992a.b; BUCHNER and
RubporLpH 1991). Nevertheless, different scFv fragments seemed to show
rather different requirements for the type of oxidative folding: the method
most frequently used for disulfide containing proteins, simultaneous oxida-
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tion and refolding (by dilution from denaturant into a buffer containing a
redox couple) with or without prior formation of mixed disulfides, was not
always successful (summarized in Huston et al. 1991). Some antibody Fv
and scFv fragments require oxidative formation of disulfide bonds already in
the completely denatured state, suggesting problems with accessibility of the
cysteines (HocHMAN et al. 1976; GLOCKSHUBER et al. 1992).

In conclusion, the conserved disulfides of the variable domains, which
are important for structural integrity (GLOCKSHUBER et al. 1992), can be
formed in vitro and in vivo (in eukaryotes and bacteria) and they do not
seem to constitute the reason for the amount of aggregation which may
accompany antibody expression in bacteria.

2. Proline cis-trans Isomerization

Another reaction which can be the slow step 1n protein folding 1s proline cis-
trans isomerization (BRANDTS et al. 1975). The peptide bond contains partial
double-bond character and thus presents a significant barrier to rotation.
Two stable configurations exist, but for all amino acids except proline, the
trans configuration (labeled with respect to the two C, atoms) avoids steric
crowding, whereas for proline, the difference is marginal (summarized in
STEWART et al. 1990). Proline cis-trans 1somerization can be a slow step of
protein folding in vivo, even of antibody domains (Goro and HAMAGUCHI
1982; LANG and ScHMID 1988; BUCHNER et al. 1992a). However, even for
very slow folding proteins containing cis prolines, there may be packing
rearrangements that occur still more slowly than proline cis-trans 1Isomeriza-
tion and thus constitute the rate-determining steps.

There are two unrelated, ubiquitous classes of proteins with proline-cis-
trans 1somerase activity (FiscHErR and ScHmiD 1990; TRANDINH et al. 1992).
So far, actual demonstration of their involvement in folding in vivo 1s still
lacking, but their acceleration of folding in vitro has been demonstrated for
numerous substrate proteins. E. coli has two such enzymes, one in the
cytoplasm, and one in the periplasm (Liu and WaLsH 1990; HAyANoO et al.
1991).

Antibodies contain cis prolines both in their constant and in their vari-
able domains (Fig. 5). In the particular case of the Fab fragment of the
mouse [gA McPC603, there are five of them (SAtow et al. 1986) (two in V.
at L8 and L101, one in C; at L147 and two in Cyl at H143 and H155).
Thus, the Fv tragment would contain two cis bonds and the Fab fragment all
five. The observation that the Fab fragment and the Fv fragment of the
same antibody fold to various efficiencies in the periplasm, whereas they are
produced in about the same amount on the ribosome, made it worthwhile to
test proline cis-trans i1somerization as a possible cause for the different
behavior of Fv and Fab fragments.

For this purpose, a loop in the Cyl domain at the opposite end of the
molecule from the binding site was altered from its wild-type sequence
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(containing two trans-prolines and one cis-proline) to a loop containing only
1 trans-proline, but without dramatic effect on periplasmic folding (SKERRA
and PLUCKTHUN 1991). Since the putative cause of aggregation might be in
any of the cis-prolines, the E. coli periplasmic proline cis-trans isomerase
was also overexpressed together with the Fv fragment, or both versions of
the scFv fragment (Vy-linker-V and V| -linker-Vy;) or the Fab fragment
(KNnarppIK et al. 1993). There was no effect on the yield of folded protein,
with the possible exception of one of the scFv fragments. In this particular
case, V. was preceded by the linker and perhaps isomerization of the
peptide bond at L8 was sterically more hindered than in any other fragment.
Nevertheless, there 1s no evidence that proline cis-frans isomerization has a
limiting role on the folding of these antibody fragments in E. coli. This
conclusion is also not changed by overexpressing E. coli disulfide i1somerase

DsbA together with proline cis-trans isomerase (KNAPPIK et al. 1993).
It appears therefore that neither proline cis-trans 1somerization nor

disulfide isomerization can be held responsible for the absence of quanti-
tative folding of antibody fragments in the bacterial periplasm. Rather,
aggregation events which occur before these reactions or are at least in-
dependent of their extent appear to be the cause (Fig. 4). Nevertheless,
periplasmic functional expression 1s possible and provides a fast, convenient
and versatile method to directly obtain folded antibody in quantities suf-
ficient for essentially any experiments, up to grams per liter in fermentation

(CARTER et al. 1992).

VI. Design of Secretion Vectors

The previous discussion has emphasized that it is the periplasmic folding
process which appears to limit the expression level of functional antibody
protein. Therefore, it 1s not necessarily useful to choose as high an expres-
sion level as possible. Instead, it 1s crucial that expression is under the
control of a repressible promoter, since secretion (or the concomitant
production of some insoluble periplasmic protein) appears to stressful
for the cells, which may respond with poor growth, plasmid loss, and, in
extreme cases (observed for a single chain T cell receptor; WULFING and
PLUOCKTHUN, unpublished), complete rearrangement of plasmids. Many
different antibody secretion vectors have been designed by now, but they all
essentially follow the principles laid out by SKERrRA and PLUCKTHUN (1988)
and BETTER et al. (1988). Phages use the E. coli machinery to make pro-
teins in just the same way. Therefore, they must contain similar expression
cassettes. This i1s true for phage 4, in which the phage is merely used for
transfecting the genetic information efficiently, and for filamentous phages
(see above), in which a fusion protein 1s made from the antibody and a coat
protein, using periplasmic secretion as an intermediate.

In a walk around the vector (Fig. 6), the considerations leading to the
choice of promoter of the recombinant .immunoglobulin will be discussed
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Fig. 6A,B. Secretion vectors for antibody expression in E. coli. As an example, a
series of improved vectors suitable for expressing single chain Fv (scFv) Fv and Fab
fragments 1s shown (L. GE, A. KNnaprPik and A. PLUCKTHUN, unpublished). These
vectors incorporate restriction sites within the antibody gene for convenient PCR
cloning and cassettes for detection, purification and phage display. |

A The design 1s very modular, allowing easy exchange of antibiotic resistance,
the fragment of the antibody and the A and B cassettes.

The A cassette contains a bacterial signal sequence, directly fused to the mature
antibody part or preceded by only three additional Flag amino acids, Wthh can be
detected with extremely high specificity and sensitivity using a Ca’ "-dependent
antibody (KNAPPIK et al., unpublished) using a much shorter epitope than originally
presumed to be necessary (PrRICKETT et al. 1989).

The B cassette may be used to introduce a COOH-terminal purification or
detection tag, to fuse a hinge and helix for dimerization, to fuse a phage gene for
surface display or an enzyme for easy detection of the antibody.

PCR of antibody genes can be carried out with primers carrying extensions using
EcoRI and EcoRYV sites, which are both rare in antibody sequences.

B The schematic arrangement of genes for functional expression. Since in this
case both chains of the antibody must be secreted to the same periplasmic space to
assemble, they must either be produced as two different secreted protein chains in
the same cell (a,b) or they must be linked via a peptide linker (c¢,d). It is advan-
tageous to express the independent chains of the Fab fragment (a) or the Fv
fragment (b) in a dicistronic operon (a,b), as discussed in the text. Two different
orientation of the scFv fragment are shown which have both been shown to function

(c,d). p/o denotes a promoter/operator structure; SD, a Shine-Dalgarno sequence;
and term, a transcription terminator

first. While it should be strong, it needs to be, first and foremost, very
tightly regulated. Two natural promoters have proven to be particularly
useful in this respect, the first being the lac promoter, which 1s regulated not
only by the lac inducer IPTG, but also by glucose (BECKwITH and ZIPSER
1970). The second is the phoA promoter (WANNER 1987), which is turned
off in the presence of phosphate. The latter 1s more usetul in reproducible
fermentations, but perhaps less so on a laboratory scale, since the initial
phosphate must be precisely calculated to run out at a particular point. A
third system, which is completely tight and has been shown to be usetul for
T cell receptor expression, 1s that of invertible promotors (WULFING and
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PLUOCKTHUN, 1993; PopHAJSKA et al. 1985), using phage A integrase for
inverting a cassette in which any promotor can be placed.

Less suitable are promoters such as pL. when coupled with the ther-
molabile cI857 repressor, since they have to be induced at high tempera-
tures. This is counterproductive with regard to correct folding (CoLCHER
et al. 1990; GiBBs et al. 1991), which occurs more efficiently at low tempera-
ture (TAKAGI et al. 1988; GLOCKSHUBER ¢t al. 1990a; SKERRA and PLUCKTHUN
1991), and it requires that the temperature is shifted back to room tempera-

ture in the expression phase.
The translation 1nitiation region is usually taken from a well expressed

protein and it might be taken from the same bacterial gene as the signal
sequence. The principle of a mini-cistron preceding the actual antibody gene
or genes, themselves arranged in two cistrons 1n the case of an Fab or Fv
fragment, has been found useful (SKERRA et al. 1991; ScHONER et al. 1990).
Despite intensive research (summarized in McCARTHY and GUALERzI 1990),
there 1s still only incomplete rational understanding of efficient translation
initiation, especially the positive or negative etfect played by secondary
structure of the mRNA, which on the one hand prevents translation and on
the other hand protects the mRNA from degradation (see, €.g2., EHRETSMANN
et al. 1992). Therefore, pragmatic approaches using well expressed E. coli
genes as a framework still prevail. At low expression levels transcription and
translation may be limiting (STEMMER et al. 1993a).

The signal sequence directs the antibody protein to the periplasmic
space. There 1s no evidence that there are particular signal sequences which
can direct the antibody protein to the medium; it appears rather that the
outer membrane becomes leaky due to the mature antibody protein.
Eukaryotic signal sequences often work successfully in bacteria, but the
original heavy chain signal sequence of the antibody T15 failed in E. coli
(SKERRA and PLUCKTHUN 1991), probably because it cannot be cleaved
properly due to its cysteine residue at the —1 position. Among bacterial
signal sequences used successfully are those of the bacterial outer membrane
protein A (ompA), alkaline phosphatase (phoA) and pectate lyase of Erwinia
carotovora (pelB). The latter tolerates a sequence change, in which a very
rare restriction site can be introduced, useful for PCR cloning (see below).

Beckwith and coworkers made the remarkable observation that a small
amount of secretion to the periplasm of some proteins is detectable even if
no signal sequence at all i1s used, especially in a prlA strain of E. coli
(DERMAN et al. 1993). It remains to be investigated whether the observation
of some amount of functional Fab, expressed without signal sequence in E.
coli (CABILLY 1989), is related to this phenomenon.

For efficient secretion, the antibody gene must surely be fused precisely
to a bacterial signal sequence. In the case of a scFv fragment, both domains
making up the binding site are connected in a single protein (Figs. 3, 6, 7).
In the case of Fv fragments and Fab fragments, however, both chains are
unconnected. The most efficient way to guarantee coexpression and cose-
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Fig. 7. A single chain Fv (scFv) fragment containing a histidine tail for purification
with immobilized metal affinity chromatography. The linker 1s drawn very sche-
matically, as it is now known to have no defined structure. (For details, see FREUND
et al. 1993; see text)

cretion of both chains has been to design an aritificial operon, in which
both genes, each fused to its signal sequence, are encoded in tandem on a
single mRNA (SKeErRrRA and PLUCKTHUN 1988; BETTER et al. 1988) (Fig. 6).
This way, simultaneous folding of heavy and lght chains can occur in the
periplasm. There 1s no indication that there 1s a higher kinetic barrier to
association of Vi and Vi 1n an unlinked Fv fragment than in a sckv frag-
ment, as evidenced by the similar expression yields (GLOCKSHUBER ¢t al.
1990a). However, at equilibrium, some Fv fragments show significant
dissociation into Vy; and V; which 1s of course concentration dependent (see
below).

For protein production, the original dicistronic approach (Fig. 6) (SKERrRrA
and PrUockrinunN 1988; Berrer et al. 1988) still seems to be the most ad-
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vantageous, as only one promoter needs to be tightly regulated and only one
plasmid needs to be maintained at high copy number. Nevertheless, other
approaches have now been used as well. A two-promoter system has been
used in a phage vector (BARBAS et al. 1991), as have been two-plasmid based
systems (CoLLET et al. 1992). These vector systems may add versatility to
combinatorial libraries, but they will also add complications in stable pro-
duction systems.

The mRNA ends at a transcription terminator, and there is evidence
that efficient termination also protects the mRNA against exonucleolytic
degradation (Berasco and HiGGINs 1988 and references therein). Other
clements of the plasmid include an antibiotic resistance, which, despite
being a standard procedure, 1s worth a comment. The periplasmic leakiness
induced by the antibody can lead to massive amounts of f-lactamase in the
medium, degrading the antibiotic and making it possible for plasmid-free
cells to grow (PLUCKTHUN and SKERrRA 1989). It is therefore better to resort
to other antibiotics in prolonged growth experiments and fermentation, such
as kanamycin or tetracycline. The origin of the expression plasmids based on
the pUC series will give a high copy number (YANISCH-PERRON et al. 1985),
but only at high temperature, and at room temperature, it falls below
pBR322 (LiN-CHAO et al. 1992). Both for mutagenesis purposes and phage

display (see below) an origin for a filamentous phage on the plasmid is
useful (Fig. 6).

VII. Fermentation

Two reasons make 1t worthwhile to discuss the fermentation of bacteria
producing antibodies in this context. First, the most efficient method to
increase the amount of folded antibody per volume 1s by producing more
cells, if the amount produced per cell 1s limited. Second, the fermenter
allows for more caretul control of the growth conditions. This is not only
crucial for reproducibility, but also helps in understanding the physiology of
the process.

An unexpected observation was the lack ot periplasmic leakiness under
fed-batch fermentation conditions (PAck et al. 1993). One possible expla-
nation might be the artificially slowed growth in the fed-batch process, which
might lead to a higher degree of cross-linking of the peptidoglycan cell wall
(PARk 1987) and thus to a greater stability of the cell. Alternatively, the
defined medium may be lacking a leakiness-inducing component. It was
found to be crucial to use tightly regulated promoters (CARTER et al. 1992;
BETTER et al. 1993; Pack et al. 1993), since otherwise plasmid loss 1s observed
during cultivation. Before induction, nitrogen levels stay constant, indicating
a metabolic balance of the repressed cells. After induction, this balance 1is
lost, demonstrating the stress that antibody secretion constitutes for the
bacterial cell. This stress appears to be dependent on the particular antibody
sequence (KNnappik and PLUCKTHUN, unpublished).
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Fermentation now allows the production of functional antibody frag-
ments (depending on the fragment and its sequence) with yields between
100mg and 1g per liter E. coli culture (CARTER et al. 1992; BETTER et al.
1993; PAck et al. 1993), demonstrating the general utility of the bacterial
secretion technology.

VIII. Cloning Antibodies by Polymerase Chain Reaction

The availability of a large number of antibody sequences obtained by con-
ventional cloning and the advent of PCR made it possible to define con-
sensus primers to amplify antibody sequences (reviewed in LARRICK et al.
1992). PCR amplification of mRNA after reverse transcription and the
amplification of rearranged V-D-J heavy chain or V-J light chain genes
have been described (reviewed in ILARRICK et al. 1992; HooGENBOOM et al.
1992).

The “COOH-terminal” primers (reading toward the 5’ end of the RNA)'
are not a problem: all constant domain sequences of mice and humans are
known, and precisely matching primers can be made to amplify mRNA.
Together with appropriate “NH,-terminal” primers (reading towards the 3’
end of the mRNA)' sequences encoding the Fab fragment can be amplified.
Alternatively, primers located in the J region (also completely known) can
be used as the COOH-terminal primers. To amplify genomic V genes,
different COOH-terminal primers have to be used for hybridizing at the end
of the V genes (ToMLINSON et al. 1992). The NH,-terminal primer can be
located at the very beginning of the mature region of the V gene (ORLANDI
et al. 1989; Sastry et al. 1989). Alternatively, primers hybridizing to the
signal sequence have been used successfully (JoNes and BEnDIG 1991) for
amplifying mRNA. While the latter strategy conserves the NH,-terminus of
the mature gene, it requires an additional PCR step to introduce the gene
into the bacterial expression vector and has been used mostly with eukaryotic
expression vectors, and is less suitable for library construction.

The former method of PCR amplification may change the identity of the
amino acids at the very beginning of the gene, since one of the primer-
encoded sequences will be obtained by necessity. One may, however, con-
vert these residues to any consensus sequence or to an experimentally
determined protein sequence in a second round of PCR amplification or
site-directed mutagenesis.

Most conveniently, the PCR product 1s cloned directly into the expres-
sion vector or phage display vector. This may be achieved by directly
extending the PCR primers to include an “overhang” encoding a restriction
site plus some extra bases to ensure cutting of the restriction enzyme close

' Winter and coworkers (see, e.g., HOOGENBOOM et al. 1992) have used a different
nomenclature, in that the primer reading toward the 5’ end of the mRNA is called
“torward,” whereas the one priming synthesis toward the 3’ end is called “back.”
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to the end of the PCR fragment. Alternatively, a short precise primer can be
used first to amplify the eukaryotic DNA or cDNA to eliminate any false
priming by the overhang; a second round of amplification is then used to
introduce the restriction site.

A variety of methods for introducing the PCR products into the vector,
e.g. a bacterial secretion vector (Fig. 6), have been used. Many variations
on this theme are possible, depending on whether bacterial secretion vectors,
vectors for inclusion body formation, eukaryotic cDNA based vectors or

eukaryotic genomic based vectors are to be used for receiving the PCR
products.

I1X. Purification

Purification of whole antibodies has usually relied on classical chromato-
eraphy, antigen affinity chromatography or affinity chromatography using
bacterial immunoglobulin-binding proteins such as staphylococcal proteins
A, B, G or L (for summaries see BoyLE 1990; BoyLE and RE1s 1987; FAUL-
MANN et al. 1991; NiLson et al. 1992). However, the usefulness of this
strategy for Fv or scFv fragments 1s fairly limited, as the bacternal proteins
bind mostly to constant domains and only a tew subgroups ot V domains are
recognized (INGANAS et al. 1980; NiLsoN et al. 1992).

However, using atfinity tails, any fragment can now be purified by
rather convenient and reproducible procedures, and this technology can be
carried out on a very large scale. The most convenient strategy is probably
the use of a stretch of histidines at the COOH-terminus (SKERRA et al. 1991;
LiNDNER et al. 1992) (Fig. 7). This has been successfully tested with a scFv
fragment of the form Vy-linker-V, -His-5, with a V| domain (V| -His-5) and
also with an Fab fragment, in which the His-5 tail was fused to Cyl. Since
the heavy chain 1s practicably insoluble if not paired with a light chain, this
amounts to a purification of assembled Fab fragments (KNAPPIK et al.,
unpublished) even though the two chains are not covalently linked. In the
mouse x Vi domain, the last two amino acids, Arg-Ala (numbers 108
and 109 according to Kabat), were replaced by histidines and only three
additional His residues had to be added to the end. X-ray crystallography
showed that this had no influence on the structure of the V, domain
(LINDNER et al. 1992).

Recent developments with immobilized metal ion affinity chromato-
graphy (IMAC) now also include a convenient detection system: by com-
bining the metal ligand nitrilotriacetic acid (NTA) with biotin, the His-5 or
His-6 containing protein can be detected in Western blots using phosphatase-
labeled avidin (HocHuLl and Piesecki 1992). Furthermore, the tail can also
be used for obtaining a pseudocovalent binding: using Co*" as the metal
bound to NTA, which 1s attached to a solid support, the protein can be
adsorbed. A later oxidation of Co*" to Co’" makes it exchange-inert,
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~ thereby eftectively “‘covalently”” binding the protein to a solid surface in a
predetermined orientation with the binding site still intact (SMITH et al.
1992),

A whole number of different atfinity tags have been suggested for
detection and purification, such as an epitope of the myc protein (EvaN et
al. 1985; MuNro and PELHAM 1986; WARD et al. 1989), a Ca*"-dependent
epitope useful both at the NH,-terminal and the COOH-terminus (WELS et
al. 1992a; PrickerT et al. 1989; KNnAprpik and PLUCKTHUN, unpublished), a
peptide biotinylated in vivo in E. coli (MULLER and PLUCKTHUN, unpub-
lished; WEIss, personal communication), peptides binding to streptavidin
(DEVLIN et al. 1990; ScHMIDT and SKERRA 1993), or epitopes encoded in the
linker of a scFv fragment (BREITLING et al. 1991), but scale-up would be
more costly than with the metal atfinity procedure. Nevertheless, for detec-
tion purposes, these tags can be usetul. For example, only three additional
amino acids, Asp-Tyr-Lys, fused to the NH,-terminal Asp residue of the
V. domain are sufficient to specifically detect the protein (KNAPPIK and
PLUCKTHUN, unpublished) with a specific antibody (Fig. 6). In the case of
novel types of constructs or new antibody-like domains, it may also be
useful to test the integrity of the protein with the simultaneous use of an
NH,-terminal and a COOH-terminal tag sequence, which has been shown to
be possible with scFv fragments (GE et al., unpublished).

C. Expression of Antibody Fragments as Inclusion Bodies

The production of antibody proteins as cytoplasmic inclusion bodies in E.
colt 1s also possible, and 1t does not differ greatly from the production of
other recombinant proteins by this method. This was the strategy used in the
first reports about expressing antibodies in E. coli (Boss et al. 1984; CABILLY
ct al. 1984). All types of antibody fragments (Fab, Fv, scFv and even the
chains for the whole antibody) have since been produced this way (see, e.g.,
Boss et al. 1984; CaBILLY et al. 1984; Woop et al. 1984; BIrRD et al. 1988:
Huston et al. 1988; FIELD et al. 1989; PANTOLIANO et al. 1991; CHEADLE
et al. 1992; FrReunD et al. 1993) and a variety of strains, plasmids and
promoters have been used. There are no apparent requirements for the
strain or expression system which would be specific for antibodies; any
established production strain for E. coli inclusion bodies and most inducible
strong promoters should be suitable. The use of the T7 system, as a parti-
cularly strong, but regulatable system, was found useful (see, ¢.g., HusTON
et al. 1991; FREUND et al. 1993). Fermentation of E. coli can also be carried
out according to established principles (summarized by RIESENBERG 1991).
Too little 1s currently known to predict the ability of different sequences
of form inclusion bodies (desired in this strategy) and their susceptibility
to proteases. Recombinant proteins occasionally show signs of some degra-
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dation, even when produced as inclusion bodies. The problem with anti-
bodies is that there i1s considerable variability in the sequence and not all
behavior observed for the antibodies tested so far may be generally valid.
It is, for example, not yet known whether protease 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, the inclusion body 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, 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 (CaBiLLy 1989), but it has not been completely characterized
in terms of the extent of its disulfide formation and stability.

Using secretion vectors, one may also 1solate that portion of the secreted
protein which precipitates after transport to the periplasm. This has been
described for scFv fragments (CoLcHER et al. 1990; Giss et al. 1991;
WHitLow and FiLepura 1991) and Fab fragments (SHIBuI et al. 1993). At
higher temperatures (37°C), the protein still can be transported, but folding
in the periplasm is often severely impaired, although apparently not for all
antibodies (CARTER et al. 1992). Therefore, a heat inducible promoter is
usually problematic for soluble expression and secretion, 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 proteases. Therefore,
some smaller antibody fragments may not reach the critical concentration
required for precipitation because of competition from proteolysis in the
cytoplasm. In the oxidizing mtlieu of the periplasm, some of the precipitated
protein has disulfide linkages (PANTOLIANO et al. 1991), but it is not known
what percentage of molecules has them and how many are correct. It is
likely that a direct comparison of the yield from refolding periplasmic and

cytoplasmic inclusion bodies depends on the exact vector constructions.
Cell growth, vector construction and inclusion body enrichment are

straightforward (as there are no obvious specific differences from other
recombinant proteins), but it should be noted that, if the protein is produced
without a signal sequence, the 5'-coding region is derived from the mature
eukaryotic protein, and not the prokaryotic 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
(Woobp et al. 1984). In one case, even additional amino acids had to be
fused to the heavy chain of the Fab fragment to obtain good inclusion body
formation (BucHNER and RuporpH 1991). However, in other cases the
inclusion body formation of a scFv fragment was found to be very efficient
and straightforward with a T7 based expression system (see, e.g., HUSTON et
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al. 1991; FREUND et al. 1993) but several other promoters have been used as
well.

Several research groups have established refolding protocols. Fab frag-
ments have been refolded at 10%—-40% yield (see, e.g., BUCHNER and
RuporpH 1991; SHIBUI et al. 1993), and scFv fragments have usually been
refolded at 10% —20% yield (see, e.g., HusToN et al. 1991; BUCHNER et al.
1992a,b; FREUND et al. 1993), in both cases with distinct variations due to
the primary sequence. After refolding, the protein must be purified again
and, especially, separated from incorrectly folded but perhaps soluble con-
taminating antibody protein (BUCHNER et al. 1992b). This is straightforward
if an antigen atfinity column 1s available, but it may require several steps of
conventional chromatography if this 1s not available. It is thus not un-
common to obtain a yield of only a few percent of purified refolded protein
(BUuCHNER et al. 1992b) relative to the protein initially present in the inclusion
body. In comparing the productiving of different E. coli strategies, it is
crucial to keep thts in mind.

‘What are the factors influencing the yield of in vitro refolding? Again,
the refolding of antibodies 1s not principally different from that of other
disulfide containing proteins (RupoLpH 1990). First and foremost, the disul-
fide formation must be kinetically catalyzed and thermodynamically allowed.
Using redox couples of reduced and oxidized glutathiones, concentrations of
1-2mM reduced and 0.1-0.2 mM oxidized glutathione have been found
useful (see, e.g., RubpoLpH 1990; BucHNER and RupoLprH 1991; HusToN et
al. 1991; BucHNER et al. 1992a,b; FREUND et al. 1993), but the optimum may
depend somewhat on the particular antibody (HustonN et al. 1991). These
conditions thermodynamically allow for formation of disulfide bonds,
even if they appear at first sight to be reducing conditions, since the redox
equilibrium of the protein disulfide bonds depends on the free energy of
the folded protein, which stabilizes the oxidized form with respect to free
cystine. Because of the importance of disulfide formation, it is useful to
carry out refolding at high pH in order to speed up the disulfide reactions,
since the reactive species i1s the thiolate anion. The aggregation of folding
intermediates 18 a severe problem and probably the single most important
side reaction lowering the yield in vitro and in vivo. Thus, rather low protein
concentrations have to be used, but the unfolded protein may be added to
the refolding mix in small portions since the folded protein has a much
higher solubility. Additionally, additives such as 1M arginine are often
found useful, as they appear to increase the solubility of intermediates
(RuborpH 1990). Too low a protein concentration may lead to gigantic
volumes and prevents chain association in heterodimeric Fab fragments.
Usually, refolding concentrations of 0.1-5mg/ml are found useful (see, e.g.,
BucHNER and RupoLpH 1991; HustON et al. 1991, 1993; BUCHNER et al.

1992a,b; FREUND et al. 1993).
The addition of molecular chaperones in vitro has been investigated

(BucHNER et al. 1992a), yet without dramatic effects, just as in vivo (KNAPPIK
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et al. 1993). Only very slight improvements in yield are seen, but the effort
of providing stoichiometric amounts of such proteins makes this approach
daunting on a technical scale.

All in all, in vitro refolding is a feasible strategy for a variety of antibody
fragments. Yet, it is more laborious than production by secretion. Secretion
is only now beginning to be optimized and, depending on the antibody
primary sequence, already often levels of 1g antibody per liter E. coli
(CARTER et al. 1992) can be achieved. Crucial sequence determinants are
beginning to be defined (KnaPPIK et al., unpublished). Therefore, if quantities
of folded protein similar to those found in inclusion bodies can be obtained
by secretion directly, it will always be the method of choice. If one parti-
cular antibody fragment needs to be produced routinely, however, optimizing
a refolding/purification scheme can be an attractive option. Additionally,
special applications such as the production of isotope-labeled proteins, as in
NMR studies (FREUND et al. 1993), may make use of in vitro refolding
because of the considerable expense of the label.

D. Antibody Fragments

Much of the preceding discussion on expression focused on protein folding
in vivo and in vitro. A recurring theme was to make the molecule smaller, 1n
the hope of increasing the yield of folding both in vitro and in vivo. It is
necessary, however, to clearly understand the implications of working with
small fragments of the antibody. Generally, working with smaller fragments
can be very advantageous (see below) for many applications, and certain
stability 1ssues can now be overcome.

One may first ask: why make the antibody smaller at all. In most
applications, binding the antigen is the central goal, and making the protein
smaller simply removes much competing protein surface leading to non-
specific reactions. In clinical applications, pharmacokinetics are an i1m-
portant issue. For instance, in tumor imaging experiments it 1s useful if the
background clears rapidly, and clearance i1s dependent on the molecular size
(CoLcHER et al. 1990; Yokobpa et al. 1992). Furthermore, smaller molecules
penetrate tumor tissue much more efficiently (Yokopa et al. 1992). It is
possible that smaller antibody fragments are per se less immunogenic, but as
of yet there have been no quantitative investigations. The issue ot antibody
antigenicity has been summarized by ADAIR (1992). Perhaps most attractive,
however, is the convenient accessibility of these small molecules by bacternal
expression technology.

All domains of the antibody have a function, of course, but in applying
antibodies in research, technology and medicine, binding the antigen is
frequently the only function used. All antigen contacting regions are within
Vu and V, and we must theretore also discuss which properties of the
antibody might be lost if fragments consisting just of Vy and V| are
used. For instance, the constant domains of the Fab fragment contribute to
stability in preventing the dissociation of Vi and V. However, V4 and V_
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can be linked covalently by a variety of methods (GLOCKSHUBER et al.
1990a), (see below). Many detection systems have relied on the constant
domains, using either antibodies directed against the C regions or bacterial
proteins which have an affinity for them (see Sect. B.IX). This problem can
also be circumvented by using a “‘tag’” sequence at the NH,-terminus (WELS
et al. 1992a), at the COOH-terminus (WARD et al. 1989) or in the linker of
an scFv fragment (BREITLING et al. 1991). Alternatively, in ELISA applica-
tions, the detection enzymes (e.g., alkaline phosphatase) can be fused
directly (WELs et al. 1992a), and in RIA applications, a metal binding
domain can be fused to the antibody fragment (SAwWYER et al. 1992).

The sugars of the Cy2 domains have often been used as a means of
covalently linking the antibody to other chemicals, proteins or solid sup-
ports, since modifications there do not disturb the antigen binding activity.
However, the same specific binding can be achieved with fragments not
carrying Cy2 domains or any sugars, for instance, by encoding an additional
cysteine at the end of the antibody fragment which can be selectively
derivatized with maleimide or iodoacetyl derivatives (see, ¢.g., BERRY et al.
1991; BerrY and DAvies 1992; CARrRTER et al. 1992; CuMBER et al. 1992;
Berry and PI1ErRCE 1993; McCARTNEY et al. 1993). This would be the only
free cysteine in the molecule, all others being normally involved in disulfide
bonds.

An additional feature of whole antibodies, which is lost in making
fragment, is bivalency; however, even this feature can be restored with small
fragments. Bivalent mini-antibodies (PACK and PLUCKTHUN 1992; PAcCK et al.
1993) have been designed (see below) which self-assemble in E. coli and
show the same avidity as a bivalent whole antibody, but have the size of
only one Fab fragment.

There are nonetheless antibody functions which are lost when not using
whole antibodies and for which no bacterial solutions have been reported
yet. The most important ones are the binding of the Fc part to the Fc
receptor (in the case of IgG, the receptors FcyRI, RII, and RIII), causing
antibody-dependent cellular cytotoxicity (ADCC), and the ability to bind
the complement factor Clq, the crucial step for complement activation
(reviewed in MORGAN and WEIGLE 1987; SEGAL 1990; ScCHUMAKER and PooN
1990; SHIN et al. 1992; MorrisoN 1992). Both of these functions need
antibody glycosylation, presumably for the structural integrity of the Cy2
region of the molecule, even if the sugars themselves are not directly
involved in the contact to the Fc receptor or Clg (DuNcAN and WINTER
1988; Tao and MoRrrIsON 1989; GILLIES and WESOLOWSKI 1990; LuND et al.
1990). It remains to be seen whether functional analogs, perhaps involving
variable domains binding to the effector molecule, can be found for bacteria.

I. Fv Fragments

From the available 3-D structures of antibodies, it is now obvious that all
contacts with the antigen are within the Vi and V. domains. While the
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proteolytic digestion of an antibody to make an Fab fragment is usually
straightforward (WEIR 1986), the proteolytic preparation of Fv fragments is
less so. GivoL and coworkers (INBAR et al. 1972; HocHMAN et al. 1973, 1976;
GivoL 1991) could show that the proteolytically obtained Fv fragments they
investigated were functional. However, the cleavage sites are not parti-
cularly preferred, and only certain antibodies give rise to good Fv prepara-
tions (SHARON and GivoL 1976; TakaHAsHI et al. 1991), while in other cases
complete functionality was not obtainable (SEN and BEycHOK 1986) or only
qualitatively ascertained (KakiMoro and ONoue 1974; LiNn and PuTNAM
1978; RETH et al. 1979).

These preparative problems have been overcome by using recombinant
technology, and Fv fragments (Fig. 3) have been functionally expressed in
E. coli (SKERRA and PLUCKTHUN 1988) and in myeloma cells (RIECHMANN et
al. 1988). Since a number of recombinant Fv fragments have now been
made (see, e.g., WARD et al. 1989; FieLp et al. 1990; GLOCKSHUBER et al..
1991: McMAaNUs and RIECHMANN 1991: TAKAHASHI et al. 1991: CHEADLE et
al. 1992; ANTHONY et al. 1992), more conclusions can be drawn about their
properties. |

Fv fragments appear to have a lower interaction energy of Vi and V
than Fab fragments, which are held together by the constant domains Cyl
and C; as well (BiGeLow et al. 1974; Azuma et al. 1974, 1978; HocHMAN
et al. 1976; MAEDA et al. 1976; KLEIN et al. 1979; STeEVENnS et al. 1980;
HorNE et al. 1982; GLocksHUBER et al. 1990a). Nevertheless, many Fv
fragments are stable and a few have been studied in detail. A certain range
of interaction energies between Vy and V would be expected, since the
interface also includes complementarity determining region 3 (CDR3) and
part of CDR1 (CHotHIA et al. 1983). It is possible that some very unstable
Fv fragments have not been reported in the literature.

In the case of the phosphorylcholine binding antibody McPC603, the
V-V association constant was measured and found to be about 10°M™!
(GLOCKSHUBER et al. 1990a). Since the antigen makes contact to both Vy
and V, it stabilizes this interaction. In binding studies, a low apparent
antigen binding constant may result because of chain dissociation. If it is
deconvoluted into the V-V association constant and the antigen binding
constant (identical to that of the Fab fragment or the whole antibody), the
experimental data can be reproduced (GLoCKSHUBER et al. 1990a). Other Fv
fragments, e.g., of the lysozyme binding antibody D1.3 (WaRrD et al. 1989)
or of the anti-digoxin antibody 26-10 (ANTHONY et al. 1992) may have a
higher V-V association constant, although exact quantitative data are not
available. Taken together, these results suggest that the V-V heterodimer
faithfully reproduces the binding site of the whole antibody.

Nevertheless, to make this a more general approach, methods are avail-
able (GLOCKSHUBER et al. 1990a) to stabilize the V-V interaction in anti-
bodies: (a) by chemical crosslinking, (b) disulfide bond engineering and (c)
genetic hinking by a peptide linker (Fig. 7), to create a so-called single chain
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Fv fragment (BIrD et al. 1988; HusioN et al. 1988). It may be pointed out
again that the reason for linking the domains lies in thermodynamic stability,
but not in facilitating assembly 1n vivo, as the two unlinked domains do
associate.

II. Single Chain Fv Fragments

Both orientations, Vy-linker-Vy and V,-linker-Vy, have been realized
(summarized in HustoN et al. 1993). In the antibody McPC603, both were
compared and no significant difference in the free energy of folding was
found. Also, both were expressed at about the same level in E. coli,
indicating a similar partitioning between folding and aggregation (KNAPPIK
et al. 1993). However, different expression levels between both orientations
have been noted in another case yet without molecular cause the molecular
cause being pinpointed (ANAND et al. 1991b). It is conceivable that the
presence of the linker might interfere with binding of some antigens, if, e.g.,
the NH,-terminal residues make crucial contacts. In this case, it may be
useful to switch the genetic order of the domains to free the particular
NH,-terminus.

Interestingly, the equilibrium denaturation curve of the scFv fragment is
consistent with a two-state system (PANTOLIANO et al. 1991; KNAPPIK et al.
1993). This requires either that there i1s some coupling energy between Vg
and V|, 1.e., that a state in which only one of the two domains is unfolded is
not a stable intermediate (although it almost certainly is a kinetic inter-
mediate, see below). Alternatively, the free energy of folding of Vi and V.
may be accidentally similar. However, the free energy of folding of the scFv
of McPC603 1s about 4.7 kcal/mol, whereas that of the V; domain of the
same antibody is only about 3 kcal/mol (Luras et al., unpublished). This
indicates that more probably the folding of both domains is coupled.

A wide variety of linkers for connecting V; and Vy have been tested
(summarized in HustoNn et al. 1993), and it appears that there 1s great
tolerance, as the linker seems to be a very passive entity contributing rather
little to thermodynamic stability. It only appears to be critical that the linker
has a length of around 15 residues, and of course it is important in this
context how the end of the variable domain 1s defined. It is crucial for
stability that the complete domain 1s present, as defined by the 3-D- struc-
ture. One of the most frequenty used linkers has the sequence (Gly,-Ser)s
(HustoN et al. 1988, 1991, 1993).

Recently, NMR experiments have made it possible to define the struc-
tural properties of this linker in a scFv fragment (FREUND et al. 1993). This
was possible by comparing the NMR spectrum of the Fv fragment to the
scFv fragment of the same antibody. The spectra were essentially super-
imposable, except for the linker region. This shows that the linker has
essentially no influence on the structure of the variable domains at all
(Fig. 7). Since the Fv fragment was obtained by periplasmic secretion and
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that the same structure 1s obtained i1n both cases. To confirm that the
additional peaks were indeed due to the linker, the sckFv was selectively
labeled with '°N-glycine and "“N-glycine/""N-serine, and the spectrum
correctly integrated to the expected number ot amino acids in the linker.

The 1dentification of the linker residues thus allowed the following
conclusions to be drawn: the chemical shift of the glycine and serine residues
- shows almost no spread and is very similar to these amino acids in water,
indicating that the linker must be largely exposed to solvent. Furthermore,
the T, relaxation times are significantly longer than comparable residues
clsewhere in the protein, indicating that the linker must be very flexible
(FReuUND et al. 1993). The linker can therefore adopt to a wide variety of
structures. There are very few crosspeaks with the rest ot the protein,
indicating that there are few if any persistent contacts of the linker with the
rest ot the protein.

A number of laboratories have noticed a tendency of the VH and VL
domains of some scFv fragments to not only associate intramolecularly but
also intermolecularly (GrIFrFITHS et al. 1993; WHITLOW et al. 1994; DESPLANCQ
et al. 1994; MEgzEs, personal communication). This appears to depend on
the primary sequence and on the length of the linker: The multimerization
decreases with increasing linker length (DEspLANCQ et al. 1994). Whether
the multimers reequilibrate rapidly or slowly also appears to depend on the
system under study. HoLLIGER et al. (1993) made use of this phenomenon to
force dimer formation by decreasing linker length to zero, and to also force
two different scFv to come together to form bispecific scEvs.

Because of the genetic simplicity of the molecular system, a large
number of fusion proteins have now been made with scFv fragments, in-
cluding fusions with domains of protein A (GANDECHA et al. 1992; TaAaI et al.
1990), toxins (CHAUDARY et al. 1989, 1990; BATRA et al. 1990, 1991; KREIT-
MAN et al. 1990; SEETHARAM et al. 1991; BRINKMANN et al. 1991, 1992;
BUCHNER et al. 1992a,b; WELS et al. 1992b; NicHoLLS et al. 1993), alkaline
phosphatase (WELs et al. 1992; KoHL et al. 1991), maltose binding protein
(BREGEGERE and BEDOUELLE 1992), interleukin-2 (SAvVAGE et al. 1993),
DNAse, RNAse (SpooNeEr and EPENETOS, personal communication), the
COOH-terminal domain of the E. coli carboxyl carrier protein (BCCP)
which is biotinylated in vivo in E. coli (MULLER and PLUCKTHUN, un-
published; WEiss, personal communication) and avidin (SPOONER and
EPENETOS, personal communication). In the production of these fusion
proteins, both native secretion and in vitro refolding have been used. Fusion
proteins do not have to be hmited to single chain antibodies, however, and
with bacterial systems Fab fragments made in bacteria have been fusion
partners as well (see, e.g., SAWYER et al. 1992), following the work of
NEUBERGER et al. (1984). Due to their genetic simplicity (requiring only a
single gene), scFv fragments have been the antibody fragments of choice to
establish expression systems in other hosts such as Bacillus subtilis (Wu
et al. 1993), the yeast Schizosaccharomyces pombe (Davis et al. 1991) and
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plants (OwEN et al. 1992, discussed elsewhere in this volume). Nevertheless,
because of its convenience, FE. coli has remained the strain of choice for
producing scFv fragments. A complete list of the reported scFv fragments
has been compiled by Huston et al. (1993).

I11. Disulfide-Linked Fv Fragments

Another strategy for linking V4 and V, has been to design an intermole-
cular disulfide bond (GLOCKSHUBER et al. 1990a). Initial experiments of this
type concentrated on the antibody McPC603 as a model system. Using a
purely geometric approach (PaBo and SUCHANEK 1986), all positions of Vy
and V| were searched for the best root mean square fit ot the main chain
atoms of any candidate pair of amino acids with any disulfide bond taken
from the database. Using the best root mean square fits and excluding pairs
involving proline residues or residues involved in antigen binding, several
candidate disulfide bonds were found for McPC603. Two of these were
tested experimentally, L.56-H106 and L55-H108 (sequential numbering).
The Fv fragment can be obtained in a disulfide-linked torm directly from the
periplasm, and it shows an almost indistinguishable antigen binding con-
stant. The periplasmic protein can be purified directly by antigen athinmity
chromatography, and the protein obtained by this procedure 1s covalently
linked (GLOCKSHUBER et al. 1990a).

The disulfide-linked Fv fragment appears to be much more resistant to
irreversible denaturation than the unlinked Fv fragment. The stabilization 1s
also much more dramatic than for the scFv fragment and greater than tound
in a chemically cross-linked Fv fragment. This may be the most important
argument for pursuing this strategy. It thus appears that covalent linking 1s
necessary, but not sufficient, for stabilizing the protein against irreversible
denaturation. Rather, the type of covalent linking is important.

Least effective is the single chain strategy. Apparently, a rather loose
link is created which does not prevent the Fv fragment from aggregation and
precipitation after heating, consistent with the structural results from NMR
(see above). Somewhat more efficient i1s chemical cross-linking (GLOCK-
SHUBER et al. 1990a), but this is not as easily reproducible for different
antibodies as the other methods because of the difterent surtace residues
which can be cross-linked, and 1t 1s probably not as suitable as a general
method or on a large scale. Most effective 1s the disulfide bond strategy.
Probably, the location ot the disulfide bonds does not allow much reversible
opening and closing of the Fv fragment and may thus prevent aggregation of
the Fv fragment at higher temperatures.

While very effective and demonstrating the principles, the particular
disulfide bonds initially investigated are not necessarily of general utility.
They connect CDR3 of V; and CDR2 ot V| yet without interfering with
binding of the antigen phosphorylcholine (PC). Because of the enormous
structural variability, modeling of CDR3 is fairly difficult (CrOTHIA et al.
1989), and for most antibodies a similar juxtaposition of residues would not
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Fig. 8a,b. a Monoview of the Fv fragment of the antibody McPC603 with the
positions labeled which were found suitable for linking V; and V| in the framework -
In a variety of Fv fragments. b Same fragment as in a rotated 180° about the y-axis.
The similarity of the two possible positions, due to the molecular pseudo-twofold

axis, 18 apparent. In each case, tramework region 2 is connected to framework region
4. (For nomenclature see KABAT et al. 1991)

necessarily be expected. Theretore, a general solution to this problem was
searched for (PLUCKTHUN 1993; BRINKMANN ¢t al. 1993; CARTER, personal
communication). The Fv portions of ten different antibodies of known
structure were superimposed, and all suitable positions for interchain di-
sulfide bonds were calculated for all of them. Possible cross-links were
superimposed, and two types of possible tramework cross-links were 1den-
tified for a majority of fragments (PLUcCkTHUN 1993) (Fig. 8). Because of the
pseudo-twotold axis ot the Fv fragment (due to the similarity of Vi and
V), the two positions are structurally related by a rotation about this axis,
and 1n both cases framework region 2 1s linked to framework region 4 of the
opposite chain (as defined in KaBatr et al. 1991). None of the proposed
positions will work well for all antibodies, and there 1s always some uncer-
tainty about the exact geometry ot the V-V interaction of a new antibody.
Nevertheless, either of these positions appears to be reasonably promising
(BRINKMANN et al. 1993) and need now to be tested on a sufficiently large
number of different antibodies to evaluate their generality as a means of
linking the component chains of an Fv fragment.

IV. Mini-antibodies

Nature has equipped antibodies with at least two binding sites. This way,
they can bind to a surface (e.g., a bacterial surface or a virus particle) with
higher functional affinity (sometimes called avidity) (CROTHERS and METZGER
1972; KarusH 1976, 1978) (Fig. 9). Furthermore, a collection of different
bivalent antibodies recognizing different epitopes on the same antigen can

aggregate the antigen. This phenomenon will also be noticeable 1n solid
phase binding assavs such as ELISA.
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Fig. 9. Enhancement of apparent equilibrium constant due to bivalency effects,
according to the treatment of CroOTHERS and METzZGER (1972). K; i1s the observed
binding constant for a monovalent fragment; K,,,, for a bivalent fragment. [Ab/,
[Ag] and [Ab-Ag] are the molar concentrations of antibody, antigen and complex,
respectively (as if the number of molecules in the reaction well were evenly distri-
buted). K; is the binding constant of the second binding site, made unitless by the
constant effective antibody concentration [Ab/. ., which results from constraining it
within the hemisphere of radius r. The hapten density x is a two-dimensional
concentration (molecules per area). Ny, 18 Avogadro s number, used to convert
molecular into molar concentrations

Why do dimeric or multimeric antibody molecules bind better and
by how much? While the first part of the question 1s intuitively obvious,
the second part is nontrivial. A number of quantitative approaches have
been developed (summarized in KarusH 1976, 1978), of which perhaps the
most intuitive is that of CRoTHERS and METZGER (1972). This says that the
gain contributed by the second binding site is only observed if the antigen is
on a surface or 1s polymeric. In this case, the gain 1s the product of the two
binding constants of the two sites, (Fig. 9) the first being that which an Fab
fragment would show, the second is the (dimensionless) constant of the
second site, once the first site 1s bound. This 1s the binding at the average
molar concentration of the second site constrained in the neighborhood of
its epitope. The essence of the derivation 1s that the gain of having a second
binding site should be proportional to the true intrinsic association constant
K, and inversely proportional to the distance r of the two binding sites.
Furthermore, it i1s proportional to the epitope density x on the surface.
Therefore this gain is not a constant but dependent on many variables of a
particular molecular system. This derivation neglects any energy needed to
“bend” either antibody or antigen, complications from already occupied
sites, surface layer effects (different ion concentrations, inaccessibility) and
uneven microscopic distributions of the antigen on the surface. Neverthe-
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less, it makes clear that a minimum distance 1s needed to have a lhmited
chance of binding two different antigen molecules simultaneously.

While i1t 1s very desirable to access functional bivalent antibodies by
bacterial technology, so far, no successful attempts to make functional
whole antibodies in E. coli have been reported. Part of the problem is that,
at least in IgG, for which a crystal structure 1s known (MARQUART et al.
1980; HARRIS et al. 1992), the two Cy2 domains make no protein-protein
contact but their contact is entirely mediated by glycosylation (SutTtoN and
PHiLLIPS 1983), which of course does not take place in E. coli. Therefore,
other means of dimerization are required.

One may chemically link recombinant Fab fragments to (Fab), frag-
ments via the free cysteines. The most efficient and stable dimer is probably
not obtained by forming a disulfide, but by using a bis-maleimide (BRENNAN
et al. 1985). This can be done with recombinant Fab fragments produced in
E. coli (see, e.g., CARTER et al. 1992). Similarly, scFv fragments can be
linked this way (CUMBER et al. 1992).

[t may be asked why disulfide-linked dimers do not form efficiently from
proteins containing hinge peptides with cysteines in the periplasm in E. coli
(CARTER et al. 1992; De SutteRr et al. 1992) when formation of the intra-
molecular disulfide bond i1s possible. One reason may be that disulfide bonds
do not cause dimer formation, they merely make covalent existing dimers
which have previously formed by noncovalent forces. Intermolecular disulfide
formation has been successfully obtained in E. coli between Vy and V|
(GLocksHUBER et al. 1990a), between Cyl and C; (BETTER et al. 1988;
SKERRA and PLUCKTHUN 1991) or between two coiled-coil helices (PAck and
PLUCKTHUN 1992) (see below). While equilibrium dimer formation has been
seen in vitro with a model peptide of the hinge region (WUNSCH et al. 1988),
there may not be equilibrium conditions in the periplasm, and other proteins
or peptides may instead be cross-linked to the hinge (DE SuTtTER et al. 1992),
or the structure may be trapped in nonnative intradomain disulfide bonds.
Therefore, it appears crucial to provide a specific, noncovalent dimerization
interface, in addition to any cysteine. Such examples will now be discussed.

1. Mini-antibodies Based on Coiled-Coil Helices

Methods have now been devised by which scFv fragments dimerize by
themselves in vivo. These have been based on the tendency of amphipathic
helices to dimerize or tetramerize. Two different principles have been ex-
ploited, that of antiparallel four-helix bundles and that of parallel coiled-
coils (Figs. 10, 11).

Most useful is probably the attachment of these dimerization handles to
scFv fragments (PAcCk and PLUOCKTHUN 1992), although 1n principle they can
be added to Fab fragments (KoSTELNY et al. 1992) or Fv fragments. In the
scFv fragment, unique heterodimers can be made, because wrong V-V
pairing (which might occur during simultancous in vivo expression or during
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Fig. 10. Bivalent fragments which have been shown to assemble in E. coli. In each
case, a single chain Fv (scFv) fragment is connected to a hinge region followed by an
amphipathic helix. Top row, the helix comes from a 4-helix bundle design by
deGrado and coworkers. Top left, only onc helix is fused, but the predominant
molecular species are dimers. Top middle, the helices are connected by a peptide
which ends in a cysteine. Top right, two helices are fused in tandem and a 4-helix
bundle is probably obtained, as very stable dimers are formed in vivo. Botrom row. a
parallel coiled-coil helix from a leucine zipper is used. This design is suitable for
making heterodimers. Bottom right, the sequence of the zipper is changed. as
described 1n the text. (For details see Pack and PLUCKTHUN 1992, Pack et al. 1993)

in vitro refolding) 1s not an issue. In these cases, the dimerization handle
was not added to the scFv fragment directly, but rather separated by a hinge
(the upper hinge from IgG3, known to be very flexible, as summarized by
Burton 1990). This way, an orientation and a distance between the two
binding sites, similar to those in a whole antibody, are possible; this arrange-
ment 1s also known to be very flexible (HArRIs et al. 1992).

Coiled-coil helices occur, for example, as dimerization devices in
cukaryotic transcription factors (LANDSCHULZ ¢t al. 1988). Because of their
preterence for leucine 1n every seventh position, they have been termed
“leucine zippers.” Leucine zippers have also been used as dimerization
devices in other proteins (Hu et al. 1990; BLoNDEL and BEDOUELLE 1991).
In a precliminary scrics of experiments, the zipper from the yeast transcrip-
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Fig. 11a,b. Molecular models of the dimeric mini-antibodies derived from the single
chain Fv fragment of the mouse antibody McPC603 (Satow et al. 1986). The hinge
region was modeled according to a polyproline-I1 helix with ¢ = —78% and ¥ = 149°.
a The 4-helix bundle design is shown, modeled on the E. coli protein Rop for
packing. b The zipper design 1s shown, taken trom the leucine zipper of the yeast
transcription factor GCN4
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tion factor GCN4 was used and shown to be suitable as a dimerization
device, although 1t does not perform as well as four-helix bundles (see
below). The reason for this difference is not quite clear, but it might have to
do with the parallel arrangement of the helices, further constraining the two
hinge regions. In the four-helix bundle, which is antiparallel, the length
of the helix itself contributes to the distance the mini-antibody can span
between two binding sites, and it may therefore increase the likelihood of
two binding sites binding simultaneously to the surface.

Coiled-coil helices offer an approach to self-assembling heterodimers
from E. coli eukaryotes (KOSTELNY et al. 1992). A number of different
strategies have previously been employed to obtain heterodimeric antibodies
or antibody fragments: (a) covalent cross-linking via disulfides or via hetero-
bifunctional cross-linkers of whole antibodies (STAerz et al. 1985; PEREZ
et al. 1985) or monovalent fragments (N1soNOFF and MANDY 1962; RAso and
GRIFFIN 1981; BRENNAN et al. 1985), (b) forming two hybridomas to make a
so-called heterohybridoma or quadroma (MiLsTeEIN and CUELLO 1983) or
(¢) cotransfection of a plasmid encoding the second antibody in a hybridoma
producing the first (LENz and WEIDLE 1990). All coexpression suffers from
the statistical H-L pairing, in which the desired pairs may form only in small
proportion, although preferential assumbly of the original H-L pairs is
sometimes observed. Using sckFv fragments and two complementary coiled-
coil helices, such as from the transcription factors fos and jun, heterodimers
can be made 1n vivo and the chain scrambling problem is greatly simplified.
However, further alterations to the wild-type zipper sequences will be
necessary to improve the yield of heterodimers (PAck and PLUCKTHUN,
unpublished).

It 1s now also possible to make tetrameric mini-antibodies. In this case,
advantage was taken of the analysis of point mutants of coiled-coil helices
(ALBER and KiM, personal communication). In the coiled-coil helix, repeti-
tive heptads are found, with distinct preferences for hydrophobic f-branched
amino acids in position a and d of the heptad (lettered from a to g) (CoOHEN
and PARrRY 1990; O’SHEA et al. 1989, 1991). If the naturally occurring Val
(position a) and Leu (position d) are replaced with Leu and Ile, the mole-
cule responds by tetramerizing (KiM and ALBER, personal communication).
Again, this “tetrazipper” was linked to the scFv fragment by a hinge region,
and gel filtration chromatography showed the tetrameric nature of these
molecules, and an increase in binding avidity over dimers (PAck and
PLUCKTHUN, unpublished). Since the gain from multivalence is dependent
on many molecular variables, it 1s very probable that there are cases in
which this gain 1s large.

2. Mini-antibodies Based on Four-Helix Bundles

Four-helix bundles are compact folding motifs of natural proteins. Eisen-
berg, deGrado and coworkers described a synthetic four helix bundle (EIsEN-
BERG ¢t al. 1986) made from either four single helices, two helix-turn-helix
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peptides or one continuous chain (Ho and DeGrapo 1987; REGAN and
DEGRADO 1988; HiLL et al. 1990). In this design, all four-helices have the
same sequence, and a surprisingly high thermodynamic stability has been
measured (Ho and DEGRrRaDO 1987).

Using this association principle, three different versions have been tested
with scFv fragments. In the first, only one helix was fused to the scFv
fragment, linked by the upper hinge region from mouse IgG3 (Figs. 10,
11). No tetramers are formed, however, but rather a distribution between
monomers and dimers is obtained, presumably because the association
energy of the helices 1s too weak. This can be improved by extending the
helix with a hydrophilic peptide ending in a cysteine (PAck and PLUCKTHUN
1992). The covalently linked scFv mini-antibody i1s stable and remains in the
dimer state. In this case, the peptide linker may be in the way of tetramer
association.

Most stable, however, 1s the construct carrying a helix-turn-helix motif
(Figs. 10, 11). In this case, very little degradation is observed and avidities
are obtained identical to whole IgA (PAck et al. 1993). It appears that these
amphipathic helices are compatible with transport through the bacterial
membrane and cause no problems in folding of the scFv fragments.

E. Conclusions

Producing and characterizing an engineered antibody fragment is the pre-
requisite for improving its performance, no matter what the application.
Since all cloning and mutagenesis is carried out in E. coli, it is convenient
to use these bactena for expression as well. It is possible to produce sur-
prisingly complex multisubunit structures in E. coli with correct folding and
assembly, provided the expression strategy is adapted to the physiology
of the growing cell. In this case not only can small amounts of the antibody
constructs be obtained rapidly for laboratory testing, but amounts useful for
clhinical and industrial applications can now be produced by fermentation.
Combined with library selection and current developments in imitating
atfinity maturation, bacterial antibody technology will become an integral
part of any research involving immunoglobulins.
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