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Antibody engineering has received a boost from the development of an 
Escherichia coli expression system that now allows the screening of libraries 
with bacteria or phages. These random selection techniques can be applied 
using knowledge obtained from new X-ray structures of recombinant 
antibody domains, and anti-peptide antibodies. The first crystal structure 
of an anti-idiotype complex has also been solved. Additionally, the 
engineering of binding sites for metals and haptens, and the design of new 

immunotoxins have been reported. 
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Introduction 

The antibody molecule, an immensely useful reagent in 
biology and medicine, has become a recent focus of in
terest for protein engineers, crystallographers, organic 
chemists and tumor biologists alike. Methods of gene 
technology, together with recent progress in expression 
technology, have opened the door to new approaches 
for the manipulation of such molecules. This review VJill 
focus on some of the key technologies and their devel
opment within the past year, as well as on the progress 
in areas directly related to antibody engineering. 

Expression of antibodies 

The exciting possibilities arising from the genetic modi
fication of antibody genes, be it by site-directed mutage
nesis, gene synthesis, random mutagenesis or work with 
DNA libraries, can only be taken advantage of if the mod
ified antibody proteins can be expressed conveniently. In 
this context, it should be stressed that the screening of 
collections of mutants or of libraries for antibody func
tion (i.e. antigen binding) requires that the antibody pro
tein is produced in the native state by the production 
host. Clearly, the individual in vitro refolding of proteins 
isolated from the large number of different clones of a 
library is not practical. 

Previously, functional expression of antibodies has been 
carried out mostly in myeloma or in Chinese hamster 
ovary cells. This is still the preferred method if the whole 
antibody is to be expressed for example, in the inves
tigation of effector functions which reside in the constant 
domains or which are even dependent on glycosylation 
of the constant domains [ 1 ,2,3]. A set of alternative eu
karyotic expression systems has now become available 
in the form of yeast [ 4], plants [ 5•], and baculovirus-

infected insect cells [ 6•,7•]. Although the whole 7S
antibody can be produced in these systems, the glycosy
lation pattern VJill probably be different from the native 
molecules. Additionally, developers of these systems VJill 
be required to match the enormous amount of empirical 
optimization work that has already gone into the large
scale production of recombinant antibodies by mam
malian cells, and it remains to be seen whether any of the 
new eukaryotic methods offer an advantage over mam
malian expression hosts. 

If the whole antibody and its glycosylation is not re
quired, for example, in studies of antigen-binding or an
tibody structure, the ease and versatility of the recently 
developed functional Escherichia coli expression systems 
[8,9,10•] is unmatched by any of the eukaryotic systems. 
The handling of very large numbers of clones, which is 
necessary in all work with libraries, can only be carried 
out with bacterial systems at present. 

Various features of antibody expression in E. coli have 
recently been summarized [11•,12•]. Thus, only a brief 
account of some general considerations relevant for pro
tein engineering VJill be given here. The strategy leading 
to expression of functional antibody fragtnents in E coli 
necessitates secretion into the periplasm; correct folding 
in vivo requires the formation of the disulfide bonds in 
this oxidizing compartment and the simultaneous pres
ence of approximately stoichiometric amounts of both 
the heavy and the light chain. The nascent chains prob
ably act as folding templates for each other. To produce 
native fragments, two options therefore exist: either both 
chains making up the Fv fragment (or those making up 
the Fab fragment) must be co-secreted [8,9,10•]; or the 
two chains of the Fv fragment must be connected by a 
peptide linker so that a so-called single chain Fv is se
creted [ 13•]. Single chain fragments had been produced 
previously by in vitro refolding from inclusion bodies in 
E coli [14,15], but they can now be obtained in func
tional form by secretion [13• ]. 

Abbreviations 
CDR complementarity-determining region; Mhr myohemerythrin; PC phosphorylcholine; PCR polymerase chain reaction. 
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Fv fragments may dissociate into VL and VH fragments at 
low concentrations, but the exact concentrations will vary 
from antibody to antibody, as the interaction energy of 
the hypervariable regions contributes to the domain as
sociation energy. Because dissociation reduces the avail
ability of the binding site, labile Fv fragments must be 
stabilized by designing single chain Fv fragtnents, by in
troducing an intermolecular disulfide bond, or by chem
ical crosslinking between VL and VH [13•]. Some Fv frag
ments are perfectly stable, however, and it remains to be 
shown whether the peptide linker of single chain frag
ments may disturb certain antigen-binding sites. 

An alternative solution for the dissociation problem is the 
use of the .Fab fragment, in which the constant domains 
provide additional interaction energy between the chains. 
The functional yield of the Fab fragment is lower than 
that of the Fv fragment, and the problem has been rec
ognized to be caused by in vivo folding (A Skerra and 
A Pliickthun, unpublished data). Yet, the Fab fragment 
may be useful when high stability is desired without tak
ing recourse to Fv engineering, for example, when the Fv 
structure is unknown, or the linker undesired. The con
stant domains might also provide a desired spacing in 
some bifunctional molecules. 

The preferred fragment thus depends on the desired ap
plications. The Fv fragment and its derivatives are the 
smallest fragments of the antibody that still contain the 
complete antigen-binding site. The use of these antibody 
fragments may be advantageous in structural studies and 
medical applications, where low antigenicity and small 
size is favoured. The small size should lead to improved 
tumor penetration and rapid clearance through the kid
neys. The in vivo tumor targeting of a single chain Fv 
fragment has now been investigated. Its localization in the 
tumor tissue was found to be slightly better than that of 
a Fab fragment, and its clearance more rapid [16•]. The 
ramifications of these observations for improving the de
sign and strategies in tumour targeting still need to be 
thoroughly evaluated. 

Libraries and screening 

An important extension to the work on expressing 
defined antibodies is the development of expression 
libraries with the goal of establishing screening ap
proaches in E. coli. Besides the strategies for the 
functional expression of antibody fragments in E. coli 
[8,9,10•,13•], the polymerase chain reaction (PCR) has 
proved to be a crucial component of a facile route 
to heterologous antibody expression libraries. A num
ber of research groups have analyzed suitable PCR 
primers in the regions 5' and 3' to the variable domains 
[ 17•-20• ,21•• ,22• ,23•]. Techniques for using only one 
specific primer are also available [ 24•] . 

The first report investigating the possibility of screening 
for antigen binding in E. coli [ 17•] relied on the use of 
only VH domains. The problem with VH domains, how
ever, is their tendency to aggregate and precipitate (at 
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least in some cases). Thus, this approach suffers from the 
necessity of careful controls, demonstrating in each case 
that antigen-binding is really a result of specific interac
tions. It must also be stressed that one of the hallmarks of 
antibodies is their selectivity, that is, their ability to bind 
to only one antigen (or a narrow family of antigens), and 
it is to be expected that this selectivity is impaired when 
only half of the antigen-binding site is provided by a sin
gle domain. Although this principal problem will remain, 
the technical challenge of altering the solubility charac
teristics of VH may be approachable by engineering the 
framework. 

In an improved approach to obtaining expression li
braries for screening of antigen-binding in E. coli, Fab 
fragments have been used [21••]. The vector for the li
brary was a A-ZAP derivative [25], into which an ex
pression plasmid analogous to those originally reported 
[ 8,9, 1 O•] was integrated. PCR amplification of the mRNA 
from the spleen cells of an immunized animal was used 
to generate independent libraries of just light chains or 
heavy chains, respectively. The DNA of the A-phages was 
then cut with suitable restriction enzymes and the two 
libraries were mixed and religated. Thus, a combinato
riallibrat.y of Fab fragments was obtained. Indeed, func
tional Fab fragments could be produced using this ap
proach, and those with binding affmity could be detected 
by screening phage plaques with labeled antigen. 

Caton and Koprowski [22•] have used this methodology 
to characterize the murine immune response to influenza 
virus. The technique has also been applied to the cloning 
of human antibodies [26•,27•]. In these experiments, the 
source of the mRNA was peripheral blood lymphocytes 
from a donor previously immunjzed with tetanus toxoid 
and boosted with this antigen. Fab fragments recognizing 
the tetanus antigen were found on the phage plaques of 
the combinatorial library. 

It may be useful to put this method into perspective. The 
libraries reported so far have all used spleen cells from 
an immunized animal (or human peripheral blood lym
phocytes) as the source of mRNA The mRNA encoding 
the newly elicited antibody then constitutes up to a few 
percent of all mRNA in B cells. This explains why, in the 
combinatorial libraries, frequencies of positive antibod
ies as high as about one in a few thousand have been 
seen. In a crude approximation, this number should be 
the product of the probability of finding the appropriate 
light chain mRNA and heavy chain mRNA This simple 
calculation suggests that finding a desired specificity in a 
'naive' library (i.e. of an animal or a human not having 
had contact with the antigen recently) may be close to 
impossible, as the screening of libraries much larger than 
1 o6-1 0 7 clones becomes impractical. Also, rather little is 
known about the actual diversity of the libraries. Prob
lems would also arise if somatic mutation is required for 
a particular antibody to recognize its target with a binding 
constant sufficient to be detected in the screening. Yet, 
if a reasonable starting point could somehow be found 
with this method, plasmid mutagenesis might be used to 
select for increased afftnities. In conclusion, this method 
might obviate the need for a cell fusion step in the pro-
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duction of monoclonal antibodies, but the first step of 
inununization still has to be carried out. It is also unlikely 
that the method Vli1l provide access to antibodies that a 
mouse would refuse to make, as the mRNA to be am
plified would probably not be produced either. Clearly, 
more work needs to be done to define rl1e limits. 

To extend the numbers of clones that can be screened, 
an enrichment system of candidate clones is required. A 
number of groups have reported variations of one basic 
idea, namely the use of the coat protein pill of bacte
riophage M13 for this purpose. The amino-terminal do
main of this protein, which occurs at about five copies 
per phage particle, plays a role in the attachment of the 
phage to the pili of E coli, whereas the carboxyl-termi
nal domain seems to be important for coat assembly. 
Smith and co-workers [28,29] showed that peptides in
serted behind the signal sequence at the amino-terminus 
of the mature protein do not inhibit the infectivity of the 
phage. They have now extended this work by demon
strating that a library of random peptides can be gener
ated and the whole bacteriophage can be adsorbed to an 
antibody bound to a solid phase which recognizes a few 
peptides in the library [30••]. The bound phage can be 
eluted, reinfected and thus enriched. After several cycles, 
epitopes for specific antibodies that closely resemble the 
known epitope were found. A very similar approach has 
also been reported by Cwirla et al [31••]. 

As an illustration of the general potential of the method, 
Devlin et al. [32••] used the same strategy to identify pep
tides that bound to avidin, a protein with no knoVJil affm
ity for peptides. Thus, this method provides a molecular 
biological equivalent of the mimotope strategy of Gey
sen et al [33] developed in 1986. McCafferty et al. [34•] 
have now shown that the experiment can also be re
versed and even a single chain Fv fragment can be in
serted at the amino-terminus of the mature Pill protein 
without loss of infectivity. Phages carrying the Fv frag
ment can be enriched over phages not carrying the in
sert by antigen-affinity chromatography of whole phages. 
A further methodological extension of the strategy has 
been achieved by Bass et al [35•], who have devised 
a means of attaching only single copies of Pill hybrids 
on the phage surface, by using a combination of a pill 
hybrid-expressing phagemid and a helper phage (car
rying the wild type pill gene).This group applied the 
method to hormone-hormone-receptor interactions, al
though the strategy can also be used in antigen-antibody 
interactions. The expression of single copi~s of plll hy
brids eliminates any chelation effects that might occur on 
solid phase adsorption, as well as making it possible to 
select for point mutations, for further improving an al
ready high binding constant. 

Few observations relating yields from this enrichment 
procedure to binding constants have been reported for 
any of the experiments Vlith filamentous phages. The op
timal design of such hybrid proteins is yet to be elu
cidated and the problems of 'shedding' of pill hybrids 
from the phage envelope, or irreversible binding of very 
tight complexes, have not yet been addressed. These 
questions are not merely academic because, in order to 
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be useful for libraries, in which each molecular species 
is represented by only a few copies, virtually every phage 
molecule displaying the correct ligand or receptor (e.g. 
antigen or antibody) would have to be bound in the first 
round and to be eluteable under mild conditions. Once 
it is lost, it can never be amplified again. Even so, these 
techniques look promising for the development of new 
efficient screening strategies. 

Antibody structure and flexibility 

Current research on antibodies is at the exciting interface 
between rational engineering and random screening ap
proaches. It is obvious, however, that structural informa
tion about natural and modified antibodies is a comer
stone for all engineering approaches. A number of new 
structures of antibody fragments have appeared within 
the last year, and some highlights Vlill be discussed. 

A recent review on antibody structures with a special 
emphasis on antibody-antigen complexes has been pre
sented [36]. The larger number of structures now avail
able strongly suggests that there is no longitudinal trans
mission of information from the variable domains to the 
constant domains of the Fab fragment, because the 'el
bow bend' (the angle between the long axis of the vari
able domain and the first constant domain in each chain) 
appears to be randomly distributed. This is seen most 
dramatically in the light chain dimer Meg [37•], which 
crystallizes with dramatically different elbow bends un
der two different crystallization conditions. This indepen
dence of the variable domains from the constant domains 
is consistent with the finding that Fv fragments have the 
same antigen binding constant as the Fab fragment, or 
even the whole antibody [8,13•]. Simon and Rajewsky 
[38] further demonstrated this domain-independence by 
switching the variable VL and VH domains between the 
tvvo chains and finding no change in antigen affinity. This 
result was even observed when a Fab fragment was pro
duced with CL in both chains. 

In this context, the function of the hinge region must 
also be discussed. Tan et al [39•] have studied the in
fluence of different hinge regions on complement activa
tion, Clq binding and segmental flexibility (by measuring 
fluorescence emission anisotropy kinetics of bound hap
ten) in antibodies with the same antigen-binding sites. 
They found that segmental motion is correlated Vlith the 
length of the 'upper hinge', but not the total hinge length, 
and that segmental flexibility is not correlated with the 
ability to activate the complement cascade. 

Poljak' s group [ 40••] has solved the first crystal struc
ture of an antibody-anti-idiotype complex. The first anti
body (D 1.3) was directed against lysozyme and the sec
ond antibody was selected to recognize 'private' epitopes 
on the first antibody, corresponding to residues in the . 
hypervariable loops. Anti-idiotypic antibodies have been 
used as inununogens and vaccines, ahd the newly elicited 
inununoglobulin (directed against the anti-idiotypic anti
body) often appears to share specifidtywith the first an-



tibody. In an interesting application of this concept, anti
idiotypic antibodies made against defined anti-ligand an
tibodies often recognize the same receptor as the par
ticular ligand and have been used successfully in recep
tor cloning. Such observations have generated a picture 
among many inununologists that anti-idiotypic antibod
ies are the body's 'internal image' of the original antigen 
[ 41]. 

An inspection of the solved structure of such an 
antibody-anti-idiotype complex now requires modifica
tion of this view. Very little geometrical similarity be
tween lysozyme and the anti-idiotypic antibody can be 
recognized, although part of the binding regions used by 
lysozyme and the second antibody overlap. If the surfaces 
interacting with the first antibody are examined more 
closely, an area with somewhat similar hydrophobicity 
and charge patterns to the second antibody can be dis
cerned between lysozyme and the anti-idiotypic antibody, 
and both molecules form apparently rather stable com
plexes with D1.3. The deduction from this observation 
(which from a structural biology point of view may not 
be so surprising) is that the similarity between the anti
gen and anti-idiotype is limited to some critical contact 
areas in part of the binding pocket. Thus, the anti-idio
type approach may be an important tool for identifying 
receptors by known binding properties, but an anti-idio
type is apparently not a model for the antigen architec
ture, nor is the antibody directed against a ligand of a 
certain receptor a model for this receptor's structure or 
function. 

Antibodies generated against peptides have often been 
found to recognize the whole protein. The structural ba
sis of this crossreactivity has now been examined by the 
solution of the structure of an anti-peptide antibody 'With 
and without bound peptide [ 42•]. The peptide, in this 
case part of the carboxy-terminal ex-helix in myohemery
thrin (Mhr), is bound as a type II P-tum to the antibody 
(although the free peptide in solution exists as a nascent 
helix) [43]. The antibody recognized apo-Mhr more effi
ciently than native Mhr, even though the former is prob
ably largely disordered. The authors suggest that the na
tive Mhr might be only recognized at all as a result of 
some confom1ational change induced by the experimen
tal conditions. Thus, this peptide, wh.en complexed to the 
antibody, is definitely not mimicking the structure of the 
halo-protein. 

Two groups have now reported the solution of structures 
of antibody variable domains expressed in E. coli. Bhat et 
al [ 44•] have compared the structure of the Fv fragment 
of the antibody Dl.3 complexed to lysozyme with the 
Fab fragment complexed to the antigen. They found no 
dramatic differences in structure, although they were able 
to demonstrate a domain movement in the Fv fragment 
upon antigen binding. It should be noted that the smaller 
Fv fragment, now accessible through E. coli expression 
technology [ 8] , gives rise to crystals of higher resolution 
than the Fab fragment. Glockshuber et al [ 45•] report 
the solution of the structure of the V1 domain of the anti
body McPC603. Again, the resolution of the recombinant 
domains is significantly higher than that of the Fab frag-
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ment. The structure of the V1 domain in the V1 dimer and 
in the Fab fragment is remarkably similar with the excep
tion of some changes in the complementarity-determin
ing region ( CDR)3 loop (B Steipe, A Pliickthun, R Huber, 
unpublished data). Furthermore, the association of the 
V1 domain with another V1 domain in the homodimer, 
is apparently similar to that of the V1 and VH domains 
in the heterodimer. The particular crystal packing of the 
V1 domain [ 45•] appears to tolerate loop exchanges and 
may be of use in building a structural database of CDR 
loops. 

Crystallography, in conjunction with the properties and 
biochemical analysis of mutants, now made much easier 
by the E. coli expression system, will certainly give a new 
impetus to the field of antibody engineering. One of the 
central questions to be examined is the structure of the 
CDRs. From a comparison of the solved crystal structures, 
consensus CDR residues have been proposed (with the 
exception of CDR3 of the heavy chain) [ 46•]. It has been 
suggested that only a few critical residues determine the 
conformation of the loops [ 47]. Although a number of 
critical interactions have ce · been identified (e.g. 
with framework residue 71 in VH [48]), a comparison 
of the Kabat Sequence Database with the sequences of 
antibodies with known structures shows that only a frac
tion of the typical lengths of the CDRs have actually been 
observed crystallographically. There have to be at least as 
many canonical structures as there are loops of different 
lengths, if not more. 

Martin et al [ 49•] have combined the use of database 
searching with energetic evaluation of conformations us
ing the program CONGEN [50] to achieve root mean 
square deviations of about 2 A (considering all atoms) in 
their predictions of variable domain structures. To refine 
such approaches further, a larger database of antibody 
structures is clearly needed. 1he structures of antibody 
combining sites have been ed from a different an
gle by Padlan · [51 ] , who has compiled the frequency of 
amino acids present in the sites with their solvent expo
sure. He proposes that the rather stable antibody frame
work can tolerate unusually exposed aromatic residues, 
which in tum contribute to antigen binding by both hy
drophobic forces and hydrogen bonding. Mian et al [52] 
have also reviewed these points and have tabulated the 
structural data of side chains that contact the antigen. 

Antibody engineering: binding sites for metals 
and haptens 

Metals are essential cofactors in many enzyme reactions 
and play an important role in the structure of numer
ous proteins. Metal ions may be bound either to a co
factor (such as heme) or directly to the protein. In 
the former case, it will usually be possible to gener
ate metal-cofactor-binding antibodies by the inununiza
tion of an animal using the metal-cofactor as hapten 
[53,54•,55•], whereas there is no obvious procedure to 
elicit a metal ion-binding site directly in the inununoglob-
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ulin by immunization alone. Antibodies have been gener
ated against metal-chelates (such as EDTA analogs) [53], 
but they only recognize the metal-chelate complex and 
not the naked metal. In order to introduce metals directly 
into antibody domains it is therefore necessruy to employ 
the methods of protein engineering. 

Metals play a role in numerous chemical reactions, most 
prominently, but not exclusively, in redox and hydrolytic 
reactions. Different metal ions 'prefer' different ligands 
and different geometric arrangements. Most experimen
tal engineering work has been carried out with Zn2 + , as 
it is apparently bound exclusively by heteroatoms from 
amino acid side chains. The substitution of side chains is 
generally felt to be more easily achieved than the redesign 
of main chain loops, and other metal ions, such as Ca2 +, 
often use main chain carbonyl groups as ligands. Zn2 + 
is a central component of metalloproteases. The reaction 
mechanism of the best studied example, carboxypepti
dase A, has been reviewed elsewhere [56]. 

The steady increase in the number of solved crystal struc
tures of metalloproteins has made it possible to extract 
the geometry of various metal binding sites from some 
natural metalloproteins. A number of useful tabulations 
have appeared recently, highlighting various aspects of 
the distribution of ligands around the metal ion [57-61]. 
There is still a long way to go, however, before metal
binding sites can be engineered ab initio. At present, the 
most promising method relies on the assumption that 
functional metal-binding sites can be created if the amino 
acids making up a known metal-binding site in another 
protein are introduced at positions having similar geo
metric relationships in the new proteins. For instance, the 
Zn2 + -binding site in carbonic anhydrase is made up of 
three His residues that are arranged on two neighboring 
strands of an antiparallel P-sheet. Because antibody do
mains are antiparallel P-barrels, a large number of such 
binding sites can be superimposed onto the antibody 
framework. 

The experiments described for antibodies [ 62• ,63•] 
show that a number of potential zn2 +-binding sites can 
be delineated, but so far only one of these has actually 
been produced experimentally. By fluorescence quench
ing, binding of Cu2+ could be measured, and by com
petition, Zn2 + binding could be indirectly demonstrated. 
These experiments are first steps towards the success
ful use of metal ions directly bound to an antibody in 
catalysis (which has not yet been achieved). It should 
be born in mind that the geometry of the metal-binding 
with respect to the substrates is likely to be extremely 
critical and that many factors other than the presence of 
the metal contribute towards rate enhancement. In fact, 
it is by no means clear whether a perfectly positioned 
metal would cause a noticeable rate enhancement in hy
drolysis by itself. Therefore, only in a few serendipitous 
cases will the scissile bond of the substrate be properly 
oriented and in the correct environment for an efficient 
metal-catalyzed hydrolysis reaction. It should be men
tioned in this context that introduction of metal-binding 
sites by protein engineering has not been limited to anti-

body molecules. Recent examples include proteases and 
a synthetic four-helix bundle [ 64-66]. 
The rapid progress being achieved in the field of catalytic 
antibodies is primarily a result of the design of transition 
state analogs or other suitable immunogens for eliciting 
natural monoclonal antibodies capable of causing rate ac
celerations. Thus, most of the work falls outside the nar
row definition of protein engineering and the scope of 
this review, but the interested reader is referred to some 
recent reviews presenting the progress of this field very 
coherently [67-70]. 

The examination of hapten-binding sites by protein en
gineering has now been reported for two phosphoryl
choline (PC)-binding antibodies, which both have some 
catalytic activity in the hydrolysis of carbonate esters. 
Jackson et al [71•] have studied the antibody S107 
expressed in myeloma cells, and Glockshuber et al 
[72•] have scrutinized the Fv fragment of the antibody 
McPC603 expressed in E. coli. It had been assumed that 
the mode of PC binding is very similar in these two an
tibodies, as they share sequence homology in the CDRs, 
but the effects of some analogous mutations were found 
to be dramatically different. As only the crystal structure 
of McPC603 is known, some assumptions about the sim
ilarity of all PC-binding antibodies might have to be re
vised. 

Chimeric antibodies 

The term chimeric antibodies usually refers to the sub
stitution of the constant domains with those from a dif
ferent species. In most cases, human constant domains 
are fused to mouse variable domains to create antibod
ies less immunogenic in man than the (highly immuno
genic) whole mouse antibodies. In two investigations, the 
immunogenicity of such chimeras was reported, one in 
mouse [73•], and the other in man [74•]. The immuno
genicity in man seems to depend very critically on the 
particular mouse variable domain (AF Lobuglio et al., 
personal communication), but the immunogenic motifs 
are not at all understood. Winter's group [75] has de
veloped the technique of grafting only the binding loops 
into the framework of human variable domains, to further 
decrease the immunogenicity of the antibody. It should 
be pointed out, however, that no evaluation of the im
munogenicity of such CDR-grafted antibodies in man has 
been published, to the best of this author's knovvledge, 
and it is not yet clear whether the surface created by the 
six CDRs themselves might not be immunogenic. Again, 
this immunogenicity may vary strongly among different 
antibodies. 

In a broader sense, antibody chimeras also include 
molecules in which the constant domains have been sub
stituted by non-antibody domains. Recent examples in
clude fusions to the luminescent protein aequorin [76•], 
which might lead to the development of new sensitive 
analytical methods. Fusions of a single-chain Fv fragment 
to the Staphylococcus aureus Protein A [77•] that ap
pear to preserve both antigen binding and binding to 
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an IgG column have been reported. Fusions of a sin-
gle chain Fv fragment to the carboxy-te · linked 
Pseudomonas exotoxin [20•,78•,79•] and to the amino
terminally linked diphtheria toxin [ 80•] have also been 
reported. Again, both parts of the molecule seem to re
main functional in the hybrid proteins after refolding in 
vitro. 

Conclusion 

Although antibody engineering is still at an early stage, re
cent progress in expression, screening, structural chem
istry and theoretical chemistry "Will probably act syner
gistically to speed up research in this area. However, in 
order to mimic the sophisticated engineering acquired 
by evolutionary forces in the design of antibodies, many 
more of nature's secrets of the antibody molecule need 
to be unravelled. 

References and recommended reading 

Papers of special interest, published within the armual period of review, 
have been highlighted as: 
• of interest 
•• of outstanding interest 

1. 

2. 

3. 

MORRISON SL, 01 Vf: Genetically Engineered Antibody 
Molecules. Adv Immuno/1989, 44:65-92. 

BROGGEMANN M, NEUBERGER MS: Novel Antibodies by DNA 
Manipulation. Prog Allergy 1988, 45:91-105. 

SHIN SU, MORRISON SL: Production and Properties of 
Chimeric Antibody Molecules. Methods Enzymol 1989, 178: 
459--476. 

4. HORWITZ AH, CHANG CP, BETI'ER M, HEllSTROM KE, ROBINSON 
RR; Secretion of Functional Antibody and Fab Fragment 
from Yeast Cells. Proc Nat/ Acad Sci USA 1988, 85:8678--8682. 

5. HIATI A, CAFFERKEY R, BOWDISH K: Production of Antibodies 
• in Transgenic Plants. Nature 1989, 342:76--78. 
Use of plants as antibody-expression hosts. Tobacco leaf segments 
were transforn1ed with eDNA clones encoding antibody chains. Anti
bodies "With binding activity could be demonstrated in leaf protein. 

6. HAsESMANN CA, CAPRA JD: High-level Production of a Func-
• tiona! Immunoglobulin Heterodimer in a Baculovirus Ex-

pression System. Proc Natl Acad Sci USA 1990, 87:3942-3946. 
Comparison of several strategies toward antibody assembly in infected 
insect cells. Antibody with binding activity could be obtained by using 
two copies of the polyhedrin promoter in the same virus or by coin
fection with two viruses, but not by using a dicistronic approach. 

7. Punrrz ] , KUBASEK WL, DUCHENE M, MARGET M, VON SPECHT 
• BU; DoMDEY H: Antibody Production in Baculovirus-infected 

Insect Cells. Biotechnology 1990, 8:651--654. 
The light and the heavy chain of an antibody were expressed using 
two copies of the polyhedrin promoter in the same virus, producing 
antibody "With binding activity. 

8. SKERRA A, PLOCKTIIUN A:. Assembly of a Functional Im
munoglobulin Fv Fragment in Escherichia coli. Science 
1988, 240:1038-1041. 

9. BETI'ER M, CHANG CP, ROBINSON RR, HORWITZ AH: Escherichia 
coli Secretion of an Active Chimeric Antibody Fragment. 
Science 1988, 240;1041-1043. 

Antibody engineering Pluckthun 243 

10. PLOCKTIIUN A, SKERRA A:. Expression of Functional Antibody 
• Fv and Fab Fragments in Escherichia coli. Methods Enzymol 

1989, 178:497-515. 
A description of the co·secretion strategy developed for Fv fragments 
in [8] and its extension to Fab fragn1ents. 

11. PLDCKTHUN A:. Antibodies from Escherichia colt. Nature 
• 1990, 347:497-498. 
Brief review describing strategies for expression of functional antigen
binding fragments in E coli and the properties of the recombinant frag
ments. 

12. PLOCKTIIUN A:. Antibody Engineering: Advances from the Use 
• of E coli Expression Systems. Biotechnology 1991, in press. 
Review describing the various strategies of antibody expression in 
E coli, strategies for screening, and the properties of the resulting re
combinant fragments. 

13. GLOCKSHUBER R, MAuA M, PFilZINGER I, PLDCKTHUN A; A Com-
• parison of Strategies to Stabilize Immunoglobulin Fv-frag-

ments. Biochemistry 1990, 29:1362- 1367. 
Three strategies to stabilize the same Fv fragment against dissociation of 
the domains were compared; chemical crosslinking, design of disulfide 
bridges and design of a peptide linker to give a secreted single-chain 
Fv fragment. 

14. BIRD RE, HARDMAN KD, jACOBSON JW, jOHNSON S, KAUFMAN BM, 
LEE SM, LEE T, POPE SH, RIORDAN GS, WHITLOW M: Single
chain Antigen-binding Proteins. Science 1988, 242:423-426. 

15. HUSTON JS, LEviNSON 0, MUDGETI-HUNTER M, TAl MS, NOVOTNY 
J, MARGOUES MN, RIDGE RJ, BRUCCOLERI RE, HABER E, CREA 
R, OPPERMANN H: Protein Engineering of Antibody Bind
ing Sites: Recovery of Specific Activity in an Anti-digoxin 
Single-chain Fv Analogue Produced in Escherichia coli. 
Proc Natl Acad Sci USA 1988, 85:5879-5883. 

16. COLCHER D, BIRD R, ROSEUJ M, HARDMAN KD, jOHNSON S, POPE 
• S, DoDD SW, PANTOUANO MW, Mn.ENIC DE, ScmoM J: In Vivo 

Tumor Targeting of a Recombinant Single-chain Antigen
binding Protein. J Nat/ Cancer Inst 1990, 82:1191-1197. 

A single-chain Fv fragment of the ~tirumor antibody B6.2 was tested in 
athymic mice with human tumor xenografts. Despite its rapid clearance, 
the tumor-to-tissue ratios were similar to those obsetved using the Fab' 
fragment. 

17. WARD ES, Gussow D, GRIFI'TIHS AD, JONES PT, WINTER G: 
• Binding Activities of a Repertoire of Single Immunoglobulin 

Variable Domains Secreted from Escherichia coli. Nature 
1989, 341:544-546. 

VH domains were cloned by PCR from immunized animals and tested 
for binding antigen in EUSAs. Clones with positive responses were ob
setved. 

18. ORlANDI R, GOssow DH, jONES PT, WINTER G: Cloning Im-
• munoglobulin Variable Domains for Expression by the 

Polymerase Chain Reaction. Proc Nat/ Acad Sci USA 1989, 
86:3833-383 7. 

The design of a set of PCR primers for the amplification of DNA coding 
for mouse antibody light and heavy chains is described. 

19. SAS'IRY L, ALTING-MEES M, HUSE WD, SHORT JM, SORGE JA, 
• HAY BN, JANDA KD, BENKOVIC SJ, LERNER RA; Cloning of the 

Immunological Repertoire in Escherichia coli for Genera
tion of Monoclonal Catalytic Antibodies: Construction of a 
Heavy Chain Variable RegionMspecific eDNA Library. Proc 
Nat/ Acad Sci USA 1989, 86:5728-5732. 

The use of PCR for the generation of antibody libraries is described. 

20. CHAUDHARY VK, BATRA JK, GAIW MG, WilliNGHAM MC, 
• FITZGERAlD DJ, PASTAN I: A Rapid Method of Cloning Func

tional Variable-region Antibody Genes in Escherichia coli 
as Single-chain immunotoxins. Proc Nat/ Acad Sci USA 1990, 
87:1066--1070. 

PCR was used to clone the mRNA from a hybridoma, and the primers 
were designed such that a single chain Fv fragment linked to Pseu
domonas exotoxin could be obtained directly. 



244 Pharmaceutical applications 

21. HUSE WD, SAS'IRY L, IVERSON SA, KANG AS, ALTING-MEES M, 
•• BURTON DR, BENKOVIC SJ, LERNER RA: Generation of a Large 

Combinatorial Library of the Immunoglobulin Repertoire in 
Phage Lambda. Science 1989, 246:1275--1281. 

The mRNA from a newly immunized mouse was used to generate PCR 
libraries for the light. and heavy chains. The libraries were then cut 
and religated into the same A vector. This A vector was built around 
a Fab expression plasmid analogous to those described in [8,9,10•], 
and binding activity could be screened on plaque lifts. 

22. CATON A], KOPROWSKI H: lnJiuenza Virus Hemagglutinin-spe-
• cific Antibodies Isolated from a Combinatorial Expression 

Ubrary are Closely Related to the Immune Response of 
the Donor. Proc Nat/ Acad Sci USA 1990, 87:6450-6454. 

The technique developed in [ 21••] was used to characterize the im
mune response against influenza virus hemagglutinin. Similar heavy and 
light chain combinations were observed as in previous studies using hy
bridomas. 

23. LARRICK ]W, DANIEISSON L, BRENNER CA, W AUACE EF, 
• ABRAHAMSON M, FRY KE, BORREBAECK CAK: Polymerase 

Chain Reaction Using Mixed Primers: Cloning of Human 
Monoclonal Antibody Variable Region Genes from Single 
Hybridoma Cells. Biotechnology 1989, 7:934-938. 

Primers for use in the amplification of antibody light and heavy chain 
DNA are described. 

24. LoH EY, EUJOTI JF, CWlRIA S, lANIER U, DAVIS MM: Poly-
• merase Chain Reaction with Single-sided Specificity: Analy-

sis ofT Cell Receptor o Chain. Science 1989, 243:217-220. 
The use of a single specific primer in PCR When the 5' portion of genes 
is not known or is highly variable, only one specific PCR primer at the 
3' end can be used. Poly-G can be added to the 3' end of the eDNA 
(the 5' end of the gene) and a poly-C·containing PCR primer can then 
be used in the amplification. 

25. SHORT JM, FERNANDEZ JM, SORGE JA, HUSE WD: J...ZAP: a Bacte
riophage A Expression Vector with In Vivo Excision Prop
erties. Nucleic Acids Res 1988, 16:7583-7600. 

26. MUlLINAX RL, GROSS EA, AMBERG JR, HAY BN, HOGREFE HH, 
• KUBITZ MM, GREENER A, ALTING-MEES M, ARooUREL D, SHORT 

]M, SORGE JA, SHOPES B: Identification of Human Antibody 
Fragment Clones Specific for Tetanus Toxoid in a Bacte
riophage A Immunoexpression Library. Proc Nat/ Acad Sci 
USA 1990, 87:8095-8099. 

Demonstration that a A-phage library of antibodies can be made from a 
human using peripheral blood lymphocytes. Application of the combi· 
nato rial approach of [ 21••], which requires that the human donor has 
been immunized or boosted very recently against the antigen under 
study (see also [27•] ). 

27. PERSSON MAA, CAonnEN RH, BURTON DR: Generation of Di-
• verse Human Monoclonal Antibodies by Repertoire Cloning. 

Proc Natl Acad Sci USA 1991, in press. 
See [26•]. 

28. SMITH GP: Filamentous Fusion Phage: Novel Expression Vec
tors tha Display Cloned Antigens on the Virion Surface. 
Science 1985, 228:1315--1317. 

29. PARMLEY SF, SMI'IH GP: Antibody-selectable Filamentous fd 
Phage Vectors: Affinity Purification of Target Genes. Gene 
1988, 73:305--318. 

30. SCorr JK, SMI1H GP: Searching for Peptide Ligands with an 
•• Epitope Library. Science 1990, 249:386-390. 
Random peptides were encoded at the amino-terminus of the pm pro
tein of a filamentous phage and thus presented on the phage surface. 
Whole phage displaying a certain epitope can be enriched by adsorp
tion to a solid phase-bound antibody. 

31. CWlRIA SE, PETERS EA, BARRETI RW, DoWER WJ: Peptides on 
•• Phage: A Vast Library of Peptides for Identifying Ligands. 

Proc Nat/ Acad Sci USA 1990, 87:6378-6382. 
Random peptides were encoded at the amino-tenninus of the pill pro
tein of a filamentous phage and thus presented on the phage surface. 
Whole phage displaying a certain epitope can be enriched by adsorp
tion to a solid phase-bound antibody. 

32. DEVLIN JJ, PANGANIBAN LC, DEVLIN PE: Random Peptide Li-
•• braries: A Source of Specific Protein Binding Molecules. 

Science 1990, 249:404-406. 
Random peptides were encoded at the amino-terminus of the pm pro
tein of a filamentous phage and thus presented on the phage surface. 
Phage displaying a certain epitope able to bind directly to avidin were 
enriched by repeated solid phase adsorption. 

33. GEYSEN HM, RODDA SJ, MAsoN 1J: A Priori Delineation of 
a Peptide Which Mimics a Discontinuous Antigenic Deter
minant. Mollmmuno/1986, 23:709-715. 

34. MCCAFFERIY J, GRIFFnHS AD, WINTER G, CHISWEIL OJ: Phage 
• Antibodies: Filamentous Phage Displaying Antibody Variable 

Domains. Nature 1990, 348;552-554. 
A single-chain Fv fragment was expressed at the amino-terminus of the 
pm protein of a filamentous phage and thus presented on the phage 
surface. It was shown that the phage could be adsorbed to solid phase
bound antigen. 

35. BASS S, GREENE R, WEllS JA: Hormone Phage: An Enrichment 
• Method for Variant Proteins with Altered Binding Proper-

ties. Proteins 1990, 8:309-314. 
Human growth hormone was expressed at the amino-tenninus of the 
pm protein of a filamentous phage, encoded in a phagemid in the pres
ence of a helper phage, and thus presented in low copy number on the 
phage surface. It was shown that a tighter-binding variant of the hor
mone could be enriched after adsorption to solid phase-bound hor
mone receptor. 

36. DAVIES DR, PADIAN EA; Antibody-antigen Complexes. Annu 
Rev Biocbem 1990, 59:439-473. 

37. ELY KR, HERRON JN, HARKER M, EDMUNDSON AB: Three-
• dimensional Structure of a Light Chain Dimer Crysta.llized 

in Water.] Mol Bio/1989, 210:601-615. 
The three-dimensional structure of the light chain dimer Meg was deter
mined after crystallization from water and ammonium sulphate. Rather 
different elbow bend angles were found in each case, and the modes 
of association between the V1 domains were somewhat different. 

38. SIMON T, RA.JEWSKY K: Antibody Domain Mutants Demon
strate Autonomy of the Antigen Binding Site. EMBO] 1990, 
9:1051-1056. 

39. TAN LK, SHOPES RJ, OI Vf, MORRISON SL: Influence of the 
• Hinge Region on Complement Activation, C1q Binding, and 

Segmental Flexibility in Chimeric Human Immunoglobulins. 
Proc Nat/ Acad Sci USA 1990, 87:162-166. 

Using a series of antibodies containing the same antigen-binding sites, 
but different hinge regions, it was shown that segmental flexibility cor
relates with the length of the 'upper hinge', but that complement acti
vation does not correlate with segmental flexibility. 

40. BENTI.EY GA, BOUIDT G, RIOTIOT MM, POIJAK Jij: Three-
•• dimensional Structure of an Idiotope-Anti-idiotope Com-

plex. Nature 1990, 348:254-257. 
The first structure of an antibody-anti-idiotype complex to be solved. 
The results will require that some views on 'internal images' are mod
ified, in that the anti-idiotype is not an image of the antigen lysozyme, 
but does share some similarities on part of the surface. 

41. ERlANGER BF: Some Thoughts on the Structural Basis of 
Internal Imagery. Immunol Today 1989, 10:151-152. 

42. STANFIElD RL, FIESER TM, LERNER RA, Wll.SON lA: Crystal Struc· 
• tures of an Antibody to a Peptide and its Complex with 

Peptide Antigen at 2.8A. Science 1990, 248:712-719. 
Crystal structure of a peptide antigen with a Fab fragment which shows 
that the bound peptide does not assume the conformation of the same 
peptide in the native protein. 

43. DYsoN HJ, HOUGHTEN RA, WRIGHf PE, LERNER RA: Folding 
of Immunogenic Peptide Fragments of Proteins in Watet;" 
Solution: ll. The Nascent Helix.] Mol Bio/1988, 201:201-217. 

44. BHAT 1N, BENTI.EY GA, FlSCHMANN TO, BOUIDT G, POLJAK RJ: 
• Small Rearrangements in Structures of Fv and Fab Frag

ments of Antibody D1.3 on Antigen Binding. Nature 1990, 
347:483-485. 



Structural comparison between an Fv and Fab fragment, revealing that 
the differences are very small and that the Fv f.tag~nent is indeed a good 
model for antigen binding. 

45. GLOCKSHUBER R, STEIPE B, HUBER R, PLOCK'IHUN A; Cyrstalli-
• sation and Preliminary X-ray Studies of the V1 Domain of 

the Antibody McPC603 produced in Escherichia coli 1 Mol 
Biol1990, 213:613--615. 

The V1 domain was found to be remarkably similar in the V1 dimer and 
the Fab fragment. This suggests that single domains may also be useful 
in structural libraries of antibody loops. 

46. CH01HIA C, LESK AM, TRAMONTANO A, LEviTI M, SMITH GIU. 
• SJ, AIR G, SHERIFF S, PADLAN EA, DAVIES D, TUUP WR, 

COLMAN PM, SPINElli S, AIZARI PM, POLJAK RJ: Conformations 
of Immunoglobulin Hypervariable Regions. Nature 1989, 
342:877--883. 

Useful tabulation of antibody loop conformations. The authors propose 
that there are a few key residues which detennine the conformation of 
the antibody loops. 

47. TRAMONTANO A, CHOnnA C, LESK AM: Structural Detem1inants 
of the Conformations of Medium-sized Loops in Proteins. 
Proteins 1989, 6:382-394. 

48. TRAMONTANO A, CH01HIA C, LESK AM: Framework Residue 71 
is a Major Determinant of the Position and Conformation 
of the Second Hypetvariable Region in the V H Domains of 
Immunoglobulins.] Mol Bio/1990, 215:175-182. 

49. MAimN ACR, CHEE1HAM JC, REES AR: Modeling Antibody Hy-
• pervariable Loops: a Combined Algorithm. Proc Natl Acad 

Sci USA 1989, 86:9268--9272. 
Searching the three-dimensional database for existing loops of prede· 
fined geometric qualities is combined with energy evaluation of seg· 
ments generated by uniform conformational sampling, as in [50]. 

50. BRUCCOLERI RE, KARPLUS M: Prediction of the Folding of 
Short Polypeptide Segments by Uniform Conformational 
Sampling. Biopolymers 1987, 26:137-168. 

51. PADIAN EA: On the Nature of Antibody Combining Sites: 
Unusual Structural Features that May Confer on these Sites 
an Enhanced Capacity for Binding Ligands. Proteins 1990, 
7:112-124. 

52. MIAN IS, BRADWEll. AR, OLSON AJ: Structure, Function and 
Properties of Antibody Binding Sites. ] Mol Bioi 1991, 
217:133-151. 

53. REARDAN DT, MEARES CF, GooDWIN DA, McnGuE M, DAVID 
GS, STONE MR, LEUNG JP, BAR1HOLOMEW RM, FRINCKE JM: An
tibodies Against Metal Chelates. Nature 1985, 316:265-268. 

54. COCHRAN AG, SCHULTZ PG~ Peroxidase Activity of an 
• Antibody-heme Complex. JAm Chem Soc 1990, 112:9414-

9415. 
Antibodies generated against N-methylmesoporphyrin IX bind Fe(m) 
mesoporphyrin IX and are shown to catalyze the oxidation of several 
substrates in a peroxidase-like manner. 

55. SCHWABACHER AW, WEINHOUSE Ml, AUDITOR MTM, LERNER RA: 
• Me~oselective Anti-porphyrin Monoclonal Antibodies. 1 

Am Chern Soc 1989, 111:2344-2346. 
Antibodies were raised to Fe(DI) or Co(m) complexes of a synthetic 
symmetric porphine. It was shown that the antibodies discriminate be· 
tween different metals bound in the porphine ring, and that the metal 
used as the immunogen binds most efficiently. 

56. CHRISTIANSON OW, LIPSCOMB WN: Carboxypeptidase A: Ace 
Chem Res 1989, 22:62~9. 

57. YAMASHITA MM, WESSON L, EISENMAN G, EISENBERG 0: Where 
Metal Ions Bind in Proteins. Proc Natl Acad Sci USA 1990, 
87:5648-5652. 

58. C P: Systematics in the Interaction of Metal Ions 
with the Main-chain Carbonyl Group in Protein Structures. 
Biochemistry 1990, 29:651~58. 

59. 

Antibody engineering Pluckthun 245 

CHAKRABARTI P: Interaction of Metal Ions with Carboxylic 
and Carboxamide Groups in Protein Structures. Protein En· 
gineering 1990, 4:49--56. 

60. , C 11 P: Geometry of Interaction of Metal Ions with 
Histidine Residues in Protein Structures. Protein Engineer
ing 1990, 4:57~3. 

61. VAlLEE BL, AUlD OS: Zinc Coordination, Function, and Struc
ture of Zinc Enzymes and Other Proteins. Biochemistry 
1990, 24:5647-5664. 

62. IVERSON BL, IVERSON SA, ROBERTS VA, GETZOFF ED, TAINER 
• ]A, BENKOVIC SJ, LERNER RA: Metalloantibodies. Science 1990, 

249:659--662. 
The Zn-binding site of carbonic anhydrase B is transplanted to an an· 
tibody and it is demonstrated that the antibody binds both Zn and Cu. 
The experiments are discussed. 

63. ROBERTS VA, IVERSON BL, IVERSON SA, BENKOVIC SJ, LERNER 
• RA, GETZOFF ED, TAINER JA; Antibody Remodelling: a Gen

eral Solution to the Design of a Metal-coordination Site in 
an Antibody Binding Pocket. Proc Natl Acad Sci USA 1990, 
87:6654--6658. 

The Zn·binding site of carbonic anhydrase B is transplanted to an an· 
tibody and it is demonstrated that the antibody binds both Zn and Cu. 
The theoretical considerations in the design are discussed. 

64. lDGAKI ]N, HAYMORE BL, CHEN S, FLE'rl'ERICK RJ, CRAIK CS: 
Regulation of Serine Protease Activity by an Engineered 
Metal Switch. Biochemistry 1990, 29:8582-8586. 

65. REGAN L, ClARKE ND: A Tetrahedral Zinc(TI)-binding Site 
Introduced into a Designed Protein. Biochemistry 1990, 
29:10878-10883. 

66. TOMA S, CAMPAGNOU S, MARGARIT I, GIANNA R, GRANDI G, 
BOLOGNESI M, DE FlllPPIS V, FONTANA A; Grafting of a Calcium 
Binding Loop of Thennolysin to Bacillus subtilis Neutral 
Protease. Biochemistry 1991, 30:97-106. 

67. BlACKBURN GM, KANG AS, KINGSBURY GA, BURTON DR: Cat
alytic Antibodies. Biochem] 1989, 262:381-390. 

68. SCHULTZ PG: Catalytic Antibodies. Angew Chemie Int Ed Engl 
1989, 28:1283-1295. 

69. 

70. 

SHOKAT KM, SCHULTZ PG: Catalytic Antibodies. Ann Rev lm· 
muno/1990, 8:335-363. 

LERNER RA, BENCOVIC SJ: Principles of Antibody Catalysis. 
Bioessays 1988, 9:107-112. 

71. jACKSON DY, PRUDENT JR, BAlDWIN EP, SCHULTZ PG: A Muta-
• genesis Study of a Catalytic Antibody. Proc Nat/ Acad Sci 

USA 1991, 88:58-62. 
An analysis of hapten·binding and catalytic properties of mutants of the 
PC-binding antibody S107 is presented. 

72. GLOCKSHUBER R, STADLMOUER J, PLOCK1HUN A; Mapping and 
• Modification of an Antibody Hapten Binding Site: a Site

directed Mutagenesis Study of McPC603. Biochemistry 1991, 
30: in press. 

An analysis of the hapten binding properties of mutants of the PC-bind
ing antibody McPC603, expressed in E. coli, is presented. 

73. BROGGEMANN M, WINTER G, WAlDMANN H, NEUBERGER MS: The 
• Immunogenicity of Chimeric Antibodies. J Exp Med 1989, 

170:2153-2157. 
A human antibody, a V-human--c·mouse chimera and a mouse antibody 
tested in the mouse for antigenic response, were found to decrease in 
sensitivity in this order. 

74. l.oBUGUO AF, WHEELER RH, TRANG J, HAYNES A, ROGERS K, 
• HARvEY EB, SUN L, GHRAYEB J, KHAzAEu MB: Mouse/human 

Chimeric Monoclonal Antibody in Man: Kinetics and Ini
mune Response. Immunology 1989, 86:422o-4224. 

A chimeric version of the murine antibody 17 ·lA was administered to 
ten patients with colon cancer. The antibody disappeared from plasma 
with tth of 20 h and 100 h (using a two-compartment model) and was 
modestly immunogenic in one patient only. 



246 Pharmaceutical applications 

75. RIECHMANN L, CLARK M, W AIDMANN H, WINTER G: Reshaping 
Human Antibodies for Therapy. Nature 1988, 332:323-327. 

76. CASADEI J, POWELL MJ, KENTEN JH: Expression and Secretion 
• of Aequorin as a Chimeric Antibody by Means of a Mam· 

malian Expression Vector. Proc Natl Acad Sci USA 1990, 
87:2047-2051. 

The Fe part of an antibody was replaced by aequorin and expressed, as 
an H-L heterodimer, in myeloma cells. Both antigen binding and light 
generation were functional. 

77. TAI MS, MUDGETI-HUNfER M, LEviNSON 0, Wu GM, HABER 

• E, OPPERMANN H, HUSTON JS: A Bifunctional Fusion Protein 
Containing Fc·binding Fragment B of Staphylococcal Pro· 
tein A Amino Tenninal to Antidigoxin Single-chain Fv. Bio
chemistry 1990, 29:8024-8030. 

A fusion between staphylococcal protein A and a single~chain Fv frag~ 
ment was constructed and shown to be functional. 

78. CHAUDHARY VK, QUEEN C, JUNGHANS RP, WAlDMANN TA, 
• FITZGERAlD DJ, PASTAN 1: A Recombinant lmmunotoxin Con· 

sisting of Two Antibody Variable Domains Fused to Pseu. 
domonas Exotoxin. Nature 1989, 339:394-397. . 

A fusion between Fv fragment (at the amino~terminus) and Pseu· 
domonas exotoxin (at the carboxy-terminus) was constructed, refolded 

from inclusion bodies, and shown to be cytotoxic to cells expressing 
the interleukin-2 receptor. 

79. BATRA JK, FmGERAID D, GATELY M, CHAUDHARY VK, PASTAN I: 
• Anti·Tac (Fv)·PE40, a Single Chain Antibody Pseudomonas 

Fusion Protein Directed at Interleukin 2 Receptor Bearing 
. Cells.] Bioi O:Jem 1990, 265:15198--15202. 

Various linker designs and a change in the order ofV1 and VH fragments 
were used in fusions of a single chain Fv fragment to Pseudomonas 
exotoxin. The fusion proteins were found to be similarly effective in 
cell killing. 

80. CHAUDHARY VK, GAlLO MG, FITzGERAlD OJ, PASTAN 1: A Re· 
• combinant Single-chain Immunotoxin Composed of Anti· 

Tac Variable Regions and a Truncated Diphtheria Toxin. 
Proc Natl Acad Sci USA 1990, 87:9491-9494. 

A fusion between part of diphtheria toxin (at the amino terminus) and 
a single-chain Fv frag~nent (at the carboxy terminus) was constructed, 
refolded from inclusion bodies and shovvn to be cytotoxic to cells ex. 
pressing the interleukin·2 receptor. 

A Pliickthun, Genzentrum der Universitiit Miinchen, c/o Max~Planck In~ 
stitut fiir Biochemie Am Klopferspitz, D-8033 Martinsried, FRG. 




