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Summary 

The Fv and F ah fragments of the phosphorylcholine binding antibody M cPC603 were functionally 
expressed in E. coli. This was achieved by the co-expression and co;_secretion of both chains to the 
periplasm, where correct processing, folding and assembly occurred. Interestingly, the fraction of 
correctly folded F abfragment is smaller than that of the Fv fragment in E. coli. The intrinsic hapten 
binding affinity was shown to be identical for the recombinant Fv or F ah fragment, the whole an
tibody and the Fabfragment obtained by proteolysis from the mouse antibody. Fluorescence and 
cross/inking analyses showed that the Fv fragment dissociates at high dilution, but that it is 
stabilized by hapten binding. The recombinant Fv fragement was shown to have catalytic activity 
to hydrolyze choline-p-nitrophenyl carbonate and constitutes therefore a promising model system 
with which the structural requirements of catalytic antibodies can be studied by altering the pro
tein itself 

Introduction 

Antibodies hold a unique place in research, 
clinical diagnostics, and therapy. The inven
tion of strategies to obtain monoclonal an
tibodies1 has revolutionized many branches of 
biological and medical research, by allowing 
the production of molecules with almost any 
desired fine-specificity. Nevertheless, this 
sophisticated selection technique can only 
take advantage of the sequences present in the 
natural reservoir, and those that arise through 
somatic mutation. The next logical step con
sists of giving the investigator complete con
trol of the antibody sequence. This entails al
tering the immunoglobin molecule itself by 
the methods of gene technology. 

Several investigators have developed 
techniques for expressing altered antibodies in 
various cell lines (for recent reviews, see ref. 2, 
3). This approach leads to correctly glycosy
lated and assembled molecules, and may be 
very useful in the production of antibodies for 
human therapy4

• However, it does not offer 
the same experimental flexibility that a micro
bial expression system would, especially with 

E. coli as the expression host. Due to this flex
ibility, expression in E. coli may considerably 
facilitate the development and testing of anti
body variants. There may also be instances in 
research, clinical diagnostics and therapy, 
where the use of an antigen binding fragment 
(e. g. the F ab fragment or the Fv fragment) may 
be desirable. Fv fragments could in principle 
be useful, e. g. in cancer therapy and diagnos
tics, since their small size could result in better 
tissue penetration, lower antigenicity and al
tered pharmacokinetics. It is therefore essen
tial to have a complete understanding of their 
properties. Fv fragments can usually not be 
obtained in high yields from eukaryotic ex
pression systems5 and Fv fragments are very 
difficult to prepare by proteolysis6

• 

Some time ago, we developed an E. coli ex
pression system that combines the advantage 
of expression in the native state with those of 
E. coli as expression host7

• We used as a model 
system the especially well characterized anti
body McPC603, a phosphorylcholine binding 
IgA of the mouse. The sequence 8'

9
, the crystal 
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structure of its F ab fragment10
'
11

, as well as 
binding constants and binding kinetics of sev
eral haptens had been determined12

-
17

, 

facilitating the characterization of recombin
ant products. We obtained the genes for the 
variable domains synthetically (encoding the 
Fv fragment) and also linked them to the 
appropriate, cloned constant domains (to 
encode the Fab fragment whose crystal 
structure had been determined) 18

• 

The expression system is designed to achieve 
co-expression and co-secretion of both chains 
(either only the variable domains V Land V H to 
give the Fv fragment, or the complete light 
chain (V L CL) and the first two domains of the 
heavy chain (V HCH) to give the F ab frag- . 
ment )19

• An artificial operon was constructed 
in which both genes were under the control of 
the inducible lac promoter. Both chains fold, 
their disulfide-bonds form and they associate 
to the correct heterodimer. This expression in 
the native state allows the recombinant Fv or 
Fab fragment to be purified from E. coli with 
extraordinary ease: by the use of a hapten-af
finity column in a single step. 

E. coli as an expression host has a number of 
attractive features: Genetic manipulations are 
simple, fermentation is relatively straightfor
ward, and transformation is efficient. It may 
therefore constitute an ideal system in which 
random mutagenesis strategies for antibodies 
can be developed. Due to the fast growth of 
E. coli and the well established genetic 
techniques, site-directed mutagenesis experi
ments and production of the altered protein 
can be performed in a fairly short time with 

• our expression system. 

Hapten Binding 

The functionality of the recombinant Fv and 
F ab fragments was investigated by the determi
nation of the hapten binding constants (ref. 7; 
Skerra, Glockshuber and Pliickthun, manu
script in preparation). Both equilibrium 
dialysis7 and fluorescence measurements7

a 

were used. In all cases, it could be de
monstrated that there is no significant differ
ence in the intrinsic association constant of the 
hapten to the whole antibody from mouse, the 
F ab' fragment prepared by proteolysis of the 
mouse antibody, the recombinant Fab frag
ment from E. coli or the recombinant Fv frag
ment from E. coli. 

In the case of the Fv fragment, however, the 
dissociation of the fragment that is observed at 
high dilution (see below) leads to a depen
dence of the measured (apparent) hapten bind
ing constant on protein concentration. If the 
two chains VH and VL making up the Fv frag
ment are covalently crosslinked, on the other 
hand, a value identical to all other hapten as
sociation constants is found. This indicates 
that the recombinant Fv fragment has the same 
intrinsic binding constant as all other frag
ments. The Fv fragment as well as the recom
binant F ab fragment are therefore suitable 
model systems for the study of antigen-anti
body interactions. 

As a first example of the use of site-directed 
mutagenesis for delineating quantitative con
tributions of various interactions to free ener
gies of hapten binding, the residue tyr H33 
was changed to phe (Figure 1). This structur
ally similar residue is no longer capable of 
forming a hydrogen bond to one of the termi
nal oxygens of the phosphate group of phos
phorylcholine. Such a change lowers the bind
ing affinity of phosphorylcholine from 1.6 x 
105 M- 1 to 2.45 x 103 M-1

• 

A systematic mutagenesis study and binding 
analysis with a variety of synthetic haptens 
and analogs will provide a useful database, 
against which theoretical methods for the pre
diction of binding constants can be tested and 
calibrated. Such a study will more clearly de
lineate different contributions to the observed 
free energy of binding and aid in our under
standing of the design of optimal binding sites 
and optimal ligands. 
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Fig. 1: The phosphorylcholine binding site of the antibody McPC603 (stereo view). The atom types are labeled with oxy
gen in dark grey, nitrogen in grey, carbon in white and phosphorus in light grey. The residues shown are from left to 
right: aspL97, trpH107, asnH101, phosphorylcholine, gluH35, tyrH33 and argH52. 

Association of the Variable Domains 

The stability and assembly of the Fv fragment 
was investigated. We separated V L and V H by 
anion exchange-chromatography in the pres
ence of urea under non-reducing conditions23

a. 

Both chains were then renatured by the re
moval of the denaturant. Experiments with 
FPLC size exclusion chromatography showed 
that, under the conditions of the chromato
graphy ·experiment, VL dimerized quantita
tively20. The sequence of V1 of McPC603, a 
kappa chain, is 63 °/o identical to the human 
kappa chain of REI21 . REI is a Bence-Janes 
protein (V1 dimer) isolated from the urine of a 
multiple myeloma patient and its structure 

was determined at high resolution22,23· Our 
working assumption was that V L of McPC603 
dimerizes in a structure very similar to that of 
REI. In Figure 2, a superposition of REI and 
VL of McPC603 is shown. Recently, we could 
verify the model by determining the crystal 
structure of the V L domain23

a produced in 
E. coli at a resolution of 2.0 A. 
On the other hand, no ordered dimerization 
of VH with itself could be demonstrated. 
Under identical conditions, a mixture of 
monomers and a broad peak eluting at the 
molecular weight of dimers was found by 
FPLC size exclusion chromatography for VH, 
in contrast to the sharp peak obtained with VL 

Fig. 2: Stereo view of the superposition of the framework region of REI and VL of McPC603. The REI dimer is shown 
with filled bonds and the McPC603-V L dimer with open bonds. The circles correspond to ex-carbon positions. Note the 
-longer V L -CDRtloop of McPC603. 

·' 
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dimers. This indicates that VH exists as 
monomers and dimeric aggregates with a mix
ture of molecular shapes and not a defined 
dimer conformation. 

It is possible to crosslink the V H and V L chains 
by glutaraldehyde, while the V L dimer cannot 
be crosslinked with this reagent. This is prob
ably at least in part a consequence of the posi
tion of lysine residues in both structures. 
Crosslinking experiments at different dilu
tions in the presence and absence of the hapten 
phosphorylcholine have shown that there is a 
concentration-dependent equilibrium for the 
association of V L with V H, which is shifted to
wards the Fv fragment in the presence of phos
phorylcholine. This is made plausible by the 
fact that phosphorylcholine has interactions 
with both the light and the heavy chain (Figure 
1 ). The relevant equilibria are described by the 
following scheme: 

Kpc 
Fv + PC , ~ Fv · PC 

KHL 

VH+ VL , 'Fv 

KLL 

v L + v L ' I ~ (V L)2 

While the hapten-binding equilibrium con
stant Krc could be measured very accurately 
by fluorescence and equilibrium dialysis 
techniques and was found to be 1.6 X 105 M-1 

[Kdiss = 6.25 X 1 o-6 MJ, the other two equilibria 
can presently not be obtained with the same 
accuracy and have to be estimated from 
crosslinking and fluorescence dilution experi
ments. The protein association constants KHL 

is around 106 M-1 (ref. 7 a), while the light 
chain dimer association constant KLL is con
siderably weaker and not yet precisely known. 

Stability and Folding 

The recombinant Fv fragment was tested for 
the presence of the disulfide bonds. An amino 
acid analysis was carried out after reaction 
with 4-vinyl-pyridine. It was found that no 
free cysteine was present in the native .Fv frag-

ment, even in the presence of urea to make all 
residues accessible for derivatization, but that 
all four cysteine residues could be quantita
tively derivatized after reduction of the pro
tein. This demonstrates that both disulfide 
bonds of the purified Fv fragment must have 
been quantitatively formed. 
To investigate whether both disulfide bonds 
are required for folding of the Fv fragment in 
vivo, two mutant Fv fragments were con
structed (Glockshuber and Pluckthun, manu
script in preparation). In one case, cysL23 and 
cysL94 were both changed to alanine residues 
and in the other case, cysH22 and cysH98 
were both changed to alanine residues. In both 
double mutants, no functional protein could 
be isolated from E. coli, indicating that the 
presence of both disulfide bonds is absolutely 
essential for folding in vivo and expression in 
E. coli. This result does not distinguish between 
an unstable native state in the absence of the 
disulfide bond or a requirement for early disul
fide bond formation in the folding process. 
Functional antibodies are known that do not 
possess a disulfide bond in the V H domain24 

but the differences between these two experi
mental situations are not yet understood. We 
are currently conducting experiments to 
delineate the folding process in more detail. 
The Fab fragment could be obtained and 
purified from E. coli with a strategy analogous 
to that used for the Fv fragment19

. Interest
ingly, the fraction of correctly folded protein 
is consistently smaller than for the Fv frag
ment under identical experimental conditions. 
This, system may be a good model for studying 
factors that influence the in vivo folding of a 
heterologous, dime ric protein. We are cur
rently investigating both intragenic as well as 
extragenic factors influencing the yield of 
folding in vivo (Skerra and Pliickthun, manu
script in preparation). For instance, the second 
intradomain disulfide bond within the CH1 
domain in mouse IgA connecting cysH198 and 
cysH222 was removed (Figure 3), since it was 
conceivable that a disulfide-rearrangement 
might lead to a slow folding step and the con-
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Fig. 3: Schen1atic diagram of the disulfide bonds in the F ab 

fragment of McPC603. Note the absence of any inter
molecular disulfide bonds and the presence of a second in
tradomain disulfide bond (H198-H222) inCH. The num
bers indicate the positions of all cysteine residues as well 
as the domain boundaries used in the recombinant Fv 
fragment. , 

sequent accumulation and aggregation of a 
folding intermediate. However, this disulfide 
bond in CH1 was not found to influence the 
folding yield beyond experimental error since 
a double mutant carrying alanine residues in 
both positions yielded a similar amount of re
combinant Fab fragment as the wild-type with 
the disulfide bond present. 

Catalytic Activity 

It was Haldane25 and Pauling26 who first post
ulated that an enzyme should be complemen
tary in structure to the transition state of the 
reaction it catalyzes. Thus, part of the intrinsic 
binding energy of the ground state may be 
used to bring the bound substrate closer to the 
transition state. Indeed, many compounds re
sembling the transition state ("transition state 
analogs") have been synthesized and been 
found to be excellent inhibitors, binding to the 
enzymes with higher affinity than the sub
strate27. 

J encks28 first suggested the reversal of this 
idea, i.e. to elicit antibodies against transition 
state analogs. Several investigators have used 
this strategy (reviews: Ref. 29-32), but real 
success was only possible after the discovery 
of a method to produce monoclonal an
tibodies 1• The reason for this lies in the rather 
low catalytic activities obtained with this ap
proach and the consequently high amounts of 
protein necessary for assays. Recently, by 
raising monoclonal antibodies against suitable 
transition state analogs, a variety of reactions 
have been moderately catalyzed29

-
32

• 

Our strategy has been to develop techniques 
to modify the catalytic protein itself18

• The an
tibody McPC603 is a very suitable model sys
tem for investigating the structural require
ments for catalysis since not only is the three
dimensional structure known, but we have 
also developed a convenient expression sys
tem for producing modified protein. 
McPC603 binds phosphorylcholine, a phos
phate ester, and should therefore be capable of 
binding the tetrahedal intermediate of the 
hydrolysis of analogous carboxy late esters or 
of carbonate esters better than the planar ester 
substrate itself (Figure 4). By Hammond's 
postulate, the transition states leading to and 
away from the tetrahedral intermediate should 
then also be stabilized. Indeed, esterases and 
proteases have been found to be complemen
tary in structure to the tetrahedral inter-

•· 
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Fig. 4: Schematic drawing of the binding of the reaction intermediate of an ester or a carbonate hydrolysis to the hapten 
binding site of McPC603. The analogy to hapten binding is indicated. The hapten may be viewed as a transition state 
analog (s.ee text). 

mediate31
'
33 and numerous phosphates and 

phosphonates have been reported to be transi
tion state analogs and good inhibitors for en
zymatic esterases or amidases (reviewed e. g. 
in ref. 20, 29-32). Furthermore, a serine pro
tease, stripped of its catalytic triad, was found 
to show residual activity, probably by this 
transition state stabilization34

• 

The recombinant Fv fragment of McPC603 
obtained from E. coli was tested for the 
catalysis of the hydrolysis of choline-p-ni
trophenyl carbonate. Indeed, a rate accelera
tion with a KM value of about 1.3 mM and a kcat 
value of about 0.05 min-1 could be de
monstrated (Stadlmuller and Pliickthun, in 
preparation). These rates are comparable to 
those of the related antibodies M167 and T15 
purified from mouse ascites35

' 
36 of which the 

three-dimensional structure is not known, 
however. While the rate acceleration is rather 
modest, this experiment shows that a recom
binant antibody obtained from E. coli can 

demonstrate catalytic activity. More impor
tantly, McPC603 is a system with a known 
three-dimensional structure. This fact should 
allow us, by systematic modification of both 
the substrate and the antibody, to get further 
insight into the exact requirements for effi
cient catalysis. 

While immunization with appropriately de
signed transition state analogs will certainly 
provide a good starting point for a catalytic 
antibody, it remains questionable whether 
very efficient catalysts can be obtained relying 
only on the available repertoire. More likely, a 
combination of both approaches, i.e. the 
modification of a moderately active catalytic 
antibody by either "rational engineering" or 
random mutagenesis will be required for 
catalytic antibodies to become useful reagents 
in research, technology and medicine. The E. 
coli expression system described here may be 
particularly useful for developing the neces
sary methodology. 
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Conclusions 

The facile expression of antigen binding frag
ments (Fv and F ab fragments) of the well 
characterized phosphorylcholine binding an
tibody McPC603 has permitted us to investi
gate the properties of these recombinant anti
gen binding fragments in detail. We showed, 
for instance, that this Fv fragment is com
pletely functional and therefore a good model 
for antigen-antibody interactions, but that it 
suffers from too low an interdomain associa
tion constant to be technically or medically 
useful without further structural changes. 
Alterations to improve the association were 
also introduced into the protein7

a. We were 
also able to show that the mutagenesis of 
the antibody can provide more detailed infor
mation on the hapten-antibody interactions, 
gradually leading to an improved understand
ing and the quantitation of the energetic con
tributions of single amino acid residues to 
hapten binding. 

Also, we have reported the first example of a 
catalytic antibody prod:uced in native form in 
E. coli. As an added bonus, the three-dimen
sional structure of it is known. This protein 
may constitute a promising model system 
with which to investigate strategies for the im
provement of catalytic efficiency, both by 
"engineering" and by random mutagenesis. 

What promise does expression of functional 
antibody fragments in E. coli hold for medical 
applications, especially therapy? The most 
notable feature of this expression system is the 
experimental convenience with which mu
tants can be generated and tested in a fairly 
short time. This fact and the promise for ran
dom mutagenesis might make E. coli expres
sion a particularly valuable intermediate with 
which to improve the properties of a diagnos
tic or therapeutic antibody. For instance, the 
binding affinity might be increased by sub
stitutions that cannot naturally occur in an
tibodies, or an unwanted secondary binding 
specificity might be suppressed by muta
genesis and subsequent testing in E. coli. The 

final version of the ''improved" antibody 
might then be expressed in a eukaryotic sys
tem, e. g. to obtain a complete human mono
clonal antibody possessing the improved 

• properties. 

E. coli holds yet another promise: With few 
more experimental difficulties than in the con
struction of point mutants, the structure of 
whole domains of the antibody may be mod
ified to variants not existing in nature. Single
chain Fv fragments7a,Jl,JS are just one such 
example, and many other derivatives and 
hybrid molecules are conceivable. Expression 
in E. coli may provide for the fairly rapid test
ing of the viability of such approaches. 
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