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There are several approaches to the study of 
catalysis. Most paradigms of enzymology are the fruit 
of the first approach, the continuous search for new 
enzymes and their judicious study. This "discovery" 
approach has led not only to the characterization of 
enzymes catalyzing new reaction types, but also to the 
meticulous dissection of the simplest elementary 

~catalytic steps. A second approach, the modification of 
one enzyme by chemical or, nowadays, mainly genetic 
means (i.e., the perturbation of the catalytic machin
ery), has recently also begun to provide further insight 
into the mechanisms of catalysis (for review, see Leath
erbarrow and Fersht 1986; Wetzel 1986; Knowles 
1987). Most enzymes have probably evolved to a rather 
high efficiency. The consequence is that modification 
will, most probably, only reduce their activity or leave 
it unaffected when they are tested for the reaction and 
conditions for which they were intended by nature 
(Albery and Knowles 1977). 

The third approach to the study of catalysis involves 
the "design" of suitable (probably at first rather mod
est) catalytic entities. The presumption here is that this 
may provide a very sensitive test of the requirements 
for efficient catalytic rate enhancements. Moreover, 
one may hope for the clearer delineation of such rules 
by a critical comparison of "professional" versus 
"home-built" catalytic entities. The success of all ap
proaches depends on treating each new or mutant pro-

~ tein as a new enzyme to be thoroughly studied. 
The principle of this design approach is, of course, by 

no means new. A multitude of model reactions have 
been devised for many classes of enzymatic reactions to 
probe the chemical feasibility of alternative pathways. 
Many detailed studies that included the binding aspect 
of catalysis were carried out on cyclodextrins, crown 
ether derivatives, and similar compounds (see, e.g., 
Cramer and Mackensen 1966; Bender and Kamiyama 
1978; Breslow et al. 1978; Tabushi et al. 1980; Breslow 
and Czarnik 1983; Hilvert and Bre.slow 1984; Cram and 
Trueblood 1985; Kellogg 1985; Breslow 1986; Lehn 
1986; D'Souza and Bender 1987). The disadvantage of 
these otherwise elegant model systems is that they do 
not involve proteins as catalysts. The extrapolation to 
natural enzymes becomes therefore somewhat longer. 
In addition, the synthetic effort to produce them is not 
much diminished after a number of models have been 
successfully made. It was therefore thought advantage
ous to carry out investigations directly with a protein. 
That enzymes do not possess a vis vitalis is illustrated by 

occasional discoveries of serendipitous catalytic ac
tivities in proteins not destined to work as enzymes. 
Bovine serum albumin, for example, decomposes 
Meisenheimer complexes, whereas nitrophenyl-binding 
antibodies and even human serum albumin do not 
(Taylor and Vatz 1973). In addition, hemoglobin can 
act as a monooxygenase in a variety of reactions (Fer
raio lo et al. 1984; Starke et al. 1984). 

In search of a suitable protein with which to carry out 
such investigations on the engineering of active sites, 
we decided on antibodies. Antibodies comprise a fami
ly of rather stable and similar structures that are able to 
bind to a very large number of antigens. The essence of 
antibody structure has been well reviewed (Kabat 1978; 
Amzel and Poljak 1979; Davies and Metzger 1983). 
The antibody domains consist of a highly conserved 
framework of~ sheets. The antigen-binding region is 
made up of six hypervariable loops (three derived from 
each chain) connecting the {3 strands within each sub
unit, and almost all binding interactions are contributed 
by residues from these loops. 

Indeed, fortuitous catalytic (precisely: hydrolytic) ac
tivities have been discovered in antibodies as well. 
Slobin (1966) described the catalysis of the hydrolysis 
of nitrophenyl acetate, catalyzed in a bimolecular reac-
. tion by a base on the protein, but not related to the 
nitrophenyl-binding properties of the antibodies. 
Rather, he showed that in these antibodies, binding 
protected the substrate from hydrolysis. In later 
studies, specific yet serendipitous reactions were found. 
Some antibodies reacted only stoichiometrically 
(Kohen et al. 1980b) and others showed a sluggish .· 
turnover (Kohen ·et al. 1979, 1980a). These experi
ments demonstrated again that there is at least nothing 
in the antibody molecule that prevents a reaction from 
turning over in such a hypothetical active site. 

One of the most essential features of enzyme 
catalysis is selective binding. Enzymes must distinguish 
their substrates from others, and they gain catalytic 
efficiency by differentiating substrate and product with 
respect to binding energies (Albery and Knowles 1977). 
Possibly the most effective contribution of binding to 
catalysis is, however, the further discrimination of the 
transition state as the structure to be bound most tightly 
(for review, see Albery and Knowles 1977; but see also 
Jencks 1975). This idea of transition state complemen
tarity was already considered by Haldane (1930). Paul
ing (1946) expressed this concept succinctly and pro
posed the synthesis of transition state analogs (for re-
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view, see Wolfenden 1976) as inhibitors. He had also 
recognized the fundamental similarity between en
zymes and antibodies in binding specific molecules 
(Pauling 1948). The idea of actually using transition 
state analogs as haptens for immunization was probably 
first explicitly stated by Jencks (1969) and has been 
tested experimentally several times since then with 
varying degrees of success (Raso and Stollar 1975a,b; 
Tramontano et al. 1986a,b; Jacobs et al. 1987)~ We do 
not know whether it is possible, even in principle, to . 
design transition state analogs that elicit optimal 
catalytic groups for many reactions in the antihapten 
antibody as opposed to eliciting just some way of hold
ing on to the hapten. 

As a starting point for investigations on binding and 
catalysis, we decided to use an antibody with a known 
three-dimensional structure that may be reasonably 
close to a transition-state-binding protein . . such a sys
tem is the phosphorylcholine-binding mouse immuno
globulin A McPC 603 (for reviews, see Potter 1977; 
Perlmutter et al. 1984). The structure (Segal et al. 
1974) and sequence (Rudikoff and Potter 1974; 
Rudikoff et al. 1981) of this and many analogous pro
teins (Potter 1977; Kabat et al. 1983; Perlmutter et al. 
1984) have been determined. In analyzing binding and 
catalysis by a macromolecule, we believe it is essential 
to have complete structural information available. 
Even though modeling of variants is necessary in this 
case as well, it remains on firmer ground. The avail
ability of high-quality crystals for X-ray diffraction 
studies is still a major uncertainty for every new pro
tein, and we therefore decided to choose a protein for 
which this hurdle has already been passed. 

McPC 603 binds phosphorylcholine. Phosphorus 
compounds, such as phosphonates, phosphonamides, 
but also phosphate esters, have been recognized as 
good inhibitors of the enzymatic hydrolysis of suitable 
carboxyl esters and ami des, and they conform to the 
criteria of transition state analogs (Weaver et al. 1977; 
Kam et al. 1979; Hofmann and Rottenberg 1980; 
Jacobsen and Bartlett 1981; Thorsett et al. 1982; Bart
lett and Marlowe 1983, 1987; Galardy et al. 1983; 
Tronrud et al. 1986, 1987). The phosphorus provides 
all the ligands of the tetrahedral intermediate itself 
(which is thought to be structurally and energetically 
similar to the transiti0n states leading to and away from 
it, by Hammond's principle). It does not require com
plexation with an enzyme nucleophile to yield the actu
al analog (as boronates or activated carbonyl com
pounds would to mimic the tetrahedral intermediate). 
It should therefore be effective in systems where the 
attacking nucleophile is not enzyme bound and can be 
displaced (i.e., where it is water). Indeed, all of the 
literature examples above concern the inhibition of Zn 
proteases. Since the antibody makes no specific contact 
to the bridging oxygen of phosphorylcholine, the choice 
of atoms around the carbonyl group in a substrate 
undergoing hydrolysis should be somewhat permissive. 

While this work was in progress, Pollack et al. (1986) 
reported that a related antibody, MOPC 167, already 
had the spontaneous capability to accelerate the hy-

drolysis of a suitable carbonate ester. This observation 
underlined once again the validity of Pauling's concept 
formulated 40 years ago, and, in addition, demon
strated that the antibody chosen by us with a known 
three-dimensional structure may indeed provide a 
promising experimental model for the systematic study 
of binding and rate acceleration. 

We therefore decided to work out an experimental 
system in which such an antibody may be altered by 
design and in which active fragments of the antibody 
and its mutants can be obtained in large amounts for 
experimental investigations. We describe here the gene 
synthesis and bacterial expression of the Fv and F ab 

fragments of the antibody protein. The genes corres
ponding to the variable domains VH and VL were ob
tained synthetically using the known protein sequence 
(Rudikoff and Potter 1974; Rudikoff et al. 1981). The 
gene for the light-chain constant domain CL was de
rived from a genomic clone (Altenberger et al. 1981), -
whereas the gene for the first constant domain of the 
heavy-chain CH1 was obtained from a eDNA clone of a 
mouse IgA1 (Auffray et al. 1981). 

EXPERIMENTAL PROCEDURES 

General methods. Bacterial growth was carried out 
according to the methods described by Miller (1972), 
and DNA manipulations were based on the procedures 
described by Maniatis et al. (1982). Plasmid isolation 
(Birnboim and Doly 1979; Holmes and Quigley 1981; 
Ish-Horowicz and Burke 1981), transformation of 
Escherichia coli (Dagert and Ehrlich 1979; Hanahan 
1983), DNA sequencing (a variation of the method of 
Chen and See burg 1985), polyacrylamide gel elec
trophoresis of proteins (Laemmli 1970; Fling and Greg
erson 1986), and Western blots (Blake et al. 1984) 

• 

were carried out essentially as described previously. 

DNA synthe_sis. The oligonucleotides were synthe- ~ 
sized with an Applied Biosystems Model 380A synthe
sizer using the phosphoramidite method (Sinha et al. 
1984). They were then purified by polyacrylamide gel 
electrophoresis, phosphorylated with polynucleotide 
kinase, hybridized, and ligated with T4 ligase using 
methodology similar to that described elsewhere (Dor
per and Winnacker 1983; Rommens et al. 1983). 

Affinity chromatography. A phosphorylcholine af
finity ligand was synthesized, coupled to a column 
resin, and used as described elsewhere (Chesebro and 
Metzger 1972). The myeloma protein McPC 603 was a 
gift from M. Potter and was purified from ascites. IgG 
affinity chromatography of protein A fusion proteins 
was carried out as described elsewhere (Moks et al. 
1987). 

Protein purification. The purification of the insolu
ble LacZ fusion proteins was carried out in analogy to 
the procedure described by Nagai et al. (1985). The 
fusion protein was recovered from the insoluble part of 
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French press lysates, solubilized with 8 M urea, and 
separated from insoluble material by centrifugation. 
The fusion proteins become highly enriched by this 
procedure. The urea was removed by dialysis, and the 
material was subsequently cleaved with the blood-clot
ting protease factor Xa. The factor X was purified 
(Fujikawa et al. 1972a) from bovine blood and acti
vated with Russell's viper venom protease to factor Xa 
as described elsewhere (Fujikawa et al. 1972b). 

Cell fractionation. Cell-fractionation experiments 
were carried out essentially as described previously 
(Pliickthun and Knowles 1987); the protein was not 
radioactively labeled but was instead detected by West
ern blotting ·(Blake et al. 1984). 

RESULTS AND DISCUSSION 

We chose to investigate the expression of the anti
genes in a . bacterial host system because of the 

ease of genetic manipulations and the feasibility of 
rather rapid inexpensive fermentations. The present 
paper describes the expression of the F v and F ab frag
ments of the antibody McPC 603 in E. coli. Numerous 
studies on a whole range of antibodies have shown that 
only the F ab portion is required for binding, and often 
even the Fv portion suffices (Hochman et al. 1976). 

Four genes therefore had to be obtained: one for 
each of the variable domains (VL and VH) to express 
the Fv fragment alone and one each comprising VL CL 
and V HCH, respectively, thus making up the exact F ab 

fragment that had been crystallized (Segal et al. 1974). 
The genes for the Fv fragment were obtained synthe

tically. The design of the sequences according to the 
known protein sequences (Rudikoff and Potter 1974; 
Rudikoff et al. 1981) took the following points into 
consideration: (1) The number of unique restriction 
sites with sticky ends was maximized. (2) The RNA 
secondary structure was minimized iteratively, espe

.~.& ... y in the amino-terminal region. (3) Codons very 
rare in E. coli (Grosjean and Piers 1982) were avoided. 
Otherwise, codon usage was not further restricted. The 
VH gene was assembled from three subclones (EcoRI
Xmal, Xmai-Psti, and Psti-Hindiii [at position 381]), 
each .ligated from six oligonucleotides around 40-50 
bases in length (Fig. 1A). The VL gene was assembled 
from two subclones (EcoRI-Sall and Sali-Hindlll [at 
position 360]), each ligated from eight oligonucleotides 
(Fig. 1B). The various subclones were tested and con
firmed by DNA sequencing. Correct gene fragments 
were ligated, and the DNA sequences of the whole 
genes were again verified. 

The genes for the F ab fragment were obtained by 
fusing the synthetic genes to cloned genes coding for 
the constant domains. The V HCH gene (Fig. 1A) was 
obtained by linking a fragment from the eDNA clone of 
a mouse IgA with an identical CH1 sequence as in 
McPC 603 (Auffray et al. 1981), via synthetic oligonu
cleotides to the gene for the VH domain. The corre
sponding construction of V L CL made use of a genomic K 

light-chain CL clone (Altenburger et al. 1981) that was 

linked to the synthetic gene for the V L domain via 
synthetic oligonucleotides (Fig. 1B). Additionally, the . 
carboxy-terminal ends of both genes had to be fitted 
with a Hindlll site, and in the case of the heavy chain, a 
stop codon had to be introduced. This was achieved 
with oligonucleotide fragments and/ or appropriate 
subcloning. The correctness of the DNA constructions 
was verified by DNA sequencing of both complete F ab 

genes, i.e., VHCH and VLCL (Fig. 1). In addition, all 
four genes were brought under the control of bacterial 
promoters (e.g., tac), and in an in vitro translation 
experiment, it was demonstrated that the four proteins 
were of the expected sizes (VL 115 amino acids; VH 122 
amino acids; VL CL 220 amino acids; VHCH 222 amino 
acids). 

To aid in the detection of the proteins expressed in 
vivo, the genuine myeloma protein McPC 603 was 
purified from ascites by phosphorylcholine affinity 
chromatography, and antibodies against it were raised 
in a rabbit. Western blot experiments showed that these 
antibodies recognized the four recombinant proteins 
(VL, VH, VLCL, and VHCH) and that all four proteins 
could be expressed in vivo, albeit in moderate amounts 
(Fig. 2). 

The expression of antibody genes in bacteria was 
reported previously (see, e.g., Boss et al. 1984; Cabilly et 
al. 1984; see also Boss and Wood 1985). In these and 
other experiments, cytoplasmic expression was intend
ed and rather variable yields were reported. Refolding 
experiments led only to relatively low yields of recov
ered activity (Boss and Wood 1985). It must also be 
noted that the resulting proteins, when highly ex
pressed in the cytoplasm, are likely to carry an on
cleaved amino-terminal methionine or even a formyl
methionine residue (Sherman et al. 1985). At present, 
it is not clear if and by how much this may affect the 
binding properties of an antibody. Preliminary evi
dence suggests that the variable domains of an im
munoglobulin may be rather unstable in E. coli, and 
direct expression may be limited to larger fragments. 
Expression for preparative purposes was therefore in
vestigated by three different methods: (1) expression of 
a highly expressed cytoplasmic hybrid protein with a 
protease-sensitive site, (2) expression as a potentially 
exportable .hybrid protein with a protease-sensitive site, 
and ( 3) expression as a fusion with a signal sequence 
with ensuing transport to the periplasm. 

In the first approach, fusions were constructed be
tween a truncated J3-galactosidase and the variable do
mains, linked by a recognition sequence for the blood
clotting protease factor Xa. These hybrid proteins were 
synthesized in high amounts and were found as inclu
sion bodies. They could therefore be highly enriched 
already by centrifugation of the cell lysate and urea 
extraction of the pellet (Fig. 3A). After solubilization, 
the hybrid protein was then cleaved with factor Xa, a 
protease of narrow specificity (Lottenberg et al. 1981). 
The cleavage mixture was fractionated by ion-exchange 
chromatography in the presence of a denaturant (8 M 

urea). By using this procedure, VL could be obtained in 
pure form (Fig. 3B), whereas VH could be obtained 
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A EcoR.I Ncoi BcoRV fth~lli Sac I Psti 

• 80 .. • • ·----- • 
QAATTCCATGGATATCGTTATGACCCAGTCTCCGAGCTCTCTGTCTGTATCTGCAGGTQAACGTGTTACCATGTCTTGCA . . 

. 

H8t~pileVa2NetThr~lnSerProSarSerLauSarValSarAlaGlyGluArgVal7hrMetSarCya 

'· B11tEII Bali 
• • • • • • • 160 

AATCTTCTCAGTCTCTGC'l'GAACTCTQGTAACCA~CTTCCTQGCG'l'GGTAT CTGGCCAACCGCCG 

Ly•S•rSar~lnSerLeuL•uA•nSerGlyAIInGlnLyiiAanPheLeuAlaTrp~rG~nGlnLy•ProGlyGlnProPro 

---------------------- CDR I -------------- ------- ----------- ----- -------------
Sal I B11pMII Kpni 

• • • • • • • 240 
AAACTGCTQATCTACGGTGCGTCQACCCGTQAATCTQGTGTTCCQGACCGTTTTACCGGTAQCGGTAGCGGTACCQACTT 
Ly•L•uLeuile~Gly~aSerT.hrArgGluSerGlyValProA•pArgPheT.hrG~yserGlySerGl~rA•pPha 

-··- -- CDR II ------·----·-·-

Bglii 
• • ·----- • • • • 320 

CACTCTGACCATCTCTTCTGTACAGGCTQAAGATCTGGCTGTTTACTACTGT~-~CGACCACTCTTACCCGCTGACCT 

T.hrLeu~rileSarSerValGlnAlaGluA•pLeuAlaVal~r~rcyaGlnA•nAIIpBi•S•rTyrProLeuThr 

==---- CDR III ~ ---=--
. 

Nari B1111HII 

• • • • • • • .4.00 
TTGOCGCCGGCACCAAACTGGAACT~GCGCTQATGCTGCACCGACTGTATCCATCTTCCCACCATCCAGTGAGCAG 

Pbe~lyAlaGl~rLyiiLauGluLauLy•ArgAlaA•pAlaAlaProT.hrValSarilaPhaProProSerSerCluGln 

Bpai 
• • • • • • • 480 

TTAACATCTGGAGGTGCC'l'CAGTCGTGTGCTTCT'l'GAACAACTTCTACCCCAAAGACATCAATGTCAAGTGGAAGATTGA 
Leu~rSar~lyGlyAlaSerValValCy•PhaLeuA•nA•nPheTyrProLy•A•pilaA•nValLy•TrpLyaileAsp 

Bel I 
• • • • • • • 560 

GlySerGlnArgGlnA•n~lyValLeuAanSerTrpT.hrA•pGlnAapSerLy•A•pSerT.br~rSar~tserSer 

• • • • • • • 640 
CCCTCACCTTGACCAAGGACGAQTATGAACGACATAACAGCTATACCTGTGAGGCCAC'l'CACAAGACATCAACTTCACCC 

ThrLeuT.brLeuT.hrLy•A•p~luTyrGluArgBiaA•nSer~T.hrCyiiGluAlaT.hrBiaLy•T.hrSerT.hrSerPro 

Draii Hindi II 
• • • • • • •• 711 

ATTGTCAAQA.GCT'l' TGAGTGTTAGAQACAAAGGTCCTGATGCTGCTGATAGCAQGTAAGCTT 

8 BcoR.I Ncoi B•mHI 
• • • • • • • 80 

~TCCATGGAAGTTAAACTGGTAGAGTCTGGTGGTGGTCTQGTACAGCCQGGTGGATCCCTGCGTCTGTCTTGCGCTA 

MatGluValLy•LeuValGluSer~lyGlyGlyLeuVal~lnProGlyGlySerLeuArgLeuSercy•Ala 

Saui Xmai Xhoi 

• • • • ... • • _160 
CCTCAGGTTTCACCTTCTCTGACTTC~CATGGAGTGGGTACGTCAGCCCCCGGGTAAACGTCTCGAGTGGATCGCAGCT 

. 
T.hrSerGlyPheT.hrPhaSerAspPhe~rNatGlu~rpValArgGlnProProGlyLyaArgLeuGluTrpileAiaAla 

---- CDR I ---- ---- - ---- ---
Nhei Ace I Baa II Spa I 

___ 240 • ·---- • 
_____ .... 

• • • 

AGOCGTAACAAAGGTAACAAGTATACCACCGAATACAGCGCTTCTGTTAAAGGTCGTTTCATCGTTTCTCGTQACACTAG 

SarArgA•nLy•GlyA•nLy•~rT.hzZhrGluTyrSerAlasarValLy•GlyArgPheileValSerArgA•pT.hrSer 

-··· --···-·-- ------ - CDR II ----- ------ - -=== - ·= - . ---- -- ----- ------ ,_ 

Clai P11ti Naii BIIIIBII 

- ----· • • • • • 320 
TCAATCGATCCTGTACCTGCAGATGAATGCATTGCQTQCTGAAGACACCGCTATCTACTACTGCGCGCGTAACTACTATG 

GlnSarilaLeuTyrLeuGlnHatAIInAlaLauArgAla~luAIIpT.hrAlaiLauyr~rCy•Al&ArgA•nTyrTyr 

------------- -

ICpni 

• • • • • • • 400 
GCAGCACTTGGTACTTCGACGTTTGGGGTGCAGGTACCACCGTTACCGTTTCTTCTGAATCTGCTCGTAACCCGACCATC 
GlySerZbrTr,pTyrPheA•pValTr,pGlyAlaGl~rT.hrValXhrValSarSarGluSarAlaArgA•nProT.hrile 

--- CDft III -=---------~-- A - ----- ---

Naai Af~II 

• ------· • • • • 480 

TACCCGCTGACCCTGCCGCCGGCCTTAAGCTCTGACCCAGTGATAATCGGCTGCCTQATTCACGATTACTTCCCTTCCGG 
~rProLau~~LauProProAlaLauSarSerA•pProValilailaGlycy•L•uilaHi•A•p~rPhaProSer~ly 

• • • • • • • 560 
CACGATGAATG'l'QACCT GT TATAACCACCGTAAACT'l'CCCACCTGCCCTGGCCTCTGGGGGAC 

T.hr~tA~nValZhrTrpGlyLy•SarGlyLy•AIIpiLauhzlbrValAIInPhaProProAlaLeuAlaSarGlyGly 

Bincii Pvuii Bllpl286 
• • ·--- • • • 640 

GGTACACCATGAGCAACCAGTTQACCCTGCCAGCTG'l'CGAGTGCC TCCGTa.AAATQI'TCCGTGCAACAT 

Ar~MetSerA•nG~uT.hrLeuProAlaValGluCyaProGluGlyGluSerValLy•Cy•SerValGlnBi• 

:roJci Hindi II 
• • • • _... -

GACTCTAACCCCGTCCAAG.AA'l'TGCATGTGAATTGCTGATAGCAGGTAAGCTT 

AllpSerA•nProValGlnGluLeuAspValA•nCysBndEnd 

693 

I~eValLyiiSerPbeA•nArgAIInGluCy•End 
Figure 1. (See facing page for legend.) 

' 
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Figure 2. Expression of the proteins V L, V H, V H CH , and V L CL 
in E. coli. (A) Western blot of VL and VH expressed under the 
trp promoter in E. coli B . (B) Western blot of VHCH and VL CL 
under the control of the tac promoter in E. coli B. 

highly enriched. It is now clear that the specificity of the 
blood-clotting factor Xa is somewhat more relaxed than 
originally thought (Nagai and Thogersen 1984) and it 
cuts within the truncated 13-galactosidase as well as 
(very slowly) within V H. The resulting variable-domain 
proteins were renatured by dilution from urea or 
guanidinium-HCl in the presence of reduced and ox
idized glutathione , either each chain separately or both 
chains in a 1:1 mixture. Amino acid analyses for disul
fide formation after iodoacetate derivatization of cys
teines ( Gurd 1967) suggested that the reoxidation and 
refolding yields found here have probably not sur
passed reported values for antibodies. 

In the second approach, fusions were constructed 
· th domains of the Staphylococcus aureus protein A 

(Abrahmsen et al. 1985, 1986). This protein has been 
shown to be partially secreted to the culture medium of 
E. coli and to be able to direct the transport of a small 
peptide fused to the carboxyl terminus of protein A out 
to the culture medium. Protein A consists of one poly
peptide chain with five homologous domains. We con
structed a vector containing the first domai~ (called 
domain E) of protein A in tandem, fused to the vari
able domains VH or VL via a factor Xa recognition 
sequence. The cells expressed both hybrid proteins, 
and the V L -containing fusion was found enriched in the 
growth medium. In fusions with the heavy chain, how
ever, E. coli showed a severe growth defect and partial 

Figure 3. Purification of VL and VH. (A) Total insoluble pro
tein from E. coli harboring lacZ-V domain fusions. VL denotes 
the fusion of lacZ to V L and V H denotes the fusion of lacZ to 
VH . (B) Purification of VL from factor-Xa-cleaved fusion pro
tein. tot denotes reaction mixture after partial factor Xa cleav
age of fusion protein, and VL denotes purified VL protein. 
Polyacrylamide gels were stained with Coomassie blue. 

cell lysis; the plasmid is unstable. Therefore, further 
hybrid proteins were constructed , bringing the hybrid 
proteins under the control of the inducible tac promot
er. These hybrid proteins contain only one domain E 
fused to either VL, VH, VL CL, or VHCH via a factor-Xa
sensitive site. These plasmids now remain stable when 
not induced. The fusions with VH and VL were further 
investigated, and it was shown that the hybrid proteins 
were partially transported to the medium with expres
sion-dependent (i.e ., inducible) partial cell lysis (Fig. 
4). Only the mature form of the V L fusion and small 
amounts of mostly the precursor form of the V H fusion 
were found in the medium. The analysis of cytoplasmic, 
membrane , and periplasmic fractions (Pliickthun and 
Knowles 1987) suggested that both the mature and 
precursor form are, to a large extent, found in the 
insoluble membrane fraction . That the mature size pro
tein is indeed derived from transport through the mem
brane and subsequent signal peptidase cleavage is sug
gested by the inhibition of cleavage by the uncoupler 
carbonyl cyanide m-chlorophenyl-hydrazone (CCCP) 
(Fig. 4) (Enequist et al. 1981). The CCCP sensitivity of 
maturation makes degradation by cytoplasmic pro
teases very unlikely. The precise understanding of the 
appearance of a band of mature size in the cytoplasmic 
and membrane fractions for both VH and VL fusions 
must await protease accessibility experiments (Minsky 
et al. 1986), which are in progress . 

Figure 1. Nucleotide sequences of the VL CL gene (A) and of the VHCH gene (B) . Many singular restriction sites are marked. The 
coding region of the VL gene ends in alanine at position 355 , followed by the sequence TGATAAGCTI, which codes for two stop 
codons and ends in a Hindlll site . The coding region of the V H gene ends in serine at position 376, followed by the same sequence 
TGATAAGCTT, which codes for two stop codons and ends in a Hindlll site. Double underlines indicate the-hypervariable loops 
(complementarity determining regions , CDR) according to ·the definition by Kabat et al. (1983). 
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Figure 4. Sensitivity of the processing of protein A-variable 
domain fusions to the effect of the uncoupler carbonyl cyanide 
m-chlorophenyl hydrazone ( CCCP). A Western blot of cellu
lar and growth medium fractions of E. coli B is shown. + 
denotes samples treated with 0.1 mM CCCP as described in 
Results and Discussion and - denotes untreated. The pre
cursor (p) and mature (m) forms of the hybrid proteins are 
indicated by arrowheads. 

In the third approach, precise fusions were con
structed between several signal sequences and V L, V H, 

V L CL, and V HCH. The transport to the bacterial peri
plasm is thought to result often in correct folding and in 
formation of correct disulfide bonds (for a recent re
view, see Briggs and Gierasch 1986). The antibody 
molecules are designed for export in eukaryotes via the 
endoplasmic reticulum. When VL CL and VHCH were 
fused precisely to the signal sequences of either alkaline 
phosphatase or ,8-lactamase, correct transport and 
cleavage were seen for the light chain. The heavy-chain 
fusion was cleaved, yet remained associated with the 
spheroblast fraction, i.e., was probably either mem
brane-associated or was released but remained insolu
ble (Fig. 5). We are now conducting experiments to 
elucidate the reason for this apparent difference in 
transport behavior between the two chains. It is con
ceivable that particular interactions between the light 
and heavy chain help the transport of the latter in the 
plasma cell endoplasmic reticulum or that the bacterial 
transport differs from the eukaryotic enough that the 
heterologous secretion and release are only possible for 
the light chain in bacteria, at least under the conditions 
tested. To eliminate the possibility that a particular 
interaction between the natural signal sequence and the 
protein may be critical, we also fused the natural 
eukaryotic signal sequence to the heavy chain. In this 
case, however, a very severe growth defect resulted 
that complicates the analysis of the fate of the protein. 

Figure 5. Cell fractionation of E. coli expressing VL CL or 
V HCH fused precisely to bacterial signal sequences. Western 
blot of periplasmic (peri) and cytoplasmic ( cyto) fractions of 
fusions to alkaline phosphatase (a.p.) or {3-lactamase (bla). 
M603 denotes the myeloma protein from ascites. 

The further optimization of these expression systems 
to very large scale preparations of protein remains an 
ongoing quest, since the full characterization of mu
tations will have to include structure determinations by 
X-rays of the mutant proteins. Such mutant antibody 
structures should aid substantially in the further im
provement of methods for analyzing and predicting 
loop conformations. 

The antibody domains have proved themselves 
throughout evolution as stable and suitable in numer
ous structures designed for particular versatility in rec
ognition problems (realized, for example, in antibod
ies, MHC complexes, the T-cell receptor, as well as 
enzymes such as superoxide dis mutase). They therefore 
provide very promising model systems with which to 
investigate the efficiency of binding ground states and 
transition states by an "engineering" approach. 
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