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The F,. and F.b fragment and both orientations of the single-chain F,. fragment (V"-1inker-VL and VL
linker-V") of an antibody can be expressed in functional form in the peri plasm of Escherichia coli, but the 
yield of these correctly assembled proteins is limited by the periplasmic folding process. While the 
periplasmic E. coli disulfide isomerase DsbA is required for this assembly, its functional over-expression 
does not significantly change the folding limit. Similarly, the functionally over-expressed E. coli proline cis
trans isomerase does not change the amount of all but one of the antibody fragments, not even if DsbA is 
over-expressed as well. Therefore, aggregation steps in the periplasm appear to compete with periplasmic 
folding, and they may occur before disulfide formation and/or proline cis-trans isomerization takes place 
and be independent of their extent. 
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he expression process leading to native antibody frag
ments in Escherichia coli has been investigated, and it 
was shown that correctly folded and functional F, and 
F,b fragments can assemble if both chains are simulta
neously secreted into the periplasmic space or linked 
to form a secreted single-chain F, fragment '-3, but that 
the yield of functional product appears to be limited 

by the folding process in the peri plasm•. 
While protein folding is an exergonic process which occurs 

spontaneously in vitro (for reviews see refs . 5-7), and the 
final conformation is determined by the sequence, cellular 
factors seem to play a role in guiding this process (for reviews 
see refs. 8-10). Two structural elements have been discovered 
whose formation may be catalyzed by specific proteins: the 
formation and rearrangement of disulfide bonds and the cis
trans isomerization of prolyl peptide bonds. Additionally, cellu
lar factors may be important in preventing side reactions such as 
aggregation8-'2 • 

Fischer'3 and co-workers discovered an enzymatic activity 
which is able to catalyze the cis-trans isomerization of proline 
imidic peptide bonds in oligopeptides . Because of the partial 
double bond character of the peptide bond , this process is slow" 
and can be a rate determining step in protein folding '4-16 . In 
oligopeptides, the equilibrium population of the cis form ofXaa
Pro bonds is about 10-30% '4.17 ·18 . In folded proteins , however, 
the conformation adopts to the requirements of the three-dimen
sional structure, and it is presumed that all members of a popula
tion of protein molecules have the same stereochemistry at every 
given bond. The frequency of cis-prolyl bonds in known struc
tures is about 6. 5% 19 . In vitro experiments have shown that the 
refolding of a number of proteins , but not all , containing cis
prolyl bonds can be somewhat accelerated by prolyl-cis-trans 
isomerase (PPiase) from various sources20

-
24

• It was also shown 
previously22 that the refolding of the light chain of the mouse 
monoclonal antibody Mab33, which shows slow refolding 
behavior due to cis-trans isomerization25 can be catalyzed with 
PPiase in vitro. Furthermore, a fusion protein of a single-chain 
antibody with a toxin was obtained in slightly better yield , when 
in vitro refolding was carried out in the presence of PPiase26 . 
Two E. coli proteins (PPiase A and B) have been discoveredm 8 

which show sequence homologies to the cyclophilin group of 
eukaryotic PPiases29 , and they exhibit cis-trans isomerase activ
ity13·27). PPiase B is a cytosolic enzyme, whereas PPiase A, the 
product of the rot gene27, which has been demonstrated to act as 
a folding catalyst for RNAse T1 in vitro23, is localized in the 

periplasm. However, no experiment has yet been reported to 
unequivocally demonstrate an in vivo role of this catalysis. 

An enzymatic activity accelerating the isomerization of 
disulfide bonds was discovered in the microsomal fraction of 
various tissues30

·
3' . It is now known as protein disulfide-isomer

ase (PDI) and has been characterized from various sources32 and 
cloned and sequenced from several species33 . In the eukaryotic 
cell , the disulfide bond isomerization is catalyzed by PDI in the 
endoplasmic reticulum (ER). In E. coli, the formation of disul
fide bonds takes place in the periplasmic space34 . Using genetic 
screens , an E. coli activity was recently discovered which 
facilitates the periplasmic formation of disulfide bonds of 
several proteins3'-37

• 

However, no in vivo experiments have been reported yet to 
demonstrate that these activities can overcome the limitation of 
the folding process of recombinant proteins , and the precise in 
vivo function of these putative folding catalysts remains 
unknown . As different recombinant proteins will have different 
rate-limiting steps in their folding , it is unlikely that a general 
effectiveness or ineffectiveness of these catalysts for all recombi
nant proteins will be found. 

In this study we have used several fragments of the well 
characterized antibody McPC603 . The 3D-structure38 shows 
that it possesses 5 cis-proline and 5 disulfide bonds in the F,b 
fragment. Its expression in E. coli was shown previously to be 
limited by the periplasmic folding process: most of the 
expressed antibody fragment is correctly transported and the 
signal peptide is cleaved off, but only a certain fraction of this 
material achieves the functional state. This fraction is dependent 
on the growth conditions of the cell, most notably the tempera
ture•. We therefore wished to investigate at which steps the in 
vivo folding process diverts from the desired pathway and 
whether over-expressed folding catalysts may overcome such a 
block. We concentrate in this paper on the E. coli periplasmic 
proteins DsbA and PPiase A, as they have evolved to function in 
the periplasmic environment. 

Results 
Vector design for co-expression of PPiase. Plasmids were 

constructed to over-express the periplasmic E. coli PPiase 
together with various antibody fragments. We decided to intro
duce the dsbA and the rot genes into the antibody expression 
plasmid, as opposed to using a separate compatible plasmid, in 
order to minimize problems of quantitation due to loss or 
changes in copy number of one of the two plasmids. For this 
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FIGURE 2. Plasmids used in this study. Abbreviations are: p/o: 
promoter/operator region, p: promoter, SO: Shine-Dalgarno 
sequence, sig: signal sequence, term: terminator. The genes 
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FIGURE 1. Antibody fragments used in this study. (A) A sche
matic drawing of a whole antibody. The different domains are 
indicated. (B) The various antibody fragments used in this 
study are shown in comparison with the whole antibody. (C) A 
more detailed view of the Fab fragment showing theN- and the 
C-terminus, the position of the disulfide bonds and, indicated 
by arrows, the positions of the cis pralines. 

purpose, the rot gene from plasmid pJLEC-2A (ref. 27) was 
introduced into plasmids encoding the F,b fragment, the F, 
fragment and two different single-chain fragments (scFV _Land 
scFv_R) of the antibody McPC603 (ref. 39) (Figs. 1, 2). The 
plasmid pResc_03 containing the single chain fragment in the 
arrangement V L -linker-V H was constructed in order to examine 
the effect of the cis prolyl residue L8 (Figs. 1, 3) , which is 
preceded by the linker and the V H domain in the scFv _L mole
cule, but lies close to theN-terminus of the scFv_R molecule 
and the unlinked F, fragment or F,b fragment. In all these 
constructs , the rot gene is part of the same operon as the 
antibody fragment and is thus under control of the inducible lac 
promoter. 

Vector design for co-expression of DsbA. To design 
vectors for co-expression of DsbA together with anti
body F,b fragments, the E. coli dsbA gene was excised from 
the plasmid p12-7 (ref. 35) and introduced in two dif
ferent ways into pASK29-L220 (ref. 4) : DsbA was either 
expressed under the control of the lac-promoter in the same 
transcription unit with the antibody chains of the F,b-fragment 
(pCK-T) , or DsbA was expressed separately under control 
of its natural promoter (pCK-D, see Fig. 2) which leads to 
high constitutive expression. Thus , if a high concentration 
of DsbA was critical at the onset of induction, a difference 

encoding the various antibody domains are named according 
to Figure 1. The genes encoding the PPiase and DsbA are 
indicated as rot and dsbA, respectively. 
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between these expression strategies would be expected. To 
purify DsbA by immobilized metal ion affinity chromatog
raphy (IMAC) , a fusion of six C-terminal histidine codons 
was constructed by site directed mutagenesis yielding the 
plasmid pCK-Th. 

Vector design for co-expression of PPiase and DsbA. The 
E. coli dsbA gene was inserted into the plasmid pLiscppi I 
resulting in the vectors pLiscpd I and pLiscpd2, which contain 
the dsbA gene as a part of the artificial operon encoding the scFv 
gene and the rot gene or under its own promoter, respectively 
(Fig . 2) , giving rise to constitutive expression. 

Over-expression of putative folding catalysts. The over
expression of PPiase alone and together with DsbA was visual
ized by gel electrophoresis of the periplasmic proteins (Fig. 4A , 
B). The activity and the periplasmic localization of the enzymes 
was verified by measuring the activity in fractionated extracts 
(Fig . SA) . The level of PPiase over-expression was different in 
the different plasmid constructions , with the best expression 
obtained from the plasmid pLiscppi I, probably because of its 
very short intergenic region (Fig . SB). However, in all cases a 10 
to 60-fold over-expression of PPiase was seen compared with 
the level of genomically encoded PPiase in the periplasm of E. 
coli. If the level is compared to the molarity of the functional 
antibody fragment (Fig. 6) , it is immediately apparent that an 
enormous molar excess of "catalyst" to "substrate" is present. 
Even if all antibody molecules were counted including the ones 
give rise to a precipitate•, stoichiometric ratios of nascent anti
body and PPiase should still be present at all times. Thus , while 
it is not possible to express PPiase at the exact same level in all 
constructs , a sufficient excess of PPiase relative to antibody 
should be present during expression in all experiments . 

Additional over-expression of DsbA (Fig. 4B) did not dimin
ish the amount of PPiase in the peri plasm, indicating that simul
taneous over-expression of four plasmid-encoded periplasmic 
proteins (PPiase, DsbA, (J-lactamase and antibody fragment) 
does not exhaust the transport apparatus of E. coli. DsbA 
expressed as the last cistron of the operon yielded less enzyme 
than if the gene is expressed under its own promoter. The over
expression of fo lding catalysts did not change the growth behav
ior of induced cells . The possibility of differences in plasmid 
stability or general changes in cell physiology due to over
expression of these putative folding modulators could be ruled 
out by several methods , including the estimation of the amount 
of plasmid DNA in induced cells, containing the plasmid with or 
without the genes encoding the folding catalysts, and the estima
tion of the amount of plasmid-encoded peri plasmic (J-lactamase 
(see Experimental Protocol). 

Yield of antibody fragments with co-expressed PPiase. 
The antibody F,b fragment ofMcPC603 , whose 3D-structure is 
known38 contains 5 cis-proline residues (Figs . 1, 3). There is 
none in the V H domain , two in V L (and thus two in the F, and in 
both scFv fragments) , and two in CHI and one in CL. For the F,b , 
the F,. and the scFv_R antibody fragment, the effect of over
expressed PPiase on folding yields is marginal and lies within 
the range of experimental error. The folding yield of the scFv _L 
fragment is enhanced by the presence of more PPiase by a factor 
of about 1. 8 (Fig. 7) . 

While the total expression level (including soluble and insol
uble protein) of various antibody fragments, which are all under 
the control of the same promoter in the same vector is rather 
similar, the yield of folded material is much higher for the F, 
and scFv fragments than for the F,b fragment (details for the F,b 
and the F, fragments are given in ref. 4 ; the scFv fragments 
were found to behave similarly to the F,. fragments) . Therefore, 
there seems to be a larger portion of F,b fragment going to an 
unfolded and probably aggregated state in the periplasm after 
transport , which might conceivably be prevented from misfold-
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FIGURE 3. A three-dimensional model of the Fv fragment of 
McPC603 showing the backbone of the VL domain (thin line) , 
the a-carbon backbone of the VH domain (broken lines) and the 
positions of the cis prolines and the disulfide bond in the VL 
domain (thick lines). 
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FIGURE 4. (A) Coomassie stained 15% SDS gel of periplasmic 
extracts, prepared as described in the Experimental Protocol, 
showing the PPiase over-expression of the various constructs 
(see Fig. 2 for plasmid names). Purified PPiase is also shown 
for comparison. M: Molecular weight standard. (B) Coomassie 
stained 15% SDS gel showing the over-expression of three 
different plasmid encoded proteins in peri plasmic extracts pre
pared as described in the Experimental Protocol. For compari
son, purified single-chain antibody, PPiase and DsbA-his6 

fusion protein are also shown. The band at 31 kD in the peri
plasmic extracts is plasmid encoded 13-lactamase. See text for 
further details. 
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ing by more efficient catalysis of folding. Yet, there is no signifi
cant effect of PPiase observed on the yield of the F,b fragment , 
although more than 40 active PPiase molecules are present per 
folded F,b fragment in the periplasm . Therefore, the insufficient 
catalysis of proline-cis-trans isomerization does not appear to 
limit the folding yield of the F,b fragment in the peri plasm. 

In the F" fragment and the scFv fragments , the possible gain 
in yield is likely to be smaller, since a larger percentage of the 
protein is already achieving the native state without over
expressed PPiase•. Yet, the effect on the F, fragment , and the 
scFv_R fragment are negligible. This suggests that insufficient 
catalysis of proline cis-trans isomerization does not limit the 
folding for these molecules , either. The yield of scFv_L was 
found to be higher by about a factor 1. 8 in duplicate experi
ments. Yet, there is still precipitated material found in the 
periplasm , and the effect of catalysis is still undramatic for 
this protein. 

Comparison of the scFvs. Interestingly, the amount of func
tionally expressed scFv_R was rather similar to the yield of 
scFv_L (about 75% ). This is different from the observation of 
Anand et al : 0

, who reported a dramatic increase in yield when 
the single-chain F, fragment is expressed in the order V L -linker
V H. To investigate the two types ofF" fragments in more detail , 
scFv_R and scFv_L were purified from the periplasm of E. 
coli. The equilibrium denaturation of the two fragments was 
determined by fluorescence. Very similar denaturation curves 
were obtained for both proteins independently of whether fluo
rescence excitation was carried out at 280 nm (Fig. 8) or 290 nm 
(not shown) . This is consistent with the scFv fragments behav
ing as a single co-operative unit in equilibrium denaturation 
experiments , similar to observations on another scFv fragment 
using different linkers41

• The free energy of folding extracted 
from these data using a two-state model42 are 4.5 kcal/mol for 
scFv_L and 4.7 kcal/mol for scFv_R, respectively; the mid
point of denaturation is at about 3 M urea. 

Yield of F.b fragment with co-expressed DsbA. The L220 
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mutant of the F,b fragment of McPC603 contains 5 intramolecu
lar disulfide bridges•. In every domain there is the disulfide bond 
typical for the immunoglobulin fold and there is an additional 
one in the CH I domain (see Fig. 1). The co-expression ofDsbA , 
either polycistronically or under control of its own promoter, did 
not lead to an increase in yield of functional F,b fragment (Fig. 
7) , as estimated from the in vivo fo lding assay (see Experimental 
Protocol) . 

Yield ofF,. fragment expressed in a dsb- strain. If the F, 
fragment encoded by the plasmid pASK30 (see Fig. 2) was 
expressed in the E. coli dsb- strain JCB472, the amount of 
soluble antibody protein in periplasmic extracts was less then 
5 % compared with the expression yield obtained with the iso
genic dsb+ strain J CB4 73. If the dsb-gene was introduced in the 
plasmid pASK30, however, the amount of soluble antibody 
fragment expressed 'in JCB472 was fully restored to wild-type 
levels , as could be quantitated by densitometric monitoring of 
immunoblots (data not shown) . This demonstrates that DsbA is 
needed for the folding process in the periplasm and that it is 
active in vivo , even when it is encoded on the plasmid. However, 
a higher amount of DsbA does not diminish aggregation of the 
antibody. 

Yield of scFv _ L with co-expressed PPiase and DsbA. The 
amount of soluble scFv _L in the peri plasm, expressed with the 
plasmids pLiscpd I and pLiscpd2, containing both the rot- and 
the dsbA gene, was estimated by Western blots and ELISA. To 
supply a reducing agent in the peri plasm for faci litating disulfide 
reshuffling , 5 mM reduced glutathione was added to the culture 
prior to induction in an additional experiment. Under no condi
tions could we observe an effect on the yield of scFv fragment 
when co-expressing both folding catalysts together (data not 
shown) . It also makes no difference in yield if reduced glu
tathione was added to the culture and if the dsbA gene was part of 
the inducible operon or if it was expressed under its own pro
moter. Hence it must be concluded that neither the cis-trans 
isomerization of prolyl-peptide bonds nor the formation and 

FIGURE 5. (A) Over-expression of PPiase. PPiase activity was 
measured in the periplasmic extract of induced cells harboring 
the various constructs (see Fig. 2 for nomenclature) according 
to Liu and Walsh27 • The calculated PPiase amount was normal
ized to peri plasmic protein content, corrected for genomically 
expressed PPiase and compared with the amount of PPiase 
expressed in cells without plasmid. (B) lntergenic regions of 
the different constructs encoding the antibody fragments and 
PPiase in the same operon. The name of the construct (see 
Fig. 2) is given together with the nucleotide sequence of the 
intergenic part of the artificial operon. The stop codon of the 
antibody genes and the start codon of the rot gene are boxed, 
the Shine-Dalgarno sequence of the rot gene is represented by 
the filled box. 
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rearrangement of disulfide bonds play the yield-limiting role in 
the folding process of over-expressed antibody fragments in the 
periplasm of E. coli . 

Discussion 
Previous experiments showed that the folding and/or assem

bly process in the periplasm might limit the yield of functional 
antibody fragments in E. coli. This hypothesis was derived from 
the observation that an increase in promoter strength does not 
increase the amount of functional material significantly, but does 
increase the amount of processed, but insoluble protein•. In all 
these cases , the amount of precursor protein is small , indicating 
that the transport process of the antibody protein is not limiting , 
but folding of the antibody protein in the periplasm becomes 
saturated only at a much higher flux rate through the membrane 
than can be folded. We cannot rigorously exclude that proteoly
sis also acts on these proteins along their path from the ribo
some, although the lack of influence of promoter strength on the 
amount of functional material argues against cytoplasmic 
proteolysis limiting the amount of correctly assembled antibody 
fragment. 

The linking of the two chains of the F,. fragment to give a 
scFv fragment (in the orientation V L -linker-V H or V H-linker-V L) 
does not increase the amount of active fragment compared to the 
unlinked Fv fragment3

• Thus , at least for this antibody, the 
association of the heterodimeric Fv fragment does not seem to 
constitute a kinetic problem in E. coli . However, since different 
F v fragments will have rather different V L-V H equilibrium associ
ation constants3

, some Fv fragments may not associate well for 
thermodynamic reasons. 

Hence, it is reasonable to suppose that the in vivo folding 
bottlenecks occur during the folding of individual domains , 
albeit to different extents in the F,b fragment and the various 
versions of the Fv fragment. Since the F,b fragment is diverted 
from the desired path to a greater extent, and has a larger 
number of disulfide bonds and cis-pralines , we investigated the 
effect of catalyzing these processes in vivo. Both the activity of 
over-expressed proline cis-trans isomerase and of over
expressed DsbA could be measured in , or after purification 
from, periplasmic extracts. The in vivo activity of DsbA 
encoded on a plasmid could be directly demonstrated since it 
can fully substitute the chromosomal copy of dsbA: in a dsbA
strain, antibody production was found to be almost completely 
abolished. Thus, these proteins are made as functional enzymes 
from these over-expression vectors. Furthermore during in vitro 
folding experiments , effects of human PDI and of proline cis
trans isomerase were seen on an scFv-toxin fusion protein , 
suggesting that these processes may at least play some role in 
limiting the yield of the folding process under certain condi
tions'6. However, only 5-10% of the material could be refolded 
in vitro, indicating that other processes such as aggregation may 
compete with the folding process in vitro as well . 

Using single co-expression vectors , we could not detect sig
nificant influences of over-expressed DsbA or PPiase. The same 
result was obtained when human PDI was over-expressed 
together with the F,b fragment of McPC603 (data not shown) or 
when PPiase was over-expressed together with the single-chain 
variable regions of a T-cell receptor (C. Wiilfing and A. Pliick
thun, unpublished results). This suggests that other processes 
limit the folding process in the periplasm. Since the amount of 
soluble Fv fragment in the periplasm of E. coli was small if the 
expression was carried out in the dsb- strain JCB472 , but was 
within the normal range when the isogenic dsb+ strain JCB473 
was used, DsbA activity is directly or indirectly involved in 
the folding process which leads to functional antibody frag
ments in E. coli. A similar phenomenon was previously 
described by Yu et al. 37 for enterotoxin formation in E. coli. 
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molar amount of functional antibody fragment to show the 
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normalized to the amount of protein per liter of culture and 
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FIGURE 7. Effect of over-expression of the folding modulator 
on the yield of the different antibody fragments. The yield 
without folding modulator over-expression is taken as one and 
compared with the yield of antibody fragment when folding 
modulators are co-expressed. For plasmid names, see Figure 
2, for further details, see text and Experimental Protocol. 

Yet DsbA over-expression is not able, even when over
expressed, to overcome the folding block which leads to insolu
ble antibody protein. This is most clearly seen for the F,b 
fragment, for which there is a large fraction still ending up as 
insoluble periplasmic protein. Most likely, aggregation proc
esses of folding intermediates compete with the completion of 
folding of the domains. These over-expressed folding modula
tors do not seem to work on aggregated proteins. 

We cannot exclude rigorously, however, that the thermody
namic solubility limit has been reached for any antibody frag
ment in the periplasm, because there is uncertainty about the 
volume of the periplasm. This thermodynamic model would 
also be consistent with a requirement of DsbA for the folding but 
lack of influence on the yield when folding catalysts are over
expressed. However, the insoluble protein can only be rescued 
by using denaturants and therefore it is not likely that the native 
antibody is aggregated. Furthermore, we cannot rigorously 
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exclude some denaturation after the native state has been 
reached. Our observations suggest that it is possible to vary the 
amount of insoluble protein by reducing the promoter strength 
or the amount of the inducer IPTG and therefore increase the 
relative amount of functional antibody fragment, but the abso
lute amount of native antibody protein seems to be fairly con
stant for a given type of antibody fragment. Only the reduction 
of temperature increases the absolute amount of all antibody 
fragments. 

The only significant effect on folding was seen with PPiase 
on the scFv _L construct. While its equilibrium folding behavior 
is not significantly different from scFv_R (Fig. 8) , this con
struct gives rise to a hindered isomerization of the L8 peptide 
bond, since theN-terminus is no longer free, but preceded by V" 
and the linker. Nevertheless , the overall yield of folding is still 
quite similar between scFv_L and scFv_R. However, the level 
of functionally expressed antibody fragment scFv _R does not 
reach the level of functionally expressed scFv_L with or without 
co-expressed PPiase, and thus the folding of the chains in this 
particular fragment (V L-linker-V ")may involve other rate deter
mining steps which are still not understood. 

In conclusion, it appears that pathways leading to aggrega
tion limit the folding of antibody molecules in E. coli by 
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diverting the native folding pathway before disulfide isomeriza
tion and proline cis-trans isomerization occurs, or which are at 
least independent of the extent of disulfide isomerization and 
proline cis-trans isomerization. The further understanding and 
manipulation of these other processes is expected to be of gen
eral importance for the production and the engineering of com
plex proteins in bacterial hosts. 

Experimental Protocol 
E. coli strains. The E. coli K 12 strain JM83 (arat.(lac-proAB) rpsL 

<P80 /acZt.M 15)· was used for all antibody expression experiments if not 
indicated otherwise. E. coli RB791 (W3ll0 /acJqL8) was used for over
expressing PP!ase A intracetlu1ary for purification. E. coli JCB472 
(F '(traD30 proAB lacJq lacZt.M 15) f. (lac pro) thi strA sbcB hsdR- dsbA1 
zih-12::Tn10 (ref. 35)) and the isogenic dsb+ variant JCB473 were used 
for investigation of a DsbA requirement of antibody formation. 

Vector construction'. Vectors were constructed using standard 
protocols for cloning and site-directed mutagenesis . Plasmids 
pASK29ppi and pASK30ppi were constructed by subcloning the rot 
gene (a kind gift from J. Liu and C. T. Walsh, Harvard Medical 
School) into pASK29 and pASK30, respectively4.39 Plasmid 
pLisc_SE was constructed by introducing an EcoR/ site at the 3'-end 
of the V L gene of pLisc39 using site-directed mutagenesis43 . Plasmid 
pResc_03 was constructed by inserting a 98-mer oligonucleotide 
encoding the linker region into the 3 '-end of the pLisc-V L -his gene39 

using site-directed mutagenesis , and subsequently cloning the Vw 
gene into this vector. Plasmids pLiscppi I and pRescppi I were con
structed by subcloning the rot gene into pLisc_SE and pResc_03 . In 
all constructs , the rot gene was part of an artificial operon under 
control of the lac promoter. Vectors for co-expression of F,b fragment 
with DsbA were constructed by subcloning the dsbA gene (a kind gift 
from J. C. A. Bardwell and J. Beckwith , Harvard Medical School) in 
two different ways into pASK29-L22Q4 resulting in the plasmid pCK
T, where the dsbA gene is part of the inducible F,b operon , and in the 
plasmid pCK-D, which contains the whole dsbA transcription unit 
behind the F,b operon . Plasmids pLiscpd2 and pLiscpdl, which con
tain the gene for the scFv_L fragment together with the genes for 
PPiase and DsbA were constructed by inserting the dsbA gene with 
and without its own promoter, respectively, into pLiscppil (see Fig. 
2) . All constructs were verified by dideoxynucleotide sequencing. 
The protein sequence of DsbA reported by Bardwell et al. 35 and 
Kamitani et al.36 differs by a frameshift at the C-terminus (nt 564 is 
missing in the sequence of Kamitani et a!. , using the numbering of 
Bardwell eta!. ). We have evidence that the sequence of Bardwell eta!. 
is correct , since the fusion of a C-terminal histidine tail to this 
sequence allowed the purification of the protein by IMAC and is thus 
expressed in the correct frame. 

PPiase assay. Over-expression of PPiase was confirmed by per
forming SDS-PAGE on the peri plasmic fraction of induced cells con
taining the appropriate plasmid (Fig. 4). Furthermore, PPiase activity 
was measured in fract ionated cell extracts according to Liu and 
Walsh" to confirm that the over-expressed enzyme was active and 
most if not all of the enzyme was localized in the peri plasm. 

{J-Lactamase assay. The activity of the plasmid encoded {J-lacta
mase was measured in fractionated cell extracts by the method of 
O'Callaghan et a1.44 

DsbA assay. The activity of DsbA was measured according to 
Holmgren45 except that the reaction was carried out in a volume of700 
JLI. The DTT concentration used in this assay was varied between 0.14 
mM and 1.4 mM DTT. Samples were assayed in a low salt buffer, 
since otherwise no or only minor precipitation of the reduced insulin 
B-chain could be observed. Therefore, DsbA purified by IMAC was 
dialyzed against a buffer containing 0.1 M potassium phosphate (pH 
6 .5) and 2 mM EDTA. Periplasmic extracts were desalted and con
centrated in a Centricon 10 (Amicon) using the same buffer. 

Purification of PPiase. PPiase was purified from crude extracts 
of E. coli RB791 harboring the plasmid pJLEC-2B (ref. 27) using a 
procedure similar to Liu and Walsh27 . 

Purification of DsbA-his6 • E. coli JM83 harboring the plasmid 
pCK-Th was grown for 24 hours at 21 °C in LB medium containing 100 
JLg lml ampici ll in. The cells were harvested by centrifugation , resus
pended in 0.8 mM imidazole, I M NaCI, 50 mM Tris-HCI , pH 7, and 
passed twice through a French Press. The lysate was centrifuged at 
3!000xg (SS34, 30 minutes at 4 oq and the supernatant was passed 
through a 0.45 J.tm filter (Millex). The cleared solution was directly 
applied to a NiH -NTA-column (Diagen) , washed with the same 
buffer, pre-eluted with 8 mM imidazole, I M NaCI, Tris-HCI , pH 7, 
and eluted with a gradient of 8 to 70 mM imidazole. The DsbA 
containing fractions were pooled , dialyzed against 10 mM MOPS, pH 
7 and concentrated. The concentrate was then applied to a DEAE
CL6B column (Pharmacia) and eluted with a gradient of 0 to 200 mM 
NaCI in 10 mM MOPS, pH 7. 

Equilibrium denaturation of scFv fragments. The equilibrium 
stabil ity of the two different types of scFv fragment was calculated 
from equi librium denaturation experiments in urea . (0.4 J.tM) was 



incubated for 5 hours at 25 °C in various concentrations of urea (0-7 M) 
without reducing agent , and the fluorescence emiss ion at 370 nm was 
measured. The wavelength of excitation was 290 nm . The data were 
corrected for aggregation , which occurred in inte rmediate urea concentra
tions, and fitted to the two-state equation of Pace42 . 

Preparation of peri plasmic fractions. E. coli JM83 cell s containing 
the appropriate plasmid were grown in 30 ml LB medium containing 100 
1-'g/ml ampicillin at 37°C or at room temperature. After induction with 
I mM IPTG and a further incubation for I hour or 3 hours, 10 ml of the 
culture was harvested and resuspended in BBS containing I mM EDTA 
giving a final 00550 of 10. The cell s were then shaken at 4 °C overnight and 
the peri plasmic fraction was separated from the spheroplasts by centrifu
gation . The activity of {3-lactamase was measured in the medium afte r 
removing the cells by centrifugation and in the periplasmic fraction in 
order to determine the distribution of peri plasmic proteins. 

In vivo folding assay: A 2 I culture of E. coli JM83 harboring the 
plasmid encoding the respective antibody fragment and the putative fo ld
ing catalyst and , as a control , cell s with the same plasmid but without the 
rot or the dsbA gene, were incubated in LB medium containing 100 1-'g/ml 
ampici llin at room temperature until an 00550 of 0.5 was reached. IPTG 
was added to a final concentration of I mM , and the incubation was 
continued for an add itional 3 hours. The ce ll s were harvested and resus
pended in 10 ml BBS (pH 8.0). The cells were then lysed by two passages 
through a French Press at 1.38 x 105 kPa. After separation of the cell 
debris by centrifugation (31000xg , 25 minutes) and sterilization of the 
crude extract by filtration through a sterile filter, the functionally produced 
antibody fragments were prepared using a one-step purification proce
dure: the crude extract was applied to a phosphorylcholine-sepharose 
affinity column I .J equil ibrated with 200 ml BBS, and non-binding material 
was eluted with the same buffer. Antibody fragment binding to the column 
was eluted with 5 mM phosphorylcholine in BBS. The concentration of the 
antibody fragments was estimated spectroscopically and compared with 
the fragment concentration from the control experiment. All experiments 
were carried out at least in duplicate. 

Control experiments. To estimate the accuracy of the purification 
procedure as a quantitation of active antibody fragments, experiments 
with two cultures containing the same plasmid were performed. The yield 
of purified antibody fragments lay in the same range with a maximum 
deviation of ±20 %. The possibility of different plasmid copy numbers 
due to reduced plasmid stability was excluded by comparing the amount of 
plasmid DNA purified from an aliquot of the culture after harvesting the 
cells. Additionally, the activity of the plasmid encoded {3-lactamase 
was measured. 

ELISA. As an alternative for measuring the amount of soluble anti
body fragments in the periplasm, an immunoassay was performed . The 
periplasmic fraction was serially diluted into microliter plates and incu
bated overnight at 4 oc. After removal of non-bound materia l by washing 
the wells with PBS/Tween and blocking the remaining binding sites with 
5 % skim milk in PBS, the bound antibody fragments were either detected 
with an antiserum raised against the antibody McPC603 or, for the F,b 
fragment , directly with a ProteinA-peroxidase conjugate . 
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