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(d) Expression and chamcte1·ization of the P14 
scT CR 

The P l 4 scTCR was also expressed in both the 
standard and the direct chaperone co-expression 
system (Figure lA}. The direct co-expression system 
was genetically stable with Pl4, and no differences in 
expression behavior could be seen between the two 
systems (C. \IV & A.P , unpublished data). Taking into 
account the high expression level without signs of 
proteolytic degradation of the Pl4 scTCR already in 
the standard system, we suggest that Pl4 does not 
have a folding problem. It could t hus be expected that 
over-expression of parts of the folding apparatus does 
not have any effect. This is indeed observed, since 
simila r levels of expression were obtained with the 
standard and the direct co-expression system (data 
not shown) . 

In order to characterize the folding state of the Pl4 
scTCR, another antibody, F23.l (Staerz et al ., 1985}, 
was covalently linked to a Protein G Sepharose 
column. This antibody recognizes a conformational 
epitopeofthe Vp8 TCRdomain. Denatured protein in a 
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Western blot is again not recognized (data not shown). 
In contrast to the situation with the CR15 scTCR 

where almost no binding was obtained because oflow 
antibody affinity, about 10% of the normal 
monovalent Pl4 scTCR from a periplasmic soluble 
fraction of E. coli bound to the column (Figure 5) . The 
binding is specific, since no other proteins were bound 
to the column , except in trace amounts (Figure 5B). 
The bound material could only be eluted under 
strongly acidic condit ions. More than 90% of the 
eluted TCR protein could be rebound to a new column 
(data not shown} , demonstrating that the very short 
acid step did not denature the protein. '!Vhen the 
run-through fraction was reloaded onto a new 
column, once again about 10% of the material bound 
to the column. Since the elution fraction of the first 
column could be rebound and the 
run-through fraction could be bound to the same 
extent as on the first column, it is highly probable that 
the reason for not binding all of the Pl4 scTCR at the 
first time is a capacity problem of the column (see 
Materials and Methods). Expression of the Pl4 
scTCR with the direct chaperone co-expression 
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Figure 5. Binding of P14 scTCR. to an F23.1 affi ni ty column. P14 scTCR. was produced using t he standard exp ression 
system. A, Western blot with the ant i myc-tag antibody 9E10 of the affinity colum n fractions. The column was elu ted in 
t he orde1·: ( 1) 100 mM glycine, pH 3·0, (2) 100 mM glycine, pH 1·8 , (3) 200 mM borate, pH 9·0 (neutralization step, not loaded 
on t he gel) , (4) 1% SDS. All fractions contain compa rable amounts of scTCR., except for t he run-through fraction , which 
is 7 times less concent rated . Some F23.1 antibody leaking out of t he column can be seen (at a molecul a r weight of abo ut 
28 and 50 kDa ). B, Silver-stained SDS/PAGE gel of t he same fractions as A. The amoun t ofPl4 scTCR. bound to the column 
was used to estimate t he expression yield. Therefore t he band intensity was compared to t he intensities of t he ma rker bands 
(containing each 400 ng of protein). Taking into account t hat only 15% of the material has bound to the colu mn , t he 
exp ression y ield was estimated to be in t he range of 0·5 mg/1 cul tu re. 
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Figure 6. Binding of dimeric Pl4 scTCR to an F23.1 affini ty column. P14 scTCR , dimerized in vivo , was produ ced using 
the standard expression syst em. A \'\'estern blot with the anti -FLAG ant ibody M1 of the affinity column fractions is shown. 
The column was eluted in t he order: (1) 100 mlVI glycine, pH 3·0, (2) 100 mM glycine, pH 1·8, (3) 200 mM borate (pH 9·0: 
neutralization step, not loaded on the gel) , (4) 1% SDS. All fractions contain compa rable amounts of scTCR, except for 
t he run-th rough fraction, which is 7 t imes less concentrated . Some F23 .1 antibody leaking out of the column can be seen 
(at a molecular weight of about 28 and 50 kDa). A sil ver-stained SDSJPAGE gel of the same fractions showed t he binding 
to be specific. 

system instead of the standard system resulted in the 
same binding and elution behavior of the periplasmic 
soluble material (data not shown) . 

(e) Bivalent P14 scTCR 

Once again the scTCR was dimerized in vivo using 
the helix module strategy (Pack & Phtckthun, 1992; 
Pack et al. , 1993) to assay for an avidity effect. Using 
the F23 .1 affinity column, such an effect was again 
seen (Figure 6) , since all of the bound material could 
be eluted only under harsh conditions in contrast to 
the monomeric scTCR described above. R eloading 
the run-through fraction of the first column onto a 
second column resulted again in binding of bivalent 
P14 scTCR to the column. However, the amount of 
materi al bound to the second column was smaller 
than the amount bound to the first column (data not 
shown) . Thus, by the time of binding to t he second 
column , part of the bivalent scTCR was not correctly 
folded anymore, since otherwise binding of the same 
amount of bivalent P14 scTCR as to the first column 
would have been observed. We therefore suggest that 
the dimerization motif either disturbs folding of the 
dimeric P14 scTCR in the periplasm or impairs its 
stability in the peri plasmic extract. The specificity of 
the F23 .1 column was verified by loading dimeric 
CR15 scTCR onto the F23.l column. CR15 uses a 
different V p segment, and is therefore expected not to 

bind to the column. Indeed , no binding was found 
(data not shown) demonstrating that binding to the 
F23 .1 column occurs only via the variable domains of 
the bivalent scTCR and not via the helices. Therefore, 
we can attribute the observed tight binding to the 
bivalent binding of the epitope in t he variable 
domains to the affinity column, and not to an 
interaction with the dimerization helices. 

From the affinity column experiments, we conclude 
that a substantial part of the P14 scTCR peri plasmic 
soluble material is correctly folded , and it is possible 
that all of the material has the correct conformation. 
In this case however, some slow unfolding of the 
dimeri c P14 scTCR has to be postulated to account 
for the reduced binding of the dimeric P14 scTCR 
when loaded onto the second affinity column. In 
contrast to the CR15 scTCR, t he expression levels are 
independent of the expression system used . Having a 
scTCR that is able to fold without additional 
assistance to a large extent , the over-expression of 
parts of the E. coli folding apparatus is not required 
and has no effect. 

(f) Exp1·ession and cha-racterization of the 8fl 0-2 
scT CR 

The scTCR 8/10-2 was also expressed in t he 
standard and the direct chaperone co-expression 
syst em (Figure 1A). In this case, the scTCR was 
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highly sensitive to proteolysis (C.W & A.P , 
unpublished results). In addition , 8/ l0-2 scTCR was 
covalently modified after prolonged induction of 
expression in the standard system leading to a band 
of lower mobility in SDS/PAGE gels. This 
modification was observed without any lag phase in 
the direct co-expression system (C.W & A.P , 
unpublished results ). There is no explanation for the 
modification so far. 

Since the TCRs P14 and 8/ 10-2 share the same 
/J-chain variable segment, the F23.1 affinity column 
could be used for the evaluation of the folding state 
of the 8/ l0-2 scTCR in the soluble periplasmic 
fraction as well. About 10% ofthe material , expressed 
in the standard system, bound to the column. Exactly 
as with the P14 scTCR, the 8/10-2 scTCR could only 
be eluted under strongly acidic conditions. In this 
case however, the run-through fraction could not be 
rebound to a second column due to the extensive 
degradation of t he 8/ 10-2 scTCR. Since the total 
amount of 8/ l0-2 scTCR, clue to proteolysis, is far 
below the capacity limit of the F23.1 column, we 
deduce that only 10 % of the 8/ l0-2 scTCR was 
correctly folded at the time of binding to the column. 
Using bivalent 8/ l0-2 scTCR, an avidity effect 
analogous to the other two TCRs could be seen. Yet , 
once again, only about 10% of the material bound to 
the column , suggesting that the majority of the 
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climeric 8/10-2 scTCR is misfolcled at t he time of 
binding to the column. Reloading the run-through 
fraction onto a second column resulted in no binding 
(C.W & A.P , all unpublished data). As with the 
monomeric material , t he majority of the dimeric 
material must be therefore misfolclecl. The strength 
with which the 8/ l0-2 scTCR binds to the column (as 
judged by elution conditions) is identical to the P14 
scTCR. Sensitivity to proteolytic degradation and 
the partial absence of correct conformation at · the 
time ofloacling onto the column are characteristics of 
the 8/ 10-2 scTCR. 

The effect of the over-expression of parts of the 
folding apparatus of E. coli cannot be evaluated clue 
to the instability of the 8/10-2 scTCR. 

4. Discussion 

(a) A general model 

In order to rationalize the behavior of the different 
scTCRs in the various expression systems, a model is 
proposed. Since the majority of experiments have 
been clone with the CR15 scTCR, the model is 
developed based on those experiments (Figure 7 A). 
But, since all the experiments carried out with the 
other two scTCRs fit into the model easily, the model 
is extended to all three scTCRs (Figure 7B). 
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Figure 7. Model rationalizing the expression behavior of the scTCR. The t hi ckness of t he arrows outside t he brackets 
represents the a.mount of materi al taking t his pathway. The subscripts Nand I refer to native and non-native conformations, 
respectively. Sol refers to monomeri cally soluble, aggr to soluble but aggregated protein and insol to insoluble protein . The 
numbers refer to processes discussed in t he text. Since details of the precipitation process of the scTCRs are not available, 
arrows wi thin the brackets only indicate t hat t here is some precipitation, slow and fast indicate that correctly folded and 
misfolded scTCR are prone to aggregation to a different extent, as argued in the text . The existence of misfolded soluble 
material is hypothetical, sol1 is therefore put in parentheses. A, Comparison of3 different CR15 expression systems. stancla1·d 
is t he standard expression system, co-eXJJ?·ession the direct co-expression system and standa1·d + is t he standard system 
using a stronger promoter (lac or lac V5 ve·rsus lac ). Numbers refer to the explanation of the model in the text. 
B, Comparison of t he 3 different scTCRs, as expressed in the standard expression system. 
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We suggest that transcription, translation and 
transport to the periplasm do not constitute a 
problem for the scTCR molecul es. Once in t he 
periplasm, the scTCR may fold or may aggregate. 
Once folded , it is essentia lly stable, and only some 
aggregation at high concentrations is observed. If not 
folded , however, the scTCR aggregates immediately 
and is quickly degraded. vVhat kind of evidence do we 
have for the various steps suggested in the model? 

Comparisons of the expression levels of the CR15 
scTCR in the standard system, in t he direct 
chaperone co-expression system and with the 
standard vector in the 1poH- lon- strain CAG629 , 
reveals that they differ drastically The trans­
criptional and translational signals used are the same, 
however. We would like to conclude that the amount 
of protein leaving the ribosome is essentially the same. 
In all systems, the signal sequence of the great 
majority of the scT CR protein is cleaved off. Since the 
signal peptidase is located on the periplasmic face of 
the inner membrane, there is only a very minor part 
of the scTCR material remaining in the cytoplasm. 
The scTCR molecules are therefore either readily 
transported out of or quickly degraded in the 
cytoplasm. Comparing the expression level of the 
CR15 scTCR in the presence of over-expressed CJ

32 

alone (Table 2) veTsus CJ32 plus DsbA, the major effect 
on the increased y ield in t he direct over-expression 
syst em (CT

32 plus DsbA) is on periplasmic protein. If 
cytoplasmic degradation were responsible for the low 
expression yield in the standard system, a remedy 
would have to be cytoplasmic, not peri plasmic. Thus, 
a maj or role for cytoplasmi c degradation is unlikely 
We suggest that a considerable amount of scTCR (in 
t he range of 1 mg/1 culture) reaches the periplasm in 
all cases studied (Figure 7A, l). 

Signs of degradation can be easily seen, when E. coli 
cell extracts of cells expressing CR15 scTCR are 
directly loaded onto an SDSfPAGE gel (data not 
shown) . This contrasts with the situation of the 
peri plasmic soluble fraction used for the FAZ affinity 
columns. When this material is loaded on a 
SDS/PAGE gel the bands are still sharp after the two 
days it takes to perform the column experiment (while 
the protein remains in contact with periplasmic 
E. coli proteases; Figure 4A). Therefore while part of 
the CR15 scTCR is prone to fast proteolysis (seen in 
the immediate extracts), part of it is essentially 
stable. From the FAZ affinity column experiments, 
we know that the stable part is essentially correctly 
folded. It seems reasonable, t herefore, to attribute the 
protease lability of the unstable part to misfolding. 
Using a French Press extract , par t of the misfolded 
material can be isolated. lVIisfolding is deduced from 
the very high tendency of this material to aggregate 
(in contrast to the solubl e periplasmic fraction), 
which has been observed in different chromatography 
experiments. 

Can the effect of the increased yield in the direct 
co-expression system (over-expressing CJ32 and DsbA) 
be explained by reduced proteolysis of the completely 
folded material? H eat-shock conditions a re known to 
induce proteases, however not to repress them 

(Morimoto et al. , 1990). Furthermore, using t he 
protease and heat-shock deficient strain CAG629, 
proteolysis is slowed down , bu t folding is not 
improved; large amounts of partia lly degraded 
material can still be seen. Over-expressing parts ofthe 
E. coli folding apparatus in the direct co-expression 
system, in contrast , leads to large amounts of 
undegraded material (Figure 3). Thus, heat-shock 
deficiency (together with a defi ciency in the 
cytoplasmic protease Lon, which does not have an 
effect on its own, Table l) and increased heat-shock 
proficiency (together with DsbA over-expression, 
which also does not have an effect on its own, Table 
l) both give · increased yields of total protein. This 
makes reduced proteolysis due to CJ

32 over-expression 
highly improbable. A minor instability of t he 
periplasmic soluble fractions used for FAZ affinity 
chromatography is seen, however (Figure 4b). 
Whether this is due to slow unfolding, followed by 
proteolysis, or direct slow proteolysis of the correctly 
folded material cannot be distinguished (Figure 
7A, 3) . 

Can the effect of increased periplasmic yields be 
explained by enhanced transport to the periplasm 
due to over-expression of cytoplasmic chaperones? 
It might be argued that chaperones in the 
cytoplasm merely increase the transport competence 
of the scTCRs and thus overcome a transport 
limitation. Since we are able to transport considerably 
larger amounts of scTCR into the peri plasm than seen 
with the chaperone co-expression system, we can 
exclude this possibility Increasing the promoter 
strength (and as such the level of export) well above 
the level of the lac-promoter in the presence of 
over-expressed DsbA (but not CJ32

) does not enhance 
t he yield of soluble, periplasmic protein , but merely 
increases the level of processed insoluble protein. 
Thus, transport does not seem to limit the production 
of soluble TCR. 

We suggest instead that the effect of increased 
y ields in the direct over-expression system is due to 
enhanced in vivo folding (Figure 7A, 5b) working 
synergistically with substantially higher intrinsic 
proteolytic stability of the correctly folded material 
(Figure 7 A, 2). Under in vivo conditions, peri plasmic 
folding might well be coupled to late translocation 
steps. Furthermore, the "periplasmic" chaperone 
postulated to be induced in response to CJ32 may 
of course be a periplasmic domain of a 
membrane-anchored protein. Nevertheless, t he data 
presented here can only be consistently interpreted if 
over-expression of CJ32 and DsbA gives an effect on 
periplasmic folding, and not the effi ciency of 
transport, be t he folding coupled to late translocation 
steps or not. 

Our conclusion from the experiments described is 
that correctly folded CR15 scTCR is essentially stable 
(Figure 7A, 2), whereas misfolded scTCR is rapidly 
degraded (Figure 7A, 4) . Since in the standa rd 
expression system only small amounts of CR 15 
scTCR are found , we suggest that the majori ty of the 
material reaching the peri p lasm misfolds (Figure 7 A, 
5a) and is degraded. The increased yields in the direct 
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co-expression system are therefore a consequence of 
enhanced in vivo folding in the periplasm. 

Despite this benefi cial effect on periplasmic folding, 
some insoluble material is seen in the direct chaperone 
co-expression system as well. Does, therefore, cor­
rectly folded CR15 scTCR aggregate and precipitate 
as weli ?Misfolclecl materi al quickly aggregates and is 
partially digested even in the aggregated form (Figure 
7 A, 6). Correctly folded material (i .e. TCR able to bind 
to the affinity column) is stable towards this 
proteolysis. Comparing t he expression behavior of the 
standard vector in the lon - htpR- strain CAG629 to 
the direct chaperone co-expression system, both give 
high yields of total protein , the former, however, is 
partially degraded in all cellular fractions, and the 
latter not at all (Figure 3B). The materia l produced 
with these syst ems, despite being produced in 
comparable a.mounts, thus has a very different 
sensitivity to proteolysis, suggesting a different 
degree of folding prior to precipitation. 

A prediction of the model would be that increasing 
the promoter strength from the lac promoter of t he 
standard system to e.g. the lacUV5 and the tac 
promoter, yet wit hout offering folding assistance, 
vvoulcl increase the amount of soluble periplasmic 
protein only moderately (Figure 7 A, standard + ). 
Most of the scTCR produced would still be misfolclecl 
and be degraded , perhaps increasing the steady-state 
concentrations of the aggregated material. A few-fold 
increase in the amount of material of the different 
subcellular fractions after increasing the promoter 
strength is indeed found. 

The P14 scTCR behaves as CR15 in the direct 
co-expression system. However, the 8/10-2 scTCR is 
rapidly degraded . Using the model, this can be 
rationalized as a limited thermodynamic stabili ty of 
the soluble, correctly folclecl8/ 10-2 scTCR. This would 
result in an increased amount of unfolded protein 
under equilibrium conditions. In the presence of 
periplasmic proteases, however, this would result in 
fast degradation. Alternatively, one would have to 
postulat e that there are large amounts of misfolclecl 
soluble periplasmic material in vivo. A third 
possibility, would be an extreme protease sensitivity 
of the folded protein. Even t hough we cannot yet 
distinguish these alternatives, reduced thermo­
dynamic stability of the correctly folded form with 
concomitant proteolysis of the unfolded form seems 
to be the explanation requiring the most reasonable 
assumptions. In conclusion, we believe that the 
experimenta l behavior of the P14 and8/10-2 scTCRs 
is consistent with t his model. 

We propose, therefore, that the expression of 
scTCR fragments in the periplasm is cont rolled by 
their folding. If they do not obtain and maintain a 
correctly folded conformation, t hey are rapidly 
degraded. vVe have presented an expression system 
that uses over-expression of parts of the E. coli folding 
apparatus to increase t he folding yield of one of our 
scTCRs. We have furthermore shown that it is 
possible to climerize scTCRs in vivo to make them 
bivalent without seriously impairing folding or 
stability of t he scTCR. 

(b) Dijj e1·ences between the scT GRs and cmtibody 
fmgrnents and between the dijje1·ent scT GR s 

Comparing the three different scTCRs studied here, 
two questions have to be answered. Why does the P14 
scTCR not need either DsbA or cr32 over-expression 1 
Why is the 8/10-2 scTCR especially unstable? 

Lattman & Rose (1993) suggest that the folding 
mechanism of proteins in general is very robust, 
because it is redundantly encoded by their primary 
sequence. It seems therefore reasonable to assume 
t hat the scTCRs all have the potential to obtain their 
correct fold. The fact that at least a considerable part 
ofthe periplasmic, soluble material is indeed correctly 
folded supports this hypothesis. Only one other 
scTCR , 1934.4, has so far been reported ·whi ch can be 
expressed in a standard system without folding 
assistance (Ward, 1992). When the amino acid 
sequences ofP14 and1934.4 , the sequences of the rest 
of t he TCRs used in this study; and those that have 
been expressed in inclusion bodies by others a re 
compared , the total number of charges in the variable 
domain of the a-chain is found to be greatei· for P14 
and 1934.4 than for the rest. Whereas the st andard 
TCR variable a -domain usually contains considerably 
less than 20 charged amino acids, the a domain of both 
P14 and 1934.4 contain a total of well above 20 
charged amino acids. Since we have no evidence that 
the solubility of the final folded proteins differs 
dramatically; we suggest that the folding inter­
mediates are prone to aggregation to rather different 
degrees. The number of charged amino acids might 
influence this tendency to aggregate. 

P14 does not seem to benefit from the 
overexpression of cr32 and DsbA. It appears, t herefore, 
that its folding intermediates may be less prone to 
aggregation, and th is could correlate with the number 
of charged groups in the protein . This makes the 
P14 scTCR similar to antibodies, which do require 
the action of DsbA (Knappik et al. , 1993) , but are 
independent of any overexpression. DsbA over­
expression alone does not have an effect on CR15 
scTCR expression, but only when used together with 
cr32 over-expression. \iVe suggest that only after 
chaperones have prevented the early folding 
intermediates with exposed hydrophobic surfaces 
(Matthews, 1993) from aggregation, the CR 15 scTCR 
can make use of the additional DsbA to catalyze the 
last folding step. A possible explanation for the need 
of addit ional DsbA in the case ofCR15 scTCR is that 
this protein may be an especially poorly accessible 
substrate titrating out t he DsbA protein , clue to a 
transient aggregation or interaction with other 
periplasmic proteins. 

In contrast to P14 and CR15, the 8/10-2 scTCR 
possesses two instead of one potential N-glycosylation 
sites in the variable domains (Marshall , 1974) . It is 
assumed that these sites are used in TCRs (Allison & 
Lanier, 1987; Clevers et al. , 1988). If both 
glycosylation sites of 8/10-2 were actually used in the 
eukaryotic cell , the 8/ 10-2 scTCR expressed in E. coli 
would miss the stabilizing effect of the sugars 
(Machamer & Rose, 1988; Dube et al ., 1988; Matzuk 
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& Boime, 1988) to a la rger extent. This might explain 
its sensit ivity to proteolys is. H av ing a co rrectly 
folded state, which, even t hough cross- linked by 
disulfides, has only a ma rginal stabili ty, unfolding and 
subsequent p roteolytic degrada.t ion would be much 
more prominent t han for P14 and CR15. It should be 
kept in mind t hat t he dimeric P14 scTCR also seems 
to unfold slowly. It appears t ha.t scTCRs a re not 
particularly stable in general. 

Antibody fragments are relatively easily 
expressed in a functional way in E. coli, while scTCRs 
are not, judging from our own results and the 
scarceness of other publications in t he fi eld. 
Comparing antibody scFv fragments and scTCRs 
t here are two possible structural differences. 'i\Thereas 
antibodies are usua.! ly secreted molecules, t he TCR is 
a lways part of a complex surface structure 
(Hunkapiller & Hood , 1989). Nevertheless, when 
an antibody scFv fragment is expressed , t he 
variable/constant domain interface is exposed . The 
same is true for scTCR s. In addit ion however, it is 
conceivable that further in terfaces are exposed , such 
as a TCR/CD3 interfa.ce, and a TCR fCD4 or TCRfCD8 
interface, respectively. The hydrophobi city of t he 
surface of a scTCR can t hus be assumed to be greater 
t han the hydrophobicity of a corresponding scFv 
antibody fragment and t his is, indeed, found in 
molecula r models. ·whereas antibody scFv fragments 
are not glycosylated, t he scTCRs used by us contain 
at least one attachment site for N-linked 
glycosy lation. The scTCRs expressed in E . col1: will 
lack t heir carbohydrates, which may be needed as a 
stabilizing or solubilizing element. 

These structural differences between scTCRs and 
t he corresponding ant ibody fragments can be used to 
rationalize t heir different expression behavior. Since 
ant ibody fragments probably have less exposed 
hydrophobic surfaces, aggregation during and after 
folding can reasona.bly be assumed to be slower. A 
larger proportion of material t herefore reaches the 
correctly folded state. 

(c) l mpliwtions 

The expression ofscTCRs in t he peri plasm of E. coli 
is controlled by t heir folding. We have shown t hat the 
folding y ield of one of our scTCRs could be increased 
by t he simultaneous over-expression of a 32 and DsbA . 
We t herefore suggest t he existence of a periplasmic 
chaperone t hat is expressed under t he control of a 32 

and that is able to assist t he scTCR fo lding. It seems 
improbable t hat a family of specific chapemnes, e.g. 
t he PapD family (Hultgren et al ., 1993 ; Holmgen & 
Branden , 1989; Kuehn et al., 1993) is able to perform 
general functions. We t hus suggest that t he genera l 
chaperone in t he periplasm of E . coli , being able to 
assist scTCR folding, still has to be discovered. 
Folding in t he periplasm of E. coli (reviewed by 
Wi.t lfing & Pliickt hun, 1994) might resemble the 
highly guided folding process in t he endoplasmic 
reticulum of eukaryotic cells more than one wou ld 
expect from the postulated absence of ATP in t he 
periplasm. 
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