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Figure 1. Production of scFv fragments in an E. coli cell-free trans-
lation system. [“C]-labeled proteins were synthesized in vitro. Fifteen-
microliter samples of the reaction mixture were analyzed by ELISA,
5-ul samples were analyzed by trichloroacetic acid precipitation assay
and by electrophoresis (12% SDS-PAGE) with subsequent autoradio-
graphy. The amount of protein synthesized (-O-) and relative ELISA
signals (-®-) are shown. Inset: PAGE of the ['“C]-labeled proteins syn-
thesized at different incubation times.

protocol). The total amount of protein synthesized, as calculated
from the specific radioactivity incorporated into the translation
product, reaches a plateau of 14 pmoles of scFv per 50 pl of reac-
tion mixture (8.3 wg/ml) in about 30 min (Fig. 1). That the
radioactivity comes exclusively from the mRNA-directed synthesis
is reflected in the appearance of the one major ["“C|leucine con-
taining product with the molecular weight expected for the
anti-hag scFv fragment (inset). The full-length product and the
antigen-binding activity (measured by ELISA) both became detect-
able by the first time point, and the time courses of polypeptide
synthesis and the functional activity are superimposable (Fig. 1),
indicating that there is no measurable delay in the appearance of
activity under these conditions.

At the same time, only 8% of the synthesized scFv molecules
reached the active state (Table 1), as was estimated from a quanti-

Table 1. Yield of functional scFv fragments synthesized.

Hag-binding
protein/ Yield of
total protein functional
synthesized scFv
mRNA Additions (pmol/pmol)? (%)
(1) MS2 RNA® None 0.09/8.18 -—
(2) scFv RNA None 0.76/9.02 8.4
(3) scFv RNA 0.1 mM GSH/ 1.0 mM GSSG 0.80/8.70 9.2
(4) scFv RNA 1.0 mM GSH/ 0.1 mM GSSG 0.62/8.85 7.0
(5) scFvRNA 1 mMDTT 0.05/10.30 0.5
(6) scFv RNA DsbA (0.2 pM) 1.06/10.46 10.1
(7) scFv RNA PDI (0.9 puM) 2.40/7.80 30.7
(8) scFv RNA PDI added with 20 min delay 0.96/8.50 10.8
(9) scFv RNA chaperones® 0.86/8.62 9.9
(10) scFv RNA  PDI, chaperones® and
1.0 MM GSH/ 0.1 mM GSSG 4.04/8.40 48.1

scFv fragments were synthesized in vitro. After 40 min of incubation at 37°C,
the reaction mixture was centrifuged and the resulting supernatant was ana-
lyzed by RIA for the amount of [“C]-labeled proteins that are capable of bind-
ing antigen. “The results are given for 50 pl of reaction mixture. °7 pg of MS2

RNA were used in a 50 pl of reaction to test for background binding. *DnakK
(1 pM), Dnad (0.4 uM), GrpE (0.4 pM), GroEL,, (0.4 uM), and GroES; (0.4 pM).
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Figure 2. Influence of GSSG, GSH and DTT on disulfide bond forma-
tion during in vitro translation. Western blot analysis of the anti-hag
scFv fragments. Without addition: lane 1, non-reducing PAGE; lane 2,
reducing PAGE. With 0.1 mM GSH/ 1 mM GSSG: lane 3, reducing
PAGE; lane 4: non-reducing PAGE. With 1 mM GSH/ 0.1 mM GSSG:
lane 5, non-reducing PAGE; lane 6, reducing PAGE. With 1 mM DTT:
lane 7, reducing PAGE; lane 8, non-reducing PAGE. DTT was added to
reduced samples prior to electrophoresis where indicated. The
oxidized protein (o) migrates slightly more rapidly than the reduced
form (r).

tative antigen-binding radioimmunoassay. An MS2 coat protein
control mRNA showed a low background level of nonspecific
adsorption of radioactive polypeptides (Table 1), and binding of
scFv could be totally blocked with soluble antigen. We reasoned
that the low antigen binding activity under these conditions must
be due to protein aggregation and/or inefficient or erroneous
disulfide formation.

[n order to control the conditions for the formation of disulfide
bonds more tightly, mixtures of reduced glutathione (GSH) and
oxidized glutathione (GSSG) were introduced in the cell-free
system. The antigen-binding activity of the scFv fragment is unaf-
fected when the protein 1s synthesized in the presence of the
“reducing” mixture of glutathione, while it 1s slightly increased
when it 1s formed in the presence of the “oxidizing” mixture of
olutathione (Table 1).

The importance of intrachain disulfide bonds for the activity of
scFv fragments has been reported™”. In accordance with these
observations, the addition of 1 mM dithiothreitol (DTT) in the
cell-free translation system resulted in a complete disappearance of
antigen-binding activity of the polypeptides synthesized (Table 1),
while the translation rate and yield were unaffected (data not shown).

The product synthesized in the cell-free system under four dif-
ferent redox conditions was analyzed by Western blot (Fig. 2).
[n SDS/PAGE under reducing conditions, or when the translation
was performed in the presence of DTT, the product gave rise
to one band of the size expected for the denatured full-length
polypeptide, while the nonreduced polypeptides migrated some-
what faster. The antigen-binding activity of the product correlates
with the presence of the oxidized (disulfide) form of the polypep-
tide (Table 1).

The samples from the translation mixture contain intermole-
cular cross-linked scFv aggregates that are too large to enter the gel,
since the total intensities of the scFv bands in a nonreducing gel are
significantly lower than in a reducing gel. These aggregates could
be reduced by DTT so that the intensities of the bands in the
reducing lanes represent the total amount of protein present in
the sample (Fig. 2).

Effect of PDI on the yield of functional scFv fragments. When
PDI is present in the translation reaction, the ELISA signal
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Table 2. The effect of chaperones on the solubility of scFv
fragments.

[“Clleucine
incorporated®

Phosphoimager analysis of
electrophoretic scFv bands®

soluble protein/

total protein total reaction

Additions® (%) mixture supernatant pellet
DTT (1 mM) 40 nd nd nd

no additions 75 1.00 0.74 0.24
DnaK 78 0.97 0.70 0.23
DnaJ 5 0.97 0.75 0.25
DnaK+DnaJ 92 0.95 0.92 0.10
DnaK+DnaJ+GrpE 95 0.95 0.95 0.07
GroEL 82 0.96 0.77 0.14
GroEL+GroES 83 0.98 0.79 0.14
Chaperones® 95 0.98 1.00 0.05
BSA (2 pM) 78 hd nd nd

scFv fragments were synthesized.in vitro. After 40 min of incubation at 37°C,
the 50 pl of reaction mixture was centrifuged at 14,000 rpm. In each case,

5 ul of total reaction mixture, supernatant and pellet dissoved in 12.5 pl of
translation buffer were analyzed. “The concentrations are listed in Table 1.
"The amount of the protein that is present in the total reaction mixture and in
the supernatant was calculated directly from the amount of [“C]leucine that is
incorporated into the protein. Data from five experiments. “Quantification of
[“C]-labeled protein bands on SDS-PAGE using PhosphoimagerPC analysis.
All intensities are normalized to the total protein in the assay with no additions.
Data derived from six experiments. nd: not determined.

increased by up to threefold compared to a control translation
lacking PDI (Fig. 3A). Similarly, a threefold higher production of
functional scFv fragments was also found by the radioimmuno-
assay (Table 1). PDI exerts its effect only when present cotran-
slationally but not when added 20 min after the beginning of
translation (Fig. 3A; Table 1).

The effect on the production of functional antibody fragments
of adding a reducing glutathione mixture in the presence of PDI
was marginal, whereas the addition of an oxidizing glutathione
mixture was somewhat inhibitory (Fig. 3A). We suggest that the
main role of PDI in this system is to catalyze disulfide rearrange-
ments and not only net oxidation during protein synthesis™"
which appears to be necessary to allow scFv folding to proceed to the
native state with the correct intradomain disulfide bonds formed.

The bacterial protein DsbA, which is not an efficient isomeriza-
tion catalyst'”***, has a comparatively weak effect on the yield of
functionally active scFv fragments when included in the cell-free
translation system (Fig. 3B; Table 1). The presence of reducing or
oxidizing glutathione buffer together with DsbA does not change
the amount of functional scFv fragments further (data not
shown).

Aggregation of scFv fragments and the effects of chaperones.
About 20-25% of the synthesized product was usually detected
in the insoluble fraction under standard conditions, without
DTT (Table 2). The presence of DTT during translation resulted in
a much higher percentage of aggregated polypeptide, up to 60%,
indicating that the reduced scFv is unfolded and aggregation-
prone. Therefore, aggregation does not depend on the formation
of intermolecular crosslinks. These large, sedimentable aggregates
seem to contain various other molecules of the cell-free extract in
addition to the scFv polypeptide and appear to be different from
the interchain disulfide cross-linked aggregates discussed above.

The preparation of the crude E. coli extract may result in the
depletion and/or inactivation of some cytoplasmic proteins, such
as molecular chaperones. Therefore, the translation system was
supplemented with purified DnaK, Dna], GrpE, GroEL and GroES,
in various combination (Table 2). The presence of any or all of
the molecular chaperones has no influence on the total protein
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Figure 3. Effects of PDI DsbA and chaperones on the functional for-
mation of scFv fragments. Relative antigen-binding ELISA signals of
the in vitro synthesized anti-hag scFv antibodies. After 40 min of incu-
bation at 37°C, the reaction mixtures were centrifuged and the result-
Ing supernatant was analyzed for antigen-binding activity by serial
dilution. (A) Translation in reaction mixture without additions (-@-),
with PDI added at the beginning of translation (-C-), PDI added 20 min
after the start of translation (-A-), in the presence of PDI with 0.1 mM
GSH/ 1 mM GSSG (-U-), and with 1 mM GSH/ 0.1 mM GSSG
(-M-). (B) Translation without additions (-®-), in the presence of PDI
(-O-), with a chaperone cocktail {DnakK, DnaJ, GrpE, GroEL, and GroES
at concentrations given Table 1 {-X-) and, with DsbA (-¢-). The con-
centration of scFv fragment in the supernatant of the cell-free trans-
lation that was assayed (x-axis) was estimated from the material
precipitated by trichloroacetic acid.

synthesis. At the same time, the combinations of DnaK+Dna] and
DnaK+DnaJ+GrpE, and the complete chaperone cocktail signi-
ficantly promote scFv solubility (Table 2). Comparable concen-
trations of BSA did not increase the amount of soluble protein,
demonstrating that this increased solubility is not simply an effect
of the protein concentration. The addition of GroEL, both in the
absence and presence of its co-chaperone GroES, was largely
unable to influence the aggregation process during protein synthe-
sis, yielding only an additional 5% of soluble protein (Table 2).

The increased solubility of the synthesized scFv fragments is
not accompanied by a significant increase in the proportion of cor-
rectly disulfide-bonded scFv fragments capable of binding antigen
(Table 1; Fig. 3B). Thus, soluble but inactive scFv is produced
in the presence of molecular chaperones by themselves, without
taking measures to increase disulfide formation.

We then analyzed the oxidation state and distribution of the
scFv into pellet and soluble fraction under several conditions. The
addition of chaperones by themselves had a solubilizing effect on
the scFv fragment (Fig. 4A) as seen by the decrease in the amount
of scFv found in the large sedimental aggregates (Fig. 4B). The pres-
ence of PDI by itself, as well as in combination with the reduced
form of glutathione, also led to much higher proportions of soluble
scFv fragment (Fig. 4A), indicating that PDI significantly decreased
the amount of intermolecular cross-linked aggregates incapable of
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Figure 4. Western blot analysis, under non-reducing conditions, of
supernatant and pellet fractions of the translation reaction. The scFv
fragments were synthesized in a translation mixture without additions
(a); in the presence of 1 mM GSH/ 0.1 mM GSSG (b); a chaperone
cocktail containing DnaK, Dnad, GrpE, GroEL, and GroES (c); PDI (d);
PDI with 0.1 mM GSH/ 1 mM GSSG (e); PDI with 1 mM GSH/0.1 mM
GSSG (f); PDI with a chaperone cocktail (g); PDI, a chaperone cocktail
and 0.1 mM GSH/ 1 mM GSSG (h); and PDI, a chaperone cocktail and
1 mM GSH/ 0.1 mM GSSG (i); all present at the begining of translation.
After 40 min of incubation at 37°C, the 50 ul reaction mixtures were
centrifuged and 5 ul of the supernatant and 5 pl of the pellet (dissolved
in 10 pl of translation buffer) were analyzed by SDS-PAGE. The samples
were not reduced with DTT before electrophoresis. (A) Supernatant.
(B) Pellet fraction. The oxidized protein (o) migrates slightly more
quickly than the reduced form (r).

entering the gel. When both PDI and the oxidized form of gluta-
thione were present in the translation mixture the amount of disul-
fide-containing scFv fragments in the pellet fraction increased (Fig.
4B), perhaps due to random intermolecular cross-linking of the
scFv. Thus, mildly reducing conditions are required for formation
of correct intrachain cross-linking, indicating the importance of
disulfide rearrangement. In the soluble fraction only oxidized scFv
fragment is visible, while in the insoluble fraction, scFv bands of
both oxidized and reduced form are detected.

Joint effect of PDI and chaperones on the formation of func-
tionally active scFv. In an attempt to maximize functional scFv pro-
duction, we have tested the simultaneous inclusion of PDI and the
chaperone mixture in the translation reaction. The presence of PDI,
chaperones and the reduced mixture of glutathione in the transla-
tion reaction leads to the highest antigen-binding activity of the
product in the supernatant (Table 3). Under these conditions, up to
48% of the total scFv synthesized during the E. coli cell-free transla-
tion could be recovered as active, antigen-binding material ('Table 1).

Discussion

[n order to maximize the amount of functional antibody synthe-
sized 1n a cell-free translation system we identified factors that con-
tribute to efficient folding and proper disulfide bond formation.
The total yield of the protein synthesized was 10 to 14 pmol from a
50 pl incubation mixture (8 pg/ml) produced in 15 min at 37°C.
However, only about 10% of the total amount of polypeptide syn-
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Table 3. The effect of PDI and chaperones on antigen binding
activity.

Additions Relative ELISA signal
PDIP 1.00¢
PDI° + chaperones? 1.20
°DI° + chaperones?, 0.1 mM GSH/ 1.0 mM GSSG 1.16
PDI° + chaperones?, 1.0 mM GSH/ 0.1 mM GSSG 1.56

sckv fragments were synthesized in vitro. After 40 min of incubation at 37°C,
the 50 pl of reaction mixture was centrifuged at 14,000 rpm and 15 pl of
supernatant was analyzed by ELISA. Values at 1:40 dilutions are shown.
*The concentrations are listed in Table 1. "0.9 pM. “Arbitrarily set to one.

thesized was found to be functionally active when the strongly
reducing compound DTT was omitted from the mixture, or when
an oxidizing redox shuffle was introduced, or when the bacterial
disulfide-forming catalyst DsbA was present. A massive intermole-
cular random cross-linking was observed in these cases. No func-
tional protein at all was formed in the presence of reducing agents
(1 mM DTT), and a large proportion of the scFv precipitated.

A significant improvement was achieved when eukaryotic PDI
was present during the cell-free translation. The proportion of
functionally active antibody fragments increased by a factor of 3,
reaching 30% of the total product. Eukaryotic PDI is known to be
a much more efficient disulfide isomerization catalyst than
DsbA'"****, and its role is thought to be carried out by DsbC in
bacteria". The great importance of the disulfide isomerase activity,
as opposed to the net oxidation activity, of PDI in vivo has
been demonstrated”".

[f we define an equilibrium constant” between the reduced and
oxidized form of PDI and glutathione, K,, = ([E-(SS)]*[GSH]?)/
(|E-(SH),]*[GSSG]), we can calculate the fraction of reduced enzyme
as [E-(SH),|/[E,.] = g/(K,, + g), where g is the ratio [GSH]*/[GSSG].
Experiments were carried out at 1 mM GSH/ 0.1 mM GSSG
(g=10"M) and 0.1 mM GSH/ 1 mM GSSG (g = 10" M). Thus, in
the “oxidizing” buffer, 1% of PDI was in the thiol form, whereas
almost 90% of the PDI was in this form in the “reducing” buffer,
assuming a K, of about 1 mM***. As in the case of oxidative fold-
ing of reduced ribonuclease in vitro”, the successful net formation
of correct disulfide bonds during in vitro translation proceeds only
in the presence of significant amounts of reduced PDI. This indi-
cates that the 1somerization reaction, and not the net formation,
1s also crucial in the in vitro folding of scFv fragments. We cannot
exclude any additional effect of direct binding of the scFv fragment
to PDI, preventing it from premature aggregation. Such a chaper-
one-like activity has been proposed for PDI**,

PDI was unable to affect the interchain multimers, and other
incorrectly folded molecules, once they are formed in the system. It
thus seems to act only on the nascent polypeptide chains, either
during translation (cotranslationally), or immediately after release
of the chain from the ribosome. Roth and Pierce” showed that PDI
participates in the disulfide bond formation of immunoglobulins
in vivo by interacting with nascent immunoglobulin light chains.
However, in the B-cell, disulfide formation is separated from the
ribosome by the endoplasmic reticulum membrane.

While the cocktail of molecular chaperones increased the
amount of soluble scFv to almost the total amount of scFv synthe-
sized, it had no influence on the amount of functional scFv frag-
ment. The most significant influence on protein solubility (but not
functionality) was observed from the Hsp70 system, DnaK and
Dna]J. The addition of GrpE had no further influence. This suggests
that no turnover of the chaperones, which would require the
nucleotide exchange factor GrpE** takes place, but rather that

DnaK and DnaJ may act as stoichiometric reagents. GroEL and
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GroES by themselves had only a small effect on the amount of
soluble protein. In a study of the folding of polypeptides emerging
from ribosomes in a mammalian cell-free translation system, it
was proposed* that Hsp70/Hsp40 interacted first with the elongat-
ing polypeptide. In the natural biosynthetic pathway of antibodies,
however, they would be cotranslationally secreted. They may then
interact with the antibody heavy chain binding protein (BiP), a
Hsp70 homologue in the ER, and Hsp90>*.

At the same time, the complete chaperone cocktail did enhance
the action of PDI somewhat, perhaps by extending the time during
which PDI can act on the substrate. Specifically, the DnaK/Dna]
system may bind to either the nascent, ribosome-bound chains’*
or newly synthesized and released chains® and thus retard their
precipitation to facilitate the action of PDI. Whether nascent chain
binding occurs may depend on the particular protein translated®.

It is therefore possible to synthesize active, disulfide-containing
single-chain antibodies in the E. coli cell-free translation system.
The formation of active molecules requires the catalysis and
rearrangement of disulfide bond formation during the in vitro
translation. When both PDI and chaperones are present in the
system, almost 50% of the total amount of the synthesized poly-
peptide can be eluted from antigen-binding RIA, indicating that at
least this amount of scFv synthesized is capable of specifically
binding the antigen. Similar results have been obtained with sev-
eral other unrelated antibodies (data not shown). The use of the
cell-free system in the continuous-flow format* may be promising
for the synthesis of functional antibodies on a larger scale, giving
convenient access to directly labelled protein or even incorporating
unnatural amino acids.

Experimental protocol

Construction of scFv fragment of hag binding antibody. The gene encod-
ing the scFv fragment of the anti-hemagglutinin (hag) antibody 17/9 (ref. 21),
in the orientation V,-linker-V,; with a (Gly,Ser), linker, was obtained by gene
synthesis®” and cloned into pTFT74".

In vitro transcription. Plasmid DNA was isolated using a plasmid
preparation kit from Qiagen (Chatsworth, CA) and transcribed* with T7
polymerase (Promega, Madison, WI). The mRNA was purified by phenol/
chloroform (1:1) extraction, followed by precipitation with ethanol.
Approximately 1.5 mg of mRNA was prepared from 20 pg of plasmid,

In vitro translation. An E. coli S30 extract (191 A,,, units/ml) 1n acetate
buffer (40 mM Tris-Ac, pH 8.2, containing 14 mM MgAc,, 60 mM KAc,
100 uM EDTA, and 1 mM dithiothreitol) was prepared according to the proce-
dure of Chen and Zubay*. The extract was then dialyzed overnight at 4°C
against the same acetate buffer lacking dithiotreitol. The translation reaction
was incubated at 37°C for 40 min in a 50 pl volume of 50 mM Tris-Ac, pH 8.2,
containing 5 wl of E. coli §-30 crude extract, 7 g scEv-mRNA, 8 wg of E. coli
tRNA, 150 mM KAc¢, 15 mM MgAc,, 100 puM EDTA, 30 mM acetyl
phosphate®, 500 pM ATP, 500 pM GTP, 10 pM [“C]leucine (350.2
mCi/mmol (NEN, Boston, MA)) or 50 uwM unlabeled leucine, and 100 uM
each of the other 19 amino acids. Molecular chaperones (purified from E, coli
overexpression plasmids, provided by S. Axmann and E. Pierpaoli), protein
disulfide-isomerase (PDI) (from bovine liver, Pierce, Rockford, IL), and DsbA
from E. coli (purified from an overexpression plasmid)¥ were used at
concentrations indicated in Table 1. After translation and where indicated,
samples were centrifuged in an Eppendorf Microfuge for 5 min at 14,000 rpm
and 4°C to produce soluble (supernatant) and insoluble (pellet) fractions.
Pellets from 50 wl reaction mixtures were resuspended in 10 pl of PAGE sam-
ple buffer®, and 5 pl samples, as well as 5 .l samples of supernatant fractions
and 5 pl aliquots from the total reaction mixture, were used for analysis by
SDS-PAGE and for measuring the radioactivity precipitated by trichloroacetic
acid. Fifteen microliters of supernatants were used for ELISA. The results were
recalculated to pmol of protein synthesized in the original 50 ul reaction.

SDS-PAGE. Translation mixtures (5 wl) were applied to 0.1% SDS-12%
PAGE®* under reducing (SDS-PAGE sample buffer includes 100 mM DTT)
and non-reducing conditions (sample buffer without DTT). The gels were
stained, dried and exposed to X-ray film (Fuji) for 16-24 h. Gels were also
analyzed using a PhosphorimagerPC (Molecular Dynamics, Sunnyvale, CA).
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Western blot. Gels were blotted onto PVDF membrane using standard
protocols, and the scFv fragments were detected using the anti-myctag Ab
9E10 (Dianova, Hamburg, Germany), followed by a goat anti-mouse I1gG-
peroxidase conjugated antibody (Sigma, St. Louis, MO).

ELISA. The hag binding activity of the protein products was determined
by ELISA with the hag peptide KNSYPYDVPDYASLRS coupled to denatured
and reduced human transferrin®. Bound scFv fragment was detected using
the anti-myc Ab 9E10 followed by a goat anti-mouse IgG-peroxidase conju-
gated antibody. Specific binding to the antigen was confirmed by pre-incuba-
tion of the soluble scFv fraction dilutions with 100 pg antigen/ml, which
almost completely abolished the ELISA signals. Samples from the translation
mixtures without added mRNA were used to calculate the background.

Radioimmunoassay (RIA). The percentage of the synthesized protein
which showed hag peptide binding activity was determined by RIA, similar
to the ELISA described above. After blocking and incubation of the ["C]-
labeled proteins for 60 min the supernatant was removed from the well, and
each well was washed three times with 100 wl of PBS containing 0.05% (v/v)
Tween 20. The bound scFv fragments in each well were then eluted with
100 ]l of 100 mM triethylamine (TEA) for 20 min, the wells washed three
times more with TEA, all elution fractions were combined and TCA precip-
itable radioactivity was measured. The percentage of active antibody
was calculated as the ratio between the amount of protein eluted from the
antigen and total amount of protein synthesized. Under these conditions,
essentially all the TCA-precipitable radioactivity is due to the antibody
synthesized. All scFv proteins were shown to be eluted completely from the
wells of the antigen-coated microtiter plate by the failure to detect any resid-
ual signal with the anti-myc Ab 9E10.
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