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A bacterial expression system for the variable region fragments (Fvs) of the anti-MUCl
tumor antigen antibody MUSE 11 has been constructed. The Fv fragment showed bind-
ing specificity toward TFK-1 cells, with slightly reduced affinity compared to its parent
IgG. The single-chain FV fragment was arranged in two orders, VH-linker-VL and VL-
linker-VH. However, linking the regions with a flexible peptide linker (GGGGS)3 or with
a shorter linker (GGGGS) led to a dramatic decrease in the biological activity toward
the target antigen in both arrangements, suggesting that the MUSE 11 antibody loses its
activity when the domains are linked with polypeptide linkers. These results indicate
that the variable region domains of the anti-MUCl antibody MUSE 11 have specificity
only in the Fv form, and that linking the domains strongly reduces the association with
its target antigen. Gel filtration analysis indicates that the scFv has a dimeric structure,
suggesting that the inactivation of MUSE 11 scFv is due to unfavorable intennolecular
associations of the scFv chains. To our knowledge, this is the first report of a significant
reduction in affinity caused by linking the variable domains in both arrangements, i.e.,
VH-VLandVL-VH.
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Recent developments in bacterial expression systems for
antibody fragments have made antibodies more feasible
targets for engineering \_e.g. construction of bispecific and/or
bivalent antibody fragments (1—4), improvement of anti-
body specificity and affinity (5, 6), and enzyme or functional
protein-linked antibody fragments (7-10)]. The application
of antibody engineering to therapy or diagnosis has been
investigated extensively (2,4,11,12).

Because of their smaller molecular size, the utilization of
variable antibody fragments (i.e. Fv) is attractive in terms
of rapid pharmacokinetics, low immunogenicity, and high
tumor penetration (2,11—13). The non-covalent association
of Fv fragments, however, has often been relatively weak,
and, thus, linking the variable domains with flexible or
designed linkers has been attempted to produce physically
stabilized Fv fragments (often called single-chain Fv, scFv)
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Abbreviations: VH, variable region of immunoglobulin heavy chain;
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immunoglobulin variable regions; scFv, single-chain Fv fragment;
IPTG, isopropyl P-D-thiogalactopyranoside; PAGE, polyacrylamide-
gel electrophoresis; SDS, sodium lauryl sulfate; GuHCl, guanidine
hydrochloride; FITC, fluorescein isothiocyanate; IMAC, immobilized
metal affinity chromatography.
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(13-15).
One of the mucin core proteins, Mucinl (MUC1), has

attracted interest as a potential target for immunotherapy.
The cloning of MUC1 cDNA has reported, revealing that it
is a type I transmembrane protein with an extracellular do-
main consisting of a large number of 20-amino acid tan-
dem repeats (16,17). It has become evident that the contin-
uous amino acid sequence PDTRP represents the core epi-
tope of various MAbs against MUC1, almost all of which
were prepared against breast cancer-associated antigens
(18). MAb MUSE11 against adenocarcinoma also has
shown to react with the tandem repeat of MUC1, and espe-
cially to recognize PDTRPAGP as an epitope (19, 20). This
PDTRPAGP sequence has been shown to be highly immu-
nogenic, and, therefore, the interaction between MUSE 11
and this peptide is intriguing, not only from the viewpoint
of immunotherapy, but also in terms of antigen-antibody
interaction. A bacterial expression system would provide a
powerful method for these concerns. In addition, the engi-
neering of MUSE 11 Fv for diagnosis could then be conve-
niently performed.

Here we report the construction of an expression system
for mouse MAbs MUSE 11 variable region fragments in
Escherichia coli. The prepared Fv was found to have biolog-
ical function almost identical to the IgG. linking the do-
mains with a flexible polypeptide linker, however, leads to a
drastic reduction in its activity.
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MATERIALS AND METHODS

Oligodeoxyribonucleotide Primer—Primers for cDNA
synthesis, mouse V-gene amplification by PCR, and the
preparation of single chain Fv gene were designed accord-
ing to the partial sequence data of Hinoda et al. (22). The
oligodeoxyribonucleotides were obtained from Nippon Gene
Laboratory (Sendai) and purified by polyacrylamide gel
electrophoresis.

cDNA Synthesis, PCR Amplifications of Variable Region
Genes, and Construction of a Single Chain Fv Gene—The
hybridoma cell line MUSE 11, producing a mouse mono-
clonal antibody (IgGl) raised against adenocarcinoma, was
used as the source of variable region genes. Total RNA was
isolated from hybridoma MUSE 11 cells using RNAzol B
(Biotecx Laboratories) and the first strand cDNA syntheses
were primed with either an IgG constant region primer for
heavy chain or a mixture of K constant region primers for
light, chains.

The PCR amplifications of each family of VH and VK
were performed separately using Ig prime (Novagen). The
amplified V-genes were cloned into pGEM-T easy vector
(Promega), and the DNA was sequenced using an Auto
Read Sequencing Kit (Amersham-Pharmacia) according to
the recommendations of the manufacturer.

For the assembly of the VH and VL domains of MUSE 11,
the genes encoding HyHEL-10 VH and the domain of the
vector pNSX-2, which has been constructed for the assem-
bly of anti-hen egg-white lysozyme antibody, HyHEL-10
variable domains, were replaced by MUSE 11 VH and VL,
respectively (Fig. 1). The gene encoding scFv in the order
VL-linker-VH was constructed in the same way (22).

Expression and Preparation of Soluble ScFv—A plasmid
for the overproduction of the MUSE 11 scFv fragment was
constructed as follows; the Ncol-SacQ fragment of a select-
ed plasmid containing a complete scFv gene (pMUSE-1),
was inserted into the Ncol-Sacll digested pSNE-4 (23),
which was constructed for the high expression of the single-
chain antibody of HyHEL-10 in E. coli (designated as pST-
1). For rapid purification of the overexpressed products and
determination of specificity, the gene encoding c-myc pep-
tide and 6xHis was added into the Xbal-BamUI site of
pST-1 (designated as pST-2) (Fig. 1). Two expression vectors
for the secretory expression of MUSE 11 VH or VL were
constructed by deleting of VL or VH fragment from the
plasmid, pST-2, respectively. The resulting plasmid for the
expression of VH or VL was designated as pST-2-VH and
pST-2-VL, respectively. The expression vector for the co-
expression of VH with VL was constructed by replacing
HyHEL-10 VH and VL chains in the vector, pKTN-2 (23)
with MUSE11 VH and VL. The gene was tandemly
arranged with SD-pelB-MUSEllVH-SD-pelB-MUSEllVL,
designated as pST-3 (Fig. 1).

The transformant E. coli strain BL21(DE3) harboring
(24) each expression vector was grown at 28'C in 2x YT
(25) supplemented with 200 ng/ml ampicillin to the early
stationary phase To induce the expression of soluble scFv,
IPTG was added to 1 mM and culture was grown overnight
at 28*C. From 200 ml of culture, four fractions (bacterial
supernatant, periplasmic, intracellular soluble, and insolu-
ble fractions) were separated as follows (23). After the re-
moval of the culture supernatant by centrifugation, the cell

pellet was resuspended in 10 ml of 20 mM Tris-HCl (pH
7.5), 0.5 M sucrose, 0.1 mM EDTA and incubated for 5 min
at room temperature; then, 40 ml of water was added to
produce osmotic shock and the culture was left on ice for 30
min. The cells were centrifuged and the supernatant was
saved as the periplasmic fraction. The remaining cells were
sonicated after the addition of 20 ml of water and centri-
fuged to separate the soluble cytoplasmic fraction. The
insoluble fraction obtained in the previous step was solubi-
lized in 10 ml of 0.1 M Tris-HCl (pH 8.0) containing 6 M
guanidine hydrochloride (GuHCl) by stirring overnight at
4°C. After centrifugation, the supernatant was used as the
protein sample obtained from the "intracellular insoluble
fraction." All fractions were stored at 4*C.

SDS-PAGE and Western Blotting—One milliliter of cul-
ture was taken for analysis. The total proteins in each frac-
tion were precipitated with 6% trichloroacetic acid and
0.083% deoxycholate, and subjected to protein analysis by
SDS-PAGE in the same buffer system described by Laem-
mli(26).

In order to detect scFv or Fv samples of the E. coli cul-
tures were subjected to SDS-PAGE (15%) followed by elec-
troblottdng onto nitrocellulose (Amersham-Pharmacia). The
nitrocellulose filters were incubated in blocking buffer [TBS
containing 0.05% Tween-20 (Bio-rad), 4% skim-milk
(Difco)] at room temperature for 1 h, then incubated in the
same buffer containing mouse monoclonal antibody His-
Probe (Invitrogen, Japan) directed against 6xHis peptide
tag for another hour. The scFv or Fv was finally detected by
incubating the filter in the same buffer containing a 1:5,000
dilution of peroxidase-conjugated mouse antibody against
mouse IgG, and an ECL detection system (Amersham-
Pharmacia).

Purification of Variable Region Fragments by Immobi-
lized Metal Affinity Chromatography (LMAC) under Dena-
turing Conditions—The insoluble fraction was solubilized
in 10 ml of PBS with 6 M GuHCl by stirring overnight at
4"C. After centrifugation, the supernatant was applied to a
column of 2 ml of His-bind Resin (Novagen) pre-equili-
brated with the same buffer. The column was washed
extensively with phosphate-buffered saline (PBS) contain-
ing 6 M GuHCl and 20 mM imidazole, and then eluted
step-wise with PBS containing 6 M GuHCl and 100 mM
imidazole.

Refolding of Insoluble Variable Region Fragments—De-
natured variable region fragments eluted from the metal
affinity resin were diluted with 6 M GuHCl/PBS to a con-
centration of about 0.1 mg/ml (corresponding to O D ^ =
0.2). In the case of the Fv fragment, whose chains were
expressed separately, VH and VL were mixed stoichiometri-
cally at the same concentration. In general, the refolding
procedures followed the method of Tsumoto et al. (27). In
brief, the denatured purified and reduced variable region
fragments (10 ml) were removed by phased-guanidine
removing dialysis with GuHCl/PBS (500 ml). The concen-
tration of GuHCl in the dialysis buffer was lowered sequen-
tially (3, 2, 1, 0.5, and 0 M). An oxidizing reagent (gluta-
thione, oxidized form, Sigma) was introduced in 1 and 0.5
M GuHCl/PBS dialysis buffer, and 0.4 M of L-Arg was
added during the final dialysis stage. The refolded solution
was centrifuged at 4,500 Xg for 20 min. The supernatant
was concentrated within the range of 0.1-0.2 mg/ml using
ultrafiltration membrane centriprep-10 (Amicon Inc., Bev-
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erly, MA) and stored at 4°C until flow cytometric analysis.
Gel Filtration—Gel-filtration of MUSEll Fv and scFv

was performed using a Superdex 75 column (Amersham-
Pharmacia) (1.0 X 100 cm) connected to an FPLC system
pre-equilibrated with PBS. Molecular masses were cali-
brated with calibration proteins for gel chromatography
combithek (Boehringer Mannheim, Germany). One millili-
ter of refolded variable region fragments adjusted to 0.2
mg/ml was subjected to gel filtration at a flow rate of 0.5
ml/min.

Cell Lines—The human bile duct carcinoma (BDC) cell
line (TFK-1), reactive with MUSEll mAb, was used as a
target and a human hepatocellular carcinoma cell Line (HT-
17) as a control (28). A MUCl-overexpressing CHO cell line
(CHO-MUCl) was obtained by transfecting cells with APR
MUC1 cDNA (29).

Flow Cytometry—In order to determine the binding abil-
ity of scFv or Fv to cells, flow cytometry was carried out.
TFK-1 cells (5 X 105) were incubated first with 50 \xl of

HMVLNcol Eagl EcoKV Sac II Xba I EcoRl

(a) MISEU v y l I MISE11 VL

I I Mi term*

linker G3(G1) c-myc&6xHis t

i| j Ml'SEU VL L 3 -

(b)

pSNE-4-MHL-G3(Gl)

Spe I EcoKV Xba I EcoW.

c-myc&6xHis tag c-myc&6xHis tag

Amp1

pSNE-4-MHML

Fig. 1. Expression vectors of MUSEll variable domains in E.
coli. Schematic representation of the plasmid DNA encoding the
MUSEll variable domains. The genes are under the control of the
T7 promoter. Each gene has a pelB signal sequence for secretory ex-
pression in E. coli, c-myc peptide for detection of affinity by mono-
clonal antibody 9E10, and a 6xHis tag for rapid purification of the
gene products, (a) scFv. (b) Fv.

scFv (10 og/ml), and then with mouse anti-c-myc 9E10
(Santa Cruz Biotech, CA). Finally, fluorescein isothiocyan-
ate (Fl'l'C)-conjugated goat anti-mouse IgG (BioSource
International, Camarillo, CA) was used. In the case of
MUSEll IgG binding, fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse IgG was added after the incu-
bation of 50 ml of IgG (10 ug/ml) with TFK-1 cells (5 x 105).
The stained cells were analyzed by flow cytometry (FACS
Calibur, Becton Dickinson, San Jose, CA).

RESULTS

Vector Construction—The antibody variable regions in
the cDNA constructed from the mRNA of MUSEll hybri-
doma cells were amplified using commercially available
primers (Ig primer kit, Novageh, Madison, WI). PCR prod-
ucts of both chains were sequenced, and the results were
identical to the sequence described previously (20).

The amplified genes were used to construct expression
vectors for Fv and scFv fragments. As shown in Fig. 1,
three plasmids were constructed for the expression of the
variable region fragments as follows: (i) Fv, (ii) scFv (VH-

Fig. 2. Expression and purification of MUSEll single chain
antibody (scFv). (A) SDS-polyacrylamide gel electrophoresis
(PAGE) and (B) Western blotting of proteins from different fractions
of E. coli BL21 (DE3) cells are shown. Cells from 20 pJ of overnight
culture were subjected to 12.5% PAGE, and the gel was stained with
CBB-R250. Lanes: 1 and 4, culture supernatant of scFv, 2 and 5,
periplasmic fraction of scFv; 3 and 6, insoluble fraction of scFv. 1,2,
and 3 are scFv (G3), while 4, 5, and 6 are scFv (Gl). Gl and G3 are
the linkers (GGGGS) and (GGGGS^, respectively. (C) SDS-PAGE of
immobilized metal-affinity chromatography (IMAC)-purified scFvs.
Lanes; 1 and 5, total proteins in the insoluble fraction; 2 and 6, flow
through fraction; 3 and 7, wash fraction; 4 and 8, eluted fraction. 1-
4, scFv(G3); 5-8, scFv (Gl).
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VL) for secretory expression, and (iii) scFv (VL-VH) for
secretory expression. The secretory expression vector of the
Pv fragment was constructed by di-cistronic arrangement
of both chains. The gene encoding single-chain Fv frag-
ments were constructed by linking the domains with poly-
peptide linkers (GGGGS)3 or (GGGGS) as described in
"MATERIALS AND METHODS."

Expression and Purification of Variable Region Frag-
ments—The overexpression of MUSE 11 scFv or Fv was
induced with 1 mM IPTG as described in "MATERIALS AND
METHODS." Bacterial supernatant, periplasmic, and intrac-
ellular soluble and insoluble fractions were separated to
examine the cellular localization of scFv. Almost all of the
scFv fragments with the usual linker (designated scFv-G3)
and with the short linker (designated scFv-Gl) were
detected in insoluble fractions, although a small amount of
gene product was expressed in the periplasmic fraction
(Fig. 2).

In the case of the Fv fragment, the VH fragment was
overexpressed in insoluble fractions from SDS-PAGE (Fig.
3), while only a small amount of VL fragment could be ob-
served. However, almost all of the VH fragments flowed
unretained through the immobilized metal-affinity column
(LMAC) under denaturing conditions, with only the Fv frag-
ment eluting almost stoichiometrically. The VH fragment
and VL fragment are expressed separately using two vec-
tors, and almost none of the VH fragment expressed could
be detected using anti-6xHis antibody and flowed through
the LMAC despite its high expression, while the VL frag-
ment could be detected and purified using IMAC (data not
shown). This strongly suggests that the C-terminal region
of the VH fragment is subjected to proteolysis in vivo. N-
terminal sequence analysis of the purified VH and VL
chains showed them to be processed in vivo correctly, i.e.
processed at the C-terminal of the pelB signal sequence,
and retained in the inner membrane of E. coli. They could
be purified to homogeneity with LMAC followed by gel fil-
tration on Sephacryl S-200 under denaturing conditions.
The final yields of scFv and Fv were estimated to be about
5 mg and 1 mg, respectively, per liter of culture.

( A ) ( B ) •

M l 2 3 M 4 5 6 7 8 M I 2 3 M 4 5 6 7

Fig. 3. Expression and purification of MUSE11 Fv fragment.
(A) SDS-polyacrylamide gel electrophoresis and (B) Western blot of
each fraction of E. coli BL21 (DE3) cells expressing MUSE11 Fv
fragments. Lanes: 1, culture supernatant of Fv; 2, periplasmic frac-
tion of Fv; 3, insoluble fraction of Fv; 4, samples subjected to IMAC;
5, flow through fraction; 6, wash fraction; 7, eluted fraction; 8; re-
folded Fv. It is noteworthy that most of the expressed VH fragments
flowed unretained through the resin, while Fv could be stoichiomet-
rically eluted, Le. the molar ratio of VH is equal to VL.

Refolding of MUSE 11 Variable Region Fragments—
Renaturing of the purified variable domain fragments (Fv
and scFv) was performed according to the methods of Tsu-
moto et al. (27). The denatured purified and reduced vari-
able region fragments (5 uM) were removed by dialysis
with GuHCl at sequentially decreased concentrations (3, 2,
1,0.5, and 0 M). An oxidizing reagent (glutathione, oxidized
form, Sigma) was introduced into 1 and 0.5 M GuHCl/PBS
dialysis buffer, and 0.4 M L-Arg was added during the final
dialysis stage. Four micromoles of fragments were retained
in the solution, indicating about 75% recovery of the soluble
proteins. Gel filtration analyses of refolded MUSE 11 Fv
fragments showed that all of the refolded proteins had a
monomeric structure (ca. 25 kDa), indicating the stoichio-
metric association of VH with VL in Fv. On the other hand,
scFv-G3 and scFv-Gl were found to have dimeric struc-
tures (ca. 50 kDa) (Fig. 4) by analytical gel filtration.

Flow Cytometry Analysis of Fv- and scFv-Binding to
TFK-1 Cells and CH0-MUC1 Cells—The reactivities of the
variable region fragments to the test cells are summarized
in Fig. 5. The co-expressed and refolded Fv fragment
showed high reactivity toward MUCl-positive TFK1 cells.
The Fv fragment did not bind MUC-1-negative HT-17 cells,
suggesting the specific binding of the Fv fragment to MUC-
1 (data not shown). The slight decrease in the reactivity of
Fv observed (Fig. 5a) might originate from the number of
antigen-binding sites in the antibody, i.e. Fv is monovalent,
while the parent IgG is bivalent. However, regardless of the
length of the linker, i.e., (GGGGS)3 or GGGGS, the refolded
scFv fragments with VH-VL and VL-VH arrangements
show a greatly reduced affinity (Fig. 5), suggesting that the
linking of the domains strongly affects the association of
the scFv fragments with their target antigens. As shown in

75k 60k 25k

10 20

EluUon Volume [mt]

30

Fig. 4. Gel filtration of purified and refolded MUSE11 vari-
able domain fragments. Purified and refolded MUSE 11 variable
domain fragments were subjected to gel filtration on Superdex-75
(Pharmacia) (1.0 x 100 cm) connected to an FPLC system, pre-equi-
librated with PBS. 1 ml of refolded variable region fragments ad-
justed to 0.2 mg/ml was subjected to gel filtration analysis at a flow
rate of 0.5 ml/min. (a) scFv (Gl); (b) scFv (G3); (c) Fv.
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10°

(4) (5)

Fig. 5. Flow cytometry profiles of TFK-1 cells (1-i) and MUC1- scFvHL (G3) (2), scFvLH (G3) (3) or scFvHL (Gl) (4). When these Fv
overexpressing CHO cells (5). Open histograms, cells incubated fragments (10 jjLg/ml) were used as the first Abs, mouse anti-c-myc
with PBS as a negative control (a) and MUSE11 Ab as a positive con- 9E10 Ab was the second Ab. Staining was done with F1TC-conjugated
trol (c); filled histograms, cells incubated with MUSE11 Fv (1), goat anti-mouse IgG.

Fig. 5, the refolded Fv and scFv fragments reacted with
anti-c-myc peptdde tag mouse IgG, suggesting that these
peptide tags (c-myc peptide for detection of binding to
MUC1, and 6xHis peptide for the purification of variable
domains) were expressed and not degraded under the con-
ditions used. Thus, it is concluded that the reduction in
affinity toward the target antigen by linking the domains
originates from the significant decrease in the affinity of
single-chain Fv.

In order to determine whether the Fv fragments recog-
nize mucin MUC1 on tumor cells as the parent IgG, MUC1
overexpressing CHO cells were subjected to flow cytometric
analysis (Fig. 5). The Fv fragment reacted specifically with
MUC1(+) expressing cells, indicating that the Fv fragment
shows high specificity for MUC1. A competitive blocking
assay was also performed by flow cytometry, and the reac-
tivity of Fv the fragment decreased in a dose-dependent
fashion with the increase in the number of competitive cells
(data not shown).

Isolated VH and VL chains prepared from insoluble
inclusion bodies also show activity toward MUC1, despite a
lower affinity than Fv (data not shown). The addition of sol-
uble VL fragment to scFv, however, did not result in reac-
tivity toward MUC1, and refolding of the denatured scFv
fragment in the presence of VL fragment did not increase
the reactivity in comparison with Fv (Asano et al., manu-
script in preparation). These results suggest that the link-
ing of the domain in itself results in a significant reduction
in the affinity for MUC1.

DISCUSSION

A remarkable feature of the MUSE 11 variable domains
prepared in our E. coli expression system is that the vari-
able domains show specificity and affinity for MUC1 only
in the Fv form, and that linking the domains significantly
reduces the affinity regardless of the linker length. This
suggests that Unking the variable domains of MUSE 11
strongly reduces the association with MUC1 on tumor cells.
To our knowledge, this is the first report of a significant
reduction in affinity caused by linking the variable domains
in both arrangements, i.e., VH-VL and VL-VH.

Gel filtration analysis indicated that the prepared single-
chain Fv fragment was dimeric (Fig. 3). Multimerization of
single-chain Fv, such as to dimers and trimers (30-32, 4),
has been reported by several groups. For instance, the
dimerization of scFv has been applied to the construction of
a bi-specific antibody, diabody (33, 34). However, these
dimeric scFvs have been reported to dissociate to mono-
mers at low concentrations (35). The present scFv, however,
has a stable dimeric structure even at concentrations as
low as 1 nM.. Thus, the MUSE11 scFv forms stable dimers
with significantly reduced affinity toward MUC1. Under-
standing the folding mechanism of the scFv is intriguing
and is now under investigation.

Isolated VH and VL chains prepared from insoluble
inclusion bodies also have activity toward MUC1, although
the affinity is lower than that of Fv (data not shown). This
suggests that scFv fragments are active if the antigen bind-
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ing sites are correctly folded. However, scPv in the dimeric
form shows a significantly reduced affinity toward MUC1,
suggesting that the scFv has folded into a conformation dif-
ferent from Fv or the isolated variable domains. The scFv
might not be correctly folded due to the linking of the
domains with a polypeptide linker, Gl or G3. The addition
of VL to scFv did not enhance the affinity of the antibody
fragment (data not shown), suggesting that scFv forms a
conformation different from FV, perhaps due to intermolec-
ular interactions.

Another reason for the reduction in affinity may origi-
nate from the recognition mechanism of MUSE 11 for
MUC1. Recent crystallographic studies of antigen-antibody
complexes have pointed out the significance of the relative
orientation of the variable domains {36-38). The linker
might interfere with the correct orientation of the variable
chains.

For the stable utilization of MUSE 11 Fv and scFv in
immunotherapy, stabilization of the fragments by site-
directed and/or random mutation followed by selection (39)
is required. Fusion of the variable domain fragments with
other stable proteins such as thioredoxin (40) and superan-
tigen (41) might provide one method for stabilization.
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