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ABSTRACT

We report the genetic construction and expression of a fusion protein
between an antibody single chain-linked variable domain fragment spe
cific for human carcinomas and ÃŸ-lactamase II from Bacillus cÃ©reas.

Sequences encoding the variable regions of the L6 monoclonal antibody
were assembled so as to be separated from each other by an 18-amino acid
linker and from the mature form of ÃŸ-lactamaseby a 6-amino acid linker.

The construct was placed under the transcriptional regulation of the lac
promoter, and the PelB signal sequence was used to direct export of the
fusion protein to the periplasmic space of Escherichia coli. After induction,
biologically active material was recovered from both culture supernatants
and cell lysates. Affinity chromatography yielded about 2.5 ug of
protein/ml of initial culture volume. The fusion protein was shown to bind
to tumor cells at least as well as chemically prepared F(ab') and to

maintain ÃŸ-lactamase activity at a level similar to that of the native

enzyme. Tumor cells coated with the fusion protein were sensitive to a
cephalosporin mustard prodrug in a dose-dependent fashion comparable
to that of enzyme chemically conjugated to F(ab'). This article demon

strates the feasibility of using single chain-linked variable domain-enzyme

fusion proteins for the activation of anticancer prodrugs.

INTRODUCTION

mAbs2 directed against tumor-associated antigens have long been

the focus of investigation for their potential utility for both the detec
tion and treatment of human malignancies ( 1, 2). The ability of par
ticular mAb to specifically localize in tumor tissues in vivo offers a
variety of therapeutic approaches for cancer therapy. Natural effector
functions such as complement activation or antibody-dependent cell

ular cytotoxicity have been shown to mediate tumor cell destruction in
vitro (3), but mAb alone have not met with consistent success in the
clinic (4). Other approaches include chemically conjugating drugs or
toxins to mAb (5, 6) or genetically linking sequences encoding toxins
or biologically active domains to F(ab')s or single chain binding sites

(7). These approaches generally require distribution of the conjugate
throughout the tumor mass and efficient internalization of the complex
in order to be effective. Each of these requirements has been shown to
pose major limitations in the therapy of solid tumors (8-11).

A promising new approach for tumor therapy is to use the antigen-

binding capability of an antibody to deliver enzymatic activities to
tumor tissues, which are then exploited to convert relatively nontoxic
prodrugs into more active chemotherapeutic agents (12, 13). This is a
two-step approach in which the antibody-enzyme complex is allowed

to localize and clear from the circulation prior to the systemic admin
istration of the prodrug. Thus, the prodrug is converted to an active
chemotherapeutic agent by the enzyme which is principally located in
tumor tissue. Such an approach may overcome the limitations de
scribed above, since the released drug can migrate throughout the
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tumor mass and exert activity on both the cells that have bound the
enzyme conjugate and those that have not. Thus, one should be able
to achieve a much higher concentration of drug within tumor masses
while minimizing the toxic effects of the drug on nontarget tissues.
Several studies have now been reported indicating the potential of this
two-step approach to cancer therapy (for reviews, see Refs. 12 and

13).
The L6 mAb recognizes a tumor-associated antigen present on

breast, colon, lung, and ovarian carcinoma cells (14). The variable
region genes encoding this specificity have been cloned and se-

quenced, and a molecular model of the binding site has been con
structed and analyzed in some detail (15). A phase I clinical trial
demonstrated that the antibody can localize to metastatic lesions in
vivo (16), and early results from an additional phase I trial indicate that
I31l-labeled chimeric L6 localizes well to tumor (17) and appears to

have therapeutic activity (18).
In a previous study (19), the F(ab')2 fragment of the L6 mAb was

chemically conjugated to ÃŸ-lactamase II from Bacillus cereus. The

conjugate rendered tumor cells bearing the L6 antigen sensitive to
the prodrug CM via its conversion to the cytotoxic drug phenylene
diamine mustard (19). The method used for conjugate preparation
involved combining L6 F(ab')2 and BCÃŸL,which were chemically

modified with maleimide and thiol groups, respectively. Conjugates
prepared in this manner can be highly heterogeneous due to the lack
of specificity inherent in the cross-linking reagents used. There may

be significant advantages in using recombinant methods for the prep
aration of mAb-enzyme conjugates, since uniform products are ob

tained that should have more predictable biological properties.
In this study, we report the genetic construction and expression of

a fusion protein possessing the binding domains of the L6 antibody
linked to BCÃŸL.The fusion protein is produced by Escherichia coli in
an active form that does not require refolding. This molecule binds to
tumor cells comparably to that of Lo-F(ab') and renders antigen-

positive cells sensitive to the effects of the prodrug CM in a dose-

dependent fashion.

MATERIALS AND METHODS

Genetic Construction of L6-sFv-BCÃŸL. pUCIS was modified by the

replacement of the multiple cloning site with a synthesized multiple cloning
site containing the following restriction endonuclease sites 5' to 3': Atol; Xba\\

Sstl; Pstl; Xhol; HindlU; and Noll. A 71-base pair fragment encoding the PelB

(20) leader sequence was synthesized with cohesive ends to allow insertion
into the Ncol and Xbal sites. The L6 heavy and light chain variable regions
were obtained by PCR (21-23) amplification of genomic clones (15). Oligo-

nucleotide primers used in the PCR were synthesized to contain restriction sites
to enable ligation into the multiple cloning site in frame with the leader
sequence. The light chain was inserted between the Xbal and 5Â«!sites and the
heavy chain was inserted between the Pstl and Xhol sites. The 3' terminus of

the heavy chain was modified to contain a Smal site followed by a stop codon.
The variable regions were separated by a 54-base pair fragment encoding a
synthetic 18-amino acid linker fragment. In addition to the (gly4-ser)3 linker

described by Huston et al. (24) three additional amino acids were introduced
as a consequence of the Sstl and Pstl restriction sites. These were glutamic acid

and leucine following VL and leucine preceding VH. This construct, designated
pIG 101, was used to produce L6-sFv as described below for the fusion protein.
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L6-sFv-BCÃŸL was constructed by digesting pIGlOl with Smal and HindlU

and inserting sequences encoding the mature form of BCÃŸLfrom Bacillus
cereus (kindly provided by Dr. J. Oliver Lampen, Rutgers University). This

portion of the construct was prepared by PCR amplification of the cloned gene
using oligonucleotides that specified a 6-amino acid linker fragment at the 5'
end and a stop codon followed by a Hindlll restriction site at the 3' end. The

PCR product was phosphorylated using T4 polynucleotide kinase (Boehringer
Mannheim Biochemical, Indianapolis, IN), digested with Hindlll, and ligated
into the vector, in frame with the L6 sFv. The nucleotide sequence of this
construct (designated pIG101-B2) was verified by dideoxy chain termination

sequencing (Sequenase; United States Biochemical Corp.).
Expression and Purification. Plasmid pIG101-B2 was transformed into a

mutant strain of E. coli, XL1 Blue (Stratagene, La Jolla, CA), XLl-Blue-A3,3

and the cultures were grown overnight in T broth (25) containing 100 ug/ml
ampicillin and 1% glucose in a 30Â°Cshaker. The culture was diluted 1:100 in
T broth lacking exogenous glucose and shaken at 30Â°C.When the culture

attained AHU = 0.6, isopropyl-ÃŸ-D-thiogalactopyranoside was added to a final

concentration of 0.2 HIM.Cells and supernatant were harvested 16 h later. The
culture was centrifuged at 6000 X g for 10 min, and the supernatant was sterile
filtered and saved. The cell pellet was resuspended in PBS at 0.1 X the original
culture volume and lysed with a Braun (Model Sonic U. Allentown, PA)
sonicator using a 0.75-inch probe at 280 W for 45 s, twice, on ice. The sonicate

was centrifuged at 20,000 X g for 20 min, cell debris was discarded, and the
lysate was sterile filtered. Fusion protein was recovered from both the super
natant and cell lysate by chromatography on an anti-L6 idiotype 13B immu-
noaffmity column (26). The 13B anti-idiotypic antibody was coupled to Affi-
gel HZ according to the manufacturer's protocol (Bio-Rad, Richmond, CA).

Protein was eluted from the column with 0.1 M sodium citrate (pH 2.2) and
neutralized with 1 M Tris (pH 9). Eluates were dialyzed versus PBS. Amino
acid analysis was performed to determine the protein purity and concentration.
Protein concentration was also determined using the bicinchoninic acid assay
(Pierce. Rockford. IL).

Enzyme Kinetics. The specific activities of enzyme solutions were deter
mined using nitrocefin (27) and CM (19) as substrates.

Nitrocefin Assay. The enzyme was incubated with nitrocefin (final con
centration, 50 UM) in PBS containing 12.5 ug/ml bovine serum albumin and
100 mM sodium borate (pH 7.5), while continuously recording the increase in
absorbance at 490 nm for 2 min.

CM Assay. Various concentrations of CM ( 1.2-37 UMfor BCÃŸL;3.4-56 MM
for L6-F(ab')-BCÃŸL; and 2-61 UMfor L6-sFv-BCÃŸL) in 10 mM Tris HC1 (pH

7.5) containing 0.15 Msodium chloride. 0.1 mM ZnSO4, and 12.5 ug/ml bovine
serum albumin were incubated with BCÃŸL(126 ng BCÃŸL/ml), L6-F(ab')-

BCÃŸL(92 ng BCÃŸL/ml), or L6-sFv-BCÃŸL (128 ng BCÃŸL/ml). The initial
velocities were estimated from the loss of absorbance at 266 nm (Ae2M)= 1.8
x IO4 cm'1) as previously described (19). Km and ical values were obtained

from Lineweaver-Burk plots of the data. Each value represents the mean of

duplicated runs in two independent experiments.
L6-F(ab')-BCÃŸL Preparation and Purification. Whole L6 mAb was

treated with pepsinogen to yield L6-F(ab')2 fragment, as described previously
(19). To obtain the F(ab') fragment, L6-F(ab'): was incubated with 5.0 m.M

dithiothreitol for 75 min at ambient temperature. Removal of oxidized and
unreacted dithiothreitol was achieved by gel filtration through a Sephadex
G-25 column (PD-10'; Pharmacia. Piscataway, NJ). A total of 4 sulfhydryl
groups/F(ab') fragment were present as indicated by titrating an aliquot of the
purified mAb with 5,5'-dithiobis-(2-nitrobenzoic acid). In order to reform

heavy-light chain disulfides, the reduced mAb was incubated for 60 min at
ambient temperature with 5.0 mM 5,5'-dithiobis-(2-nitrobenzoic acid). Excess
and reacted 5,5'-dithiobis-(2-nitrobenzoic acid) were removed by dialyzing

twice (46 h total) against PBS and once (24 n) against PBS containing SM-2
polystyrene beads (Bio-Rad). Analysis by SDS-PAGE gave a band of approx

imately M, 50,000. The estimated purity was greater than 75%. Reduction of
an aliquot of the material with dithiothreitol yielded an incorporation of 1.2
5-thio-(2-nitrobenzoic acid) groups/L6-F(ab'). Protein concentration was de

termined using the bicinchoninic acid assay (Pierce).
The purification and modification of BCÃŸLwith 2-iminothiolane has been

described previously (19). The thiolated enzyme was mixed with the 5-thio-
( 1-nitrobenzoic acid) substituted L6-F(ab') at a 1.3:1.0 molar ratio of Lo-F(ab')

to BCÃŸL.The solution was incubated for 60 min at ambient temperature,
cooled to 4Â°C,and N-ethylmaleimide (final concentration 0.1 mM) was added

to block any remaining sulfhydryl groups. Purification of the conjugate was
achieved using gel filtration and cation-exchange chromatography, as previ

ously described (19).
SDS-PAGE and Western Blot Analysis. Purified fusion protein was an

alyzed along with chimeric L6 whole antibody and L6 sFv on 4â€”20%SDS-

PAGE gels under reducing and nonreducing conditions. Gels were either
stained with Coomassie blue or transferred to nitrocellulose in 25 mM sodium

phosphate buffer (pH 7) for l h at 180 mA. The filters were placed in blocking
buffer (2% powdered milk in PBS) overnight incubated with polyclonal anti-
rabbit L6 (Dale Yelton, Bristol-Myers Squibb Pharmaceutical Research Insti

tute) (1:2000) in blocking buffer for 1 h, washed 3 times for 10 min each in
PBS-Tween (0.05%), and incubated for l h in goat anti-rabbit IgG-horseradish

peroxidase (Jackson Immunoresearch Laboratories, West Grove, PA) ( 1:2000)
in blocking buffer. After 3 10-min washings in PBS-Tween, blots were devel

oped with the enhanced chemiluminescence Western blot detection system
(Amersham, Arlington Heights, IL) and exposed to x-ray film for 5 to 30 s.

Antigen-binding Assay. H2981 cells (3 X IO5)(14) bearing the L6 antigen
were incubated on ice with chimeric L6, L6-F(ab'), or L6-sFv-BCÃŸLat various
concentrations in incomplete modified Dulbecco's medium with 10% fetal

bovine serum for 30 min in a total volume of 100 ul. Fluorescein-Iabeled whole

L6 antibody ( 10 ug/ml, 0.1 ml) was added and the incubation was continued for
10 min. Cells were washed twice with cold medium, resuspended in 200 ul of
medium, and subjected to fluorescence-activated cell sorter analysis. The mean

channel number of fluorescence for each sample was converted to linear
fluorescence equivalents. Binding ratios were determined by dividing the
linear fluorescence equivalents of each sample by that obtained for H2981 cells
which were incubated in medium alone.

Cytotoxicity. H2981 cells in incomplete modified Dulbecco's medium with

10% fetal bovine serum were seeded into 96-well microtiter plates at 8000
cells/well and allowed to adhere overnight at 37Â°C.The cells were exposed to
different concentrations of BCÃŸL.L6-F(ab')-BCÃŸL. or L6 sFv-BCÃŸLfor l h

at 4Â°C,washed 3 times with cold medium, and then treated with CM at a
concentration of 10 UMfor l h at 37Â°C.The cells were then washed 3 times with
medium and incubated an additional 18 h at 37Â°C.This was followed by a 6-h
pulse with ['H]thymidine (1 uCi/well). Cells were detached with trypsin-

EDTA, harvested onto filter mats, and counted on an LKB-Wallac 1205 liquid

scintillation counter.

RESULTS

Genetic Construction and Expression of L6-sFv-BCÃŸL. The
plasmid pIG101-B2 was constructed as shown in Fig. 1. Transcription

of the gene construct was driven by the lac promoter, and the PelB
leader sequence (21 ) was used to direct export of the fusion protein to
the periplasmic space of Â£.coli. The L6 variable region gene segments

Linker
G S G G S G

GGTAGCGGCGGTTCTGGT

lac
(Gly4Ser)3Linker

pelb VLVH/3-lactamase

PIG101-B2

ampr

3 J. E. Somerville, manuscript in preparation.

on
Fig. 1. Schematic diagram of plasmid pIG10!-B2. [>, region containing the lac pro

moter, operator, and CAP binding site. Immediately following the promoter region is a
boxed region containing in order; PelB leader sequence, L6 VL gene, (gly.j-ser).i linker,

L6 VH gene, and BCÃŸLgene.
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were separated by a spacer region designating an 18-amino acid linker
containing (gly4-ser), as described previously (24) and in "Materials
and Methods." The fragment encoding the mature form of BCÃŸLfrom
Bacillus cereus (28) was then inserted in frame 3' of the sFv but

separated by a sequence encoding a 6-amino acid linker segment.

Thus, the open reading frame encoded a mature recombinant protein
composed of 482 amino acids (after appropriate processing of the
leader segment) with a predicted M, 51,923.

The pIG101-B2 plasmid was used to transform XLl-Blue-A3 strain

of E. coli. Expression of the fusion protein was induced by the addi
tion of isopropyl-ÃŸ-o-thiogalactopyranoside to a final concentration of

0.2 ITIMand cultures were harvested 16 h postinduction. Both cell
lysates and culture supernatants were examined for the presence of
ÃŸ-lactamaseenzymatic activity using nitrocefin as substrate (27). It

was discovered that 40% of the total enzyme activity was present in
the culture supernatant and 60% of the activity remained associated
with the cells (presumably in the periplasmic space) and could be
released by sonication. Both culture supernatant and cell sonicates
were subjected to immunoaffinity purification for recovery of the
fusion protein. The anti-idiotypic antibody 13B, which recognizes an

epitope present on the L6 heavy chain variable region (26), was used
for purification. The purified fusion protein was quantitated by amino
acid analysis and was determined to be ~95% pure. The combined

yield from both supernatant and cells was 2.5 (jg of fusion protein/ml
of starting culture volume.

SDS-PAGE and Western Blot Analysis. Purified fusion protein
was analyzed by SDS-PAGE and found to principally migrate as a

single species with the expected Afr 52,000 under both reducing and
nonreducing conditions (Fig. 2A). A small amount of protein with an
apparent molecular weight of approximately 40,000 was also ob
served. Western blot analysis was performed using rabbit antiserum
specific for L6 (Fig. 2B). Under both reducing and nonreducing
conditions this reagent reacted equally well with L6 heavy chain, L6
sFv, or the sFV-BCÃŸLfusion protein. The antiserum did not recognize

the minor component migrating at M, 40,000. Therefore, this protein
is most likely an impurity that bound nonspecifically to the 13B
antiidiotype column. This antiserum also did not detect the reduced L6
light chain (Fig. 2fl).

ÃŸ-Lactamase Enzymatic Activity. Using CM as a substrate, the
enzymatic activity of the fusion protein was compared with that of
BCÃŸLand chemically conjugated L6-F(ab')-BCÃŸL. The reaction was

monitored spectrophotometrically by measuring the decrease in ab-
sorbance at 266 nm which results from hydrolysis of the ÃŸ-lactam

ring. The Km and kKMvalues for the three proteins were obtained from
Lineweaver-Burk plots. As shown in Table 1, the fccaland Km values

of the fusion protein were approximately the same as those measured
for purified BCÃŸLand the L6-F(ab')-BCÃŸL chemical conjugate. This

indicates that the fusion protein possesses the full enzymatic activity
of BCÃŸLand that no activity is lost during its isolation and purifica
tion. The Km and /feca,values of BCÃŸLare different from those reported
earlier (19) primarily because the assay conditions are different.

Antigen Specificity. The L6-sFv-BCÃŸLfusion protein was com
pared to bacterially expressed L6-sFv, chemically prepared Lo-F(ab'),

and whole L6 for the ability to inhibit fluorescein isothiocyanate-

labeled L6 mAb from binding to H2981 cells. As shown in Fig. 3, both
L6-sFv and L6-sFv-BCÃŸLblocked the binding of the parent antibody
equally well, indicating complete retention of antigen-binding activity

for the fusion protein. The fact that whole L6 displayed a greater level
of inhibition is most likely due to its ability to bind in a bivalent
manner. Interestingly, the fusion protein was slightly more effective at
binding inhibition than the F(ab') molecule. An irrelevant antibody at

comparable concentration did not inhibit L6-FITC binding (data not

shown). These results demonstrate that the specific binding activity of
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Fig. 2. SDS-PAGE and Western bloi analysis of purified chimeric L6 monoclonal
antibody, L6 sFv, and L6-sFv-BCÃŸL fusion protein. In A. samples were electrophoresed
on a 4â€”20%pol yaery lami de gel and stained with Coomassie blue. B. Western blot analysis
of a 4â€”20%gel as seen in A using anti-rabbit L6 antiserum for detection. Left, relative
positions of the molecular size markers (kd, molecular weight in thousands).

Table 1 Kinetic valÃºenof BCÃŸLand BCÃŸLconjugates using CM as substrate

ProteinL6-sFv-BCÃŸL

L6-F(ab')-BCÃŸL

BCÃŸL*c.,(s-')KM
116132Km(|lM)22.6 24.1

28.7*c.,/*m4.6
4.8
4.6

the fusion protein is retained to a degree comparable to that of a
genetically engineered sFv and that it is at least as good as chemically
prepared F(ab').

Activation of CM. The L6-sFv-BCÃŸLfusion protein was com

pared to the chemical conjugate, as well as to the unconjugated en
zyme, for the ability to render L6 positive tumor cells sensitive to the
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Fig. 3. Inhibition of L6-fluoroscein isthiocyanate binding to L6-antigen bearing tumor
cells. H2981 cells were preincubated with either whole L6 antibody, chemically prepared
L6 Flab'I, Â£.co/i-expressed L6 sFv or L6-sFv-BC/3L prior to incubation with fluoroscein

isthiocyanate labeled L6 antibody. Fluorescence intensity was determined by fluores
cence-activated cell sorter analysis as linear fluorescence equivalents. Binding ratios were
calculated by dividing the linear fluorescence equivalents of the sample by the linear
fluorescence equivalent of untreated H2981 cells.

100
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BC/3L
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[BQ3L] (nM)
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Fig. 4. In vilro cytotoxic effect of the prodrug CM on H2981 cells preincubaled with
either BCÃŸL.L6-F(ab)'-BCÃŸL, or L6-sFv-BCÃŸL. Cytotoxicity was measured by the
inhibition of |'H|thymidine incorporation and is reponed as the percentage of ['H]-

thymidine uptake compared to that of untreated control cells.

effects of the prodrug CM. Fig. 4 shows the results of these experi
ments, in which tumor cells were incubated with various amounts of
one of the three proteins, washed, and then exposed to lO UMof the
prodrug CM (19). These conditions were chosen since CM is not
cytotoxic to tumor cells at 10 UM,while the released drug phenylene
diamine mustard is highly cytotoxic (19). The fusion protein increased
the sensitivity of H2981 cells to the prodrug in a dose-dependent

fashion. The activity was slightly less than that of the chemical con
jugate and at least 10-fold better than that of the free enzyme BCÃŸL.

These results provide evidence that the fusion protein binds to cell
surface antigens and converts CM into an active cytotoxic agent.

DISCUSSION

Several recent studies have demonstrated that significant in vitro
and in vivo activities can be obtained using mAb-enzyme conjugates

for prodrug activation (12, 13). With only two exceptions (29, 30), the
conjugates have been prepared using chemical cross-linking reagents

that react with amino acid side chains on each individual protein of the
conjugates. These reagents have an inherent lack of specificity, and
the resulting conjugates are composed of highly complex mixtures,
presumably with varying degrees of binding and enzymatic activities.

Molecular biological techniques offer the opportunity to design and
produce well defined molecules. Single chain binding sites derived
from antibodies with desired specificities afford the opportunity of

maintaining the antigen-binding characteristics of the multichain pa

rental antibody on a single molecule that is a fraction of the molecular
weight (24, 31 ). Such molecules have been shown to offer advantages
over whole antibody with respect to tumor penetration and clearance
from the circulation (32). Furthermore, it is possible to genetically
fuse such single chain binding sites to sequences encoding other
functional domains, providing molecules having multiple activities
with minimal size. Another advantage of genetically engineering sin
gle chain molecules of minimal complexity is that such fusion proteins
can be produced using prokaryotic expression systems which grow
rapidly and inexpensively.

In this study the PelB leader sequence was incorporated to direct
export of the fusion protein into the periplasmic space, where proper
folding and disulfide bond formation may occur. Several studies have
reported the recovery of biologically active material directly from E.
coli culture supernatants when using this approach (33).

We have shown with this approach that a fusion protein bearing
both L6-binding and ÃŸ-lactamase enzymatic domains can be ex

pressed in E. coli resulting in the appreciable accumulation of active
protein both in the culture supernatant and presumably in the peri
plasmic space. A more in-depth analysis of the expression of L6 sFv

alone shows that the PelB leader segment does, in fact, direct export
to the periplasmic space, and is appropriately processed.1 We have

shown that the recombinant fusion protein can be readily purified by
affinity chromatography from either supernatant or processed cells
without additional refolding and that the material recovered maintains
the functional activities of both the respective parent molecules. This
is based on studies showing that the fusion protein binds to cell
surface receptors as well as the parent sFv molecule does (Fig. 3) and
has enzymatic activity comparable to BCÃŸL(Table 1). The work
described here also constitutes the first demonstration that an sFv-

enzyme fusion protein can be used to activate an anticancer prodrug.
Future studies will determine the ability of this molecule to localize in
tumors and activate prodrug in vivo.
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