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Betacellulin (BTC) is one of the members of the epidermal growth factor
(EGF) ligand family of ErbB receptor tyrosine kinases. It is a differentiation
factor as well as a potent mitogen. BTC promotes the differentiation of
pancreatic acinar-derived AR42] cells into insulin-producing cells. It inde-
pendently and preferentially binds to two type I tyrosine kinase receptors,
the EGF receptor (ErbB1) and ErbB4. However, the physiochemical charac-
teristics of BTC that are responsible for its preferential binding to these two
receptors have not been fully defined. In this study, to investigate the
essential amino acid residues of BTC for binding to the two receptors, we
introduced point mutations into the EGF domain of BTC employing error-
prone PCR. The receptor binding abilities of 190 mutants expressed in
Escherichia coli were assessed by enzyme immunoassay. Replacement of the
glutamic acid residue at position 88 with a lysine residue in BTC was found
to produce a significant loss of affinity for binding to ErbB1, while the affinity
of binding to ErbB4 was unchanged. In addition, the mutant of BTC-E/88/K
showed less growth-promoting activity on BALB/c 3T3 cells compared with
that of the wild-type BTC protein. Interestingly, the BTC mutant protein
promoted differentiation of pancreatic acinar AR42] cells at a high frequency
into insulin-producing cells compared with AR42] cells that were treated
with wild-type BTC protein. These results indicate the possibility of design-
ing BTC mutants, which have an activity of inducing differentiation only,
without facilitating growth promotion.
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Introduction

Betacellulin (BTC) is a member of the epidermal
growth factor (EGF) family of proteins that was
originally isolated from the conditioned medium of

Abbreviations used: BTC, betacellulin; EGF, epidermal
growth factor; TGF, transforming growth factor; BTC-mut,
BTC mutant; sErbB, soluble ErbB; ECD, extracellular
domain; IgG, immunoglobulin G; HF, hinge-FLAG; EIA,
enzyme immunoassay; HA, hemagglutinin; thBTC,
recombinant human BTC; MTT, 3-(4,5-dimetylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide; PBS, phosphate-
buffered saline; BSA, bovine serum albumin; PBS-T,
phosphate-buffered saline with 0.1% Tween-20.

p-TC-3 insulinoma cells.! It is predominantly ex-
pressed in the adult pancreas, small intestine, kidney
and liver and at lower levels in the heart, lung and
skeletal muscle.”” BTC is expressed as a membrane-
bound precursor composed of 178 amino acid resi-
dues. The metalloprotease ADAM10 mediates ecto-
domain shedding of the BTC precursor to generate
an 80-amino-acid mature BTC protein. The soluble
form of human BTC has been recombinantly pre-

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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pared from Escherichia coli and biologically charac-
terized.” Tt is known that BTC binds and activates
both the ErbB1 and ErbB4 type I tyrosine kinase re-
ceptors.”® BTC promotes proliferation of fibroblasts,
smooth muscle and epithelial cells to a similar extent
as EGF and transforming growth factor-a (TGF-o).” It
also induces the differentiation of amylase-secreting
rat pancreatic AR42] acinar cells into insulin-secreting
cells in vitro.” This activity is unique to BTC among
members of the EGF ligand family. In addition,
activin A, a member of the TGF-p superfamily, can
enhance the differentiation activity of BTC. BTC can
also promote pancreatic -cell regeneration in vivo in
either rats or mice, in which pancreatic  cells were
destroyed with streptozotocin or removed by pan-
createctomy.®'? From these observations, BTC might
be applicable for regeneration therapy of pancreatic p
cells and for the treatment of diabetes. However, the
mitogenic activity of BTC might induce growth of
potential pancreatic tumors. We therefore ascertained
if we would construct a BTC variant that would faci-
litate pancreatic differentiation but which would not
stimulate proliferation.

The amino acid residues of EGF and TGF-« that are
involved in the binding of these peptides to ErbB1
were previously investigated by site-directed muta-
genesis."''® Simultaneously, those responsible for
binding to ErbB3 and ErbB4 in the EGF domain of
heregulin-p were studied by alanine scanning muta-
genesis.'* However, no relationship between recep-
tor binding specificity and biological activity has
been reported.

In this work, we describe a procedure for random
mutagenesis, so-called error-prone PCR, to create
BTC mutants (BTC-muts) and for the preparation of
soluble ErbB (sErbB) receptors consisting of the ex-
tracellular domains (ECDs) fused to the immunog]lo-
bulin G (IgG) hinge region, which enables for scree-
ning of altered affinity of BTC binding to either
ErbB1 or ErbB4. As a result, we could successfully
identify the essential amino acid residues of BTC that
are responsible for controlling the affinity of binding
of BTC to ErbB1 and ErbB4.

Results

Generation of dimeric forms of sErbB1 and
sErbB4 fused to the hinge region of the mouse
immunoglobulin gamma chain

We designed and prepared a novel type of sErbB
receptors consisting of the ectodomains of ErbB1 and
ErbB4 to detect the binding of BTC in vitro. A number
of soluble receptors have been designed as Fc fusion
proteins have previously been constructed.'”'® One
of the advantages of Fc fusion proteins is the efficient
formation of stable homodimers of target proteins.
However, the molecular weights of Fc-fused sErbB
receptors are large (~300,000) and it is difficult to
distinguish dimers from oligomers after resolution
on SDS-PAGE. The ECD of ErbB1, even without the

transmembrane and cytoplasmic regions, has the
potential to homodimerize when bound to EGE."”
These points led us to design homodimeric forms of
sErbB1 and sErbB4 that are fusion proteins between
each ECD and the hinge region of mouse IgG-Fc,
which is responsible for heavy chain dimerization of
immunoglobulin molecules (Fig. 1a). For detection
in Western blotting, the hinge region was coupled
to a FLAG tag at the C-terminus. Both sErbB1-
hinge-FLAG (sErbB1-HF) and sErbB4-hinge-FLAG
(sErbB4-HF) expression vectors were transfected
into 293-H cells, and stable transformants expressing
sErbB-HF were obtained by G418 selection. The re-
combinant proteins that were secreted into the cul-
ture media were confirmed by immunoprecipitation
with an anti-FLAG antibody conjugated to agarose.
SDS-PAGE under reducing or non-reducing condi-
tions revealed that dimerization was detected only
when the hinge region was fused to sErbBs and not
without the hinge region (Fig. 1b). The ratio of mo-
nomeric and oligomeric forms was densitometrically
measured and calculated (Table 1). Without the
hinge region, sErbB1-FLAG (sErbB1-F) and sErbB4—
FLAG (sErbB4-F) were detected as monomeric forms
at frequencies of 74% and 63%, respectively. The
sErbBs fused to the hinge region, sErbB1-HF and
sErbB4-HF, existed as dimeric forms at frequencies of
89% and 95%, respectively.

The binding affinity of BTC for both the sErbB1-HF
and sErbB4-HF forms was assessed by a competitive
enzyme immunoassay (EIA) exploiting BTC fused to a
hemagglutinin (HA)-myc-His epitope tag, His-myc-
BTC-HA. The dissociation constant (K4q) between
sErbB1-HF and BTC was estimated to be 0.35 nM.
This K4 was calculated with the use of the Scatchard
analysis (Fig. 1c) and was consistent with the Ky4 that
was previously reported for BTC binding to ErbB1.
In addition, sErbB1-HF might possess a high-affinity
binding site of BTC because we observed a few points
on the Scatchard plot that were separated from the
regression line. As for sErbB4-HF, the Ky of BTC
binding was estimated to be 3.2 nM, which was 10-
fold lower than the binding affinity of BTC to ErbB1.
This is the first report that has assessed a K4 between
BTC and dimerized ECD of ErbB4. This K4 value is
consistent with a report that described an affinity of
ErbB4 to BTC as slightly weaker than that of ErbB1 to
BTC.'® These results indicate that our sErbB-HFs
retained the ability to bind to BTC, as well as the
binding to membrane-associated ErbB receptors.

BTC-mut proteins and their affinity for ErbB1
and ErbB4 binding

The EGF motif is highly conserved among the mem-
bers of the EGF family of peptides. Since replacement
of amino acid residues could change the receptor
binding ability of BTC, we designed a mutant library
composed of mutants with one or two mutations in
the amino acid sequence. We first examined the re-
action conditions of error-prone PCR changing the
concentration of manganese (II) from 0 to 50 uM in
the presence of deoxy-ITP. The resultant DNA frag-
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Fig. 1. The schematic design of sErbB dimer fused to the IgG hinge region. (a) The hinge region was fused to the C-
terminus of the ECD of ErbBs for dimerization through disulfide links. The FLAG tag was fused to the C-terminus of the
hinge region for easy detection by anti-FLAG antibody. (b) The ECDs of ErbB1 and ErbB4 fused to FLAG (F) or to both
hinge and FLAG (HF) were expressed in 293-H cells and immunoprecipitated from the conditioned media by anti-FLAG
agarose and immunoblotted by biotin-labeled anti-FLAG antibody. SDS-PAGE was carried out under reduced or non-
reduced conditions. M, monomer; D, dimer; T, trimer. (c) Evaluation of the affinity of sErbB-HF to BTC. Ky values of
sErbB-HFs and BTC were calculated from the Scatchard plots based on the competitive EIA.

ment was used as the primer set to produce the full
length of BTC expression plasmid. The BTC expres-
sion plasmid DNA was transfected to E. coli; five
clones of the transformants were obtained from each
condition and were randomly picked; and plasmid
DNA was extracted and sequenced for the EGF
motif. As the concentration of manganese (II) in-
creased, the mutation of nucleotides increased (Fig.
2). When error-prone PCR was carried out in 10 pM
MnCl,, the mutants showed 3.6+1.5 nucleotide mu-
tations per 141 bp (2.0+0.9 mutations per 47 amino
acid residues). We therefore employed this condition

Table 1. Ratio of oligomeric forms of soluble receptors
detected in SDS-PAGE without reducing reagents®

sErbB1-F  sErbB1-HF  sErbB4-F  sErbB4-HF
Monomer 74.0 0 62.6 0.9
Dimer 17.6 88.9 26.8 94.6
Trimer 8.4 11.1 10.6 45

Data are expressed as percentages.
# Results are summarized from the SDS-PAGE in Fig. 1b.

10

]
|

Number of nucleotide mutation
Number of amino acid mutation

2 10
Mn2+ Conc. [uM]

Fig. 2. Frequency of mutations in the EGF motif of BTC
by error-prone PCR depending on Mn?* concentration.
Error-prone PCR was carried out in varying concentrations
of MnCl, to introduce random mutation into the EGF motif
of BTC. Five clones were picked up in each reaction condi-
tion, and mutations were determined by DNA sequencing.
The white bar indicates the number of nucleotide muta-
tions per 141 bp, while the black bar indicates the number
of amino acid mutations due to the nucleotide mutations
per 47 amino acids.
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of error-prone PCR with 10 uM MnCl,, which would
optimize the mutation rate, resulting in the replace-
ment of at least one amino acid residue in BTC. The
PCR products were used to transform E. coli BL21-
Gold(DE3) pLysS to obtain clones grown in the
presence of 100 pg/ml of ampicillin and 15 pg/ml of
chloramphenicol. The resultant 190 colonies were
cultured independently in 96-deep-well plates, and
mutant proteins were expressed. The crude extracts
including each BTC-mut were collected. Seventeen
BTC-muts were randomly selected from the plates
and immunoblotted with an anti-HA antibody to
confirm the presence of each mutant (Fig. 3a). The
affinity of the BTC-muts in the crude extracts for
ErbB1 and ErbB4 was evaluated with sErbB1-HF and
sErbB4-HF in an EIA system. From the results, inter-
action indices were plotted to evaluate the preference
of each BTC-mut for binding to ErbB1 or ErbB4 (Fig.
3b). Several mutants were picked according to the
indices and evaluated in a secondary EIA. Mutants
were found to segregate into three representative
groups of clones 1C11, 2H6 and 2G10, of which DNA
sequences corresponding to the EGF domain were
validated. Two of the three mutants derived from
clones 1C11 and 2H6 were found to have a mutation
at the same amino acid residue. The mutations resul-
ted in the replacement of the amino acid residue of
D/108/G in 1C11 and 2H6 and that of E/88/K in
2G10 (Fig. 3c). These two BTC-muts were purified by
Ni-chelating affinity chromatography, coated on the
ELISA plates and then assessed for their binding
affinity to ErbBl and ErbB4 by competition EIA.

(a)

Wild-type BTC (BTC-WT) or BTC-D/108/G derived
from 1C11 coated in the ELISA plates was treated
with a mixture of 2.7 nM sErbB1-HF and various
concentrations of recombinant human BTC (rhBTC)
to evaluate the binding affinity to ErbB1; in addition,
BTC-E/88/K derived from 2G10-coated plates was
treated with a mixture of 270 nM sErbB1-HF and
various concentrations of rhBTC. Similarly, plates
that were coated with BTC-WT or the two BTC-mut
proteins were treated with a mixture of 2.7 nM
sErbB4-HF and various concentrations of rhBTC to
evaluate the binding affinity to ErbB4. Interaction
between sErbB-HFs and the BTC proteins that were
fixed on the plates was detected by addition of an
anti-FLAG monoclonal antibody conjugated to pero-
xidase. As shown in Fig. 4, Scatchard plots evaluated
for Ky values for BTC-mut proteins and binding to
sErbB-HFs were estimated from the slope of the
regression lines. Interestingly, BTC-E/88/K exhib-
ited a 160-fold lower affinity for binding to ErbB1
compared with BTC-WT. In contrast, the affinities of
binding to ErbB4 of both proteins were not sig-
nificantly different (Table 2). In addition, the affinity
of BTC-D/108/G for binding to either ErbBl or
ErbB4 was not significantly altered.

Mitogenic and differentiating activities of
BTC-E/88/K mutant protein

The biological activity of the BTC-mut proteins
was assessed by the growth promotion of BALB/c
3T3 cells and the differentiation of AR42] cells. Using
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WT 65 HFSRCPKQYKHYCIKGRCRFVVAEQTPSCVCDEGYIGARCERVDLFY 111
1C11 65 HFSRCPKQYKHYCIKGRCRFVVAEQTPSCVCDEGYIGARCERVGLFY 111
2G10 65 HFSRCPKQYKHYCIKGRCRFVVAKQTPSCVCDEGYIGARCERVDLFY 111
TGF-a 4 HFNDCPDSHTQFCFHGTCRFLVQEDKPACVCHSGYVGARCEHADLLA 50

alignment of the two types of clones
and BTC-WT. Amino acid residues
replaced by the mutation in the EGF
motif are depicted with in boldface.
The dagger indicates the mutation
position of clone 2G10 (BTC-E/88/
K). The positions of the cysteine re-
sidues are shown with the disulfide
bridge pairs as A-, B- and C-loops.
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Fig. 4. Evaluation of the affinity of BTC-mut proteins for ErbB1 and ErbB4. BTC-E/88/K from the clone 2G10 and
BTC-D/108/G from the clone 1C11 have been subjected to competitive EIA. Ky values of BTC-mut proteins and receptor
were calculated from the Scatchard plots based on the competitive EIA. The Ky values are summarized in Table 2.

3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay to monitor cell proliferation,
we observed an ECsj of 20 pM for BTC-WT protein in
the ability to stimulate BALB/c 3T3 proliferation
after 2 days. This EC5, value for BTC-WT protein was
almost 30-fold lower than the concentration at which
BTC-E/88/K protein produced a similar level of
growth promotion (Fig. 5). This result indicates that
the BTC-E/88/K protein has diminished activity to
stimulate cell growth due to the looser affinity of
binding to the ErbB1 compared with the BTC-WT
protein.

Since BTC promotes differentiation of AR42] cells
into insulin-expressing cells in the presence of activin
A, the BTC-muts were assessed for activity in this
context. AR42]J cells were treated with BTC-WT or
BTC-mut protein for 2 days in the presence of 2 nM
activin A and were then evaluated for insulin expres-
sion by immunohistochemistry using an anti-insulin

Table 2. Dissociation constant (Kg) values for BTC-muts
and receptors

BTC  Mutation site Ky for ErbBl (nM) Ky for ErbB4 (nM)

WT — 0.35 3.2
1C11 D/108/G 0.19 5.1
2G10 E/88/K 58 6.7

antibody (Fig. 6a). When AR42] cells were treated
with 1 nM BTC-E/88/K mutant protein, insulin-po-
sitive cells appeared more frequently compared with
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Fig. 5. Evaluation of cell growth-promoting activity of
BTC and the mutant proteins. Two thousand BALB/c 3T3
A31 cells were cultured with the growth factors for 2 days.
MTT was added to the culture medium, followed by incu-
bation for 6 h at 37 °C to form MTT formazan. MTT forma-
zan was dissolved with 10% SDS containing 20 mM HCI,
and absorbance at 570 nm was measured. Closed square
indicates EGF; closed circle, rhBTC; open circle, His—-myc—
BTC-HA; open square, BTC-D/108/G; and closed trian-
gle, BTC-E/88/K. BTC-D/108/G was derived from 1C11.
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Fig. 6. Evaluation of the differentiation in AR42] cells. Insulin production in AR42] cells induced by BTC and its
derivatives was assessed in the presence of activin A. (a) Cells were treated with BTC-muts in the presence of activin A and
stained with anti-insulin antibody. Photographs of gray images (top) were shown as the fluorescent intensity with
pseudocoloring function of “LUT_panel” plugin by using Image]. (b) The number of insulin-positive cells was counted in
5-10 fields in a 20 x20-mm area, and the ratios of insulin-positive cells to all cells were plotted. (c) Cell proliferation was
monitored by MTT assay. MTT formazan formed in the cells was dissolved, and absorbance at 550 nm was measured. SD

was calculated from four independent experiments.

those treated with activin A only. This differentiation
activity as assessed on AR42] cells by BTC-E/88/K
was nearly equivalent in activity to that of BTC-WT
protein (Fig. 6b). Sixty percent of the cells were
induced to produce insulin when stimulated by BTC-
E/88/K, while 70% of the AR42] cells were induced
to produce insulin by BTC-WT protein. The BTC-E/
88/K protein did not rescue the cell growth inhibi-
tion of AR42] cells that was produced by activin A
(Fig. 6¢). The intensity of fluorescence using an anti-
insulin antibody showed that AR42] cells treated
with BTC-E/88/K and activin A produced more
insulin compared with those treated with BTIC-WT
and activin A (Fig. 6a). The BTC-E/88/K protein in-
duced insulin production in AR42] cells similar to the
BTC-64 protein, which lacks both C-loop in the EGF
motif and the transmembrane domain by alternative
splicing.? Similarly, BTC-54 induced differentiation
of pancreatic 3 cells without stimulating prolifera-
tion of AR42J cells.'®

Discussion

The design of IgG hinge-fused sErbB receptors
successfully and efficiently formed dimeric struc-
tures that recognized and bound to BTC. The affinity
of BTC-WT protein for binding to sErbB1-HF was
similar to the activity of BTC and intact ErbB1 pre-
viously reported.” These results indicate that sErbB-
HF conforms stoichiometrically active homodimers
with the correct conformation that recapitulates the
ECD in the membrane-bound form of the ErbB
receptor as depicted in Fig. 1a. The present study

demonstrates that the IgG hinge region is sufficient
to construct sErbB dimers when fused to the car-
boxyl-terminus. Addition of different epitope tags to
the hinge region that is fused to sErbB receptors
should enable distinguishing the four types of ErbB
receptors with epitope-specific antibodies and
should not substantially inhibit ligand binding.
Another advantage of this type of fusion construct
is that it does not necessitate using antibodies that
are specific to each type of ErbB receptor.

In the use of sErbBl and sErbB4 constructs as
probes, we screened out a mutant protein, BTC-E/
88/K, from a BTC derivative expression library that
was prepared by an error-prone PCR procedure.
BTC-E/88/K showed significant loss of affinity for
binding to ErbB1 while maintaining affinity to ErbB4.

The three-dimensional structures of the ECD of all
ErbB family members have recent%g been deter-
mined from crystallized proteins.'”* ErbBl1 is the
only protein for which the structure has been deter-
mined as a complex with its ligands, EGF and TGF-
a.'”? When the three-dimensional structure of TGF-
a [Protein Data Bank (PDB) ID 1YUF] was compared
with that of BTC (PDB ID 110X), E88 in BTC was
found to correspond to E27 in TGF-a.*** This posi-
tion is marked by a dagger in Fig. 3c. The three-
dimensional structure of the ErbB1-TGF-a complex
(PDB ID 1MOX) shows that the anionic residue of
E27 in TGF-a interacts with the cationic residue of
R125 in ErbB1 through electrostatic interaction with
their side chains (Fig. 7). A comparable interaction
between BTC and ErbB1 should also occur. By re-
placement of the E88 residue in BTC with the
electrostatic charged K residue in the BTC-mut,
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Fig. 7. Possible interaction between E27 in TGF-a and
R125 in ErbB1. These schematic drawings are based on the
PDB file of the crystal structure of sErbB1 and TGF-a (PDB
ID IMOX) and drawn by Cn3D (http://130.14.29.110/
Structure/CN3D/cn3d.shtml). (a) Overall structure of
TGF-a and ECD of the ErbB1 complex. Blue balls and
sticks depict ECD of ErbB1, while light green balls and
sticks depict TGF-a. (b) The interaction site is zoomed. E27
in TGF-a and R125 in ErbB1 are depicted in yellow; the
white dotted line shows the distance of these two amino
acid residues, estimated to be 0.33 nm with the use of the
Swiss-Pdb Viewer (http://expasy.org/spdbv/).

protein interaction with the R125 residue of ErbB1 is
converted to a repellant, such that the BTC-E/88/K
mutant protein has a reduction in its affinity for
ErbB1. In ErbB4, the amino acid residue correspond-
ing to R125 in ErbB1 is Y123, which is neither a
charged nor a polar residue.” This effect may ex-
plain the fact that BTC-E/88/K did not show loss of
affinity to ErbB4 since the electrostatic charge of E88
in BTC should minimally participate in the interac-
tion between BTC and ErbB4. Further screening of
the mutant library should help identify the amino
acid residues that are significantly responsible for
regulating the affinity of binding between BTC and
ErbB4 in positions other than E88.

The presence of a third and unique receptor for
BTC that is distinct from any of the ErbB receptors

has been suggested.”® A novel variant of BTC that is
produced by differential mRNA splicing was found
in the human breast cancer cell line MCF-7.”> The
transcript of this variant was also found in normal
pancreas, liver and kidney, as well as in breast tissue-
derived fibroblasts. Due to the loss of exon 4, the BTC
precursor is translated without the C-loop in the EGF
motif and transmembrane domain from amino acid
residue C95 to amino acid residue H143. Since this
BTC variant does not contain the transmembrane
region, the spliced protein should be secreted
together with the cytoplasmic domain of the BTC
precursor. This variant has been named BTC-64 and
has been shown to have differentiation activity.'®
BTC-64 did not promote the growth of cells since it
lacked an incomplete EGF motif, which would not be
recognized by ErbBl anymore. Also, the mutant
with a deletion in the C-terminus is induced in the
differentiation of AR42] cells without promoting cell
growth.”” Novel cell surface receptors that BTC,
BTC-E/88/K, the BTC C-terminal deletion mutant or
BTC-64 might bind to, that may stimulate a signal
transduction pathway that is responsible for indu-
cing the differentiation of pancreatic 3 cells and that
might recognize only the A-loop and B-loop struc-
tures in the EGF motif may exist. There is also an
additional possibility that a cluster of basic amino
acid residues that reside within the cytoplasmic
region of BTC such that BTC might function in a
manner similar to the TAT peptide is incorporated
into the cytoplasm by endocytosis when translated
like the secreting form of BTC-54.”° In that case,
it might work itself as a transducer of differentia-
tion signal like the cytoplasmic domain of ErbB4 or
HB-EGF.**

Gene therapy using NeuroD and BTC was re-
ported to reverse diabetes in mice.*! In that study, the
NeuroD and BTC genes were simultaneously intro-
duced into the liver cells by a helper-dependent
adenovirus and induced neogenesis of islet in the
liver. This is a very intriguing finding for the future
therapy of insulin-dependent diabetes. Moreover,
BTC can promote the differentiation of hepatocyte
stem-like cells to insulin-producing cells without
exogenous NeuroD.*? However, BTC might enhance
potential tumor growth by activating ErbBl in a
manner that is similar to TGF-a when it is overex-
pressed and induces tumor growth.”®> Accordingly,
we consider the BTC-E/88/K protein variant, which
has minimal growth-promoting activity as com-
pared with BTC-WT, as a potential candidate for use
in gene therapy. Instead of using a viral expression
vector, bio-nanocapsule, which is a recombinantly
prepared envelope of hepatitis B virus without viral
genome targeting human hepatocytes, would be the
best candidate for the gene delivery vector in the case
of gene therapy.”*>® Since retargeting of modified
bio-nanocapsule is possible by replacing the pre-S1
region of the L protein, which is responsible for re-
cognizing human hepatocytes, with candidate pep-
tides that have an affinity to target other types of cells
or tissues, the BTC variant peptide that has an affi-
nity for progenitors of pancreatic p cells would be a
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p0551b1e effectlve delivery vector for regeneration
therapy.®® Further investigation and progress in the
use of BTC-E/88/K, which fails to bind with high
affinity to ErbB1 but possesses the specificity and
affinity for binding to ErbB4, could show that it
might also be efficacious as a delivery system to
target ErbB4-overexpressing tumors, such as epen-
dymoma and medulloblastoma.?”

In conclusion, we have demonstrated a novel BTC-
mut protein with a single point mutation replacing
E88 with K. This mutant protein, BTC-E/88/K,
maintains high affinity for binding to ErbB4, where-
as the affinity to ErbB1 is substantially decreased. As
a result, BTC-E/88/K can induce the differentiation
of AR42] cells, while it showed very weak stimula-
tion of cell growth. BTC-E/88/K would be a good
candidate for diabetes therapy by regenerating pan-
creatic B cells in vivo. In this study, we have suc-
cessfully shown that the dual biological activities of
BTC can be completely separated by introducing a
point mutation into BTC. Our future goals include
the determination of the amino acid residues that are
responsible for interaction of BTC with ErbB1 or
ErbB4 and the development of more active BTC-
muts that possess differentiation activity only, with-
out possessing significant mitogenic activity.

Materials and Methods

Materials

Deoxy-ATP, deoxy-TTP, deoxy-CTP and deoxy-GTP
were from TOYOBO (Osaka, Japan). Deoxy-ITP was from
Roche (Basel, Switzerland). MTT was from Sigma-Aldrich
(St. Louis, MO). Eagle’s minimum essential medium
(EMEM) and Dulbecco’s modified Eagle’s medium were
from Nissui Pharmaceutical (Tokyo Japan). thBTC was
prepared as described previously.” Recombinant human
EGF was from PeproTech (London, England).

Construction of sErbB expression plasmids

The ECD region from amino acid residues 1-640 coded
in the human ErbB1 gene (GenBank accession no. X00588)
and that from amino acid residues 1-650 coded in the
human ErbB4 gene (GenBank accession no. L07868) were
amplified by PCR from the plasmid pCO12-EGFR (RIKEN,
Wako, Japan) and from a human fetal heart cDNA (Strata-
gene, La Jolla, CA) with sense primers and anti-sense pri-
mers, respectively (Table 3). Both sense and anti-sense
primers were designed to include appropriate restriction
sequences. The PCR products were cloned into the TA

Table 3. Primers for amplifying ECD of ErbB

cloning vector pCR2.1 (Invitrogen, Carlsbad, CA). The
resultant plasmids were digested by Xhol and Agel to
excise the fragment coding for the ErbB1 ECD and by BglII
and Agel to excise the fragment coding for the ErbB4 ECD.
These fragments were then inserted downstream of the
cytomegalovirus promoter in the pEGFP-N1 expression
vector plasmid (Stratagene) together with a synthetic oli-
gonucleotide coding a FLAG epitope sequence (Table 2)
inserted at the site digested by Agel and Notl, yielding the
expression plasmids pBO507 for sErbB1-F and pBO515 for
sErbB4-F. Finally, synthetic oligonucleotide encoding for
the hinge region of mouse IgG; heavy chain (GenBank ac-
cession no. J00453) (Table 4) was inserted into the plasmids
pBO507 and pBO515 at each Agel site, yielding plasmids
pBO547 for the expression of sErbB1-HF and pBO548 for
the expression of sErbB4-HF. Each DNA sequence coding
for ErbB1 ECD and ErbB4 ECD was confirmed with the use
of an ABI-PRISM 310 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA).

Construction of expression plasmids for tagged BTC

The expression vector for the mature form of human
BTC that was tagged with His, myc and HA was cons-
tructed as follows: The synthetic oligonucleotide coding
the HA peptide derived from the human influenza HA
protein was inserted at the BamHI site of plasmid pET14b
(Novagene, San Diego, CA), which is prepared for His-
tagged recombinant expression to construct pET14b-HA.
On the other hand, the DNA coding mature BTC was
amplified from human mature BTC expressmn plasmid
pBO41 by PCR using a forward primer,” which was de-
signed with an Ndel site containing a methionine codon at
the amino-terminal of mature BTC, D32, and a reverse
primer replacing the stop codon to a leucine codon within
the BamHI site. Amplified DNA was cloned into the TA
cloning vector pCR2.1 and excised with Ndel and BamHI.
This fragment was inserted into pET14b-HA to construct
the plasmid for His-BTC-HA expression. This plasmid
was further digested with Ndel, and a synthetic oligonu-
cleotide coding a myc epitope tag (Table 4) was inserted.
Finally, the expression vector for His—-myc-BTC-HA under
the control of T7 promoter was constructed and designated
as pBO1260.

Expression and purification of sErbBs

The plasmids pBO547 and pBO548 were transfected into
the human embryonic kidney cell line 293-H cells (Invitro-
gen) by electroporation with Gene Pulser II (Bio-Rad,
Hercules, CA) to produce sErbB1-HF and sErbB4-HF,
respectively. Cells were cultured in the presence of 1 mg/
ml of G418 for 1 month to isolate stable cell lines expressing
each sErbB-HF. Ten million 293-H cells expressing each
sErbB-HF were cultured in 300 ml of Dulbecco’s modified
Eagle’s medium containing 30 mM Hepes, pH 7.5, 5%

Gene name Sequence (5’ —3’) Size of product (bp) GenBank accession no.
ErbB1 (1-640)
Forward tcttcctegageagegatgegacceteegg 1949 X00588
Reverse ggatcaccggtccattcgttggacageett
ErbB4 (1-650)
Forward gcacgagatctgagacttccaaaaaatgaa 1988 L07868
Reverse caatcaccggtgttctagcatgttgtggta
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Table 4. Nucleotide linkers and deduced peptide sequences fused to ErbB or BTC

Tag

Sequence

Mouse IgG1 hinge region
Sense (5" — 3')
Anti-sense (3" —+ 5')
Amino acids

FLAG-tag
Sense (5" —+ 3)
Anti-sense (3" + 5)
Amino acids

myc-tag
Sense (5" — 3)
Anti-sense (3" =+ 5')
Amino acids

HA-tag
Sense (5" — 3')
Anti-sense (3" —+ 5)

Amino acids

ccggtgeccagggattectggttgtaagecttgcatatgtgta
acgggtccctaagaccaacattcggaacgtatacacatggec

P V P R D S G C K P C I C V

ccggtcaagctagattacaaggatgacgacgataagatttage
agttcgatctaatgttcctactgctgctattctaaatcgecgg

P V KL D Y KDUDUDUDZEKTI -P

tatggagcagaaactcatctctgaagaggatcttgg
acctcgtcectttgagtagagacttctectagaaccat

M E ¢ K L I 8 E E D L G

gatcctaccecatacgatgttccagattacgett
gatgggtatgctacaaggtctaatgcgaactag

s Yy Pp Y DV P D Y A -

? Underlined S is a replacement of the original amino acid residue C because this cysteine residue is not responsible for the heavy
chain dimer formation in the immunoglobulin molecule, avoiding unexpected disulfide bond formation.

bu_" depicts a stop codon.

Daigo’s GF21 (Nihon Pharmaceutical, Tokyo, Japan),
0.5 mg/ml of G418 and 0.05% Pluronic F-68 (SIGMA) at
37 °C for 5 days, followed by 5 days of incubation after the
addition of 200 ml of fresh medium, after which the
conditioned medium from the cell was collected.

The collected supernatants were passed over a 1-ml
column of anti-FLAG M2 agarose affinity gel (SIGMA).
The column was then washed with phosphate-buffered
saline (PBS) in Dulbecco’s formula, and the bound proteins
were eluted with 0.1 M sodium phosphate buffer, pH 3.5.
Fractions containing sErbB-HF protein were neutralized
with 1/10 volume of 2 M sodium phosphate buffer, pH 8.0,
and the buffer was then replaced with PBS through a
desalting column PD-10 (GE Healthcare, Piscataway, NJ).

Random mutagenesis of BTC

To create a ¢cDNA library of BTC with random point
mutations, we employed an error-prone PCR procedure.
Error-prone PCR was carried out on cDNA fragment
coded for the EGF domain of BTC to create randomized
point mutations. The reaction mixture contained 1 pM
concentration of each sense primer corresponding to the
upstream sequence of the EGF motif and anti-sense primer
complementary to the HA-tag sequence, 0.1 mM deoxy-
TTP, 0.1 mM deoxy-CTP, 0.1 mM deoxy-GTP, 10 uM deoxy-
ATP, 0.1 mM deoxy-ITP, 20 mM Tris-HCl, pH 8.8, 10 mM
KCl, 10 mM (NHy4),SO4, 2 mM MgSO,, 0.1% Triton X-100,
10 pM MnCl,, 20 ng of pBO1260 as the template and
0.05 U/l of a reaction of Tag DNA polymerase (New
England BioLabs, Ipswich, MA). The reaction was carried
out by starting at 95 °C for 5 min, followed by 25 cycles of
three steps consisting of 95 °C for 30 s, 55 °C for 30 s and
72 °C for 30 s. An elongation step at 72 °C for 1 min was
added at the end of the final reaction cycle. After the
reaction was completed, the solution was applied onto 2%
agarose gel electrophoresis and the band of amplified
DNA was cut out and extracted with a QIAEX II Gel
Extraction Kit (QIAGEN, Hilden, Germany). The extracted
DNA fragment was then used as a primer in the following
PCR reaction: One microliter of DNA solution was added

to the reaction mixture containing 20 ng of pBO1260 as a
template and 0.02 U/ul of PfuTurbo DNA polymerase
(Stratagene). The mixture was heated to 95 °C for 2 min,
and the reaction was then processed through 20 cycles of
three steps of 95 °C for 1 min, 55 °C for 1 min and 68 °C for
20 min and finalized by the elongation step at 68 °C for
10 min. After the PCR reaction, the restriction enzyme
Dpnl was added to the reaction mixture to digest the
template plasmid DNA by the incubation at 37 °C for 1 h.
Finally, E. coli BL21-Gold(DE3) pLysS competent cells
(Stratagene) were transformed with newly synthesized
plasmid DNA. The colonies that were grown at 37 °C
overnight on LB agar plates containing 100 pg/ml of
ampicillin and 15 pg/ml of chloramphenicol were picked
and suspended in 96-deep-well plates containing 0.4 ml/
well of LB medium containing 100 pg/ml of ampicillin and
15 pg/ml of chloramphenicol (LB-Amp100/Cm15). Plates
were shaken overnight at 37 °C by a Deep Well Maximizer
MBR-022UP (TAITEC, Koshigaya, Japan) at 1500 rpm.
Fifty microliters of cultured medium was then transferred
to a second series of plates containing 850 ul/well of LB-
Amp100/Cm15, followed by further incubation with
shaking for 3 h at 37 °C. Then, 100 ul of LB-Amp100/
Cm15 containing 5 mM IPTG was added to each well and
cells were further incubated for 8 h at 37 °C with shaking.
Cells were harvested and resuspended in 150 pl of PBS
followed by freezing at —80 °C overnight. Frozen cell
suspensions were thawed and sonicated for 1 min at
maximum power for 20 cycles using a microplate horn
equipped on an Astrason 3000 sonicator system (Misonix,
Farmingdale, NY) with a 1-min interval on ice between
every two cycles. Supernatants were obtained by centrifu-
gation and stored as the crude extracts at —80 °C until they
were assessed.

Purification of His—-myc-BTC-HA

The procedures of bacterial cell culture and refolding
recombinant BTC were basically as previously
described.? The solution containing refolded proteins
was applied to a Ni-nitrilotriacetic acid agarose (QIA-
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GEN) column equilibrated with 0.1 M potassium phos-
phate buffer, pH 7.4, containing 0.3 M NaCl. After
washing with the initial buffer containing 10 mM imida-
zole, the adsorbed proteins were eluted with buffer
containing 150 mM imidazole. The eluted fractions were
then collected and dialyzed against ultrapure water
extensively. The amount of protein was estimated with
BCA Protein Assay (SIGMA). The purified protein was
confirmed by SDS-PAGE analysis as a single band, freeze
dried and stored at —80 °C.

Western blotting

Prior to the purification of recombinant proteins, expres-
sion was confirmed by an immunological procedure as
described below. Each sErbB-HF was immunoprecipitated
from 1 ml of the conditioned medium with 20 pl of anti-
FLAG M2 agarose by rotation at 4 °C for 16 h. The agarose
beads were then washed with PBS three times and sus-
pended in SDS-PAGE sample buffer with or without 0.4 M
2-mercaptoethanol. After electrophoresis, proteins were
transferred to a polyvinylidene difluoride membrane (Bio-
Rad). The proteins that were blotted onto the membrane
were detected by the combination of biotin-conjugated
primary antibody, anti-FLAG BioM2 antibody (SIGMA)
and avidin-horseradish peroxidase (ZYMED, South San
Francisco, CA). The peroxidase activity was monitored
with Western Lightning Chemiluminescence Reagent Plus
(Perkin-Elmer, Waltham, MA) as an enzymatic substrate
by exposing on X-ray film (Fuji Film, Tokyo, Japan). The
pattern on the film was densitometrically analyzed by
Image]t for the quantification of the bands.

The lysates of bacteria transformed with each expression
plasmid were electrophoresed and then transferred to
polyvinylidene difluoride membranes to confirm the
expression of His-myc-BTC-HA and its derivatives. The
detection of protein was carried out in the same manner as
in the case for the sErbB-HF, except for the biotin-con-
jugated primary antibody, anti-HA-biotin (Roche), alka-
line phosphatase conjugates, ExtrAvidin-AP (SIGMA) and
the enzymatic substrate CDP Star (New England BioLabs).

EIA

EIA was employed to assess the affinity of binding of the
BTC-mut proteins to ErbB1 and ErbB4 receptors. Each well
of a 96-well ELISA plate (Greiner Bio-One, Frickenhausen,
Germany) was coated with 50 ul of 2-pg/ml sErbB1-HF or
sErbB4-HF in PBS overnight at 4 °C, followed by incu-
bation with 200 pl of PBS containing 0.1% bovine serum
albumin (BSA) for 1 h at room temperature. After three
washes with 200 pul of PBS containing 0.1% Tween-20 (PBS-
T), 100 pl of the crude extracts that were diluted 30-fold in
PBS containing 0.1% BSA was applied in triplicate and
incubated for 1 h at room temperature. The wells were then
rinsed three times with PBS-T. Fifty microliters of 1.25 mU/
ml of peroxidase that was conjugated to an anti-HA high-
affinity monoclonal antibody 3F10 (Roche) was added to
each well and incubated for an additional 1 h. Wells were
washed eight times with PBS-T, followed by incubation
with 100 pl of 50 mM sodium citrate, pH 5.0, containing
0.9 mg/ml of o-phenylenediamine and 0.06% hydrogen
peroxide (OPD solution) for 30 min. Fifty microliters of
0.5 M sulfuric acid was added to each well to quench the
reaction, and the absorbance at 492 nm was measured with

thttp: //rsb.info.nih.gov /ij/

microplate reader MTP-120 (Corona Electric, Hitachinaka,
Japan).

Assessment of interaction of BTC-mut proteins with
either ErbB1 or ErbB4

For the efficient screening of the BTC-mut proteins that
have altered affinity for ErbB1 and/or ErbB4, the interac-
tion index was defined. First of all, the interaction between
sErbB and each BTC-mut protein was determined from
EIA at 492 nm using 30-fold dilutions of crude protein
extracts. The ratio of interaction for each ErbB was defined
as the ratio of the value of the EIA between the BTC-mut
protein and the BTC-WT. The ratios for ErbB1 and ErbB4
are defined as R1= (A9, for BTC-mut)/(A49, for BTC-WT)
when probed with sErbB1 and R4 =(A49, for BTIC-mut)/
(A492 for BTC-WT) when probed with sErbB4, respectively.
The interaction index is defined as I=R1/R4.

Estimation of K4 value

Competition EIA was performed based on the method
described by Djavadi-Ohaniance et al.”® to estimate the K4
value between BTC-mut proteins and sErbB1-HF or
sErbB4-HF. Each well of the plate was coated with 50 pul
of 1-ug/ml BTC-WT or BTC-mut proteins with His, myc
and HA tags and incubated at 4 °C, followed by blocking
with 200 pl of PBS containing 0.1% BSA. Wells were then
rinsed with PBS-T, and sErbB-HF with varying concentra-
tions of rthBTC, which were premixed 30 min before, was
applied to the wells. After the incubation for 30 min at
room temperature, the wells were washed with PBS-T and
50 pl of 0.1-pg/ml anti-FLAG M2 peroxidase antibody was
applied to each well. After an additional incubation for 1 h
at room temperature, wells were washed eight times with
PBS-T and incubated with 100 pl of OPD solution for
15 min. The reaction was then quenched by 0.5 M sulfuric
acid, and the absorbance at 492 nm was measured.

Cell proliferation assays

Growth-promoting activity of BTC-mut proteins was
evaluated by MTT assay on BALB/c 3T3 clone A31-714C4
as previously described.” Briefly, 2x10° cells were seeded
in 96-well cell culture plates in EMEM containing 10% fetal
bovine serum. After 20 h of incubation, the cells were made
quiescent in EMEM containing 0.5% fetal bovine serum.
Serially diluted growth factors were then added in tripli-
cate, and the cells were cultured for further 48 h. At the end
of this period, PBS containing 5 mg/ml of MTT was added
to the final concentration of 1 mg/ml. After 6 h of incu-
bation at 37 °C, 10% SDS containing 20 mM HCl was added
to each well. MTT formazan was dissolved by overnight
incubation, and the absorbance was measured at 570 nm.*’

Differentiation and proliferation assay for AR42J cells

Differentiation of AR42JB13 B-6 36 p6 cells induced by
1 nM BTC-mut protein and 2 nM activin A was evaluated
as described previously.7 Briefly, the cells were grown
and attached on cover glass slips followed by a 48-h
incubation with 2 nM activin A and 1 nM BTC-WT or
BTC-mut proteins. Cells were then fixed and immunos-
tained with anti-insulin monoclonal antibody (Spring
Bioscience, Fremont, CA) and tetramethylrhodamine
isothiocyanate-conjugated goat anti-mouse IgG (Cappel
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Laboratories, Malvern, PA). The number of insulin-
positive cells was counted by epifluorescent microscopy
(Olympus, Tokyo, Japan). An MTT assay was also
performed on AR42] cells to investigate the growth
activity of the BTC proteins overall. AR42] cells were
grown and attached on cover glass slips followed by 45 h
of incubation with 2 nM activin A and 1 nM BTC-WT or
BTC-mut proteins. MTT solution was then added to the
culture medium, and cells were incubated for further 3 h.
MTT formazan was dissolved as described above, and
the absorbance at 550 nm was measured.
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