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Heparin-binding epidermal growth factor-like growth
factor (HHB-EGF), a ligand of EGF receptor, is involved
in the growth and malignant progression of cancers.
Cross-reacting material 197, CRM197, a non-toxic
mutant of diphtheria toxin (DT), specifically binds to
the EGF-like domain of HB-EGF and inhibits its mito-
genic activity, thus CRM197 is currently under evalu-
ation in clinical trials for cancer therapy. To develop
more potent DT mutants than CRM197, we screened
various mutant proteins of R domain of DT, the bind-
ing site for HB-EGF. A variety of R-domain mutant
proteins fused with maltose-binding protein were pro-
duced and their inhibitory activity was evaluated
in vitro. We found four R domain mutants that
showed much higher inhibitory activity against
HB-EGFE than wild-type (WT) R domain. These R
domain mutants suppressed HB-EGF-dependent cell
proliferation more effectively than WT R domain.
Surface plasmon resonance revealed their higher affin-
ity to HB-EGF than WT R domain. CRM197(R460H)
carrying the newly identified mutation showed increased
cell proliferation inhibitory activity and affinity to HB-
EGF. These results suggest that CRM197(R460H) or
other recombinant proteins carrying newly identified
mutation(s) in the R domain are potential therapeutics
targeting HB-EGF.

Keywords: cancer/CRM197/diphtheria toxin/EGF
receptor/HB-EGF.

Abbreviations: BHI, brain heart infusion; BRL,
Buffalo rat liver; CM, conditioned medium;
CRM197, cross-reacting material 197; 3D, three
dimensional; DT, diphtheria toxin; DLT, diphtheria-
like toxin; FBS, foetal bovine serum; GST, glu-
tathione-S-transferase; HB-EGF, heparin-binding
epidermal growth factor-like growth factor; HEPES,
4-(2-Hydroxyethyl)- 1-piperazineethane-sulfonic acid;
IPTG, isopropyl B-D-1-thiogalactopyranoside; MBP,
maltose-binding protein, PMSF, phenylmethylsulfo-
nyl fluoride; PCR, polymerase chain reaction; sHB-
EGF, soluble HB-EGF,; siRNA, short interfering

RNA; TGF-«, transforming growth factor-o; TRX,
thioredoxin; WT, wild-type.

The epidermal growth factor (EGF) family, which
includes EGF, transforming growth factor-o
(TGF-0), heparin-binding EGF-like growth factor
(HB-EGF), amphiregulin, epiregulin, B-cellulin, epigen
and neuregulinl-4, activates ErbB family receptors.
Members of this family are synthesized as
membrane-anchored precursor proteins (/). These pre-
cursor proteins are cleaved by ADAM family metallo-
proteases such as ADAM9, ADAM10, ADAMI2 and
ADAMI17 by a mechanism called ectodomain shed-
ding to release soluble ligands that activate receptors
in a paracrine fashion (2, 3).

HB-EGF was identified as a ligand for EGF recep-
tor (EGFR/ErbBl1) with heparin-binding properties
(4, 5). ProHB-EGF is cleaved within the juxtamem-
brane domain on the cell surface, resulting in the shed-
ding of soluble HB-EGF (sHB-EGF). HB-EGF also
binds and activates ErbB4 (6). sHB-EGF is a potent
mitogen and chemoattractant for a number of cell
types including vascular smooth muscle cells, fibro-
blasts and keratinocytes (7) and a recent study indi-
cated that the proliferation-promoting activity of
HB-EGF is especially evident in culture systems in
which cell-matrix adhesion is reduced (8). It has been
shown that conformational changes followed by bind-
ing with heparin-like molecules in the heparin-binding
domain is required for maximal HB-EGF activity as a
mitogen (9). Recently, processing of the N-terminal
domain adjacent to the heparin-binding domain by
MT1-MMP was shown to convert HB-EGF to a
heparin-independent mitogen (/0).

HB-EGF is involved in several physiological and
pathological processes. Analyses of Hbegf-null mice
implicated a role in the maintenance of heart muscle,
formation of heart valves, lung development, eyelid
formation and wound healing of skin (J7-I3).
Human ovarian cancer cell lines form tumours in
nude mice when these cells are subcutaneously injected
(16). Tumour formation by these cells is strongly
enhanced by exogenous expression of proHB-EGF,
but exogenous expression of an uncleavable form of
HB-EGF (I7) did not induce tumours development
(16). Tumour formation by these cells was completely
blocked by inhibition of HB-EGF gene expression
using short interfering RNA (siRNA). These results
indicate that sHB-EGF is involved in tumour forma-
tion. HB-EGF is also involved in malignancy, and
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HB-EGF expression was found to be upregulated in
many types of malignant tumours (/6, /8~21). In ovar-
ian cancer, HB-EGF expression was increased in
advanced cancer compared with normal ovarian
tissue and was associated with poor clinical outcome
(16, 22). Several lines of evidence indicated that HB-
EGF is an early response gene to chemotherapy and
contributes to chemotherapy resistance (23—25). Thus,
HB-EGF is now recognized to be a possible target for
cancer therapy.

ProHB-EGF functions as cellular receptor for
diphtheria toxin (DT) secreted by Corynebacterium
diphtheriae (C.diphtheriae) on the plasma membrane
(26, 27). DT is a single polypeptide chain of 535
amino acids consisting of two subunits, fragments A
and B, linked by disulfide bonds (28, 29). Fragment A
contains a catalytic (C) domain and fragment B is
composed of transmembrane (T) and receptor binding
(R) domains (30). DT specifically binds to the EGF-
like domain of HB-EGF via the R domain (37, 32),
and heparin-like molecules facilitate interaction of DT
with HB-EGF (33). After binding of DT to proHB-
EGF, DT is internalized by receptor-mediated endocy-
tosis. Conformational changes of DT take place in an
acidic compartment, resulting in the insertion of DT
into the endosomal membrane by certain regions in the
T domain, and finally, the enzymatically active {rag-
ment A is translocated to the cytosol (34). Fragment A
inhibits cellular protein synthesis in eukaryotes by
inactivating elongation factor 2 through ADP ribosy-
lation (35).

The DT gene originates from the fox gene of
Corynebacterium phage (36, 37). Cross-reacting mate-
rial (CRM) 197 is a product of a single missense muta-
tion (G52E) within fragment A, resulting in
enzymatically inactive product (38, 39). Although
CRM197 had been thought to be a non-toxic mutant
protein, further research clarified that CRM197 pos-
sesses weak EF2-ADP-ribosyl activity and that it
shows cytotoxicity to cells expressing a high level of
proHB-EGF on their surface (40, 47). Because
CRM197 maintains HB-EGF-binding properties, it
inhibits HB-EGF-dependent EGFR activation by
sequestering soluble ligand (16, 37) and by attenuating
ectodomain shedding of proHB-EGF (42). Thus,
CRM197 is predicted to inhibit HB-EGF-expressing
tumour cells by three modes of action: sequestering
of sHB-EGF, inhibition of ectodomain shedding of
proHB-EGF and weak DT toxicity. Moreover,
CRM197 inhibits tumorigenesis of various cancer
cells including ovarian, gastric and breast cancer
cells in mice (/6, 22, 24, 43, 44) and clinical trials for
ovarian cancers using CRMI197 are currently in
progress.

In this study, we attempted to generate CRM197
derivatives that have higher inhibitory activity for
HB-EGF than wild-type (WT) CRM197. We identi-
fied four mutations in the R domain with
enhanced proliferation inhibitory activity and binding
affinity to HB-EGF, and constructed a mutant,
CRMI197(R460H), that carries a newly identified
mutation.

Materials and Methods

Reagents

Recombinant HB-EGF and TGF-o were obtained from R&D
Systems (MN, USA). C-terminally Myc- and His-tagged soluble
form of human HB-EGF lacking amino acids 93—104 of heparin-
binding domain (sAHB-mycHis) proteins (9) were collected and pur-
ified from the conditioned medium (CM) of transfected HEK293
cells by using TALON metal affinity resin. Briefly, CM containing
sAHB-mycHis proteins was bufferized with 20 mM 4-(2-
Hydroxyethyl)-1-piperazineethane-suifonic acid (HEPES)-NaOH
pH7.2, and incubated with TALON gel for over-night at 4°C.
After washing the gel with phosphate buffered saline (PBS: 10 mM
Na,HPO,, 2 mM KH.PO,, 2.7 mM KCl, 137 mM NaCl, pH 7.4),
sAHB-mycHis proteins were eluted with the elution buffer (PBS
containing additionally 150mM NaCl and 150mM imidazole).
Eluted fractions were determined by immunoblotting using anti-
myc tag mAb 9EI0. Then the eluate was dialysed against PBS.
Actual concentration of the yielded sAHB-mycHis proteins was
determined by judging the purity of the sAHB-mycHis protein
with densitometry of silver-stained gel after electrophoresis in total
protein content measured with Bradford method.

Cell culture }

DER cells were established by introducing exogenous human EGFR
cDNA into bone marrow-derived lymphoblastic 32D cells (43). DER
cells were maintained as described previously (45). Buffalo rat liver
(BRL) cell and BRL cells expressing exogenous human HB-EGF
(BRLH) were established and maintained as described previously (8).

Glutathione-S-transferase-fusion R domain

cDNA of the entire R domain (residues 380—535) amplified by poly-
merase chain reaction (PCR) was inserted into the BamHI-EcoRI
sites of pGEX-3 vector (GE Healthcare) and transformed into
Escherichia coli IM109. A single colony was moculated into 40 ml
of LB medium containing 50 pg/ml ampicillin (LB-amp) and incu-
bated overnight at 37°C. The pre-culture medimm was inoculated
into 500 ml of fresh LB-amp and grown at 37°C until the bacterial
logarithmic proliferation phase was reached. glutathione-S-transfer-
ase (GST)-R domain was induced with 0.4mM isopropyl B-D-I-
thiogalactopyranoside (IPTG) for 2h at 37°C. Cells were collected
by centrifugation and washed with solution A (20mM Tris—HCl,
pHS8.0, 30 mM NaCl, 10mM ethylenediaminetetraacetic acid) con-
taining 0.2mM phenylmethylsulfonyl fluoride (PMSF). Cells were
collected again by centrifugation and lysed with solution A contain-
ing lysozyme (40 ug/ml) on ice for 1 h. Cell lysate was further incu-
bated for 15min on ice after addition of Triton-X100 (0.53%) and
NaCl (100 mM). Cell lysates were sonicated for 20s (twice on ice) in
the presence of the 0.2mM PMSF and then cleared by centrifuga-
tion. The supernatant was incubated with Glutathione-Sepharose 4B
(GE Healthcare) overnight at 4°C. Beads were washed with solution
A, and bound protein was eluted with elution buffer (100mM
Tris—HCI, pH 8.0, 6mM glutathione).

Thioredoxin-fusion R domain
cDNA of R domain was cloned into the Xhol-EcoRI sites of
pThioHis vector (Invitrogen, CA, USA) and transformed into
E.coli JM109. ThioHis-fusion protein was purified according to
manufacturer’s instruction wusing the His-Patch ThioFusion
Expression System (Invitrogen).

MBP-fusion R domain

R domain cDNA was cloned into the BamHI-Ps sites of pMAL-p2
vector (New England BioLabs Inc., MA, USA) and transformed
into E.coli IM109. Primers used for PCR were as follows (restriction
enzyme sites for cloning are underlined): Fw, ¥-GCAGGATCCCC
CGCGTATTCTCCGGGG-3, Rv, 5-CGCTGCAGTCAGCTTTIT
GATTTCTAG-3'. To separate the R domain from maltose-binding
protein (MBP), oligonucleotide encoding PreScission Protease (GE
Healthcare) recognition sequence (LEVLFQ/GP) was inserted into
the BamHI site of pMAL-p2 vector. A single colony was inoculated
into 40 ml of LB-amp and grown for overnight at 37°C. Pre-culture
was inoculated into 500ml of fresh LB-amp and cultured at 37°C .
until the logarithmic proliferation phase was reached. MBP-fusion
protein was induced with 1mM IPTG for 3h at 37°C. Cells were
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collected by centrifugation and washed with solution B (20mM
HEPES. pH 7.3, 150 mM NaCl). Cells were collected again by cen-
trifugation, re-suspended in solution B, and disrupted by sonication.
Cell lysate was cleared by centrifugation, and the supernatant was
mixed with Amylose Resin (New England BioLabs) overnight at
4°C. Resin was washed with solution B, and bound protein was
eluted in solution B containing 100mM maltose. Fusion protein
was incubated with PreScission Protease, and MBP and
PreScission Protease were removed by incubation with Amylose
Resin and Glutathione-Sepharose 4B, respectively. Protein concen-
tration of purified MBP-R domain proteins were determined by
Coomassie Brilliant Blue methods.

MBP-R domain mutants

MBP-R domain mutants were constructed by site-directed mutagen-
esis using PCR. Oligonucleotides used for mutant construction are
listed in Table I. PCR products treated with Dpnl were transformed
into E.coli IM109. Nucleotide sequences of mutants were verified by
DNA. sequencing. MBP-R domain mutants were purified as
described above. Protein content of purified MBP-R domain
mutants was measured with Bradford method.

Proliferation inhibition assay

DER cells (1 x 10* cells) were cultured in RPMI1640 medium con-
taining 10% fetal bovine serum (FBS), recombinant HB-EGF
(10ng/ml), heparin (10 pg/ml), penicillin G (100 U/ml) and strepto-
mycin (100 pg/ml) (9) for 40h in the presence or absence of various
concentrations of MBP-R domain proteins. Concentrations of
MBP-R domain proteins were 0.22, 0.67, 2, 6.1, 18.5, 55.5 and
[67nM. Culture was performed in 96-well plates (100 ul medium/
well). The number of DER cells was measured by Cell Count
Reagent SF (Nacalai Tesque, Japan) according to the manufac-
turer’s instructions. All experiments were carried out in duplicate
or triplicate, and the data were presented as the mean % SD
obtained by total 4—8 samples.

Collagen gel culture

Ice-cold bovine type I collagen (Nitta Gelalin; 3 mg/ml), reconstitu-
tion buffer comprising 2.2% (w/v) NaHCO;, 0.2M HEPES and
50mM NaOH, 10xDMEM (Dulbecco’s modified Eagle’s
medium)-F12 (1:1) medium and cells suspended in serum-free

DMEM (5% 10° cells/ml) were mixed in an 8:1:1:0.1 ratio and.

poured into 24-well dishes (0.5 ml/well) as described previously (8).
After a 30-min incubation at 37°C, collagen gels were overlaid with
1 ml DMEM-FBS containing either CRM 197, MBP-R(WT) or MBP-
R(mutant), and cultured for 1 week. To count cell number, the
collagen gels were incubated with 0.5ml of 0.5% (w/v) bacterial col-
lagenase (Invitrogen) in HBS (+) (10mM HEPES, pH7.2, 140mM
NaCl,4mM KCI, 1.8 mM CaCl, and | mM MgCla) at 37°C until they
dissolved, and the cells were then harvested by centrifugation. Cells
were fixed and stained with crystal violet solution (0.1% crystal violet,
0.1 M citric acid), and the number of nuclei was counted under a
microscope after vortexing. All experiments were carried out in tripli-
cate, and the data were presented as the mean + SD.

Surface plasmon resonance

A Biacore T200 and Sensor Chip NTA (GE Healthcare) were used for
this analysis. Coupling constants of HB-EGF and R domain mutants
were measured according to the manufacturer’s instructions. Briefly,
solution C (GE Healthcare) was used as running buffer. Ni** was first
captured on sensor chip at 10pl/min flow rate for 60s, and then
SAHB-mycHis was captured for 180s. Captured sAHB-mycHis was
reacted with five different concentrations of CRM197, MBP-R(WT)
or MBP-R(mutant) at 30 ul/min flow rate for 600s. Dissaciation was
monitored at 30 ul/min flow rate for 600s. Ka values were calculated
using Biacore Software (GE Healthcare).

Establishment of C.diphtheriae expressing CRM 197 mutants by
triparental mating

CRM197 gene and its promoter were obtained from C.diphtheriae
C7hm723 (B197) strain (46) genomic DNA by PCR. Primers used
were as follows (restriction enzyme sites for cloning are underlined):
Fw, 5-GCGAGATCTTTAGGATAGCTTTACCTAATTATTIT
ATG-¥, Rv, 5-CGCCATGCGGCCGCTCAGCTTTTGATTTCA
AAAAATAGCG-3'. Amplified  DNA was inserted into the

Diphtheria toxin R domain mutants

Table I. Oligonucleotide sequences used for construction of

R-domain mutants,

MBP-R mutants

Fw primer

MBP-R(WT)
MBP-R(H384K)
MBP-R(H384Y)
MBP-R(F389H)
MBP-R(F389K)
MBP-R(F389Q)
MBP-R(F389R)
MBP-R(F389Y)
MBP-R(H391C)
MBP-R(H391D)
MBP-R(H391E)
MBP-R(H391G)
MBP-R(H391K)
MBP-R(R460H)
MBP-R(R460K)
MBP-R(R462H)
MBP-R(R462K)
MBP-R(R472H)
MBP-R(R472K)
MBP-R(R472Q)
MBP-R(D507A)
MBP-R(D3507H)
MBP-R(D507N)
MBP-R(Q515E)
MBP-R(Q515N)
MBP-R(K516H)
MBP-R(K516R)
MBP-R(D519E)
MBP-R(D5191)
MBP-R(D519L)
MBP-R(D519N)
MBP-R(D519Q)
MBP-R(D519V)
MBP-R(H520K)
MBP-R(H520R)
MBP-R(N524D)
MBP-R(N524Q)
MBP-R(K 526H)
MBP-R(K526G)
MBP-R(K 526R)
MBP-R(S528H)

" MBP-R(S528K)

MBP-R(S528N)

MBP-R(S528Q)

MBP-R(S528T)

MBP-R(F530H)
MBP-R(F530K)
MBP-R(F530N)
MBP-R(F530Q)
MBP-R(F530R)
MBP-R(D392G)
MBP-R(G466D/

D467A/V468T)

MBP-R(G466D)
MBP-R(D467A)
MBP-R(V468T)

MBP-R(I504T/S505P/

S506L/D507S)
MBP-R(G510D)

geaggateceeegegtattetecgggg
ccegeglatictecggggaaaacgeaaccattte
gegtattctceggggtataaaacgeaaccatttc
cataaaacgcaaccacatcttcatgacggg
cataaaacgcaaccaaaacticatgacggg
cataaaacgcaaccacagcttcatgacggg
cataaaacgcaaccacgecttcatgacggg
ataaaacgcaaccatatcticatgacggg
caaccatttctitgegacgggtatgctg
caaccatttcttgatgacgggtatgctg
caaccaittcttgaagacgggtatgetg
caaccatticttggcgacgggtatgetg
caaccatttcttaaagacgggtatgctgte
cggaaaataaggatgcattgeagagetatagac
cggaaaataaggatgaaatgcagagetatagac
ggatgcgttgecatgetatagacgg
ggatgcgttgcaaagetatagacgg
gtaactttttgtcatectaaatetectg
gtaacttttigtaaacctaaatcteetg
gtaactttttgtcagectaaatetectg
gaaatttcgtcggegiccataggegttc
gaaatttcgtegeattccataggegttcttggg
gaaatttcgtcgaactecataggegttc
ggegttcttgggtacgaaaaaacaglagatcac
gecgticitgggtacaacaaaacagtagatcac
gttcttggptaccageatacagtagatcac
gticttggetaccagegeacagtagatcac
cagaaaacagtagaacacaccaagg
cagaaaacagtaattcacaccaagg
cagaaaacagtactgcacaccaagg
cagaaaacagtaaaccacaccaagg
cagaaaacagtacagcacaccaagg
cagaaaacagtagtgcacaccaagg
cagaaaacaglagataaaaccaaggtiaattctaag
cagaaaacagtagatcgcaccaaggttaatic
cacaccaaggttgatictaagctateg
cacaccaaggticagtctaagctatcg
ggttaattctcatctatcgetattitity
cacaccaaggttaattctggectategetatttttty
ccaaggttaatictcgectategetattttty
gttaatictaagctacatctattttitgaaate
gttaatictaagctaaaactattttttgaaatce
gttaattctaagetaaacctattttttgaaate
gttaaltctaagetacagetattttttgaaate
gttaattctaagcetaaccctattttttgaaate
ctaagctatcgetacatttgaaatcaaaage
ctaagctatcgetaaaatitgaaatcaaaage
ctaagctatcgctaaactttgaaatcaaaage
ctaagctatcgetacaatttgaaatcaaaage
Ctaagctatcgctacgetitgaaatcaaaage
caaccatttcttcatggegggtatgetgte
cgttgcagagetatagacgatgegaccacttttt
gtcgeectaaate
cagagctatagacgatgatgtaactitttgtege
cagagctatagacggtgcggtaactttttgtege
cagagctatagacggtgataccactitttgtcge
gagaaaattcattctaatgaaaccecgetgaget
ccataggegttettggg
cgteggattceatagatgttettgggtac

Complementary proves of Fw primers used as reverse primer.

BgllI-Notl sites of pK-PIM vector (47) and transformed into
E.coli DH10B. CRMI97(R460H) mutant was constructed by site-
directed mutagenesis using pK-PIM/CRM197 as a template. pK-
PIM' vector encodes bacteriophage arfP sites, integrase gene and
kanamycin resistance gene. pK-PIM vector can be integrated into
the C.diphtheriae genome at ai/B sites, and any integrants become
kanamycin resistant. E.coli HB101/prk2013 is a helper strain that
carries prk2013 plasmid encoding #ra gene, which is required for
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sex pili formation for plasmid transfer. DHI10B/pK-PIM, HB101/
prk2013, and C.diphtheriae were pre-cultured at 37°C overnight.
The bacterial density was adjusted to OD600 = 1.0 and mixed at a
ratio of DHIOB:HBI0L:C.diphtheriae C7(—) = 1:1:8. Pellets of the
~mixture of bacteria mixture were dropped onto Brain Heart Infusion
(BHI) agar plates and incubated at 30°C. Corynebacterium cointe-
grates were diluted with BHI medium. spread on BHI agar plates
and incubated at 30°C for 16h. Colonies were isolated by plating
conjugation BHI agar plates containing nalidixic acid (20 pg/ml) and
kanamycin (5 pg/ml). To isolate clone of cointegrates, several single
kanamycin—resistance colonies were picked independently and
grown for 2 days at 30°C. The clones were cultured at 37°C by
shaking in BHI medium supplemented with 20 pg/ml nalidixic acid
and 5pg/ml kanamycin. Bacterial pellets were suspended in 100
TE buffer and boiled at 96°C for 5min, and supernatant was used to
confirm integration by PCR.

Production and purification of CRM197 and CRM197 mutant
CRMI197 and CRMI197 mutant were produced and purified as
described previously (37).

Molecular graphics analysis ’

The electrostatic molecular surface of HB-EGF is displayed with the
crystal structure of the complex of DT and HB-EGF by the mole-
cular graphics program jV (48). using the eF-site database for the
molecular surface (49).

Statistical analysis
The statistical significance was evaluated by Student’s t-test. Values
of P<0.05 were considered significant.

Results

Production of recombinant R domain of DT proteins
and HB-EGF-inhibitory activity

We constructed and expressed the R domain of DT
(R(WT)) fused with distinct expression-purification
tags (GST, thioredoxin (TRX) and MBP), and fusion
proteins designated GST-R(WT), TRX-R(WT) and
MBP-R(WT) were produced and purified by the stan-
dard procedures or according to the manufacturer’s
instructions. Because the MBP-fusion protein was the
best for purity and stability among the constructed
fusion proteins (data not shown), MBP-R domain
was used for further studies.

We first tested whether MBP-R(WT) ' inhibits
HB-EGF-dependent cell proliferation in a DER cell
proliferation assay in the presence of recombinant
HB-EGF (42, 45). DER cells, which originated from
IL-3-dependent 32D cells, stably express human
EGFR and can grow in a medium containing EGFR
ligands. Without IL-3, DER cell showed EGFR-ligand

dependent-cell proliferation. Thus, DER cell prolifera-:

tion assay in the presence of HB-EGF enables detec-
tion of HB-EGF-inhibitory activity of test samples in
an HB-EGF-specific manner. MBP-R(WT) inhibited
the proliferation of DER cells in a dose-dependent
manner (Fig. 1A). However, its inhibitory activity
was lower than that of CRM197; IDs, values, deter-
mined by the concentration at which cell numbers are
decreased by 50%, were 1.2 and 7.9nM for CRM197
and MBP-R(WT), respectively. It seemed to be plau-
sible that the lower inhibitory activity of MBP-R(WT)
was caused by the steric hindrance of the MBP tag to
the interaction of R domain with HB-EGF; however,
this was not case. We removed the MBP tag from
MBP-R(WT) by PreScission Protease and purified
R(WT). R(WT) and MBP-R(WT) showed similar
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Fig. 1 Inhibition of HB-EGF-dependent proliferation of DER cells by
CRM197 or recombinant R domain proteins. DER cells stimulated
with HB-EGF were cultured in the presence of various concentra-
tions of CRM197 or recombinant R domain proteins for 40h and
cell number was counted. (A) Comparison of CRM197 and MBP-
R(WT). (B) Comparison of MBP-R(WT) and R(WT).

inhibitory activity (Fig. 1B), indicating that the MBP
tag does not interfere with the inhibitory activity of R
domain.

Design of R domain mutants
To obtain R domain mutants with higher inhibitory
activity than R(WT), we produced various MBP-R
domain mutants in which an amino acid residue was
substituted with other amino acid residues by site-
directed mutagenesis. We chose amino acid residues
for substitution using the following criteria: (i) residues
that are expected to interact directly with HB-EGF,
based on data obtained from the X-ray crystal struc-
ture of the DT/HB-EGF complex (50) and a molecular
graphics analysis or (i) residues that are known to
be important for HB-EGF binding (57). MBP-R
domain mutants constructed in this study are listed
in Table IT and mutated residues in R domain are
shown in Fig. 2.

The rationales for the mutation of each amino acid
residue are described as follows.
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Table II. MBP-R mutants with single amino
acid substitution and their inhibitory activity.

MBP-R mutants 1D50(mM)?
CRM197 12
MBP-WT 70
MBP-R(H384K) 7.6
MBP-R(H384Y) 8.0
MBP-R(F389H) 12
MBP-R(F389K) 42
MBP-R(F389Q) . 27
MBP-R(F389R) 38
MBP-R(F389Y) 66
MBP-R(H391C) ) |
MBP-R(H391D)’ 84
MBP-R(H391E) ‘ © 68
MBP-R(H391G) 18
MBP-R(H391K) 2.4
MBP-R(R460H) 2.8
MBP-R(R460K) 7.8
MBP-R(R462H) 8.0
MBP-R(R462K) 8.6
MBP-R(R472H) 23
MBP-R(R472K) 4.0
MBP-R(R472Q) 56
MBP-R(D507A) 14
MBP-R(D507H) 55
MBP-R(D507N) 4.5
MBP-R(Q515E) 8.0
MBP-R(Q515N) 16
MBP-R(K516H) 84
MBP-R(K516R) 26
MBP-R(D519E) 10
MBP-R(D519I) 16
MBP-R(D519L) 12
MBP-R(D519N) 9.0
MBP-R(D519Q) 17
MBP-R(D519V) 25
MBP-R(H520K) 6.0
MBP-R(H520R) 8.6
* MBP-R(N524D) >167
MBP-R(N524Q) 40
MBP-R(K 526H) 16
MBP-R(K 526G) >167
MBP-R(K.526R) 9.9
MBP-R(S528H) 21
MBP-R(S528K) >167
MBP-R(S528N) 45
MBP-R(5523Q) 2
MBP-R(S528T) 23
MRBP-R(F530H) 17
MBP-R(F530K) 13
MBP-R(F530N) 55
MBP-R(F530Q) 10
MBP-R(F530R) 10
MBP-R(D392G) 19
MBP-R (466-468)° 2.7
MBP-R(G466D) 9.0
MBP-R(D467A) 8.0
MBP-R(V468T) 6.2
MBP-R(504-507)° >167
MBP-R(G510D) 11

‘IDsy was calculated by the data of Figs 1, 4
and Supplementary Figs | and 2.
*G466D/D467A/V468T.
IS04T/SS505P/S506L/DS0TA.

H384. H384 is reported to interact with HB-EGF S147
via a salt bridge (50); it was replaced with K, which has
a strong positive charge. H384 was also replaced with Y
because the polar long side chain of Y was expected to
contact more closely with HB-EGF than H.

Diphtheria toxin R domain mutants

Fig. 2 Substituted amino acids. Steric structure of DT R domain
(brown) and EGF-like domain of HB-EGF (green) are shown from
the crystal structure of the complex of DT and HB-EGF (PDBID:
IXDT). Mutated (substituted) amino acid residues in this study are
shown with their side chains. Amino acid residues whose substitu-
tions to another residues resulted in higher inhibitory activity to HB-
EGF are shown in red, and those did not are in purple. (A) top view;
(B) side view.

F389. F389 indirectly interacts with HB-EGF via
water molecules; replacement with hydrophilic amino
acids (H, K, Q, R, Y) was expected to increase affinity
to HB-EGF by establishing direct interaction.

H391. H391 was reported to interact with El141 of
HB-EGF via a salt bridge (50) (Fig. 3). Therefore,
H391 was replaced with K. For control mutants,
H391 was also replaced with non-polar (G), neutral
polar (C) and acidic polar (D, E) amino acids.

R460. This region constitutes the P site, which has
been shown to function in phosphate binding and to
affect the interaction of DT with HB-EGF (52). It was
replaced with basic amino acids (H, K) (Fig. 3).
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H391 (Yellow circle)

~R472 (Orange circle)

G466/D467/V468 (Red circle)

R460 (Cyan circle)

Fig. 3 Interactions between DT R domain and HB-EGF EGF-like domain. Electrostatic molecular surface of the EGF-like domain of HB-EGF is
shown with the atomic structure of the DT R domain (PDBID: 1XDT), using the eF-site database (49). Blue and red surface colours correspond
to positive and negative electrostatic potentials, respectively, and yellow colour indicates where the hydrophobic side-chain appears on the
surface. H391, R460, R472, G466/D467/V468 are indicated by coloured circles.

R462. R462, reported to interact with HB-EGF E126
via salt bridge (30), was replaced with basic amino
acids (H, K).

R472. According to an analysis of electrostatic com-
plementarity between the R domain and HB-EGF,
replacement of R472 with Q was expected to increase
binding with HB-EGF (Fig. 3). R472 was also replaced
with basic amino acids (H, K).

D507. According to the X-ray crystal structure (50)
and molecular graphics analysis, D507 is repulsive
for the negatively-charged HB-EGF interface.
Therefore, D507 was replaced with neutral amino
acids (A, N) or a basic amino acid (H).

0515. Q515 contacts with HB-EGF S127, which is
known to be essential for DT binding. Therefore, it
was replaced with a hydrophilic amino acid (N) or
acidic amino acid (E).

K516. K516 was reported to interact with E141 of HB-
.EGF via a salt bridge and be important for binding with
HB-EGF (57). We expected that substitution with posi-
tively-charged amino acids (H, R) might increase affinity.

D519. Because D519 contacts with HB-EGF R142,
D519 was replaced with an acidic amino acid (E). As
control mutants, D519 was also replaced with hydro-
phobic amino acids (I, L, V) or hydrophilic amino
acids (N, Q). :

H520. H520A mutation was reported to decrease
binding with HB-EGF (57). Therefore, it was replaced
with other basic amino acids (K, R) to increase the
basic charge.

N524. N524 contacts with HB-EGF L127 via van der
Waals forces. N524 was substituted with neutral amino
acid Q or negatively charged amino acid D.

K526. K526 is reported to interact with C132 and
E141 of HB-EGF via hydrogen bonds (50). We
replaced K526 with basic amino acids (R, H). K526
was also replaced with G as a control.

S§528. Because $528 was reported to indirectly interact
with HB-EGF G140 though water molecules (50), it
was substituted with hydrophilic amino acids (N, Q,
T) or basic amino acids (H, K).
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Fig. 4 Inhibition of HB-EGF-dependent proliferation of DER cells by MBP-R mutants, DER cells stimulated with HB-EGF were cultured in the
presence of various concentrations of MBP-R(WT) or MBP-R mutants for 40 h and cell number was counted. (A) H391 mutants. (B) R460 and
R472 mutants. (C) C. ulcerans-type mutants. (D) V468T mutant. (E) D507N mutant. (F) N524D mutant.

F530. Because F530A mutation was reported to
reduce affinity to HB-EGF (57), F530 was replaced
with basic amino acids (H, K, R) or hydrophilic
amino acids (N, Q). ‘

D392G,  G466D[D467A|V468T, G466D, D467A,
V468T, 1504T/S505P[S506L{D507S and G510D. C.
ulcerans produces diphtheria-like toxin (DLT) (53).

DLT shows higher binding affinity to human
HB-EGF than DT (unpublished observation by Dr.
Yukiji Seto). DLT has some differences in amino acid
sequence compared with that of DT around the HB-
EGF binding interface (D392, G466/D467/V468,
G466, D467, V468, 1504/S505/S506/D507, G510).
Therefore, these amino acid residues were replaced
with the corresponding amino acid residues of DLT.

_57_



K. Suzuki et al.

Inhibitory activity of R domain mutants and
identification of R domain mutants with

increased inhibitory activity

To assess the inhibitory activity of R domain mutants
against HB-EGF mitogenic activity, DER cells stimu-
lated with HB-EGF were cultured in the presence of R
domain mutant proteins. Representative data are
shown in Fig. 4, Supplementary Figs SI and S2.
Most mutants showed no apparent change in inhibi-
tory activity, while some mutants largely reduced the
inhibitory activity, for example MBP-R(N524D)
mutant (Fig. 4F). All IDs, values of MBP-R mutants
tested are listed in Table II.

Among the R domain mutant proteins tested, nine
mutant proteins showed higher inhibitory activity than
MBP-R(WT). The IDsy value of each mutant com-
pared with CRMI197 was as follows: CRMI197,
1.2aM; MBP-R(H384K), 7.6nM; MBP-R(H391K),
2.4nM; MBP-R(R460H), 2.8nM; MBP-R(R460K),
7.8nM; MBP-R(R472K), 4.0nM; MBP-R(D507N),
4.5nM; MBP-R(H520K), 6.0nM; MBP-R(G466D/
D467A/V468T), 2.7nM; MBP-R(V468T), 6.2nM;
MBP-R(WT), 7.9nM. We selected upper four mutant
proteins, MBP-R(H391K), MBP-R(R460H), MBP-
R(R472K) and MBP-R(G466D/D467A/V468T) for
further analysis. Direct comparisons of the inhibitory
activity of four mutants are shown in Fig. 5.

To examine whether the inhibitory activity of these
R domain mutants was specific for HB-EGF, DER
cells were cultured in the presence of TGF-o. and R
domain mutants. None of these mutants affected the
proliferation of DER cells (Fig. 6), suggesting that
these R domain mutant proteins specifically inhibited
HB-EGF without any cytotoxicity.

Effect of the four R domain mutants on
HB-EGF-dependent cell proliferation in
three-dimensional culture

HB-EGF preferentially stimulates proliferation of
adherent cells in three-dimensional (3D)-culture condi-
tions (&8). We therefore examined the inhibitory activity
of the four R domain mutants for HB-EGF-dependent
proliferation of BRL cells under 3D-culture conditions
using 3D-collagen gel. The four R domain mutants,
MBP-R(H391K), MBP-R(R460H), MBP-R(R472K),
MBP-R(G466D/D467A/V468T) inhibited BRL cell
proliferation induced by recombinant HB-EGF more
effectively than MBP-R(WT) (Fig. 7A~C). Moreover,
these mutants also inhibited proliferation of BRLH
cells, which overexpress exogenous proHB-EGF
(Fig. 7D and E). These results strongly suggest that
the higher inhibitory activity of the four R domain
mutants compared with MBP-R(WT) was not specific
for certain cell types or culture conditions.

Affinity constants of R domain mutants against
HB-EGF

To examine whether the four R domain mutants had
acquired increased affinity against HB-EGF compared
with the WT R domain, the affinity constants of the
mutants were calculated using a Biacore, according to
the manufacturer’s instructions. We measured binding
of MBP-R domain proteins against recombinant
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HB-EGF captired on a sensor chip, and calculated the
affinity constants from association rate constants and
dissociation rate constants. Affinity constant values of
proteins were as follows: CRM197, 9.22x 105M™';

MBP-R(R460H), 6.09x10°M~'; MBP-R(G466D/
D467A/V468T), 4.44x10°M~'; MBP-R(R472K),
442x10°M™!;  MBP-R(H391K), 3.17x108M7;

MBP-R(WT), 2.99x 108M™" (Table III). The order
of affinity constant values almost correlated with the

order of IDso values. These results suggest that
increased affinity against HB-EGF caused the inhibi-
tory activity of the four mutants.

Inhibitoryactivity of CRM 197 mutants against HB-EGF
MBP-R(WT) had lower cell proliferation inhibitory
activity than full-length CRM197, suggesting the
entire molecular structure is necessary for exerting
full inhibitory action. Therefore, we attempted to
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Table I1l. Comparison of MBP-R mutants with increased inhibitory
activity.

- DER cell assay Biacore
1Dsq Relative KA Relative
Name (nM)*  values ™ h values
CRM197 1.3 6.2 9.22x10° 3.1
MBP-R(WT) 8.0 1.0 299%x10° 1.0
MBP-R(H391K) 3.1 2.6 317%10° 1.1
MBP-R(R460H) 2.5 3.2 6.09x 108 20
MBP-R(R472K) 3.2 2.5 442108 1.5
MBP-R(466-468)" 2.6 3.1 4.44 % 10° 1.5
“IDsp was calculated by the data of Fig. 3.
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Fig. 8 Inhibition of HB-EGF-dependent proliferation of DER cells by
CRM197 mutant. DER cells stimulated with HB-EGF were cultured
in the presence of various concentrations of CRM197 or CRM197
(R460H) for 40 and cell number was counted.

reconstruct and produce full-length CRM197 with
R460H mutation in C.diphtheriae strains, as
described in the Materials and Methods, and com-
pared its inhibitory activity with that of CRMI197.
CRM197(R460H) significantly. inhibited HB-EGF-
dependent proliferation of DER cells more efficiently
than CRMI97(WT) (Fig. 8). The IDsy values of
CRM197 and CRMI197(R460H) were 1.02nM and
0.72nM, respectively (Table IV). »

To investigate if the affinity constant of CRM 197 was
improved by the R460H mutation, as observed with the
MBP-R domain mutant, we compared the affinity con-
stants of CRM197 and CRMI197(R460H) using a
Biacore. Affinity constants of CRMI197 and
CRMI97(R460H) were 1.02x10°M™! and 1.69x
10°M ™!, respectively (Table IV). Taken together, these
results suggested that the inhibitory activity of CRM 197
to HB-EGF could be enhanced by mutagenesis.

Discussion

To obtain CRM 197 derivatives that have much higher
potential of inhibiting the mitogenic activity of

10

Table IV. Comparison of CRM197 and CRM197(R460H).

DER cell
assay Biacore
KA (M™)

v IDsy  Relative ;
Name mM)"  values Expl Exp2 Means
CRM197  1.02 1.0 1.24x10°  0.806x10° 1.02x10°
CRM197 072 142 201%x10° 137x10°  1.69%10°
(R460H)

“IDsq was calculated by the data of Fig. 8,

HB-EGF than CRM197, we screened various MBP-
R domain mutants. We identified four R domain
mutants with increased inhibitory activity against
HB-EGF caused by the increased affinity to HB-
EGF compared with the WT R domain. CRM197
introduced with the R460H mutation exhibited
higher inhibitory activity than WT CRM197. This is
the first example of DT mutants with enhanced HB-
EGF binding ability.

According to the crystal structure of the DT and
HB-EGF complex (50), DT H391 forms a salt bridge
with HB-EGF El41; an H391K substitution was
expected to strengthen this interaction (Fig. 3, yellow
circle). Substitution of H391 with acidic amino acid
residues E or D that would be repulsive for HB-EGF
E126 significantly reduced inhibitory activity
(Fig. 4A). Moreover, substitution of H391 with neutral
residues C and G also reduced inhibitory activity.
R460 constitutes the P site, and may not directly inter-
act with HB-EGF. However, it is located in the envir-
onment of positive electrostatic potential formed by
the basic residues K125 and R128 of HB-EGF, thus
R460H could show upregulation of inhibitory activity.
R472 is close to the side-chain of E126 of HB-EGF,
which could form a salt bridge with a flexible side-
chain of R472K. DT D467 was also indicated to
form a salt bridge with HB-EGF K 122. According to
a molecular graphics analysis, it was expected that
G466D/D467A/V468T substitution could introduce
two new interactions with HB-EGF; a salt bridge
between DT G466D and HB-EGF K 122, and interac-
tion of DT V468T with the surface of HB-EGF.
Therefore, G466D/D467A/V468T mutations might
increase inhibitory activity by enhancing strength of
salt bridge.

Although the R domain is responsible for binding of
DT with HB-EGF, the binding affinity of recombinant
R domain was lower than that of CRM197. Since
removal of the MBP-tag did not enhance the inhibitory
activity, the other domains of DT may contribute to
full HB-EGF-binding activity. Thus, the MBP-R
mutants showing higher inhibitory activity than
MBP-R(WT) still have lower HB-EGF inhibitory
activity compared with that of CRM197. However,
introduction of the R460H mutation into CRM197
enhanced the inhibitory activity by ~1.4-fold com-
pared with that of CRM197. It has not been clarified
why MBP-R(R460H) showed more than 3-fold higher
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