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Abstract: Heparin-binding EGF-like growth factor (HB-EGF), which belongs to the EGF-family of growth
factors, was isolated from the conditioned medium of macrophage-like cells. To investigate the effect of N-
and C-terminal residues of the EGF-like domain of HB-EGF in the binding affinity to the EGF receptor on
A431 cell. We synthesized HB-EGF(44-86) corresponding to the EGF-like domain of HB-EGF and its N-
or C-terminal truncated peptides. Thermolytic digestion demonstrated three disulfide bond pairings of the
EGF-like domain in HB-EGF is consistent with that of human-EGF and human-TGF-«. HB-EGF(44-86)
showed high binding affinity to EGF-receptor, like human-EGF. The truncation of the C-terminal Leu®®
residue from HB-EGF(44-86), HB-EGF(45-86) or HB-EGF(46-86) caused a drastic reduction in the binding
affinity to the EGF receptor. These results suggest that the EGF-like domain of HB-EGF plays an important
role in the binding to the EGF receptor, and its C-terminal Leu®® residue is necessary for binding with the
EGF-receptor. In addition, the deletion of the two N-terminal residues (Asp**-Pro*®) from HB-EGF(44-86)
caused a 10-fold decrease in relative binding affinity to the EGF receptor. This indicates that the two
N-terminal residues of the EGF-like domain of HB-EGF are necessary for its optimal binding affinity to the
EGF receptor. Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Heparin-binding EGF-like growth factor (HB-EGF)
was initially identified from the conditioned medium
of the macrophage-like U-937 cell lines [1]. HB-EGF
is a member of the epidermal growth factor (EGF)

Abbreviations: EGF, epidermal growth factor; TGF, transforming
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family, which encompasses a number of structurally
homologous mitogens including EGF [2], trans-
forming growth factor (TGF-«) [3], amphiregulin
(AR) [4], vaccinia growth factor (VGF) [5], 8-cellulin
(BTC) [6] and epiregulin [7]. HB-EGF was known
to bind and stimulate the phosphorylation of the
EGF receptors on A431 human epidermoid carci-
noma cells [8]. More recently, HB-EGF has been
shown to bind and stimulate HER4 as well as EGF
receptor [9]. Like other members of the EGF family,
HB-EGF is synthesized as a transmembrane protein
(proHB-EGF) and can be cleaved at the plasma mem-
brane to yield soluble HB-EGF [10,11]. HB-EGF is
a potent mitogen for a number of cells including
NIH-3T3 cells, smooth muscle cells (SMC), epithelial



cells and keratinocytes [8]. Unlike other EGF fam-
ily peptides, HB-EGF possesses the heparin-binding
domain with a stretch of a 21 cationic amino acid
residues in the N-terminal region [1,12-14]. The
interaction of the heparin-binding domain of HB-
EGF with cell surface heparin sulfate proteoglycan
was known to be important for its optimal biological
activity [8].

HB-EGF has in common an amino acid motif
containing six cysteine-residues in the C-terminal
region known as the EGF-like domain [1] (Figure 1).
The highly conserved six cysteine-residues of the
EGF-like domain of HB-EGF form the consen-
sus CX7;CX,;CX;oCXCXsC. This spacing pattern of
six cysteine-residues in the EGF-like domain of
HB-EGF is almost similar to that of six cysteine-
residues in the other EGF family peptides (Figure 1).
Also, the several specific amino acid residues
involved in EGF receptor binding and biologi-
cal activity in EGF and TGF-« are conserved in
the EGF-like domain of HB-EGF. In our previ-
ous study, the synthetic HB-EGF(44-86) corre-
sponding to the EGF-like domain of HB-EGF was
reported to have a similar mitogenic activity in
NIH-3T3 fibroblast cell lines as compared with
human-EGF [15].

In this study, in order to examine the impor-
tance of the N- and C-terminal residues of
the EGF-like domain of HB-EGF in the interac-
tion with the EGF receptor on A431 cells, HB-
EGF(44-86) and its N-terminal truncated pep-
tides [HB-EGF(45-86) and HB-EGF(46-86)] were
synthesized by a solid phase method [16]. The
C-terminal Leu®® residue truncated peptides [HB-
EGF(44-85), HB-EGF(45-85) and HB-EGF(46-85)]
were prepared by the enzymatic digestion of HB-
EGF(44-86), HB-EGF(45-86) and HB-EGF(44-86)
with carboxypeptidase A, respectively. The S-S pair-
ing of the oxidized form of HB-EGF(44-86), HB-
EGF(45-86) and HB-EGF(44-86) was determined
by thermolytic digestion. The binding affinity to the
EGF receptor on A431 cells of the synthetic peptides
was investigated.
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MATERIALS AND METHODS

Chemicals

Fmoc-amino acids and reagents were obtained from
commercial sources.

Cell Lines

Human epidermoid carcinoma A431 cell lines were
obtained from Riken Cell Bank (Tsukuba, Japan).
The cells were routinely grown in DMEM (Dulbecco
modified Eagles medium) with 10% heat inactivated
fetal calf serum (FCS), 50 unit/ml penicillin G and
100 mg/ml streptomycin sulfate.

Peptide Synthesis

Peptides were synthesized by a solid phase
method [16] using HMP-resin as a starting mate-
rial. The Fmoc-group was removed with 20%
piperidine in NMP. The functional side chains of
amino acids were protected by the tBu group for
Asp, Glu, Ser, and Tyr; Trt for Cys, His, Asn
and GIn; Boc for Lys; Mtr for Arg. Fmoc-Leu-OH
was loaded onto the HMP-resin using DCC/DMAP
[Fmoc-Leu-OH: DCC:DMAP =1.5:1.2:0.1 equiv].
Fmoc-amino acids in each step were coupled with
either Bop/HOBt or HBTU/HOBt in NMP. Cou-
pling completion was checked by means of Kaiser’s
ninhydrin test. Incomplete coupling reactions were
either re-coupled until the negative result in the
Kaiser’s ninhydrin test was obtained or capped with
benzoic anhydride in DMF: DCM (1:3, vol/vol).
After completion of the peptide chain elongation,
the protected-peptide resin (100 mg) was treated
with TFA-based deprotecting reagent (Reagent K)
(TFA: 8.25 ml, thioanisole: 0.5 ml, phenol: 750 mg,
EDT: 0.25 ml, H,O: 0.5 ml) for 3 h at room tem-
perature. After removing volatile materials under
a vacuum, the crude products were washed with
cold ethyl ether to eliminate trace amounts of scav-
engers, and then extracted with 30 ml of CH3CN
containing 0.1% B-mercaptoethanol. The extracts
were eluted with H,O and lyophilized to give the

human-EGF:

NSDSECLSHDG-YCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR

human-TGF-a: VVSHFNDCDSHTQ-FCFH-GTCRFLVQEDKPACVCHSGYVGARCEHADLLA

44
HB-EGF

86

----- DPCLRKYKDFCIH-GECKYVKELRAPSCICHPGYHGERCHGLSL

Figure 1 Amino acid sequences of human-EGF, human-TGF-o and HB-EGF(44-86).
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reduced (non-disulfude bridged) crude peptide. In
order to form the three disulfide bridges of the pep-
tides, the reduced peptides were oxidized in 0.1 m
Tris-HCI buffer (pH 8.2) containing 0.1 mm EDTA,
30 mm oxidized glutathione and 15 mm reduced
glutathione overnight at room temperature. The
oxidation progress of the reduced peptides was
checked by the elution profile of analytical reversed-
phase HPLC (Beckman, Ultrasphere C;g, 5 um,
4.5 x 250 mm). The amino composition of the oxi-
dized (disulfide bridged) peptides was determined by
amino acid analysis after 6 N HCIl hydrolysis con-
taining 2% phenol at 110°C for 22 h. The molecular
weight of the oxidized peptides was determined by a
fast atom bombardment mass spectrometer (FAB-
MS) JEOL, JMS-HX 110 double-focusing mass
spectrometer).

Thermolytic Digestion of the Oxidized Form
of HB-EGF(44-86), HB-EGF(45-86)
and HB-EGF(46-86)

The oxidized form (500 ug) of HB-EGF(44-86), HB-
EGF(45-86) and HB-EGF(46-86) was dissolved in
0.5ml of 0.1 m pyridine-acetic acid buffer (pH
6.5), respectively. Themolysin (50 ug, Boehringer
Mannheim) was added, and then the solution
was maintained for 24 h at 45°C. The digestion
mixtures were fractionated by analytical reversed-
phase HPLC (Beckman, Ultrasphere C;g, 5 um, 4.5 x
250 mm). The fragments containing Cys residues
were determined by amino acid analysis. The amino
acid sequence of the fragments containing Cys
residues was determined by amino acid sequencing.

Carboxypeptidase A Digestion of the Oxidized
Form of HB-EGF(44-86), HB-EGF(45-86)
and HB-EGF(46-86)

The oxidized form (300 ug) of HB-EGF(44-86), HB-
EGF(45-86) and HB-EGF(46-86) was dissolved in
0.5 ml of 100 mm sodium phosphate buffer (pH 6.5),
respectively. Carboxypeptidase A (50 nug, Boehringer
Mannheim) was added, and then the solution was
maintained for 24 h at 35°C. The digestion mixtures
were fractionated by analytical reversed-phase HPLC
(Beckman, Ultrasphere C;g, 5 um, 4.5 x 250 mm).

Radioreceptor Competition Assay

A431 cells were plated on 24-well plates at a
density of 5.0 x 10* cells/well and incubated at
37°C in a 5% CO, atmosphere for 2 days, at

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

which time the cells were about 80% confluent.
The medium was decanted and replaced with 500 pl
of serum-free DMEM medium containing 1 mg/ml
bovine serum albumin (BSA), and incubated for
2 h, and then cooled by incubation for 1h in
ice-cooled Hanks balanced salt solution (HBSS).
Binding media (0.5 ml of bicarbonate-free DMEM
supplemented with 40 mmM HEPES, pH 7.2, and
1 mg/ml BSA) containing ['2°]] human-EGF (20 pwm)
and the peptides were added to each well. The plates
were incubated for 3 h at 4°C. The medium was
aspirated and the monolayers were washed three
times with 0.5 ml of HBSS. The cells were lysed with
0.5 ml of 0.4 m NaOH. The lysate was transferred
to the vials and !?°1 levels were counted in an
automatic well Gamma system (Aloka, ARC-1000M).
Nonspecific binding was determined in triplicate
wells containing 160 nm unlabelled human-EGF and
normally represented less than 60 cpm. This value
was subtracted from the total binding to obtain
specific cell-bound ['?°]]-human EGF.

RESULTS AND DISCUSSION

The EGF-like domain of HB-EGF contains six Cys,
three Tyr, three Arg and four His residues sus-
ceptible in the side reactions which occur during
TFA deprotection. Thus, in order to minimize the
undesirable side reaction during the deprotection
step, the protected peptide-resin was treated with
Reagent K [17, 18] known as an effective depro-
tection reagent in the synthesis of complex pep-
tides. After reducing with S-mercaptoethanol, the
crude reduced (non-disulfide linked) peptides were
revealed as a main peak in analytical reversed-
phase HPLC (data not shown). The six Cys residues
of the reduced peptides of HB-EGF(44-86), HB-
EGF(45-86) and HB-EGF(46-86) were oxidatively
refolded by air oxidation in a highly diluted aque-
ous buffer in the presence of reduced and oxidized
glutathione to form three intermolecular disulfide
linkages. The amino acid composition and molecu-
lar weight of the oxidized form of HB-EGF(44-86),
HB-EGF(45-86) and HB-EGF(46-86), determined
by amino acid analysis and FAB-MS, were in good
agreement with the theoretical values, respectively
(Tables 1 and 2).

The disulfide pairing of 1-3, 2-4 and 5-6 in
the EGF family peptides including human-EGF and
human-TGF-« has been characterized. The correct
disulfide pairing in human-EGF and human-TGF-«
was reported to be essential for binding with the EGF

J. Peptide Sci. 9: 244-250 (2003)



Table 1 Amino Acid Composition of the Oxidized Form of the Peptides

EGF-LIKE DOMAIN OF HB-EGF

Amino acids HB-EGF(44-86) HB-EGF(45-86) HB-EGF(46-86) HB-EGF(44-85) HB-EGF(45-85) HB-EGF(46-85)
Asp, Asn 1.9 (2) 1.0 (1) 0.8 (1) 2.0 (2) 1.1 (1) 1.1 (1)
Ser 1.9 (2) 1.8 (2) 1.8 (2) 1.8 (2) 2.3 (2) 1.7 (2)
Glu, GIn 3.3 (3) 3.4 (3 3.2 (3) 3.0 (3) 3.4 (3) 3.2 (3)
Pro 3.1(3) 2.7 (3) 1.9 (2) 2.7 (3) 3.2 (3) 2.2 (2)
Gly 4.4 (4) 4.3 (4) 3.9 4) 4.1 (4) 4.2 (4) 3.7 (4)
Ala 1.1 (1) 1.2 (1) 1.0 (1) 0.9 (1) 1.1 (1) 1.0 (1)
Val 1.0 (1) 1.0 (1) 1.1 (1) 0.9 (1) 1.1 (1) 1.0 (1)
Ile 1.8 (2) 1.8 (2) 1.7 (2) 1.7 (2) 1.7 (2) 1.6 (2)
Leu 4.0 (4) 4.0 (4) 4.0 (4 3.0 (3) 3.0 (3 3.0 (3)
Tyr 2.9 (3) 2.7 (3) 3.1(3) 2.9 (3) 2.8 (3) 2.9 (3)
Phe 1.1 (1) 0.9(1) 1.0 (1) 1.1 (1) 0.9 (1) 1.1 (1)
His 4.4 (4) 3.7 (4) 4.0 (4) 3.9 (4) 3.7 (4) 3.84)
Lys 3.6 4) 3.6 (4) 3.74) 3.9 (4) 4.1 4) 3.84)
Arg 3.1(3) 2.7 (3) 2.9 (3) 2.9 (3) 3.0 (3) 2.8 (3)
Table 2 Molecular Weights of the Synthetic 12 13

Peptides Determined by FAB-MS

Peptide Calculated value Observed value
HB-EGF(44-86) 4858.8 4958.7
HB-EGF(45-86) 4843.7 4842.7
HB-EGF(46-86) 4746.6 4745.7
HB-EGF(44-85) 4845.6 4846.2
HB-EGF(45-85) 4730.6 4829.7
HB-EGF(46-85) 4632.7 4633.4

receptor and mitogenic activity. For this reason, to
determine the three disulfide pairings in the oxidized
form of HB-EGF(44-86), HB-EGF(45-86) and HB-
EGF(46-86), the peptides were digested with ther-
molysin. The digested fragments were fractionated
by analytical reversed-phase HPLC (Figure 2). Peaks
containing Cys residues were analysed by amino
acid sequencing. Similar to our previous study
[15], peak 1 contained two sequences, Ile”!-Cys-His-
Pro-Gly”® and Cys®!'-Arg-Glu-Gly-His-Tyr®. Peak 3
consisted of two sequences, Phe®3-Cys® and Leu®®-
Arg-Ala-Pro-Ser-Cys’® (data not shown). Peaks 2, 2
and 2" involved the two sequences paired by Cys*®
and Cys® (Table 3). The results indicated the oxi-
dized form of HB-EGF(44-86), HB-EGF(45-86) and
HB-EGF(46-86) has the three disulfide linkages
between Cys*6-Cys® (first Cys-third Cys), Cys®*-
Cys’ (second Cys-fourth Cys) and Cys”?-Cys®!
(fiftth Cys-sixth Cys), respectively. Thus, the pattern
of three disulfide linkages in these peptides was

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 2 Fractionation of thermolytic digested frag-
ments of HB-EGF(44-86) (A), HB-EGF(45-86) (B) and
HB-EGF(46-86) (C) by analytical reversed-phase HPLC
using Beckman ODS (4.6 x 250 min) with linear gradient of
0-80% CH3CN/H20/0.1% TFA over 35 min at a flow rate
of 1 ml/min. UV absorption was monitored at 214 nm.

J. Peptide Sci. 9: 244-250 (2003)
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Table 3 Sequence Analysis of Peak 2, 2’ and 2” after Thermolytic

HB-EGF(45-86) and HB-EGF(46-86)

Digestion of HB-EGF(44-86),

Cycle no. Peak 22 Peak 2 Peak 2"
Sequence Sequence Sequence Sequence Sequence Sequence
I (pmol) 1I (pmol) I (pmol) II (pmol) I (pmol) II (pmol)

1 Ile 42.5 Arg 19.4 Ile 164.67 Pro 164.67 Ile 224.57 Cys ND
2 His 3.6 Pro 23.0 His 143.99 Cys ND His 118.57
3 Gly 14.0 Cys ND Gly 244.17 Gly 150.80
4 Glu 13.1 Glu 260.80 Glu 108.26
5 Cys ND Cys ND Cys ND
6 Lys 14.6 Lys 120.80 Lys 98.83
7 Tyr 11.0 Tyr 63.26 Tyr 58.59
ND: not determined.
a2 Data were taken from reference [15].

Peak 2 Peak 2 Peak 2"
Asp**-Pro-Cys*6 Pro*%-Cys*6 Cys*6

| |
I1e%3-His-Gly-Glu-Cys®9-Lys-Tyre;

consistent with that of human-EGF and human-
TGF-a. The elimination of the C-terminal Leu®¢
residue from HB-EGF(44-86), HB-EGF(45-86) and
HB-EGF(46-86) was performed by carboxypeptidase
A digestion. The resulting peptides, HB-EGF(44-85),
HB-EGF(45-85) and HB-EGF(46-85) were con-
firmed by amino acid analysis and FAB-MS (Tables 1
and 2).

Specific binding of each peptide was assessed
with respect to its ability to complete with 12°1-
labelled wild-type human-EGF bound to the EGF
receptors in membrane fractions of A431 cells. The
competition curves, presented in Figure 3, permit
the estimation of ICso values which indicate the
concentration of competing species required for
inhibition of binding by 50%. The ratio of wild-
type human-EGF and HB-EGF peptide ICso values
was used as an index of the relative affinity of
the EGF receptor for each peptide (Table 4). HB-
EGF(44-86) showed a similar high binding affinity to
the EGF receptor as human-EGF. The truncation of
C-terminal Leu®® residue from HB-EGF(44-86), HB-
EGF(45-86) and HB-EGF(46-86) caused a drastic
reduction in the binding affinity to the EGF receptor
(Figure 3 and Table 4). These results suggest that
the EGF-like domain of HB-EGF plays an important
role in the binding to the EGF receptor and
its C-terminal Leu®® residue is necessary for the
binding to the EGF receptor.

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

Ile-His-Gly-Glu-Cys®?-Lys-Tyr

|
Ile-His-Gly-Glu-Cys®?-Lys-Tyr

It has been reported that deletion or substitution
of the Leu?” residue (EGF numbering system)
corresponding to this position in the human- or
mouse-EGF induced a drastic loss in binding with
the EGF receptor on A431 cells and mitogenic
activity in mouse 3T3 fibroblast cells [19-23]. Also,
the synthetic amphiregulin (44-84) corresponding
to the EGF-like domain of amphiregulin showed
no affinity for the EGF receptor and no mitogenic
activity [24]. This is thought to be due to deletion of
the highly conserved Leu residue at this position of
the EGF-like domain of amphiregulin. However, the
EGF-like domain of B-cellulin conserved with the
Leu residue at this position displayed equipotent
activity in mitogenesis in NIH-3T3 fibroblast cells,
when compared with human-EGF (data not shown).
Therefore, these results suggest that the Leu residue
located at the fifth position from the C-terminal Cys
residue (sixth Cys) of the EGF family growth factors
is essential for the EGF receptor binding on A431
cells and mitogenic activity in fibroblast cells.

In addition, the N-terminal truncated peptides,
HB-EGF(45-86) and HB-EGF(46-86), displayed 5-
and 10-times less binding affinity to the EGF recep-
tor than HB-EGF, respectively. This fact suggests
that the two N-terminal residues (Asp**-Pro*®) of
the EGF-like domain of HB-EGF play a critical
role in showing optimal binding affinity to the
EGF receptor.

J. Peptide Sci. 9: 244-250 (2003)
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Figure 3 Inhibition of binding of 12°I-human-EGF to A431 cells by human-EGF, HB-EGF(44-86) and its truncated peptides.
Human-EGF (@), HB-EGF(44-86) (0), HB-EGF(45-86) (¥), HB-EGF(46-86) (V), HB-EGF(44-85) (l), HB-EGF(45-85) (0)

and HB-EGF(46-85) (#).

Table 4 Binding Affinities of h-EGF, HB-
EGF(44-86) and Truncated Peptides

Peptide IC50 (nm)? Relative binding
affinity (%)P

Human-EGF 2 100
HB-EGF(44-86) 1 200
HB-EGF(45-86) 5 40
HB-EGF(46-86) 9 22.2
HB-EGF(44-85) 35 5.7
HB-EGF(45-85) 83 2.4
HB-EGF(46-85) 234 0.9

2 Data are representative of average values from at least
two dependent determinations.

b Relative binding affinity = ICs¢9 [human-EGF] /
ICsp (peptide) x 100 %.

In conclusion, the EGF-like domain of HB-
EGF plays an important role in the binding
to the EGF-receptor and its C-terminal Leu®®
residue is necessary for the binding with the
EGF receptor. In addition, the two N-terminal
residues of the EGF-like domain of HB-EGF are
necessary for its optimal binding affinity to the EGF-

receptor.

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

REFERENCES

. Higashiyama S, Abraham JA, Miller J, Fiddles JC,

Klagsburn M. A heparin-binding growth factor secreted
by macrophage-like cells that is related to EGF. Science
1991; 251: 936-939.

. Carpenter G, Cohen S. Epidermal growth factor. J.

Biol. Chem. 1990; 265: 7709-7712.

. Derynck R, Roberts AB, Winkler ME, Chen EY, Goed-

del DV. Human transforming growth factor-alpha: pre-
cursor structure and expression in E. coli. Cell 1984;
38: 287-297.

. Plowman GD, Green JM, McDonald VL, Neubauer MG,

Disteche CM, Todaro GJ, Shoyab M. The amphiregulin
gene encodes a novel epidermal growth factor-related
protein with tumor-inhibitory activity. Mol. Cell. Biol.
1990; 10: 1969-1981.

. Stroobant P, Rice AP, Gullick WJ, Cheng DJ, Kerr IM,

Waterfield MD. Purification and characterization of
vaccinia virus growth factor. Cell 1985; 42: 383-393.

. Shing Y, Christofori G, Hanahan D, Ono Y, Sasada K,

Igarashi K, Folkman J. Betacellulin: a mitogen from
pancreatic beta cell tumors. Science 1993; 259:
1604-1607.

. Toyoda H, Komurasaki T, Uchida D, Takayama,

Isobe T, Okuyama T, Hanada K. Epiregulin. A novel
epidermal growth factor with mitogenic activity for
rat primary hepatocytes. J. Biol. Chem. 1995; 270:
7495-7500.

J. Peptide Sci. 9: 244-250 (2003)



250

8.

10.

11.

12.

13.

14.

15.

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

SHIN ET AL.

Raab G, Klagsbrun M. Heparin-binding EGF-like
growth factor. Biochim. Biophys. Acta 1997; 1333:
179-199.

. Elenius K, Paul S, Allison G, SundJ, Klagsbrun M.

Activation of HER4 by heparin-binding EGF-like
growth factor stimulates chemotaxis but not prolif-
eration. EMBO J. 1997; 16: 1268-1278.

Goishi K, Higashiyama S, Klagsbrun M, Nakano N,
Umata T, Ishikawa M, Mekada E, Taniguchi N. Phor-
bol ester induces the rapid processing of cell surface
heparin-binding EGF-like growth factor: conversion
from juxtacrine to paracrine growth factor activity.
Mol. Biol. Cell 1995; 6: 967-980.

Izumi Y, Hirata M, Hasuwa H, Iwamoto R, Umata T,
Miyado K, TamaiY, Kurisaki T, Sehara-Fujisawa A,
Ohno S, Mekada E. A metalloprotease-disintegrin,
MDC9/meltrin-gamma/ADAM9 and PKCdelta are
involved in TPA-induced ectodomain shedding of
membrane-anchored heparin-binding EGF-like growth
factor. EMBO J. 1998; 17: 7260-7272.

Higashiyama S, Abraham JA, Klagsbrun M. Heparin-
binding EGF-like growth factor stimulation of smooth
muscle cell migration: dependence on interactions
with cell surface heparan sulfate. J. Cell Biol. 1993;
122: 933-940.

Thompson SA, Higashiyama S, Wood K, Pollitt NS,
Damm D, McEnroe G, Garrick B, Ashton N, Lau K,
Hancock N, Klagsbrun M, Abraham JA. Characteriza-
tion of sequences within heparin-binding EGF-like
growth factor that mediate interaction with heparin.
J. Biol. Chem. 1994; 269: 2541-2549.

Shishido Y, Sharma KD, Higashiyama S, Klags-
brun M, Mekada E. Heparin-like molecules on
the cell surface potentiate binding of diphtheria
toxin to the diphtheria toxin receptor/membrane-
anchored heparin-binding epidermal growth factor-
like growth factor. J. Biol. Chem. 1995; 270:
29578-29585.

Shin SY, Takenouchi T, Yokoyama T, Ohtaki T,
Munekata E. Chemical synthesis and biological

16.

17.

18.

19.

20.

21.

22.

23.

24.

activity of the EGF-like domain of heparin-binding
epidermal growth factor-like growth factor (HB-EGF).
Int. J. Pept. Protein Res. 1994; 44: 485-490.

Tam JP, Merrifield RB. Solid phase synthesis of gastrin
I. Comparison of methods utilizing strong acid for
deprotection and cleavage. Int. J. Pept. Protein Res.
1985; 26: 262-273.

King DS, Fields CG, Fields GB. A cleavage method
which minimizes side reactions following Fmoc solid
phase peptide synthesis. Int. J. Pept. Protein Res. 1990;
36: 255-266.

Choi H, Aldrich JV. Comparison of methods for the
Fmoc solid-phase synthesis and cleavage of a peptide
containing both tryptophan and arginine. Int. J. Pept.
Protein Res. 1993; 42: 58-63.

Ray P, Moy FJ, Montelione GT, LiuJF, Narang SA,
Scheraga HA, Wu R. Structure-function studies of
murine epidermal growth factor: expression and site-
directed mutagenesis of epidermal growth factor gene.
Biochemistry 1988; 27: 7289-7295.

Dudgeon TJ, Cooke RM, Baron M, Campbell ID,
Edwards RM, Fallon A. Structure-function analysis
of epidermal growth factor: site directed mutagenesis
and nuclear magnetic resonance. FEBS Lett. 1990;
261: 392-396.

Shin SY, Watanabe M, Kako K, Ohtaki T, Munekata E.
Structure-activity relationships of human epidermal
growth factor (h-EGF) Life Sci. 1994; 55: 131-139.
Groenen LC, Nice EC, Burgess AW. Structure-function
relationships for the EGF/TGF-« family of mitogens.
Growth Factors 1994; 11: 235-257.

van Zoelen EJ, Lenferink AE, Kramer RH, van de
Poll ML. Rational design for the development of
epidermal growth factor receptor antagonists. Pathol.
Res. Pract. 1996; 192: 761-767.

Takenouchi T, Kadosaka M, Shin SY, Munekata E.
Biological actions of the epidermal growth factors-
like domain peptides of mouse schwannoma-derived
growth factor and human amphiregulin. J. Pept. Res.
1999; 53: 120-125.

J. Peptide Sci. 9: 244-250 (2003)



