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Abstract We have modeled betacellulin (BTC) to gain
insight into the structural elements that can explain its
properties. The epidermal growth factor (EGF) signal
transduction pathway, a significant mediator of several
cell functions, is based on four closely related tyrosine
kinase receptors. The ErbB receptors are transmembrane
glycoproteins and signal transduction is initiated by
ligand binding that induces receptor homo- or heterodi-
merization to form a complex containing two molecules
of ligand and two molecules of receptor. The EGF family
of ligands can be divided into three groups based on
their ability to bind and activate distinct ErbB receptor
homo- and heterodimers. Each member of the group
formed by BTC, heparin binding EGF (HB-EGF) and
epiregulin (EP) can interact with both the EGF receptor
(EGFR) and heregulin receptors (ErbB-3 and ErbB-4),
and are hence called “bispecific” ligands. BTC and EP
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also present the distinctive feature that they activate all
possible heterodimeric ErbB receptors. BTC has been
modeled with the program MODELLER, using human
EGF, human transforming growth factor alpha (hTGFa),
human HB-EGF and human heregulin one alpha (hHHRG-
1la) as templates. The structure of the model as well as
that of the templates were optimized and a simulation of
100 ps was run for al. The main structural properties of
the model and the templates were compared and in con-
clusion the hBTC conformation was closely similar to
that of hTGFa. Electronic supplementary material to this
paper can be obtained by using the Springer LINK server
located at http://dx.doi.org/10.1007/s00894-002-0072-2.

Keywords Betacellulin - Epidermal growth factors -
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Abbreviations PDB Protein Data Bank - RMSD Root
mean sguare deviation - H-bonds Hydrogen bonds -
MD Molecular dynamics - hEGF Human epidermal
growth factor - hHB-EGF Human heparin binding
epidermal growth factor - hTGFa Human transforming
growth factor alpha - hHRG-1a Human heregulin one
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AR Amphiregulin - EGFR Epidermal growth factor
receptor - ErbB-[1,2,3,4], HER[ 1,2,3,4] Tyrosine kinase
receptors related to the epidermal growth factor signal
transduction pathway

Introduction

The epidermal growth factor (EGF) signal transduction
pathway, a significant mediator of several cell functions,
is based on four closely related tyrosine kinase receptors:
ErbB-1 (also known as EGFR), ErbB-2 (or HER2/neu)
for which no ligand has been described so far, ErbB-3
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Fig. 1 Amino acid sequence alignment for hBTC and the tem-
plates used to build the model. The sequences were aligned manu-
aly using the six cysteines (in black background) as anchor points.
[25] The amino acid type is background coloured as follows: yel-
low for apolar residues (Ala, Gly, lle, Leu, Pro, Val and Met), green
for polar residues (Asn, GIn, Ser and Thr), red for acid residues
(Asp and Glu), blue for basic residues (Arg, His and Lys) and pink
for aromatic residues (Phe, Trp and Tyr). In boxes |, I, and |5 there
are the equivalent C, positions used for the RMSD calculation.
Two different numberings are indicated in the alignment: in the top
of the adignment the numbering indicates the hEGF sequence,
whilst the numbering of the hTGFa sequence is shown in the bot-
tom. In the text, the sequence numberings of hHB-EGF and hBTC
are referred to that of hTGF-a, while the sequence numbering of
hHRG-1a isreferred to that of hEGF, according to Jones et al. [40]

(or HER3) which is characterized by an impaired kinase
function, and ErbB-4 (or HER4). [1, 2, 3, 4, 5, 6] The
ErbB receptors are transmembrane glycoproteins and
signal transduction is initiated by ligand binding to the
surface that induces receptor homo- or heterodimerizat-
ion. [7] This dimerization activates the receptor intrinsic
tyrosine kinase activity, leading to receptor transphos-
phorylation that induces the recruitment of intermediary
effectors. [8] The multiplicity of EGF-like ligands, their
receptors and their downstream substrates constitutes the
basis for an interactive signalling network that is appar-
ently aimed at increasing signal diversification.

The EGF family of ligands can be divided in three
groups based on their ability to bind and activate distinct
ErbB receptor homo- and heterodimers. The first group,
EGF, TGFa and AR, interact with EGFR. The second,
constituted by heregulins (HRGs), bind ErbB-3 and
ErbB-4. The third group, formed by BTC, HB-EGF and
EP, can interact with both EGFR and ErbB-4, and they
are called “hispecific” ligands. This family of growth
factors is characterized by six-cysteines forming a three-
disulphide or cysteine-knot scaffold, so-called T-knot,
[9, 10] shared by several mammalian growth factors,
w-toxins and protease inhibitors. [11] This spatial
arrangement is the minimum structural motif required
for full activity of all members of the EGF family.

Betacellulin (BTC) was first described from a mouse
insulinoma cell line and a human breast adenocarcinoma
cell line. [12, 13, 14] It is expressed in various tissues
and body fluids, particularly in the pancreas. [15, 16]
This expression implies that betacellulin seems to regu-
late the proliferation of pancreatic and breast cells. The
BTC protein is synthesized as a 178-amino acid residue
precursor, [13] and the released form is a 32-kDa glyco-
protein including 80 amino acid residues, [15] athough
the 50-residue active EGF-like domain excludes the first

30 N-terminal amino acid residues. [17] The growth fac-
tors BTC and EP aso have the distinctive feature that
they activate all possible heterodimeric ErbB receptors.
[3] These specia characteristics of BTC can help to un-
derstand the structural elements involved in receptor
specificity.

Up to date, four tertiary structures of the EGF family of
ligands have been solved: hEGF, hTGFa, hHRG-1a and
hHB-EGF. [18, 19, 20, 21] All show a similar spatial ar-
rangement despite primary sequence diversity. Binding of
the EGF-like domain to an ErbB receptor favors dimer-
ization of the receptor to form a complex containing two
molecules of ligand and two molecules of receptor. [6]
Ligand bivalency has been inferred from biophysical, [7]
structure—function [22] and immunological approaches.
[23] In the case of hHRG-1[3, using a recombinant chime-
rical ligand, [24, 25] it has been demonstrated that major
determinants required for high-affinity binding to the pri-
mary ErbB receptor (ErbB-3 or ErbB-4) are contained
within the N-terminus, whilst the C-terminus recruits the
second ErbB partner. The second partner is preferentially
ErbB-2, which has aso been shown to increase the affin-
ity of ligand binding to all ErbB receptor heterodimers.
[26] According to this bivalency model, the various
known ligands are not redundant, because each EGF-like
domain selectsits own set of preferred ErbB dimers.

Clearly, the structure differences between the mem-
bers of the EGF-like family are implied in its functional
behavior. Nevertheless for comparison with betacellulin,
a model of its structure should be made. Additionaly,
betacellulin has an EGF-like domain that contributes
to its biological role, [27] whilst 30 more residues at the
N-terminal side of the protein may play a different role
that is not the object of this study. The model of the
EGF-like domain of betacellulin is obtained from the
same members of the family, and the backbone chain is
assumed to be very similar for al. However, the side-
chain locations contribute to the protein function and dif-
ferentiate it. Consequently, a model of the betacellulin
EGF-like domain, hereafter indicated as hBTC model,
and its comparison with the remaining members of
known structure, can help in discussing the biological
relevance and their biochemical roles. [27]

Methods

Figure 1 shows a multiple alignment of hBTC [25]
with the sequences of hHRG-1a, hEGF, hTGFa and
hHB-EGF, whose 3D structures are known. In this



figure the numbering of the residues of these proteinsis
defined in order to standardize it in the text. The pro-
gram MODELLER [28] was used to model build 10 con-
formations of hBTC. The 3D structures of hHRG-1a,
hEGF, hTGFa and hHB-EGF were used to extract the
inner distances used for the modeling of hBTC according
to the alignment shown in Fig. 1. All the structures on
the alignment aside from hEGF were obtained from the
Brookhaven Protein data Bank (PDB). [29] The 3D con-
formation of hEGF was taken from the Campbell et al.
web site (http://nmra.ocms.ox.ac.uk). The average struc-
ture of the set of 10 structures of hBTC was optimized
by 5000 steps of steepest descent with the program
GROMOS87 and by simulated annealing from 104 K to
5K in 3 ps using a time step of 0.002 ps. The standard
GROMOS with D4 parameters for the potential energy
function was used for the optimization. [30] A twin-
range method was used on the calculation of the non-
bonding potential energies. The cut-off for the potential
energy was 8 A, without use of a switching function,
whilst for the long-range interactions the cut-off was
13 A. Bond lengths and angles were constrained by
SHAKE [31] along the last 4500 steps and unconstrained
in the initial 500 steps in order to accommodate the aver-
aged structure. The energy of the optimized structure
was —3.11x103 kJ mol-1, where —2.22x103 kJ mol-1 are
for the electrostatic energy and —1.61x103 kJ mol-1 for
the Lennard-Jones interactions. The optimized structure
was taken as the initial model of the 3D structure of
hBTC. The initia structures of each template were ob-
tained by optimizing the structures taken from the PDB.
The initial structures are referenced by the time 0 in
parenthesis.

The set formed by the template structures (hHRG-
la, hEGF, hTGFa and hHB-EGF), plus the initial
model of hBTC, was used to seed a molecular dynamics
(MD) simulation for each structure. The MD simulation
was run at 300 K, with a time step of 0.002 ps, using
SHAKE [31] and a twin-range calculation of the non-
bonding energies with cut-offs of 8 A and 13 A for
long-range interactions. The structures were first em-
bedded in a water box of water molecules (hHHRG-1a
with 6420 water molecules, hEGF with 4522 water mol-
ecules, hTGFa with 4129 water molecules, hHB-EGF
with 2906 water molecules, and the initial model of
hBTC with 5009 water molecules). An optimization of
each structure within the water box was run with 1000
steps of steepest descent, under similar conditions to
those used for the simulation, with SHAKE and a twin-
range cut-off for non-bonding energy. After optimiza-
tion, a 100-ps simulation was run for each system, and
the structures of each template plus that of hBTC model
were extracted from the last simulation step without
water molecules. The initial structures of each opti-
mized template and the initial model of hBTC, plus the
structures extracted in the last step of each simulation,
were used for the analysis and comparison study. The
structures here extracted are taken indicated by the time
100 in parenthesis.
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Table1 Functional residues. Amino acid residues playing an im-
portant role in the binding of hEGF, hTGFa and hHRG-18 with
their corresponding ErbB receptor. Amino acids of hHRG-1f3 can
be involved in the binding with ErbB-4 (in bold), ErbB-3 (in ital-
ics) or in both

hEGFa hTGF-ab hHRG-1¢ hHB-EGFd hBTCd
Ser-1 Gly-3
His-2 His-4
Leu-3 Phe-5
Val-4 Ser-6
Glu-8 Arg-10 Lys-10
His-10 His-12 Glu-10 Tyr-12 Tyr-12
Tyr-13 Phe-15 Phe-13 Phe-15 Tyr-15
Leu-15  Phe-17 Val-15 lle-17 lle-17
His-16 Asn-16 His-18 Lys-18
Ile-23 Val-23 Val-24 Val-24
Leu-26 Leu-27 Glu-27
Tyr-37 Tyr-38 Phe-40 Tyr-38 Tyr-38
Val-39 His-39 Ile-39
Glu-40 Ala-43 Glu-41 Ala-41
Arg-41 Arg-42 Arg-44 Arg-42 Arg-42
GIn-43 Glu-44 Glu-46 His-44 Glu-44
His-45 Gly-45 Arg-45
Leu-47 Leu-48 Met-50 Leu-48
Leu-49 Ala-51 Phe-49

aFrom Hommel et al., 1992; [18] Campion and Niyogi, 1994; [37]
and Groenen et a., 1994 [22]

bFrom Mclnnes and Sykes, 1997; [38] and Mclnnes et al., 2000
[39]

¢From Barcacci et al., 1995; [24] Jones et al., 1998 [40]; and
Ballinger et al., 1998 [41]

d Corresponding position in h(HB-EGF and hBTC

The analyses of the model were done with the pro-
gram XAM. [32] The structures of hHRG-1la, [33]
hEGF, [18] hTGFa [34] and hHB-EGF [21] were super-
imposed to the modeled structure of hBTC using the
main-chain of the residues indicated within boxes |4, 1,
and I3 in Fig. 1. The superimposition was repeated analo-
gously for the last step of the simulation. The superim-
posed structures were compared visually with the pro-
gram TURBO-FRODO. [35] The comparison was done
for the structures at the initial step (templates plus initial
hBTC model) and for the resulting structures after
100 ps of MD simulation. The main residues involved in
the interaction with their specific receptors are indicated
in Table 1. The position of these residues in 3D space
was carefully compared for each structure and for the
model of hBTC after 100 ps of simulation. Similar posi-
tions were identified for each specific residue, and the
conservation of the physico-chemical character of its
side-chain was accordingly examined. The nomenclature
used in the text indicates the residue by its single letter
code, the residue number in the sequence, and the code
of the protein (hHRG-1a, hEGF, hTGFa, hHB-EGF,
hBTC). The hydrogen bonding net of hBTC after 100 ps
of simulation was calculated with XAM default values
(distance of 2.9 A between donor and acceptor, and
(1450, 2150) ranges for the angle). The accessible sur-
face per residue was calculated as the amount of the
Connolly’s surface per atom. [36] A probe water of
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Fig. 2 Cross-superpositions
presented by the trace of C,
atoms for the initial templates
and the initial model of hBTC
(a) and after 100 ps of MD C
simulation (b and c). b The
comparison between the tem-
plates and the model at 100 ps.
¢ The comparison by crossing
the models at initial and last
steps of the simulation. The
RMSD valueis added at the
frame bottom of each superpo-
sition. C- and N-terminal orien-
tations are from left to right.
Figures were produced using
the program TURBO-FRODO.
[35] The colour codeis: orange
for hEGF (3D structure ob-
tained from the web, see text),
[18] yellow for hTGFa (PDB
accession code 1yug), [34] red
for hHB-EGF (PDB accession
code 1xdt), [21] green for
hHRG-1a (PDB accession
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1.4 A for all the atoms of the residue was used in the cal-
culation. The accessible surface was used to compare the
structuresin the initial step plus the result after 100 ps of
simulation. All calculations were carried out on an Indi-
go Power2 (Silicon Graphics) with an R8000 processor.

Results and discussion
Study of the structure of the model
Root mean sguare calculations

The global root mean square deviation (RMSD) of the
main-chain atoms has been calculated for all the pairs of

EGF-like domains, including the modeled structure of
hBTC (see methods). Superpositions are shown in Fig. 2.
In Fig. 2a is shown the comparison of the initial struc-
tures of the templates indicated by “(0)”, in Fig. 2b is
shown a similar result for the last step of the simulation
indicated by “(100)”, whilst Fig. 2c shows the cross-
comparison between the initial and the final structures.
The initial model of hBTC shows a small RMSD with
respect to the initial structure of hTGFa (1.28 A) and
with respect to hHB-EGF (1.53 A). With respect to the
initial structure of hEGF the RMSD value is larger than
these (2.22 A), and aso with respect to hHRG-1a
(3.11 A). It seems reasonable that hBTC is more similar
to hTGFa and hHB-EGF than to the hEGF or hHRG-1a.
Proteins hBTC and hHB-EGF are both able to bind both
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Fig. 2 (continued)
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EGFR and HRG receptors (ErbB-3 and ErbB-4), and
when looking at the scaffold their structures are similar.
However, not only the scaffold determines the function-
ality of a ligand protein, also the residue-accessibility
and its chemical properties are important for its interac-
tion. In the following paragraphs we present the results
of studying the energetic features involved in the struc-
ture (namely the hydrogen bonding net) and the disposal
of residues in the surface of betacellulin compared to
hEGF, hTGFa, hHB-EGF and hHRG-1a.

This is corroborated with the structures after 100 ps
of simulation, where still the RMSD between the hBTC
model and the hTGFa structure is about 1.56 A, whilst
the comparison between the initial hBTC model and the
last structure of hBTC after 100 ps is of about 1.60 A
and 2.32 A for a similar comparison with hTGFa.
The comparison between the cross-related structures,
hBTC(0) and hTGFa(100) with RMSD of about 1.52 A,
and hBTC(100) and hTGFa(0) with RMSD of about
251 A, shows on average the smaller RMSD values.
This also indicates that the structures have changed simi-
larly along the simulation. On the other hand, the origi-
nal small RMSD between hBTC and HB-EGF, increases
to about 3.66 A after 100 ps of simulation. This shows
that hBTC isfinaly different to HB-EGF.

H-bonds

The hydrogen bonding net of the modeled hBTC(100)
structure, and the structures of hTGFo(100), hEGF(100),
hHB-EGF(100) and hHRG-10(100) are shown in Table 2.
About 50% of the H-bonds present in hTGFa(100) are
also present in hBTC(100). This corroborates the similari-
ties found by the RMSD in these structures. However, few
of the H-bonds present in the structure of hHB-EGF(100)

are also present in the modeled structure, even though
its superimposition has a small RMSD value. The RMSD
is a measure of the similarity/difference between the
scaffold of two protein structures, and the scaffold of a
protein structure defines the intra-net of H-bonds. This
relation is maintained for hTGFo(100), hEGF(100) and
hHRG-1a(100) with respect to hBTC(100), but not for
hHB-EGF(100).

Occasionally one of the partners of the H-bond is dif-
ferent in hBTC(100) than for some of the other EGF-like
structures (see Table 2) although the position in the net
is similarly located. For example, the side-chain—
main-chain H-bond between hHB-EGF Y12 and hHB-
EGF_R10 has no equivalent H-bond in the hBTC(100)
structure. Instead, the peptide bond of hBTC Y12, in
equivalent position, forms an H-bond with the main
chain of hBTC_P9 (close to position 10 in the sequence).

It is noticeable that an H-bond at position hEGF_H16
in hEGF, a position that is important for the binding of
this molecule with the receptor, is still present at the
equivalent position hBTC_K18 in hBTC (see Table 2)
but not at the hTGFa_H18 position. This location is not
important for hTGFa, as seen from Table 1, and it marks
a similarity between hBTC and hEGF, over the general
and most common similarities found between hBTC and
hTGFa. In other words, hBTC is commonly similar to
hTGFa, being occasionally similar to hEGF in some
residues that play some biological role for hEGF.

Structural comparison in functional residues

Chemical character

The sequence identity between the templates and the
model is 48% with hTGFa, 41.5% with hHB-EGF, 36%
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Fig. 3 Backbone traces of hBTC(100) superimposed with
hTGFa(100), hEGF(100) or hHRG-1a(100). The colour code is
indicated in Fig. 2. Amino acids that are important for receptor-
binding of hTGFa, hEGF and hHRG-1a are indicated with the

with hEGF and 28% with hHRG-1a. Figure 1 shows that
there is only one remarkable change of amino acid type
in hBTC with respect to hTGFa in a position considered
to be important for the binding of hTGFa with its recep-
tor. This change implies a tyrosine residue (hBTC_Y 12)
instead of a histidine residue (hTGFa_H12) (see
Fig. 3@). In hEGF there is aso a histidine residue at this
position, which is important for the binding of this
molecule with its receptor. Therefore, the change of ami-
no acid type in hBTC at this position with respect
to hEGF is the same as with respect to hTGFa (the aro-
matic hBTC Y12 instead of the basic hEGF_H10) (see
Fig. 3b). For hHRG-1a the residue in this position is
also important for binding with its receptors, but the
residue character is acidic ((HRG-1a_E10) (see Fig. 3c).

Additionally, there are two more changes of amino acid
type in hBTC with respect to hEGF, in both cases between
apolar and acid residues (hBTC_E27 instead of hEGF_L 26
and hBTC_A41 instead of hEGF_E40). The model of
hBTC aso changes the polarity of two residues in the N-
terminal tail with respect to hHRG-1a (hBTC_G3 instead
of hHRG-10_S1 and hBTC_S6 instead of hHRG-1a_V4).

Phe 49

correspondences in the hBTC model (a, b, and c respectively).
d Residues with different chemical character located in similar
positions for both hTGFa and hBTC

It is remarkable that the N-termina tail of hHRG-1a has
been found to contain major determinants required for its
high affinity binding to ErbB-3 and ErbB-4. [24]

Because of the similar conformations found between
hTGFa and the model of hBTC, their differences and
similarities on the side-chain orientations of the residues
located in the surface have been more thoroughly com-
pared. The differences between the modeled structure of
hBTC and the template hTGFa could be involved in a
likely different biological behavior. Figure 3d shows
those side-chains where the chemical character is differ-
ent, as for example for the basic residue lysine 10
(hBTC_K10) in hBTC, for which the corresponding
residue in hTGFa is an acidic aspartate (hTGFa_D10).

Surface accessibility

The percentages of solvent accessible surface per residue
are shown in Fig. 4 for the comparison of the initial mod-
els of hBTC with hTGFa (Fig. 48), hHB-EGF (Fig. 4b),
hEGF (Fig. 4c) and hHRG-1a (Fig. 4d) and analogously
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Fig. 3 (continued)

in Fig. 5 for the structures after 100 ps of simulation. A
different shape of the curve around residues hTGFa_Q26
and hTGFa_K?29 is observed in hBTC. The residue
hTGFa_Q26 is more accessible to solvent than its equiva
lent residue in hBTC (hBTC_A26). This is due to the fact
that the side chain of an aanine residue is apolar and
shorter than the side-chain of a glutamine residue. This
difference disappears after 100 ps of simulation, the two
curves becoming similar in this region whilst diverging in
a common arginine 22. This is due to an internal H-bond
of hTGFa_R22 between the side-chain and its own car-
bonyl main-chain (see Table 2).

When comparing the middle region between hEGF
and hBTC, it is observed that the region with large
accessibility is wider in hEGF than in hBTC, and the
accessibility is also larger here. The interval of this
region is expanded around residues hEGF_E24 and
hEGF _Y 29. The reason is that there are polar residues at
the boundaries of this region in hEGF (hEGF_E24 and
hEGF_Y 29) whereas for hBTC these residues are apolar
(hBTC_V25 and hBTC_P30). Nevertheless, after 100 ps

137

e 20

d

of simulation the ranging interval becomes similar for
both whilst for hBTC(100) glutamine 28 becomes more
exposed than aspartate 27 of hEGF(100). It is noticeable
that the accessibility of hEGF D17 (with no equivalent
C, position in hBTC) is similar to that of hBTC_R20.
Also, after 100 ps of simulation, the difference becomes
smother, although a 50% accessibility of hBTC_R20 still
remains. This couple of charged residues, athough not
aligned, could be equivalent for both proteins in terms of
surface. The region mentioned above belongs to a range
of three-residue insertions in hHHRG-1a with respect to
hBTC. It is remarkable that the hBTC solvent accessibil-
ity is shifted two positions downstream with respect to
hHRG-1a. This way, the equivalent position for (HRG-
la_K24 would be hBTC_E27 in the surface of hBTC,
for hHRG-1a_D25 it would be hBTC_Q28, and for
hHRG-1a_ P29 it would be hBTC _T29. A similar result
is found after 100 ps of simulation (see Fig. 5a-d),
although differences have again become smoother.

In general, for most simulations the differences found
on the initial structure of hBTC compared with each
template, become smoother after 100 ps of simulation, it
being difficult to differentiate between them. However,
when analyzing the curve of the surface accessibility of
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Table 2 Hydrogen bonds. Observed hydrogen bondsin hBTC(100)  (top rows) or to the side-chain (bottom rows). Structurally equiva-
and in templates hTGFa(100), hEGF(100), hHB-EGF(100) and lent hydrogen bonds in different structures are all in the samerow in
hHRG-10(100). They are classified according to the origin of the this table. Residues implicated in binding are in bold (see aso
atoms involved in the hydrogen bond, belonging to the main-chain  Table 1)

hBTC hTGF-a hHB-EGF hEGF hHRG-1a

- - 6 AsnH 23PheO - - - - - -

— — - - - - - - 5LysH 22 Met O
- — - - - - - - 6 CysH 20CysO
12TyrH 9Pro O - - 10 HisH 7ProO - -

- - - 12TyrH 10Arg O - - - -
- - - - 13Tyr H 10HisO - -
13LysH 10LysO - - — - — — — —
- - - - - - 14 CysH 11LysO
171leH 42 Arg O 17 Phe H 42 ArgO - - 15LeuH 41 ArgO 15Vva H 44 Arg O
- - - - - - - - 16 AsnH 45CysO
- - - - 19GlyH 331leO - - - -
- - - - - - 18Gly H 16 HisO - -
20 ArgH 33Vva O 20 ThrH 33Vva O - - 19va H 32Asn O 19GIluH 35LysO
22 ArgH 31SerO 22 ArgH 31Ala0O - - 21 MetH 30Ala0O 21 PheH 33LeuO
- - - 22 LysH 33lleN - - - -

23 PheH 7ArgO 23 PheH 7AspO - - - - 22 Met H 5LysN
- - 24LeuH 29LysO - - 231leH 28LysO 23Vval H 31ArgO
25Va H 4HisO - - -

27GluH 24 Vel O - -
- - - - 27 AspH 231leO - -
- - 29 LysH 24LeuO - - 28LysH 2311eO 31ArgH 23Val O
29 LysH 27GluO - - - - - -
30AlaH 21 Met O 33LeuH 21 PheO

31SerH 22 Arg O - - — -

33va H 20ArgO 33va H 20 Thr O 33lleH 20GluO 32AsnH 19va O 35LysH 19GluO
35AspH 18LysO 35HisH 18 HisO 35HisH 18 HisO - - - -

- - - - - - 34Vva H 37Tyr O - -
38TyrH 35Ap O 38Tyr H 35HisO — - 37Tyr H 34Vd O 40 PheH 37GInO
38TyrH 36 GluO - - - - - - - -
391leH 45 Arg O 39Val H 45HisO 38lleH 44 Tyr O 41 ThrH 47 Glu O

39 HisH 44 HisO
- - - - 40Gly H 42 Arg O
43CysH 40Gly O - -

- - 42 CysH 6Gyo - -
- - 43CysH  15PheO - - - -
- - 44GluH  39val o - - - -

45 Arg H 391le0 44TyrH 381le0

47 AspH 37Gly0  47AspH 37Gly O 47 Ser H 37Gly O 46 AspH 36Gly O 49 Va H 39Gly O
- - - - - - 50 Trp H 4B6AHO - -
- - - - - - 51 GluH 47Leu0 - -
- - - - - - 52 Leu H 51GluN - -
- - - - - - 2SerH 5GIUOE, - -
- - 8 CysH L2TyroH - - - -

- - 10AspH  10AspOD;, - - - - _
11GInH 11GInOE, - - - _
- - - - 14AspH  14AspOD;, - -

_ _ _ - — - 13 Tyr HH 29 Tyr O

12ThrHG; 10Glu O

- - 13 PheH 12 Thr OG,
18LysHZ3 36GluO — - - - - - — —
- - - - - - 16 HisHD; 42CysO
- - 22ArgHH;, 22ArgO - -
- - 23TyrH 31 Ser OG — — - -
- - 28 AspH 28AspOD; - - - -
- - - - - - 42Gly H 41 Thr OG,

- - - 16 Asn HD,, 45CysO

42 ArgHH12 15Tyr O - - - - - -

- - - - 42 ArgHH;; 14AspO 41 ArgHE 12Gly O - -
- - 41 ArgHH,, 12GlyO - -

- - 44 HisHD; 42ArgO - -

- - 48LeuH 47AspOD; - -

49 PheH 47AspOD; - - - -

- - - - - - 49 TrpH 46 AspOD; - -
- - 54 GInHE,; 55AsnO

- - 58 LysH 54 GIn OE,

- - - - - - 2 Ser HG 5 Glu OE, - -

- - 4 Ser HG 24GluOE;, - -

- - 28 ArgHE 23 Tyr OH — — — —

- - 29LysHZ, 27GIuOE, - -

- - 42ArgHE  44GluOE; - - - - - -

- - - - - - 46 Thr HG; 47 Glu OE,

- - 46 Thr HG; 47 Glu OE,

- - - - - - 45ArgHH,;, 37TyrOH - -

50 Tyr HH 36GIluOE, - - - - - -
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the region ranging between hBTC_V24 and hBTC_S31
compared with the same region in hHB-EGF the similar
surfaces found between both at the initial step are con-
served at the end of the simulation. This indicates that
the surface is similar and besides it behaves similarly
for both. It is remarkable that these two proteins can
bind both EGFR and the HRG receptors (ErbB-3 and
ErbB-4); therefore the common surface could be in-
volved in the binding specificity and their interaction
with each corresponding receptor.

Conclusions

The initial model of betacellulin (hBTC) has several
structural features similar to hTGFa and hHB-EGF
Nevertheless, after 100 ps of simulation the two struc-
tures become very different, although the surface still
keeps some of its original shape in the region between
residues 24 and 31 of hBTC. In general, the scaffold and
the hydrogen bonding net are best maintained between
hBTC and hTGFa. The surface of hBTC is equivalent to
the surface of both molecules, athough the chemical
character of its residues is more conserved if compared
to that of hTGFa. However, hTGFa binds only EGFR,
whilst hHB-EGF (like hBTC) can bind both EGFR and
HRG receptors. This could also be explained by consid-
ering the different features found in the residues shown
in Fig. 3d if more experimental data were available.
Additional information could be extracted from binding
experiments that should be performed with these bifunc-
tional growth factors to determine the distinctive interac-
tion of these molecules with EGFR and with ErbB-3 or
ErbB-4.

There are few structural similarities between hBTC
and hHRG-1a, the only known EGF-like domain that
can bind to ErbB-3 and ErbB-4 but not to EGFR. The
N-terminal tail of HRGs has been found to be essential
to bind ErbB-3 or ErbB-4. [24] Barbacci et al. [24] con-
structed an EGF/HRG chimera in which the N-terminal
tail of EGF was replaced by the N-terminal tail of HRG,
and they found that this chimera (called “biregulin”) was
able to bind both ErbB-3 and ErbB-4 without avoiding
binding to EGFR. Looking at the structure of our model
of hBTC, its N-terminal tail is structurally more similar
to hTGFa's than to hHRG-1a’s. Perhaps a new chimera
of EGF with the N-terminal tail of hBTC (or hTGF-a)
would aso be able to bind heregulin receptors. The
N-terminal tail of EGF is probably designed in such a
way that avoids EGF binding to another ErbB receptor
but EGFR.

The surface differences found between the template
structures and the hBTC model have evolved after
100 ps of simulation until becoming more similar,
whilst the original similarities found between hBTC and
HB-EGF surfaces have remained. A thorough analysis of
the exposed residues indicates differences that could be
involved in the biological role of each structure, charac-
terizing the likely interaction with different receptors.
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The presence of the positive residue hBTC_R7, being ly-
sinein hHRG-1a (hHRG-1a_KD5), and a negative charge
for hEGF and hTGFa (hEGF_E5 and hTGFa_D7 re-
spectively) may help to avoid the interaction with any
ErbB receptor other than EGFR, both positive and nega-
tive residues being similarly exposed. Also the location
of hBTC_R42 may be important in the interaction with
the receptor, because the guanidine group seems to make
a direct chemical bond with ErbB receptors. [22] The
spatial orientation of this residue is probably determined
by the different H-bonds present at this position, as
shown in Table 2.

Finally, the simulation of the whole set of structures
has shown that the hBTC modeled structure is similar to
that of hTGFa, and also the final structures have compa-
rable changes after 100 ps of simulation. The hydrogen
bonding net has been reduced after 100 ps of simulation
(results not shown), but the main features involved on
residues that are functionally important on the role of
each structure have remained.

Supplementary material

Two coordinates of the hBTC model are given in PDB
format. These coordinates are taken from the seeding
step of the MD simulation, named as “hBTC(0).pdb”,
and at the final step after 100 ps of simulation, named as
“hBTC(100).pdb”. The coordinates in “hBTC(0).pdb”
were obtained from comparative modeling and further
energy optimization, as indicated in the text.
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