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Abstract Prothoracicotropic hormone (PTTH) is a brain neu-
rosecretory protein that controls insect development. PTTH of
the silkmoth Bombyx mori is a homodimeric protein, the subunit
of which consists of 109 amino acids. Clear-cut sequence similar-
ity to any other proteins has not been observed. By disulfide-bond
pattern analysis and modeling of the PTTH structure based on
the known three-dimensional (3D) structures of growth factor
family with cystine-knot motif, we propose that the PTTH
protomer adopts the fold unique to the structural superfamily of
the growth factors, B-nerve growth factor (8-NGF), transform-
ing growth factor-B2 (TGF-82), and platelet-derived growth fac-
tor-BB (PDGF-BB). The insect neurohormone PTTH appears to
be a member of the growth factor superfamily, sharing a common
ancestral gene with the three vertebrate growth factors, 8-NGF,
TGF-B2 and PDGF-BB.

Key words: Cystine-knot; Growth factor; Insect
neurochormone; Protein superfamily; Prothoracicotropic
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1. Introduction

Prothoracicotropic hormone (PTTH), a brain neurosecre-
tory protein of insects, activates the prothoracic glands to syn-
thesize and release ecdysone, the steroid essential to growth,
moulting, and metamorphosis [1]. PTTH thus plays a central
role in the endocrine network for insect development control.
Amino acid sequence of the PTTH of the silkmoth Bombyx
mori has been determined [2,3]: it is a 30 kDa homodimeric
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protein, the subunit of which consists of 109 amino acid resi-
dues containing seven cysteines. No strong sequence similarity
to any other proteins has been detected by database homology
search [3]. However, from determining locations of disulfide
bonds of an Escherichia coli recombinant PTTH [4] (Fig. 1A),
we were impressed with a striking similarity of the sequential
arrangement of three intra-chain disulfide bonds in the Bombyx
PTTH to that in S-nerve growth factor (§-NGF), transforming
growth factor-f2 (TGF-§52) and platelet-derived growth factor-
BB (PDGF-BB) (Fig. 1B-D). This fact has led us to investigate
the evolutionary relatedness of the Bombyx PTTH to these
growth factors, based on the comparison of the predicted 3D
structure of PTTH with the known structures of the growth
factors.

From the known 3D structures of 8-NGF [5], TGF-82 [6,7],
and PDGF-BB [8], it has been argued that the protomers of
these growth factors have the core structures very similar to one
another [9-13]. The structure common to these growth factors
has been characterized by two S-sheets, each containing a pair
of antiparallel f-strands, and three intra-chain disulfide bonds
that link the S-strands, forming a ‘cystine-knot” motif. Despite
the lack of significant sequence identity except for the conserva-
tion of cysteines, the 3D structural similarity in the three
growth factors has led to the notion that they have been derived
from a common ancestral protein [11-13]. Recent X-ray crys-
tallographic studies have revealed that a heterodimeric
glycoprotein hormone, human chorionic gonadotropin (hCG)
belongs to the superfamily of these cystine-knot growth factors
[14,15].

In this paper, we propose that the protomer of PTTH, the
insect brain secretory peptide, has the core structure similar to
those of the vertebrate growth factors (§-NGF, TGF-42, and
PDGF-BB), based on the analysis of its unique intra-chain
disulfide bonding pattern and a modeled 3D structure. This
result implies that the insect hormone molecule regulating de-
velopment, PTTH, shares a common evolutionary origin with
the three vertebrate growth factors.

2. Materials and methods

2.1. Data for the structures of f-NGF, TGF-p2, and PDGF-BB

The conformations of the protomers of 3-NGF [5], TGF-52 [6-7,16~
17), and PDGF-BB [8] are shown schematically in Fig. 2A-C. They
have been constructed from the data of the respective original papers,
the X-ray coordinates of TGF-82 (Brookhaven Protein Databank,
entry PITGI [6]), and the hydrogen-bonding pattern in the structure of
PDGF-BB [13].
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2.2. Molecular modeling of the PTTH protomer

The conformation of the core structure of the PTTH protomer was
modeled by replacing the side-chains of the TGF-$2 crystal structure
(Brookhaven Protein Databank, entry PITGI [6]) with the PTTH side-
chains based on the sequence alignment in Fig. 3C. We examined
whether the common fold of §-NGF, TGF-$2, and PDGF-BB could
be realized in PTTH without any atomic collision. The modeling was
done in the following procedures by using the program BIOGRAF
(version 3.0, Molecular Simulations Inc., Waltham, MA, 1992) [18].

First, segments 1-14, 23-36, 49-76 and 93-94 were removed from the
TGF-42 crystal structure, and the atomic coordinates of the TGF-52
common fold were left untouched. Second, Asp-82 and Lys-107 were
deleted from the common fold, and the irregular geometry caused by
the deletion was reformed by an energy minimization relaxing two
residues on both the N- and C-terminal sides of the two deletion points
each. Third, the side-chains were replaced by those of PTTH and the
conformational energy was minimized to remove atomic overlaps.
Fourth, based on the results of secondary structure prediction (data not
shown), we assumed the main-chain structure of the segment connect-
ing A1 to B2 as an extended antiparallel f-sheet by elongation of the first
sheet of the common fold and built it manually with insertion of an
octa-glycine. The main-chain structure of the segment between the §3
and f4 strands was modeled in a similar way. A tetra-glycine was
inserted before and after Cys 48 manually. The N-terminal 12 residues
and C-terminal 9 residues were not modeled but four and one residues
before and after the ends of the common fold (residues 17-99 in PTTH),
respectively, were manually modeled. After modeling the main-chain
structures of these segments, the inserted glycines were replaced by the
PTTH side-chains. Fifth, the whole structure was subjected to a molec-
ular dynamics simulation for one picosecond at 400 K with a set of
distance constraints on the hydrogen bonds of the B-sheets, followed
by an energy minimization without the distance constraints. The mini-
mization was terminated when the root-mean-square force was less
than 0.1 kcal-mol™™A™" and no atomic collision was observed. The
root-mean-square deviation of the Ca positions in the common fold of
PTTH from those of the TGF-82 crystal structure was 1.9 A.

Atomic coordinates of the modeled core structure of PTTH protomer
will be submitted to the Brookhaven Protein Databank.

3. Results and discussion

Six cysteines of the recombinant PTTH protomer form three
intra-chain disulfide bonds between positions 17 and 54, 40 and
96, and 48 and 98, while the seventh one at position 15 partic-
ipates in an inter-chain disulfide bond to form a dimeric mole-
cule [4] (Fig. 1A). The sequential arrangement of the three
intra-chain disulfide bonds in PTTH is obviously very similar
to that in f-NGF [19], TGF-$2 [6,7] and PDGF-BB [8,20-21]
(Fig. 1B-D). The basic pattern of disulfide bond arrangement
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common to the four proteins is schematically shown in Fig. 1E,
Besides the same sequential order of Cl to C6 (half-cystine
symbols; see Fig. 1E), the following three aspects shared by the
four proteins are worth emphasizing. First, C5 and C6 are
separated strictly by one residue. Second, C2 and C3 are local-
ized relatively close to each other, being separated by 3-9 resi-
dues. Third, the distances between C1 and C2 and between C4
and C5 are large.

Fig. 2A-C depict schematically the structures of the S-NGF,
TGF-f2 and PDGF-BB protomers, which were constructed by
referring to the 3D structural studies of these growth factors
[5-8,13,16-17]. We define a common fold of these growth factor
protomers as diagrammed in Fig. 2D, which highlights the
B-strands, disulfide bonds, and hydrogen bonds that contribute
to the formation of this fold. All half-cystines except for C3 are
located at the exactly equivalent positions in the three proteins,
providing them with the structural basis for the formation of
the common fold. The 4 strand has a large twist. At the three
places indicated by arrowheads, we observe irregularities in the
B-sheet due to the insertion of one or two amino acid residues,
but they do not disturb the hydrogen bonds outside these irreg-
ular sites [13,17].

The protomers of these growth factors lack a typical hydro-
phobic core because of their elongated nonglobular folds
[6.9,16-17]. However, hydrophobic residues make at least two
clusterings common to the growth factor protomers (Fig. 2A-
C). The first clustering is formed by the six half-cystines (red)
and the hydrophobic residues around them (pink). Both of the
P-sheets in the common fold are twisted and the hydrophobic
side-chains located at face-to-face positions between the two
B-sheets form a core of the second common hydrophobic clus-
tering (yellow). In TGF-82, for example, the core consists of
the side-chains of Phe-24, Tyr-39, Leu-86, I1e-88, Leu-101, Met-
104 and Ile-105. The hydrophobic side-chains at the equivalent
positions in J-NGF and PDGF-BB form similar cores. The
second cores in f-NGF and TGF-$2 have also been noted by
McDonald et al. [5] and Daopin et al. [16], respectively. The
core of the second common hydrophobic clustering is not bur-
ied so completely as in typical hydrophobic cores. This core
seems to play an important role in stabilization of the common
fold of the protomers, as well as the three disulfide bonds in the
first cluster whose contribution to the stabilization is self-evi-
dent. The third hydrophobic cluster (green) is observed in the

N
Fig. 1. Sequential arrangement of disulfide bonds. (A-D) Schematic representation of the primary structures of PTTH {4], -NGF [19], TGF-52[6,7]
and PDGF-BB [8,20-21] highlighting disulfide bonds. Note a sequential pattern of three intra-chain disulfide bonds (red, purple, and green) which
is common to the four proteins. TGF-42 has an additional intra-chain disulfide bond (sky). The inter-chain disulfide bonds (brown) are shown. The
position numbers of the half-cystines are indicated. The subunit lengths of the four proteins are similar, ranging from 109 to 118, as shown by the
position number of the C-terminus. The associated subunits in the dimeric forms are shown with their orientation indicated by arrow. The broken
line for PTTH represents the associated subunit with hypothetical orientation. (E) Schematic representation of the basic pattern in the sequential
arrangement of the half-cystines forming the three intra-chain disulfide bonds, common to the four proteins. C1 to C6 represent half-cystine symbols,
being numbered in the order from the N- to C-terminus.

Fig. 3. 3D structures of the modeled PTTH and crystallized TGF-$2, and the sequence alignment of the PTTH and the three growth factors. (A)
The main-chain structure in tube model and the hydrophobic clusters of the modeled PTTH protomer. (B) Same as (A), for the TGF-f2 protomer,
based on the X-ray coordinates [6). The side-chain atoms involved in the hydrophobic clusters in the common fold are shown in a space filling model
in different colors according to the clusters they belong to. Coloring is same as in Fig. 2E and B. (C) The amino acid sequences of PTTH, S-NGF,
TGF-42, and PDGF-BB that form the common folds are aligned according to the topological equivalence represented in Fig. 2. The six conserved
cysteines are highlighted in red. When three or all of the aligned amino acid residues of the four proteins belong to the same group with respect to
the hydrophobic (Val, Ile, Leu, Phe, Tyr, Cys, Met and Trp), hydrophilic (His, Asp, Glu, Asn, GIn, Arg and Lys) and small ambivalent (Gly, Ala,
Pro, Ser and Thr) groups [22], they are highlighted in yellow (hydrophobic), blue (hydrophilic) or green (small ambivalent). Arrows indicate the
B-strands of the common fold. Murray-Rust et al. [13] reported a sequence alignment of S-NGF, TGF-82, and PDGF-BB, based on a structural
alignment. Their result and the present one agree completely in the region of the common fold, except for the position of a gap in the f3-strand.
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common fold of TGF-52, but the corresponding cluster is am-
biguous in f-NGF and PDGF-BB.

Since the strictly conserved topology of the three disulfide
bonds in the three growth factors is obviously a prerequisite to
the formation of their common fold, and since the sequential
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distribution of the three intra-chain disulfide bonds of PTTH
resembles definitely that of the three growth factors, we tried
to model the PTTH protomer structure assuming that the
PTTH protomer adopts the same fold as the growth factor
common fold. We considered that a putative PTTH fold may

C

PDGF-BB
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have irregularities in the three sites of the §3 and $4 strands
where irregularities are observed for the three growth factors
(Fig. 2D, arrowheads). Each irregularity may be caused by
insertion of one or two residues, as observed in the three growth
factors. Thus, eight variants, with respect to the irregularity
pattern, of the putative PTTH fold are possible, depending on
being either regular or irregular at each of the three sites. In
four variants out of the eight, hydrophobic residues were ac-
commodated to face-to-face positions between the two f-sheets
so as to form a core similar to that of the second hydrophobic
clustering in the growth factor common fold. One of the four
variants is shown in Fig. 2E. Clearly, the putative PTTH fold
is very similar to the growth factor common fold.

We have carried out molecular modeling of the common fold
in PTTH using the crystal structure of TGF-52 [6] as a tem-
plate. The residues of PTTH have been accommodated in the
common fold without any serious atomic collision. Three hy-
drophobic clusters are formed in the model-built structure (Fig.
3A). In spite of the fact that the total number of the hydropho-
bic residues of PTTH is smaller than that of TGF-52, a similar
distribution of the hydrophobic residues is clearly observed in
the 3D structure model (Fig. 3A and B). The core of the second
cluster is realized between the two S-sheets in the model-built
structure of PTTH. This self-consistent result of the molecular
modeling supports further the existence of the common fold in
PTTH.

The amino acid sequences of PTTH, §-NGF, TGF-52 and
PDGF-BB are aligned by matching the topologically equivalent
residues in their common folds (Fig. 3C). Twenty kinds of
amino acids have been classified into hydrophobic, hydrophilic
and small ambivalent groups [22]. Assuming that the occur-
rence of each group at a site of a protein is random, the prob-
ability of the appearance of the same group at the same site of
at least three out of the four proteins would be one-third. At
most sites of f1, f2 and B3 strands, the amino acid residues
which belong to the same group are observed, in at least three
out of the four proteins. The amino acid sequences of the
common fold are thus evidently conserved in the four proteins.

The occurrence of the common fold in PTTH is supported
further by the following facts. First, we have predicted by
secondary structure prediction [23,24] that PTTH consists
mainly of S-strands (data not shown). Second, Ishibashi et al.
measured the CD spectrum of PTTH and found that the mol-
ecule was f-rich (about 80%) (unpublished data).

We searched the Brookhaven protein data bank [25], in
which information for 3D structure is available, for proteins
having three disulfide bonds with the aforementioned sequen-
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tial arrangement common to §-NGF, TGF-§2, PDGF-BB, and
PTTH. Complement C5A, trypsin inhibitor II, wheat germ
agglutinin, scorpion neurotoxin, and ribonuclease A were
found to have three intra-chain disulfide bonds with a similar
half-cystine arrangement in the order of Cl to C6 as dia-
grammed in Fig. 1E. However, none of these proteins shows
the features characteristic of the three growth factors and
PTTH, i.e. one-residue separation between C5 and C6, a rela-
tively short distance between C2 and C3, and wide separations
between C1 and C2 and between C4 and CS. Their 3D struc-
tures are also distinct from the core structure common to the
three growth factors and PTTH, suggesting that the character-
istic disulfide arrangement and the core structure specific to the
growth factor superfamily are most probably linked. We fur-
ther searched the amino acid sequence data bank, SWISS-
PROT, for proteins having all the features of the specific disul-
fide arrangement pattern. No proteins other than the members
which belong to the NGF, TGF, and PDGF families have been
found to possess these characteristics. These results strongly
support that the growth factor structural superfamily is a dis-
tinct, well-defined superfamily. The relative spacing pattern of
seven cysteine residues on amino acid sequences of glial cell
line-derived neurotrophic factor [26], Norrie disease protein
[27] and C-terminal domains of mucin and von Willeband fac-
tor [28] is similar to that of the seven half-cystines (including
those of cystine-knot and the inter-chain disulfide bond) of
TGF-4. These protein and domains were proposed to be mem-
bers of the cystine-knot superfamily [26-28], although the loca-
tions of their disulfide bonds were not known.

PTTH assumes a dimeric form like f-NGF, TGF-52, and
PDGF-BB. The mode of the dimer formation is quite different
among the three growth factors, in contrast with the resem-
blance of having the common fold in their monomeric struc-
tures [10,12-13]. The X-ray crystallographic studies of the hCG
heterodimer, the fourth member of the cystine-knot growth
factor superfamily, have shown that its subunits are associated
in a still different mode [14,15]. PTTH has one inter-chain
disulfide bond between the 15th Cys residues, which are located
near an end of the elongated, modeled PTTH protomer (Fig.
3A). If we hypothesize the anti-parallel association of two
PTTH protomers as in TGF-82 and PDGF-BB (Fig. 1C and
D), the interface area between the PTTH protomers would be
too small to assure the conformational stability. Rather, a par-
allel association of PTTH protomers seems likely (Fig. 1A).

The receptor binding sites of f-NGF [29,30] and PDGF-BB
[31] have been located in the peripheral, conformationally var-
iable regions outside the common fold that we defined, though

—

Fig. 2. Schematic representation of the structures of the three growth factors and a putative fold of PTTH. (A-C) The structures of protomers of
B-NGF, TGF-$ and PDGF-BB. Arrows and cylinders represent S-strands and a-helices, respectively. Thick and dotted lines represent disulfide bonds
and hydrogen bonds, respectively. The amino acid residues contributing to the common fold of the three growth factors are indicated by one-letter
codes. The hydrophobic residues that form three distinct clusters are colored green, yellow, or pink, depending on the clusters they form. The pink
residues form a hydrophobic cluster together with the half-cystines (red). Position numbers of some residues are indicated. The peripheral regions
that adopt variable conformations are shown in grey. (D) Schematic drawing of the fold common to the protomers of the three growth factors. The
common fold consists of two S-sheets, each containing a pair of antiparallel S-strands (81/82 and B3/84). The B3/#4 sheet is sharply twisted in the
same place of all proteins. The strands are linked by three interlocking disulfide bonds. The disulfide bond C1-C4 passes through a ring formed by
C2-CS5, C3-C6 and the intervening residues. Arrowheads point to the three places where irregularities occur in the f-sheet, due to the insertion of
one or two amino acid residues. Broken lines represent the peripheral regions that form variable conformations. The half-cystine symbols, C1-C6,
are as in Fig. 1E. (E) Putative core structure of the PTTH protomer that we propose, based on the assumption that PTTH adopts the same fold
as in the three growth factors. The A1 strand has been assumed to extend up to Leu-26, to favor the stabilization of the core of the yellow hydrophobic
cluster by forming the Leu-26-Arg-33 hydrogen bonds.
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in some cases the binding site protruded into the core region.
Based on our conclusion that PTTH adopts the same fold as
the three growth factors, it seems highly probable that the
receptor binding sites of PTTH reside also in the region periph-
eral to the common fold. Thus, our putative molecular model-
ing of PTTH may provide a structural basis for future study on
the biological function of this hormone.

The conclusion that PTTH and the three growth factors
adopt the same fold to form a structural superfamily implies
that these proteins share a common ancestral molecule. Bom-
byxin, another brain secretory peptide of Bombyx that is capa-
ble of activating the prothoracic glands of the heterologous
moth Samia cynthia ricini, has previously been shown to belong
to the insulin family, and accordingly to be homologous with
insulin-like growth factors {32,33]. This conclusion was based
on the data of the amino acid sequence [34,35], disulfide bond-
ing pattern {36], 3D structure modeling [37], and gene structure
[32,38]. The present result showing that PTTH shares an ances-
tral molecule with the vertebrate growth factors and hCG adds
to the evidence for the common origin of some hormones and
growth factors, irrespective of divergence of vertebrates and
invertebrates.
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