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Abstract

Over 100 sequences for cuticular proteins are now available, but there have been no formal analyses of how these sequence:
might contribute to the helicoidal architecture of cuticle or to the interaction of these proteins with chitin. A secondary structure
prediction scheme (Hamodrakas, S.J., 1988. A protein secondary structure prediction scheme for the IBM PC and compatibles.
CABIOS 4, 473-477) that combines six different algorithms predictiFigelix, B-strands and3-turn/loops/coil has been used to
predict the secondary structure of chorion proteins and experimental confirmation has established its utility (Hamodrakas, S.J., 1992.
Molecular architecture of helicoidal proteinaceous eggshells. In: Case, S.T. (Ed.), Results and Problems in Cell Differentiation,
Vol. 19, Berlin—Heidelberg, Springer Verlag, pp. 116-186 and references therein). We have used this same scheme with eight
cuticular protein sequences associated with hard cuticles and nineteen from soft cuticles. Secondary structure predictions were
restricted to a conserved 68 amino acid region that begins with a preponderance of hydrophilic residues and ends with a 33 amino
acid consensus region first identified by Rebers and Riddiford (Rebers, J.F., Riddiford, L.M., 1988. Structure and expression of a
Manduca sextdarval cuticle gene homologous rosophilacuticle genes. J. Mol. Biol. 203, 411-423). Both classes of sequences
showed a preponderance @pleated sheet, with four distinct strands in the proteins from ‘hard’ cuticles and three from ‘soft’. In
both cases, tyrosine and phenylalanine were found on one face within a sheet, an optimal location for interaction with chitin. We
propose that thig-sheet dictates formation of helicoidal cuticlé.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction of their formation and their geometrical, physical and
biological properties.

Several extracellular fibrous structures are known to  The close analogy between the helicoidal structures
have helicoidal architecture. Such structures include of (usually extracellular) biological materials and the
arthropod cuticle, vertebrate tendons, plant cell walls etc. structure of cholesteric liquid crystals suggests that sev-
The widespread occurrence of the helicoidal structure in eral organelles and extracellular products are self-
spherical shells, such as eggshells, spore walls, cystassembled according to a mechanism that is very similar
walls and others and its correlation with the mechanical to the process allowing materials to form liquid crystals.
strength it provides is intriguing. Apparently, helicoids should pass through a liquid crys-

Excellent reviews on the helicoidal architecture and talline phase before solidifying. Therefore, it is
its appearance in biological systems have been made bymportant to determine in such cases the molecular
Bouligand (1972, 1978a,b, 1978) and Neville (1975, mechanisms of self-assembly.

1981, 1986). These works describe, in a beautiful and Self-assembling systems are important in biology as
most comprehensive way, how helicoids are identified, they are economical in energy terms, requiring neither
how widespread they are, the basic molecular principlesenzymatic control nor the expenditure of energy-rich
bonds. They are particularly appropriate for building
extracellular skeletal structures outside the cells which

* Corresponding author. Tel:30 1 727 4545; fax+30 1 723 1634. make them (Bogligand, 197_83113; NeVi!le’ 1986). _
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nations: polysaccharide fibers in a polysaccharide matrix (Willis, 1999). None of these are identical in the consen-
(plant cell walls), polysaccharide fibers in a protein sus region. The R&R Consensus has also been identified
matrix (arthropod cuticle), protein fibers in a protein in cuticular proteins from an arachnid and a crustacean
matrix (insect and fish eggshells) to mention just a few (Norup et al., 1996; Kragh et al., 1997; Nousiainen et
examples. In all cases, principles of molecular recog- al., 1998), but these sequences are somewhat different
nition should govern the self-assembly mechanisms (Willis, 1999) and are not included in our analysis.
(Neville, 1986). Rebers and Riddiford (1988) suggested that the con-
The chorion (eggshell) of several Lepidoptera and sensus would turn out to be a region of structural impor-
fishes has been shown to be an example of a helicoidaltance. Subsequently, Andersen et al. (1995) suggested
composite of protein fibers in a protein matrix (Kafatos that the motif might be involved in protein/chitin interac-
et al., 1977; Mazur et al., 1982). A secondary structure tion. The modified R&R Consensus has been found in
prediction scheme (Hamodrakas, 1988) was used to estiproteins associated with both hard (rigid) and soft
mate the structure of proteins from different moth chor- (flexible) cuticles. Association is based on the isolation
ion protein families (Hamodrakas et al., 1982b). In all of the protein from that type of cuticle or the presence
cases, there was a central domain consisting @pe- of its mMRNA in the underlying epidermis. Nearest
ated sheet, predicted to form the basic structural unit in neighbor and parsimony analyses on the modified R &
all chorion protein families. Experimental studies on R Consensus region separated proteins from the two
intact chorions utilising laser-Raman and infrared spec- types of cuticle (Willis, 1999). We have not considered
troscopy as well as X-ray diffraction have confirmed the whether the protein is from endo- or exo-cuticle, another
preponderance oB-pleated sheet in silkmoth chorion distinction that may be important in structural/functional
proteins (Hamodrakas et al., 1982a; Hamodrakas et al.relations (Baernholdt and Andersen, 1998).
1983). Thus, a common molecular denominator, [the The region N-terminal to the R&R Consensus is
pleated sheet, apparently, dictates the self-assembly proenriched in hydrophilic amino acids (Lampe and Willis,
cess in helicoidal proteinaceous eggshells, biological 1994; Andersen et al., 1995). In total, a stretch of
analogues of cholesteric liquid crystals (for a review see approximately 68 amino acids appears to be conserved.
Hamodrakas, 1992). We will refer to this as the ‘extended R&R Consensus'.
Insect exo- and endo-cuticle also exhibit a helicoidal ~ Unlike the situation in chorion, where tHgpleated
architecture (Neville, 1975). In contrast to the situation sheet is found in a central, evolutionarily conserved,
with chorion, that has only protein-protein interactions, domain (although there are indications that it might
chitin filaments are embedded in the proteinaceousextend to more variable ‘arms’ of the proteins as well,
matrix of cuticle. Also, cysteine, a major contributor to Hamodrakas, 1992), the position of the extended R&R
chorion stabilization via disulfide bonds, is absent from Consensus is variable. It is found at the carboxyl ter-
almost all insect cuticular proteins. Like chorion, dozens minus of some cuticular proteins, in others it lies in the
of different proteins can be extracted from insect cuticle, center of the molecule.
but, there is no sequence similarity between chorion and In this report, we present data that suggest fpte-
cuticular proteins. To date, there has been no systematiated sheet is most probably, the underlying molecular
analysis of the secondary structure of these proteins, norconformation of a large part of this extended R&R Con-
any substantial suggestion as to how they interact with sensus, especially the part which contains the R&R Con-
chitin. sensus itself. We also propose that this conformation is
Sequences are now available for over 100 cuticular essential in defining cuticle’s helicoidal architecture, and
proteins from insects of five different orders. Several of most probably is involved in specific interactions of
the protein sequences in the databases are very similarthese proteins with the chitin filaments. Thus, perhaps,
Some of these relatives appear to represent allelic forms,a universal architectural plan for helicoidal extracellular
others have been shown to correspond to closely linkedstructures exists, based primarily on the packing interac-
genes. Excluding duplicates with over 90% identity, tions of B-pleated sheets.
there are about 80 unique sequences known.
Over half of the unique sequences bear a motif similar
to that first identified by Rebers and Riddiford (1988) in 2. Materials and methods
seven cuticular proteins: G-x(8)-G-x(6)-Y-x-A-x-E-x-G-
Y-x(7)-P-x(2)-P (where x represents any amino acid, and 2.1. Secondary structure prediction
the value in parentheses indicates the number of
residues). Additional sequences revealed minor differ- A secondary structure prediction scheme has been
ences and new conserved residues in this R&R Consendeveloped for the |IBM-PC and compatibles
sus. A modification of this consensus: G-x(7)-[DEN]-G- (Hamodrakas, 1988), containing computer programs,
X(6)-[FY]-x-A-[DGN]-x(2,3)-G-[FY]-x-[AP]-x(6) is making use of the protein secondary structure prediction
present in about 40 unique insect cuticular proteins algorithms of Nagano (1977a,b), Garnier et al. (1978),
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Burgess et al. (1974), Chou and Fasman (1974a,b), Lim
(1974a,b) and Dufton and Hider (1977). The results of
the individual prediction methods are combined as

described by Hamodrakas (1988) and Hamodrakas et al.

(1982b), to produce joint prediction histograms for a
protein, for three types of secondary structunehelix,

B-sheet ang3-turns. The scheme requires uniform input
for the prediction programs, produced by any word pro-

cessor, spreadsheet, editor or database program and pro-

duces uniform output on a printer, a graphics screen or
a file. The scheme is independent of any additional

software and runs under DOS 2.0 or later releases. It has
been tried successfully in a number of cases on fibrous

proteins producing results in good agreement with
experimental data, where individual prediction methods
usually fail to produce meaningful results (Hamodrakas
et al., 1982a; Hamodrakas and Kafatos, 1984; Hamod-
rakas, 1992).

2.2. Cuticular proteins

The 27 proteins chosen for inclusion in this analysis
are a subset of 36 unique insect cuticular proteins with
the extended R&R Consensus. They represent protein
from cuticles of different metamorphic stages and four

different orders. A nearest neighbor cladogram based on
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Drosophila melanogaster DMLCP1 (85223),
DMLCP3  (85225), DMACP65A (1857602),

DMLCP65a (1857600),
DMLCP65d (1857495),
DMLCP65f  (1857606),
DMCPGART (72265)
Drosophila miranda DMILCP1 (1707433)
Hyalophora cecropiaHCCP12 (1169129)
Locusta migratoria LMCP4 (461860)
Lucilia cupriniaz LCCP1 (2565392),
(2565394)
Manduca sextaMSCP14.6 (1666245), MSLCP14
(84824)

DMLCP65c (1857593),
DMLCP65e (1857604),
DMCP78  (477634),

LCCP12

3. Results
3.1. Sequence comparisons

The 67-68 amino acids of the extended R&R Consen-
sus region were aligned as described in the legend to

Jig. 1. One gap was inserted to preserve alignment of

the R&R Consensus. It is apparent that this entire region
from ‘hard’ cuticles is conserved. Ten residues N-ter-

the 32-33 amino acid R&R Consensus region separateomi”al to the consensus are invariant, most others rep-

the sequences into two groups corresponding to hard an
soft cuticles. It also revealed that several proteins were
very similar (Willis, 1999). For this analysis only one

among two close ‘relatives’ was included. Three proteins

Jesent conserved substitutions. Within the 32-33 amino

acids of the original consensus, there are 15 additional
identities (Fig. 1, top). Seven additional, non-allelic,
sequences can be assigned to the ‘hard’ group (Regier

that had an ambiguous placement on the cladogram ancgnd Willis, unpublished observations). These sequences,

belonged to unknown or intermediate cuticle types were
also excluded prior to analysis.

from Anopheles Bombyx Locustaand Tenebriq also
have the same 25 identities, bringing the number of

The sequences (extended R&R Consensus region) off€duences in this ‘hard” group to 15. The cuticular pro-
the following proteins were used. ENTREZ accession teins from ‘soft’ cuticle are more variable, with only 6

numbers, and hence access to the original reference arédentities all within the consensus itself. Conservative
given in parentheses after each name. Some of the

substitutions are abundant, however (Fig. 1, bottom).
cuticular protein names include a designation of L(larva) Cl€arny,

proteins from the ‘hard’ class are more con-
or A(adult) after the initials for genus or species. Other S€rved, both within the strict consensus and in its N-
proteins have no such designation but are known to peterminal extension. The residues that are invarient in the
specific for a single stage. Others, such as MSCP14.6 hard” class are frequently quite diverse in the "soft’

and HCCP12 have been associated with cuticles of all€l2ss. The sequence conservation we identified is

three metamorphic stages.

‘Hard insect cuticle:

Anopheles gambiaeAGCP1 (1245432), AGCP2b
(2961110)

Drosophila melanogasteleDG84 (477929)
Hyalophora cecropiaHCCP66 (1169133)

Locusta migratoria LMCP7 (1345862), LMCP8
(117622)

Tenebrio molitor TMCPA1A (1706191), TMCP20
(102879)

‘Soft insect cuticle’:

Bombyx mori BMLCP17 (2204069), BMLCP22
(2204071)

impressive, especially considering that proteins come
from four different orders including both hemimetabol-
ous and holometabolous insects. It is thus of great inter-
est to learn if the secondary structure of these proteins
is also conserved.

3.2. Secondary structure prediction

For each protein, individual predictions afhelix, -
pleated sheet an@-turns/coil/loops were made, accord-
ing to the methods of Nagano, Garnier et al., Burgess et
al., Chou and Fasman, Lina{helix andp-pleated sheet
only) and Dufton and Hider. Joint prediction histograms
were then constructed, since they are more dependable
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LMCP7
LMCP8
TMCP20
AGCP2b
EDG84
AGCP1 RE| AVLVLVRHLGALTGDSKSQoEsnnGDVVQGSYSQVDPDGT'RTVDYTADPHNGFNAVVRREPLEA
HCCP66 2 TGDKSQESRGD}]VQG@YSL }EID G TR TVD YENA[EIIAG F NAVV REZ PLY %4
TMCPAlA 85 PNﬁQ > Lipy(eds] S FNTe] ESRSGDVVQGSYSLVDPDGTRRTVIYTADPIIGFNAVVHREPLVA
consensus 1 B A T

| l |
DMLCP65d 41 YRFAVETSD[ERSHQEEEOLKDVGTDHEAIV
MSCP14.6 40 YSYSVETSNEIAFSEE LKNVG N!ANS

DMLCP65c 40 YNFALETSD[EKKHEEQ
LCCP12 37 F YSYATSD EAEAQ
DMLCP65e 33 1 AANAK]|
DMLCP65£ 32 SSAQAA
DMACP65A 37 SRTEE|
DMLCP65a 37 : KQEQH|
LMCP4 25 ¥ BTGNGIKADBTGTLKKGSK

BMLCP17 44 ] IYAQAE

HCCP12 40 : IQHQES
MSLCP14 36 ISGQAE KFEVFD
DMCPGART 37 anGxYRYAYBTSNGISASQBGLGGVAVQGGSSYTSchgvzsmNYVAD-E GY
DMCP78 30 NDATDABGNYQYAYBTSNGIQIQxAGNANGAnG vavlsp:ssn:snwy ADQEIGY
DMLCP3 PLGI2:43VE YIAADBENGY QP elG|
DMiLCP1 -

DMLCP1
LCCP1
BMLCP22
consensus . e e e s s ses see o Teeeeeosne

Fig. 1. Alignment of the extended R & R Consensus region (see Materials and methods) of several cuticular proteins. Top, Proteins from hard
(rigid) cuticles, and, bottom, from soft (flexible) cuticles. See Materials and methods for abbreviations and ENTREZ accession numbers. Numbers
to the left of each sequence are the residue number from the mature peptide of the first amino acid in the alignment; every tenth residue of marked
at the top of each set. Signal cleavage sites were obtained from Andersen et al. (1995) or deduced according to the method of von Heijne (1987).
Black-boxed residues are identical and gray-boxed residues represent conservative substitutions. Alignments were created with CLUSTAL W
(Thompson et al., 1994) and shading was done with BOXSHADE 3.33 (Unix version). The extended R & R Consensus is shown at the bottom
with (.) indicating conserved substitutions and (*) indicating identities; the strict R & R Consensus is underlined.

than individual prediction schemes (Hamodrakas, 1988; prediction algorithm, PHD, (Rost and Sander, 1993; Rost
Hamodrakas et al., 1982b and references therein; Hamo-and Sander, 1994; Rost, 1996) on all (eight and nineteen
drakas and Kafatos, 1984). An average secondary strucrespectively) cuticular proteins are also displayed below
ture prediction was made for the sequences of proteinsthe joint prediction histograms, for comparison. The
from hard (Fig. 2A) and soft (Fig. 2B) cuticles. To symbol E, represents predicted secondary structufe of
accomplish this, all of the joint prediction histograms for pleated sheet in this case, whereas gaps correspond to
each set were aligned and then the average value forandom coil orp-turns/loops. This algorithm claims to
each position was determined (rounded off to the nearestachieve prediction of protein secondary structure at bet-
integer). The alignment was based on Fig. 1 and only ter than 70% accuracy (Rost and Sander, 1993).
involved inserting a single gap to keep the R&R consen-  Our prediction package, clearly indicates that the
sus in register. The carboxy terminus of three of the pro- extended R&R domain of cuticular proteins has a con-
teins from ‘soft’ cuticles occurred one or two residues siderable proportion d3-pleated sheet structure and total
before the end of the extended consensus. A structureabsence ofi-helix (Figs. 2A and 2B). Ara-helix pre-
predicted by three or more methods (out of six, or out dicted near the end of the hydrophilic region, in the hard
of five in the case of-turns/loops) was considered prob- cuticle proteins (nominal positions 58-63 with sequence
able and is shaded in Fig. 2. Below the joint prediction NAVVRK in protein HCCP66), is not considered as
histograms, the sequencestdf cecropiacuticular pro- probable because there is a simultaneous and much
tein 66 (HCCP66) (Fig. 2A) antil. sextacuticular pro- stronger prediction for #-strand in the region contain-
tein 14.6 (MSCP14.6) (Fig. 2B) are shown for direct ing residues 58-62. We should note that the prediction
comparison, as are the conserved residues belonging talgorithm PHD predicts also g-strand in this region
the extended R&R Consensus. (Fig. 2A).

Corresponding parts of the predicted secondary struc- For the proteins derived from ‘hard’ insect cuticle, it
ture of each protein (by comparison with Fig. 1) and of is obvious from Fig. 2A that, in the region between nom-
the R&R Consensus can be identified by nominal residueinal positions 20 and 68, containing the R&R consensus,
position (68 nominal aligned positions in total). Thus, four B-strands are predicted alternating witB-
the R&R Consensus begins at nominal position 33 in turns/loops. The foup-strands are predicted at nominal
families of cuticular proteins from both ‘hard’ and positions 30-32, 34-38, 44-49, 57-62 (relevant amino
‘soft’ cuticles. acid sequence of these segments for protein HCCP66:

The results of prediction of another, rather popular, NVQ, QYSLL, QRTVDY and FNAVVR respectively).
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(A) "HARD" CUTICLE

HELIX PREDICTION

B-SHEET PREDICTION

Ty N S

B-TURN PREDICTION

HEE N 7 1 SN N

10 20 30 40 50 60 70 80
AVERAGE SEC. STRUCTURE
ASDFSSFSYGVADPSTGDFKSQIESRLGDNVQGQYSLLESDGTQRTVDYAAGS-EGFNAVVRKDPALI HCCP66
EEEEEEEE EEEEEEEEE EEEEEEEE EEEE PHD
G-------- G---=== Y-A-E--GY------- P--P R&R
(B) "SOFT" CUTICLE

HELIX PREDICTION

T T T T T T

B-SHEET PREDICTION

h — Hi'l[llh,iillll‘ —m

B-TURN PREDICTION

10 20 30 40 50 60 70 80
AVERAGE SEC. STRUCTURE
YSYSVETSNGIA LK YAYVGEDGVTYSVVYIAD-ENGFQPQGAHLEVAA MSCP14.6
EEEE EEEEEEEEEEE EEEEEEEE PHD
G G Y-A--E-GY P--P R&R

Fig. 2. Average secondary structure prediction plotsdfrelix, 3-pleated sheet anf-turns/loops for the hydrophilic domains of the cuticular
proteins from hard (top) and soft (bottom) cuticle of Fig. 1. Individual predictions were derived according to Nagano (1977a,b), Garnier et al.
(1978), Burgess et al. (1974), Chou and Fasman (1974a,b), Lim (1974a,b) and Dufton and Hider (1977) (see Materials and methods) for each
protein separately. Average joint prediction histograms for all cuticular proteins form hard and soft cuticle were constructed by averagieg the sco

for each residue from the individual predictions. The most probable structures predicted by three or more methods are shaded. The numbering
corresponds to the ‘consensus’ of Figs. 1. The sequences of the extended consétgispifora cecropiacuticular protein 66 (HCCP66) and

of Manduca sextauticular protein 14.6 (MSCP14.6) (see Fig. 1) are shown for direct comparison in parts (A) and (B), below the joint prediction
histograms. R & R positions a slightly modified Rebers and Riddiford (1988) consensus. Predicted secondary structure according to a popular
prediction algorithm, PHD, (Rost and Sander, 1993; Rost and Sander, 1994; Rost, 1996) on the eight cuticular proteins from hard cuticle (Figs.
1, top) and on the nineteen cuticular proteins from soft cuticle (Fig. 1, bottom) are also displayed below the joint prediction histogramslyespectiv

for comparison. The symbol E, represents predicted secondary struct(rpledted sheet in this case, whereas gaps correspond to random coil

or B-turns/loops. The plots are ‘hard’ copies, on a laser printer, of a monitor screen.
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The four turn/loop regions are predicted at 25-29, 32-36,

39-43, 52-56 (sequence for protein HCCP66: SRLGD,
QGQYS, ESDGT, GS-EG respectively).

In contrast, for the proteins derived from soft insect
cuticle, which constitutes a far larger family, Fig. 2B

shows that, in the region between nominal positions 20

and 68, containing the R&R consensus, th@estrands
are predicted alternating wirturns/loops. The thre@-

V.A. Iconomidou et al. / Insect Biochemistry and Molecular Biology 29 (1999) 285-292

show an alternation of aromatic or hydrophobic residues
with hydrophilic residues.
4. Discussion

Portions of eight cuticular protein sequences from
hard insect cuticle and nineteen from soft insect cuticle,

strands are predicted at nominal positions 29-32, 35-3gwere analyzed for secondary structure predictions, as
and 44-50 (relevant amino acid sequence of these segEXp|aIned in Materials and Methods. The 67-68 amino

ments for protein MSCP14.6: NSVR, YAYV, and
TYSVVYI respectively). The four turn/loop regions are

acids used come from the hydrophilic domain of cuticu-
lar proteins (Lampe and Willis, 1994; Andersen et al.,

predicted at 23-26, 33-34, 39-43, 52-62 (sequence for1995) and the associated R&R Consensus (Rebers and

protein  MSCP14.6: GSEN,
ENGFQPQGA respectively).

Apparently, the cuticular proteins from ‘soft’ cuticles
which lack the HXGFNAVV (residues 54-61) sequence
that characterizes most of the proteins from ‘rigid’ cut-
icles (Fig. 1A), lack also th@-strand that is predicted
to occur in this region.

Therefore, it appears that this region, which contains

GS, GPDGV, D-

Riddiford, 1988).

One rather striking observation is that all the three
invariant glycines (G) of the R&R consensus corre-
spond exactly at maxima @turn/loop prediction. Their
evolutionary invariance therefore is well suited to their
structural role. It is well known that glycines are good
turn/loop formers (Chou and Fasman, 1978; Chou and
Fasman, 1979). Characteristic examples of invariant Gly

the R&R consensus, has a rather well defined secondanf€Sidués in protein sequences for structural reasons

structure both in ‘hard’ and ‘soft’ cuticular proteins.
Clearly, the primary structure invariance of this domain
leads also to its structural invariance through evolution
(that of ap-pleated sheet), indicating an important func-
tional role. However, the proteins from ‘rigid’ cuticles
appear to have a largrpleated sheet containing four
B-strands alternating with turns/loops than those from
‘flexible’ cuticle, which apparently contain @-pleated
sheet of three strands alternating with turns/loops.

A rather interesting observation is that with both
classes of cuticular proteins, the sheets show a ‘polar
character, i.e. the ‘faces’ of the sheets seem to have
different character. It is well known that alternating resi-
dues along a strand point towards opposite faces of
B-sheet. Thus, especially along lofigstrands of these

(usually to ensure the integrity @turns) are numerous
in the literature. The most well known, although for dif-
ferent structural constraints, is that of collagen.
Another important observation is that the turn/loop
regions of the region containing the R&R consensus, fre-
quently, contain histidines (H). This is well exemplified
by protein AGCP2b (Dotson et al.,, 1998) with
turns/loops at 23-27 HETRH, 32-34 HGQ, 40-43 SDGH
and 50-54 HADHH. The localization of the histidines at
turns/loops (‘edges’) of g3-pleated sheet (histidines
there are ‘exposed’), seems to be in excellent agreement
with their possible roles: Histidines are either involved

n cuticular sclerotization as they readily react with acti-

vated N-acetyldopamine residues, or are involved in the

Qvariations of the water-binding capacity of cuticle and

the interactions of its constituent proteins thanks to the

proteins, we can see where "bulky” hydrophobic and/or fact that small changes of pH can affect the ionization

aromatic residues alternate with other (sometimes

hydrophilic) residues. To facilitate visualization, we

have underlined and bolded those aromatic or hydro-

of their imidazole group (Andersen et al., 1995).
It is also interesting to observe that aromatic residues
(Y and F) are frequently predicted to belongstrands

phobic residues that would appear on one face of agng 1o belong to the same, hydrophobic, face of the

strand. These would be for protein HCCP66, in the
strands 34-38 @SLL, 47-51 VDYAA, 57-61 ENAV
V and in protein MSCP14.6, in the strands 35-38AS
YV, and 44-50 TYSVVYI. The situation is reminiscent
of the alternation of small (G) and ‘bulky’ (A,S) residues
to opposite sides (faces) of tifiesheet structure (‘polar’
B-sheet) in silk fibroin (Marsh et al., 1955) and might
be important for the formation of higher order structure
(see Discussion).

We also note that 8-strand is predicted at the begin-
ning of the hydrophilic region (residues 7-9 for protein
HCCP66 with sequencESY and residues 1-5 for pro-

tein MSCP14.6 with sequenc¥SYSV). These also

sheets (see Results). Their aromatic rings (if fhele-
ated sheets intervene and interact with chitin filaments)
could well stack against faces of the saccharide rings of
chitin (poly-N-acetyl-glucosamine). This type of interac-
tion is fairly common in protein-saccharide complexes
(Vyas, 1991; Hamodrakas et al., 1997; Tews et al.,
1997).

It has already been speculated that a part of the hydro-
philic domain and especially the one that contains the
R&R consensus, may be involved in specific binding to
some common components in cuticles, such as chitin
filaments (Andersen et al., 1995). The fact that this
invariant domain, as we demonstrate here, most probably
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adopts a well defined structure, that @fpleated sheet Bouligand, Y., 1978b. Liquid crystalline order in biological materials.
is in good agreement with this speculation. In this con- In: Blumstein, A. (Ed.), Liquid crystalline order in polymers. Aca-

AP demic Press, New York, pp. 261-297.
text, it is important to note that Fraenkel and Rudall, Burgess, A.W., Ponnuswamy, P.K., Scheraga, H.A., 1974. Analysis of

some fifty years ago (1947)’_ prOVideq eVidence frpm _X' conformations of amino acid residues and prediction of backbone
ra Irrracton tha € protein associlated with cnitn In topography in proteins. Isr. J. Chem. 12, 239-286.
y diffract that the prot ted with chit hy i i h
insect cuticle has 8-sheet type of structure. Chou, P., Fasman, G.D., 1974a. Conformational parameters for amino
The difference in size of thﬁ-pleated sheets predicted acids in helical 3-sheet and random coil regions calculated from
. . proteins. Biochemistry 13, 211-221.
for p,rOtemS of the hard cuticle (fOUI’ strands) from those Chou, P., Fasman, G.D., 1974b. Prediction of protein conformation.
pr_edlcted for proteins of the soft_ cuticle (t.hree stran_ds), Biochemistry 13, 222-245.
might account, in part, for the difference in mechanical Chou, P., Fasman, G.D., 1978. Prediction of the secondary structure
properties between rigid and flexible cuticles. It is  of proteins from their amino acid sequence. Adv. Enzymol. 47,
expected that rigid cuticles would have a larger number _ 145-148.
P . 9 . P 9 Chou, P., Fasman, G.D., 1979. Predictiorefirns. Biophys. Journal
of regular interactions between chitin filaments and the ™ 5¢ 5+0 20,
B-pleated sheet, that could stabilize further the structure. potson, £.M., Comel, A.J., Willis, J.H., Collins, F.H., 1998. A family
In the two-phase composite, helicoidal systems of  of pupal-specific cuticular protein genes in the mosgaitmpheles
silkmoth and fish chorions, we have proposed and exper-  gambiae Insect Biochem. Molec. Biol. 28, 459-472.
imentally have shown thzﬁ-pleated sheet is the confor- Dufton, M.J., Hider, R.C., 1977. Snake toxin secondary structure pre-
. . . . . . dictions: structure activity relationships. J. Mol. Biol. 115, 117-
mation which dictates formation of the helicoidal archi- 193,
tecture (Hamodrakas, 199_2. and ref_erences therein). INEraenkel, G., Rudall, K.M., 1947. The structure of insect cuticles. Proc.
analogy to these systems, it is tempting to speculate that, Roy. Soc. B. 34, 111-143.
the B-sheet of the extended R&R conserved region of Gamier, J., Osguthorpe, D.J., Robson, B., 1978. Analysis of the accu-
cuticular proteins predicted in this work, constitutes a racy and implications of simple methods for predicting the second-

. . . . ary structure of globular proteins. J. Mol. Biol. 120, 97-120.
part of the protein matrix intervening between the chitin Hamodrakas, S.J., 1988. A protein secondary structure prediction

flaments ~ (Neville, 1975), in the two-phase  scheme for the IBM PC and compatibles. CABIOS 4, 473-477.
(polysaccharide-protein) composite cuticle, and dictates Hamodrakas, S.J., 1992. Molecular architecture of helicoidal protein-

its helicoidal architecture. aceous eggshells. In: Case, S.T. (Ed.), Results and Problems in Cell
However, in contrast to silkmoth chorion protein cen- Differentiation, vol. 19. Springer-Verlag, Berlin—-Heidelberg, pp.
- 116-186.
tr_al.domams’ Whe,re th@-sheets are Ve,ry re,gl’”ar con- Hamodrakas, S.J., Asher, S.A., Mazur, G.D., Regier, J.C., Kafatos,
sisting of four-residug-strands alternating with regular F.C., 1982a. Laser-Raman studies of protein conformation in the
B-turns (Hamodrakas, 1992), the postulafestrands of silkmoth chorion. Biochim. Biophys. Acta 703, 216-222.

the cuticular proteins are not of uniform size or spacing. Hamodrakas, S.J., Jones, C.W., Kafatos, F.C., 1982b. Secondary struc-
This might be related to the requirements for the ture predictions for silkmoth chorion proteins. Biochim. Biophys.

eometry of the formed structures. Chorions have a,, Ao@ 700, 42-51.
9 y ’ Hamodrakas, S.J., Kafatos, F.C., 1984. Structural implications of pri-

str!ct, aImOSt. spherical shape; mgybe they have _to b€  mary sequences from a family of Balbiani ring encoded proteins
built from uniform and regular units, whereas cuticles  in chironomus. J. Mol. Evol. 20, 206-303.

have various shapes and perhaps less stringent requireslamodrakas, S.J., Kanellopoulos, P.N., Pavlou, K., Tucker, P.A,,
ments for their building blocks 1997. The crystal structure of the complex of Concanavalin A with

A variety of experiments can be performed to test the 421/?1n3%thylumbelliferyl-a—D-gIucopyranoside. J. Struct. Biol. 118,
validity of this hypothesis and also to throw some light Hamodrakas, S.J., Paulson, J.R., Rodakis, G.C., Kafatos, F.C., 1983.
to the secrets of cuticle architecture: To start with, the  X-ray diffraction studies of a silkmoth chorion. Int. J. Biol. Macro-
structure of individual cuticular proteins and cuticular mol. 5, 149-153.

protein domains should be examined carefully in detail Kragh, M., Molbak, L., Andersen, S.O., 1997. Cuticular proteins from

” the lobsterH i . Biochem. Physiol. 118B
and perhaps, also, of specific two-phase systems of 1497_01b5s4e omarus americanuscomp. Biochem. Physiol. 1188,

cuticular protein domains together with polysaccharide gatatos, F.C., Regier, J.C., Mazur, G.D., Nadel, M.R., Blau, H.M.,
analogs of chitin. Petri, W.H., Wyman, A.R., Gelinas, R.E., Moore, P.B., Paul, M.,
Efstratiadis, A., Vournakis, J.N., Goldsmith, M.R., Hunsley, J.R.,
Baker, B., Nardi, J., Koehler, M., 1977. The eggshell of insects:
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