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The FGLamide allatostatins (ASTs) are invertebrate neuropeptides which inhibit juvenile hormone
biosynthesis in Dictyoptera and related orders. They also show myomodulatory activity. FGLamide AST
nucleotide frequencies and codon bias were investigated with respect to possible effects on mRNA sec-
ondary structure. 367 putative FGLamide ASTs and their potential endoproteolytic cleavage sites were
identified from 40 species of crustaceans, chelicerates and insects. Among these, 55% comprised only 11
amino acids. An FGLamide AST consensus was identified to be (X);_.16Y(S/A/N/G)FGLGKR, with a strong
bias for the codons UUU encoding for Phe and AAA for Lys, which can form strong Watson-Crick pairing in
all peptides analyzed. The physical distance between these codons favor a loop structure from Ser/Ala-Phe
to Lys-Arg. Other loop and hairpin loops were also inferred from the codon frequencies in the N-terminal
motif, and the first amino acids from the C-terminal motif, or the dibasic potential endoproteolytic cleav-
age site. Our results indicate that nucleotide frequencies and codon usage bias in FGLamide ASTs tend to
favor mRNA folds in the codon sequence in the C-terminal active peptide core and at the dibasic potential
endoproteolytic cleavage site.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The database sequences for genomes, genes, messenger RNA
(mRNA), and proteins provide rich sources of new information
with which many regulatory elements and evolutionary relation-
ships can be derived by in silico analysis. With this approach, it
is now possible to propose a global and integrative view rela-
tive to physiological events. In silico analysis has uncovered 431
amino acid sequences of an arthropod neuropeptide family, the
FGLamide allatostatins (ASTs). These include sequences uncov-
ered from genome projects in 20 Insecta species, Daphnia pulex
and the black-legged tick Ixodes scapularis [8,13,24,39] by inverse
PCR and genomic libraries in 9 insect species [2,12] and with
cDNA from Bombyx mori [33] and from four crustacean species
([42], GenBank: AB245091; EU000307; AB106899). Furthermore,
FGLamide AST-like peptides have been proposed in other inverte-
brates [2,17,32,39].

FGLamide ASTs are inhibitors of juvenile hormone (JH)
biosynthesis in cockroaches, termites and crickets but in other
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insect orders, FGLamide ASTs have no effect on JH production
[23,34,40,41]. In the central and peripheral nervous systems of
insects, FGLamide ASTs may also serve as neurotransmitters or
neuromodulators [35]. Furthermore, following their release from
endocrine cells in the gut, FGLamide ASTs have hormonal activity
[34,4] and a potent inhibitory effect on spontaneous contractions of
the gut of the blowfly [10]. In crustaceans, the FGLamide ASTs can
stimulate production of selected intermediates in the JH biosyn-
thetic pathway [22].

FGLamide AST genes show differences in the number and
length of introns and exons [24]. FGLamide-AST mRNA encodes a
precursor polypeptide with a signal peptide that directs the pre-
propeptide into the rough endoplasmic reticulum. Processing of the
FGLamide-AST precursor is through recognition of potential endo-
proteolytic cleavage sites, K/R, R/R or R/K and carboxyl-terminal
amidation that releases 4 or more active peptides [2,35-37].
Each FGLamide AST is different in sequence at the N-terminal
region whereas the C-terminal motif (Y/F)/XFG(L/I/V)G is con-
served in all FGLamide ASTs and is essential for biological activity
[18,35].

Codon usage frequencies among FGLamide AST and associated
potential endoproteolytic cleavage sites have not been extensively
investigated. In related proteins, synonymous changes that alter
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the nucleotides but are silent at the amino acid level can occur at
different frequencies and this event has been termed ‘codon usage
bias’ (for recent reviews, see [9,14,15]). In the cell, the presence
or absence of synonymous codons for any amino acid improve the
intron-exon distribution [19,26,29] and participate in mRNA fold-
ing to give rise to secondary structures [6,30]. mRNA secondary
structure participates in splicing regulation [5,16], in the regulation
of translation [1,20] and may regulate the expression of a variety
of motifs in translation [26].

Codon usage bias in FGLamide ASTs and its relationship to
mRNA folding has not been established. For example, the C-
terminus motif has a Gly which can be encoded by four synonymous
codons GGN, but the degree of codon usage bias, particularly in
comparison with other FGLamide ASTs, remains to be investi-
gated.

To determine the codon usage bias for FGLamide ASTs and its
possible relationship with mRNA secondary structure, the amino
acid composition and codon frequencies for all putative FGLamide
ASTs currently found in the databases were determined. In silico
analysis showed that some FGLamide AST mRNAs were folded by
Watson-Crick pairing between the codon UUU (specifying Phe)
from the core sequence of the C-terminal region and the codon
AAA (specifying Lys) of the endoproteolytic cleavage site to create
a loop structure. However, in the same region, with other codon
frequencies, the FGLamide AST mRNAs folding gave rise to hairpin
loops.

2. Materials and methods
2.1. FGLamide AST codons and amino acid data base

FGLamide AST cDNAs precursors were obtained from 40
species (2 Chelicerata, 5 Crustacea, and 33 Insecta) from the
following databases: National Center for Biotechnology Infor-
mation, Fly Base [38], Human Genome Sequencing Center, and
the Joint Genome Institute (Table 1). FGLamide ASTs nucleotide
and amino acid sequences were determined for each mRNA
according to previously reported peptide sequences [17,24]. The
database from FGLamide AST was constructed with the EXCEL pro-
gram.

Table 1
FGLamide AST mRNA from Arthropoda obtained from databases.
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2.2. Determination of N and C terminal regions to FGLamide AST

To establish the codons and amino acid sequence for each
N-terminal region, we considered that the C-terminal region
[(Y/F)XFG(L/I/V)G] and the 2 amino acids creating the potential
endoproteolytic cleavage sites for all FGLamide ASTs are invari-
ant (8 amino acids in total). Therefore, the number of amino acids
comprising the N-terminal region was calculated as the difference
between the total amino acid number of each FGLamide AST minus
8. The concept is derived with the equation: N terminal=AA to
FGLamide AST — 8.

2.3. Codon usage and secondary structure prediction from
FGLamide AST mRNA

Codon usage from each AST was determined with the Count-
codon program [version 4] [27]. The means from codon frequency
and distribution for each amino acid from each FGLamide AST
were edited using EXCEL. mRNA secondary structures were com-
puted using Mfold 2.3 program [25,43]. The parameters used in the
calculation of minimum free energy structures and base-pairing
probabilities for each FGLamide AST mRNA were according to the
authors of the program.

3. Results
3.1. Amino acid number to FGLamide AST in the Arthropoda

FGLamide precursor sequences were analyzed from 40 species.
This analysis revealed 367 putative FGLamide ASTs released by
potential endoproteolytic cleavage sites (comprising 2 amino
acids). Of these, 238 FGLamide-AST peptide sequences were found
in Insecta, 122 in Crustacea, and 7 in Chelicerata. Collectively, the
average peptide size is 11 amino acids. Including the 8 amino
acid constant region, the smallest peptide of 9 amino acids was
found in 19 Arthropods whereas among the longest sequences
were a 21 amino acid putative peptide in Crustacea; a 17 amino
acid putative peptide in Chelicerata and 18 peptides with 22
amino acids in Insecta. From the FGLamide AST analyzed, 55%
showed 3 amino acids in the N-terminal region whereas 12%,

Species Accession no. Species Accession no.
1 aP. clarkii AB106899 21 ¢P. americana X91029
2 aP. interruptus AB245091 22 ¢S. longipalpa AF0680639
3 aM. rosenbergii DQ088626 23 CR. flavipes FJ]668632
4 aC. finmarchicus EU000307 24 CA. aegypti U66841
5 aD. pulex 4GN0.0600073 25 €A. gambiae NW_045754 (3324916-3325667)
6 bJ. scapularis DS971562 (339806-340315) 26 ¢C. quinquefasciatus DS232003 (299898-300658)
7 bD. variabilis EU620228 27 ¢C. vomitoria Eastetal. [11]
8 €A. mellifera XM_001120780 28 L. cuprina Eastetal. [11]
9 N. vitripennis Martinez-Pérez et al. [24] 29 ¢D. erecta XM_001981909 (1-456)
10 €A. pisum Martinez-Pérez et al. [24] 30 D. melanogaster AF263923 (265-720)
11 CH. armigera AF015296 31 ¢D. mojavensis XM_001998495 (1-471)
12 ¢B. mori AF309090 32 ¢D. pseudoobscura XM_001357677
13 <S. frugiperda AJ508906 33 ¢D. sechellia XM_002032516 (1-456)
14 ¢P. humanus DS235203 (13378-14310) 34 <D. virilis XM_002052990 (1-471)
15 <S. gregaria 758819 35 ¢D. willistoni XM_002073224 (1-474)
16 €G. bimaculatus AJ302036 36 ¢D. yakuba XM_002099154 (1-453)
17 ¢B. craniifer AF068062 37 ¢D. ananassae XM_001964412 (1-465)
18 ¢B. germanica AF068061 38 D. grimshawi XM_001990019 (1-474)
19 B. orientalis AF068064 39 ¢D. persimilis XM_002020181
20 ¢D. punctata u00444 40 ¢D. simulans XM_002104731

4 Crustacea.

b Chelicerata.

¢ Insecta.

d Daphnia pulex V1.0.
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Table 2
Amino acid number in the hypervariable region (Xn) of FGLamide AST sequence (X)n YXFGLGKR.
Amino acids in the hypervariable region (Xn)
1 2 3 4 5 6 7 8 9 10 11 12 13 16 Total

5 Crustacea 2 9 103 3 0 0 0 0 2 1 0 1 1 0 122

2 Arachnida 2 0 0 2 0 1 1 0 1 0 0 0 0 0 7

33 Insecta 15 12 99 21 15 10 6 8 2 2 21 1 12 14 238

19 21 202 26 15 11 7 8 5 3 21 2 13 14 367

had 2 or 4 amino acids. The remainders were variable in num-
ber. None of the N-terminal sequences contained either Trp or Cys
(Table 2).

3.2. FGLamide AST N and C-terminal regions and amino acid
organization in Arthropoda

The first amino acid in the C-terminal core region is either Tyr
(87.2%) or Phe (12%). The only exception to Phe/Tyr in this position
is an Asp in the lobster Panulirus interruptus FGLamide AST26. The
second position of the C-terminal core was the most variable with
11 different amino acids appearing at this position. Amino acid fre-
quencies at this position included Ser (31%), Ala (25.9%), Asn (22.1%)
and Gly (10%). Less frequently, Asp, Leu, Glu, Gln, His, Val and Pro
were also found here. All FGLamide ASTs had Phe in the 3rd posi-
tion and Gly in the 4th. In the 5th position, Leu was most frequent
(94.8%) whereas Ile and Val were in low frequency. The Gly, nec-
essary as an amidation signal, was invariable at the 6th position in
all FGLamide ASTs. Examination of the potential endoproteolytic
cleavage sites revealed that Lys in the 7th position was invariable
in Crustacea and Chelicerata whereas in Insecta, the 7th position
was variable with Lys (87%) and Arg (13%). Arg was greatly favored
in the 8th position (96.4%) with Lys as the only alternative (Table 3).

3.3. Influence of synonymous codons in FGLamide AST mRNA
folding

The amino acid analysis showed that the FGLamide AST con-
sensus sequence, comprising the most frequent amino acids in
all species analyzed, is (X);_.16Y(S/A/N/G)FGLGKR. Within this
consensus sequence, codons would have the potential to form
Watson-Crick pairing at the RNA level. The synonymous codons
GCG for Ala and TCT for Ser in the 2nd core position could poten-
tially pair with the codons CGC and AGA specifying Arg at the 8th
position. Independently, the codon TTT specifying Phe at the 3rd
position has the potential to pair with codon AAA specifying Lys
at the 7th position. Considering that mRNA secondary structure
is determined by the sequence of synonymous codons and the
distance between them, four putative loops could potentially be
formed in FGLamide AST mRNA, based on the presence of the high-
est frequency amino acids: Ser, Ala, Asn and Gly at the 2nd position
in the consensus (Fig. 1).

3.4. Synonymous codons preferred in FGLamide ASTs to encode
the C-terminal motif

To establish the codons related to the putative mRNA secondary
structure, the codon usage bias of the C-terminal core domain from

Table 3
Amino acid frequency for C terminal domain of FGLamide AST.

Position AA 5 Crustacea 2 Chelicerata 33 Insecta Arthropoda

Y 118 5 197 320

1 F 3 2 41 46

D 1 0 0 1

122 7 238 367

S 33 1 80 114

A 68 0 27 95

N 7 2 72 81

G 10 4 23 37

D 2 0 25 27

5 H 0 0 4 4

L 0 0 2 2

E 0 0 2 2

Q 1 0 1 2

P 0 0 2 2

\Y 1 0 0 1

122 7 238 367

3 F 122 7 238 367

4 G 122 7 238 367

L 115 7 226 348

5 I 6 0 11 17

\% 1 0 1 2

122 7 238 367

6 G 122 7 236 365

K 122 7 207 336

7 R 0 0 31 31

122 7 238 367

K 11 0 1 12

3 R 110 7 237 354

1 0 0 1

122 7 238 367
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Fig. 1. Hydrogen bonds between nucleotides for the C terminal domain of FGLamides AST. Four putative loops can be obtained according to codon usage for C terminal

domains. The underlined nucleotides show the putative hydrogen bonds.

FGLamide AST was obtained. As shown in Table 4, the codon GGC
specifying Gly was the most used in all sequences. Chelicerata and
Insecta had a similar codon usage frequency for Tyr and Leu as well
as the Arg in the 8th position within the endoproteolytic cleav-
age site. In contrast, comparison between crustaceans and insects
revealed the same codon but with different frequencies for Ser,
Ala, Asn and Gly (2nd position), Phe (3rd position), and Lys (7th
position).

The codon frequency of codons that potentially give rise to
folded secondary mRNA structures showed that the codon AAA
specifying Phe was the most frequent in relation to the codon
TTT specifying Lys, whereas the codon GCG specifying Ala was
less frequent in comparison to the codon CGC specifying Arg in all
FGLamide AST mRNAs. Similarly, the codon TCT specifying Ser was
less frequent in comparison with the codon AGA specifying Arg in
crustaceans and insects (Table 4).

3.5. mRNA secondary structures in FGLamide ASTs in Arthropoda

The secondary structures of different FGLamide AST mRNA
could potentially be obtained by pairing of codons in the C-terminal
domain and endoproteolytic cleavage site. Watson-Crick pairing
could create mRNA folding between codons specifying Ser-Phe and
Gly-Lys. The codon TCT specifying Ser is found in the 2nd position of
AST4 from Procambarus clarkii and the 8th position from Blatta ori-
entalis providing the potential to fold with the conserved Gly-Lys.
Similar loop structures could be created in FGLamide AST 1 from P.
interruptus and Drosophila persimelis with the codons GCT and GCG
specifying Ala respectively (Table 5).

Three additional RNA secondary structures were determined
with the synonymous codons TCT specifying Ser and GCA, GCT, GCC
and GCG specifying Ala in the 2nd position. In the first structure,
hairpin loops in the FGLamide AST mRNA were predicted because
the Watson-Crick pairing was between the codons specifying the
N-terminal amino acids with the codons for Gly-Lys-Arg from the
C-terminal domain. This mRNA fold was observed in FGLamide AST
11 from P. americana, AST 43 from Macrobrachium rosenbergii, AST
20 from P. clarkii and AST 4 from Gryllus bimaculatus (Table 5).

The second mRNA secondary structure created a loop, because
the Watson-Crick pairing again utilized the first codons in the
N-terminus and paired with codons specifying Tyr-Ala-Phe or Ala-
Phe-Gly which were in the first amino acids of the C-terminal motif.
This mRNA fold could potentially be made in FGLamide AST 16 from
M. rosenbergii, AST 13 from P. interruptus, AST 21-22 from P. clarkii
and AST 1 from D. simulans (Table 5). The third FGLamide AST RNA
secondary structure had several combinations, with the codons

GGT and GGC specifying the 2nd position Ala. Some mRNAs had the
potential to create two hairpin loops; one loop was in the codons of
the N-terminal motif and the other loop in the C-terminal domain.
In other mRNAs, two loops could be generated using codons in the
C-terminal motif. These conformations had the potential to form
in FGLamide AST mRNA: AST 7 from Acyrthosiphon pisum, AST 15
from P. interruptus and FGLamide AST 1 from D. melanogaster, D.
sechellia and D. erecta (Table 5).

All potential loops and hairpin loops found had different free
energies since the mRNA fold was a function of the amino acid
number in the N-terminal region (Fig. 2).

» s XXXYSF

D

RKG
B oo XXXYA

’

N |11 | IDF
RKGLG

c « XXX
)%

RKGLGFEA

5
3 | OX

X

« XXX
11 DY

RKGLGFEA

Fig. 2. FGLamide AST Secondary structures. The drawing represents the putative
mRNA secondary structures. When codon bias to Tyr-Ser-Phe and Gly-Lys-Arg favor
Watson-Crick pairing, a loop is obtained (A). The codons of the N-terminal motif
favor different loops in the mRNA (B and C).
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Table 5 (Continued )

Initial dG

Putative RNA secondary structure

Codon and amino acid sequence

Species and number FGLamide AST
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20
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G
GGT CTG GGA CGA CGG

F
TTC

GAG _CGG TAC GCC

v
1 GTG

D. melanogaster 1D. sechellia 1D. erecta 1Ala GCC

CAG G

Cca

GG
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4. Discussion

This is the first study in which the codon usage in FGLamide
ASTs was investigated, to establish potential influence on the mRNA
secondary structure. Codon bias in prokaryotic and eukaryotic cells
can contribute to mRNA folding and secondary structure, which can
be critical to regulating expression [6,30]. Codon interactions can
bring distant, complementary sections of one RNA molecule into
close spatial proximity [21,26].

Three lines of evidence underlie our proposed FGLamide AST
secondary structure model: (1) this is the first report that consid-
ered the influence of the doublet of basic amino acid combination
Lys or Arg which are potential endoproteolytic cleavage site in
the FGLamide AST precursor. (2) Using this approach, we observed
that synonymous codons UUU and UUC that specify Phe showed
Watson-Crick pairing with the codons AAA and AAG that specify
Lys; likewise, the codons GCN specifying Ala and UCU specifying Ser
paired with the codons CGN and AGA specifying Arg. These amino
acids are present in the majority of the FGLamide AST precursors
reported previously [35]. (3) We have used the position and dis-
tance from the last amino acids in the FGLamide precursor in our
analysis. In this way, Ser/Ala-Phe and Lys-Arg are separated by the
last amino acids from the active peptide and from the Gly necessary
for peptide amidation. The codon usage data support the hypothe-
sis that the FGLamide AST mRNA could have loop structures, based
on synonymous codons located within the C-terminal motif and
the endoproteolytic cleavage site.

Genomic and cDNA data from Crustacea and Insecta have shown
that all FGLamide ASTs arise from a polypeptide precursor with
similar organization but differing number of peptides [17,24,35].
There are 367 FGLamide AST peptides in precursors from 40 species
reported in databases. In contrast to other neuropeptides such as
melanocortins, cholecystokinin or oxytocin [3,28,31], FGLamide
ASTs do not contain Trp or Cys. FGLamide AST in the precursor
showed an average peptide length of 11 amino acids with a vari-
able N-terminal sequence and a conserved C-terminal motif. The
C-terminal 5 amino acids are essential to inhibit JH biosynthesis
in cockroaches, termites and crickets [18]. A dibasic cleavage site
follows a Gly residue in every AST sequence.

In most FGLamide AST precursors analyzed, at least one peptide
had the amino acid sequence (X);_,16Y(S>A>N>G>X)FGLGKR;
however, the sequences available are heavily biased toward insect
and crustacean species. It seems likely that greater variability may
occur as other invertebrate FGLamide ASTs are discovered. For
example, in all FGLamide ASTs in the precursor of the copepod C.
finmarchicus, Leu at position 6 is replaced by Ile or Val (GenBank:
EU000307).

In most FGLamide ASTs analyzed, the potential dibasic endo-
proteolytic cleavage site was Lys-Arg with less frequent use of
Arg-Arg. These differences suggest that different endopeptidases
participate in prepro-FGLamide AST processing in a regulatory
fashion within species or may reflect species-specific enzyme uti-
lization. For example, a metalloendopeptidase purified from rat
testis had higher cleavage activity against the Lys-Arg doublet of
preproneurotensin than the Arg-Arg doublet of dynorphin A or
atrial natriuretic factor [7]. Variation in potential dibasic endopro-
teolytic cleavage sites was observed in FGLamide AST precursors of
L. cuprina, C. vomitoria and 12 Drosophila species. In these species,
Arg-Arg as well as Lys-Arg participate in the formation of the active
peptides [4,11].

The evolutionary conservation of specific codons for amino acids
in the C-terminal core and endoproteolytic cleavage site suggests
that selective pressures may have been greater in these regions
than at the N-terminus. The importance of the conservation of syn-
onymous codons may have been to create and conserve mRNA
secondary structures that involve Watson-Crick pairing. Several
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models for folding have been predicted in our analysis that sug-
gest that one to two loops or hairpin structures could occur in the
mMRNA region specifying the C-terminal core or the endoproteolytic
cleavage site. The validity of these models remains to be tested
experimentally. However, our theoretical approach supports the
notion that Watson-Crick pairing between the codons for Phe and
the codons for Lys in any FGLamide AST and the codons for Ser and
Ala, the most frequently occurring amino acids in the C-terminal
motif, pairing with the codons for Arg. In both pairings, the codon
pairing was favored by the presence of the codons for Gly-Lys-Gly.

We found the loop structure proposed in the one FGLamide AST
mRNA with Ser codons in the precursor from P. clarkii, P. interrup-
tus and B. orientalis whereas with Ala codons, the loop or hairpin
loops were found in P. interruptus, M. rosenbergii, P. americana, D.
persimelis and G. bimaculatus although Watson-Crick pairing was
with the codons of the N-terminus.

Other examples of the influence of the codon bias in the
FGLamide AST mRNA fold were established in the FGLamide ASTs,
VERYAFGLGRR from D. melanogaster, D. sechellia and D. erecta. The
codon GGT for the first Gly favors two unstable loops. D. simulans
has the same peptide but the only difference with respect to the
other Drosophila sp. is that the synonymous codon GGC favors a
stable loop.

In conclusion, our results show that the FGLamide AST mRNA
secondary structure is determined by the codon usage from the
mRNA region that specifies the C-terminal active peptide region
and endoproteolytic cleavage sites. mRNA folding will occur by
Watson-Crick pairing between codons encoding the N-terminal
domain and the first codons in the C-terminal domain or with the
codons for the potential endoproteolytic cleavage site.
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