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ABSTRACT

ﬁucleotide compeosition bias and codon usage bilas are
commdnly observed in a wide range of organisms, but the
causes of both are still under debate. One view is that codon
usage bias and base composition bias are both the result of a
directional mutation pressure in favor of AT or GC; others
argue that codon usage bias is a result Qf natural selection
acting to mold the codon choice to match the frequeﬁcy of the
corresponding tRNAs. A number of recent studies have
indicated Ehat nucleotide bias is especially marked in gene
families that are undergoing concerted evolution.

In this thesis, & use the Drosophila trypsin gene family
as a model‘system to study the causes and consequences of
concerted evolution in Drosophila, and to investigate the
evolutionary forces that may be responsible for the observed
nucleotide bias. From each of the two related Drosophila
species, D. melanogaster and D. ciecta, a 12kb genomic region
was sequenced and eight trypsin genes were identified. Some
members offthis gene family have been evolving independently
while theiothers-have;been evolving in a concerted fashion.
In bdth species, the ?onsynonymous codon positions have a
moderate éc content, while the synonymous sites are very GC-
rich. For‘the genes that havé been undergoing cbncerted
evolution, due to rapid géne cqnversion, their synonymous G+C

content is much higher than that of the independently

ii



evolving genes. In addition, these genes are characterized by
an elevated frequency of pyrimidines (C or T) at synonymoﬁs
sites on the coding strand. A combination of selective
constraints, directional DNA mutation pressure, and DNA
repair bias could have resulted in the base compositicn

pattern observed in these trypsin genes.
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1. Literature Review
1.1. Introduction

DNA is the genetic material for almost all living
organisms and is also a record of past evolutionary
processes. For instance, it‘is ppssible to use DNA sequence.
data not onl§ to study the history of evolution, but aléo to
identify the molecular forces behind the evolutionary
process. _

Charles Darwin believed that evolution was one of the
basic features of all life, and natural selection was the
driving force behind all evolution. However, in the late 60s,
selectively neutral changes were found in DNA, and the
neutral theory of molecular evolution was proposed (Kimura,
1968; King and Jukes, 1969). According to this theory, most
of the molecular changes are neither advantageous nor
deleterious to the organism; they are selectively neutral. In
addition to natural selection and random genetic drift, DNA
sequences can evolve in ways that are different from either
of these processes. An example of such non-selected but non-
random changes is the phenomenon of concerted evolution.
Previous studies in Ehis laboratory have found evidgnce of
concerted evolution for two duplicated o —amylase genes in
Drosophila {(Hickey et al., 1991). In this thesis, I present
my recent study on the molecular evolutiqn of Drosophila

trypsin genes.



1.2. Trypsins and trypsin genes
1.2.1. Serine Proteases

Proteases, or proteolytic enzymes, are enzymes that
catalyze the cleavage of peptide bonds in other proteins.
They are presumed to have arisen in the earliest phases of
biological evolution, since even the most primitive organisms
must have required them for digestion and for the metabolism
of their own proteins. Serine proteases are proteases that
have a serine residue in the active center, which is involved
in the catalytic process. In mammals, serine proteases
participate not only in digestion, but also in the formation
and dissolution of blood clots, in the immune reaction to
foreign objects, and in the fertilization of the ovum by the
spermatozoon (Stroud, 1974). Serine proteases have been found
in viruses, bacteria, as well as in eukaryotes. Based on
their three dimensional structure and sequence similarity,
serine proteases are grouped into superfamilies that may well
have common ancestors (Rawlings and Barrett, 1994). Trypsin
'belongs fo the chymotrypsin superfamily, whose members are
all endopeptidases. Most enzymes in the chymotrypsin
superfamily have a vcatalytic triad" of Ser-Asp-His, as do
members in the subtilisin superfamily and the
carboxypeptidase superfamiiy. However, as these three
superfamilies have very different primary sequences and

protein foidings, they are believed to have different



origins. The fact that they have a similar catalytic
mechanism provides a striking example of convergent
evolution.

There are ten families in the chymotrypsin superfamily
(Rawlings and Barrett, 1994), the chymotrypsin family is one
of them. The essentiél catalytic unit of all the enzymes in
the chymotrypsin family is a polypeptide chain of about 220
aminoc acids. Many membérs of this family have extended their
N~-terminal by adding unrelated peptide segments. As a result,
members of this family are different from each other both
structurally and functionally. Within this family,
subfamilies of trypsins, chymotrypsins and elastases share
similar structures but differ with regard to their substrate
specificity: trypsins cut peptide bonds following lysines or
.arginines; chymotrypsins break peptiﬁe bonds that follow
residues with large, hydrophobic side chains; elastases
attack bonds that lie next to residues with very small side

chains (Stroud, 1974).
1.2.2. Trypsing

Trypsin (EC 3.4.21.4) has been found in both eukaryotes
and prokaryotes. It catalyzes the hydrolysis of peptide bonds
specifically on the carboxyl side of lysine or arginine
residues. A typical eukaryotic trypsin is synthesized as its.
inactive form trypsinogen, which is then activated by

removing the N-terminal signal peptide and activation



peptide. Besides the catalytic triad {(Ser-His-Asp) shared by
all members of the chymotrypsin family, all trypsins have a
negatively charged aspartate residue at the substrate hinding
site (Stroud, 1874). Charge interaction between this
aspartate and the lysine or arginine residue at the substrate
cleavage site stabilizes the enzyme-substrate complex. The
structure and mode of action of trypsin have been well
studied and are reviewed elsewhere (Stroud, 1974; Kraut,

1977; Huber and Bode, 1877).
1.2.3. T;ypsin genesg

Trypsin, as the first recognized enzyme, is one of the
proteins whose Ehree—dimensional structures were analyzed in
the sixties (Mattews et al., 1967; Walsh and Neurath, 1964}.
With the help of crystallography, the structural basis of the
activation and action of trypsin was well understood by the
seventies {reviewed by Huber and Bode, 1977). With the
availability of protein and DNA sequencing techniques,
trypsins and trypsin genes from a variety of oxrganisms were
sequenced. A list of the available 56 trypsin sequences is
shown in Appendix I. The coding region for a typical trypsin
gene is about 750bp long, coding for a trypsinogen of about
220 amino acids of active enzyme, about 10 amino acids of
activation peptide,-and about 20 amino acids of signal
peptide. For genes whose structures have been studied,

introns have been found in the trypsin genes of all



vertebrates, lepidopteran insects, and even in one fungus;
but no intron has been detected in the trypsin genes of

dipteran insects and bacteria.

1.3. DNA duplication and gene families

There is a positive correlation between thg complexity
of an organism and its DNA content (Britten and Davidson,
1969). It is likely that complex organisms with large gehomesl
have evolved from simple cells with small genomes by DNA
duplication (Ohta, 1991). DNA duplication can increase genome
size in five different ways: (1) partial or internal gene
duplication; (2) complete gene duplication; (3) partial
chromosomal duplication; (4) aneuploidy or chromosomal
duplication; and (5) polyploidy or genome auplication (Li and
Graur, 1991). The second type of DNA duplication gives rise
to gene families. The newly duplicated genes are identical.
Generally, the fate of members of a gene family can be one of
the following: (1) the copies retain their original function,
enabling the organism to produce a large guantity of the gene
product; (2) some copies may mutate into pseudogenes; (3)
sequence divergence may provide new functions for some copies
of the gene family (Li and Graur, 1991).

The number of genes within gene families véries widely,

from two copies (like the o -amylase genes in Drosophila

melanogaster, Hickey et al., 1991) to as many as thousands of



copies (for instance, Xenopus laevis has 7800 tRNA genes,
Tartof, 1975) per haploid genome. In this study, I will
present a multigene family which has been evolving in a
mosaic pattern, i.e., some members evolve independently while

others evolve in a concerted fashion.

1.4. Concerted evolution of multigene families

Concerted evolution is a phenomenon, whereby duplicated
sequences evolve non-independently and result in sequence
homogeneity. It was first found by Brown et al. (1972) in a
comparison of rDNAs from two African toads, X. laevis and X.
borealis. Since then, sequence comparisons have revealed
unusually high sequence similarities among members of the
same multigene family, suggesting that those sequences have
undergone concerted evolution (Baltiﬁore, 1981; arnheim,
1983; Osborne et al., 19%80; Hickey et al., 1991). ‘

Unequal crossing over and gene conversion are the two
mechanisms responsible for concerted evolution. Unequal
crossing over events normally result in an altered gene

number while gene conversion does not change copy number and

the process is reciprocal (Arnheim, 1983).



1.4.1. Concerted evolution in insects

As a model system, Drosophila has beeh used to study
almost all aspects in modern genetics, including concerted
evolution. Hickey et al. (1991) reported a striking example
of concerted evolution in Drosophila: tﬁo divergently
trahscribed o -amylase genes that are 4kb apart have
undergone fapid gene conversion in-bobh D. melanogaster and
D. erecta. Similar results have been reported in other
Drosophila genes, such as the rRNA genes (Tartof, 1974) and
the HSP70 genes (Leigh-Brown and Ish-Horowicz, 1981). |

Concerted evolution events have also been reported in
other insects. Benedict et al. {(1995) have recently found’
that in the mosquito, Anopheles albimanus, coding regions.of
two HSP82 genes have been undergoing gene conversion. In the
silkworm, Bombyx mori, the highly similar sequences in the
coding and non-coding regions among members of the chorion
gene family were proposed to be the result. of gene conversion
(Xiong et al., 1988; Hibner et al., 1991; Regier et al.,
1994&.

Not all gene families are undergoing coﬁcefted
evolution. For example, no evidence of concerted evolution
has been found in the Drosophila histone genes (Strausbaugh
and Weinberg, 1982). In Chapter Three, I will present
sequences of a trypsin gene family from D. melanogaster and

D. erecta. The data show that within a single gene family



some members have been undergoing gene conversion, while the

.others have been evolving independently.
1.4.2. Concerted evolution in other organisms

In addition to the Xenopus rDNAs and the insect genes
mentioned above, concerted evolution is common, if not
ubiquitous in eukaryotic systems. In mammals, concerted
evolution has been well documented among globulin genes
(Slightom et al., 1980), immunoglobin genes (Baltimore, 1981;
Osborne et al., 1990), and major histocompatibility complex’
(MHC) genes (Pease et al., 1983; Hogstrand and Bohme, 1994).
Park and Kramer (1990) proposed that the high level of
sequence similarity between two Caenorhabditis elegans
collagen genes was also a result of gene conversion. In
plants, Moniz de S& (1995) reported that gene conversion is
found between some plant actin genes.. For the SSRNA genes,
concerted evolution seems to be very common in a variety of
organisms (Drouin and Moniz de Sa, 1995).

what is interesting, though, is that concerted evolution
also exists in small-sized genomes, including both
unicellular eukaryotes like yeast, and prokaryotes. Szostak
and Wu (1980) have reported unequal crossing-over events in

“yeast rRNA genes; Kleiq and Petes (1981) and Scherer and
Davis (1980) have found both intrachromosomal and
interchromosomal gene conversions in yeast. In halophilic

archaebacteria, concerted evolution was found in gene



families coding for superoxide dismutase (Joshi and Dennis,
1993). The duplicated genes enceding elongation factor Tu,
tufad, and tufB from both Escherichia coli and Salmonella
typhimurium were also found to be undergoing concerted
evolution (Sharp, 1991). Besides naturally occurring
concerted evolution events, there is also ample evidence that
concerted evolution can happen in laboratory experiments
(Willisland Klein, 1987; Letsou and Liskay, 1987; Brown and

Jiricny, 1988).
1.4.3. Gene conversion and DNA repair

At least in mammals, gene conversion represents 80% of
all concerted evolution events (Liskay et al., 1987). These
authors have also concluded that the rate of gene conversion
decreases as the length'of the donor fragment, or extent of
homology decreases. The minimum length required for efficient
gene conversion between duplicated chromoscmal sequences in
mammalian cells is between 200bp and 295bp. For
extrachromosomal studies, however, the minimum length is
shorter (between 164bp and 216bp), and homologous
recombination was observed with as little as lébp of sequence
identity (Rubﬁitz and Subramani, 1984; Ayares et al., 1986).
In bacteria, an unintefrupted stretch of 25 - S50bp of
identical sequence is required for efficient homologous
recombination (Shen and Huang, 1§86). In insects, although

the length and degree of similarity required for efficient



homologous recombination between chromosomal duplicates have
yvet to be determined, the interchromosomal gene conversion
tracts in the D. melanogaster rosy gene average 352bp
(Hilliker et al., 1894).

Gene conversion events occur at a median frequency of
about 5% in yeast (Jinks-Robertson and Petes, 1993), whereas
maﬁmalian interchromosomal gene conversion events happen at
rates ranging %?om 2% (Murti et al., 1992) to as low as 2xld'B
(Hogstrand and ?ohmé, 1994), depending on thelmethodology of
the experiments?énd the genes studied. Nevertheless, a
conversion event reflects the transfer of a single DNA strand
from one aliele to the other, followed by repair of the
. resulting mismatches. Several review articles have proposed -
models for gene conversion (Arnheim, 1983; Hastings, 1988;
Klein, 1995; Jinks-Robertson and Petes, 1993); these models

indicate that gene conversion is a process in which the DNA

repair system is heavily involved.

1.5. Biased nucleotide comppsition and codon usage

Back in 1961, Sueoka showed that different organisms
have quite different nucleotide composition in their DNA. Tt
is now well accepted that base composition varies from
organism to q;ganism {(Normore, 1976), among different parts
of the Same'éenome (Be;nardi et al., 1985), within nearby

genomic regions (Hickey et al., 1991), even within different
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parts of the same gene (Shields et al., 1988). In protein-
coding sequernces, as all amino acids except Met and Trp are
coded for by two to six codons, this compositional
heterogeneity is represented mostly by base compositional
bias at synonymous sites, which then reflects the codbn usage

pattern of the genes {Ikemura, 1985).

1,5.1. Biased base composition and codon usage in unicellular

organisms

In unicellular organisms, the base composition seems to
be consistent within each genome, but diffcrs from organism
to organism. The G+C content varies from 22.8% to 79.8% in
bacteria, and from 22.0% to 70.0% in fungi (Normore, 1976).
Unlike multicellular organisms, unicellular genomes are small
and packed with sequences with defined functions, their codon
usage patterns follow their genomic base composition (Muto
and Osawa, 1987). In general, there is a strong positive
correlation between the degree of codon bias and the level of
gene expression in unicellular organisms (Ikemura,‘1985;
Shields and Sharp, 1987; Andersson and Kurland, 1990).
Tkemura (1985) showed that in both E. coli and yeast, there
is a strong correlation between the freguency of codons used
and the content of the respective tRNAs for highly expressed
genes. This is most easily interpreted as the result of
natural selection on the availability of tRNAs. Similar

results have been found in Bacillus subtilis, but with a
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lesser degree of bias (Shields and Sharp, 1987). While
selection is the major cause of codon usage bias in bacteria
with moderate genomic G+C content, such as E._coli,
directional mutational pressure is believed to be the main
factor for choice of alternative synonymous codon in bacteria
with extremely high or low overall genomic G+C content (Ohama
et al., 1990). These authors showed that in Micrococcus
luteus and Mycoplasma capricolum, where the G+C content ére
the highest (74%) and the lowest (25%) in eubacteria,
respectively, the codon usage bias was not affected by the

level of expression of the genes.
1.5.2. Biased base composition and codon usage of mammals

Unlike the unicellular organisms, mammalian genomes are
mosaics of compartments differing in.G+C content. Bernardi et
al. (1985) found the genomes of warm-blooded vertebrates to
be a mosaic of very long DNA.sequencés {(isochores of more
than 300kb), each fairly homogeneous in G+C content. For
example, while the overall G+C content of the human genome is
about 40%, G+C content of human isochores varies from 30%
(GC-poor isochores) to 60% (GC-rich isochores) (Mouchiroud et
al., 1991; Wolfe and Sharp, 1993). The distribution of the
isochores is associated with chromosome banding patterns
(Ikemura and Wada, 1991), with T-bands and terminal R-bands
associated with GC-rich isochores, G-bands and internal R-
bands with GC-poor isdchores. Coding sequences represent less

Tu
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than 5% of the human genome, and they are more likely to be
found in the GC-rich isochores (Bernardi, 1989). In the human
genome, coding and non-coding sequenceé are compositionally
correlated (Aissani et al., 199i). In other words, genes
located in GC-rich regions are GC-rich; genes located in GC-
poor regions are AT-rich. Aissani et al. (1991) also found a
positive correlation between the G+C content of third codon
positions and the G+C content of the genomic region
containing the genes under consideration. This correlation
indicates that the codon usage bias found in mammals (Collins
and Jukes, 1993; D'Onofrio et al., 1991; Grantham et al.,
1986; Ikemura, 1985) is gene position-dependent. The
heterogeneity of base composition and codon usage bias in
mammalian genomes was interpreted as being a result of
different mutation biases in different genomic regions
(Filipski, 1987; Sueocka, 1988; Wolfe et al., 1989; Boulikas,
1992). A compositional correlation was also found between
nonsynonymous sites and the rest of the regional sequence,
indicating that amino acid composition of proteins may also
be affected by the regional genomic G+C content (D'Onofrio et

al., 1991; Collins and Jukes, 1993).
1.5.3. Biasged base composition and codon usage in Drosophila
The overall G+C content for the entire D. melanogaster

genome is 43.0% (Ashburner, 1989). Using buoyant density

gradients, Thiery et al. (1976) failed to find
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compartmentalized Drosophila "isochores" as were found in
mammals. However, the Drosophila genome is not
compositionally homogeneous, as Carulli et al. (1%893)
reported that regional G+C content in the D. melanogaster
genome varies from 36.9% to 50.9%. There is also a tendency
towards increasing G+C content with distance from the
centromere.

The pattern of synonymous codon usage varies
cqnsiderably among brosophila genes (Shields et al., 1988;
Carulli et al., 1993}, but the variation is not assoéiated
with local genomic base composition (Shields et ai., 1988; -
Carulli et al., 1993; Moriyama and Hartl, 1993). Moriyama and
Hartl (1993) also found that the base composition of introns
was éonstant over the Drosophila genome and also over
different Drosophila iineages, but not consistent with the
base composition of synonymous positions of the gene where
the introns were located. It was therefore concluded that the
biased codon usage in Drosophila, as in unicellular
organisms, is a result of selection, possibly at the
translational level, with highly expressed genes having more
biased codon usage (Shields et al., 1988; Carulli et al.,
1993; Moriyama and Hartl, 1993; Brookfield, 1993). This
hypothesis was challenged by the low codon usage bias found
in the highly expressed Drosophila histone genes (Fitch and
Strausbaugh, 1993). On the other hand, some authors argue

that they have found evidence for directional mutation
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pressure effects on codon usage bias in Drosophila ‘Moriyama
and Gojobori, 1992; Martin and Meverowitz, 1988).

In this thesis, I present the DNA sequences of a
homologous genomic region from two Drosophila species, D.
melanogaster and D. erecta. This region contains eight
trypsin genes and evolves as a mosaic in both species. The
existing hypotheses (namely translational selection.and
mutation bias) cannot effectively explain the base
composition and codon usage patterps observed in this geﬁe
family. A hypothesis based on a ccmbination.of mutation bias
and DNA repair bias (Hickey et al., 1994) can be used to
explain the pattern of G+C content found in this trypsin gene
familyf In addition, a new hypothesis, based on translational
selective constraints at the synonymous codon positions, is
proposed to explain the unusual high pyrimidine {(T+C) content
observed at the third codon position of the Drosophila

trypsin genes.
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2. Materials and methods

2.1. Insect Stocks

Two Drosophila species were used in this study, D.
melanogaster was from the common laboratory strain, Oregon R;
D. erecta was obtained from the Indiana Stock Center.

2.2. DNA extraction

Insect genomic DNA was isolated using the following two
protocols: (1). Jowett, 1986: adult flies were homogenized in
lysis buffer (0.1M Tris-HCl pH8.0, SOmM NaCl, 50mM EDTA, 1%
SDS, 0.15mM spermine, 0.5mM spermidine), and treated with
proteinase K. Subsequently the lysate was extracted with
equilibrated phenol/chloroform (once), treated with RNase A,
extracted three times with equilibrated phenol/chloroform,
and once with chloroform. The DNA was then precipitated with
ethanol, and dissolved in TE (10mM Tris.Cl, 1mM EDTA). (2).
using the QIAGEN genomic DNA extraction kit: adult flies were
homogenized in the presence of RNase A and proteinase K. The
lysate was added to the QIAGEN genomic-tip 500, DNA bound to
the silicagel particles in the presence of high salt. When
the tip was washed twice with washing buffer, DNA was eluted
from the‘tip with a low salt solution. About 0.5mg DNA was

obtained from 0.5g of adult flies.
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A DNA was extracted according to the method of Silhavey
{1984): phage lysis from a single A clone was added to DEAE-
cellulose slurry, the mixture was centrifuged and the

supernatant was precipitated with isopropanol, DNA was then
washed and dissolved in water. A DNA was also extracted by
using the A DNA preparation kit from QIAGEN. The phage lysis
was first treated with RNase A and DNase I, then precipitated
with PEG 8000. The pellet was resuspended in a high salt
solution and added to the QIAGEN tip 100. When the tip was
washed twice with washing buffer, DNA was eluted from the tip
with a low salt solution.

Plasmid DNA was prepared according to Sambrook et al.
(1989) : overnight grown bacterial culture (2ml) was harvested
by spin and treated with 0.4ml of alkaline solution (0.2N
NaOH and 1% SDS). After adding 0.3ml 7.5M ammonium acetate,
the mixture was spun down and the supernatant was collected.
DNA was then precipitated using isopropanol. Plasmid DNA was
also isolated by using the plasmid DNA preparation kit from
QIAGEN.lIt applies the same mechanism as described in the
Sambrook et al. method, the only difference is the last step.
Instead of precipitating DNA, the QIAGEN method applies tﬁé
supernatant to a QIAGEN tip. After washing twice with washing
buffer, DNA was eluted with low salt buffer. DNA prepared

using the QIAGEN methods are usually very clean.

17



2.3. Polymerase Chain Reaction (PCR)

PCR was used to amplify genomic as well as cloned DNA
fragments. The amplified fragments were used to generate
radioactively labeled probes, and to identify transformed
plasmid clones. PCR was performed using the GeneAmp DNA
amplification Reagent Kit of Perkin Elmer Cetus, with a
profile comprising 25-35 cycles of 30 seconds at 95%, 30
seconds at 45-55°C and 0.5-3.0 minute at 72°C. Some PCR
fragments were cloned into the pCRM™II vector using the TA
Cloning Kit from Invitrogen. Sequences for primers used for
ﬁCR and sequencing (thé K series, see Figures 2 and 16) were
deposited in MicroGenie (licensed to Dr. Hickey) under

directories of "Kaa" and "BEN" .

2.4. Probes

32p-labeled probes were made using the Oligolabeliing Kit
from Pharmacia. Two primers (K388 and K38%) were made
according to the published D. melanogaster ¢ -try sequence
(Davis et al. 1985). Using these two primers, a 680bp D.
melanogaster genomic fragment was amplified, which codes for
the complete mature trypsin. This ffagment was then used as a
probe to isolate the D. melanogaster genomic clone. A

subfragment of this probe, a 450bp PCR product of K547 and

K560 from y -try was used for the o -group genomic Southern
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blot. Genomic Southern blots for & -try, { -try, n -try and

6 -try were carried out by using probes of 580bp,.360bp.
420bp and S00bp, respectively. They are PCR products from the
primer pairs K517/KS521, K747/K697, K743/K671, and K713/K680.
The 450bp PCR product of K547 and K560 was also used for the
isoclation of D. erecta genomic clones. The D. erecta Southern
analysis, however, was done by using a 680bp D. erecta & -
try fragment as probe, which was generated by PCR using K388
and K389 as primers, and a D. erecta & -try subclone as:

template.

2.5. Southern blot analysis

Southern analysis was carried out as described by
Southern (1875). Three micrograms (per digestion) of genomic
DNA was digested with restriction enzymes and separated on a
0.8% agarose gel. DNA was then blotted onto a nylon membrane
(aAmersham: Hybond™N), and fixed by exposing the membrane to
UV light for 5 minutes. The membrane was hybridized with a
32p-labeled probe at high stringency conditions: at 42°C in a
solution containing 5xSSC, S5xDenhardt'’s solution, 50mM sbdium
phosphate (pH6.5), 0.1% SDS, 500mg/ml of single-stranded
salmon sperm DNa, and 50% formamide. The membrane was then
washed three times with 2xSSC/0.1% SDS at 65°C for 10 minutes
each time. Finally the membrane was exposed to an X-ray film

with intensifying screens at -20°% overnight.
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2.6. Genomic library construction

Construction of the EMBL4 D. melanogaster genomic

library was described elsewhere (Abukashawa, 1990).

A D. erecta genomic library was built in the A GEM-11
vector from Promega using the Stratagene GIGAPACK II Gold
Packaging Extracts (both vector and packaging extracts were
courtesy of Dr. B. Benkel, Agriculture Canada). Genomic DNA

was partially digested with Sau3Al, fragments between 9kb and
23kb were recovered and ligated with the A GEM-11 BamHI arms

cloning system. A library containing about 30,000 phage was
generated. All the phage were used for screening trypsin

genes.

2.7. Genomic library screening

Plaque lifts of the genomic library were prepared as
described by Benton and Davis (1977), using nylon membranes
(BIOTRANS: ICN Biochemicals). Hybridization, washing and

exposure to X-ray film were carried out as described above

under Southern analysis. Positive A clones were isolated and

their DNA was extracted. The A clone inserts were then
subcloned into common plasmid vectors (pUCl8 and pT7T3 18U,

both frqm Pharmacia) .
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2.8. DNA sequencing

Sequencing primers were made using an oligonuclecotide
synthesizer (Model 381a) from Applied Biosystems Inc. (ABI) by
following protocols in the user menu. Double stranded DNA
sequencing was carried out on plasmid DNA, A DNA, as well as
PCR products, using the Tag DyeDeoxy™ Terminator Cycle
Sequencing Kit and the automaﬁic DNA sequencing system (Model
373A) from ABI. Normally 1lug of DNA and 12pm (picomoles) of
primer are needed for one sequencing reac;ion.'Sequencing
reactions, gel running and data analysis were carried out

following the protocols provided by ABI.

2.9. Sequence analysis

Blast/Retrieve e-mail Servers provided by NCBI (National
Center for Biotechnology Information) were used to find and
retrieve trypsin sequences from data banks (Altschul et al.,
1990; Benson et al., 1993). Sequence analysis was performed
using Clustal V (Higgins et al., 1992), Codons (Lloyd and
Sharp, 1992), DMP (Jermiin et al., 1994), Genetic Data
Environment (GDE), MicroGenie {Queen and Korn, 1984),
Phylip3.5‘(Felsenstein, 1990}, and SeqEd (from ABI).
Statistical analyses were carried out using the prégrams

StatView and Chi (Jermiin, unpdblished program) .
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3. Results and Data Analyses

In this thesis, the trypsin gene family was chosen to
study molecular evolution of multigene families in
Drosophila. Gene families coding for ' -amylases have been
studied in a few Drosophila species (dickey et al., 1991;
Popadic and Anderson, 1995; Shibata and Yamazaki, 1995). Like
o -amylase, trypsin is an important digestive enzyme. Enzyme-
coding genes evolve at a moderate rate (Hickey and Benkel,
1990), they are ideal for studies on‘medium—term evolution.
Genomic fragments containing trypsin genes were isolated and
sequenced from two related Drosophilalspecies, D.
melanogaster and D, erecta. This chapter is divided into
three sections: in section one, I will report on the D.
melanogaster trypsin gene family; in section two, I will
present the D. erecta trypsin gene family; in section three,

sequences from the two species will be compared.
3.1. D. melanogaster trypsin gene family

Eight trypsin gernies have been found in a 12kb genomic
region in D. melanogaster. In this section, I will report the

isolation and sequencing of this genomic fragment, genomic

Southern analyses, and detailed sequence analyses.
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3.1.1, Isclation of trypsin-encoding genomic DNA

Using the published a-try sequence (Davis et al., 1985)
as a probe, a A clone (Pl) from an EMBL4 D. melanogaster
genomic library was isolated by Dr. Magoulas, a former
graduate student in this laboratory. A 12kb EcoRI fragment
from the insert of Pl showed strong hybridization to the o -
try probe (data not shown). This fragment was then subcloned
into pT3T7 18U (Pharmacia). Figure 1 presents the map of the
12kb fragment and the genomic organiéation of the D.

melanogaster trypsin gene family.
3.1.2. Sequence of the genomic DNA

The 12kb fragment was subcloned into four smaller
fragments (Figure 2). The universal forward (K504) and
reverse (K505) primers were used to obtain the initial
sequences, then, the suﬂclones were sequenced by primer
walking. Figure 2 shows the sequenciné strategy. The
nucleotide sequence and the deduced protein sequences of the
~eding regions are presented in Figure 3.

Sequencing of the entire 12kb region reQeals that in
addition to the reported &« -try (Davis et al., 1985), there
are seven other open reading frames (ORFs) in this region.
They appear to be functional trypsin genes, because these
ORFs are complete and.their deduced amino acid sequences all

have the conserved motifs (see below} shared by other
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Figure 1lA. Restriction map of the 12kb D. melanogaster

genomic fragment.

B = BglIIl; E = EcoRI; H = HindIII; S = SacIl; Sp = Sphl

Figure 1B. . Genomic organization of the D. melanogaster

trypsin gene family.

Blackened bars represent coding regions. Arrows indicate
directiohs of trénscription. The open bar represents a
repetitive region for short repeats of CATT or CATTT. Nurbers
above the line are lengths of the coding regions (bp);
numbers below the line indicate the lengths (bp) of

intergenic regions and the repetitive region.
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Figure 2. Strategy for sequencing the 12kb D. melanogaster

genomic fragment.

The top of this figure represents the organization of the D.
melanogaster trypsin gene family (as described in Figure 1B).
Subclones are shown as lines with numbers beneath them. The
"K* series primers used for sequencing are shown with a
vertical bar and a number in parentheses. Bars indicate the
locations of the annéaling sites of the primers, humbers give
the annealing positions of the first base (5') of each primer
in the 12kb fragment (Figure 3). Primers above the line were
used to sequence the upper strand, primers below the line
were used toISEquence the lower strand. The two universal
primers (K504 and K505) are not shown, but they were used for
every subclone. Most of the primers are oligonucleotides of
20 bases, their sequences are stored in MicfoGenie under

directories of "KaA" and "BEN*,
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Figure 3. Sequence of the 12kb D. melanogaster genomi.c

fragment.

Complete sequence of this genomic region is shown for one
strand (same direction as in Figure 13). Coding regions are
shown in bold, along with their translated protein sequences.
Positions of stop codons are indicated by asterisks. The
repetitive region is underlined. The GenBank accession number

for this fragment is U04853.
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GAATTCCCAACACTGEGANC TTTGGTCCACTC TAAG OGS TAAA TT TAN TG TTCCATATIT T IGSGEA T TIGETAMAG T T IGAAC GG TP IV VU A TAN TU CAC AT CAAGG T
ATCTAATCATTS AT TAAGTTGATT T LA TTAGAANAAGN TTARN TAAMACC T ICAS TICGEAAANCCC TAAGSCACG GG T IVAGANGC CANTTTA TT TACAARA S TURAM UGG TUAY
ATANTTAATTTAGAGCCCTOCCAMAACGOCATCGATCCAAGOCCTCADI TACGCCACATTGOCATAGACGOCGOCATAATTOOGCACTACACAACTATTOCCOCAQUACNCARCTCCATA

* L @ AL VvV A DI®NWUPURILYAVNAMY YV OCPYNZPLACZSNGMW?SS SV VaOYy
GAGCTCATCGCOCACCOCCAACGGTCCTCCOGAATCTCOCTOCC AGCCATCCOCACCACCOACACCCOATTTGCCCGOCACAC AACATOGCCAATCTGA TOCGOTACGTCTCATCOCCTAN

GGCCAGCTTAATACCCTTGATCGTGAAGTTATTOAOCGCCAATOCGOGA TCCACAAMTAGAATOICAATATCATTATTATAGACAOCTCOCGAGTAATA

TOTCACTATTCTAGTCTCATTAAAA TOAATCOTC COCANCOA TOGCAAAACCEA T TCTOCOOC UTOUTOATACCCTTOTAGLGCACORA A TCT-O0TA CGGOACCTOCOCTATOTCCOT
T VITTUENUPTISBSOGOCRUHRP®PNEPTTTIORKTYTY RILZSIOQYPVQAMIDT
COCATABCCACCCACANTOCAOCCATCCGAAAC OC TCT T TCATCCAGATCCTOCAGANGOOANIACCTTGOIICANGOCC ACCANOC TAACGA GAAMIOCCAMGAOGCCAMCTATCC A
A Y GOV IRGDEPY S KEBEDLDU ELLPLUGQTLAVL SVLZPALTL GVTIHW
AGAGCTCAACATGCTTACARAGGCARGGAGANTAGGGARCTGAAGGCCCAM T T I T IGGCOCGCON T IO CATOGC T TATY TAACGGUCGATTOGANTATAGGANICATAAA T I TATAR
8 3 8 M
TGEATATGCATEGTCATTOG TTACTACGAGOGA TTAGGATTTATAGGCTACTATAANACTRCG TAACATANTTCAGA T TGA T PUIGAAMCG PITAACATT ITTAMN P IN T T TA TG CAN T
TGACAATATTIG TAAGC TA T T TA T M T I IS CAAGAN TATGG C TACAA TTATTTT ITGGAA T TTC TTIGAC TS TTTAA T I VGG T I T IFTAANTC TAMCG TAMTAN IGATICG I TUA
AMCTSAACTETGGACTTANTAG TUAGTATTC CCAATAANAGAG T I TATTACCAANC TCAT TTTIGC TICGA TAATICCAGT T I T TAATOGGCTATATAAG TIG IC TGAACTATAANGA
COTTTITCGC TG TAGTACGC TAT T I AT TIGACA T TTATATAATC GACTAGGTATATC CCCTOGG T TATACATAAGAT G T OOCTATT TROCTATCCAUTCCTTATAGTAAGCGACAT
*'¥Y Y BT RGNEKAMIWDKXKTY Y A VN
TTGCOTAAACOCCOGOATANTTTGRACGTGLOCATCCTTCTCCCCAGBAGACAATGCCCACCAGCTTUTTAGCAAMCAACCAGANGT CCTCOGORMTCTCOCTOGCAGLCATCCTTTCCGC
A Y VOO P Y NPRAMCGEGW S8 VIAGALUEKNAMYVLPGOGSDOOQOCADIKOD GO
CCTCORATAGTCCAGCGCAGAGCATGCCCTCOCTAATCOOTCGCCAGTAGTAGOC T ICCTGORATT TTTCOGAATCOACAATTOATACCTTAACCTOCTOCAGTTAA TCOCATGAC AAGC
BE 8 L G ACLMOIZRSTIUPRWNWNY Y ABOQCIKES8DLYVYIPVEKVOQOQOLOQDSZSS LG
COTTCTCTTIOGTATAACCCCAACCACTGATTO TOGCCTOGACTCCAACGOC TOGTTGC TCCOAGGCUATTACAATOGC TTCCATAGTGCTAARGCTATCCAAGOOC A GOGUADGATCCA
N B KTVYOWGae 38 ITAQVGY P PQESAIVIARMTS?P? 8 DLPLPPDYV
CAACCACCAGOGCAATOTCOTTATCCATACTGCAAGAGTTG TACAACTCGTGGOCAATCAATTOTOAAACTCGCACCACCACOCCATACATACCCCCACGACTATCOTCUCCATACACCA
_VVLAIDNDHTSSNYLBHPILQSVRVVVOYNGGRSDDUBV
CCAGGAAATTCTCCGCCTCTCOIT TG TAGACACAATATOCTOCCCTTOC TATCOTCAC COCATCCAGGATOCA TCCACCACAOG TT TOGGCGTAGOAGCTACTCOATUACTGLGCCTAC
L P NEAEBRMNYYVCHAMTAITVADLICGOAGQCECT™QAMAMY S 3 3883 8RRER
GOAGCTGCACCACATATTTCGTATAGTAACTGGATCTATCTACACCOCCARCTATGCAACCATCTOGTTOCACCAATACTOCATAAATTCOGAGAAGAAAC AQCACCOCAAQRACOCTTA
L. Q VVYETVYY S8 TDAGGVYVY I RGDPQASVYVYAYIAaGQLLPLVALVRLEL
ATATGACTTTOTTCAT I I TC T TS T TCGOAGAG TGAC TARATCCAATC TTTTACTTIGC TG AR TCAACCANMASC TTTT ICATT ICCANTCGC TATATAATCC CLAMAG TATGCCAGT
I Vv

K N N
CTAGTATGCCSG TCTAGTATATTATTATTATTTATATC TACAAAS T TCGCTTOCATTCAGOATCCACTTTCGCAMAGCOOGCACATCOGAGTAAA CACCOOUCAGTAGGTTCOAGOCAC
*+ L T B 8 ANLTIMWIEKARLAEPVDS Y VOPILLNIESGARC
AGGCATATCCCCAGUACACGATTCCCACCAGACTGTTACCOACCOCCAGAOGACCACCORAATCTCCTTGOCAAGCOTCCTTCTTCTTTTCATAGOCACACACCATGC TATCGTAGATGA
A YO W S8 VIGVLT NGV ALZPOGQGSDGEOCADIEKZXRXIEKERYACVYVMWNIZIDYTTTI
TOTCTCCGTACT TG TACTCATCCCAAGCGCACGTCTTCCAGTCCACAATG TTOACATAGACCTCCTGGAGCOTCTTAGOCACACTCATGCACCAGAROTAQCACTTUAAACCCCATUCCAG

TGACCACAGCOS GG TGCCACTOA0CGOC G T TCCGTOOCCAGTTCOATATATCOAATATT TTCOGTTTCCTTTACCTTCTCOTCCAGCTTCAGTATOCCCACCTCOTACTCCATGAUTCT
YV VATTGT?PPRPTETADLETITYRTIMNIEBETRNKYVIEKEDILZEKTLI®OVDYTZ RENTLZK
TOGAGTTATAGICCTCATTCTATGOCAAC TCCCOGACAOCAACCACAATTOCACCCTCATTUTAGAGCO TOOACCGAGACGCACTAMCACC TTGAAGACCTTCCTTCOCACCAUACADT
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Figure 3 (cont.)
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trypsins. The new genes were hereby named as f -try, y-trv,
6-try, €- try, {-try, n-try, and 8 -try.

As shown in Figure 1B and Figure 3, the length of the
coding regions of a-try, B-try, v-try, d-try, €-try, {-try,
n-try, and 0 -try are 768bp, 75%bp, 759bp, 759bp, 768bp,
840bp, 786bp and 786bp, respectively, coding for proteins of
256aa,.253aa, 253aa, 253aa, 256aa, 280aa, 262aa and 262aa,
respectively. One of the most striking characteristics of the
D. melanogaster trypsin gene family'is that all eight genes
are clustered closely together, but they are not evenly

separated. The length of the flanking sequences between these

genes can be as short as 1l44bp (between n -try and 0 -try), or
as long as 1683bp (between B -try and y-try). Based on the
gene organization shown in Figure 1B, the o -try and B-try
genes seem to form a closely-linked, divergently-transcribed
gene pair, with the &-try gene in between; the Y -try and S -
try genes form another gene pair with 975bp non-coding
sequence in between; within this group (@ -try, B-try, y-try,
§-try, and e-try), B-try may also pair with y-try and/or €-
try; while the others ({ -try, n-try and 0 -try) do not seem
to be associated with any other genes. Between J -try and

Y -try, a 450bp region of short CATT or CATTT repeats was

detected (Figures 1B and 3).

27



3.1.3. Genomic Southern analysis

In order to verify the map and genomic organization
shown in Figure 1, as well as to detect other possible
trypsin genes, genomic Southern analysis was carried out.

Total genomic DNA was double digested with
EcoRI/HindIII, SphI/HindilI, and EcoRI/BglII. Since o -try,

B-try, y-try and 8-try (the a -try group) share high sequence
similarities (see following sections}, only one probe was
used to detect this-grpup. This probe was a 450bp PCR product
for y-try amplified by using primers K547 and K560. The &-try
probe was a 580bp PCR product from primers K517 and K52I. The
{ -try, n-try, and the 0 -try probes were 360bp, 420bp, and
500bp long, which were also amplified by PCR using the primer
pairs K747/K697, K743/K671, and K713/K680, respectively.
Figure 4 shows the results of five Southern blots using the
above five different probes. Based on the map of the cloned
12kb genomic fragment (Figure 1A), the ¥ -try probe should
hybridize with fragments of 3.76kb and 3.5lkb for
EcoRI/HindIII digests; one fragment of 3.51kb and another one
over 3.76kb for Sphl/HindIII digests; and fragments of
5.52kb, 2.63kb and 860bp for EcoRI/BglII digests. In the
Southern blot using the E-try probe, single bands of 3.51kb,
3.51kb and 1.51kb would be expected for the three double
digests (in the same order as described above, the same order
will be used in the following text as well). For the other

three Southern blots, single bands were expected for each
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Figure 4. D. melanogaster genomic Southern analyses using

trypsin probes.

Autoradiogram of D. melanogaster genomic Southerns analyzed

with the following probes: Panel A, Y -try probe; Panel B, €-
_try probe; Panel C, { -try probe; Panel D, m-try probe; Panel
E, ©-try probe. See Materials and Methods for details of the
probes. Hybridizations for different probes were on different
membranes from different gels, but the DNA digestions ware
the same fbr'all the five blots. Genomic DNA was digested in
a 50pl reaction mix, 10pl of which was loaded on each of the
five gels. Restriction enzymes: B = BglII; E = EcoRI; H =

HindIII; Sp = SphI. The marker is the EcoRI/HindIII double
digestion of A DNA.
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digestion: the { -try probe should pick up single bands of
2.47kb, >1.8kb and a 5.52kb band; the 1 -try probe should
hybridize to single bands of 2.47kb, 650bp and 5.5kb; and the
0 -try probe should give single bands of 2.33kb, 2.33kb and
5.5kbk. The results clearly show that the expected bands are
all present, indicating that the 12kb cloned fragment is from
the D. melanogaster genomne. The fact that no other obvious
bands were detected in any of these Southern blots suggests
that there are no other genomic sequences which are highly

similar to any of the eight identified genes. The Southern

analyses show cross hybridization of the Y -try probe with the .
E-try gene {(a weak band of 1.51kb was detected in the
EcoRI/Bglil digests, Figure 4A), and also the g -try probe
with the o -group genes (weak bands in Figure 4B)}. This
result suggests that cross hybridization isddetectable using
the conditions described in the Materigls and Methods, when

the sequences are over 65% similar.
3.1.4. Sequence analyses

While genomic_Southern analyses give rough estimates of
sequence similarity between sequences in this gene family,
precise degrees of sequence similarities can be measured by
pairwise comparisons. Nucleotide composition of the genomic
region and the amino acid composition of the translated

trypsins will also be analyzed.
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3.1.4.1. Pairwise comparisons

Table 1 shows pairwise comparisons of sequence
divergence for the eight D. melanogaster trypsin genes and
‘their deduced amino acid sequences. At the nucleotide level,
o -try and B -try share 85.5% sequence similarity; y-tzy and
0 -try only have 5 nucleotide-differences; and the degree of
divergence is 0.7%. This sequence similarity between y-try
and § -try also extends to their immediate 5' upstream
regions, with 48bp of identical segquence. No significant‘

similarity was found between their 3' flanking sequences. The

degrees of divergehce between members of the o -group (except
between Y - try and &- try) are all around 13%. The &- try
gene diverges about 33% from the o -group. The {-try, m-try
and 0 -try genes differ from one another, from the o -group,
and from the e—tiy gene in degrees ranging from 43.4% to
49.9%. At the protein level, the 5 nucleotide substitutions
between ¥ -try and é -try result in only one amino acid
difference. An alanine close to the C-terminus in the ¥y
trypsinogen is replaced by a serine in the & trypsinogen. The
degree of divergence between the two proteins is 0.4%. The
levels of divergence between products of the a-group (except
between that of y -try and 8- try) are around 15%. The ¢
trypsinogen diverges about 38% from the o -group trypsinogens.
The {, m and 0 trypsinogens differ from one another, and from

the o - group and the € trypsinogen in degrees ranging from

53.0% to 60.8%.
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Table 1. Pairwise comparison for percentage seguence
divergence of the eight D. melanogaster trypsin
genes and their deduced aminc acid sequences

| aa\nt o« B Y 3 £ L M e

o \ 145 11.8 12 382.6 45.4 46.4 46.3
B 174\ 12.7 12.9 341 46.5 48 46.1
vy 131 15 | \ 0.7 33.7 47.3 48.7 46.3
§ 13.6 15.4 0.4 \  33.6 47.2 48.8 46.4
¢ 37.4 39.1 38.8 39.1 \  48.8 49.9 43.4
¢ 571 57.8 57.1 57.4 57.7 \ 46 50.4

n 54.9 56 56.6 56.9 56.4 56.3 \ 48.6

o 53.3 55.3 52.4 653 53.6 60.8 60.6 \
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3.1.4.2. Nucleotide composition
3.1.4.2.1 G+C content

The G+C content of the entire 12kb is 46%, but the
coding régions have a much higher G+C content (58% on
| average) than the flanking regions (36%). Each coding region
was divided into'two subsets, nonsynonymous sites and
synonymous sites. The nonsynonymous sites are positions where
any nucleotide substitution will result in an amino acid
change. The synonymous sites are pdsitiohs where there is at
least one possible nucleotide change which will not result in
an amino acid substitution. The synonymous sites in this
study include ali the third codon positions except codons for
Met (ATG) and Trp (TGG); they also include the first codon
positions of codons for Leu and Arg. The first codon
positions of Ser codons are not considered synonymous because
double hits are required to change Ser codons from TCN to
AGR. The synonymous codon positions of the eight genes have

an average of 70% G+C. the highest synonymous codon position

G+C contents were found in the o -group genes and the €-try
_gene (73%, 76%, 78%, 78%, 73% for a-try, B-try, ¥y -try, 0-try
" and £ -try, respectively), while C'—txy, n-try and @ -try have
66%, 53% and 64% G+C at their synonymous sites, respectively.

Figure 5 shows the distribution of G+C content in the
12kb genomic region. The G+C content is higher in the

synonymous subsets of each coding region than in the .
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Figure 5. Distribution of G+C content in the 12kb D.

melanogaster genomic region.

G+C content was calculated for the eight coding regions and
the nine‘flanking regions. Each coding region was separated
into nonsynonymous sites and synonymous sites. The £flanking
region G+C content is shown in blue bars; nonsynonymous G+C
content is shown in purple bars; synonymous G+C content is
shown in red bars. The genomic organiéation of this region is

also shown at the bottom as reference (Figure 1).
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nonsynonymous subsets, which in turn, is higher than the
flanking regions. The G+C contents of all the flanking

regions are less than 46%, and can be as low as 29.6%. In the

coding regions, G+C content only varies from 50% {(for 6 -try)
to 54% (for B - try) at nonsynonymous sites, but at
synonymous sites, the variation is from 53% {(in n -try) to 78%
(in ¥ - try). A t-test shows that the synonymous G+C contents
of a-try, B-try, y-try, O-try and g-try are significantly
higher than that of the {-try, 11 -try and 8-try (analysis not
shown). It is worth noting that the five genes which have
higher synonymous G+C contents also show higher pairwise
sequence similarity. Figure 6 shows the positive correlation
between sequence similarity and G+C content at synonymous
positions. It clearly shows that genes having higher sequence
similarities alsc have higher synonymous G+C contents.

The difference in G+C content at synonymous positions
indicates that some genes, compared to the others, prefer to
use codons ending with G or C. In other words, codon usage in
these trypsin genes is biased, and the degree of codon usage
bias varies from gene to gene. Nc (effective number of
codons, see Wright, 1990) is a measurement of the degree of
codon usage bias of a given gene, with values from 20 (most
biased codon usage - one codon is exclusively used for each
amino acid) to 61 (no codon bias - alternative codons are
used equally). Figure 7 shows a significant negative
correlation between the Nc value and the G+C content at

synonymous site.
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Figure 6. Correlation between synonymous G+C content and the

degree of sequence similarity.

For each of the eight D. melanogaster trypsin'genes, the
degree of sequence similarity was calculated as the
similarity of a given gene to its most similar gene within
this gene family (Table 1). Synonymous G+C content was
calculated by usiné the computer pfogram DMP (Jermiin et al.,
1994) . Genes with higher sequence similarities also have
higher synonymous G+C content. The correlation is

statistically significant (r? = 0.8096, P < 0.05).
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Figure 7. Correlation between synonymous G+C content and Nc

value.

.The ‘effective number of codons (Nc value) (Wright, 1990) was
calculéted for‘the eight trypsin genes using the éomputer
‘program Codons. Statistical analysis (regression) was done by
using StatView. A significant (p << 0.001) negative
correlation between Nc¢ value and synonymous G+C content was
found (r? = 0.9574). Genes with higher G+C content at their
synonymous sites have a smaller effective number of codons,

i.e. they have a more biased codon usage.
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3.1.4.2.2. T+C content

According to the Watson-Crick base pairing system, G+C
content is always the same between the two strands of the
same DNA. It is ideal to use G+C content to study
evolutionary processes which do not distinguish the two
strands. However, transcription of protein-encoding genes
normally only uses one DNA strand, the coding strand, as
template. In order to study the effects of evolutionary
forces on nucleotide composition at the post-transcriptional
level, one has to use other criteria.

Base composition of the three different codon positions
were calculated for the eight trypsin genes and are
summarized in Table 2. A high third codon position pyrimidine
{(T+C) content was observed.

The overall T+C content in this genomic region is about
50% for both strands. In the flanking regions, as well as at
the second codon position in all eight genes, the T+C content
is also about 50%. At the first codon position, the T+C
content of the coding strand is low (34% to 41%), in all the
genes. However, in the third codon position, most of which
are synonymous sites, the T+C content is high in the coding
strand of all of the genes. In Figure 8, the first and second
codon position nucleotides were removed, and the T+C content
of the flanking regions and the third codon positions was
calculated. It clearly shows that the coding strand has a

much higher T+C content at the third codon position. The
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Table 2. Percent nucleotide content at different codon

positions in the D. melancgaster trypsin genes

nucl- codon
eotide position

1st
A 2nd

3rd

1st
T 2nd

3rd

ist
G 2nd

3rd

1st
C 2nd

3rd

gene

o B Y 3 £ 4 n 0
25. 25 26 26 21 24 22 26
20 19 19 19 27 27 28 29
6 4 5 8 4 11 21 11
23 25 24 24 21 18 20 20
27 25 26 26 27 28 27 27
20 19 186 16 21 22 24 24
35 34 35 34 39 40 39 40
25 26 26 26 24 21 21 21
19 21 18 19 23 29 24 31
16 16 16 16 20 18 19 14
29 30 28 28 23 24 24 22
(33 57 60 60 52 38 30 34
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Figure 8. Pyrimidine (T+C) content in the flanking regions
and at the third codon position of the coding

regions.

After the first and second cocdon positions of each gene were.
removed, the T+C”content was calculated for the remaining
sequence. The average of each coding (shaded bars) and
flanking region (open bars) is shown. The organizatioh of
this genomic region is also presented as a reference. The T+C
content is not strand specific in the flanking regions (~50%
in both strands), however, in the coding regions, the coding

strand has a much higher third codon position T+C content.
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o - group genes and £ -try have third codon position T+C
content of about 75%, which is much higher than that of the
other three genes (60% or less). In order to study whether
this T+C richness is transcription dependent, the T+C content
was measured for the immediate 40bp 5' and 3' flanking
fegions (roughly included as parts of the transcripts), for
the first 40 and the last 40 third codon positions, and for
the remaining third codon positions of each gene. The average
T+C contents for each of the above categories are shown in
Figure 9. Figure 9A shows the averages for { -try, n-try and
0 -try; Figure 9B shows the averages for a -try, B-try, y-try
and o - try.

Since the o -group genes show the highest T+C content at
their third codon positions, data for the four genes in Table
2 aré analyzed to generate Figure 10. In this figure, the
average base composition at each codon position is
calculated. The third codon position shows the most
variation, with 58% C and only 5.25% A. It is worth noting
that the T content at the third codon positions is high
(17.75%) compared to the A content, which contributes
significantly to the third codon position T+C content (Figure
g). Figure 11A summarizes the G+C content and A+T content at

the three codon positions for the o -group genes; Figure 11E

compares -the content of T+C and A+G.
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Figure 9. T+C content of the D. melanogaster trypsin

transcripts.

The T+C content of the immediate 40bp upstream and downstream
sequences of each gene, the first and last 40 third codon
sites, as well as the remaining third codon sites of each

gene was calculated. Panel A shows the average T+C content of

{-try, n-try and O-try for Ehe‘mentioned categories, Panel B
shows the average for «a -try, B-try, y - try, 5—try and £€-
try. Shaded bars represent coding regions, open bars

represent flanking sequences. Arrows represent the direction

of transcription.
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Figure 10. Single nucleotbide composition in the o -group

genes.

The composition of all four nuclectides at the three

different codon positions was calculated for the four o
-group trypsin genes (o -try, B-try, y-try and §-try). The
average of the four genes is shown. "first" = the first codon
position; "second" = the second codon position; "third" = the
third codon position. Green represents A; blue represents T;

vellow represents G; red represents T.
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Figure 11. Dual-nucleotide composition in the D. melanogaster

O -group genes.

Panel A. A+T and G+C contents were calculated for the three
codon positions in the four o -group trypsin genes. The
avérage of the four genes is shown. A+T content is
represented by blue bars with green dots; G+C content is

shown by red bars with yellow dots.

Panel B. §+G and T+C contents were calculated for the three
codon positions in the four o -group trypsin genes. The
average of the four genes is shown. A+G content is shown by
yellow bars with green dots; T+C is repreéented by blue barsv

with red dots.
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3.1.4.3. Amino acid composition

Figure 12 shows the alignment of the eight translated
protein sequences. Residues conserved in all eight proteins
are shown in red. The peptide IVGG was found in all the
sequences, which is highly conserved among trypsins and is
structurally important (Huber and Bode, 1977). This peptide
marks the amino terminus of the active enzyme. Typical
trypsin active site residues (Aspl3®, His8% and Ser241,
numbers are based on the alignment in Figure 12), the
disulphide bridges (Cys’4 and Cys30, Cys203 and Cys?25, Cys?37
and Cys26l), the substrate binding site asp?35, and some
residues surrounding these sites are found to be conserved in
all eight deduced'émino acid sequences.

Table 3 gives the amino acid composition of all eight
translated proteins. Since Leu, Ser and Arg are each coded by
two different codon families, theré are two entries in the
table for each of them. Based on the nucleotide composition
of their codons, amino acids can be divided into two groups,
FLYMINKVHQED (group A, Second codon positions are either A or
T), and GARPCWST {group B, secdnd codon positions are either
G or C). Each group can then be divided into two subgroups,
subgroup I (FL1iYMINK) are amino acids with A or T at both the
first and the second positions of their codons; subgroup II
(L2VHQED) are amino acids with G or C at the first and A or T
at the second positions of their codons: subgroup III (R2CWST)

are amino acids with & or T at the first and G or C at the
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second positions of their codons; subgroup IV {GAR1P) are
amino acids with G or C at both the first and second
positions of their codons. Figure 13 shows the proportional
distribution of these groups and subgroups of amino acids in

the eight D. melanogaster trypsins.
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Figure 12. Seguence alignment of the eight amino acid

sequences deduced from the D. melanogaster trypsin

genes.

Spaces were introduced to align the sequences. Dashes _
represent residues in other sequences that are identical to
that in the o trypsinogen at thé same positions. Numbers on
the right side refer to residue positions in each individual
sequences; numbers on the left side indicate positions in the
alignment. Residues that are conse;ved in all eight sequences
are shown in red. The amino terminus of the mature trypsins,
peptide IVGG, was marked with "+"s. The Cys residues for the
conserved disulphide bridges were marked by "#"s. The
substrate binding site Asp?3% was marked with a "@". The
trypsin active sites (Aspl!3¢, His%® and Ser?4l) were marked by
nkts  The program Clustal V (Higgins et al., 1992) was used

for this alignment.
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Table 3. Amino acid composition of the eight D. melanogaster trypsinogens '

trypsinogens

AA codon

o
Phe(fF) TTY? 3
lle(l) ATY/A 17
Tyr(Y)  TAY 11
Asn(N) AAY 12
Lys(K) - AAR:? 5
Met{M) ATG 3
Leu(L1) TIR 3
Leu{L2) CTN* 14
VaiV) GIN 28
His(H) CAY 3
GIn(Q)  CAR 12
Asp(D) GAY 5
G(E) GAR 2
The(T)  ACN 11
Cys(C) TGQY 7
Trp(W) T&G 5
Ser(S1) TCN 30
Ser(S2) AGY 17
Arg{R1) AGR 0
Arg(R2) CGN 6
Gly(G) GeN 29
Ala(A) GCN 26
Pro(P) CCN 7

16

12

6
31
26

6

18
11
12

14

24 .

11

5
32
25

7

3
5
18
11
12
5
3
3

14
24

11

5
32
24

7

€

6
20
1

4
7
3
5

21

10

18
13

15

28
19
8

18
14
13

17
27

16
12

6
33
23
156

14

o o © o

30

12
14
11

10
25
23
12

Y

12
14
10
15

16
30

13

18

20
10

i3

28
17

1. Numbers represent the occurrence of each amino acid in the protein;

2.Y=T+C; 3.R=A+G; 4N=A+T+C+G.
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Figure 13. Amino acid composition for the eight D.

melanogaster trypsinogens.

Based on the nucleotide composition of their codons, amino
acids were divided into two groups: FLYMINKVHQED {group A,
second codon positions are eight A or T), and GARPCWST (group
B, second codon bositions are eight G or C). Each group was
further divided into two subéroups: subgroup I (FL1YMINK) are
amino acids with A or T at both the first and the second
positions of their codens; subgroup IT (L2VHQED) are amino
aéids with G or € at the first and A or T at the second
positions of their codons; subgroup III (R2CWST) are amino
acids with A or T at the first and G or C at the second
positions of their codons; subgroup IV (GAR1P) are amino acids
with G or C at both the first and second positions of their
codons . This figure shows the propoftional combosition of the
groups (A in green and B in red) and subgroups (I in green,
ITI in light green, III in light red and IV in red) for each
gene. A 8 x 4 regular Chi-square test revealed that the
ldistribution of the four subgroups of amino acids are

‘sequence dependent {p < 0.0%5) in the eight trypsins.
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3.2. 'D. erecta trypsin gene family

In order to study the molecular evolution of the trypsin
genes found in D. melanogaster, the trypsin gene family in D.
erecta was isolated and analyzed. These two species are both
from the D. melénogaster species subgroup, and they were
separated about 12 to 15 million years ago (Cariou, 1987;

Lachaise et al., 1988; Russo et al., 1995).
3.2.1. Isolation of trypsin-encoding genomic DNA

T constructed a D. erecta genomic library in the A -GEM-

11-vectdr (Promega). Details of the library construction were
described in the Materials and Methods. Primers K547 and K560
were made based on the published D. melanogaster O -try
sequence, and a 450bp D. melanogaster genomic fragment was
PCR amplified with these two primers. Using this fragment as
a probe, four clones containing trypsin-encoding genes were

isolated, namely, Del, De2, De3, and DeS5. Figure 14A shows

the restriction map of the inserts from all four A clones.
Southern analysis and direct A DNA sequencing revealed that
all four clones are from the same genomic region. they
overlap one another as shqwn in Figure 14A. The 6.8kk and
0.9kb Salrl fragments of De3 that hybridized with the D.

melanogaster 0. -try probe were subcloned into pUC18

(Pharmacia). Two other Sall fragments of De3 (6.0kb and
0.8kb) which hybridized with the D. melanogaster { -try and
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Figure 14A. Alignment of the D. erecta trypsin genomic A

clones.

8 = Sall. The Sall sites at both ends of each clone are from

the vector, A-GEM-11. The alignment of these four clones are
corroborated by both Southern analysis and direct A DNA
sequencing. Four out of the five Sall fragments in De3
{6.0kb, 0.8kb, G.ka and 0.9kb) were subcloned. The thicker.

" line in De3 represents the sequenced portion of that clone.

Figure 14B. D. erecta genomic PCR.

Bars (both blackened and shaded) represent coding regions.
Long arrows (both plain line and dashed line) indicate the
direction of transcription. The dashed line and the shaded
bars represent the genomic fragment isolated only by éCR. The
binding position and the direction of amplification of the
primers are indicated by vertical bars with arrows. The three
PCR products are shown as lines (PCRl, 2 and 3). The 3' part
of y-try (blackened bar) and its 3' flanking sequence (plain
line) are in the 3' end of the A c¢lone De3 Figure 14A. The
length of the PCR products are: PCR1 964bp, PCR2 883bp, and
PCR3 2454bp.
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N -try probes respectively, were also subcloned into puUCl8. A
continuous 9.3kb genomic region shown in a thicker line in
Figure 14A (De3) was sequenced, in which, a - try, B-try,
£-try, {-try, n-try, 8-try, and part of y -try were
identified. The remaining part of ¥y -try, 0 -try and the
flanking region between them were obtained by genomic PCR.
The strategy used in the genomic PCR is shown in Figure 14B.
Primer K954 was made based on the cloned D. erecta Yy - try 3!
flanking sequence, and primer K977 was made according to the
consenéus sequence between the 5' flanking sequences of the
D. melanogaster yY-try and & -try genes. D. erecta genomic PCR
with primers K954 and K977 amplified a 964bp fragment, which
contains the complete coding region of the D. erecta ¥ -try
gene. Another primer K980 was made based on the 3' flanking
sequence of D. melanogaster O -try gene. A combination of K977
and K980 amplified a D. erecta genomic fragment of 883bp, in
which 8 -try was found. When the D. erecta Yy -try and 8- try
genes were sequenced (see the next section), a primer (K986)
was made according to the consensus sequences of these two
coding regions. Genomic PCR with K986 alone amplified a
2454bp D. erecta fragment, which includes the 2070 flankingﬁ
sequence in between these two denes. The map of this genomic
region and the organization of the D. erecta trypsin gene

family is shown in Figure 15.
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Figure 15A. Restriction map of the cloned D. erecta genomic

fragment.

B = BglII; E = EcoRV; K = Kpnl; S = Sall
This fragment represents the continuous genomic region of the
thicker line shown in clone De3 of Figure 14A and the PCR

products in Figure 14B.

Figure 15B. Genomic organization of the D. erecta trypsin

gene family.

Blackened bars represent coding regions. Arrows indicate
direction of transcription. The open bar represents the
repetitive region (see text). Numbers above the line are
lengths of the coding regions (bp); numbers below the line
indicate the lengths (bp) of intergenic regions and Lhe

repetitive region.
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3.2.2. Sequence of the genomic DNA

Figure 16 shows the strategy used to sequence the D.
erecta trypsin gene family. The nucleotide sequence and the
deduced protein seguence are presented in Figure 17.

2 total of 12.6kb of genomic DNA was sequenced, which
includes the D. erecta counterparts of all eight D.
melanogaster trypsin genes. The 450bp repetitive region found
in between of the D. melanogaster P -try and y-try genes is
absent in the b. erecta genomic fragment. Instead, a 360bp
sequence (or part of it) was found repeated six times in the
flanking region iﬁ between the D. erecta ¥ -try and &-try
genes, these repeats were not found in the D. melanogaster
fragment. The intergenic region between the D. erecta M -try
and 6 -try genes is about 370bp longer than its D.
melanogastef counterpart. Despite all the differences, the
genomic organization in the two species is strikingly similar

(Compare Figures 1B and 15B}.
3.2.3. Genomic Southern analysis

The genomic Southern blots in Figure 4 showed that, in‘
D. melanogaster, there are no other sequences in the genome
- that share considerable sequence similéfity with any of the
cloned trypsin genes. Because the D. melanogaster and D.

erecta trypsin gene families are strikingly similar in their
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Figure 16. Strategy for sequencing the D. erecta trypsin

genomic region.

The top of this figure represents the organization of the D.
erecta trypsin gene family (as described in Figure 15B).
Subclones and PCR products are shown as lines with numbers or
names beneath thém. Three subclones of PCR3 {(PCR3.1, 3.2,
3.3) were generated to facilitate sequencing. PCR3.2' is a
truncated version of PCR3.2, accidentally generated by TA
cloning. The "K" series primers used for sequencing are shown‘
with a vertical bar and a number in parentheses. Bars
indicate the locations of the annealing sites of the primers,
numbers give the annealing pésitions of the first base (5')
of each primer in the genomic fragment (Figure 17). Primers
above the line were used to sequence the upper strand,
primers below the line were used to sequence the lower
strand. The two universal primers (K504 and K505) are not
shown, but they were used for every subclone. Most of the
primers are oligonucleotides of 20 bhases, their sequences are

stored in MicroGenie under directories of "KaA" and "BEN".
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Figure 17. Sequence of the cloned D. erecta genomic region.

Complete sequence of this genomic region is shown for one
strand (same direction as in Figure 15B). Coding regions are
shown in bold, along with their translated protein séquences.
Positions of stop codons are indicated by asterisks. The
repetitive region is underlined. This sequence has been

deposited in the GenBank, the accession number is U40653.
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AM’I']C’I‘I\'.‘GG‘I‘(.‘CAC'IC'I‘MACA‘I‘J‘\ATT.‘AMCTCC'IG}\']'I"IC&.N\C'I'I'I'!WATPI’OGTCNA’!‘IT‘C’I’I‘PAA’IY?GTAC‘I'ICMACC'!CCC'ICMCC’I‘I‘MWC&CCCCCCA'I\'.'
TAATCATIGATTAAGCTCATTAMA TIGOGGAAAGA TTAATAAANACG T TC GEC TTGGAAAACCCCAAGG TAAA TG CTOCAGAAGCC TATTTATTTCL AACGCG TGOGATCATGACATAA
TIGATITAGAGACCTOCCCAAALGOCATCGATCCAGOGCCTCAGAANCGCCACATTOUCUT AGACGC COGTATAA T TGOOCAQOOCOCAACTOTT GCCCCAGAACACGACTCCATOAAGC

TTCUTGATOACOCCN! TOAC

E HMIVREVYHNTTIYVGDTOTOQPNTOQAYVV EKPOGQSAVTOGTIVCHMDAMT
AGTATTOTAGTCTCATTGACAATOOATCCTOCGCACCOATOCCGAAAOGAATTCTCCGOCGAOCTOA TOGCCTTGTAGCGCACGGT AATC TG TATOOCACCTOCOCTATATCOGTCACA
L I TTRNVY I S8 OQOCHRMHHRPPNZERZPS8 S8 IAEKTYA ARLTTIOQY®PVQGQATIDTYV
TAGCCACCCACAATGOOOCCATCCOOARGCTOTTCTCATCCAGATCCTL i GAAGOCOAA GACCT TORCTCANGGCCANGGCGCTOAGAAGAACGAOCCAGAAGGCAACCCAGCCAAGAL

Y 0 a VIRabDPFP S NERBRDLDELULTPILGQS3LALAMANMSTLLVADLILTCSECGTELW?SS
GAOCTCOACATG PICACGAAGGCANSGAGAATAGGGAACTGAAGGCCCAANC TT I TIGGCCOCCAATTCCATGGC TTATCTGACGETCGACTCGTATATAGARATCATAAAT T TATAAT

8 8 8B X

GGJ\TA’I'GCA’I‘CE’ICNI'IY.‘G’I‘IJ\C’I‘AL"I'IGCGA'I'I'ACG"'I'I'I‘J\TACBC’I'MTA'PMCJ\G'IDSCTMC;\CACTIGAGATGGATPPMCJ\M&MTPPA’I’FI‘PANTMG‘KX;CCATANT
TGAAGCCATTTATI TG IGAMATTATAT I T T TAAMTTTCCARACTAAMCACATAATAAT TC TG T T TCAT T TCGA TTTTACAA TCCATTTTTAAMG TGAGTAATG TGCCTTAGAARA
CIGAACTGTCCACT ICARAG TCAGCAT IGCCTA TAAA TAG T TTAT TG TC CAAC T TATATATGG TTCGATAACTGCATT T TTAATOGG CTTTATGGACTG TC TGAACTATAANGACGGTTT
GICGATTGTAGTCCG T AT TITATIGGACATI TANTACAACAG ITAGGTATATACACTC TGTTATACTCGGCTGOCTATCCAGT CCTTRANGT ANGCCACATTTGOGTAAACGUCAGTAT
* VR 8 AIWDEKPY AV HNALY VGEPY

ANTTTOOACGTOCOCATCCTTCOCCCCAGUAAM CAATOCCOOCCAGCTTGTTAGCAMCAACCAGAGCTCU TCCOGANTCTCCCTUOCAGGCATCCTTTCOGOCCTCAGATACTCOGGCGE
N P RACGEGMWSVY!GALIEKUBDNAYVVLPGGSUDO G QCADUEKSGGESTLGATC
AOAOCATACCCTCOCTGATTOGACOCCAGTAATAGOCCTCCTGGCACTTTTCOGAOTCGACAACTGOCACATTGACCTGCTOCAGT TAATCOGAGGACACOCCATTCTOCTTOOTATAAC
L M GR 8I P RWY Y ABRBOGOCKEZSDVVY P VRVQQLOQDSS8L GWREZXKTTYG®G
TTGTOGCCTOGACOCCAACOGCTGOCTGCTCCOCGACAATTTCANTGOCTTCCATAGTOCTTAAGC TAGC CAAAGGCAQCOGAGGATCCACARTCACCAGGOCAATST

M G 8 I TAQVGYVY A POQGQEREAATIRTIAMLMEMT S8 8ALPLPUPDVIVILATID
COTTATCCATAATGGTOOCGT TG TACAGCTCATOGGOAATCACT TT TGAGACTCGCACCAL CACCCCACTCATACCCCCACCGCTATCUTCTCCTGOCACCACCAGGAAATTCTCCOCCT

TIIYNTTDRGHVIRGDPQASV’AGIGLLPLL&LIHLIVKHH
IO IGTTOGANGAGTGACTAANTGGGA TA T T TACCCTGC TRGAAA TCAACGAARAGC TTTGGC TCATATOGCARATTGGCCCATAAAC TGTTTT TAT TITAACACCGATAAGATGACCA
NCCGAGAGEGG TAGCTC TGTCACCATTGC TCAC TAAGANTATTAACCTTAGTC TAGGAG TOTCATCAATS TGATCAMTATTTAAG TGCCACTTGAAGCAGTAAMAAGC TTCAATTAGCT
AATCANTCTGAA TGAAGAGAATAC TACAAR TIGGCATGGC TGA T TARAATATACANAAGTAATATANTCATG TAAAGGATATT T TTACTGE TACACATCCAT T TGGC CAGANAGG AR
AGACGGAMNCCEATTTIGGCACARATATCTATGTTAATGANTCATCAGTC T A TCATC CATG TEAAGC TTAAARC ARTTAGATAGEC CTGGRARGC TTTC TGATIG TSAATCGC TGAATAR
TGCCOGAAGTA TGCCOGCCTATTCGATS TATC TACAAAOT TTGOCTCOCGTTCAGGATCCACTTTCGCAMGCTOOCACATCGOACTAMACA CCUOGTAGCAGGTTGOATOCACAGACA

* LT Q8 AN LIMWEKRILAMMPUVDSEY V G PFPLULNZUSZIMTCECECA
TATCCCCAGAATACOATTCCCACOAGAOTO TTACCOATCOCCAGAGTACCACCOAANTCOCCTTAACAMIGCGTOCTTC TTC TTC TCATAGGCGCACAC CATGOTGTCGTAGATGACCTCG
Y w8 VIGVLTTNGGTIAMLZPO GO GSDO G QOGCAMADIR K KKIEKTE?YAMALCVNT?DYTIUVHSE
COOTACTTGTACTCATCCOAGOCOCAGGTC TTCCAGTCCACAA T TCACUTAGACCGCCTOGAGCGTC T TAGGCAGGETCATGCACCAGAAGTAGCACTTGGAACCCCAGCCOGTAACT
C Y X Y ED S ACTXWDVINVYYVAQLTXPLTMOCNPTYCRKSGWGOGTV
ACGICOATGATOCCAGTO0OCOAAGT TTCCOTGACCACTTCGATOTATCGAATATCATCOGTTTCCTTCACCT TTTOGGCCAGC TTCAGTATGOCCACGTCGTTCTCCATOCTCTTGGAG
VATTOGOQTT®P PTRTALZERITYRTIDDTIEIRXKVYVKREALIEKTLTIUGVUDUHNEMMMTIZ KS
CTOTATTCGOCATTGTAGGTCAACOCCOGUACAGCAACCACTATTCCOCCCTCAT TOTA JAGCGTOAA COGAOTCOCACGAACACCTTGOCGATC TTC TI TCCCACCAGACAGTGOGEC
a8 ¥YDANYTTDLARYAVYVYVIGQGOGRNTYTLTOS8GLRVYFV XKAIZEKIEKU GCYVLCHA
OCTOTUACCACAGTOTCCTCGTTOATCAM CTGCCACCACAGAAGTGROAOCCTTTCTT AT TC TACAGOGAMACCTCATAGGRATGC OCCOGAATTGTGETATCC TCGCCOCCCACATA
ATVVTDENTILASGGGQCPMHNSOGCKEKNO QL SV QY PRARTITTDETUG G GV I
COAMCCTTOGCOCTOCAMIGOATCAQCATTGAAGACCCCAATTUTUOCAGCAMGACGRAACCCAC GOCCAGGCAAMCTAGCAGTACCACTANTCCATGCA TTC TGGACARACACTGGCCC
R QR REBPFPPDAMNZSEVY dQI TOMAMPASQGV ALCVYLLVYVILAGHN
ATCAGCGAGCCATGGCAGGCATTTATAACCTTCCAGCCAGGCGATEAN TCGE TGCAATGC CAGCCATTGAG TOGC CAGCCGACAGTATCAGTOGATC TTTTGATCCG TGGAATTAGCAT
ACTCTGCACTCGANGGCAGGCGECATS TICCTTATC AATGGGAC TIGC TATCAATCAAAGAGAGCG CACCAG TOGARAC TCGGAAG TOGGCAC TTCAGCGG TTG TCATTCGATATAGATT
GCTTISTCCTCATATTTIGACC TIGTCATTC TAGGTGATTAGAGGAGC TTTTACCAAGACACGCC TTTACTATS TTCCCGTTTAAAAARCGAGCGATGGCACARATACGACGTTTATGACA
TCGATAMGATTANTATCOGAARACTACATGCATAGATACA TT TOC TG TTACAARGATATTGAC TAGAATATATT TCCTTTCGCACCAA TG TTCTGACATTC TTTCTCGACG TATAGTAA
CNTAGATATGGRTTTGAGCTCATCGACACATGACA TIGGG TTICATGGATAT TGACTAATTGGC TAATTGAGG TTTGC TOGAM TT TCACATG AARATARATAACTTTTACCGCATTCCC
GAANTSGAGGNGGTCATTCC TARGRCACG TAATTC CAAMRG TAGG TTATG TCATACCAGAAAC ARTTTGGGATTGG TCATTAARAGAACACACAA TAACCCAAM TG TTACCAATGCGLCG
TOGGGCTOGAA TACCCG TTAAGTANGGGG TGGCACTCTGCCAATCAACATTICAAMAC TAAAAATGGC AAMANTCAACTTTATTA TGO AATTGATAATOG ARCTTT TTTTAAACAGCAT
TATCGACCCCAATATIGACATTACCATT IGCAA TTC TT TATAC TTIC TGCAATTG TIG TTGCAAT TAATTCACAAATATTAGG AAAACAGCAGAAMAATARATTIC TACTATCTATTC
ATAGTATTCAACCAGCCACGGTTCAGCAMAAACGTCCAACTTCGAGAGTCCAAATC TETGCAATC TIATC TATTTCATT TTCCOGGC TAA TTAATC TTGGCACACC TG TCCAGACCATCAC
TCAACTTATCAATGAMGATGAATTCAAACCCCAGCCACGCGATGCACTCGAGGTTGATTAGATTGG TCC TGGACAMTG TTTACCC TTAGC CACTOGAGCCCATTGARATCGETGGAAA
TCACGGGTACCAAATGTGAATACCOGTARACCCCAAACARGATAAGACCTGTGACG TTATTICC TCATIGGTAATTCAATAATACG TAAGC TG TAATAAGGAGTACG TGTGATACTTCAA
GGAMACCTAACTTCTICCTC ICCC T TCAGATITAACC I CTAC TTAAG TTAGGAG TARGCCATCCG TAAA CCATC TTAAGG TTAR TG TG CCAAG TACAAR TTATC TRTG TTCTGCATGC
CANTATTTATIGAAGGAA TTIGACACATCCANCC CACAGG TTATCCGCTTAGA TGL T TTGOCAGT GCTGATCACCCAGGAICGGAGAACAGCAACATCGGCGTAGACACCGOGGTAGT
* I 8 N AT 3 I v¥®M 8RLVAYVDAY VG P YN
TOAAGTAAGCOCATCCITATCCCCAGOAGACAACACCOACUAGGACTCCOOCORAGACCAGTGOGCCACC OAAGTCACCCT GOCAGGCATCC TTGCCOCTGGCAGCAGCGCAGATCATGE
g8 Y ACOGOY GW S VYV GVLVY GOS8 VL PGOGS DAGQOQCCADI KOS AMAMAMCTINT
TOTTOCOOATCTCOCTACCUTATCCATAGOCAGAGG) AOCACACTTGCTCTGOCTAM QAT GTTCACGT TCACGTACTGCAGCTOGGAGOGAATGUNGT TGAATCOGAAGANCTGOGTAC
N RI B8 G Y G VY A B8 3 ACKUS3QB8VINVYVNVYVYYGQLOQS P I 8 H B3 8 8 001TOGa
CAGOGOCACGOGOCTCORTTORCT GOOTTOTAGGTGOCCAGCACANTACC CTTAUATOCT TOAGCTAANICTCAGGUAGTAGCTANITCOGATGACGGOIATGTCATTGA
., W a8V AAAAGHNMPNYTAMAMLAMAMTIAMMEKTISS S 8P 38 LS8 8 8 LRTIVAIDHNYVY
CCATOITATTOGCOTTOTATCOCTCOTOOT TOCOTAAGOCCOCCACCTTGAC GACIACTOCOCCAGAOCTOCAGTAOGTOGATCCGGOGCOCACCTACAGGGAGOAGGCGIACACGOACT

M TN ANY GCGEBHWHNRPAMAYEKAMVVAaGQaQGQs 8§8W Y T™BGAMRVY QL S8 8 AMABSV S8 Q
GCAGOCAGTOA00A0CCOTCACAM TCATAO T TGICAGAGCTAGACGEATCOACCGCAGAA G TGOCTICCACTOCOCT GCA GOOA GATCT OCCAGQOJAAGC TIC TAATGOTGATAOCAGAGC

LCHAAMTVIIMNAMNMSYVYVSSOGAGECSHS 8 RQLS3IQWPPS3S S ITTTAWAZSG
COCCOACANTOCOACCATCCANCTOCOOCAOGAOTCCCTCAGGAM GOTROCTCCCAGOOCOCAGAC CACOGCOQACANCAGOATC ACOATCTTANOCATGI TUGOC T ITOCTAGCANGT

a vVIRODLOGQPLULOGOET?P VT OQOGLAMCY VA SLILTIUVTIZKTLHM
GCTAGGCTACATGCCGCCOGTCCAGCC TTATATACAACCCACGC TACASGTC TTATCTAGC CGCAAG T TCGAGGECTTACACCTGCGACGC AR TTGOGCCCAAMTAGAGAAACAGATACC
AATGCTGATTCANT TG CGATTTATTICAAG TG T T TG T I ICG CTTTACA CCT CCCTOOCCITCCTC TCAATCCACTCOTOCAA QT GOSCAACAT COGCOTAGACACCOGOOTACCTCACAT

* ¥YEBERMTRUETILIWEREHUPIHEMY DAY VaIaPY RVD
CACCOCATCCATAGCCCCAGCACACANCOCOOACAM OOCCLTCOOCOAAGAC AR TAGIOOCACCOOAGT CACCCTGOCAGGCATCCT TO T TOGO0ACGT AGOOGCAGAICATGOTCTCCT

G CGC Y GW S8 VYV GV LRDGSVELELPGGSDGQCADIEKNPAMYACQCLMTODRK
TONTCTTCTTACCOOTAACCOAACTCOCCUAAQCOOCAACOGOACACATCOACOATCTCCAGAT CAACOOCCAGCAGATUGTCOGCAA TOUTGC TG CACCGAACTOUOTOUTOCCCTAGD

I XXaYAadPEBOQ3RCRSSVDVYIEBELDVAMLLHEDPITZSEGO SETTUGHWESS
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Figure 17 {cont.)
COGAACGACCGCOQTGOCOCCCTCACGACOGTTUTOOTCOOCAATACGOAC COCACOOATOCTOGA CCOCGAAOCTCAGATCOGACTCOATOCCAACAATOGCANTUTCOTTAACCATOA

arT
CAATACGOCCATCCAACTGOGGCAGANGS CCATCCAGRANTOATGCCTGCCANGGOUCAAGCCAAMA CGOANAGAAGTACTOCAATTTTCAACATG TTAN TUG AT TG TA TG CTGATINCCG
I RODLOQPULLOGDSPITOGMLAMAMOECALVYVYSLILVVATIU ERKTLM
GATCCAACCCGCTTTTATACGETCCCCGCACCAAATATCCGOGCATGATTGACAGCTACANG TTCAGCATAAC TG TIGCGTCATIG T TACCG OGN PATVGACGGUGA TA T IUCANGTA
ATCAGCTTATCAGACGACCACCACTCCACGTCG TTATCCACT I TAGACACCCGEANTC TCACT TE TCCATTCA T TANM TETC QI CC SMATAG TEACC LCTATAMUNRGCACACT M IGCGA
TTCGANGAGTATTCATTCAATCGCACCATGCTGAAGTTCOTAATCCTGTTCTCOGC UG TAGCCTACOCCCTGOGAGGC ACCATCCOCOAGOUTCTCCTOCCCCAGTTRUATAOCCACATT
M L KPP VILULZSAMYVY MCALOGO T TIUPZBRROGILLD®P?QLDGGHRTI
GTCGACAATACTOCTACCACCATCAGCACCTTCCCCTOCCAGATCTCCCTACAOCGCAGTOGAAGCCACTCCTOCOOTOGATCCATC TACACCGACACOGTCAT COTGACCGCCOCTCAL
VG GTAMAMTTTIGSS S P PWOQI S LAQRS OGS HSS COGOG S IYTUDRWYTIUVTARMIUMH
TUTCTOCAGTCCOTCTCCOCCTCCTOCCTCCAGA TCOROGCTGGATCCAGCT ACTGAAGCTCTGOT0C GTCACCATC AAGOTTTOCTCTTTCAAGAACCACGAOGOATACAATCCCAAC
cC L Q8 VY 8 A8 8 L QI FRAGSS Y W33 8 GOV TV EKVY S S8 P KNI/ EBOYNDPN
ACCATOGTCAACGACATCOCTOTGATCCGTCTUAGCTCCTCOTTOGECTTCAGCTOCACCATCAAGTOCATC TCTCTOOCTAGCTCCAACOCCOCCAACOGLOC TOCTOCTTLCOTCTOT
T M v ND I AV IRLOGSEGS S8 LG PF S8 38 TINK S8 I 8L ASB 3 NP ANDGOAMLMDMAMDZBSUYZQ
GGATOGGACACTCACTLGTCCOCA TCCACC TCCATCCONTCOCACCTOCACTACCTAAACU TCARCATCOTCAOCCAGAGCAACTOTOC TTCCTCCOCCTATOCATACOCTAGCGAGATC
awaTQSsS 8 0838 3I P8 GLQOQY VHNYNTIUVSOQNSZB2RKCOCAMAMSS3AYOY OB ERTI
QOCAACACCATOATCTOCOCTACTOCCAGCOACANGOATGCCTOOCASGOTCACTCCGOTGOCCCAC TGO TC TOCGOCGAACTCCTCOTCOOT AT TOTCTCC TAGOGATACGAATACOCT
R NT MNMNIOGCAAMASGIEKDACOQGD S 0GP LVY S GQaVLVOVV 38 WAaYOCOCNA
TACTCCAACTACCOCOATATCTACOCCATCEIGOCTAACCTCCOCTCCTOGUTGATCAACAMCGCC TAMGC AT T P I I T ICCAM TAAN TR A TT TATAMCAG T I C TGN GGG I CAGT
¥ 8 R Y P GV Y A 8V ADULZRUSWNUVIMNBNHRKL-®"
TTITICAAATGATGS TCGTEE TTAANARA TAGGACTCACA T I I TGGCTCATAMGATTCGAG TCCANTGAN T T ACACACCANANGSAC TG I ICCAGCAT TAN IS CCON TARG TP
TEATGAATEG TCCET I TGAMAAG TAGRTGGATATTITACTC I TTAGAMAGCCC IGAGCA TTATEGUCE TAATS TRAN PPARANTCGGC TOGUCAT LA T ICACAAA CAAAC T IGC AT
TEAACARAATCTTTARAGTATTATTAGTTC TCGAGATC N TACSTTAGACGGATAGGAANGC TTGATCCTGATCANGAAT TGATGTA T T PATAGOG TOGGL TACGCATCA T T TACAT
AATACATATTATTITCARCGANTCTATATTACCAAC TG TANCCTTTAAGAG TGACTTOGG TCOCCATAANT T TAAAA TGGCCCCAMGAT T TATCGAT IV AAGTC AMAN TAAANG AT
TATTOCAGTCGACC TGCCTTAACCAC AT M T TTAACGA T TAACATTAT TG CCCCAANCARA TTGA TAN TG I T T I L AN DGA T I TAN TS TG TAGAAT T I TARMG TNV UCCACT
ACGAAATCCTIGCTCAGATTC TIGARAACACCACT IS TISAGGG TAC TAC TTAMNTIG TT T TC TIAN IGEGCCOMNT IOC TIOG T TACTCCAGC P IAG IV G IO I 'S G I Th
CCCATTGAGATCTACGCTGEGTTTTTGATC T T TTCAGGAGETGAC TAGANG TTTTCCC T T T T TAGCCTAC TC TTTAAN T TAC T T IGAM CAG TA T TATRN ICACANTAT ITTAMG AAAL
CCAMMATGAG TANTC TTTAAATTCAANT T TAT TTCGCAAM TGC TTAGGC GTTCCTGACCACOCAGUCOCGAAGOTCAGCCACGCTGGCOTAUACACCGOGGTAGTTGUAGTARICOCAT
* A NRV VW AMARTILDAMVVSESAY V GP YRS Y AC
CCTTOTCOCCAGGAGACAMCACCGACAAGAACTCOGCCUCAGACCAGTGROCCACCOOAGTCACCCTOGCAGGCATCCTTOCCGCTOOCAOCAGCACAGATCATGOTGTCOCOUATATCO
6 0 G W 8V VGV LV aEGos VL P GGeSsSDOGOQOLCAMDPRKGTGS AAMAMAMCIMNKTDUBRTID
CTACCGTATCCGTAGITOAAGGAAGCACACCTOCTCTOGCTAACGATGTTCACOTTCACTTACTOCAGCTOQGAGGOCGATGUAGTTGUATCCOGACUACTGAGTGOCCCATCCOUAGAT D
8 G Y G Y TS 8 ACRUSOQ S VINUVDNVYVYYOQLOQSDPTISNASOGS SS3 QTGGWOoaOOO v
GAAGCAGCAGCGOCOTTGOGGOGHTTGGAGCTAQCCAGAGACGA TOGACTTCGATOGTACAGCTAAAGCTCACGGGAGUAGC TCAGACCOATCACACCGATCTCOTTGACCATOATTCTOGCC
8 AAAGNUPUPNSS AL STISSKTIT® SS8PSL I3 8 8LRTIUVATIDNUVMHTRA
CTOTATCOCTCOGTGOTTC TTGARMAGAOGAAACCTTGACOCTOACOCCACCAGAGT TCCAGTAGC TGGATCCAGCGCOGATC TOCAGGUAIOA GOTGOACACOAACTGCAGACATTAAGCO
a Y OoORBRMHNIEKDZP 838 gV EV TV GG 3 HWY B8 8 G ARTIOQCLSSBTOGS8 V S QL CH A

CCATCCAACTOGO0CAGAAGA CCCTCRO0AATGATOCC TOCCAGGOCGCAGGCTACTOCAGACAACANOATCACAAACTTCAGCATOS TOCGANTCCANTGRG T TACTC TGAGCTGGAC
ADLOQP L L GEPI T GQGOJLAMGOCMWVAMASILILTIUYFEPFIEKTLM

ACCCCTTTTATACAA TGS TCCTATCTC TTTGCGECETICTAATCAANAATTICANTTAT I T TATC AT T IS AG TS TANSEG TANTC CAMG TRET T T TANTA TG TS TGACCGAANGITA
GATTTCGOGANTARGAAG IO TAT T TC PATACG TACAATAAGAT TIGC TRCGTCACGACT T TP TAT T T TG TGCGAG TTGG TCATT I TAA TAGC T IS ARARNGG TAGC TAAMANGAG A VI
GGTWAWATCATAMMAGGAATGCMWMMATWMWACMAACTMCJ\MCTW&GTNCCCGACTNI\?AG‘I‘I‘I\CCCGTPJ\C’PCAGCT’\G‘MMAG’MCAMCG

WWCG CTHGGSTF\TA 'I‘I‘F\CC‘I"I"PAG'I"I'I'I‘!‘GGP\AG ATAGTTIC C"I"I'K‘ I '1"‘.-G ACRUARCTGTTT TTIGTATAN T TGGCAGGC A
TICAATGAAGTT TTTATCATATATCACAACATTTAATG TOGTACCTC TGO TIGG TAATTAT TAMATTCC TCTAAMATAT I ICACAARAGATACATAT TTGTACAAMAT ' TAATATC T T
TATACTTTTAATACTTATATATGACTTACACCTTARTATTC AAAANTAAATAT TARATCAN TG TATTAR TAA TTAAG TAGTACT TTACAMITGGANTATARTANATANTANCGAGAATTAR
TTAGAAAGG TGC TGARAGTAGCT T TAATTCCCTTACATATT T TTTC T TTT TG TSATAACGRGC CGCOCGAC TCCAAT TATGGAATA TCAT TCOSGCACTTANMCGAANTC T T IPIGGG TT
TTCCTGATACTCAGATGATAAAAG TAATTGARAG TTGTGATTATACTGCCGOGARCAGATIGAANCCTCGTATAAMAAGIGGTG TCCAGTTC AGAG TAMC TCA TTGCATTCGCACCATAC

\ L]
TGAAGTTCRTAATCCTOTIGTOGOCT G TAGOC TOC GO CTGOGAGECALCATCOCCAAGOCTC TOCTOCC OO AOTTOAATOICCOCATT OTCOOCOOT ACTGC TACCACCATCAGC AGCT

TCCCCTGGCAGATCTCCCTGCAGCOCA COCTC

P P WQIXI B8 LOQRSOGS HSCGOCSTITVYTD®RVYIVTAMHCLG®SV S TS G L
AGATOCGOGCTOAATOCAOCTACTGGARCTCTGAT GOCHTCACCATCAAGOTTTCCTCTTTCAAGAACCACTAGTUATACAGCGCCATAACCATOGTCAACOACATCOCTATAATCCGTC
g I R A G 83 B Y WNOBOGAGVYTVYKY S 8P XNHEOGY 8 ARTMNVYVHNDTIAVWVTIHA®
TAAGCT O CCCTOAGCTTCAOC TOCACCATCAASTCCATCTCTCTOOCTAGC TCCAAC COCCCCAACGOCOL TUC TOCTTCCOTC TCCOOATOOGOCACTCAGTCOTOCOUATCCAACT
L 8 8 8L 8 F 88 TIUKUGSETISULAS SNPUPNGAMAAMLSYV S8 G WO4CTOQS S 0OGUOHNH
CCATCCCCTCCCAGCTGCAGTACGTAAACGTOAACATCOTCAGCCAGAGCAGGTGTGCTTCCTCCACCTACGOATACGUTAGCGACATCCOCGACACCATAATCTGTUCTOCTUCCAGLO
8 I P S8 GLOQYVHVY NTIUVSQBHRCGCASSTVYCY G 3 DTIURDTMNTIEIR CAMAMAAMLNTGEG
GCAAGGATGCCTOCCAGAOT OACTCCOOTGOCCCACTAUT CTCCO0COTAOTTCTTGTCO0TGT TOTCTCCTGACUACANGGATOCGCTTACTCCAACTACCCCOOTOTCTACOCCAGCTD
66 K DACGQOGQDSS&AGPLYVY B8 GGV LY GV YV S8 WOGQgQagocCAY B NY PGV Y AID
TmmGL’OCWAWMGQ‘WGMGTAMJ'\CGF\'l’I‘A’I'I'I"IGT\Q’I‘I\TMCC'I'I‘IU‘IC’I'PJ‘;TAJ«C'I‘I'I‘I\’I’IC"CCN\'I'I‘M\CN’J\'I'I‘IJ‘TCCUTJ"
VADLELRAMMWYVVRWHNARMA'"
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genomic organizations (Figures 1B and 15B), it is unlikely
that there are any other sequences in the D. erecta genome
that have high sequence similarity to the eight known trypsin
genes. However, since the 3.27kb fragment at the 3' end in
Figure 15 was generated by genomic PCR, a genomic Southern
blot was performed to confirm the map and organization.

D. erecta genomic DNA was digested separately with the

restriction enzymes BglII, HindIII, PvulIIl, Kpnl, and Sall. A

680bp & -try probe was generated by amplifying the cloned D.
erecta & -try gene with primers K977 and K560. If the map in
Figure 15 is correct, in this Southern analysis, six bands
are expected for the BglII digest (2.34kb, 1.52kb, 1.40kb,
780bp, a band over 6.00kb, and a band over 700bp); two bands
(one of 5.50kb, the other over 2.50kb) are expected for the
HindIII digest; five bands are expected for the Pvull digest
{3.20kb, 3.10kb, 2.24kb, 1.46kb, and a band over 350bp); four
bands are expected for the KpnI digest (5.10kb, 700bp, 600bp,
and a band over 1.30kb); two bands are expected for the Sall
digest (one of 6.80kb, the other over 4.00kb). The result
shown in Figure 18 matches the above predictions exactly. It
not only proves that there are no other o -group trypsin
genes in the D. erecta genome, but also indicates that the

genomic organization shown in Figure 15 is correct.
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Figure 18. D. erecta genomic Southern analysis.

Autoradiogram of D. erecta genomic Southern blot probed with

a 680bp 8 -try probe. Genomic DNA was digested by the

following enzymes: Panel 1, BglII; Panel 2, HindIII; Panel 3,
Pvull; Panel 4, KpnI; Panel 5, Sall. Panel 6 is the marker
DNA (A DNA digested with HindIII). Panel 7 is nondigested

genomic DNA.
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3.2.4. Sequence analyses

As described above for the D. melanogaster trypsin gene
family, pairwise sequence comparisons, nucleotide composition
and gene product amino acid composition were also analyzed

for the D. erecta trypsin gene family.
3.2.4.1. Pairwise comparisons

Table 4 shows the pairwise divergence of both the
nucleotide sequences and their translated protein seguences
for the eight D. erecta trypsin genes. The divergence pattern
is very similar to what was found in D. melanogaster. At the
nucleotide level, the D. erecta Y -try and & -try have even
higher sequence similarity than their D. melanogaster
counterparts: There are only 3 nucleotide differences, hence,
the degree of divergence drops to 0.4%. They also have a
stretch of nearly identical sequence immediately upstream of

the start codon: In this 47bp region, only one mismatch was

found. In D. erecta, B -try is more similar to Y-try and -
try (about 3.5% difference) than to any other sequence. & -try
has about 13% difference with f-try, y-try and é-try. The €-
try gene diverges about 33% from the o -group. The {-try, m-
try and 0 -try genes differ from one another, from the o -
group, and from the €-try gene in degrees ranging from 44.4%

to 49.1%. At the protein level, the 3 nucleotide

substitutions between y -try and 4 -try are all synonymous,
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Table 4. Pairwise comparison for percentage seguence
divergence of the eight D. erecta trypsin genes
and their deduced amino acid sequences

aa\nt o« B Y 3 € g n o
o \ 11.9 13.4 13 31.9 45.1 47.9 44.9
[3 12.8 \ 4.1 3.5 34.2 45.2 47.5 46.5
Y 16.3 6.3 \ 0.4 33.9 46.2 48.2 46.7
) 16.3 6.3 0 \ 33.6 45.9 48.4 46.5
£ 37 38.8 38 38 \ 46.9 50 44.4
£ 58.1 58.1 58.1 58.1: 59.9 | \ 44.5 49.1

M 54 53.6 55.4 55.4 57.2 54.1 \  49.5

6 53.4 54,5 53.8 53.8 52.7 62.5 60.6 \
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therefore, the two proteins are identical. The B -try product
has 6.3% sequence difference with the products of the y-try
and & -try genes. The a trypsinogen has 12.8% difference with
B trypsinogen, and 16.3% difference with y and b
trypsinogens. The & trypsinogen diverges about 38% from the

o -group. The {, n and 0 trypsinogens differ from one

another, and from the o - group and the € trypsinogen in

degreeé ranging from 53.4% to 62.5%.
3.2.4.2. Nucleotide composition
3.2.4.2.1. G+C content

The G+C content of the sequeﬁcé& ﬁl.efeéta éenomic
fragment is 47.5%, slightly higher than that of D.
melanogaster. In terms of G+C content of the flanking
regions, synonymous and nonsynonymous codon positions of each
gene, the trend is the same as that in D. melanogaster. The
G+C content is higher in the synonymous subsets of each
coding region than in the nonsynonymous subsets, which in
turn, is higher than that in the flanking regions. In D.
erecta, compared to D. melanogaster, the G+C content in the
coding regions (both synonymous and nonsynonymous) is higher,
and the G+C content in the flanking regions is lower. Figure
19 shows the distribution of G+C content in this genomic
region. In this gene family, as in the D. melanogaster

trypsin gene family, o-try, B-try, y-try, O-try and e-try
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Figure 19. Distribution of G+C content in the cloned D.

erecta genomic region. B

G+C content was calculated for the eight coding regions and
the nine flanking regions (shown in blue). Each coding region
was separated into nonsynonymous sites (shown in purple) and
synonymous sites (shown in red). The genomic organization of

this region is also shown at the bottom as reference (Figure

15).
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have significantly higher synonymous G+C content than { -try,
N -ctry and 8 -try do, and genes having higher degrees of
sequence similarity also have higher synonymous G+C content
(Figure 20).

The same trend of negative correlation between Nc¢ and
G+C content at synonymous sites found in D. melanogaster
trypsin genes is also found here (Figure 21), but the degree
of corrélation is lower. This suggests that factors other

than G+C pressure may have effects on codon usage bias.
3.2.4.2.2. T+C content

The base composition of the different codon positions of
the eight D. erecta trypsin genes is shown in Table 5.

- The same pattern of pyrimidine/purine content that was
seen in D. melanogaster is also found in D. erecta. Figure 22
shows the T+C content of the flanking regions and the third ”
codon position of the eight coding regions. As was found in
D. melanogaster, the coding strand here also has a much
higher T+C content than the non-coding strand at the third
codon position. The T+C content of D. erecta trypsin
transcfipts is shown in Figure 23.

Figure 24 shows the average base composition at each
codon position for the o -group genes. Here, the third codon
position also shows the most variation, with 58.75% C and
only 6% A. The T content at the third codon position is also

high (15%) compared to the A content (6%). Figure 25A
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Figure 20. Correlation between synonymous G+C content and the

degree of sequence similarity for the D. erecta

trypsin genes.

For each of the D. erecta trypsin genes, the degree of
seqﬁence similarity was calculated as the similarity of a
given gene to its most similar gene within this gene family
(Table 4). Synonymous G+C content was calculated using the
computer program DMP (Jermiin et al., 1994). Genes with
higher sequence similarities also have higher synonymous G+C
content. The cofrelation is statistically significant (r? =

0.7512, P < 0.05).
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Figure 21. Correlation between synonymous G+C content and Nc

value for the D. erecta trypsin genes.

The effective number of codons (Nc¢) was calculated for the
eight trypsin genes using the computer program Codons. Genes
with higher G+C content at their synonymous sites have a
smaller effective number of codons - the same trend as in the
D. melanogaster trypsin gene family. The lesser degree of
correlation (r2 = 0.7473 here, and r? = 0.3574 in D..
melanogaster) is caused mainly by n - try, which has
relatively biased codon usage and moderate synonymous G+C

content.
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Figure 22. Distribution of pyrimidine (T+C) content in the
flanking regions and at the third codon position
of the coding regions for the cloned D. erecta

genomic DNA.

After the first and second codon positions of each gene were
removed, the T+C content was calculated for the remaining
sequence. The average of each coding {shaded bars) and
flanking region (open bars) is shown. The organization of
this genomic region is also presented as a reference. The T+C
content is about 50% for both strands in the flanking
regions, however, for the third codon position in the coding

regions, the coding strand has a much higher T+C content.
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Table 5. Percent nucleotide content at different codon

positions in the D. erecta trypsin genes

nucl- codon
eotides positions

1st
A 2nd

- 3rd

1st
T 2nd

3rd

1st
G 2nd

3rd

1st
C 2nd

3rd

genes

a p Y S € 4 n 9
25 26 26 26 20 24 24 26
20 20 19 19 25 26 26 29
7 5 6 6 4 10 17 11
22 24 23 23 20 17 14 19
26 25 25 25 27 298 28 28
14 15 16 15 20 20 22 18
37 34 34 34 40 38 41 39
25 25 26 26 25 21 22 19
18 21 21 21 21 27 26 31
16 16 17 17 20 21 21 16
30 30 30 30 23 25 24 24
61 59 57 58 55 34 40

42
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Figure 23. T+C content of the D. erecta trypsin transcripts,

‘The T+C content of the immediate 40bp upstream and downstream
sequence of each gene, the first and last 40 third. codon

sites, as well as the remaining third codon sites of each

gene was calculated. Panel 2 shows the average of £ -try, ﬁ‘—-
try and 0 -try. Panel B shows the average of o -try, f -try,
y-try, 8-try and &-try. Shaded bars represent coding regions,

open bars represent flanking sequences.
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Figure 24. Single nucleotide composition in the D. erecta

O -group trypsin genes.

The composition of all four nucleotides at all three .

different codon positions was calculated for the four o -
group trypsin genes (& -try, B -try, y-try, 0-try). The
average of the four genes is showh. ﬁfirst" = the first codon
position; "second" = the second codon position; "third" = the
third codon position. Green represents A; blue represents T;

vellow represents G; red represents T.
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Figure 25. Dual-nucleotide composition in the D. erecta

0. -group genes.

Panel A. A+T and G+C contents were calculated for the three
codon positions in the four o -group trypsin genes. The
average of the four genes is shown. A+T content is
represented by blue bars with green dots; G+C content is

shown by red bars with yellow dots.

Panel B. A+G and T+C contents were calculated for the three

codon positions in the four o -group trypsin genes. The

average of the four genes is shown. A+G content is shown by
yellow bars with green dots; T+C is represented by blue bars

with red dots.
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summarizes the G+C content and the A+T content at the three

codon positions for the o -group genes; Figure 25B compares

the content of T+C and A+G.

3.2.4.2.3. Amino acid composition

Figure 26 shows the alignment of the eight D. erecta
trypsinogen sequences. Residues conserved in the D.
melanogaster sequences are also conserved here. The amino
acid composition of these eight translated proteins is shown
in Table 6. Figure 27 shows the proportional distributions
for the groups of amino acids in the eight D. erecta

txrypsins.
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Figure 26. Sequence alignment for the deduced amino acid

sequences from the eight D. erecta trypsin genes.

Spaces were introduced to align the sequences. Dashes
represent residues in other sequences that are identical to
that in the o trypsinogen at the same positions. Numbers on .
the right side correspond to positions of each individuall
sequence; numbers on the top-left side indicate positions in
the alignment. Residues that are conserved in all eight
sequences are shown in red. The amino terminus of the mature
trypsins, peptide IVGG, was marked with "+"s. The Cys

' residues forlthe conserved disulphide bridges were marked by
n#vg. The substrate binding site Asp?3® was marked with a "@".
The trypsin active sites (Asp!3¢, His®® and Ser?!!) were marked
by "*"s. The program Clustal V (Higgins et al., 1992) was

used for this alignment.
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Table 6. Aminc acid composition of the eight D. erecta trypsinogens *

AA codon
o ] e ]

Phe(F) TTY: 3 4 4 6 8 5
Ne(l) ATY/A 17 17 16 16 17 17 16 14
Tyr(Y) TAY 11 10 9 9 10 11 11 183
Asn{N) AAY 13 12 10 10 5 16 11 10
Lys(K) AAR? 5 6 5 5 7 7 8 17
Met(M) ATG 3 3 3 3 3 3 5 4
Leu(L1) TTR 2 3 3 3 5 6 1 5
Leu(L2) CTN:* 15 14 14 14 13 22 19 17
Val(V) GIN 27 23 24 24 25 25 27 28
His(H}  CAY 3 3 3 3 10 5 3 4
GIn(Q) CAR 10 10 11 11 5 7 10 5
Asp(D) GAY 5 6 8 8 18 17 13 13
Glu(E) GAR 3 3 2 2 10 g 12 13
Thr(T) ACN 10 1t 13 13 11 15 10 21
Cys(C) ~TGY 7 7 7 7 7 7 7 9
Trp(W) TGG 5 5 5 5 4 4 4 5
Ser(S1) TCN 28 32 31 31 18 12 11 12
Ser(S2) AGY 15 15 15 15 6 9 10 3
Arg(R1) AGR 0 1 4 4 3 1 1 0
Arg{(R2) OGN 7 6 6 6 15 -8 10 7
Gly(G) GCON 29 30 29 29 29 . 30 26 26
Ala(A) CGON 31 24 23 23 21 25 28 23
Pro(P) CCN 7 8 8 8 8 17 12 8

256 253 253 253 256 281 258 262

1. Numbers represent the occurrence of each amino acid in the protein;
2.Y=T+C; 3.R=A+G; 4N=A+T+C+G.
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Figure 27. Amino acid composition for the eight D. erecta

trypsinogens.

The proportional composition of the groups (A and B) and
subgroups (I, II, III and IV} of amino ac1ds for each gene. A
8 x 4 regular Chi-square test revealed that the distribution
of the four subgroups of amino acids are seqQuence depéndent

{(p < 0.05) in the eight trypsins.
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3.3. Sequence Comparisons between Species

In order to align the two sequences from the two
Drosophila species, gaps totaling 2.75kb were introduced.
These gaps are located mainly in the flanking regions between
N -try and @ -try, B -try and y—tfy, and between y-try and 6§ -
try. Figure 28 shows the résulp for interspecies sequence
comparisons when the gaps‘gré removed. Overall, the flanking
regions (shown in green) are more diverged than the coding

sequences (shown in red). The between-species sequence

differences are over 40% in regions flanking B -try and y-try,
and between y-try and § -try, which might have resulted from
the involvement of repetitive sequences in both Species. The
rest of the intergenié regions are likely to be homologous
between the two species, as indicated from an alignment shown
in Appendix II. As shown in Table 7,‘the divergences for the
coding regions are, & -try 6.5%, B-try 9.7%, ¥y -try 11.3%, 6~
try 11.2%, e-try 6.5%, [ -try 11.5%, 7-try, 10.0%, and 6 -try
9.3%. The degrees of divergence at the amino acid level are,
a-try 4.7%, B - try 12.6%, Yy -try 14.2%, O-try 14.6%, £-try
5.1%, {-try 16.8%, n-try, 8.9%, and 6-tzy 9.5%. Figure 29
summarizes the divergence of each gene for both interspecies
and intraspecies comparisons. It is clear that interspecies
divergence (shown in red) is consistent for all the genes
(about 10%), which reflects the evolutionary distance between
these two species. However, the degree of divergence within

each species varies dramatically from gene to gene (shown in
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green for D. melanogaster; and in blue for D. erecta). It is
worth noting that some genes (B -try in D. efecta, Y -try and
8§ -try in both species) have more segquence similarity with
another gene in the same genome than with their counterparts
in the other species, indicating that these genes have been

evolving in a concerted fashion.
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Figure 28. Sequence divergence between D. melanogaster and D.
erecta in the genomic regions for their trypsin

gene families.

Gaps were introduced to align the two sequenées. These gaps
were then removed, and the degree of divergence was measured
for the aligned sequences. The averages for the eight coding
regions and the nine flanking regions were calculated. The
consensus genomic organization is shown at the bottom of the
figure. Numbers above the line indicate the lengths of the
consensus sequences of genes (gaps not included). Numbers
beneath the line'indicate‘the lengths of the consensus

sequences of the flanking regions after the removal of gaps.
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Table 7.

Percentage of segquence divergence between D.
melanogaster and D. erecta for their trypsin

genes and gene products

nt

aa

6.5 9.7 11.3 11.2 6.5 11,5 10

4.7 12.6 14.2 14.6 5.1 16.8 8.9

9.3

9.5
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Figure 29. Coding sequence comparison within and between

species.

Percentage of sequence divergence was calculated both within
each species and betweén these two Drosqpﬁila species. The
degree of divergence of a given gene to its most similar
sequence in the same gene family was used as the within
species divergence for the gene. Between species comparisons
were carried out by comparing the same genes from both
species. The divergence within D. melanogaster is shown in
green; the divergence within D. erecta is shown in blue;
while the divergence between species is shown in red. Genes

are arranged in the same oxrder as in Figure 28.
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4. Digscussion and Conclusions

In the last chapter, I have presented the genomic
organizatidn and sequence of a trypsin gene family from D.
melanogaster and D. erecta. In this chapter, the first
section is designed to deal with the relationship between
trypsin sequences obtained from this study and other
available trypsin sequences; in the second secﬁion, the
molecular evolution of Drosophila trypéin sequences will be
discussed: in the third section, conclusions of this study

will be made.

4.1. The Drosophila trypsin gene family

This section is divided into three parts: the genomic
organization of the trypsin gene family will be discussed in
the first part; functionally important trypsin residues will
be discussed in the second part; phylogenetic analysis of

trypsins will be given in the third part.
4.1.1. Genomic organization of trypsin gene family
4.1.1.1. Gene copy number and their genomic arrangement
As shown in the results, D. melanogaster and D. erecta

each have eight trypsin genes, and their genomic

organizations are strikingly similar. The most parsimonious
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explanation for this phenomenon is that this genomic
organization was in the common ancestor of these two species,
which existed about 12 to 15 million years ago (Cariou, 1987;
Lachaise et al., 1988; Russc et al., 1995}.

In order to study the origin of this genomic
organization, I have initiated a study on the trypsin gene
family in another Drosophila species, D. virilis. D.
melanogaster and D. erecta are both from the melanogaster
species subgroup, which belongs to subgenﬁs Sophophora. D.
virilis, on the other hand, is from subgenus Drosophila,
which separated from subgenus Sophophora apout 40 to 60
million years ago (Beverley and Wilson, 1984; Russo et al.,
1995). In. D. virilis, four genomic A clones have been
isolated and one trypsin gene was sequenced. Using this gene
as a probe, genomic Southern analysis showed that there are
three to eight o -group trypsin genes in the D. virilis
genome (data not shown). This result suggests that D, virilis
might have a similar trypsin gene family to what D.
melanogaster and D. erecta have, and that the genomic
organization of the trypsin gene families found in D.
melanogaster and D. erecta might have existed as early as 60
million years ago, in the common ancestor of all the living
species of the genus Drosophila. More work on D. virilis and
other Drosophila species is needed to confirm this
hypothesis.

Trypsin sequences have also been obtained from a variety

of other organisms (Appendix 1). There are cDNA sequences
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{c), protein sequences (p), as well as genomic sequences (g).
For those higher eukaryotic species, whose trypsin cDNAs or
proteins were studied, it is common that more than one
trypsin sequence were reported, which indicates that a
trypsin gene family exists in most higher eukaryotes.

The available trypsin genomic sequences are from human,
Homo sapiens (Rowen et al., 1995), rat, Rattus norvegicus
{Craik et al., 1984), chicken, Gallus gallus (Wang K., et
al., 1995), the mosquito, Anopheles gambiae (Muller et al,
1993), the sheep blowfly, Lucilia cuprina (Casu et al.,
1994), the spruce budworm, Choristoneura fumiferana (Wang, 5.
et al., 1995), the silkworm, Bombyx mori (Ikeda and
vamashita, 1993), the fungus, Metarhizium anisopliae
(Smithson and Clarkson, 1994}, and the bacteria, Streptomyces
griseus.(Kim et al., 1991) and Streptomyces erythraeus
(Natsuka et al., 1994). Among these organisms, the sheep
blowfly is the closest to fruitflies. In this species, there
are also four o -group trypsin genes, but unlike the
fruitflies, the four Lucilia trypsin genes are all
transcribed in the same direction (Casu et al., 1994).
According to the authors, this gene family arose via two
events of gene duplication: first, an ancestral gene was
duplicated into two genes, this complex was then duplicated
into a set of four genes. Although the genomic organization
of this gene family is different from that of the fruitflies,
they share a common character, i.e. genes are all clustered

together. These four Lucilia trypsin genes are found in a

82



genomic region of S5kb. Nevertheless, based on the difference
in trypsin genomic organization, I conclude that the origin
of the Drosophila trypsin genomic organization was most
likely after the separation of Drosophila (section
Acalypteratae) and Luéilia {section Calypteratae), which
occurred about 70 million years ago (Beverley and Wilson,
1984).

The mosquito, A. gambiae, also has a large trypsin gene
family. It has seven genes which are clustered in a 11lkb
genomic region (Muller, et al., 1993). In the Drosophila
trypsin gene families, some genes are very similar while
others may have diverged as much as 50%. But in A. gambiae,
the seven trypsin genes are all about 75% similar. The
genomic organization is also different between the trypsiﬁ
gene families in these two groups of dipteran insects, which
were separated about 100 million years ago (Beverley and
Wilson, 1984).

Trypsin gene clusters are found in all the dipteran
insects studied. But in lepidopteran insects, it is not
always the case. In the tobacco hornworm, Manduca sexta,
three different trypsin cDNAs were found (Peterson‘et al.,
1994); In the giant silkworm moth, Lonomia achelous, two
hemolymph trypsin iscenzymes were isolated and characterized
(Amarant et'al., 1891). These results suggest that the
trypsin multigene families exist in both species, but their
genomic organizations remain to be characterized. B. mori and

¢C. fumiferana are the only two lepidopteran species whose
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trypsin gene genomic organization have been characterized. In
B. mori, a cDNA was first found coding for a trypsin
responsible for vitellin degradation (Ikeda, et al., 1991).
The genomic organization of this gene was later characterized
(Ikeda and Yamashita, 1993). An alkaliphilic digestive
trypsin was also isolated and characterized in B. mori
(Sasaki, et al., 1993), which is apparently not associated
with the other trypsin in terms of function and genomic
organization. These results suggest that in B. mori, there
aré at least two trypsin genes of different functions, and
they are not clustered in the same genomic region. In C.

' fumiferana, however, only one trypsin gene was detected,
which encodes a midgut digestive trypsin (Wang et al., 1993;
Wang, S. et al., 1995):

Both bacteria and fungi appear to have single trypsin
genes (Kim et al., 1991; Natsuka et al., 1994; Smithson and
Clarkson, 1994).

Craik et al. (1984) have detected a family of
approximately 10 trypsin genes in rat. They have isolated two
separate clones containing two different trypsin genes, one
gene is completely sequenced, the other has its 3' end
missing.

In human, sequencing of a 685kb genomic region revealed
that there are five trypsin genes clustered in a 46kb region
surrounded with TCR (T Cell Receptor) B genes. A trypsin
pseudogene is located about 500kb away from this cluster

(Rowen et al., 1995).
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It appears that the evoluﬁion of a trypsin gene families
is an ongoing process. Gene duplication has given rise to the
multigene families, and some duplication events may be rather
recent (in the case of Lucilia trypsin gene family).
Different functions may have beén evolved for different
copies of the duplicated trypsin genes, for instance, in B.
mori, one trypsin is responsible for vitellin degradatibn at
the stage of embryogenesis (Ikeda, et al., 1991), the other
is a gut-specific digestive trypsin (Sasaki et al., 1993).
Loss of function of some trypsin genes is suggested by the
presence of a pseudogene in the human trypsin gene family
{(Rowen et al., 1995). The fact that only one trypsin gene was
detected in C. fumiferana may haverbeen a result of loss of
function for the rest of the trypsin gene family followed by
accumulation of mutation on the pseudogenes. Functionally
identical trypsin genes are also present in the trypsin gene
families studied (i.e. in human and in fruitfly), which may
be a result of selection pressure demanding more trypsin
transcripts in a tissue and/or developmental specific mannér;
Alternatively, it may not have anything to do with selection,
but simply a result of frequent gene conversion after

duplication.
4.1.1.2. Trypsin gene structure

No introns have been found in the two bacterial trypsin

genes (Kim et al., 1991; Natsuka et al., 1994). In dipteran
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insects, no intron has been detected so far in any of the
trypsin genes studied. That includes seventeen Drosophila
trypsin genes {eight each from D. melanogaster and D. erecta,
one from D. virilis, this study and one ongoing project), two
Lucilia trypsin genes (Casu et al., 1994) and seven Anopheles
trypsin genes (Muller et al, 1993). In lepidopteran insects,
however, introns have been found in both genes studied. The
C. fumiferana trypsin gene has two introns, the B. mori
vitellin degradation trypsin gene has four introns. Four
introns have also been found in trypsin genes from human, rat
and chicken. Two small introns have been found in the trypsin
gene of the fungus, M. anisopliae.

Figure 30 shows the gene structure of all the intron-
containing trypsin genes. In the five functional human
trypsin genes (A, B, C, D, E), both the length and position
of the introns are conserved. The pseudogene (F) has some
variation in intron size compared to the rest of the family,
but the intron positions remain conserved. This pseudogene
may have lost its function not long ago, since only the start
codon ATG is missing, presumably by a mutation in that codon.
While the common ancestor of all these six hpman trypsin
genes is believed to have all the four introns, giving
identical intron positions for all six genes, rapid concerted
evolution among the five functional genes is probably the
cause for the almost identical length of the introns in the
ﬁive genes. Introns from these five genes also have very

similar sequences (about 90% similarity, a degree similar to
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Figure 30. Trypsin gene introns

Blackened bars represent coding sequences, introns are shown
as lines between codiné regions. Numbers represent the length
of the fragments in base pairs. Hs = H. sapiens trypsin .genes
(a, B, ¢, D, E, F) (Rowen et al., l995); Rn = R. norvegicus
trypsin genes (I and II) (Craik et al., 1984); Gg = G. gallus
trypsin genes (I and II) (Wang, K. et al., 1995); Bm = B.
morl trypsin gene (Ikeda and Yamashita, 1993); CEt = C.
fumiferana trypsin gene (Wang, S. et al., 1995); Ma = M.
anisqpliae'trypéin gene {Smithson and Clarkson, 19%4). Dashed
lines represent the non-sequenced portion of the rat trypsin

II gene.
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that of the coding regions}), a result which can only be
explained by concerted evolution, because a recent
duplication_would have resulted in much higher coding region
sequence similarity when their introns are still 90% similar.

The positions of trypsin gene introns seem to be
conserved in all the animals wherever introns were detected.
The rat tfypsin genes, the chicken trypsin genes, as well as
the silkworm trypsin géne all have four introns at roughly
the same positions as the human trypsin introns. The spfuce
budworm trypsih has only two introns, but they are positioned
at approximately the same places as the first two introns
mentioned above (Figure 30).

However, the two small introns found in the trypsin gene
from the fungus, M. anisopliae separate the coding region
into three parts of 258bp, 188bp and 319bp. The two intron
positions do not seem to be close to any of the four intron
positions of the animal trypsin‘genes. Further analyses (data
not shown) also suggest that these two fungus trypsin intron
positions are neither the same -as any of the six intron
positions found in the rat chymotrypsin B gene (Bell et al.,
1984), nor the same as any of the seven intron positions in
rat elastase genes (MacDonald et al., 1982b). However, there
are introns in_the'chymotrypsin and elastase genes at
positions where the four trypsin gene introns are located.

It seems likely that in the chymotrypéin superfamily,
where all members share a common ancestor (Walsh and Neurath,

1964), their genes can have many introns. The intron
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positions are conserved in some, but not in all the
homologous genes. According to the intron-early theory
(Doolittle, 1978; Gilbert, 197%), introns are as old as the
gene and modern genes have lost some of their introns. It is
then reasonable'to believe that the common ancestor of all
modern day genes in the chymotrypsin superfamily had nine or
more introns. During evolution, trypsin genes lost mare
‘introns than chymotrypsin and elastase genes. The common
_ancestor of all trypsin genes had at least six introns, four
of which can still been found in today's animal trypsin
genes, the other two ére kept inrthe.M. anisopliae gene.
Alternatively, the intron-late theory (Cavalier-Smith, 1978;
Hickey, 1982) proposes that introns can either be inserted
into or deleted from an existing gene. In this case, the
similarity of intron positions amoné homologous genes can be
the result of either common origin or target preference of
intron insertions. According to this theory, t£ypsin genes
from the animal lineage and the fungal lineage may have
acquired introns after the separation of these two groups,
resulting in the different intron positions found in the

genes.
4.1.2. Conserved trypsin residues
The initial product of a trypsin gene is a pre-enzyme

trypsinogen. It consists of three regions, a signal peptide,

an activation peptide and the active enzyme. -The seguence of
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signal peptide and activation peptide are conserved among
some trypsinogens, indicating similar secretion and
activation mechanisms. However, this region is less conserved
than the active enzyme, especially when sequences from
distinct organisms are compared. For instance, most
vertebrate trypsinogens have a string of four consecutive
aspartates preceding the last basic residue arginine in the
activation peptide (Maroux et al., 1971). This structure
facilitates the recognition of the activation junction of
trypsinogen by enteropeptidases, which carry out the
activation of trypsin by cleaving off the activation peptide
(Maroux et al., 1971). The string of acidic residues may also
inhibit the autoactivation of trypsinogen (Abita et al.,
1969) . For the eight Drosophila trypsinogens, as well as all
the non-vertebrate trypsinogens, this string of four acidic
residues is miséing, indicating a different trypsin
activation mechanism for non-vertebrates. A mechanism of
autoactivation for insect trypsinogen was previously proposed
{(Wwang, S. et al., 1985).

Based on the superimposed cryétal structures, Rypniewski
et al. (1994) have recently aligned trypsin sequences from
cow (B. taurus), bacterium (S.'griseus) and fungus (F.
oxysporum) . They also defined the secondary structure
elements and the function of individual conserved residues.
Figure 31 shows the alignment of the three sequences they
used, along with the eight trypsins from D. melanogaster. The

eight D. erecta trypsins were not included, because they are
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Figure 31. Alignment of trypsin sequences

Alignment of trypsin sequences from B. taurus {bovine), §.
griseua (stept), F. oxysporum (Fusar) and D. melanogaster

(alpha, beta, gamma, delta, epsilon, zeta, eta, theta). The
‘residues arelnumbered according to the convention in bovine
trypsin, the same numbering system is alsc applied in Table
8. The two & -helix and two sets of P -strands (Al - F1 and
A2 - F2). are marked, invélved residues for the top three
sequences are underlined baéed on Figure 1 of Rypniewski et
al. (1994). Functionally defined residues (Table 8) are

marked by "+".
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very similar to that of D. melanogaster. According to the
likely roles of those residues in the basic function of
trypsin, the conserved residues are defined as functioning in
the following: zymogen activation, catalysis, specificity and
structural stability. Amino acids identical or similar to the
bovine trypsin were found at those positions in all eight
Drosophila trypsins, indicating that all the.eight Drosophila
trypsins are likely functional. Table 8 shows the conserved
trypsin residues (those marked by "+" in Figure 31) and their .
possible functions. In Figure.31, residues involved in the
secondary structure eleménts (B -strands and o ~helices) are
underlined. The Drosophila trypsins have véry similar amino
acids in these regions, in the alignment, to the other three
trypsins, suggesting that the Drosophila trypsins have the

same secondary structure as the others.
4.1.3. Phylogenetic analysis of trypsins

It is believed that all the modern trypsins have evolved
from a single ancestral gene (Rawlings and Barret, 1994}.
This is strongly supported by the sequence similarity found
among trypsins from bacteria, fungi, and animals (Rypniewski
et al., 1994). Comprehensive phylogenetic analyses on trypsin
. sequences are needed to study the continuous evolution of
trypsins. However, phylogeny is not the focus of this thesis,
and will be analyzed elsewhere (Wang and Hickey, in

preparation). In this section, however, a rough estimate of
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Table 8. Possible functions of the conserved trvpsin residues *

position®amino acid 3 function

16 | Terminal amino group forms ion pair with D'**, essential for zymogen activation
17 \' B -Sheet interaction stabilizing N-terminal ion pair
18 G N-terminal bend
19 G Same above
28 P End of N-terminal arm
33 L Hydrophobic core
42 c Disulphide bridge with C*®
43 G Contact with S'® loop. internal residue
44 G Same above
55 A Close contact with H%7, D* and C*2
57 H Catalytic triad residue
58 C Disulphide bridge with C*?

91 H Residues 91-94 outer side of D'% loop
94 - Y Same above
102 D Catalytic triad residue
140 G In hydrophobic core residues 139 and 141 hydrogen bonded to internal waters
141 W  Stacks against L'*®
155 L Hydrophobic core, stacks against W'
168 C Disulphide bridge with C'®2
172 Y interacts with W2'® and V2%, OH hydrogen bonded to P?% close to specilicity pockel
180 M Hydrophobic core
182 C Disulphide bridge with C'®°
186 G Turn into specificity pocket
i87 G Same above
189 D Determines specificity
181 C Disulphide bridge with C**°, close to specificity pocket
192 Q Closes active site
194 D Buried charge. lon pair with terminal amino group
195 S Catalytic triad residue
196 G Catalytic S'* loop
197 G Same above
198 P Internal residue
211 G Same above
214 S OH hydrogen bonded to OD, of D'%
215 w Hydrophobic core
216 G Part of the specificity pocket
219 G Same above '
220 C Disulphide bridge with C'®"
226 G Contact to D'®°
227 Vv Interact with W'5, Near specificity pocket
228 Y Same above. Hydrogen bonded through conserved water to OD, of D'
231 Vv Hydrophobic core; start of C-terminal helix

1. Adapted from Table |l of Ryniewski et al., 1994.
2. Position numbers are based on the convention used for bovine trypsin
3. Consensus amino acid, variations can be found in Figure 31.
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phylogenetic relationship of trypsins is given, as a
background for the study of molecular evolution of Drosophila
trypsin genes.

There are 40 complete insect trypsin sequences
available, 38 of them (including the 8 D. melanogaster
trypsins and the 8 D. erecta trypsins) are in the data bases,
the other two are unreleased data I have obtained, one D.
virilis trypsin (an ongoing project) and a trypsin from the
European corn borer, Ostrinia nubilalis {Wang and Hickey, in
preparation). A neighbor-joining tree is shown in Figure 32.
The unrooted tree shows that most of the insect trypsins are
grouped in accordance to the known phylogénetic relationship
of their host organisms. The lepidoteran trypsins are
‘clustered together (shown in blue), except the B. mori
vitellin degradation trypsin (Ikeda et al., 1991). Trypsins
from lower dipteran insects ]the mosquitoes and the black
fly) form a branch (in green). The higher dipteran trypsins
form another branch (in red), in which, the o -group trypsins
from both D. melanogaster aﬁd D. erecta are clustered closely
together, the D. virilis trypsin gene is most likely a member
of the a -group in that species. The color-highlighted groups
all have more than 90% bootstrap support (data not shown).
The € trypsins from the Drosophila species and the Lucilia
trypsin IV are most likely digestive enzymes, as the & -group
trypsins in the Drosophila midgut. The { , n, and @ trypsins
of Drosophila, which do not show a close relationship to the.

rest of the higher dipteran trypsins may have diverged from

94



Figure 32. Insect t;ypsin phylogenetic tree

Forty insect trypsin (active enzyme) sequences were aligned
uéing Clustal V {alignment not shown). Based on this
alignment, an unrooted neighbor-joining tree was generated by
Phylip. Clusters of trypsins are highlighted in blue for
lepidopteran digestive trypsins, in green for lower dipteran
digestive trypsins, and in red for higher dipteran digestive
trypsins. Aa.3a and Aa.S5g are trypsins from A. aegypti; Ag.*
are trypsins from A. gambiae; Bm.d is B. mori midgut
digestive trypsin; Bm.v is B. mori vitellin degradation
trypsin; CEf = C. fumiferana trypsin; De.* are D. erecta
trypsins; Dm.* represent D. melanogaster trypsins; Dv = a D.
virilis trypsin; Hl.* are trypsins from H. lineatum; La.* are
trypsins from L. achelous; Lc.4 = L. cuprina trypsin IV; Ms.*
are trypsins from M. sexta; On = O. nubilalis trypsin; Sv =
S, vittatum trypsin. References for the sequences can been

found in Appendix I.
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the others and evolved different functions, as has the B.
mori vitellin degradation trypsin diverged from the midgut-
specific lepidopteran trypsins.

Figure 32 shows that paralogous digestive trypsins exist
in insects, but for each of the individual trypsins, its
orthologues can only be found in closely related species (for
example, trypsins between D. melanogaster and D. erecta). It
seems likely that duplication events that gave rise to
digestive trvpsin genes in different insect gfoups might have
happened after the sépération of these gfoups. Similér
results have been found in other animal groups. For instaﬁce.
in a vertebrate trypsin phylogeny, all human trypsins were
grouped together, so were the rat trypsins (result not
showr) .

To study the relationship among all trypsin sequences,
one does not have to include all the available sequences. I
have chosen representatives from trypsin gene groups, a
neighbor-joining tree of thirty one sequences is shown in
Figure 33. These sequences represent trypsins from bacteria,
fungi and different groups of animals. Trypsins from mammals,
a bird, a frog, and a fish form a cluster; trypsins from
shrimp, and crayfish seem to be close; clusters found in
Figure 22 for lepidopteran, lower dipteran, and higher
dipteran trypsins can also be found in this tree; the fungal
trypsins and the bacterial trypsins are relatively close to
each other. All the clusters (shown in colofs) have more than

¢0% bootstrap éupport (result not shown). The B. mori
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Figure 33. Trypsin phylogeny

An uniooted neighbor-joining tree for 31 sequences
representing trypsins from bacteria, fun(i and different
groups of animals. The same methods were used as for Figure
32. The same names were used for the 15 inséct‘sequenceé as
in Figure 32. The other sequences are: Af = A. fluviatilis
trypsin; Bt = B. taurus trypsin I; Cfa = C. familiaris
trypsin I; Dp = D. pteronyssinus trypsin; Fo = F. oxysporum
trypsin; Gg = G. gallus trypsin I; Hs = H. sapiens trypsin A;
ﬁa = M. anisopliae trypsin; Mm = M. musculus trypsin; Pv = P.
vannamei trypsin; Rn = R. norvegicus trypsin I; Se = S.
erythraeus trypsin; Sg = S. griseus trypsin; Ssa = §. salar
trypsin IA; Ssc = S. scrofa trypsin. References for these

sequences are cited in Appendix I.
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vitellin degradation trypsin and the Drosophila £ ., n, and ©
trypsins may ilave evolved novel functions, therefore, have
diverged significantly from the mainstream digestive

trypsins.

4.2. Molecular evolution of Drosophila trypsin genes

The trypsin phylogenies indicate that the evolution of
the Drosqphila'ttypsin gene family is an ongoing process.
Three members ({ -try, 1 -try and 8 -try) of this gene family
could be as old as the order Insecta (Figure 32); while other
membershmight have arisen by gene duplications that happened
within the higher dipteran lineage. In this section, DNA
sequence evolution of the Drosophila trypsin genes will be
discussed.

The evolution of DNA is the result of a trade-off
between random drift'and a variety of evolutionary
constraints. As I have reported in the results, different
degrees of sequence similarity have been found in the
Drosophila trypsin gene family, indicating that some
Drosophila’trypsin genes are undergoing concerted evolution
while others are not. Two sets of data from two closely-
related Drosophila species were obtained, both sets are
composed of sequences undergoing both concerted and
independent evolution. By doing intraspecies and interspecies

comparisons, it allows me to study the conseguences of
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concerted evolution. Possible consequences include changes in
nucleotide composition of the genes, and changes in amino
acid composition of the proteins these genes code for.
Possible mechanisms for the effects of concerted evolution

will also be addressed later in this section.
4.2.1. Concerted and independent evolution

_Pairwise'comparisons of sequence divergence for the D.
melanogaster trypsin gene family is shown in Table 1. The
difference in sequence similarity found among members of this
gene family could be explained if the duplication events that
gave rise to this gene family had happened at considerably
different times. Russo et al. (1995) have estimated the rate
of nucleotide substitution in drosophilids at about l.Oxlo;”
per site per year for Adh genes. If evolutionary time is the
only contributor to sequence divergence and the nucleotide
substitution rate is consistent, the duplication events that

might have happened about 50 million yéars ago have given

rise to { -try, n -try, @ -try, and the common ancestor of

a -try, B -try, v -try, 8 -try and € -try, because about 50%
sequence divergence has occurred among these genes. Then,
about 35 million years ago, the ancestor of the o -group
genes and the & -try (now about 65% similar) emerged through
one single duplication event. The history of the o -group
genes should be less than 15 million vyears, given the fact

that the degree of divergence in this group is less than
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14.5% (Table 1). Since Yy -try and 8 -try have only 0.7%
sequence difference, they should have been duplicated less
than one million years ago.

This explanation is first challenged by the fact that

the five nucleotide substitutions found between Yy -try and
5l—t:y are not evenly spread throughout the 75%bp coding
region. Three of the five differences are found in the first
fifth of the coding region, clustered in a region of 55bp.
Sequences outside of this 55bp region are almost identical
between the two genes. Obviously, the assumptibn that these
two genes were each free for mutation accumulation after
duplication does not hold. Secondly, this explanation can not
explain the 48bp 5' upstream non-translated sequence that is
identical between these two genes. Even though there might be
conse?ved transcription elements in this region, they are
normally short elements of a few bases. The TATA box is
located at -46 for both genes. Transcription elements can
normally be found upstream from TATA box inkDrosophila genes
(Hickey et al., 1989).'The lack of sequence similarity beyond
the -48 position and the complete lack of sequence similarity
in the'3‘ flanking region between these two genes suggest
that the duplication event may have happened a long time ago.
The two newly duplicated genes had initially shared idéntiqal
sequences not only in their coding regions, but also in their
§' and 3' flanking regions, because these flanking regions
are also funcﬁionally important. During evolution, the 3'

flanking region and the 5' flanking region that lie beyond ”
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the -48 limit of both genes have been accumulating mutations,
and gradually, no sequence similarity is recognizable between
the two genes in these regions. However, the coding region
and the 48bp 5' flanking region were kept_alike between the
two genes by other evolutionary constraints. Concerted
evolution is believed to be the force behind this phenomenon,
‘ which is strongly supported by the Stﬁdy on the trypsin gene
family in D. erecta. |

-D. melanogaster and D. erecta have been separated for
approximately 12 to 15 million years (Cariou, 1987; Lachaise
et al., 1988; Russo et al., 199‘5). as found in D.
melanogaster, D. erecta aiso has eight trypsin genes (Figure
15), -and they are arranged in the same wéy as their D.
melanogaster counterparts. This result‘suggests that all the
eight trypsin genes were in the common ancestor of the two
species, predicting that all the duplication events happened
in this gene family were dated at least 12 million.years ago.
Even though the o -group genes are believed to be quite old
(at least 12 million years) in both species, the degree of
sequence divergence in this group is low in both species,
with a lower degree in D. erecta than in D. melanogaster

(Table 4). Only 3 substitutions were detected between D.

erecta ¥ -try and 8 -try; 46 out of 47 bases are identical in
_ the immediate 5' flanking region. D. erecta B -try shows
significantly more sequence similarity to ¥y -try and & -try

{96.5%) than that in D. melanogaster (87.3%).'This difference
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suggests that 8 -try in D. erecta has been evolving more
closely with y -try and 8 -try than in D. melanogaster.

As shown in Figure 29, ¥ -try and & -try from both
species, B -try from D. erecta all have less sequence
divergence with one of their fellow family members than with
their counterparts in the other species. This strongly

suggests that these genes have been undergoing concerted

evolution.'The o -try from both species may have also
undergone concerted evolution with the rest of the a -group,
but in a less frequent fashion compared to the y -try and é -
try pa?r, unless the duplication event that gave rise to & -
try happened right before the separation of the two species.
Even the € -try might have undergone some concerted evolution

with the o -group genes, because it has considerable sequence

similarity (more than 65%) with them in both species. One
would be in a better position to study the evolution of
Drosophila a -try and € -try if the trypsin gene family had
been characterized in D. virilis.

since unequal crossover changes copy number of a gene
family, it is most likely not responsible for the high level
of sequence similarity found in Drosophila o -group trypsin
genes. The driving force for the concerted evolution here is
believed to be gene conversion.

The similarity between two converting sequences depends
on how long ago the last gene conversion event happened. In

most cases, the frequency of gene conversion determines the

1

level of‘sequencé similarity. Fogel et al. (1984) have found
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that gene conversion events occur at a frequency of about 5%
in yeast. However, in higher eukaryotes, the rate of gene
conversion was found to vary from 2% to 10-% (Lamb and Helmi,
1982; Lamb, 1984; Rubnitz and Subramani, 1986; Letsou and
Liskay, 1987; Murti et al., 1992; Hogstrand and Bohme, 1994},
In Drosophila, the rate of recombination varies dramatically
in different genomic regions (Kliman and Hey, 1993). In the
case of gene conversion, the trypsin data suggest that the

frequency may also differ among homologous sequences within

the same genomic region. As I have found in the o -group
trypsin genes, the y -try and 0 -try pair undergo very rapid
gene conversion in both species; the B -try undergoes
relatively rapid gene conversion with most likely Y -try in
D. erecta, but in a lower rate in D, melanogaster; d ~try in
both gpecies and B -try in D. melanogaster undergo relatively
low rates of gene conversions.

Hickey et al. (1991) proposed a model that the two
Drosophila o -amylase genes could loop over to facilitate
gene conversion through heteroduplex repgir. The same
mechanism may have been applied in the Drosophila trypsin
genes. Figure 34 presents the proposed model for gene
conversion that may have happened between Drosophila trypsin
genes. “

In order for two sequences to undergo sufficient gene
conversion, these two sequences have to have a certain degree
of sequence similarity in a certain length of DNA. The rate

of gene conversion decreases as the length of the fragment,
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or extent of similarity decreases (Liskay et al., 1987). It
has been suggested by Thomas (1966) that the more complex a
genome is, the larger a fragment is needed to undergo
sufficient homologous recombination, so as to prevent the
occurrence of recombination events between fortuitously
repeated sequences. Results found in different organisms seem
Eo follow this trend. In prokaryotes, homologous
recombinatidn can be detectedlfor stretches of less than
20bp, though for efficient recombination, the requirement is
an uninterrupted stretch of 25-30bp sequence {Singer et al.,
1982; Watt et al., 1985;lShen and Huang, 1986; Gonda and
Radding, 1983). In the mammalian systems, however, it has
been reported that the minimum length of identical sequence
required for efficient recombination is around 200bp,
although homologoﬁs recombination was observed with as little
as 1l4bp of identical sequence, albeit at a much lower rate
(Liskay et al., 1987; Rubnitz and Subramani, 1984; Ayare et
al., 1986). In Drosophila, whose genome size is in between
that of prokaryotes and mammals, the lengths of gene
conversion tracts in the rosy gene average 352bp, with about
13% being less than 50bp (Hilliker et al., 1994). Based on
these findings, I conclude that it would be very difficult
for { - try, n -try and @ -try in both Drosophila species to
undergo efficient concerted evolution, these genes are most
likely evolving rather independently. |
Concerted evolution has been previously reported not

only in other Drosophila gene families, but also in other
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Figure 34. Proposed model for gene conversion.

Shaded bars represent sequences undergoing gene
conversion (mostly coding regions). Flanking regions are
shown as thin lines. This intramolecular step-loop structure
allows pairing of similar sequences (mostly the coding
regions of the o -group trypsin genes in this study).
Sequences flanking‘these regions are not paired, hence

escaped from the process of gene conversion.
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organisms for a variety of gene families. In the next
section, I will discuss the possible effects of concerted
evolution on the nucleotide composition of the DNAs involved
and the impact on the amino acid composition of the proteins

these DNA code for.
4.2.2. Consequences of concerted evolution

The best documented consequence of concerted evolution
is sequence homogeneity. DNA mutation and repair play key
roles during the process of sequence divergence and
homogenization. Therefore, byproducts caused by
homogenization of gene conversion may include the bias on
nucleotide composition, if there is any bias on DNA mutation

and/or DNA repair mechanisms.
4.2.2.1. Nucleotide composition and codon usage bias

As has been discussed before, based on whether or not a
gene has been undergoing gene conversion, Drosophila trypsin
genes can be classified into two groups. Group I is composed
of o -try, B -try, Y -try, 0 -try, and € -try, they all more
or less have undergone gene conversion; group II includes £ -
try, 1n-try, and 8 -try, where no obvious gené conversion has
been detected. By comparing the nucleotide composition
bétween these two groups, one should be able to detect the

consequences of gene conversion on base composition.
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Since changes at the synonymous.sites do not alter amino
acid sequence, these sites are subject to much less selective
constraint, if any. The effects of gene conversion on
nucleotide composition should first be seen at these
positions. Indeed, as shown in Figure 5 and Figure 19, G+C
content at synonymous positions is different between the two
groups of trypsin genes in both species, the group undergoing
gene conversion has much higher G+C at their synonymous
sites. This result is better presented in Figures 6 and 20,
where Ehe degree of sequence similarity reﬁlects the rate of
gene conversion a gene has been undergoing. It clearly shows
that genes undergoing frequent gene conversion, which have
higher degree of sequence similarity, also have higher G+C
content at their synonymous codon positions. Although high
G+C content is common to Drosophila genes (Shields et al.,
1988), genes found undergoing conversion tend to have much
higher synonymous G+C content, as has been reported in the o«
-amylase gene family (Hickey et al., 1991; Popadic and'
Ahderson, 1985) .

This uneven distribution of nucleotides at the
synonymous codon positions results in codon usage bias, as
shown in Figures 7 and 21. However, some genes, such as 7
-try in D. erecta, have relatively low nucleotide bias in
their synonymous sites, and still have high codon usage bias.

Codon usage bias has been reported in a variety of
organisms (Ikemura, 1985). The causes of biased codon usage

have been we;l debated and will be discussed later. Whatever
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the forces are acting to change nucleotide composition at
synonymous sites, are they strong enough to change the
nuclectides at nonsynonymous positions? Since some amino
acids are encoded by G+C rich codons whereas others are coded
by A+T rich codons, by analyzing the amino acid composition
of the proteins that these genes code for, answers to that

question might bes found.
4.2.2.2. Amino acid composition

Sueoka (1961) studied the relationship betweeh genomic-
G+C content and the amino acid composition of proteins. A
comparison of bacterial species ranging in G+C content from
35% to 72% showed that mean DNA base composition was
correlated with the amino acid composition of total bacterial
protein. The proteins from more GC-rich organisms were found
to have more Gly, Ala, Arg and Pro, but less Phe, Tyr, lle,
Asn and Lys (Sueoka, 1961). Jukes and Bhushan (1986} have
reported that large differences in G+C content at silent
sites found between some mitochondria 'and bacterial genomes
were accompanied by smaller differences in the G+C content of
replacement sites. In the human genome, positive correlations
have been found between third codon position G+C content and
the first and second codon position G+C contents (Sueocka
1988, 1992; Aissani et él., 1991; D'Onofrio et al., 1991;
Collins and Jukes, 1993). Collins and Jukes (1993) also

identified that in humans, genes with higher G+C content at
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their silent codon positions tend to have more Arg, Pro, Ala,
Trp, His, Gln and Leu, but less Tyr, Phe, Asn, Ile, Lys, Asp,
Thr and Glu in the proteins they code for. Similax
correlations have been found in the a -amylase genes (Yoshida
and Hickey, 1996) and the elongation factor genes (Foster and
Hickey, unpublished) from different organisms. But in
Drosophila, no significant correlation was found between
silent site G+C content and first or second codon position

' G+C content in 91 genes (Shields et al., 1988). Moniz de S
{1995) also failed to find tﬁe same correlation in plant
actin genes.

In the Drosophila trypsin -genes, no significant
correlation was found between synonymous G+C content and G+C
conteht at the first or the second codon positions (data nct
sﬁown). This result agrees with the previous stud& on other
Drosophila genes (Shields et al., 1988). However, as shown in
Figures 13 and 27, there are more group B aminc acids (G dr C
at the second codon position) than group A (A or T at the
second codon position} amino acids in the o , B,y and o
trypsinogens; whereas the rest of the trypsinogens show just
the opposite, and this is true in both species. The pressure
that causes nucleotide bias at silent sites in Drosophila may
not be as strong as.that in humans. The effect of this
pressure may be very little on the nucleotide composition at
replacement sites, but genes that are more subject to this
pressure may have started to show the consequences, i.e.

having more first and/or second position GC rich codons.
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Although £ -try has nearly as high a G+C content at its
synonymous site as that of the o -group genes, it may not
have been subject to this pressure as long. The synonymous
sites of & -try have changed quickly, while the replacement
sites are still catching up. One trypsin gene having an
extremely high G+C content (97% at the third codon position
for the mature trypsin) was isolated from the bacterium, S.
griseus (Kim et al., 1991). The proportional composition of
different groups of amino acids for this trypsin is shown in

Figure 35, along with that of the 6 , € , and ¥ trypsins from

D. melanogaster. As the third codon position G+C content goes

up from 67% in the 8 trypsin to 97% in the bacterial
trypsin, some amino acids in subgroup I of the 6 trypsin
might have been moved through subgroups II and III (in the
cases of ¥ and € trypsins) to subgroup IV (in the case of
the bacterial trypsin). Figure 36 shows the alignment of the
8 trypsin from D. melanogaster and the Streptomyces trypsin.
In this alignment, there are 10 subgroup I residues (FL1YMINK)
in the 6 trypsin directly substituted by subgroup IV (GAR2P)
amino acids in §. griseus trypsin (marked by "*"), whereas
there are only 3 fesidues going the opposite direction
(marked by "~"). There are many more residues in the 0
trypsin sequence changed to GC richer coding amino acids (63)
in thé S. griseus trypsin (shown in red) than the other way
around (30) (shown in green). Clearly, the evolutionary
forces that caused highly biased nucleotide composition at

synonymous positions also have an effect on the base

110



Figure 35. Effect of base composition bias on amino acid

composition

Amino acid composition of active trypsins from D.
-melanogaster (Dm.y = ¥ trypsin; Dm.e = € trypsin; Dm.O = 6
trypsin) and S. griseus (Sg.try) was compared. Amiﬁo acids
were divided into subgroups the same way as in Figure 13.
Numbers inside boxes represent the occurrence of amino acids
of the subgroup in that trypsin. Unlike the boxes in Figures
13 and 27, boxes here were not'drawn on scale. (G+C)s
represents the synonymous G+C content of genes. Arrows

indicate possible pathways of amino acid changés caused by GC

pressure.
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Figure 36. Alignment of the D. melanogaster 0 trypsin with

the S. griseus trypsin

Active trypsin sequences from the D. melanogaster 0 trypsin
(Dm.theta) and the S. griseus trypsin (Sg.try) were aligned
using Clustal V. Dashes represent gaps introduced ﬁPr the
alignment. Amino acid substitutions that involved GC
composition changes at the DNA level were highlighted with
colors. Red indicates changes from GC-poor codons in Dm.theta
tb GC-rich codons in Sg.try; green represents iLhe same
changes from Sg.try to Dm.theta. Substitutions from subgroup
I amino acids in Dm.theta to subgroup IV amino acids in
Sg.try were marked by "**; the same changes from Sg.try to

Dm.theta were presented by "~".
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composition at replacement sites, causing changes in protein

sequences.
4.2.3. Cauges for the nucleotide kias

Mechanisms have been broposed to explain the observed
uneven distribution of nucleotides and the biased codon usage
of genes. In this section, I will first discuss two well
studied hypotheses, the mutation bias theory and the
selection theory, in relevance to the Drosophila trypsin
data. Secondly, I will explain the G+C content of the
Drosophila trypsin gene family with our recently proposed DNA
repair theory (Hickey et al., 1994). Thirdly, & hypothesis
based on translational selection of thirxd codon wase size
will be proposed, which interprets the high T+C content
observed at the Drosophila trypsin gene third codon position

on the coding strand.

4.2.3.1, Mutation bias

Based on the observation that different bacteria have a
wide variations in DNA base composition, Sueoka (1962)
proposed a theory of directional mutation pressure. The
theory assumes that the effect of mutation on a genome is not
random but has a direction toward higher or lower G+C content

of DNA. This pressure generates more bias in neutral parts of
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the genome than in ﬁunctional parts. Despite the G+C content
variation among different bacterial genomes, there is not
much G+C content variation within each genome {(Normore,
1976) . Although it turns out that the codon bias in
unicellular organisms can be better interpreted by a natufal
selection theory (see the following section), this thebry on
mutatiqn bias fits the mammalian systems well. Mammalian
genomes were found composed of isochores of different G+C
contents (from 30% to 60% in human) (Mouchiroud et al.,
1991). Genes located in GC rich isochores are found to be GC
rich, while genes in AT rich isochores are AT rich (Aissani
“ﬁét al., 1991; Ikemura and Wada, 1991). It was proposed that
different parts (isochores) of mammalian genomes are subject
to different directional mutational pressure, resulting in
genomic regional specific nucleotide bias (Filipski, 1987;
Sueoka, 1988; Wolfe et al., 1989; Boulikas, 1992). This
nucleotide composition bias is largely reflected by the
SYTNONymous codon.usage bias (Collins and Jukes, 1993;
D'Onofrio et al., 1991; Grantham et al., 1986; Ikemura, 1985;
Porter, 1995), and to a less extent, a bias on amino acid
composition (Collins and Jukes, 1993; D'Onofrio et al.,
1991). This mammalian "local mutation pressure" hypothesis is
strongly supported by the finding that G+C content at silent
sites in mammalian genes is correlated with that of introns
and flanking sequences of the same gene (Aota and Tkemura,
1986; Porter, 1995). Furthermore, directional mutation has

been detected in mitochondrial genomes from a wide range of
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organisms {(Jermiin et al., 19%4). The degree of nucleotide
bias is determined by the rate of mutation and the degree of
the mutation bias, where the environment, chromosomal
stracture, DNA replication, DNA transcription, local base
composition, as well as the abundance of free dNTPs in the
nucleus may all play important roles (Wolfe et al., 1989;
Boulikas, 1992; Eyre-Walker, 1984).

In the case of Drosophiia trypsin genes, G+C content
seems to be going in opposite directions in the coding
regions (especially their silent codon positions) and the
flanking regions. As shown in Figure 5, the average silent
site ¢+C content of the eight D; melanogaster trypsin genes
is 70%{‘while the average G+C content in the flanking regions
is only 36%. The same trend is shown in Figure 19 for the D.
erecta trypsin genes. These results agree with the previous
studies of other Drosophila genes, that the codon usage bias
is not associated with local genomic base composition ;
(Shields et al., 1988). Hence, the codon usage bias found in
Drosophila genes can not be explained by the mutation bias
theory. Shields et al. (1988} have proposed that selection
among synonymous codons is the cause of nucleotide

composition bias in Drosophila.
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4.2.3.2, Selection

Sueoka proposed the directioconal mutation theory without
knowing the existence of synonymous codons (Sueocka, 1962).
After the finding of the universal genetic code (Crick,
1968), it was found that the difference of base composition
in different bacteria that Suecka used as foundation for his
theory is largely reflected by the silent sites of the
.baéterial genes (Gouy and Gautier, 1982} . Synonymous codon
usage was found consistently similar for éll genes within
each genome (Grantham, 1980; Grantham et al., 1980, 1981). A
correiation;between this organism-specific codon choice and
isoqdcepting tRNA éopulation was found (Post et‘al.; 1979;
Post and Nomura, 1980; Tkemura, 1980, 1982, 1985; Bennetzen
and Hall, 1982). Although tﬁe trend oﬁ»eodoﬁ bias is
organism-specific, the degree of ¢odon.bi55‘6f a gene was
found to be strongly correléted with iﬁs'équessioh level .
(Bennetzen and Hall, 1982; Gduy and Gautier, i982; Graﬁtham‘
et al., 1981; Grosjean and Fiers, 1982; Sharp et alf,‘1986;."
Bulmer, 1991). Tt was then proposed that silentisites'of
genes are not selectively neutral, codon usage bias is a
reflection of natural selection acting to mold the codon
choice to match the frequency of correspondent tRNAs
(Ikemura, 1985; Sharp and Li, 1986; Li, 1987; Bulmer, 1987;
Shields et al., 1988; Moriyvama and Hartl, 1993). In the
unicellular organisms, E. coli and Saccharomyces cerevisiae,

tRNA molecules were guantified. It was found that among
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synonymous codons, highly expressed genes use mostly the
codon that matches the anticodon of the most abundant CRNA.
while highly expressed genes show extreme codon usage bias,
poorly expressed genes have only moderate codon bias
{Ikemura, 1985).

Although most of the evidence for natural selection
acting on codon uSage bias has come from unicellular
organisms, Shields et al. (1988) proposed that the same might
also haQe happened in Dfosthila. Kliman and Hey (1994) have
réported that natural selection on the fourfold degenerate
class of codons is stronger than that on the twofold
degenerate class. However, the tRNA pépulation was not yet
studied in Drosophila, their conclusions were based on the
observed heterogeneity between Drosophila genes, coupled with
the clear difference in GC content between coding and non-
coding sequences, similar to the result of trypsin genes in
this study. They argued that the mutation bias could not lead
to this result, leaving the only possible mechanism as
natural selection. This argument is challenged by the low
codon bias found in highly expressed Drosophilé histone genes
(Fitch and Strausbaugh, 1993). Another weak point of this
argument is that even though the tRNA population has an
effect on codon usage bias, biased codon usage does not
necessarily lead to high G+C coritent at synonymous sites. No
evidence suggests that the most abundant tRNas in Drosophila

all have either G or C at their wobble anticodon positioﬂs.‘

D. erecta 1 -try is a good example of genes that have
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nonrandom synonymous codon usage and yet only a moderate
synonymous G+C content. We have proposed a "near-neutralist"
interpretation of codon bias (Hickey et al., 1994), which I
believe explains the evolutionary forces behind the biased

codon usage in Drosophila trypsin genes as well as in other

Drosophila genes.

4.2.3.3. DNA repair bias
4.2.3.3.1. The theory

DNA mutation is an ongoiﬂg process and ample evidence
has shown that in most cases mutation is directional (Suecka,
1962; Schaaper and Dunn, 1987; Meuth, 1989; Ohama et al.,
1990; Bhagwat and McClelland, 1992; Fritz and Merkl, 1992;
Boulikas, 1992), in other words, mutation is biased. During
evolution, organisms may have evolved their DNA repair
systems to counteract the mutation bias. For instance, if
mutation tends to increase the frequency of AT base pairs,
then repair patterns will evolve to counteract this bias by
favoring repair in the direction of GC pairs.

Equilibrium between mutation bias and repair bias can be
reached dur;ng evolution. For functionally less important DNA
fegions, such as introns and flanking regions, they are
selectively neutral (or close to it). Less DNA repair is

required in these regions. Lack of repair may result in high
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A+T content, if mutation tends to increase the AT richness of
sequences, as pointed out by Boulikas (1982). On the other
hand, mutations happening in protein coding regions are more
likely to be deleterious, and the DNA repair system has to
take special "care" for these regions. The consequence of
frequent DNA repair in the coding region is a high G+C
content, caused by a GC favored DNA repair system.

Boulikas (1992) has reviewed the possible causes of
mutation bias. Howefer, direct evidence of DNA repair bias
came from a study in monkey kidney cells (Brown and Jiricny,
1988) . They reported that repair efficiencies for the
homologous mispairs followed the order G/G > C/C =2 A/A > T/T,
and heterogeneous mispairs G/T, A/C, C/T and A/G were always
corrected in févor of the base mostly efficiently corrected
as a homogeneous mispair (Figure 37). They have concentrated
their analysis on the effiéiency of mismatch repairs.
However, their data also include‘the results of mismatch
‘repair, which allow me to analyze the likelihood for the four
'nuéleotides to be repaired to. Figure 38B summarizes my
recalculation of their results. For a given heterogeneous
mispair, the likelihood for the mispaired base to be changed
to C is 41.2%, followed by G (34.0%), T (19.6%) and A (5.2%),
as shown in Figure 38A. In other words, DNA repair is in
favor of C, and also G but to a lesser degree; it is against
A, and also T but to a lesser degree. The possible repalir
enzyme properties that might have led to the bias were

discussed by Lamb (1985).
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Figure 37. Efficiency of DNA repair in monkey

Adapted from Brown and Jiricny {(1988). The eight possible
mismatches (four homogenecus and four heterogeneocus) are
shown in red letters. The efficiency of repair for each
mismatch is shown as a pie. Blue represents the percentage of
dominanﬁ result; black represents the percentage of the |
alternative repair result; yellow shows the percentage of

unrepaired mismatches. Repair efficiency follows the order G

>C>A > T.
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Figure 38. DNA repair bias in monkey cells

Panel A. This pie shows the degree of DNA repair bias in
monkey cells. For a given DNA mismatch, the chances of a
nucleotide being repaired to is 41% C (green), 34% G

(yellow), 20% T(black), 5% A (blue).

Panel B. Data on heterogeneous mismatch repair from Bfown and
Jiricny (1988) were reanalyzed. The unrepaired mismatches
were not included in this analysis. The possibility of
changing from one nucleotide to another is dalculaﬁed as
shown in the following example: From T to C, the only
heterogeneous mismatch that may be repaired from a T to a C
is G/T mismatch. The percentage of G/T being repaired to G/C
is 92%, ;he other possible result is A/T with a possibility
of 4% (Figure 37). When only the repaired mismatches are
considered, the probability of changing a mismatched T to a C
is then 95.8% (92/(92+4)). The average for each nucleotide is
given by the assumption that the four pcssible heterogeneous

mismatches happen at the same rate.

' 121



Base from

Average

Base to
A T G C
\ \ 52.6 69.2
\ \ 83.3 95.8
4.2 30.8 \ \
16.7 47.4 \ \
5.2 19.55 34 41.25




This hypothesis predicts that in a system with mutation
bias in favor of AT and repair bias in favor of GC,
functicnally less important regions accumulate more mutation
and become AT rich. Mutations also occur in functionally
important regions, but they are much more subject to DNA
repair, as a result of intensive DNA repair, theee regions
gradually become GC rich. Synonymous sites of coding regions
are functionally less important, however, mutation and DNA
repair pattern are influenced by neighboring bases (Schaaper
and Dunn, 1987; Bulmer, 1990; Boulikas, 1992)f Synonymous -
sices are likely mutated and repaired in the same way as the
replacement sites. The difference between a synonymous site
and a replacement site is, however, that changes at a
replacement site are selected against while changes at a
synonymous site can be tolerated. If the repair theory holds,
one should see more repailr effects (GC rich) on synonymous
positions than on replacement positions. When there is a very
strong repair bias pressure, one may also see chenges at
replacement sites as well, changing AT-rich-codon amino acids
to GC-rich-codon amino acids, in the range that the function
of the encoded protein not being altered dramatically. In
general, any forces that increase the occurrence of DNA
mismatch repair can lead the sequence into more GC richness,

as a result of intensive GC biased DNA repair.
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4.2.3.3.2. Gene conversion and DNA repair

For a given biased DNA repair system, the degree of
nucleotide composition bias of a sequence is influenced
largely by the rate of DNA repair. It was proposed that
active genes are repaired more efficiently than inactive
genes or bulk DNA (Hanawalt, 1989; Boulikas, 1992). Lamb
{1985) pointed out that gene conversion also has effects on
the rate of DNA repair, resulting in changes on base ratios
and total DNA amounts. | |

Gene conversion occurs both during the course of
evolution (Brown et al., 1972; Xiong et al., 1988; Hickey et
al., 1991; Benedict et al., 1985} and in laboratory
experiments (Willis and Klein, 1987; Letsou and Liskey, 1987;
Brown and Jiricny, 1988). Models of gene conversion were
reviewed by a few authors (Baltimore, 1981; Arnhein, 1983;
Ray et al., 1988; Jinks-Robertson and Petes, 1993; Klein,
1995) . The experimental evidence points to a mechanism of
gene conversion that parallels the stages of normal
homologous recombination: sequence pairing, strand exchange,
branch migration, heteroduplex formation and mismatch repair.
In general, this process of sequence homogenization makes the
sequences involved go through more mismatch and mismatch
repair than other sequences, as a result, they are more

subject to the DNA repair bias.
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4.2.3.3.3. The data

As predicted by the DNA repair bias theory, the flanking
regions in the Drosophila trypsin gene family all have a G+C
content of less than 50% (Figures 5 and 19). With an average
trypsin gene flanking region G+C content of 36.0% in D.
melanogaster and 35.6% in D. erecta, both genomes are
" believed to be under a directional mutation pressure in favor
of AT. This trypsin gene flanking sequence G+C content
pattern is very close to that of the majority of D.
melanogastér introns (Shields et al., 1988; and that of the
D. melanogaster genome as a whole (Shapiro, 1976). Since
Drosophila has a relatively small genome compared to mammals,
‘and the variation of G+C content in different Drosophila
genomic regions is relatively small {Carulli et al., 1993y,
it is very possible that flanking regions, introns, as well
as a large portion of other selectively neutral genomic DNA
are subject to similar directional mutation pressure.

The average trypsin gene coding region G+C content is
58.0% in D. melanogaster, 60.0% in D. erecta, much higher
than that of the flanking regions. The moderate G+C contént;fﬁT“"
in the replacement positions of € -try in both species (~50%)
indicates that genes do not have to be GC-rich to encode
functional trypsins, the high average G+C content in the
coding regions is not a result of natural selection on
trypsins, but a result of the inténsive DNA repair bias these

coding regions are subject to. Although the repair bias tends
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to increase the G+C content, any changes at the replacement
sites of coding regions have to overcome the natural
selection forces acting on functional trypsins, the tencency
of increasing G+C content at these positions is highly
limited, resulting in moderated G+C contents at these
posiﬁions. However, the silent sites of the coding regions
afe more tolerant to substitutions, therefore a higher G+C
content was observed here (Figures 5 and 19).

As discussed in part one of section two in this chapter,
while { -try, n -try and 6 -try have been evolving
independently, in both species, gene conversion may have
happened to the rest of the gene family at different
frequencies. Figures 6 and 20 indicate & positive
relationship between frequency of gene conversion and
synonymous G+C. content. This result agrees with the
prediction that genes undergoing frequent gene conversion are
more subject to DNA mismatch repair, as a result, they have
high synonymous G+C content. Figure 3% presents a model for
the effect of DNA repair bias on DNA G+C content, and the
role gene conversion may have played.

If'Drosophila has a biased DNA repair system similar to
$that of the monkey (Brown and Jiricny, 1988, and Figures 37,
38), one would expect to see C > G > T > A in the GC rich
regions. In fact, that is exactly what was found at the
synonymous site of all trypsin coding sequences, especially
for those genes undergoing gene conversion (Figures 10 and

24). The extremely higH:sYnonymous C content was also found
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Figure 39. Effect of DNA repair bias on G+C content

A, In flanking regions, mutations are not effectively
repaired, nuclectide composition reflects largely the

direction of mutation bias (in favor of AT).

B. In the coding regions, mutations are effectively repaired,
nucleotide composition reflects DNA repair bias (in favor of
GC). Restrained by selection pressure, the replacement sites
of coding regions have only moderate G+C content. Synonymous
sites of coding regions are nearly seiectively neutral, their
G+C content reflects largely DNA repair bias. Genes
undergoing gene conversion are more subject to DNA repair,

resulting in extremely high synonymous G+C content.
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in other Drosophila genes {(Hickey et al., 1991; Shields et
al., 1988; Moriyama and Gojobori, 1992).

For those gernes undergoing gene conversion (o -try, B -
try, ¥ -try, 0 -try and € -try), this pressure of biased DNA
repair has started to cause an increase in G+C content at
their rgplacement sites. As a result, trypsins enccded by
these genes have more amino acids encoded by GC rich codons
‘than trypsins encoded by the other three genes (Figures 13
and 27).

Lack of gene conversion in Drosophila histone genes
{Strausbaugh and Weinberg, 1982) may have led these genes
into moderate synonymous G+C content (less codon usage bias),
even'Ehoughlthese genes are highly expressed (Fitch and
Strausbaugh, 1993). This DNA repair bias thgory also explains
the low G+C content of animal mitochondrial genomes
(Wolstenholme and Jeon, 19%92). Since animal mitochondria lack
efficient DNA repair mechanisms, their nucleotide composition
bias reflects the mutation bias (in favor of AT), not DNA

repair bias.
4.2.3.4. VWobble pairing and the third codon position base bias

‘Gene conversion-enhanced DNA repair may have caused the

high G+C content in the Drosophila o -group trypsin genes.

Unless the biased Drosophila DNA repaif system favors only C

and is against only A, the distribution of individual base

content at the third codon position of the Drosophila o -
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group trypsin genes can not be fully explained. Figures 10
and 24 show that at the third codon position of the
Drosophila o -group trypsin genes, C is predominant with a
content of about 60%, the G content and the T content.are
between 15% to 20%, while the A content is just over 5%.
dverall, the T content seems to be higher and the G content

. seems to be lower than what would be expected from the DNA
repair bias theory. As a result of the predominant C and the
relatively high T content, the third codon position T+C
{pyrimidine) content is high in the coding strand as shown in
Figures 8 and 22.

The moderate T+C content (~50%) in the Drosophila
trypsin flanking regions (Figures 8 and 22) suggests that the
T+C content is not affected by mutation bias. Figures 9 and
23 show that the immediate upstream and downstream 40bp
sequences of the coding region, which are roughly included as
parts of the transcripts, do not always follow the same trend
as the coding regions themselves do. This indicates that the
T+C content is not affected by transcription, either. Here, i
propose that a translational selection mechanism acting on
the size of bases at the third codon position might be
responsible for the high T+C content found in Drosophila
trypsin coding regions. As discussed before, both C and G are
favored by the Drosophila DNA repair system, but chemically,
these two bases are different: C (a pyrimidine) is smaller
than G (a purine). A forced mismatch involving a C is likely

to be less disruptive than a mismatch inveolving a G. As a
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result, a mismatched C is more tolerated than a mismatched G
at the third codon position. The same mechanism may have been
applied by A and T, i.e. T is smaller than A, thus a T is
selectively less disadvantageous than an A at the third codon
position. A combination of the DNA repair bias (in f:vor of G
and C) and the selective constraint én synonymous base size
{in favor of C and T) may have resulted in very high C
content {(favored by both forces), moderate G and T contents
(favored by one force, but disfavored by the other force),
and very low A content (disfavored by both forces). This

hypothesis explains why both G+C content and T+C content are

high at the Drosophila o -group trypsin third codon position
(Figures 11 and 25).

This selective constraint hypothesis is supported by
studies on codon and anti-codon interactions (Grosjean et
al., 1978; Pluhar, 1994). In 1966, Crick proposed the wobble
theory in an attempt to explain the inconsistency of the
genetic code with regard to the pairing of the first base of
tERNA anticodon and the third base of mRNA codon (Crick,
1966) . Recently, the compatibility of all possible base
pairing has been studied (Pluhar, 1994). As shown in Figure
40, a U at the third codon position can pair with any base at
the corresponding tRNA anti-codon position; a C at the third
codon position is compatible with a G, an I, or a U at the
ERNA anti-codon position; a G at the third codon position can
only pair with a U or a C; an A at the third codon position

is only compatible with a U or an I. This pattern of wobble
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site codon and anti-codon compatibility has a selective
impact at the translational level on the base composition at
the third codon site. The preference of bases at the third

codon position is T > C > G = A.
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Figure 40. Compatibility of codon and anticodon base pairing

at the wobble site

Modified from Table 1 of Pluhar, 19%4.
I = inosine, commonly found at the wobble position of tRNAs
(Unger and Takemufa, 1973). Compatible pairings are

represented by "+"; incompatible pairing are marked as "-".
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4.3. Conclusions

Evidence presented in this thesis strongly suggests that
some members of the Drosophila trypsin gene family have been
undergoing rapid gene conversion. The trypsin gene family
genomic organization and patterns of molecular evolution are
conserved in the Drosophila lineage, within an evolutionary
time scale of tens of millions of years. However, distinct
trypsin gene families have arisen and evolved separately when
more diverged organisms are compared.

- It was observed that the synonymous G+C content was much
higher in genes undergoing gene conversion than in genes that
are evolving independently. The nucleotide composition of a
gene is influenced by many evolutionary forces. First of all,
natural selection on the gene product determines that
nonsynonymous codon positions of a gene are hardly
changeable; secondly, if a gene is highly expressed,
translational selective constraint imposed by the tRNA
content may mold the synonymous codon positions to match the
frequency of corresponding tRNAs; thirdly, translational
selective constraint imposed by the compatibility of wobble
site codon-anticodon mismatches may increase the pyrimidine
content at synonymous codon site; fourthly, directiocnal
mutation pressure may directly affect the base composition of
a gene; and finally, DNA repair bias may have a big impact on

the base content.
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Previous studies have been focused on one or two forces
mentioned above. In this study, I have taken into account all
five evolutionary forces and found that a combination of
mutation bias, DNA repair bias, and natural selection at both
protein level and translation level can fully explain the
base composition pattern observed in the Drosophila trypsin
genes. The unusually high synonymous G+C content of trypsin
genes undergoing rapid gene conversion suggests that the
pressure of GC favored DNA repair bias is strong in
Drosophila; the high synonymous T+C content of trypsin genes
indicates that in Drosophila, translational selective
constraint imposed by the compatibility of wobble site codon-

anticodon mismatches is also strong.
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Appendix I. Trypsin sequences

Organism Sea.” Length Acc. No,  Ref. _

Homo sapiens({human) c 850bp X71345 Wiegand et al., 1993
Homo sapiliens c 853 X72781 Wicgand et al., 1993
Homo sapiens . c 807 X15505 Tani et al., 1990
Homo'sapiens g 684973 L36092 Rowen et al., 1994
Canis familiaris (dog) <c 819 M1158% Pinsky et al., 1985
Canis familiaris c 869 M11i590 Pinsky et al., 1985
Bos taurus (bovine) c 825 'D28507 Okajima et al., 1994
Bos taurus _ c 805 ' X54703 Leluerou et al., 1999
Sus scrofa (pig) P 231aa P00761 Huang et al., 1993
Rattus norvegicus (rat) g 6385 J0o778 Craik et al., 1984
Rattus norvegicus c 342 L00131 MacDonald et al., 1982a
Rattus norvegicus c 621 M16624 Fletcher et al., 1987
Rattus norvegicus c 862 X15679 Luetcke et al., 1989
Rattus rattus (rat} c 877 X59012 Kang et al., 1992
Rattus rattus c 881 X55013 Kang et al., 1992

Mus musculus (mouse) c 814 X04574 Stevenson et al., 1986
Gallus gallus {chicken) ¢ 864 U15155 Wang, K. et al., 1995
Gallus gallus c 860 uisise Wang, K. et al., 1995
Gallus gallus c 860 U15157 Wang, K. et al., 1995
Salﬁo salar ¢ 868 X70071 Male et al., 1992
(Atlantic salmon)

Salmo salar c 711 X70072 Male et al., 1992
Salmo salar c 826 x70073 Male et al., 1992
Salmo salar c 810 X70074 Male et al., 1992
Salmo salar : c | 862 X70075 Male et al., 1992
Squalus acanthias P 22%aa PO0764 Titani et al., 1975

{spiny dogfish)
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Pleurconectes platessa c
{plaice)

Paranotothenia
magellanica (antarctic fish)

Gadus morhua c
{Atlantic cod)

GCadus morhua c

Xenopus laevis c
(African clawed freg)

Astacus fluviatilis p
{broad-fingered crayfish)

Dermatophagolides c

893

877

808

808

794

237aa

1059

pteronyssinus (house-dust mite)

Penaeus vannamei c
(shrimp}

Ahopheles gambia g
({mosquito)

Acdes aegypti c
{mosquito)

Aedes aegypti c
Simulium vittatum c

{black Fly)}

Lucilia cuprina g
(sheep blowfly)

Haematebia irritans c
(horn fly)

Haematobia irritans c
Hypoderma lineatum c

“{buffale fly)

Hypoderma lineatum c
Hypoderma lineatum c
Choristoneura

fumiferana (spruce budworm)

Ostrinia nubilalis c
(european corn borer)

Manduca sexta c
{tobacco hornworm)

854

14748

846

788

742

3109

444

449

842

840
831

6746

699

811
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X56744

X82223

X76886

X76887

X53458

P00765

ul1171s

X86369

222930

X64362

X64363

,08428

L15632

u09801

222567

X74303

X74304

'X74305

u12917

L16805

Leaver and George, 1990

Genicot et al., 19%4

Gudmundsdottir et al.,

Gudmundsdottir et al.,

Shi and Brown, 1930
Titani et al., 1983
Smith et al., 1994
Klein et al., 1985
Muller et al., 1993
Kalhok et al., 1993

Kalhok et al., 1993

Ramos et al., 1993
Casu et al., 1994
Elvin et al., 19%4

Elvin et al., 1993

Moire et al., 19%4

Moire et al., 15994

Moire et al., 1954

Wang, S. et al., 1995

1993

1993

Wang and Hickey, unreleased

Peterson et al., 1994



Manduca sexta c 818 L16806 Peterson ot al., 1994

Manduca sexta < 804 L16807 Peterson et al., 1994
Lonomia achelous P 214 pP23604 Amarant et al., 1991
{jiant silkworm moth)

Lonomia achelous P 214 P23605 Amarant et al., 1991
Bombyx mori (silkworm} g 8090 D16233 Tkeda et al., 1993
Bombyx mori p 232 832398 Sasaki et al., 1993
Fusarium oxysporum c 998 563827 Rypniewski et al., 1993
( fungus)

Metarhizium anisopliae g 1347 X78875 Smithson and Clarkson, 1994
{ fungus)

Streptomyces griseus g 1660 Méd471 Kim et al., 1991
(bacterium) ‘
Streptomyces erythraeus g 2188 D30760 Natsuka et al.;*i994~
{bacterium)

* o = cDNA sequence; g = genomic sequence; p = protein seguence
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TCTGGAAAAACACTGACCAATCAGTTAACCATGGCAGACA

GGOTCGAATGTTAACCATTGAGTGGCCAGCTGACAGTATC
Lo o i ¢ P

AGAAGGCCGTAGGCT TG TTTCTTATCAATCAGACTTGCTA
ol WO ¢ o JUN AR o (el N

CACCAGTCAMMACTCGGAAGTCGGCACTTCAACGGGTGTT
< P « JE (N
ATCATTCTAGGTGATTAGAGGAGCTTTTCACAAGACACAC
G..... et raaar e LWACL Ll G.

TTTACTAGGATATATGTGAGT TCARACCAMATGTTCTGAC
A < FONUNTY SN P.CCT. .. GC. .t -.

DR

-TCATGGACA-—TG----TGAGTCTTA—GGCAAGACACTC
C....C....CA,.ACAP..G..T.C.T. .AT.TTG...A

GATATAACTTI'TACCACATTTACGAAATGGCAAAGGTGAT
Y PRI & o AGGL e

GAAGAGACAATTTTA-ATGGCCCATTAAAAG--CACAAAT
CC...A.....".GGG..T.GT.........AA..

CCGTTAAAATAAGGGGTGGTTATATGAACGACCCTCTGCC
O . S S imbntnbebdblebedy I

TTATGGAATTGATAATGGAACTTTTTATAAACAGCATTAT

S s e it D

TCTT—TGCAATTGTTGTTGCGTTTAATTCACAAATATAAG

ACCGTCCAGTATTTCACCAGTCACGGTTCACCAAAACGTT
------- P o N o ¢ B T

ATTTTTTTCCGGCTAATTAATCTTGCCACAGCTGTCCAGA
VY o

v ..

B -

R RN .

N G.===..A.C-==,. .

GTGGGCAACCféGAGAACTGTTTCCCTATTGT-TAATACG

. .TATTT-...,-=—=.T..G.A=-===., .CAA.......
GCTAGTTTTTTC-~--==-~ TTTAGGCTTAACCACTAACTT
C...AC..C...CTCTCCC..C.,AT...... T.CT....

-==-CCAAATACTAATCATCTATGTTATGAATGGCARATA
T™er6....6...A...T..vvvee. . C..C . LC
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TTTATAACTTTCCATC-AGGCGCGAATACGCTGATGAAGT
VY G.C.

ATTAGATATAGATAGCTTGCCCTCAAGCTAGAATGACCTT
O o Y L o !

CTTTATAGTATTCCCCGTTTAAAAAATAAGCGATGACCCA
R o ¢ S CG.......G.A..

AGAACTATGTGCAAAAATAAATTGTGTGTAAAAAAAGATA
Aol WCALLLW TG W CL LW TCL L LW TWCL s e

ATACTTTCTC-AC-~-T-=TGAC-==~-~ TCTGGGGT -~~~
R G..GTA.AG.A. .ATAGA.A.. .AT.TGAG

CTTCACCCAATTGAGGTTTACTGAAAATTTCACATGCAAA
AL.GEG.T-. i ¢ S ¢ Y S

TTCTACGACACGTAATTCCCCAAAAGTAGGTTAAGTCATA
LooAen . N e T..... .

TAGCACAAACGTCACCAATGCTACCTCGAGTTGGAAATAC
B o O GC..... GeConivvnans

AATCAMAAATTTCTACTTAAAAATGGCAAATTTCAACTTTA
..... Con v AAC. e AR L s

CGGTTAAAAA-=--—~ A-==TA=--=-TGGCAAATTGTTTAT
..ACCCC. . .TATTG.GAT. .CCAT.T. . civv vt

AAAAAGGACAGGAGACAATCCATTCCTACCATCTATTCAC
G....CAG.,.AA.-...AA. .. T . Tevnseeens T

CAACTTCGAGTGTCCAAATCTGTGCAATCTTATCTATT-C
.......... L

CCATCACTCAACTTATCAATGGAAGATGAATTGGAACCCT
Vear e aeeraenaene S Y | WU o

GTGAATACCCGTGAACCCTACAAAAGATAAGACCTGTGAC
T Y PO C.AC..vvvenrnnrcnnans

TAAGGTGTAATAGGTGGTATGTGTAATACATTTAACTTCC
++Covvve s AWGAL..C....G... . T.CA.GGAA.A

AAACTAGACGTAA---AT------ ACAA----AAGCTTGA
..GT...GA....GCC, .CCGTAA. .C.TCTT...G. . A,

TTTATTGAAGGCTTTTGACACATCCAACCTACTGGGTACC

R Y S T C..A..T..T.

79
69

159
149

239
205

319
282

399
361

479
438

544
517

616
596

696
674

773
754

853
822

921
902

1000
981

1079
1054

1159
1132

1239
1212

1319
1274

1398
1345

1458
1425

1534
1505



* This appendix shows a sequence alignment for the intergenic

regions between 6 -try and o -try from D. melanogaster (Dm) and D.
erecta (De), produced by Clustal V. Residues of De which are
identical to that of Dm at the same positions are shown as dots;
dashes represent gaps introduced for the alignment
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