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Abstract. The flour beetleTribolium castaneumhas
become an important model organism for comparative
studies of insect development. Many developmentally
important genes have now been cloned from bothTri-
boliumandDrosophilaand their expression characteris-
tics were studied. We analyze here the complete coding
sequences of 17 homologous gene pairs fromD. mela-
nogasterandT. castaneum,most of which encode tran-
scription factors. We find that theTriboliumgenes are on
average 30% shorter than theirDrosophilahomologues.
This appears to be due largely to the almost-complete
absence of trinucleotide repeats in the coding sequences
of Tribolium as well as the generally lower degree of
internal repetitiveness. Clusters of polar and other amino
acids such as glutamine, proline, and serine, which are
often considered to be important for transcriptional acti-
vation domains inDrosophila,are almost completely ab-
sent inTribolium.Codon usage is generally less biased in
Tribolium, although we find a similar tendency for the
preference of G- or C-ending codons and a higher bias in
conserved subregions of the proteins as inDrosophila.
Most of the aminoacid substitutions in the DNA-binding
domains of the transcription factors occur at residues that
do not make a specific contact to DNA, suggesting that
the recognition sequences are likely to be conserved be-
tween the two species.

Key words: Drosophila melanogaster— Tribolium
castaneum— Protein length — Trinucleotide repeats —
Homopolymeric cluster — Transcription factor — Ef-
fective number of codons — DNA-binding domain

Introduction

Many aspects of early insect embryogenesis are con-
trolled by transcription factors which act as regulatory
switches controlling development (St Johnston and Nu¨s-
slein-Volhard 1992; Pankratz and Ja¨ckle 1993). Tran-
scription factors usually have a modular structure, with
separate domains being involved in DNA-binding, tran-
scriptional activation, dimerization, and subcellular lo-
calization (Mitchell and Tjian 1989; Triezenberg 1995).
Transcription factors are classified by their DNA-
binding domains in HOM/Hox, zinc-finger, basic helix–
loop–helix (bHLH), and other classes of proteins (Nelson
1995). The interaction with DNA has been thoroughly
studied on a structural and molecular level using isolated
DNA binding domains for X-ray crystallography or
NMR studies. In contrast, less is known about the struc-
ture and function of the other domains in the protein,
particularly the transcriptional activation domains which
interact with the proteins of the transcription initiation
complex. Currently, three main types of activation do-
mains are known from functional studies: acidic, gluta-
mine-rich, and proline-rich domains (reviewed by
Mitchell and Tijan 1989; Triezenberg 1995).
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Sequence comparisons have shown for many devel-
opmental genes that different parts of the proteins di-
verge at different rates. For example, in transcription
factors the DNA-binding domains are usually highly
conserved, while other regions diverge rapidly (e.g.,
Atchley et al. 1994; Purugganan et al. 1995). Still, most
studies focus on comparative aspects of gene expression
patterns, and other aspects of the molecular evolution of
the proteins are often not analyzed. Compared to meta-
bolic enzymes or structural proteins, relatively little is
therefore known about the molecular evolution of devel-
opmental genes, although these have recently received
more attention (Purugganan 1998).

Tribolium has become a particularly interesting spe-
cies for comparative studies of developmental evolution
(e.g., Tautz and Sommer 1995; Brown and Denell 1996;
Wolff et al. 1998; Maderspacher et al. 1998; Brown et al.
1999). The sequence database of developmental genes
from this species is growing, in particular, for transcrip-
tional regulators. Comparative analyses show a conser-
vation of many expression patterns in both species de-
spite significant differences in the modes of early
development. In this study, we describe a comparative
sequence analysis of 17 homologous genes whose com-
plete coding sequences were determined fromDro-
sophila melanogasterand Tribolium castaneum.The
genes comprise 15 transcription factors regulating early
embryonic development, 1 signaling molecule (decapen-
taplegic), and 1 metabolic enzyme (Amylase). The ho-
mologous gene pairs were compared with respect to se-
quence length and complexity, codon usage, and
conservation of structural features that are thought to be
important for their function.

Methods

Accession Numbers

We have analyzed published and unpublished sequences fromDro-
sophila melanogasterandTribolium castaneum.The GenBank acces-
sion numbers or sources for theD. melanogaster(DRO) andTribolium
(TRI) sequences are as follows:Abdominal A(DRO; X54453; TRI,
AF017415), a-Amylase(DRO, L22716; TRI, TCU04271),caudal
[DRO, M21069 and M21070; TRI, AJ005421; only the longer variant
(cad-A; Schulz et al. 1998) was used],decapentaplegic(DRO,
M30116; TRI, TCU63132),Deformed (DRO, X05136; TRI,
TCU81038), Distal-less (DRO, S47947; TRI, A Beermann and D
Tautz, unpublished),Dorsal (DRO, M23702; TRI, S Roth, unpub-
lished),empty spiracles(DRO, X51653; TRI, B Hausdorf and D Tautz,
unpublished),engrailed(DRO, M10017; TRI, S73255),even-skipped
(DRO, M14767; TRI, TCU77974),fushi-tarazu(DRO, X00854; TRI,
TCU14732), hairy (DRO, X15905; TRI, S Brown, unpublished),
hunchback(DRO, Y00274; TRI, X91618),orthodenticle [DRO,
X58983; TRI, AJ223627; only the longer variant (otd-1; Li et al. 1996)
was used],runt (DRO, X55719; TRI, S Brown, unpublished),tailless
(DRO, M34639; TRI, R Schro¨der and D Tautz, unpublished), and
zerknüllt (DRO, X68346; TRI, X97819).

Sequence Analysis

The lengths of the complete open reading frames were obtained from
database entries or by searching for the longest frame beginning with a
methionine. Sequences were aligned with the CLUSTALW algorithm
(Thompson et al. 1994), with some manual corrections. The relative
simplicity factor RSF (Tautz et al. 1986) was calculated with the pro-
gram SIMPLE34 (Hancock and Armstrong 1994). Codon usage and
GC content were determined with the program CODONS (Lloyd and
Sharp 1992). The effective number of codons (ENC) (Wright 1990)
was used as a measure of codon usage bias. To compare codon usage
patterns between species and regions, codon usage data were converted
to relative synonymous codon usage (RSCU) values (Sharp et al.
1986). RSCU values lower than 1 indicate that a codon is avoided, and
values higher than 1 that it is preferred.

The amino acid sequences were also scanned for features such as
homopolymeric runs and distinct charge clusters. Stretches of identical
amino acids were counted as distinct homopolymeric runs, if their
length was at least five residues. Statistically significant clusters of
polar and other (G, S, P) amino acids were identified with the SAPS
program (Brendel et al. 1992), which employs an algorithm of Karlin
and co-workers (1989).

Structural Analysis

Amino acid substitutions in the DNA-binding domains can affect the
sequence specificity of DNA binding and may change the recognition
sequence of a transcription factor. To analyze whether amino acid
substitutions in the DNA-binding domain could affect binding speci-
ficity, substitutions that occurred in the DNA-binding domains of the
transcription factors betweenD. melanogasterandT. castaneumwere
mapped onto structural models of these domains. For the homeodo-
mains, the structural models of theAntennapedia(PDB code: 1AHD),
engrailed(1ENH) andfushi-tarazu(1FTZ) homeodomains were used
for comparison, and for thehunchbackzinc-finger domains, the struc-
tures ofZif268 (1ZAA) and tramtrack(1TTK). The bHLH domain of
hairy was compared toMyoD (1MDY) andDorsal to therel domain of
NFkB (1NFK). Finally, the receptor-binding domain ofdecapentaple-
gic was compared to the structure ofTGF-b (1TFG). The locations and
orientations of substituted residues were analyzed in sequence align-
ments and with the molecular viewer program RASMOL (Sayle and
Milner-White 1995).

Results

Length Differences and Homopolymeric Runs

We find that theTribolium proteins are on average al-
most 30% (145 amino acids) shorter than theDrosophila
proteins (Table 1). This difference is highly significant
(Wilcoxon signed rank test:Z 4 −3.62,p < 0.001). The
protein that shows the smallest difference (4 amino ac-
ids) is thea-Amylasegene and the one with the largest
difference isorthodenticle(300 amino acids). Much of
the extra length of proteins inDrosophilaappears to be
due to amino acids repeats, because with the exception of
Abdominal A,all Drosophilaprotein sequences contain a
higher number of multiplets, that is, repeats of two or
more identical amino acids (Z 4 −3.26, p 4 0.001).
Twelve of the 17Drosophilaproteins have one or more
perfect homopolymeric run with a length of five or more
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residues, compared to only 2 of theirTribolium homo-
logues (Table 2). Among the 38 homopolymeric runs, 15
are glutamine and 12 are alanine repeats.

Sequence Complexity

The degree of internal repetitivity of the DNA sequence
can be quantitatively assessed by an algorithm identify-
ing the nonrandom frequency distribution of short re-
peats within a narrow window (Tautz et al. 1986). The
program counts the frequency of all possible tri- and
tetranucleotide motifs in a given sequence and compares
the frequencies to the average frequencies of random
sequences with the same length and nucleotide compo-
sition. It then generates a relative simplicity factor (RSF)
which has a value of 1.0 if the test sequence is not dif-
ferent from a random sequence. Using this algorithm it
was shown that most eukaryotic genes contain a signifi-
cantly higher than expected number of repeats in their
coding regions (Tautz et al. 1986). This is also the case
for the proteins studied here, but most of theDrosophila
proteins have much higher relative simplicity factors
than theirTribolium counterparts (Table 1). The average
RSF for Drosophila is 1.61 and that forTribolium is
1.32. Pairwise comparisons show that the difference is
highly significant (Z 4 −2.82,p 4 0.005).

Internal repeats for a given protein can also be visu-
alized by self-similarity dot-plot comparisons. Figure 1
shows an example of such a comparison for theortho-

denticlegene from both species. The multitude of inter-
nal repeats inDrosophilais evident, while these are vir-
tually absent inTribolium. It appears from this
comparison that much of the extra length of theortho-
denticlegene inDrosophilamay be due to the internal
repeats. In fact, across all gene pairs, length differences
are positively correlated with differences in RSF values
(Spearman rank correlation:Z 4 2.57,p 4 0.01).

Polar Clusters

Clusters of polar amino acids are hallmarks of transcrip-
tion factors and other regulatory proteins (Brendel and
Karlin 1989). They are virtually absent in metabolic en-
zymes and other housekeeping proteins (Karlin and
Burge 1996). Polar clusters can be identified with an
algorithm proposed by Karlin et al. (1989). First, the
protein sequence is translated into a sequence of charges
(positive, negative, and uncharged). From this sequence,
the number of positively and negatively charged amino
acids is summed up in a sliding window of 30 residues
and compared to the number of polar residues that char-
acterize a significant cluster given the length and total
number of polar residues in the test sequence. Thirteen
Drosophila and 10Tribolium proteins contain at least
one such cluster (Table 2). Many of these reside within
the DNA-binding domains, which are usually positively
charged (Brendel and Karlin 1989). In our sample of
Drosophila transcription factors, we find seven proteins

Table 1. Summary of sequence characteristics of gene pairs used in this study

Gene Type

Length (aa)a RSFb ENCc

DRO TRI DRO TRI DRO TRI

AbdominalA HOX/Hom 330 284 2.11***,d 1.78*** 51.87 49.62
Amylase Enzyme 494 490 1.16* 1.16** 29.29 55.20
caudal HOX/Hom 472 225 1.73*** 1.22* 44.52 48.89
decapentaplegic TGF-b 588 372 1.47*** 1.15* 45.41 53.35
deformed HOX/Hom 590 413 2.16*** 1.38*** 52.00 49.94
dorsal rel domain 678 470 2.15*** 1.15 51.62 58.01
Distal-less HOX/Hom 327 313 1.07 1.31*** 38.52 55.33
empty spiracles HOX/Hom 494 282 1.43*** 1.36*** 42.94 38.38
engrailed HOX/Hom 552 327 1.68*** 1.26*** 40.27 45.50
even-skipped HOX/Hom 376 276 1.49*** 1.41*** 37.63 44.64
fushi-tarazu HOX/Hom 414 322 1.39*** 1.24** 39.36 59.26
hairy bHLH 337 249 1.89*** 1.44*** 41.00 45.21
hunchback Zinc finger 759 525 1.69*** 1.32*** 45.20 48.56
orthodenticle HOX/Hom 671 371 2.60*** 1.20*** 48.81 51.75
runt runt domain 509 369 1.45*** 1.35*** 36.88 42.26
tailless NHR family 452 406 1.19*** 1.23*** 43.13 53.43
zerknüllt HOX/Hom 353 242 1.27** 1.43** 48.45 59.38

Mean 482 342 1.60 1.32 42.83 50.04
pe <0.001 0.008 0.003

a Amino acids.
b Relative simplicity factor (Tautz et al. 1986).
c Effective number of codons (Wright 1990).
d Significance level of confidence interval (CI): *95% CI > 1.0; **99% CI > 1.0; ***99.7% CI > 1.0.
e Significance in a Wilcoxon signed-rank test.
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with clusters outside of the DNA binding domain, but
only three inTribolium, suggesting that polar clusters
outside DNA-binding domains are not strongly con-
served sequence features of the transcription factors be-
tweenDrosophilaandTribolium.

Codon Usage

The codon usage bias inTribolium is clearly less pro-
nounced than inDrosophila.Table 1 lists the ENC val-
ues for all proteins compared. On average, the ENCs are

significantly higher than inDrosophila, indicating that
Tribolium uses the less preferred codons more fre-
quently. Table 3 lists the relative frequencies of the syn-
onymous codons (RSCU) as they are found in our data
set. The preferred codons forDrosophila match those
that were derived from a much larger data set (Sharp and
Lloyd 1993), indicating that the small data set analyzed
here is representative. InTribolium,most of the preferred
codons are the same as inDrosophila,with notable dif-
ferences only for the sixfold degenerate ones (Leu, Arg,
and Ser). Still, the alternative codons preferred byTri-

Table 2. Amino acid repeats and clusters in homologous sequence pairs

Multiplets Homopolymeric runs
Polar

clustersa
Other

clusters

DRO TRI DRO TRI DRO TRI DRO TRI

AbdominalA 25 33 Q17, Q6 A5 ± Q
Amylase 25 25 − − ±
caudal 50 16 H5, N10, N7, R11 − + ±
decapentaplegic 41 25 − − +, − +
deformed 57 35 (HX)5, (HX)6, G5, Q5, N11, N7 − + +, − Q
Distal-less 33 26 − − +
dorsal 51 31 Q5, Q6, Q7, Q8, Q14, N8, A5 − ±, ± Q
empty spiracles 51 23 Q6, A8 − − −
engrailed 59 23 Q11, A14, A6, A7 − −, ± Q, S
even-skipped 31 27 A11 − ± ±
fushi-tarazu 42 17 − − +
hairy 32 23 Q5, Q6, Q6, A10 − ± ±
hunchback 67 37 Q5, H5 N5 −, − − Q, S
orthodenticle 86 31 Q5, A5, A5, A5, A7, G10, (GV)6, (VR)5 − + +, ± P
runt 41 19 A11, A6 − ?
tailless 38 37 − − ? ? P
zerknüllt 22 17 S5 −

a −, clusters of negative charge (E,D); +, positive charge (H,K,R); ±, mixed charge (any of the former).

Fig. 1. Self-similarity dot-plot comparisons of theorthodenticlecod-
ing sequences fromD. melanogasterandT. castaneum.A match strin-
gency of three of five was chosen. Direct repeats within the sequence
are represented bysquares of dots.The region that is highly conserved

between the two genes and which includes the homeodomain isboxed.
Note the different scales forDrosophilaandTribolium, as the proteins
are of different lengths.
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bolium in these cases are the ones that end with a G or C,
supporting a general bias for G- or C-ending codons in
both species (Sharp and Lloyd 1993; Moriyama and
Hartl 1993). Nonetheless, the RSCU values are lower for
Tribolium,again indicating a generally lower preference.
On the other hand, Akashi (1994) has shown that the
highly conserved domains withinDrosophila proteins
show a stronger bias in codon usage, and this tendency is
also evident in our data set, for bothDrosophila and
Tribolium (Table 3).

Substitutions in Conserved Domains

Amino acid substitutions in the conserved DNA- and
ligand-binding domains could affect the specificity of
DNA–protein or protein–protein interactions. In our
sample, there are very different degrees of sequence con-
servation in these domains. For example, in the 60-amino
acid-long homeodomain of the 10 HOM/Hox proteins,
the numbers of substitutions range from 0 inAbdominal
A, Deformed,andDistal-lessto 20 in zerknüllt.

For most domains, a protein structure is available and
therefore substitutions betweenD. melanogasterandT.
castaneumcan be mapped on their three-dimensional
structure. A consistent pattern is observed among the
DNA-binding domains. Nearly all substitutions affect
residues that are oriented away from the DNA and ex-
posed to the surface of the domain. In the DNA-binding
domains of the HOM/Hox,Dorsal, and hairy proteins,
none of the residues which make specific or nonspecific
contacts to DNA were substituted betweenDrosophila
and Tribolium (Fig. 2A). Only a few substitutions are
observed in the hydrophobic core. In the basic helix–
loop–helix domain (bHLH) ofhairy, substitutions are
found in the C-terminal regions of helix 1 and helix 2,
both of which are involved in the dimerization ofhairy;
no substitutions occur in the DNA-contacting region of
helix 1. The same pattern is observed in therel domain
of Dorsal. No substitutions are found in the recognition
helix, but several sites in the dimerization domain are
divergent betweenDrosophila and Tribolium. The data
suggest that the DNA-binding specificities of these pro-
teins are conserved. However, the exact sequence speci-
ficity of DNA-binding domains also depends frequently
on cooperative interactions with other transcriptional
regulators (e.g., Mann and Khan 1996; Jun and Desplan
1996). Such interactions may be altered if substitutions
occur in the surface areas of DNA-binding or dimeriza-
tion domains of regulatory proteins. Since a substantial
number of substitutions is observed in these domains in
our sample, we cannot exclude that differences in regu-
latory interactions have evolved betweenDrosophilaand
Tribolium.

The results for the zinc-finger domains ofhunchback
are equivocal (Fig. 2B). Structural and statistical analy-

Table 3. Comparison of relative synonymous codon usage (RSCU)
betweenDrosophila melanogasterand Tribolium castaneum;values
for preferred codons are underlined

aaa Codon

Nonconserved
regions

Conserved
regions

DRO TRI DRO TRI

Leu TTA 0.1 0.6 0.2 0.7
TTG 0.8 1.4 0.5 0.9
CTT 0.4 0.6 0.1 0.4
CTC 1.1 1.5 1.2 1.8
CTA 0.4 0.5 0.2 0.3
CTG 3.2 1.5 3.7 1.9

Arg CGT 0.5 0.5 0.9 0.6
CGC 2.0 1.0 2.7 1.4
CGA 0.8 0.9 0.8 0.7
CGG 1.4 1.4 0.8 1.5
AGA 0.5 0.5 0.3 0.9
AGG 0.9 1.8 0.6 1.0

Val GTT 0.8 0.8 0.5 0.6
GTC 1.0 1.4 0.6 1.2
GTA 0.3 0.2 0.5 0.3
GTG 1.9 1.6 2.5 1.9

Thr ACT 0.4 0.5 0.3 0.4
ACC 1.6 1.6 2.2 1.8
ACA 0.8 0.6 0.5 0.7
ACG 1.1 1.4 1.0 1.1

Tyr TAT 0.6 0.6 0.4 0.6
TAC 1.4 1.4 1.6 1.4

His CAT 0.8 0.5 0.5 0.3
CAC 1.2 1.5 1.5 1.7

Gln CAA 0.4 0.8 0.4 0.9
CAG 1.6 1.2 1.6 1.1

Asn AAT 0.8 0.7 0.5 0.7
AAC 1.2 1.3 1.5 1.3

Lys AAA 0.5 1.0 0.3 1.0
AAG 1.5 1.0 1.7 1.0

Ser TCT 0.4 0.3 0.2 0.2
TCC 1.3 1.4 1.2 1.3
TCA 0.3 0.5 0.1 0.4
TCG 1.3 1.6 2.1 1.5
AGT 0.7 1.2 0.4 1.0
AGC 1.9 1.0 2.0 1.6

Gly GGT 0.8 0.4 0.3 0.6
GGC 1.9 1.6 2.3 1.6
GGA 1.0 0.9 1.1 0.4
GGG 0.3 1.1 0.3 1.3

Phe TTT 0.5 0.7 0.4 0.6
TTC 1.5 1.3 1.6 1.4

Pro CCT 0.4 0.4 0.2 0.2
CCC 1.6 1.6 1.8 1.7
CCA 0.8 0.6 0.6 0.7
CCG 1.3 1.4 1.5 1.4

Ala GCT 0.5 0.6 0.2 0.4
GCC 2.0 1.8 2.6 2.5
GCA 0.7 0.4 0.3 0.4
GCG 0.7 1.2 0.9 0.7

Asp GAT 0.9 0.6 0.7 0.6
GAC 1.1 1.4 1.3 1.4

Glu GAA 0.4 0.8 0.4 0.8
GAG 1.6 1.2 1.6 1.2

Cys TGT 0.6 1.1 0.5 0.5
TGC 1.4 0.9 1.5 1.5

Ile ATT 0.7 1.1 0.7 0.6
ATC 1.9 1.4 2.2 2.1
ATA 0.4 0.4 0.1 0.3

a Amino acid.
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ses originally identified three residues making specific
contacts with DNA bases (Pavletich and Pabo 1991; Ja-
cobs 1992). However, further studies identified addi-
tional residues that make specific contacts to DNA (Pav-
letich and Pabo 1993). Some of the numerous
substitutions in the six zinc fingers ofhunchback(Fig.
2B) occur at positions that were shown to make specific
contacts with DNA and thus could change the recogni-
tion sequence between the two species.

Substitutions in theTGF-b-like domain of the se-
creted decapentaplegicprotein occur only at exposed
residues. Since the receptor-binding residues are not ex-
actly known (Daopin et al. 1992), it remains unknown

whether the observed substitutions change ligand–
receptor interactions.

Discussion

The most conspicuous difference between theDro-
sophilaand theTribolium genes studied here is that the
Tribolium genes are markedly shorter and less repetitive
than theirDrosophilahomologues. Furthermore, we ob-
serve an almost-complete absence of homopolymeric
stretches of single amino acids inTribolium,which are a
prominent feature of manyDrosophila developmental

Fig. 2. Sequence alignment of homeodomain and zinc-finger do-
mains to demonstrate protein–DNA contacts. The structural roles of
amino acids was taken from the PDB files and the literature and are
designated as follows: C, contributes to the hydrophic core; P, contacts
the sugar–phosphate backbone; S, forms specific contacts in the major
groove; M, forms unspecific contacts in the minor groove. The amino

acids contacting the DNA are inboldface.Note that not all contacts are
made by every domain, but the figure helps to estimate which amino
acids may or may not be involved in the contacts. Dm,D. melanogas-
ter; Tc, T. castaneum.A Homeodomains;Antennapediais used as a
reference.B Zinc fingers;Zif268andtramtrackare used as a reference.
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genes (Karlin and Burge 1996). Are these differences
caused by general genomic differences (i.e., a high rate
of replication slippage that may lead to a mutational
pressure toward longer genes inDrosophila) or do they
reflect functional differences in the proteins between the
two species? Also, one may ask whether it is theDro-
sophilaor theTribolium genome that is more unusual in
this respect.

Hancock (1996) has suggested that there is a relation-
ship between the repetitiveness of genomic sequences
and the genome size. In this analysis, it seemed that it is
the Drosophilagenome which is unusual, as it shows a
high general repetitiveness, despite its relatively small
size. Since the genome sizes ofDrosophila and Tri-
bolium are similar [1.8* 108 and 2.1* 108 nucleotides
(Alvarez-Fuster et al. 1991)], one would conclude that a
lower degree of repetitiveness of genes inTribolium is
more in line with the expectations. There are currently
only two sequences available from long noncoding re-
gions inTribolium that can be analyzed in a similar way.
One is the large intron in thedecapentaplegicgene,
which has an RSF of 1.36 inDrosophila and 1.12 in
Tribolium.The other is the upstream region fromhunch-
back,with 1.81 inDrosophilaand 1.23 inTribolium.The
values from two as yet unpublished upstream regions
from hairy (h) and tailless (tll ) are as follows:Dro-
sophila h,1.83;Tribolium h,1.40;Drosophila tll, 1.32;
andTribolium tll, 1.57. Thus, there is a slight, although
not consistent tendency forDrosophila regions having
the higher RSF values. Accordingly, there might be a
different mutational pressure in theDrosophilagenome
that results in a higher likelihood of generating such
internal repeats. However, if a strong mutational pressure
increased sequence repetitivity in coding and noncoding
regions in the same way, larger differences in genome
size would be expected. Also, only 4 of the 39 homo-
polymeric runs in theDrosophilagenes are encoded by
perfect trinucleotide repeats of single codons. This sug-
gests either that replication slippage is not the exclusive
mechanism for generating these repeats or that the re-
peats were retained after their generation because they
had some functional importance and were subsequently
saturated with synonymous substitutions. Finally, mostly
genes involved in developmental control or neurogenesis
contain repetitive sequences inDrosophila,while meta-
bolic enzymes and other housekeeping proteins do not
(Karlin and Burge 1996). This is supported by the com-
parison of theAmylasehomologue fromDrosophilaand
Tribolium, which is the only nondevelopmental protein
in our sample (Tables 1 and 2). This protein does not
contain any homopolymeric repeats or other clusters, and
its length and other sequence characteristics are very
similar between the two species. It should also be noted
that the homeodomain proteins in our sample show
rather different degrees of repetitiveness. Among the
Drosophilagenes,Distal-less(RSF: 1.07) is clearly less

repetitive thanorthodenticle(RSF: 2.60) (Fig. 1), and
accordingly, length differences betweenDrosophilaand
Tribolium are smaller in the former gene (14 vs 300
amino acids; Table 1). Taken together, these observa-
tions do not support the hypothesis of a general (e.g.,
mutational) difference between the two genomes.

The alternative to mutational differences in the ge-
nomes are differences in functional constraints. Little is
known about a functional role of homopolymeric repeats
in transcription factors so far. One suggested role is that
homopolymeric repeats may function in transcriptional
activation because moderate-length homopeptides of
glutamine and proline were found to stimulate transcrip-
tional activation of yeast genes in vivo and in vitro (Ger-
ber et al. 1994). It was also shown that the glutamine-rich
domains ofDrosophila Antennapediaand humanSp1
transcription factors interact in vitro with the TATA-
binding protein (TBP) (Emili et al. 1994) and TBP-
associated proteins (TAFs) (Gill et al. 1994). Another
possibility is that homopolymeric repeats serve as spac-
ers of small conserved charge clusters or other functional
motifs that interact with DNA or other proteins. These
spacers may act as flexible hinges facilitating three-
dimensional interactions among transcription factors,
which are bound to distant regulatory elements. How-
ever, it is difficult to imagine how such generic functions
could be so drastically different betweenDrosophilaand
Tribolium.

Arguments against a specific function of such repeats
stem from observations that the length of homologous
repeats can vary significantly within and betweenDro-
sophilaspecies (Michalakis and Veuille 1996; Treier et
al. 1989; Tautz and Nigro 1998) and that, in some cases,
insertion mutations change glutamine (encoded by CAG)
to alanine (GCA) repeats. Glutamine and alanine form
the largest number of homopolymers in our sample and
also in the survey by Karlin and Burge (1996). On the
other hand, such repeats are not likely to be entirely
neutral either, because expansions of glutamine repeats
can become unstable and cause neurodegenerative dis-
orders in humans (Bates and Lehrach 1994). If the re-
peats were functionless, all replacement substitutions in
these regions should be neutral. However, several homo-
polymers in this study are saturated with silent muta-
tions, suggesting that they are relatively old and subject
to purifying selection.

We also find a relative lack of clusters of polar amino
acids, glutamine, serine, and threonine in the putative
transactivation domains ofTribolium transcription fac-
tors, although they are supposed to play a role in tran-
scription. The small number of clear clusters inTri-
bolium genes indicates that they are not essential for
stimulating transcriptional activation. Activation may be
achieved by other, more subtle and as yet unknown mo-
tifs. For example, bulky hydrophobic amino residues in
the glutamine-rich domain of humanSp1and polar re-
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gions of yeastGAL4 transcription factors must also be
present to achieve transcriptional activation, presumably
by forming an amphipathica-helix with polar amino
acids (Ruden 1992; Gill et al. 1994). Further functional
and structural analyses will be necessary to resolve this
question.

Comparative expression analysis suggests that the
genes studied here are likely to have similar develop-
mental functions in the two species (reviewed by Tautz
and Sommer 1995; Brown and Denell, 1996). This is
also supported by our mapping of amino acid substitu-
tions on the structural model of DNA-binding domains,
which suggest that there has been no major change in
DNA binding specificity. While the postulated activation
domains seem to exhibit strong differences that may af-
fect the specificity and type of protein–protein interac-
tions in both species, the analysis of substitutions in the
DNA-binding domains shows that most of them do not
affect the specificity of DNA binding. Most residues
with substitutions are oriented away from the DNA mol-
ecule and are exposed toward the surface of the protein.
We therefore expect that the protein–DNA interactions
with cis-regulatory elements of target genes are con-
served betweenDrosophilaandTribolium. In fact, two
Tribolium genes,caudalandhunchback,that were trans-
ferred intoDrosophilawere found to be faithfully regu-
lated by theDrosophila transcriptional and translational
machinery (Wolff et al. 1998). The only difference that
was found concerned a whole promoter that appears to
have been lost in thehunchbackupstream region in the
evolutionary line towardDrosophila(Wolff et al. 1998).
Brown et al. (1999) have recently undertaken a direct test
of the protein function ofTribolium Deformed (Dfd)in
Drosophilaand could show that it activates known target
genes ofDfd in Drosophila in the same way as the en-
dogeneousDfd. Moreover, theTribolium protein did res-
cue aDfd mutant phenotype to the same extent as the
Drosophilaprotein. However, subtle differences in regu-
latory functions would not have been noted in all these
experiments. Still, these results underpin our inference
that the most important sites in the proteins are con-
served.

Both theDrosophilaand theTriboliumgenes show an
unequal usage of synonymous codons, but the codon
usage is more biased inDrosophila.A simple reason for
this could be different mutational patterns, for example,
a higher tendency to incorporate A or T nucleotides. The
Tribolium genes do indeed show a tendency for a lower
G/C content than theDrosophilahomologues and non-
coding regions ofTribolium tend to be fairly A/T rich.
Another potential reason for the more pronounced codon
usage inDrosophilacould be selection for higher trans-
lational accuracy (Akashi 1994). Since embryogenesis is
significantly shorter inDrosophila (24 h) than inTri-
bolium (7 days), the need for rapid and accurate protein
synthesis may be more important, thus enhancing selec-

tion on optimal codon usage. A further explanation could
be a lower effective population size inTribolium casta-
neum.Selection coefficients on silent sites are very low
(Shields et al. 1988; Akashi 1995) and natural selection
may not be efficient enough inTribolium to overcome
the effects of random drift, causing a less biased usage of
synonymous codons. However, this possibility remains
speculative, because little is known about the population
size and structure ofT. castaneum.

Conclusion

Our data show a major difference in sequence length and
complexity of regulatory genes betweenDrosophilaand
Tribolium. How far this reflects functional differences
has yet to be analyzed using appropriate transgenic or
biochemical approaches. Also, the evolutionary history
of these differences has to be investigated further, in
particular, the question at which point these differences
originated. Comparisons of thehunchbackgene from dif-
ferent species (Hancock et al. 1999) suggest that this has
happened in the line to the higher diptera, but additional
comparisons with other genes from multiple taxa will be
necessary to verify this inference.
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