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Abstract. Runs of identical amino acids encoded
by triplet repeats (homopolymers) are components
of numerous proteins, yet their role is poorly un-
derstood. Large numbers of homopolymers are
present in the Drosophila melanogaster master-
mind (mam) protein surrounding several unique
charged amino acid clusters. Comparison of mam
sequences from D. virilis and D. melanogaster re-
veals a high level of amino acid conservation in the
charged clusters. In contrast, significant divergence
is found in repetitive regions resulting from numer-
ous amino acid replacements and large insertions
and deletions. It appears that repetitive regions are
under less selective pressure than unique regions,
consistent with the idea that homopolymers act as
flexible spacers separating functional domains in
proteins. Notwithstanding extensive length varia-
tion in intervening homopolymers, there is extreme
conservation of the amino acid spacing of specific
charge clusters. The results support a model where
homopolymer length variability is constrained by
natural selection.
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The locus mastermind (mam) of Drosophila mela-
nogaster comprises a component of a developmen-
tal pathway that mediates intercellular communica-
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tion during several stages of the life cycle. mam
encodes a nuclear protein containing an abundance
of amino acid homopolymers and several unique
charge clusters (Yedvobnick et al. 1988; Smoller et
al. 1990). The arrangement of basic and acidic
charge clusters in mam resembles a number of reg-
ulatory proteins that contain functional charged ar-
eas involved in DNA binding and transcriptional
activation (Brendel and Karlin 1989). For example,
basic charge clusters are found in GAL4, a yeast
transcription factor (Fischer et al. 1988) and in the
Drosophila DNA-binding protein zeste (Chen et al.
1992). In addition, the acidic charge cluster at the
carboxy terminus of mam matches a consensus de-
rived from transcriptional activation domains (Zhu
et al. 1990). However, the role of such regions in
mam has not been established. Comparison of mam
to sequences deposited with the databases reveals
no significant similarities in nonrepetitive regions,
preventing the identification of functional domains.

Trinucleotide repeats occur in the translated re-
gions of many genes encoding runs of amino acid
homopolymers (Wharton et al. 1985; Duboule et al.
1987) yet their function remains unclear. Interspe-
cific comparisons of homopolymer-containing
genes of Drosophila (Kassis et al. 1986; Treier et al.
1989; Heberlein and Rubin 1990; Jones et al. 1991;
Peixoto et al. 1992) as well as mammalian genes
(Peterson et al. 1990; Danielson et al. 1986; Tseng
and Green 1988) have demonstrated that over time
these sequences are expanded or deleted in-frame,
leading to repeat length variation. Studies of length
polymorphism in repetitive regions from D. mela-
nogaster indicate that these sequences are changing
rapidly (Tautz 1989; Costa et al. 1991). The length
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variability of homopolymers suggests that they act
as a flexible connection in proteins, separating func-
tional regions (Beachy et al. 1985). Nucleotide mis-
alignment in the trinucleotide repeats that encode
homopolymers could result in unequal crossover or
slippage during replication, producing length varia-
tion (Treier et al. 1989), modifying the spacing of
functional regions.

It has been postulated that length variation in a
homopolymer, particularly within a regulatory
gene, could result in altered protein activity and
lead to a phenotypic change (LLaughon et al. 1985).
Recently, significant polymorphism and excessive
amplification of trinucleotide repeats have been as-
sociated with the human inherited diseases X-linked
spinal and bulbar muscular atrophy (Kennedy dis-
ease; LaSpada et al. 1991), myotonic dystrophy
(Harley et al. 1992), and Fragile-X syndrome (Fu et
al. 1991). Kennedy disease results from expansion
of a glutamine homopolymer in the androgen recep-
tor, consistent with ideas that such alterations can
effect a phenotypic change.

An interspecific comparison of mam should help
identify important functional residues. Further, the
unusual concentration of homopolymers in mam
suggests that an interspecific comparison could pro-
vide insight into their role and evolutionary insta-
bility. A preliminary sequence comparison between
D. melanogaster and D. virilis (estimated diver-
gence 60 million years; Beverley and Wilson 1984)
demonstrated that unique and repetitive areas of
mam are undergoing distinct patterns of evolution-
ary change and that one of the acidic clusters is
highly conserved (Newfeld et al. 1991). Here we
compare the complete amino acid sequence of mam
from these species and also characterize the embry-
onic expression of D. virilis mam.

Materials and Methods

Genomic Analysis. DNA purification, cloning, Southern blot
analysis, genomic library construction, plaque hybridization,
and chromosome walking were performed as previously de-
scribed (Yedvobnick et al. 1988; Smoller et al, 1990). Unique
subclones from D. melanogaster mam cDNA B4 (Smoller et al.
1990) were constructed for use as probes. B4J4 encodes acid
domain 1 (exon 4). DM115 encodes most of acid domain 2 (exon
7). B1K spans exons 6 and 7. DRBPCR is a unique polymerase
chain reaction product amplified from the basic domain (exon 3;
provided by D. Bettler). The location of these probes in D. me-
lanogaster mam can be visualized from Fig. 1A since the exon
organization of D. virilis mam is identical in translated regions. A
D. virilis (Bowling Green #15010-1051.0) Sau3A partial genomic
library was constructed in lambda EMBL3 and propagated in the
recD host TAP 90 (Patterson and Dean 1987). A screen (200,000
phage) with B4J4 was washed at standard stringency (0.1 X SSC,
0.1% SDS at 50°C) and a positive phage was identified. Phage 58
was restriction mapped and the smallest cross-hybridizing frag-
ment was sequenced. This sequence is homologous to D. mela-

nogaster mam exon 4 as reported in Newfeld et al. (1991). A
chromosome walk in both directions, involving an additional
400,000 phage, using high-stringency washes at 70°C, identified
28 phage encompassing 97 kb of contiguous genomic DNA.
DRBPCR, DM115, and B1K were hybridized, under standard
conditions, to filters containing these phage to locate other D.
melanogaster mam protein-coding exons (exons 3, 6, and 7).
Exon 5, for which no cross-hybridizing region could be identi-
fied, was located in D. virilis by sequencing a 2 kb region up-
stream of exon 6. Exon numbers for D. virilis mam correspond to
the number of the homologous exon in D, melanogaster (Smoller
et al. 1990).

RNA Localization. Embryo preparation and hybridization
with digoxigenin-labeled RNA probes transcribed from B4J4
were performed as described in Bettler et al. (1991).

Characterization of Bacteriophage Pl Clones. DVBasic is a
unique subclone encoding the basic domain from exon 3 of D.
virilis mam. This subclone was used to screen a bacteriophage P1
library (Smoller et al. 1991) containing D. virilis genomic DNA.
Positive clones were amplified and DNA isolated according to D.
Smoller (personal communication). Subsequent digestion, trans-
fer, and hybridization with DVBasic, B1K, and several restric-
tion fragments from D. virilis mam genomic phage provided a
rough estimate of the extent of these clones. To determine the
exact size and ascertain the integrity of the P1 clones, each was
labeled and hybridized to filters containing phage from the D.
virilis mam chromosome walk. In situ hybridization of DNA
from the P1 clones to D. virilis polytene salivary gland chromo-
somes was completed as described in Smoller et al. (1991).

DNA Sequencing Strategy. Exon 4 was sequenced as de-
scribed previously (Newfeld et al. 1991). Dideoxy sequencing
reactions utilizing the 7-deaza dGTP kit with Sequenase 2.0
(U.S.B., Cleveland) provided the remaining D. virilis nucleotide
sequence. Sequence data derived from single-strand (Dente et al.
1985) or double-strand (Chen and Seeburg 1985) reactions on
templates cloned in Bluescript using the E. coli strain Sure
(Stratagene) as a host. Reactions with the M13 Universal or Re-
verse primers or synthetic oligonucleotides (Emory Microchem-
ical Facility) were completed as recommended with several mod-
ifications. At least 5 pg of plasmid DNA and threefold-more
Sequenase were utilized and the termination step was completed
at 45°C. The nucleotide sequence of both strands of genomic
DNA for the protein-coding region of D. virilis mam (exons 3-7)
was obtained. In addition, both strands of DNA sequence were
obtained for (1) exon boundaries in the protein-coding region, (2)
the complete introns between exons S and 6 and between exons
6 and 7, (3) the region immediately upstream of the translation
initiation site, and (4) 200 bp upstream of the exon 4 splice ac-
ceptor. One strand of genomic DNA sequence was obtained
from (1) the remaining 5’ untranslated region of exon 3, (2) the 3’
untranslated region of exon 7, and (3) roughly 2 kb of intron
upstream of exon 5. 5,650 bp of transcribed DNA sequence
(4,968 bp of coding region plus 360 bp of 5’ untranslated and 322
bp of 3’ untranslated sequence) was obtained.

DNA Sequence Analysis. Exon 4 sequence was compiled as
described previously (Newfeld et al. 1991). All other nucleotide
sequences were compiled using XTreePro (Executive Systems)
and GenePro (Riverside Scientific). The analyses of mam amino
acid composition and codon usage were completed using data
supplied by M. Ashburner, formatted according to Grantham et
al. (1981). Sequences were aligned by inspection using MASE
(Faulkner and Jurka 1988). First, maximum identity between the
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Fig. 1. Structural map of D. virilis mastermind. A The horizontal line depicts approximately 115 kb from the D. virilis mam
chromosomal region. Vertical lines below the horizontal line indicate EcoRI restriction sites and above the horizontal line Sall sites.
The coordinate scale below the restriction map is indicated in kilobases and the zero coordinate marks the position of exon 4, following
the numbering of D. melanogaster exons in Smoller et al. (1990). The position of bacteriophage P1 clones is depicted above the
restriction map and the position of lambda EMBL3 clones is depicted below the restriction map. The location of mam exons is
indicated by black boxes and corrects the exon locations reported in Newfeld et al. (1991). The locations of the 5-kb and 0.9-kb
restriction fragments which cross-hybridized to cDNA HE1 of D. melanogaster are indicated by an open box. The 5-kb EcoRI fragment
is contained in lambda gt10 clone DV5kbR1. DV5kbR1 is derived from a D. virilis subgenomic library constructed according
to the pattern of cross-hybridization seen for HE1 on genomic Southerns (data not shown), HE1 derives from a gene whose tran-
scription is divergent from mam and which begins within 100 bp of the most proximal mam transcription start site (Smoller et al. 1990).
Friedel (1990) demonstrated that the restriction fragment in D. melanogaster which corresponds to DV5kbR1 contains the 5’ end of
HEI and the 5’ noncoding exons of mam. In order to identify the 5" noncoding exons from D. virilis mam, which were predicted to
exist by analogy to D. melanogaster (exons 1 and 2), but cannot be detected by cross-hybridization on a genomic Southern blot, a
cDNA library was screened by polymerase chain reaction (PCR). The cDNA library was constructed in lambda gt10 from polyA ™ RNA
isolated from D. virilis embryos. The library was screened in PCR reactions containing a 5’ oriented primer complementary to mam
exon 3 and primers specific for each of the phage arms. A PCR product was identified that is likely to contain the 5’ noncoding exons
of D. virilis mam. The PCR product hybridized at high stringency to a probe from D. virilis mam exon 3 and the insert of DVSkbR1
(predicted to contain mam 5’ noncoding exons by analogy to D. melanogaster). The exact distance between the cDNA HEI cross-
hybridizing region and the location of the 5’ noncoding exons of mam in DV5kbR1 has not been determined. The existence of two 5’
noncoding exons in D. virilis (indicated in parentheses in the figure) has not been determined. Numerous attempts to subclone
DV35kbR1 and the PCR product into several plasmid vectors, utilizing a variety of recombination-deficient hosts, resulted in rear-
rangements. The distance between the nonoverlapping phage DV5kbR1 and 142 is not known. B In situ hybridization of P1 clone E
to polytene band 59D of D. virilis chromosome 5.
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amino acid sequences was obtained without regard to the num-
ber or placement of gaps in either species. Then this alignment
was modified so required gaps were organized in the most par-
simonious manner. This minimized the number of mutations re-
quired to explain all differences between the sequences. For ex-
ample, a single large gap in a homopolymer was preferred to
several smaller intermittent gaps even though a slight reduction
in maximum identity is incurred. Nucleotide differences and
their codon positions were identified using the find-diffs program
of the PIMA software package (Smith and Smith 1992). Conser-
vative amino acid substitutions were scored on biochemical sim-
ilarity: D/E, K/R/H, N/Q, S/T, VL/V, F/W/Y, and A/G (Smith
and Smith 1990). Repetitive regions are defined as homopoly-
mers (five or more consecutive identical amino acids) or areas
where a single amino acid represents at least 50% of the residues
(e.g., D. virilis 1336-1369; 70% glycine). In addition, the extent
of the underlying triplet repeat was occasionally used in speci-
fying the boundaries of repetitive regions. The repetitive regions
are listed in the legend to Fig. 3.

Results

Genomic Analysis of D. virilis mam

The protein-coding exons of D. virilis mam are dis-
played within the chromosome walk in Fig. 1A. The
D. virilis and D. melanogaster mam loci are identi-
cal in exon organization in translated regions (Smol-
ler et al. 1990); the positions of D. virilis 5’ noncod-
ing exons have not been precisely determined.
Initial characterization of D. virilis genomic Pl
clones demonstrated hybridization of the exon
3-specific clone (DVBasic) and the exon 6/exon
7-specific clone (B1K) to P1 clone E (P1E). The
B1K homologous region in D. virilis mam is ap-
proximately 65 kb downstream of the location of
DVBasic. Subsequently P1E was labeled and hy-
bridized to filters containing phage derived from the
chromosome walk through D. virilis mam. Compar-
ison of the pattern of hybridization to the pattern of
restriction fragments visible in an ethidium-
bromide-stained agarose gel (data not shown) indi-
cates that all restriction fragments between phage
81 and 145 hybridized to the probe. This suggests
that P1E contains no large internal deletions and
represents roughly 75 kb from D. virilis mam in-
cluding the entire coding region. Similar analyses
demonstrated that the genomic material in P1 clone
A (P1A) is shifted upstream roughly 10 kb, so as not
to include exons 5, 6, and 7. Together clones P1A
and P1E span 85 kb from D. virilis mam. In situ
hybridization revealed that P1A and P1E are lo-
cated in band 59D (chromosome 5) of D. virilis, as
shown in Fig. 1B for clone P1E.

Spatial Accumulation of D. virilis
mam Transcripts

A nonrepetitive probe was used previously to iden-
tify D. virilis embryonic transcripts similar in size to

products from the D. melanogaster locus (Newfeld
et al. 1991). In D. melanogaster mam transcripts
are expressed ubiquitously within the early embryo.
Subsequently, transcripts are accumulated in ven-
tral regions during gastrulation and early germ band
extension. During later embryonic stages expres-
sion is widespread, but ultimately becomes re-
stricted to the central nervous system (Smoller et
al. 1990; Bettler et al. 1991). The spatial expression
of D. virilis mam during these stages is very similar.
Accumulation is initially ubiquitous, but enhanced
ventrally during gastrulation (Fig. 2A,B). During
germ band extension, expression is widespread
within the germ layers (Fig. 2C) and later predom-
inates in the central nervous system (Fig. 2D). The
major features of mam expression are identical in
these species, suggesting that mam function has
been conserved.

Alignment of D. virilis and D. melanogaster mam

An open reading frame of 4,968 bp (1,655 amino
acids) was identified as D. virilis mam. D. melano-
gaster mam is 4,791 bp (1,596 amino acids). A com-
parison of the inferred amino acid sequences is
shown in Fig. 3. Within the alignment there are
highly conserved areas interspersed with divergent
arcas. The charge clusters are extremely similar.
The 64-amino acid basic domain in exon 3 (D. virilis
173-237) contains 8 substitutions, of which 4 are
conservative. The 79-residue acidic domain in exon
4 (acid 1; D. virilis 475-554) has 3 substitutions, of
which 1 is conservative. The 34-residue acidic do-
main in exon 7 (acid 2; D. virilis 1,619-1,652) con-
tains 4 substitutions, of which 1 is conservative, and
a gap of 1 amino acid. Conservation is also seen in
other nonrepetitive areas.

Numerous homopolymers (defined here as at
least five consecutive identical amino acids) are
found throughout both open reading frames. D. vi-
rilis contains 32 runs of polyglutamine, 6 runs of
polyglycine, 2 runs of polyasparagine, and 2 runs of
polyalanine. D. melanogaster has 21 runs of poly-

"glutamine, 4 runs of polyglycine, 3 runs of polyas-

paragine, 1 run of polyalanine, and 1 run of poly-
threonine. Repetitive regions are defined here as
homopolymers or segments where a single amino
acid represents at least 50% of the residues. The
most striking aspect of divergence in repetitive re-
gions is large insertions and deletions. For example,
D. melanogaster is deleted for an asparagine-rich
region (D. virilis 122~146), a glutamine homopoly-
mer (D. virilis 913-929), and an alanine-rich region
(D. virilis 1,068-1,085), while D. virilis is deleted for
an asparagine-rich region (D. melanogaster 274—
297) and a glutamine-rich region (D. melanogaster



102-120). The gaps required in repetitive regions
can be extensive. The largest gap in D. virilis is 28
amino acids (371-372), and in D. melanogaster 39
amino acids (406-407). The total size of gaps in each
species is substantial. In D. virilis 8.6% and in D.
melanogaster 12.7% of the alignment is occupied by
gaps. Gaps required to maximize identity between
the sequences occupy 20.5% of the alignment. Fig-
ure 4 shows a schematic representation of the align-
ment. Despite the variability of the homopolymers
some repetitive features of mam are maintained in
both species. For example, the central domain is
populated exclusively with polyglutamine runs and
polyglycine regions flank acid domain 1.

In spite of the length variation in intervening re-
petitive areas, conservation is seen in the amino
acid spacing of the charge clusters. Most striking is
the amino acid distance between the basic domain
and acid domain 2. The distance between these
clusters differs by roughly 1% between the species.
These charge clusters are the most distant, sepa-
rated by 84% of the amino acids in the alignment (D.
virilis 1,382 residues; D. melanogaster 1,367 resi-
dues). The distance between the two acid domains
is also conserved.

In mam homopolymers of glutamine are predom-
inantly encoded by triplet repeats of CAG; aspar-
agine by AAC; threonine by ACC; and alanine by
GCA. Accounting for frameshifts, the CAG, GCA,
ACC, and AAC repeats can be generalized to CAX
(where X stands for any nucleotide). CAX repeats
(opa; Wharton et al. 1985) can encode homopoly-
mers of glutamine, asparagine, threonine and ala-
nine. In mam, CAX repeats are not confined to ho-
mopolymers. One CAX repeat in the mam
alignment occurs in D. virilis and encodes 54 amino
acids of glutamine (CAA or CAG) and histidine
(CAC or CAT; 364-418). A CAX repeat encoding 30
amino acids in D. virilis shifts four times between
frame 1 and frame 3, encoding three stretches of
glutamine interrupted by two runs of alanine (1,059-
1,089). The longest CAX repeat is 285 bp (95 amino
acids). This repeat (D. virilis 10-105) has degener-
ated at points along its length to encode other amino
acids, many of which are also found in D. melano-
gaster.

The triplet repeat GGX encodes glycine ho-
mopolymers and is found in the hexanucleotide re-
peat GGXGTX that encodes glycine-valine. Several
repetitive regions are dominated by GGX repeats,
particularly where glycine homopolymers and gly-
cine-valine runs are consecutive (D. virilis 1,234
1,257) or the 33-amino acid region that is 70% gly-
cine (D. virilis 1,336-1,369). There are several
differences between the species in the size and
placement of glycine-valine regions. The region
most similar between the species (D. virilis 1,273~
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1,295) shows only a slightly different pattern of va-
lines. Just upstream (D. virilis 1,140-1,157) a regu-
lar glycine-valine run in D. melanogaster is aligned
with a degenerate region in D. virilis. The glycine-
valine run in D. melanogaster exon 5 (985-997) is
completely absent in D. virilis. D. virilis has a gly-
cine-valine run (1,580-1,596) aligned with a much
shorter run of glycine in D. melanogaster.

Analysis of mam Alignment

Table 1 demonstrates that the atypical amino acid
composition of D. melanogaster mam reported by
Smoller et al. (1990) is also evident in D. virilis
mam. When compared to an average Drosophila
protein, both sequences display an excess of the
amino acids glutamine, glycine, and asparagine. To-
gether these three amino acids comprise 47.6% of
D. melanogaster mam and 48% of D. virilis mam.
Charged amino acids are underrepresented in both
species (11.5% D. virilis; 10.8% D. melanogaster),
when compared to an average Drosophila protein.
Table 2 shows that the similarity between the se-
quences of D. virilis and D. melanogaster mam ex-
tends to codon usage bias. For amino acids encoded
by more than one triplet, in D. melanogaster mam
the percentage of utilized codons with G and C in
the third position is always greater than the percent-
age of codons ending in A and T. The single excep-
tion is isoleucine. This G + C > A + T pattern at
the third position is also found in D. virilis including
isoleucine. In D. virilis there are two exceptions,
histidine and asparagine. Biases within synony-
mous codons are also similar between the species,
such as the significant bias in glutamine (threefold-
greater preference for CAG over CAA). For glycine
the bias toward GGC is more pronounced in D. vi-
rilis. Both species match very well to a table of
codon bias compiled from published D. melano-
gaster sequences (Smoller et al. 1990).

Analysis of Unique and Repetitive Domains
of mam

The mam open reading frames can be subdivided
into repetitive and unique domains. The repetitive
domain refers to a composite of all repetitive re-
gions in the alignment, as identified in the legend to
Fig. 3. The unique domain constitutes 38% and the
repetitive domain 62% of the alignment. Homopoly-
mers account for 39% of the repetitive domain (24%
of the alignment). At the amino acid level, the
unique domain is 89.7% identical and 92.4% similar
between the species. Amino acid similarity includes
identical amino acids and conservative substitu-
tions. The repetitive domain is also well conserved
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Fig. 2. Spatial accumulation of mastermind transcripts during D. virilis embryogenesis. Transcripts were detected using digoxigenin-
labeled RNA probes. A Early gastrulation, expression is ubiquitous, but enhanced along the ventral furrow (vf). B Later gastrulation,
high level of expression evident in mesoderm () and flanking endoderm. C Germ band extension, expression throughout ectodermal,
neuroblast and mesodermal layers of germ band (gb). D Germ-band retraction, expression at high level in the central nervous

system—i.e., the ventral cord (vc). Expression is still evident in the gut at this stage, but will soon become limited to the nervous
system.
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(74.1% identity; 76.6% similarity). The overall level
of amino acid conservation is 81.5% identity and
84.1% similarity.

Table 3 summarizes the differences between the
nucleotide and inferred amino acid sequences of
mam for the total alignment as well as for the
unique and repetitive domains. Chi-square analysis
of the data in Table 3 shows that there are statisti-
cally significant differences between the domains in
many categories. The repetitive domain exhibits
more gaps and a larger proportion of the repetitive
domain is devoted to gaps; 0.7% of the unique do-
main and 30.8% of the repetitive domain (a 43-fold
difference) consist of gaps. There is no significant
difference between the unique and repetitive do-
mains in the total number of nucleotide substitu-
tions. However, an examination of the distribution
of nucleotide substitutions within a codon indicates
that there are significant differences between the
domains at all three positions. The repetitive do-
main shows more nucleotide substitutions in the
first and second positions; the unique domain dem-
onstrates more nucleotide substitutions in the third
position. As a consequence, there are significantly
more amino acid replacements in the repetitive do-
main. A comparison of silent and nonsilent substi-
tutions in the unique and repetitive domains was
statistically indistinguishable from the numbers re-
ported in Table 3 as third-position substitutions and
nonconservative amino acid replacements, respec-
tively. The proportion of amino acid replacements
per nucleotide substitution is twofold larger in the
repetitive domain, a significantly faster rate of
amino acid replacement. (See Table 3 for a descrip-
tion of the chi-square analysis.)

Discussion

Beachy et al. (1985) proposed that a glycine ho-
mopolymer acts as a flexible connection between
spatially distinct functional domains of Ultrabitho-
rax. Laughon et al. (1985) suggested that genomic
mechanisms such as unequal crossover, which
would change homopolymer length, can generate
variation in the physical spacing of functional re-
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gions and effect a phenotypic change. Treier et al.
(1989) proposed that processes associated with mo-
lecular drive are important in the evolution of reg-
ulatory proteins. The unusual concentration of ho-
mopolymers in marm suggested that an interspecific
comparison could provide insight into their role and
evolutionary instability.

The analysis revealed that D. virilis mam is over
97 kb and identical, in exon organization of trans-
lated regions and major embryonic spatial transcrip-
tion pattern, to the D. melanogaster locus (roughly
70 kb). This largely agrees with other investigators
comparing genes between these species (e.g., Kas-
sis et al. 1986; Treier et al. 1989; Michael et al.
1990), although Treier et al. (1989) did detect some
differences in the expression of D. virilis hunch-
back. More detailed RNA and protein localization
assays will be required to determine whether the
interspecific expression patterns are identical in all
tissues throughout the life cycle. The sequence
comparison revealed that D. virilis and D. melano-
gaster mam share an unusual amino acid composi-
tion. Both loci are enriched in glutamine, glycine,
and asparagine while containing fewer charged
amino acids than an average Drosophila protein.
Both genes demonstrate a typical codon bias for
Drosophila. In addition, regions of alternating gly-
cine and valine are found in both loci. No function
has been demonstrated for this repeat that is found
in several Drosophila genes (Finkelstein et al. 1990;
Wilde and Akam 1987). Glycine-valine regions may
serve the same spacer function as more hydrophilic
homopolymer domains, with one important differ-
ence. The hydrophobicity of valine would sequester
these regions from the surface of the protein. Thus,
glycine-valine runs, which are predicted to form
beta sheets, may act to maintain a specific confor-
mation within the protein.

The comparison identified conservation of the
basic and acidic charge clusters as well as other
unique sequences. These regions demonstrate over
89% amino acid identity. Numerous interspecific
sequence analyses, in Drosophila and other spe-
cies, have shown that significant conservation is ev-
ident in functional domains. Even for genes which
exhibit very low levels of overall conservation,

Fig. 4.

Schematic representation of the mastermind alignment. The wide rectangles represent the inferred amino acid sequences of

D. virilis and D. melanogaster mam as they are aligned in Fig. 3. The coordinate scale indicates amino acid positions as numbered for
D. virilis. The areas depicted with slashed lines indicate the basic cluster. The areas depicted with crossed lines indicate the two acidic
clusters. Repetitive regions are highlighted in color. Purple indicates polyglutamine; magenta indicates polyalanine; red indicates
polyasparagine; yellow indicates polythreonine; blue indicates polyglycine- or glycine-rich regions and green indicates runs of alter-
nating glycine and valine. The variability of the repetitive regions is evident. Note the following examples: (1) There is only one alanine
homopolymer in D. melanogaster yet there are two alanine runs in D. virilis. (2) There are only two obvious glycine-valine regions in
D. virilis and three in D. melanogster. (3) The number and composition of repetitive sequences surrounding the basic cluster are clearly
distinct in each species. (4) There is no threonine homopolymer in D. virilis. The region homologous to the D. melanogaster threonine
run contains only four consecutive threonine residues and we define five consecutive identical residues as the minimal homopolymer.
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such as transformer (36% amino acid identity be-
tween D. virilis and D. melanogaster; O’Neil and
Belote 1992), small stretches of identity are func-
tionally significant. In addition to the content of the
charge clusters, conservation is seen in the amino
acid spacing of these regions. The highest degree of
conservation is seen in the amino acid distance be-
tween the basic domain (possibly DNA binding) and
acid domain 2 (putative transcriptional activation),
which differs by roughly 1% between the species. In
mam, these charge clusters are the most distant,
separated by 84% of the amino acids in the align-
ment (D. virilis 1,382 residues; D. melanogaster
1,367 residues). Given the length variability of the
repetitive sequences which separate these regions,
it is likely that natural selection is maintaining this
spacing, although it cannot be formally ruled out
that the similarity in spacing results simply from
chance. Sequencing mam from a third Drosophila
species or germline transformation assays with
mam constructs containing modifications in ho-
mopolymer length will be required to distinguish
these possibilities. However, it has been brought to
our attention that the conservation in spacing be-
tween the basic domain and acid domain 2 can be

Fig. 3. Comparison of the inferred amino acid sequences from
D. virilis and D. melanogaster mastermind. The amino acid se-
quences (in one-letter code) deduced from D. virilis genomic
DNA sequence (4,968 bp) and D. melanogaster genomic and
c¢DNA sequences (4,791 bp; Smoller et al. 1990) are aligned.
Amino acid 1 corresponds to the first methionine in the open
reading frames of both species. Amino acids are numbered con-
secutively for each species and indicated at the right margin. The
position of exon boundaries is indicated above the D. virilis se-
quence and exons are numbered according to Smoller et al.
(1990). The position of charge clusters is indicated by bold type;
the basic cluster corresponds to D. virilis residues 173-236,
acidic cluster 1 residues 475-552, and acidic cluster 2 residues
1619-1651. The four conserved cysteine residues are underlined.
Dashed lines indicate gaps required in the alignment to demon-
strate maximum identity between the sequences. A slash indi-
cates the first stop codon encountered in the open reading frame
of each species. An asterisk below the D. melanogaster se-
quence indicates an identical amino acid in both species. A dot
below the D. melanogaster sequence indicates a conservative
substitution, based on biochemical similarity of the amino acids:
D/E, K/R/H, N/Q, S/T, UL/V, F/W/Y, and A/G (Smith and Smith
1990). Repetitive regions are located at D. virilis residues 11-165,
241-247, 286-309, 358-449, 570-625, 664700, 722-840, 872-933,
984-1031, 1059-1188, 1215-1243, 1269-1297, 1334-1374, 1401-
1408, 1440-1599. The corresponding nucleotide sequences are
available from GenBank; D. virilis M92914, D. melanogaster
X54251. In addition, nucleotide conservation is evident for 60
nucleotides upstream of the predicted initiator codon. In this
region, nearly 80% (47 of 60) of the nucleotides are identical. If
this region were translated, in the same frame as the mam open
reading frame, there would be 12 identical amino acids and one
conservative substitution (65% amino acid similarity). Yet a
comparison of these upstream sequences to Kozak’s (1989) con-
sensus for translation initiation shows a very poor match.
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quantitatively evaluated by the following argument.
The distance between the basic domain and acid
domain 1 is, averaged over the two species, 254
amino acids. For this segment, there is a difference
in length between the species of 32 amino acids
(12.6% of the average length). The average distance
between the basic domain and acid domain 2 is
1,375 amino acids and the difference between the
species is 15 (1% of the average length). On a purely
random binomial basis, the standard error of the
number of ‘‘successes’’ in N Bernoulli trials is pro-
portional to the square root of N, and the standard
error of the proportion of ‘‘successes’ is propor-
tional to 1/square root N. Thus, the expected num-
ber of added amino acids (‘‘successes’) in 1,375
amino acids is approximately sqrt (1,375/254) = 2.3
times as many as in 254 amino acids. The expected
proportion of added amino acids in 1,375 is approx-
imately 1/2.3 = 44% based on the proportion seen
in 254 amino acids. The observed number of added
amino acids in the long sequence is only 0.5 times as
many (15/32), instead of the expected 2.3 times as
many ‘‘successes’’. The observed proportion of ad-
ditional amino acids in the long sequence is only 8%
of the proportion of ‘‘successes’ in the short se-
quence (1% vs 12.6%), whereas the expected pro-
portion of additional amino acids in 1,375 is 44%.
Thus, the expected length difference between the
basic domain and acid 2 is 0.44/0.08 = 5.5 times
larger than observed, using the short sequence as a
standard. The apparent high level of conservation in
sequence and spacing suggests that the charge clus-
ters contain important functional residues and that
their relative positions may be critical for mam
function.

The conservation of the charged clusters is dis-
tinct from the variation evident within repetitive ar-
eas. The most striking aspect of divergence within
the repetitive domain is the numerous large inser-
tions and deletions. The proportion of gaps in the
repetitive domain (30.8%j) is 43-fold greater than the
fraction of the unique domain occupied by gaps
(0.7%), and 20.5% of the total alignment is devoted
to insertions and deletions. Interspecific compari-
sons of other Drosophila genes that contain repeti-
tive sequences (Kassis et al. 1986; Treier et al. 1989;
Jones et al. 1991; Heberlein and Rubin 1990;
Peixoto et al. 1992) demonstrated similar length al-
terations. Comparison of the human, mouse, and
rat glucocorticoid receptors (Danielson et al. 1986)
revealed that length variation in homopolymers is
widespread. Intraspecific studies in D. melano-
gaster (Tautz 1989; Costa et al. 1991) indicate that
homopolymer length can change rapidly.

In addition to length variation in the repetitive
domain, a significant degree of divergence is evi-
dent in the amino acid content of this region, There
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Table 1.

phila protein®

Comparison of the inferred amino acid composition of D. virilis and D. melanogaster mastermind to an average Droso-

Ratio®
DV DM DV DM Drosophila
total total % % % DV DM

Gin (Q) 402 347 24.3 21.1 5.0 4.8 4.3
Gly (G) 255 269 15.4 16.8 7.8 2.0 2.2
Asn (N) 137 155 8.3 9.7 4.6 1.8 2.1
Pro (P) 118 123 7.1 7.7 5.7 1.2 1.4
Ala (A) 135 108 8.2 6.7 7.8 1.1 0.9
Met (M) 75 82 4.5 5.1 2.4 1.8 2.1
Leu (L) 79 71 4.8 4.4 8.2 0.6 0.5
Ser (S) 77 71 4.7 4.4 7.6 0.6 0.6
Val (V) 66 64 4.0 4.0 6.0 0.7 0.7
Thr (T) 50 58 3.0 3.6 5.5 0.6 0.7
Asp (D) 34 42 2.0 2.6 5.1 0.4 0.5
Phe (F) 39 42 2.4 2.6 34 0.6 0.8
His (H) 52 39 3.1 2.4 2.8 1.1 0.9
Arg (R) 34 34 2.1 2.1 5.2 0.4 0.4
Lys (K) 33 34 2.1 2.1 5.3 0.4 0.4
Glu (E) 26 24 1.6 1.5 6.2 0.3 0.2
Tle (I) 26 18 1.6 1.1 4.7 0.3 0.2
Tyr (Y) 11 10 0.7 0.6 3.2 0.2 0.2
Cys (O) 5 4 0.3 0.2 2.3 0.1 0.1
Trp (W) i _ 1 0.06 0.06 1.1 0.06 0.06
Total 1,655 1,596

Positive (HRK) 129 107 7.3 6.6 13.3 0.6 0.5
Negative (DE) 60 66 3.6 4.1 11.3 0.3 0.4

2 The amino acid composition of an average Drosophila protein was calculated from a table compiled by M. Ashburner (unpublished).

The amino acid composition of D. melanogaster mam was reported in Smoller et al. 1990

b Ratio = mastermind%/Drosophila%

Table 2. Comparison of D. virilis and D. melanogaster codon usage at mastermind
DV% DM% DV% DM% DV% DM% DV% DM%

TTT Phe 0.66 0.81 TCT Ser 0.12 0.25 TAT  Tyr 0.18 0.25 TGT Cys 0.06 0.06
TTC Phe 1.69 1.82 TCC Ser 0.91 0.88 TAC Tyr 0.48 038 TGC Cys 0.24 0.19
TTA Leu 0.06 0.06 TCA Ser 0.24 0.13 TAA  *** 0.00 0.00 TGA  *** 0.00 0.00
TIG Leu 091 0.81 TCG Ser 0.97 1.06 TAG  *** 0.06 0.06 TGG Trp 0.06 0.06
CTT Leu 0.18 0.06 CCT Pro 0.66 0.63 CAT His 1.75 1.19 CGT Arg 0.42 0.19
CTC Leu 1.09 1.19 CCC Pro 2.48 2.82 CAC His 1.39 131 CGC Arg 0.85 0.88
CTA Leu 0.18 0.19 CCA Pro 1.09 1.44 CAA Gln 5.92 476 CGA Arg 0.30  0.38
CTG Leu 2.36 2.13 CCG Pro 2.9 2.76 CAG GIn 1830 1691 CGG Arg 0.30 0.38
ATT e 0.54 0.44 ACT Thr 0.18 0.25 AAT  Asn 4.47 4.51 AGT Ser 0.30 0.56
ATC Ile 0.91 0.56 ACC Thr 1.03 1.88 AAC Asn 3.74 5.13 AGC  Ser 2,11  1.57
ATA Ile 0.12 0.13 ACA Thr 0.79 0.50 AAA Lys 0.54 0.44 AGA Arg 0.12  0.00
ATG Met 4.53 5.13 ACG Thr 1.03 0.94 AAG Lys 1.45 1.69 AGG Arg 0.06 0.31
GIT Val 0.72 0.75 GCT Ala 0.79 1.00 GAT Asp 0.91 1.50 GGT Gly 229 4.8
GTC Val 1.15 0.81 GCC Ala 3.02 2.88 GAC Asp 1.39 1.13 GGC Gly 10.63 7.89
GTA Val 048 0.31 GCA Ala 229 1.06 GAA Glu 0.60 038 GGA QGly 1.63  3.38
GTG Val 1.63 2.13 GCG Ala 1.9 1.94 GAG Glu 0.97 1.13 GGG QGly 0.79 0.81

is no difference between the unique and repetitive
domain of mam with regard to the total number of
nucleotide substitutions; however, the distribution
of nucleotide substitutions within a codon shows
significant differences between the domains at all

three positions. This distribution of nucleotide sub-
stitutions is reflected in significantly more amino
acid replacements in the repetitive domain. As a
result, the proportion of amino acid replacements
per nucleotide substitution is twofold larger in the
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Differences between the aligned nucleotide and inferred amino acid sequences of mastermind®

Nucleotide substitutions

Gaps Codon position Nonconservative  Amino acid
amino acid replacements/total
Domain Size (bp) No. Size (bp) 1 2 3 Total replacements substitutions
Unique 2,079 4 15 59 238% 335 52 0.15
Repetitive® 3,315 44x %% 1020%+** 126%%* 146%** 323 595 179%** 0.30%*
Total 5,394¢ 48 1035 185 184 561 930 231 0.25

@ Asterisks indicate the degree of significant difference between
the unique and repetitive domains; * = p < 0.05, ** = p <0.01,
**% = p < 0.001. The location of the asterisk in each category
indicates which domain significantly exceeded its expected value
in a chi-square test of the null hypothesis: after correcting for
size differences the unique and repetitive domains are equiva-
lent. In mam, the repetitive domain is 60% larger than the unique
domain. Thus for the test a correction factor of 1.6 must be
applied to observed values in the unique domain to normalize
differences in domain size. The normalized values for the unique

repetitive domain. Statistical analysis indicates that
this represents a significantly faster rate of amino
acid replacement.

The differences in the degree of conservation in-
dicate that the unique and repetitive domains of
mam are characterized by distinct patterns of evo-
lutionary change. Unique regions are highly con-
served, varying only occasionally through amino
acid replacement and small insertions and dele-
tions. In contrast, repetitive areas have diverged as
a result of numerous large insertions and deletions
and a significantly greater number of amino acid
replacements. The data suggest that the repetitive
domain of mam is under less selective constraint
than the unique domain. This is consistent with the
idea that homopolymers act as flexible spacers and
consequently are better able to tolerate amino acid
replacements than unique sequences (Beachy et al.
1985). However, repetitive regions do not change
nearly as fast as noncoding segments of mam
(Newfeld et al. 1991), indicating some selective con-
straint. One possibility, suggested by the flexible
spacer hypothesis, is that the repetitive regions of
mam must maintain an unstructured conformation.
Amino acid stretches devoid of charge or hydropho-
bic residues (such as certain homopolymers) may
form random coils that provide physical flexibility
to tertiary conformation (Brendel and Karlin 1989).
Thus, the conservation seen in the amino acid con-
tent of repetitive regions may reflect the level of
selective constraint necessary to remain unstruc-
tured.

The length variability in the repetitive domain is
likely due to the higher probability of nucleotide
misalignment in the simple sequences which encode
homopolymers. A misalignment may lead to
slipped-strand mispairing during DNA replication

domain were then tested for deviation from expected values de-
rived from the repetitive domain

b Repetitive regions are defined as distinct homopolymers (at
least five consecutive identical amino acids) and regions domi-
nated by a single amino acid. The specific regions of the align-
ment described as the repetitive domain are listed in the legend
of Figure 3.

¢ Includes 4,965 bp of D. virilis open reading frame plus 429 bp
equivalent to gaps.

or repair (Levinson and Gutman 1987), short-tract
gene conversion (Wheeler et al. 1990), unequal
crossover between alleles (I.yons et al. 1988), or
unequal sister chromatid exchange (Jeffreys et al.
1988). These genomic mechanisms (associated with
molecular drive; Dover 1986) would alter the num-
ber of residues in the encoded homopolymer. Stud-
ies in E. coli and yeast (Farabaugh et al. 1978;
Rothstein et al. 1987) have demonstrated that repet-
itive regions are hotspots for insertions or deletions
that change the number of repeats. Current models
of molecular drive depict these genomic processes
acting independent of selection.

However, a mathematical model for replication
slippage in repetitive sequences which assumes se-
lective neutrality with regard to repeat number was
rejected by data from interspecific comparisons
(Tachida and lizuka 1992). In addition, evidence of
selective constraint on repeat length variation was
recently reported for the repetitive region of the
period gene in Drosophila (Peixoto et al. 1992).
Data from mam is consistent with these results. The
extensive length variation in repetitive domains of
mam, presumably generated by internal genomic
processes, appears to be balanced by natural selec-
tion acting to maintain the distance between spe-
cific charge clusters.

If the interaction between drive and selection (as
proposed for mam) is generalized to other ho-
mopolymer-containing proteins there may be ad-
vantages to the population. For example, a change
in the selective force on a protein can result from
mutations in an interacting molecule. Such muta-
tions may be successfully accommodated more rap-
idly through the high frequency of misalignment-
mediated events in repetitive sequences than
through point mutation. The disparity in frequency
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between these two types of event is enormous. Jef-
freys et al. (1988) report a spontaneous mutation
rate to new length alleles of 5 X 10~ */locus/gamete
for human minisatellites (noncoding repetitive se-
quences) with length changes of 4-200 repeat units.
Alternatively, the synonymous substitution rate for
humans is 1.1 x 10~ %site/year (Li and Tanimura
1987). The concept of a dynamic drive-selection in-
teraction may partially explain the common occur-
rence of homopolymers in regulatory molecules.
Viewed from this perspective, the potential physi-
cal flexibility and length variability (evolutionary
flexibility) of homopolymers could provide a reser-
voir of adaptations for a population.

In conclusion, the distinct pattern of divergence
in repetitive areas of mam is consistent with the
hypothesis that homopolymers are flexible spacers
within proteins. The conservation of the charge
clusters implies an important functional role. The
Jjuxtaposition of length variability in repetitive areas
and conserved spacing for charge clusters is pro-
posed to reflect an interaction between molecular
drive and natural selection. This may be a factor in
the evolution of homopolymer-containing proteins.
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