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Abstract

Sdic is a new gene that evolved recently in the lineagBafsophila melanogaster. It was formed from a duplica-

tion and fusion of the gengnnX, which encodes annexin X, adlic, which encodes the intermediate polypeptide

chain of the cytoplasmic dynein. The fusion joiasnX exon 4 withCdic intron 3, which brings together three
putative promoter elements for testes- specific expressi@diofthe distal conserved element (DCE) and testes-
specific element (TSE) are derived frofnnX, and the proximal conserved element (PCE) fr@dic intron 3.

Sdic transcription initiates within the PCE, and translation is initiated within the sequence derive@difoimtron

3, continuing through a 10 base pair insertion that creates a new splice donor site that enables the new coding
sequence derived from intron 3 to be joined with the coding sequenCdiokxon 4. A novel protein is created
lacking 100 residues at the amino end that contain sequence motifs essential for the function of cytoplasmic dynein
intermediate chains. Instead, the amino end is a hydrophobic region of 16 residues that resembles the amino end
of axonemal dynein intermediate chains from other organisms. The downstream por8dit ééatures large
deletions eliminatin@dic exons v2 and v3, as well as multiple frameshift deletions or insertions. The new protein
becomes incorporated into the tail of the mature sperm and may function as an axonemal dynein intermediate
chain. The nevadic gene is present in about 10 tandem repeats between the wildtippandAnnX genes located

near the base of the X chromosome. The implications of these findings are discussed relative to the origin of new
gene functions and the process of speciation.

Abbreviations. dynein IC — dynein intermediate polypeptide chain; DCE — distal conserved element; PCE —
proximal conserved element; TSE — testes-specific element.

Introduction protein gene cluster (Martinez-Cruzado et al., 1988),
the larval cuticle protein gene cluster (Steinemann &
The evolution of novel gene functions is thought to Steinemann, 1990), the alcohol dehydrogenase and al-
occur primarily by one of two mechanisms, either cohol dehydrogenase-related genes (Jeffs, Holmes &
by duplication and divergence or by exon shuffling. Ashburner, 1994), and the alpha-esterase gene cluster
Both mechanisms are known to occur. There are (Robin et al., 1996). These examples are by no means
many examples of evolution by gene duplication in exhaustive, and many more can be found in FlyBase
Drosophila. These are usually recognized by similar- (http://flybase.bio.indiana.edu).
ities between paralogous genes sometimes, but notal- The other primary mechanism for creating new
ways, found in small gene clusters, such as the maltasegene functions is exon shuffling (Gilbert, 1978; Long,
gene cluster (Snyder & Davidson, 1983), the chorion Rosenberg & Gilbert, 1995; Long, 2001). There are
B also examples of exon shuffling iDrosophila. Per-
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evolved gene of unknown function in the lineage lead- et al., 1992; King et al., 1996). It acts as a minus
ing to D. teissieri and D. yakuba (Long & Langley, end-directed microtubule motor, participating in a
1993; Wang et al., 2000). The chimejiogwei gene number of events, including slow axonal transport
was created by the insertion of part of a reverse (Dillman, Dabney & Pfister, 1996), anterograde or-
transcript of the alcohol dehydrogenasellf) coding ganelle movement (Schroer, Steuer & Sheetz, 1989;
sequence into the third intron of a different gene, de- Corthesy-Theulaz, Pauloin & Rfeffer, 1992; Aniento
notedyande. The jingwei coding sequence thereby et al., 1993), mitosis (Vaisberg, Koonce & Mclintosh,
includes the initialyande exon to which is appended 1993), and nuclear migration (Xiang, Beckwith &
the ‘shuffled’ and already spliceth exons. Morris, 1994).
This paper examines a novel gene that originatedas  Although the heavy chain comprises the catalytic
a duplication and gene fusion accompanied by recruit- dynein subunit and by itself can bring about an ATP-
ment of new promoter elements and the formation of a dependent force on the microtubules (Mazumdar et al.,
new exon encoding the amino end of the polypeptide 1996), the presence of other subunits is apparently re-
chain. These events fused exon 4 of the ganeX, quired for dynein functionn vivo. The roles of these
which encodes an annexin protein, with intron 3 of so-called accessory subunits still remain unclear. At
the geneCdic, which encodes the intermediate poly- least two accessory subunits of cytoplasmic dynein,
peptide chain for the cytoplasmic dyneins. The new the intermediate-chain and light-chain subunits, share
gene, calleddic (for sperm-specific dynein interme-  significant homology with the corresponding subunits
diate chain), is expressed primarily if not exclusively of the axonemal dyneins, suggesting similarity of their
in testes, and it encodes a protein that features a re-functions in these two complexes. In the case of the
fashioned amino end to which is appended much of ICs, this suggestion lead to the hypothesis that the
the carboxyl end of what originally encoded a cyto- IC subunits are responsible for linking the cytoplas-
plasmic dynein intermediate chain. The Sdic protein mic dynein to the intracellular targets (Paschal et al.,
localizes to the sperm tail and may function as an 1992), because in the axonemal dyneins the ICs have
axonemal dynein intermediate chain. T&dic gene been localized in the base of complex, binding di-
features some unprecedented ‘fudging’ of the genetic rectly to the A-microtubule. The ICs of cytoplasmic
functions: exon 4 sequences in the wildtypanX dyneins possess a large carboxyl-terminal portion con-
gene have become a part of the Sdic promoter that istaining a series of WD-40 repeats, which is present
not transcribed, and intron 3 sequences in the wildtype in the axonemal ICs as well (Wilkerson et al., 1995).
Cdic gene that have no preexisting coding function The amino-terminal part shows no homology with the
now, through multiple mutations, including a 10-bp axonemal ICs.
insertion, encode the amino end of the Sdic protein. In Drosophila, the multiple forms of the dynein ICs
Remarkably, the sperm-specific promoter element was are created by alternative splicing of the transcript of a
formed by the gene fusion itself. In addition, t&dic single-copy gene, denot&tlic, located in region 19E
gene has become tandemly duplicated and is presentear the base of the X chromosome (Nurminsky et al.,
in about 10 copies in the base of the X chromosome 1998a). The anomalous IC cDNA was unusual in that
of D. melanogaster. The origin and evolution of this  the apparent amino end of the coding sequence was
gene and its tandem duplicates is recent, since it is notmissing both the coiled-coil domain and the serine-
found in closely related species that diverged within rich domain necessary for the interaction between
the last 1-3 million years. dynein intermediate chains and the p150/Glued pro-
tein that participates in attaching the dynein complex
to its cytoplasmic targets. Instead, the amino-terminal
Origin of the chimeric Sdic gene end of the protein had a novel sequence that was very
hydrophobic (Nurminsky et al., 1998a).
The Sdic gene was discovered through an anomalous  The region of the genome encoding this anoma-
cDNA recovered in a study of alternative splicing lous cDNA was also in the base of the X chromosome
of cytoplasmic intermediate-chain dynein transcripts near Cdic. Immediately upstream of the transcrip-
(Nurminsky et al., 1998a). Cytoplasmic dynein is a tion start site was a sequence derived from the gene
multisubunit complex composed of two heavy chains, for Annexin X, denotedAnnX. The annexins are a
three intermediate chains (ICs), several light interme- large family of proteins that bind to phospholipids in
diate chains (LICs), and one light chain (LC) (Paschal a calcium-dependent manner. They appear to have a
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Figure 1. Origin and structure o&dic. (A) A duplication of the region containingdic (C) andAnnX (A) took place, followed (or accompanied)
by several large deletions that created a gene fusion bet@etandCdic [AC], which was the progenitor of the gefdic (S). In present-day
populations oD. melanogaster, Sdic is present in about 10 nonidentical tandem repeats. (B)Siteepromoter elements were formed by the
fusion of AnnX exon 4 (DCE and TSE) an@dic intron 3 (PCE). The amino end of the new Sdic protein derives from sequenCecimtron

3 and a 10-bp insertion that creates a new spice donor site that is spliced to the ricspliae3acceptor site atdic intron 3. The exons are
designated as in Nurminsky et al. (1998a).

wide variety of functions and have been implicated shown at the left. A duplication of this region led
in cytoskeletal interactions, phospholipase inhibition, to the configurationC A C A, and a series of at
intracellular signalling, anticoagulation, membrane least three large deletions fused tHeeBd of AnnX
fusion, and apoptosis (Barton et al., 1991; Geisow, with the 8 end of Cdic, producing the configura-
1991). tion C [AC] A, where the square brackets denote the
A curious observation was that, in the region tran- gene fusion. There is at present no way of know-
scribed to yield the anomalous cDNA, the sequence ing when these deletions occurred, nor the order in
similar to AnnX was upstream of the’%nd of the which they occurred. One possibility is that they all
Cdic-like cDNA, whereas in the genome the position took place simultaneously with the formation of the
of these genes is reversed. The inferred explanationduplication, another possibility is that they occurred
for this orientation is shown in Figure 1(A). Prior sequentially after the duplication was already in place,
to the origin of Sdic, the Cdic (C) and AnnX (A) and there are also other scenarios. Whatever the pro-
genes were both single-copy genes orierfied, as cess, theAC] fusion created the framework @dic
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AnnX CCCGA GGATG TGGCA GCTGG TCCGC CCAAT ATTTT ATTCG TGTTA ATAGC

Sdic CCCGA AGATG TGGCA GCTGG T CCGC CCAAT ATTTT ATTCG TGTTA ATAGC

Cdic TTCGC AGGCA TATTA GACAT ATTCA GGTCA TATAG GTATA GACAT TTGAT

AnnX TTTGA TCGTA GTGTG CCTTT TAGGA AAATC GCTTT TAATG TCGTC TGCGC

Sdic TTTGA TCGTA GTIGTG CCTTT GGGGG AAATT CTGTT GGAT- TCCCC ATCT-

Cdic TCCCT AAGTT TTTTT TGCTA AACAA CTGTA GAGAC AGAT- TCCCC ATCT-

AnnX ATGCA CACTG TTGGC AATAA ATAAA CGCAT ATGCA GCAGT TGTAA CCAAT

Sdic ATG-A GTTTA ACGTC AAAALC AATAT CAG-T AGTCA AAA-T TGGAA TCCTG

Cdic ACA-A GCTTA ACAT- AAAAA AATAT CAG-T AGTCA AAA-T TGGAA TCCTG

AnnX GCGAC GACAG ACATA AAACC TAGAG ATCTG GGATC TGGCA TCTAG CATCG

Sdic GTTA- GAGAG CATTG TAATC CAAAC A-CAA TTTTT ACAAT TTTAG CTTTA

Cdic GTTA- GAGAG CGTGG CAATT TTTAC A---A TT--- -CAAT TTTAG CATTA

AnnX GACAT CGGGA CTACT TAAAG AAGAG CTTGT GCAAC TGCTT GGACT TCA

Sdic GCCGT TTTTT AAATT GAATA AGCTT AGTAT TACAC AGATT GGACA ATG

Cdic GCCGT TTT-- AAA-- -AA-- ---TT AGTAT TACAC AGATT AGACA ATG

Figure 2. Sequence of th&dic promoter and the wildtype sequencesAoinX exon 4 andCdic intron 3. Single underline, distal conserved
element (DCE); wavy underline, testes-specific element (TSE); double underline, proximal conserved element (PCE); dashed underline ATG,
initial codon of Sdic protein.

(S in Figure 1(A)), which has also undergone about As shown at the left, the promoter region $fic
a tenfold amplification yielding the present config- is formed from a fusion between the exon for tHe 3
urationC S S--- S S A (Nurminsky et al.,, 1998b).  untranslated region &nhnX, joined to intron 3 ofCdic.
Evidence that the gene is newly evolved is that it Upstream ofCdic intron 3, one noncoding exon and
is present in all wildtype strains dd. melanogaster two coding exons with open reading frames of 155 and
so far examined, but neither the novel gene nor any 147 nucleotides are deleted, which accounts for the
evidence of a tandem repeat is found in wildtype missing amino end of Cdic in the Sdic protein encoded
strains ofD. simulans nor in any other member of the  in the cDNA originally discovered.
D. melanogaster species subgroup (Nurminsky et al., As indicated in Figure 1(B), the promoter region
1998h). consists of three discrete elements, called the distal
conserved element (DCE), the proximal conserved
element (PCE), and a testes-specific element (TSE).
. As we shall see in amoment, the DCE and the PCE are
Molecular structure of the Sdic gene somewhat similar to corresponding promoter elements
in the wildtypeCdic gene, although th&dic elements
The molecular structure of a&dic repeating unit is have a completely different origin.
shown in Figure 1(B). Within thé&dic cluster, how- Transcription of Sdic begins in the PCE
ever, there may be variation in sequence or structure (Figure 1(B)), and 140 nucleotides downstream trans-
from one unit to the next. The numbers above each lation begins with an initiation codon that encodes the
box or line segment give the number of nucleotides novel amino end of th&dic protein. An insertion of
present in the region. 10bp creates a novel splice site, which serves as a
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Figure 3. Percent identity of nucleotide sequences in a 13-bp sliding window acrosXdithg@romoter, compared with the sequence of
widltype AnnX exon 4 (solid line) and wildtyp€dic intron 3 (dashed line). The shaded rectangles indicate the positions &fitheromoter
elements.

donor site for splicing with the wildtype’ 3plice ac-
ceptor of Cdic exon 4. The variable exons (v1-v3)
present inCdic between exons 4 and 5 (Nurminsky
et al., 1998a) are not present &lic mMRNA; exon
vl is removed by RNA splicing, and exons v2 and

experiments with an Sdic::GFP fusion protein
(Nurminsky et al., 1998b).

Bearing in mind these caveats, the overall structure
of the Sdic promoter is diagrammed in Figure 2. As
noted, the promoter consists of three elements. The
v3 are deleted from th&dic genomic DNA. The al- distal conserved element (DCE, single underline) and
ternatively spliced exon 5 is spliced i&dic in the the proximal conserved element (PCE, double under-
longer mode. The structure and splicing patterns of line) are similar in size and sequence with promoter
Cdic and Sdic are similar for exons 5, 6, and 7, al- elements present i@dic (Nurminsky et al., 1998b).
though there are some additional differences near the Their spacing is somewhat different: they are sep-
carboxyl terminus of the proteins. arated by 62 bp ir&dic but by only 29bp inCdic.
The third promoter element is a testes-specific element
(TSE, wavy underline).

In Figure 2, theAnnX sequence is the’ intrans-
lated region of exon 4, and that @fdic is a region
Two points need to be emphasized in the present of 229 bp from about the middle of the 375-bp in-
analysis of theSdic sequence. The first is that the tron 3. The ATG used for the translational start of
comparisons are based &dic, Cdic and AnnX as Sdic is dash underlined at the lower right. This ATG
they exist inD. melanogaster today. Experiments to  is included inCdic intron 3 and is spliced out of the
infer the ancestral sequences are in progress but atCdic transcript during RNA processing. The key point
present incomplete. The second point is that the ca- is that the wildtypeCdic intron 3 does not contain
nonical Sdic sequence, illustrated in Figure 1(B), is a full set of promoter elements, henalic tran-
based on a single cloned copy of the repeat, which scription begins far upstream of the region shown in
we know to be functional because of cDNA sequenc- Figure 2. The newsdic promoter is unique, formed
ing and confirmation by germline transformation by the fusion betweeAnnX exon 4 andCdic intron 3.

The promoter region
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A. Distal conserved element (DCE)

Annx CCCGA GGATG TGGCA GCTGG TCCGC CCAAT ATTTT ATTCG TGTT- -AATA
N A A N A A A N A RN R

Sdic CCCGA AGATG TGGCA GCTGG TCCGC CCAAT ATTTT ATTCG TGTT- -AATA
| N LEE et T I 1]

Cdic DCE A TCTAT GTAAA CCAGC CGCGC CCATT ATCTC CTTCG TGTGC CAATA

Annx GCTTT GATCG TAGTG GCCTT TTAGG ARAAT CGCTT TTAAT GTCGT CTGCGC
NN N Lo

sdic GCTTT GATCG TAGTG GCCTT TGGGG GAAAT TCTGT TGGAT -TCCC CATCT-

Cdic DCE ACTGT GCGAA GTAAC GGCCG TGGGC

B. Testes-specific element (TSE)

AnnX TTTGA TCGTA GTGTG CCTTT TAGGA AA-ATC GCTTT TAATG TCGTC TGCG

Sdic TTTGA TCGTA GTGTG CCTTT GGGGG AA-ATT CTGTT GGAT- TCCCC ATCT

C. Proximal conserved element (PCE)

cdic ACA-A GCTTA ACAT- AAAAA BATAT C-AG- TAGTC ABAA- TTGGA ATCCT

R e e N e e e N e e A

sdic ATG-A GTTTA ACGTC AAAAC BATAT C-AG- TAGTC ARAA- TTGGA ATCCT
IR .

cdic BCE GGCGA TGTTC CATCT CTAGT TAGTC ABRAC ATTAA AAGTC

Figure4. Promoter elements &fdic compared with the wildtype sequences of presentAtay< andCdic, and with similar promoter elements
from wildtype Cdic (DCE and PCE) and the TSE of the gene encoding a testes-sygtifiiulin (3 Tub85D).

In Sdic, transcription begins within the PCE (double ately downsteam of the TSE where t&dic promoter

underline). becomes more similar t@dic intron 3 than toAnnX
Examination of the similarity between the se- exon4.

quences in Figure 2, makes it clear that Sdec DCE

and most if not all of the TSE derive froAnnX exon Distal conserved element (DCE)

4. The PCE clearly derives fror@dic intron 3, as

do regions further upstream. The exact breakpoint of Detailed comparisons of th&dic promoter elements

the fusion is difficult to specify, but it appears to be with analogous elements from other genes are shown

somewhere between the AAATT near the end of the in Figure 4. TheSdic DCE (single underline in

TSE and the GATTC 7 bp downstream. The situation Figure 4(A)) matches the sequenceAsinX exon 4

is illustrated graphically in Figure 3, which shows the in all 33 of 33bp. It matches the DCE of the wild-

proportion of identical nucleotides in a 13-bp slid- typeCdic genein 25/34 bp (74%). Under the binomial

ing window betweensdic and AnnX exon 4 (solid distribution, assuming equal proportions of the base

line) and betweersdic and Cdic intron 3. The posi- pairs, the probability of 25 or more matches in a se-

tions of the promoter elements are indicated by the quence of 34bp is.9 x 102; requiring matches

shaded rectangles. There is clearly a region immedi- only of pyrimidines with pyrimidines and purines with



239

Cdic gencmic atg ggc tta gta ctg att aag ttt taa cga tca atg tat
Cdic ‘protein’ m g 1 v 1 i k f end «r s m Y
Sdic genomic ATG GGC TTA GTA CTG ATT AAG TTT TIA CGA TCA ALG TAT

Sdic cDNA ATG GGC TTA GTA CTG ATT AAG TTT TTA CGA TCA ACG TAT
Sdic protein M G L v L I K F L R S T Y
Cdic genomic t gtactattgctattgccatttaaccgattectaac
Cdic ‘protein’ ¢ t i a i a 1endp 1 p n
Sdic genomic TCT ACT TTG AG gtactataactattgccatttaaccaattcctaac
Sdic cDNA TCT ACT TTG AG

Sdic protein S T L S

Cdic genomic taataccaatttcttatgtgcaccccccaccag C GGC GGA AAG AAA

Cdic ‘protein’ endy o £ 1 m ¢ t p h g G G K K
Sdic genomic taataccgatttcttatgtgcaccccccaccag C GGC GGA AAG AAA
Sdic cDNA C GGC GGA AAG AAA
Sdic protein G G K K

Cdic genomic CAG CCC CTC AAC CTA AGC GTC TAC AAT GTG CAG GCT ACG
Cdic ‘protein’ Q P L N L S \Y Y N \Y Q A T
Sdic genomic CAG CCIL CTC AAC CTA AGC GTC TAC AAT GTG CAG GCT ACG
Sdic c¢DNA CAG CCT CTC AAC CTA AGC GTC TAC AAT GTG CAG GCT ACG
Sdic protein Q P L N L S v Y N v 0 A T

Figure 5. Sequences of wildtype genomic DNA f@dic and that of genomic DNA and cDNA didic. Lowercase letters indicate intronic
sequences. Also shown are the amino acid sequences. T@dtcdhtron 3 is a ‘virtual protein’ (lowercase letters) conceptually translated in
the same reading frame in whi&dic is translated. Double underlines $dic genomic DNA denote differences between the sequences.

purines, the binomial probability is 0.004. Hence the 10~7, and for pyrimidine and purine matches is

likelihood of such a long sequence matching @ukc 0.006. Once again, these values seem unexpectedly
DCE so well is quite remote. small.
Testis-specific element (TSE)

Similarly, the Sdic TSE matches a canonical TSE to Fashioning a protein-coding region from an intron

a greater extent than expected by chance. Figure 4(B) ] ] ]
shows a comparison between @ic TSE (wavy un- The Sdic cDNA encodes a~60 kDa protein derived
derline) and the TSE of the geletaTub85D for the largely _from thg C-terminal portion of the dynein in-
testes-specific beta-2 tubulin (Michiels et al., 1989). termediate chain molecule (Nurminsky et al., 1998a).
TheSdic TSE matches the sequenceboiX exon 4 in This region is responsible for the interaction of the in-
22/27 bp (81%) and that dktaTub85D in 21/27 bp. In termediate chain with other components of the dynein
this case the binomial probability of a random match complex (Maetal., 1999), and its sequence is strongly
of 21 or more is 13 x 10~8, and considering only conserved between cytoplasmic and axonemal dynein
pyrimidines and purines it is 0.003. Interesting, of the ntermediate chains. It seemed unlikely that the Sdic
5 bp in which theSdic TSE differs from the sequence product could function as a subunit of cytoplasmic
of AnnX exon 4. three match thieetaTub85D TSE dynein, since it is missing the first two protein-coding
and two do not. However, only one of these is in the €XONS ofCdic. These exons code for an N-terminal

14-bp region required for testes-specific expression coiled-coil domain as well as a serine-rich, dynactin-

(Michiels et al., 1989). binding domain, both of which are essential for the
function of cytoplasmic dynein intermediate chains
Proximal conserved element (PCE) (Steffen, 1997).

Analysis of theSdic cDNA revealed a novel’5
The PCE inSdic (double underline in Figure 4(C)) exon coding for the N-terminal domain of 16 amino
is derived fromCdic intron 3 and matches it in  acids (Figure 5). This new exon is derived from se-
17/18bp (94%). The match with the wildtypedic guences present in intron 3 of ti@lic gene (a rare
PCE is 16/20bp. The binomial probability of an example of noncoding sequences evolving into cod-
equal or greater number of exact matches .8 3 ing sequences, with implications for the origin of
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WSLKDTKPLY
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T EVPTASIVVA

DEWSRENTHL
DEWSRENTHL

Sdic SEIKMIQGDEI
Cdic SEIKMNQSDEV

Figure 6. Comparison between Sdic and Cdic proteins. Single underline, genomic sequence present in Cdic but not in Sdic [note that internal
exons (exons v2 and v3) totaling 23 codons are deleted from Sdic]; double underlin€, evam nSdic derived from intron 3 ofCdic; dotted

underline, alternatively spliced exons presentCalic but not in Sdic; wavy underline, multiple frameshift deletions allow only partial and
inexact alignment in this region.

exons). This hydrophobic N-terminal sequence shows by the double underlines, the sequence encoding the
some similarity with the N-terminal amino acid se- N-terminal region of Sdic differs from that of wildtype
quences of axonemal dynein intermediate chains from Cdic intron 3 at two positions, one of which eliminates
other organisms, with 44% amino acid identity and a putative termination codon. Thé &ding sequence
62% amino acid similarity across the first 16 residues of Sdic also includes a 10-bp insertion (wavy under-
(Nurminsky et al., 1998Db). line), which creates a new splice donor site at its 3
In Figure 5, protein-coding nucleotide sequences end that attacks the normal acceptor splice site at the
are shown in uppercase letters and intronic sequencedownstream end dEdic intron 3, splicing the exons in
in lowercase. Differences between the genomic se- the correct reading frame to allow translation to pro-
quences ofSdic and Cdic are denoted by double ceed. There are also four nucleotide differences in the
underlines in thesdic sequence. The lowercase ‘pro- part of Cdic intron 3 that remains an intron idic,
tein’ sequences are ‘virtual proteins’ that would be and one nucleotide difference in the initial part of the
derived by translation across an intron. As indicated fusedCdic exon 4.
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The Sdic protein may function as an axonemal last two rows in Figure 6, which encompass Sdic
dynein intermediate chain codons 459-517).

The protein comparisons suggested thatSdfc is

functional, its product might well be an axonemal Silent and replacement substitutions

dynein IC. InDrosophila, the axoneme constitutes a

major part of the sperm tail. Amplification of reverse- As there appear to be few nonsynonymous (replace-
transcribed cDNA indicated th&dic transcription is ment) nucleotide substitutions that distinguiStic

not only abundant in testes, but is also testes-specific from Cdic (Figure 6), so too there are few synonym-
(Nurminsky et al., 1998b). To follow the fate of the ous substitutions. Among the 474 codon<idic and
Sdic protein in more detail, we created an Sdic::GFP Sdic that can be unambiguously aligned, there are a
reporter cassette coding for the Sdic polypeptide fused total of five nonsynonymous substitutions and seven
to GFP (green fluorescent protein) at the carboxyl end, synonymous substitutions. The nonsynonymous sub-
under the conserved of tf&ic promoter. Transgenic  stitutions are inSdic codons 464, 466, 512, 514, and
flies carrying this cassette exhibited green fluorescent517 (Figure 6). The synonymous substitutions are in
Sdic::GFP fusion protein only in the testes and seminal Sdic codons 23, 343, 428, 467, 469, 472, and 515. It is
vesicles. Sdic::GFP fusion protein is not presentin the odd that the majority of the synonymous substitutions
stem cells or proliferating spermatocytes, but first ap- (4/7) occur in the same carboxyl 10% of the coding
pears in the growing spermatocytes. The fluorescent sequence as all of the nonsynonymous substitutions.
label is especially abundant in bundles of maturing

spermatocytes, and it is very strong all along the full

length of the tails of mature sperm. The cytological Discussion

preparations supporting these patterns of fluorescence

are not shown because they require color, but they Sdic is a novel gene that has only recently been cre-
are dramatic, completely unambiguous, and highly ated and is apparently still in the process of evolving,
reproducible (Nurminsky et al., 1998b). ‘caught in the act’ as it were (Nurminsky et al., 2001).
The reason why newly evolved genes warrant detailed
analysis is that they give us rare, first-hand examples
Comparison of the Sdic and Cdic proteins of the early stages of gene creation and evolution,
from which we may hope to generalize the findings
Earlier we mentioned that the ICs of axonemal dyneins to other genes whose origin and functional elaboration
possess a large carboxyl-terminal portion that is sim- cannot be observed directly. Most genetic functions,
ilar to those of cytoplasmic dyneins (Wilkerson et al., such as those involved in basic cellular and metabolic
1995). Figure 6, which compares the complete se- processes, are ancient. They came into existence so
quences of the Cdic and Sdic proteins, shows the long ago that it is difficult to imagine the mecha-
extensive similarity across a large part of the carboxyl nisms of their origin and functional divergence. Yet
region. In Figure 6, the double underline denoted the we may hope that insights into such early evolutionary
novel amino end of Sdic, the single underlines denote processes may be gained by studying the handful of
residues in Cdic derived from exons that are present in recently evolved gene functions that happen to have
Cdic cDNA but not inSdic cDNA, and the dotted un-  been identified. At the very least we shall learn how
derline denotes residues present in some alternativelynew genes are created and evolve in contemporary
spliced versions of Cdic but notin Sdic. The wavy line organisms.
toward the carboxyl end denotes a region in which The fact thatSdic is male-specific in its function
multiple frameshift deletions prevent only partial an fits into a wider picture. One hypothesis to
inexact alignment of the genomic sequences. account for Haldane’s rule (‘when hybrid steril-
In spite of regions in which there are major differ- ity occurs in only one sex, it is likely to be
ences between Sdic and Cdic due to the novel aminothe heterogametic sex’) is that genes governing re-
end of Sdic and to insertions or deletions, a total of 474 productive functions evolve faster in the hetero-
residues can be aligned without ambiguity. Among gametic sex (Wu & Davis, 1993; Wu, Johnson
these only five are different, and all are concentrated & Palopoli, 1996; Laurie, 1997). In support of
near the extreme carboxyl end of the protein (in the this hypothesis, among sequences for homologous
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genes in closely related species present in GenBank,

classified as to function of their protein product,
there is a significantly high ratio of honsynonymous
to synonymous substitutions in the coding regions
for ‘sex- related’ genes (defined as those affect-
ing mating behavior, fertility, spermatogenesis, or
sex determination), which is more pronounced

between closely related species than more distantly
. O lon
related species, and which is due to an elevated

proportion of nonsynonymous changes (Civetta &
Singh, 1995). Consistent with this finding, two-
dimensional electrophoresis d@frosophila proteins
has revealed a surprising number of examples,
anonymous as to function, that differ between closely
related species, many of which are male spe-
cific (Thomas & Singh, 1992; Civetta & Singh,
1995; Coulthart & Singh, 1988). There are also
some knownDrosophila genes that fall into this
category:

e The segregation distorter system, a spermato-
genesis-specific meiotic drive foundh melano-
gaster but not inD. simulans, which involves the
interaction of two distinct genetic elements (Wu
et al., 1988; McClean et al., 1994).

e A system of maleX-chromosomal meiotic drive
found inD. simulans but not inD. melanogaster,
which also involves multiple genetic elements
(Atlan et al., 1997).

e Mst40, a repeated locus coding for a male-
specific transcript of unknown function found in
D. melanogaster but not inD. simulans (Russell &
Kaiser, 1994).

e In D. melanogaster only, a genetic interac-
tion between the' -linked Suppressor of Sellate
[Su(Ste)] locus (Balakireva et al., 1992; Mckee &
Satter, 1996) and th&-linked Sellate elements
(Livak, 1990), mediated by short, double-stranded
RNA (Aravin et al., 2001), in which the combina-
tion of Sellate elements with a deletion @u(Ste)

geneunc-4, which was recruited for testes expres-
sion inD. simulans but notD. melanogaster (Ting
et al., 1998; Ting, Tsaur & Wu, 2000).

e The Sdic repeats, the subject of this paper, which
encode a novel sperm-specific dynein found only
in D. melanogaster (Nurminsky et al., 1998b).

The Sdic system also suggests a new model for the
g-term fate of some gene duplications which, to
our knowledge, has not been observed previously, but
may be quite important. It relates to the fact tBdic
itself is duplicated about tenfold in tandem repeats, but
DNA sequencing as well as recovery of cDNAs sug-
gests that at least some of the copies may be defective
or transcriptionally silent (unpublished observations).
One scenario to explain this unexpected contrast is
that, in the early stages of gene evolution, when the
rate of transcription may be limiting to fithess, perhaps
the ‘easiest’ kind of favorable mutation to arise is a
duplication leading to a tandem repeat or to multiple
copies. Duplications are quite common, for example,
of the Adh region (Jeffs, Holmes & Ashburner, 1994,
Nurminsky et al., 1995; Begun, 1997; Luque, Marfany
& Gonzalez-Duarte, 1997). As time goes on, one of
the duplicated copies may undergo point mutations
(or other rearrangement) that increases the promoter
efficiency, making the other duplicated copy (or cop-
ies) superfluous. Over additional time the superfluous
duplicated copy (or copies) would be expected to un-
dergo mutational degeneration and, given the high rate
of DNA loss in Drosophila (Petrov, Lozovskaya &
Hartl, 1996; Petrov & Hartl, 1997; Petrov & Hartl,
1998), eventually complete elimination. This suggests
a more general principle that, except in special cases
governed by different constraints (e.g., rDNA repeats
or histone repeats), duplications may persist over long
stretches of evolutionary time only if they diverge in
function enough to be wholly or partially noncomple-
menting. Rapid acquisition and loss of duplications
may help to explain why, for exampl®. virilis and

causes meiotic abnormalities in spermatogenesis, D. melanogaster both have a maltase gene cluster, but
gamete-genotype dependent failure of sperm de- the origin of each cluster from the ancestral maltase
velopment, and deposition of protein crystals in is completely different (Vieira, Vieira & Hartl, 1997),
spermatocytes (Palumbo et al., 1994; Bozzetti and why both major phylads of tHa. virilis species
etal., 1995). group haveAdh duplications, but the duplications are

e Thejingwel gene in theteissieri/lyakuba lineage, of completely independent origin (Nurminsky et al.,
which is expressed specifically in the testes (Wang 1995). We recognize that it is impossible to gen-
et al., 2000). eralize from any single example. But on the other

e The homeobox gen®dysseus, a putative male-  hand, so few genes are caught in the act of evolving
sterility gene in themelanogaster/simulans lin- that every example contributes potentially important
eage, a homolog of th€. elegans neurogenesis  insights.
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