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ABSTRACT
A novel family of dispersed repeat sequences from Drosophila melanogaster is described.

Sequence analysis of two members of this family show them to contain greater than 75% GC
bases. These are comprised of multiple repeats ofGGX triplets interspersed occasionally with
CGPy and TTPy. Southern blotting shows that these repeats are not transposable elements.
Twenty four homologous recombinants have been localised by in situ hybridization to seven
sites in the Drosophila genome. Polyadenylated RNAs homologous to this repeat family are
expressed in a complex pattern which is developmentally regulated. We suggest that this family
encodes a set of glycine-rich domains in Drosophila proteins.

HNTRODUCrION
The genomes of all multicellular eukaryotes examined to date contain a wide variety of

repeated DNA sequences. Repetitious DNA can be present either in tandem arrays, as in satellite
DNA (1) or interspersed within other sequences. Drosophila contains many different classes of
interspersed repeats (2,3). The majority of these sequences are of discrete size (usually several
kilobases) and are usually transposable in the fly genome . These sequences are perhaps best
considered as parasitic or selfish DNA (4,5) as, to date, no function encoded by them has been
found to be essential to the host. Shorter middle repetitious sequences are also known. One of
these, the homoeo box, is non mobile, well conserved between distantly related eukaryotes and
forms part of several genes crucial to the development ofDrosophila spatial organisation or
pattern (6-8). Another immobile sequence, the opa repeat, is contained in several genes
specifying the development of spatial pattern and the nervous system ofDrosophila (9,10). The
opa repeat is comprised of repeats of the trplets CAPu and encodes a glutamine-rich region in
the Notch gene which is involved in Drosophila neurogenesis (9). Both two types of
repeat therefore form part of genes which are essential for correct development of the
Drosophila. We describe here the isolation of aGC rich repeat (GCR repeat) from Drosophila
which we suggest encodes a glycine-rich region in proteins which may also be important in
Drosophila development.
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MATERIALS ANDMEIHODS
Isolation of recombinants containing GCR repeats
DNA was isolated from 200-500 Oregon R strain flies by homogenisation in 2 ml 10 mM

Tris-HCl; pH 7.5, 60 mM NaCl, 10 mM EDTA, 0.15 mM spermine, 0.15 mM spermidine at

0°C using a Dounce homogeniser ('A' pestle). 0.7 ml lysis buffer was added (0.5M Tris-HCl;
pH 8, 30 mM EDTA, 2% SDS, 0.2 mg/ml proteinase K (Merck)), the lysate was mixed gently
then incubated at 370C for lh. The lysate was extracted twice with phenol mixture (redistilled
phenol containing 0.2% 8-hydroxyquinoline and equilibrated with IM Tris-HCl pH 7.5) and
DNA spooled after addition of two volumes of ethanol. TheDNA was redissolved in TE (10

mM Tris-HCl, 1 mM EDTA), respooled and redissolved in TE. Between 2 and 5 ±g of Oregon
R DNA was partially digested with Mbo 1 to an average length of 10-20 kb, treated with calf
intestinal phosphatase and ligated to 2 xg Bam Hl-digested EMBL4 bacteriophage DNA (11).
Ligation mixes were packaged in extracts as described by Scalenghe et al (12). Nitrocellulose
lifts of phage libraries were as described (13). Screening of libraries under reduced stringency
conditions was described by Shilo and Weinberg (14). Phage DNA preparations were as
described by Frischauf et al (I 1).
DNA anasis

Sequence determination of the 0.26 kb Eco R1-Bam HI fragment of XGCR1 containing the
GCR element was by the method of Maxam and Gilbert (15). The GCR element in XGCR6 was

subcloned into pEMBL8(-) (16) as a 2 kb Bam Hl-Xho 1 fragment. Sequential deletion of DNA
flanking the Ban HI site was performed by the method of Frischauf et al (17). The deletion
clones were sequenced by the dideoxy method (18) using the M13 reverse primer (New England
Biolabs) and by Maxam-Gilbert sequencing (15). Southern blotting was by the method of
Southern (19) with modifications described (14). The GCR1 probe fragment was a 0.26 kb Bam
Hi -EcoRl fragment. and the GCR6 probe a 0.6Kb Mspl fragment. Both fragments are shown
in Figure 1. In situ hybridization was as described by Pardue (20)
RNA anasis

Fly cages were as described by Elgin (21). RNA isolation from w; b adhn4 Drosophila
melanogaster eggs, larvae, pupae and adults was by the method of Chia et al (22). Northern
blotting to Biodyne A membranes used the methods provided by the manufacturers with UV
crosslinking ofRNA to the filter (23) additional to baking at 800 for lh. Probing of the filters
with DNA fragments was as described (24), using the same GCR fragment probes as for

Southern blotting. Single stranded probing used an RNA probe containing the GCR6 Mspl
fragment described above synthesised from subclones of this fragment in pGem2 (Promega
Biotec ). The manufacturers conditions for synthesis and hybridization were used.
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Table 1 C mosomal locaton ofGCRrepat seguences
Recombinant Chromosomal location

GCR-1,-3,-4,-5,-7 IOOD/E
-8,-9,-12,-22,-25
-28,-36,-42,-44,-47

GCR-6 59C5
GCR-11,-14,-17 15EIF
GCR-16 68A
GCR-20 5OD/E
GCR-21 79B
GCR-27,33 57B/C

Chromosomal location of v mnyc-homologous recombinants by in situ hybridisation to the
polytene salivary gland chromosomes of Oregon R Drosophila melanogaster larvae.

RESULTS
Isolation of the GC-rich sequenceMral
We isolated the GCR family fortuitously during a search for a Drosophila homologue to the

avian myc oncogene. v myc hybridizes to a family ofDrosophila sequences under low
stringency conditions (14). We used these conditions to isolate recombinant phage sharing
homology with v myc from Drosophila melanogaster genomic phage libraries. Twenty four v
myc -homologous clones were isolated. These clones were grouped into seven classes on the
basis of shared restriction fragments (data not shown). The location of each of the twenty four
inserts on the Drosophila polytene chromosomes was determined by in situ hybridisation.
Different members of each class hybridized to the same chromosomal location and each class
hybridized to a different site (Table 1).
Two classes of recombinants (those hybridizing to 100 D/E and 59C5) which showed the

strongest hybridization to radioactive v myc probe were selected for further study. Restriction
maps of representative recombinants from these two classes are shown in Figure 1. There is no
similarity between the two maps. The region homologous to v nyc in the two phage DNAs was

determined by Southern blot hybridization (19). The v myc homologous region of the 100 D/E
clone, XGCR1 is entirely contained within a 0.26 kb Eco Rl-Bam Hl restriction fragment and
the corresponding region in the 59C5-homologous clone 2GCR6 within 0.35 kb to the right of
the Bam Hl site in Figure 1 (data not shown).
Sequence analysis of two GCR elements

To determine the basis of the homology between v mtyc and the XGCR phage DNAs, the
sequence of the v nyc -homologous regions in two of these phages, XGCR1 and XGCR6, was
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Eco RI Pst I Pst I

XGCR1i S
I

Sac | Saf:
Xh I BamHI XhoI

EcoRI BamHI;tGCR 65'
Sacl 1 kb

Figure 1 Restriction maps ofGCR repeat-containing clones. Regions which share homology
with v-myc are boxed (_ ). Double lines represent vector sequences. GCRl and GCR6
repeat-containing fragments used for radioactive probes are marked (). XGCR6 contains
additional Pstl sites outside the two shown which flank the GCR repeat. The XGCR6 insert
does not contain any Pstl sites.

determined (Figure 2). The two sequences share regions with unusual repetitious features.
These comprise tandemly repeated GGX triplets where X is usually A, T or C, interspersed with
different triplets, usually either CGPy or TTPy. The two regions are both approximately 76%
GC-rich, an unusually high value for Drosophila melanogaster whose overall GC content is
about 40%.

The nucleotide sequences of the v myc - homologous regions in GCR1 and GCR6 were

compared with v myc (25), using a computer program written by DM J Lilley. Diagonal matrix
comparison of these sequences shows no extended region of homology (greater than 20 bases
with an allowed mismatch of 1 base per 10 nucleotide block; data not shown) Instead, short
stretches of homology were seen. On comparison of the matrix printout with the nucleotide
sequences, these patches correspond entirely to GGX oligomeric regions in GCR1, GCR6 and v

myc. A comparison between GCR1 and GCR6 sequences gives a similar result. The sequence
of v myc contains regions of highly GC-rich sequence (25) which are responsible for the

hybridisation to GCR repeats. The GC-rich regions of v myc which give rise to this homology
are not contiguous on v myc and are not all in the same reading frame (25). Furthermore, the
predicted translation products of both inserts in all three reading frames show no detectable
extended homology with v myc (data not shown). We therefore conclude that the GCR family
does not encode v myc -related polypeptides.
Do GCRre Mgdg ptns?

The strongly maintained triplet periodicity ofGCR repeats prompts the question of whether
these sequences encode any polypeptides. We approached this question in two ways. First, we
inspected the nucleotide sequence of both repeats. IfGCR1 and GCR6 repeats encode proteins
they presumably use the same reading frame. We therefore, looked for open reading frames in
both sequences. The only open frame through both GCR repeats is the GGX frame on the
strands shown in Figure 2 (see Figure 3). This places the variable base for all three triplets
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A
GCR I
ATTGATGAGATCACCAGTTTGATATGGAATTTGCACTAACCTCCACTACCTA

CTTTCAGTTCTTAGTGTTCGCGCTGGCCGCTCTTGCTGCAGCAGAGCCACC

ATCCGGATATAACTATCCC CGC |GGCd`GA GGT GGT GGT GGCG
TTTIGGA GGT GGC TTCIGGC GGC GGAITTCIGA GGC GGAICTA GA GGT

GGC GGC GGT GGT GGC GGC GGC GGC TAC CAG GCT GTG AGC GC

GGC TTC CAG ACG TCC GAG GGC CAG AAC GAA

GCR 6
AACCGAAATTCAAATGCGGATTTTTTCTATTGCAGGATTCAGTCA CGC GT

GGT GGC GGC GGC GGC GGA GGA GGA GGA GGT GGA|TTC CGT GG

CGTIGGT GGC GGC GGC GGC GGA GGA GGC GGC GGA ITT GGC-

GGC CGT CGC GGT GGC GGC GGC GAT CGC GGT GG |CGT G

I1D] TTC ,GT GGT GGCICGT IGGA GGA GGT GGTI CGC IGGT GGT GGT

GGC GGC GGC GGC CGT GGT GCC TTC IGGA GGA CGT GGC GGC GGC

GGT GGTCGCIGGT GGC GGC GGCICGTIGGA GGC GT GGTI CGC|G
GGA GGA GGAI CGT IGGT GT G GCT IGGC GGC TTC AAG IGGC
3AAGACCGTCACTATCGAGCCGCATCGTCACGAGGGAGTGTTCATTGCC
CGCGGAAAGGAGGACGCTCTGGTCACCAGGAACTTTGTACCTGGATCC

B
O

~ a . - -

B T T B p R
GCR6 GCR 1

0 -0.
--- --

Figure 2A; Nucleotide sequence ofGCR reat sequences The GGX repeats are boxed.
Interspersed TfPy and CGPy triplets are underlined.
2B; Sequencing strategy. Arrows refer to regions sequenced from (e) 5' end labelled or (o) 3'
end-labelled fragments by Maxam-Gilbert or (n) the dideoxy method.
B; Bam Hi. T; Taq 1. P; Pst 1. R; Eco RI. (m); Deletion site.

(GGX, TTPy and CGPy) as the third base. The third base in the triplet code, the wobble base,
is often irrelevant in determining the encoded amino acid (26). This is true in all three cases here,
the triplets GGX, ITPy and CGPy encode glycine, phenylalanine and arginine respectively.
Thus, the variability in sequence of the triplets is not reflected in any heterogeneity at the amino
acid level. As a further test for whether the GGX frame is a plausible message, we compared the
codon usage in the open reading frames containing GCR1 and GCR6 with a compiled codon
usage table for Drosophila melanogaster genes (provided by Dr Michael Ashburner). We only
considered the three amino acids glycine, phenylalanine and arginine because these are the only
ones represented in sufficient numbers to give a reasonable statistical significance to the data.
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GCR 1

GXG I I I I
XGG I I

GCR6
GCGX

GXG

XGG

II ~ ~~~~~~Iccx
I I I I I cxc
II ~~~~~~~~~xcc

Figure 3 Open reading frames in GCRl and GCR6 repeats. The GCR repeat is marked ().
Stop codons are marked by vertical lines.

Table 2 shows that the codon usage ofGCRl and GCR6 for these three amino acids is broadly
similar to that of their average usage in Drosophila. When we compared the codon usage
profiles for the other five possible reading frames with the compiled usage, none gave a
reasonable correlation (data not shown). By sequence criteria, therefore, the GGX reading
frames of both GCR repeats appear to be plausible messages.
GR rtsidio = l s

Our second approach to the question of whether GCR repeats encode proteins was to ask
whether they are represented in polyadenylated RNA in Drosophila melanogaster.

Table 2 Codon usage of GCR repeats.

Numbers of times each codon appears in the respective sequences are bracketed.

4040

PERCENTAGE USE OF CODON

Drosophila GCR1 GCR6
Phe UUU 26 (146) 38 (3) 28 (2)

UUC 74 (413) 62 (5) 72 (5)

Arg CGU 19 (168) 0 (0) 55 (11)
CGC 45 (380) 100 (1) 32 (6)
CGA 10 (92) 0 (0) 5 (1)
CGG 12 (107) 0 (0) 5 (1)
AGA 5 (49) 0 (0) 0 (0)
AGG 9 (76) 0 (0) 5 (1)

Gly GGU 24 (337) 23 (7) 28 (23)
GGC 42 (602) 52 (16) 38 (31)
GGA 29 (407) 26 (8) 32 (26)
GGG 5 (71) 0 (0) 1 (1)

I I I 7r- ccx
cxc

I I I -xcc
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Figure 4 GCR repeats are transcribed during Drosophila development lOJg samples of
polyadenylated RNA, isolated from different stages in development ofDrosophila melanogaster
were probed with GCR repeat sequences. 4A; GCR1 probe. The blot was washed in 0.5 X
SSC at 50°. Lane 1; Embryos. Lane 2 ; First instar larvae. Lane 3; First/second Instar larvae.
Lane 4; Second Instar larvae. Lane 5; Second/third instar larvae. Lane 6; Third instar larvae. Lane
7; Climbing third instar larvae. Lane 8; Prepupae. Lane 9; Young Pupae. Lane 10; Mid Pupae.
Lane 11; Mid-late pupae. Lane 12; Late pupae. Lane 13; Adults. Figure 4B;. The blot in Figure
4A was washed in 0.03 X SSC at 500. Figure 4C; The blot in Figure 4B was stripped of
radioactive probe, reprobed with the GCR6 repeat then washed in 0.5 X SSC at 50°. Figure
4D; The blot in 4C was washed in 0.03 X SSC at 500. All exposures are 16 hrs with
intensifying screen. The sizes in kb of prominent RNAs are marked.

Polyadenylated RNA from different developmental stages ofD. melanogaster was subjected to

Northern blot analysis using GCR1 and GCR6 repeat probes (Figure 4; reference 24). Under

low stringency washing conditions both probes hybridize to a complex pattern of transcripts

(Figure 4A and 4C). There are at least 6 bands which are homologous to GCR1 (Figure 4A).

Most of these are only prevalent at certain stages of development. Two small RNAs 0.9 kb and
0.7 kb long are found mainly in larvae while 1.7 kb and 1.3 kb RNAs are expressed mainly in

pupae, a 1.3 kb species is also prevalent in adults (Figure 4A). The 0.9 kb and 0.7 kb RNAs
are not strongly homologous to GCR1 as high stringency washing of the filter largely removes

the GCR probe hybridization to these RNAs (Figure 4B). GCR6 similarly hybridizes to many
RNAs, most of which are of similar size to GCR1-specific RNAs. An exception is a 2.9 kb
GCR6-specific RNA which is not homologous to GCR1 (Figure 4A and 4C).

The data in Figure 4 do not distinguish which of these RNAs are encoded by GCR1 and

4041



Nucleic Acids Research

3 4 5 6 7 8 9 10 11 12 13

4 55 67f Q Io t K1I ?' -

4A 5 6 7 8 9 HO w r

Figure XGCR and XGCR6 encode 1.3kb RNAs with different developmental specificities.
The Northern blot in Figure 4 was stripped of bound probe and reprobed with radioactive
fragments adjacent to the GCR repeats in XGCR1 and XGCR6. 5A; the probe was a 1.6kb Pst 1
fragment to the immediate left of the Pstl fragment containing the GCRI repeat. (Figure 1). The
blot was washed in 0. 03 X SSC at 550; 16hr exposure. SB; the same Northern blot was
stripped and reprobed with a 0.65 kb Sau 3A fragment to the immediate right of the GCR6 repeat
in Figure 1. Washing conditions were the same as for Figure 5A; 4 days exposure. Figure 5C;
The same Northern blot was strpped and reprobed with radioactive pDm ras64 (27); 4 day
exposure. The mobilities of the GCR repeat containing RNAs in Figure 4 are marked.

GCR6 as even after high stringency washing both probes hybridise to several RNAs (Figure 4B
and 4D). Under these conditions GCRI and GCR6 cross hybridize only very weakly (data not
shown), suggesting that these transcripts are more closely related to the particular repeats which
detect them than the GCR1 and GCR6 repeats are to each other. To deterniine which RNAs are
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Figure 6.GCR-repat-homologous RNAs contain the GGX strand. The Northern blot in Figure
S was stripped of bound probe and reprobed with a single stranded RNA probe containing the
GCR6 repeat. The blot was washed in 0.03 X SSC + 0.05% SDS at 600. 16 hr. exposure.
T'he mobility of the GCR repeat-containing RNAs in Figure 4 are marked.

encoded by GCR1 and GCR6, the Northern blot in Figure 4 was stripped and reprobed with
flanking fragments which do not contain GC-rich repeats. A 0.85 Kb Pstl fragment lying to the
left of the GCRl repeat in Figure 1 hybridizes specifically to the 1.3kb RNA which is expressed
at high levels in pupae and at low levels in larvae (Figure 5A). A 0.65 kb Sau3A fragment to the
immediate right of the GCR6 repeat in Figure 1 hybridizes to two different RNAs. One is a

1.3kb RNA which is expressed thrughout development but is present in larger amounts in
adults, embryos and first instar larvae (Figure SB). The other is slightly larger and is again
prevalent in adults, embryos and young larvae. Probing the same blot with a Drosophila ras

probe whose transcription does not vary during development (27,28) shows that the apparent
fluctuations of GCR6 and GCR1I transcription during larval (lanes 2-7) and pupal (lanes 8-12)
development respectively are due to variable sample loading (Figure SC).

To determine which strand of GCR repeats is expressed in RNA we reprobed the Northern
blot used in Figure 5 with single stranded RNA probes containing the XGCR6 repeat (Figure 6).
A single stranded RNA probe complementary to the GGX strand gives a very similar result to
that obtained with the double stranded probe (Figure 6 and Figure 4). This suggests that the
majority if not all of the RNAs hybridizing to the GCR6 repeat contain the GGX strand. Probing
with the complementary strand gave no signal following a similar exposure.
Two GCR repets are not transposable elements

To determine whether GCR1I and GCR6 repeats are trasposable, Southern blots of
restriction digested DNA from two Drosophila melanogaster strains (Oregon R and Canton 5)
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Figure GCR sequences are not transposable. Pst 1- digested Drosophila DNAs (5gg) were
subjected to Southern blot analysis. Figure 7A; GCR1 probe. The blot was washed in 2xSSC
at 700. Lane 1; Oregon R DNA plus lng Pst 1-digested XGCR1 DNA. Lane 2; Oregon R
DNA. Lane 3; Canton S DNA. Lane 4; Drosophila simulans DNA. Lane 5, Drosophila teissieri
DNA. The mobilities of size markers (in kb) and thel.6kb Pst 1 fragment containing the GCR1
repeat is marked. Figure 7B; The blot in Figure 7A was washed in 0.2 xSSC,700. Figure C;
GCR6 probe; Lane 1; Oregon R DNA. Lane 2; Canton S DNA. Lane 3; Drosphila simulans
DNA. Lane 4; Drosophila teissieri DNA. Figure 7D; the blot in Figure 7C was washed in 0.2
xSSC 700. The 4.2 kb GCR6-homologous band is mentioned in the text.

were probed with GCR1 and GCR6 fragments (Figure 7). Low stringency probing shows a
complex set of sequences homologous to GCR1 and GCR6 (Figure 7A and 7C, lanes 1 and 2).
The pattern of bands detected by the two probes are related but not identical. Several bands are
shared, many are considerably more intense with one probe thar. the other. There is little or no
difference between the Oregon R and Canton S patterns using either probe. These strains of flies
were independently isolated from different regions of the USA over forty years ago (29) and
share few common locations for copia -like transposable elements (30). Therefore GCR1,
GCR6 and the related sequences revealed by them in Figure 7 are not transposable.

To further assess the integrity of GCR repeats on a considerably greater time scale, digests of
DNAs isolated from other Drosphila species were probed in a similar manner. The closely
related but distinct species D. simulans and D. teissieri also contain GCR repeat-homologous
sequences (Figure 7A and 7C). Here, however, there is a greater divergence in the restriction
pattern. It is not easy to determine from Figures 7A and 7C whether any bands are shared
between these species and D. melanogaster. However, by increasing the stringency of the blot
washing, the conservation of the Pst 1 restriction fragment containing GCRl can be addressed.
A higher stringency wash (0.5xSSC, 700) of the blot in Figure 7A reveals two GCR1-
homologous bands only (Figure 7B). The larger of these bands comigrates with the 1.6kb Pst 1
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fragment containing the GCR repeat in XGCR1 (Figure 7B, lane 1). This band is also present in

a Pst 1 digest of D, teissieri and D. simulans. Therefore this fragment has probably not
suffered any major intemal sequence rearrangement since the divergence of these different sub
species of Drosophila at least one million years ago (31).
A high stringency wash of the GCR6-probed blot produced a less clear-cut result (Figure 7D).

We do not know the size of the genomic Pst 1 fragment containing the GCR6 repeat as there is
no site for this enzyme in the 3kb insert of 2GCR6 (Figure 1). It may be the 4.2 kb band

marked in Figure 7D as this has the strongest homology under high stringency washing. This
band is shared by both D. melanogaster strains and D. teissieri but is absent from D. simulans.
It is therefore possible that GCR6 is transposable at an extremely low frequency. However, we
think it more likely that a mutation unrelated to the presence of the GCR6 sequence caused this
change.

DISCUSSION
This paper describes the isolation of a novel class of interspersed sequence repeat from

Drosphila. The method of isolation used low stringency hybridization to the vertebrate myc
oncogene but the two clones which were sequenced are not true myc homologues. What
function if any do these repeats have? Both GCR repeats have open reading frames which could
encode oligo glycine-rich polypeptides. The triplet periodicity of these open reading frames is
rigidly maintaned in both repeats, even in the regions separating the GGX triplets. The triplets
show strong conservation in the first and second bases (when read in the GGX frame) but
considerably less in the third base. This is true not only for the GGX triplets but also for the
other triplets separating them. Almost all of the latter are either CGPy or TTPy (the underlined
bases in Figure 1). This lack of conservation is consistent with selection at the amino acid level
since both CGC and CGT encode arginine and both TlTT and TTC encode phenylalanine.
Furthermore, the codon usage for these three amino acids (glycine, arginine and phenylalanine)
broadly matches the corresponding values for a compilation of Drosophila genes. Lastly, the

strand containing the GGX frame is expressed as polyadenylated RNA. It is therefore likely that

GCR1 and GCR6 repeats are expressed as oligo glycine tracts in proteins.
Are these repeats a new class of selfish or parasitic DNA? We think that this is unlikely.

GCR repeats are not transposable, in contrast to the majority of interspersed repeats in this
organism which are mobile and do not encode any known essential function for the host.
Another possibility is that they are contained in genes which are involved in the correct

functioning of the fly. We have two reasons to believe this to be the case. First, they are

expressed in polyadenylated RNAs. A variety of polyadenylated transcripts which are

homologous to GCR repeats are found in the developing Drosophila organism. These
transcripts are not confined to any particular stage of development. Some are present exclusively
in larval stages, others appear at different times and yet others display little or no developmental
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programmiing. Some of the RNAs are quite abundant. The signal levels for the most abundant
GCRl-homologous RNAs is much stronger than tat obtained when using aDrosophila ras
gene probe which constitutes very roughly 0.02% of the polyA+ RNA throughout development
(references 27,28; FigureSC).

Our second reason for confidence tatGCR repeats encode functions important to
Drosophila derives from the existence of the GGX motif in the open reading frames of several
known genes. The most extreme example of this is the grp-1 gene of petunia (32). The
predicted amino acid product ofgrp-1 contains 67% glycine with the central part comprised of
seven repeats containing 77% glycine interspersed occasionally with Phe, Ala, Leu or His. This
bizarre protein is believed to be a cell wall structural protein in the plant Four other examples of
oligo GGX sequences encoding glycine in Drosophila genes are known. Three of these genes,
Ultra bithorax (Ubx ) Deformed (Dfd ) andfemale sterile (1) homeonic (fshl ) are involved in
the development of the fly's three dimensional structure (33-37). The fourth, p9, is of
unknown genetic function but the predicted amino acid sequence bears strong similarities to rat
helix destabilizing protein (35), a protein which is involved in hnRNP particles. Another GGX
region in Ubx encodes oligo alanine (37).

These examples raise the exciting possibility that GCR repeats encode oligo glycine, and
possibly also oligo alanine, domains which are involved for the function of a variety of
developmentally important Drosophila genes. In support of this hypothesis is the observation
that genes which are crucial to Drosophila development have been found to contain other repeated
sequence motifs. Each repeat is present in some but not all of these genes. The homoeo box is
present in the homoeotic genes Ultrabithorax and Antennapaedia (33,34) and in segmentation
genes such asfiushi tarazu and paired (34,38). Another repeat, opa, resembles the GCR repeat
more closely in that it is intemally repetitious, unlike the homoeo box and consists primarily of
CAPu triplets encoding oligoglutaumine (9). opa is found in the homoeotic Antennapaedia and
Deformed genes (34), in thfieushi tarazu segmentation gene (34) and in Notch , a gene
important in Drosophila neurogenesis (9). It is not known whether all opa -containing genes are

involved in the development of the fly but it is tempting to speculate that both opa and the GCR
repeat fulfil important roles in this process. Clearly, further study of the genes containing these
sequences will be necessary to establish whether such speculation is justified. If this should turn

out to be the case, such repeats should prove to be extremely useful in the isolation of previously
uncloned developmentally important genes, as has already been achieved with the homoeo box
(38). In this context it is of interest to note that the location ofGCR6 in the Drosophila genome
(59C5) coffesponds closely to the position of twisted, a gene affecting dorsal-vental pattern in
the developing embryo (Table 1, reference 39). Additionally, GCR21 is positioned within the
limits of the defined chromosomal region containing another pattern gene, Po&comb (40). The
other localizations in Table 1 do not correspond to any known genes involved in pattem
formation.
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It is interesting that the preferred amino acid interspersed between the oligo glycine repeats

varies between these genes. Phenylalanine is usually present, the exceptions are Deformed and

fsh(l) which contain tyrosine and serine. In GCR6 and helix destabilizing protein, arginine is

also found and grp I possesses histidine. The function of these glycine rich regions remains a

matter for speculation. It has been variously proposed that such a sequence defines a region of

little or no secondary structure, constituting a 'hinge' region (33) or alternatively a rigid pleated

configuration (32). Clearly, further experiments are necessary to resolve this question.
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