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SU1MHARY
The =r2&pbhUj genome contains three major sequenoes related to the v-.A

gene. Previously published molecular studies have confirmed the structural
homology between v-Ar and two of the Droskph1aa sequences. We have
sequenced a portion of the third v-gUM-related DroaolhUA gene and found that
it also shares structural homology with vertebrate and Drosowb±A =-family
genes. RNA sequences from each of the = genes are present in
pre-blastoderm embryos indicating that they are of maternal origin. As
embryogenesis prooeeds, the levels of each of the are RNA sequences decline.
The pre-blastoderm = gene transcripts contain poly(A) and are present on
polyribosomes suggesting that they are functional mRKAs. Sinoe the
DrkQgRW.a Arg transcripts were maternally inherited, we also investigated
their distribution in adult females. The majority of the a transcripts in
adult females were contained in ovaries. Only low levels of the transcripts
were detected in males. These results strongly suggest that an abundant
supply of Ac protein is required during early embryogenesis, perhaps at the
time of cellularization of the blastoderm- nuclei.

INTRODUCTN
The genomes of lower eukaryotes such as DrosoUhila and yeast contain

sequences related to vertebrate onoogenes (1,2,3,4). Thus it is possible to

study cellular oncogene structure and function in different developmental and

genetic contexts. V-= gene sequences, representing one of the most

extensively studied oncogene families, are among those sequences that are

conserved in DlosobIA. Recombinant DNA clones representing three

1rwnb±1a genomic sequences complementary to the v-= gene have been

reported (5,6). Nucleotide sequence analysis has confirmed that the

v-=-complementarity of two of these genomic sequences is due to significant

structural homology, (7) while the third has remained uncharacterized. The

studies described in this report were initiated to fill two voids in the

knowledge of Droso2LU± =-related sequences; the lack of nucleotide

sequence data from the third =-related genomic segment and the lack of

detailed knowledge of the expression of the three =-related-genomic
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segments at the RNA level.

We report here the nucleotide sequence of a portion of the third

v-.Q-related D genomic segment. Analysis of the nucleotide

sequence has revealed substantial homology with vertebrate ArQ.-family genes

and with the two other lrosoh±1A =-family genes. In addition, we show

that each of the three Drok2LA arc-related sequences is expressed in the

form of messenger RNA in preblastoderm embryos. The presence of RNA

sequences from two of the Drosophila arc-related genomic clones in embryos
has recently been reported (8). The fact that these RNA sequences are

present in preblastoderm embryos suggests that they are of maternal origin.

In support of this hypothesis, we have also demonstrated that the j; RNA

sequences are abundant in ovaries relative to the levels in the remainder of

the f'emale and the male. As embryogenesis proceeds, the levels of these

maternal RNA species decline suggesting that an abundant supply of the

DrkokA s gene products is required during early development.

MATERIALS AND METHODS

FlCuture
An Oregon R strain of Dros2L 2er was used as the source of

RNA for all developmental stages analyzed. For the collection of newly

fertilized eggs, well fed 5-6 day old adults were kept in a food bottle

capped with a small agar dish smeared with yeast paste and acetic acid for 2

hr. After this precollection, eggs were collected for 1/2 hr (for 3/4 hr old

embryos) or for an hr (for 2,4,16 and 20 hr old embryos) on a fresh,

yeast-smeared agar dish. At the end of the collection, the eggs were washed

from the agar dishes with distilled water, drained and stored at -800C.
Screening the Bacterionhage Lambda Drosonhila Geoe Librar

The src oncogene segment of Rous sarcoma virus that was used is contained
within a .EII restriction site-terminated DNA fragment of approximately 800
base pairs (9). The v-= fragment was eluted from preparative agarose gels

by electrophoresia and labeled by nick translation (10). A lambda phage

library of DrkQ o2LUa DNA (11) was screened by bybridization with the v-ar

probe using the technique of Benton and Davis (12). Specifioally, filters

were pre-hybridized for three hours at 600C in 4 x SET [1X is 0.15 M NaCl,
0.03 M Tris-HC1 (pH 8.0) and 2mM EDTA], 10 x Denhardt's solution (1 x is

0.02% each of Ficoll, polyvinylpyrrolidone and bovine albumin,13) , 0.1%
sodium dodecylsulphate (SDS) and 0.1% sodium PPi and for an additional hour

in the same solution containing denatured calf thymus DNA (Sigma) at 50

ug/ul. After overnight hybridization in the latter solution in the presence
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of denatured 32P-labeled v-Ar fragment Probe, the filters were washed

according to the following schedule: one hour at 600C in the hybridization

solution; three 45 minute intervals at 600C in 3 x SET, 0.1% SDS and 0.1%

sodium PPi; 45 minutes at 600C in 0.3 x SET, 0.1% sodium PPi, 0.1% SDS and

a final wash in 4 x SET at room temperature.

Extraction of EN
RNA was extracted from from various stages of embryonic development by

lysis in 8 M urea, 0.1 M Tris-HC1 (pH 8.2), 0.3 M NaCl, 0.05 M EDTA and 4%
Sarkosyl. One half g of CsCl was added per ml of lysate which was then

layered over a 1.5 ml cushion of 5.7 M CsCl. The RNA was pelleted by

centrifugation at 36K RPM in an SW50.1 rotor for 16 to 18 hours. The RNA

pellet was dissolved in distilled water containing 0.1% SDS and then

extracted once with an equal volume of 50% phenol-50% chloroform solution,

twice with an equal volume of chlorofors and ethanol precipitated.

Oligo(dT)-cellulose chromatography was performed as suggested by the supplier

(Collaborative Research). Polyribosones were prepared by lysing embryos in

1% Triton X-100, 0.01 M MgCl2, 0.01 M Tris-HCl (pH 7.6), 0.05 M KC1,
0.004 M dithiothreitol and 0.25 1 sucrose (14). The triton extract was

centrifuged through sucrose density gradients as described before (15).

RNA and DNA e etrophoreiA, Blotting and Hybr ations
RNA was denatured at 550C for 15 minutes in 50% formamide (Matheson

99%), 6% formaldehyde (Mallinkerodt) with 0.01 M NaH2pO4/Na2HPO4 pH

7.0 and was elcatrophoresed through horizontal 1% agarose slab gels
containing formaldehyde and phosphate buffer (16). Transfer of the RNA to

nitrooellulose (Schleicher and Schuell) was performed immediately after

electrophoresis using 20 X SSC (1 X is 0.15 M NaCM and 0.015 H NaCitrate) as

the transfer fluid. After overnight transfer, the nitrooellulose sheets were

baked at 800C for 2 hours, prehybridized, hybridized, and washed as

described (17) except that no carrier nucleic acid was used, dextran sulfate
was emitted and 0.5% SDS was incorporated into the hybridization solution.

Usually 5 x 106 opm of 32p labeled probe prepared by nick translation was

hybridized to RNA blots for 12 to 18 hours. The temperature of hybridization
was 67°C.

DNA was transferred to nitrocellulose (Schleicher and Schuell) by the

method of Southern (18) using 6 x SSC . After overnight transfer, filters

were baked at 800C for 2 hours. The filters were bybridized and washed as

described above for hybridization screening of phage libraries except that

the temperature of hybridization was 67°C.
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EIGURE t. Restriction map of A.024 genamic clone. A 3.3kb koRI segment from
the jrgj phage clone was inserted into the kQRI site of the plamid vector
pUC8. Single, double or triple endonuclease digests were employed to
generate the map shown. IUnIII digests of lambda DNA run in parallel lanes
were used to estinate the sizes of the j.04 fragments. Restriction
endonuclease cleavage sites that are not present within the W_gQ4IRI
segment include those for IgLII, ILWIII, A.JI and aI. There are one kAI
and two 2xgII sites that have not been sapped. The regiona of .ar.4 that
hybridized with the v-sr. probe are delinitted by the jUHI and jcII
sites.

Isolation of y.-srg-Com mntary Ge ic Seoumnoes
kgosopila genomic sequenoes oonplenentary to the vertebrate,g gene

were isolated fran a lanbda phage library by bybridization with cloned v-=
sequences from Rous sarcona virus. Eight phage that bybridized strongly with

v-= were plaque purified. The genomic segment represented by the clone

AW7 was isolated once while the genomic segments represented by the clones

aJI and zrc1 were isolated three and four times respectively.
On the basis of restriction endonuclease mapping experiments and limited

nucleotide sequencing, we concluded that the clones .aI and Ar7
corresponded respectively to Di= and DMh, two previously described

v-jr-related Qoola clones (5,7). We refer to the .A1 clone as Dar
and the sAr7 clone as Daa& throughout this report. The restriction nap of

jrj.4 (Fig. 1) is distinct from that of Di=c and Dank. By j,ltu
bybridization of a ALI probe to polytene chromosomes, we determined that the

Ar.24 genoaic segment is looated on the left arm of chromosome 2 at 28C (data
not shown). This chromoome location is in close agreement with the reported

position of a third k2m oILA genomic clone (designated S13) also Isolated
by bybridization with v-= (6). Thus we assume that the .r4 and 313 clones

represent the sane genanic segment.
To compare the cloned DNA segments to genoaic sequences, Southern blot

bybridizations were oarried out. To facilitate these comparisons, an 11.3kb
R=HI segment from Dir, a 3.3 kb jLRI segment from A.a24 and a 2.6 kb WLI
segment fran DU&, each contained within the knaQphil.a insert of the pag
clones were suboloned into pUCB. Genomic DNA from Canton S adults and DNA
from each of the plasnid subolones was cleaved with the appropriate
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FIGUREB2. Whole genome Southern blot hybridizations. Two ug of DNA isolated
from Canton S adults was eleotrophoresed through a 1% agarose gel after
cleavage with either kUHI (lane 1), l ooRI (lane 2) or LaI (lane 3) and
transferred to nitrocellulose. The individual lanes were out apart and
hybridized with probes prepared from the plgsmid subolones of the Dar=, .ag4
or2DAah genomic clones. In each case, 4x1O CPN of probe was applied per
am of nitrooellulose. DNA from the Dr, .arQ4 and DA& plasmid subolones
was individually cleaved with the same restriction enzymes used to cleave the
genomic DNA and run in parallel lanes. The arrow heads mark the positions of
the ethidium bromide stained Drosopkila DNA bands.

restriction endonuclease, electrophoresed and blotted in parallel (Fig. 2).

In each case, the cloned segment corresponded in size to the genomic DNA

segment detected by hybridization. Furthermore, a given probe did not

cross-hybridize with the other jrc_-family genomic sequences nor were repeated

sequences were detected by any of the probes. In clone-to-clone

hybridization experiments, we have detected weak hybridization between .a=4
and DAI& sequences. No hybridization of DAr sequences to either jW_Q4 or

DA& sequences could be detected under the conditions used (data not shown).

ea__uenge HgMolgy Btween arch and Otherara_ amily Genes

Before conducting RNA expression studies, it was essential to detemine

whether the hybridization between v-= and sW_ was due to significant

nucleotide sequenoe homology. It was determined from Southern blot

hybridization experiments that the oentral LgI site in .a4 (Fig. 1) splits
a region of v-= hybridization. Therefore, this .A=I site and the nearby
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,HBI site were end-labeled and the sequenoe determined by the chemical

method of Maxam and Gilbert (19).

The Mr1 sequenoe was ocmpared to other AM-family sequenoes using the

homology matrix ocmputer program of Pustell and Kafatos (20) (Fig. 3a).

Although there are short regions with homology lower than the out-off value

used in the analysis, the diagonal describing the homology between v-sAr and

ir4 is a straight line indicating that the two sequenoces are colinear. The

overall homology between v- and the j=4 sequence is 55%. Short regions

of higher homology also exist; 89% between nucleotides 997 and 1023 and 78%

between nucleotides 1201 and 1227.

The sequence was also compared to the previously published sequenoes

from the two other Doshil.a t=-related genes (7) (Fig. 3b and 3c). In

contrast to the colinearity of the v-= and Ar.24 sequences, there are

displacements in the diagonals describing the homology between jr_I and

D=rc and DjA. The breaks in the hoaology diagonals seen in Figs. 3b and 3c

correspond to the locations of putative introns within the latter two genes

(7). From these nucleotide sequenoe comparisons, we tentatively conclude

that there are no introns within the portion of jr.24 that has been

sequenced. The presenoe of an open reading frame in the jr.c4 sequenoe with

homology to other Atqg-family members supports this conclusion (shown below).

The overall homology between jg&J and DAr= is 56%; the highest level is 81%

between position 997 and 1023 in the v-are sequence. The overall homology

between j.Q4 and Dash is 59%; the highest level is 87% between positions 1141

and 1185 in the v-.r sequenoe.

The nucleotide sequenoe of jr_24 and the deduced amino acid sequence are

displ-ayed in Fig. 4 along with the sequenoes from the analogous regions of

v-sA, v-ikL, DIr and D,. Only the amino acid-coding sequences are

FIGURE I. Comparison of AQ. nucleotide sequence to v-.A (3a), DA= (3b)

and DA& (3c). The forward homology matrix program of Pustell and Kafatos
(20) was used to compare the Atg3 sequence to the sequences listed above.
Each individual character represents a point at which the program detected a

level of sequence homology above the specified minimal value. A string of
such characters describing a diagonal line indicates the length of the
conserved sequences. The character ,X , indicates a weighted homology of

55%, the minimum value used in these comparisons. The higher alphabetical
characters represent increasing levels of homology by 2% increments. The
other parameters used to generate the matrices were a range of 20, scale

factor of 0.95 and a compression of 10. The sequence of v- was taken from
Schwartz et al. (46). Nucleotide number one here is the first nucleotide in
the amino acid-coding region and oorresponds to position 7129 in the
published v-Ar sequenoce. The sequences for DAg and DMh were taken from
Hoffmann et al. (7). Their numbering system has been conserved.
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0GMA0 AlA A= GM OGAG PDMPM 0A GAOwGETCTM T G01 G01 0CC ADG
"hak.]LJa Mbt MuGn Asp ha.f ne >W.A&Ja

v.m' (877-936) GCC ATA AIG ACT Car AP COC GOC ACC AM TCC OD G0s 0CC TTC aD CD GAA GCC (A
(293-312) Ala fle Lys Thr Lau Lys Pro0Gy 2b1 1t Sw RoGlu Ala 1t Lau Gln Glu Ala Gln

rm O0 GWIAAM AM CM MC 0a( GO ACC AM 71C A(D OCT GOC TIC =T GX0 CC 0M
Ala Val Lys whr L Arg Ala Gly Thr 3bt Smr 2hr Ala Ala Rs Lax Gln Glu Ala Ala

V-SIL OCCGM AID AOC TM A13 G01 GA ACC AMl 013GIG GE G01 TIC CM AID GAA GM G0
Ala Vol Lys Thr Lax Lys Gin Asp Thr Mt Gin Val Glu Glu Phs Lax Ls Glu Ala Ala

lDh OMCT GTr AAA AM CTC AAD GAD GAC ACC All 0M CM AD GAC TTC ClC GAAG13GM ] 0GX
Ala Val Ij TrLLax Lys3Gnu Asp 21r Mt Ala Lax L9 Asp PR La Gin Glu Ala Ala

GD All ACC AAG C CAG CT OMAAT C TT GM CD CCTATtTGOCG GC ACCAACa aC
YL& ThrLuMl= GI A2nAmIMAIAA1AU Um 1 g ja His

v-zn (937-993) Gm AM AD AD CrC 0 aGT 1G3 AD CM TTCAG CM TAO G0( 01] 0 TD GM
(313-331) ltLt BLjs LeArg His lu LB Le Val GInLu Tr Ala Val Vl SW Gin

rA ATT A11 AGPAKTDTI0A CaCMAC MC CM GM OC CrC TATGOC GTT MC TM CAG GAD
noe bt I;ys Lys In kg His Ama kg Lax Val Ala Lax Tyr Ala Val Cqs Sm Gin Gin
GD A1G AD G01 1C AM (IC O AMC CM G CAG Cm CrA G0G GD IGT AC 0G GAA
Val ltt Lys Gln U1e Ly His Ro Am Leu Val Gln Leu Leu Gy Vol (ys Thr kg Gin

1b TC AMAMA GAA AM AID(C OCAAT CM GMCaGCTC ATr aTGTT MC AC AGA GM
Ile Nbt Lys Gin Mt Lys His Pro Am Leu Val Gln Lax no GOg Vol (Cr Thr kg Gin

pM4 COG COC ATC TAC ATT GOM ACC AD TA AMl AIDacC GA TMC TM TMA OT TM A

v-Z (994-1053) GAD CM ATC TAC ATC GV ATT G01 TAC AM 13C AAG 0GM 1C CTC C; GOAT TMC C AD
(332-351) Ginroflo 2 r ne Val e Glu Tyr bt Sw ys MyG urm Lm AapPA e LaiLys

=C GIG COC ATT TAC ATC GM CAG G0 TAC AM7UC AAG MC A3T CM CM AAC TTC TM MC
Gln Pro ne Tyr fe Vol Gin Glu Tyr 1bt Ser Lys GMy Se Lau Lax Am B# Lax kg

.- 0ca TIC TAC ATA ATO ACT G01 TIC AlAM C TAT G0O AAC CM Cm GAC TAC CD 13
fRo fro e lyr nle ILe 7r Gin PRe lt whr Ir Gly Am Lax Lax Asp Tyr Lx Arg

DA1 O0 0M TIC TAT A0C ATC ACC GG 7TT A1S T& aC G0C AAT CD GD GAO TTC CD (MC
Pro Pro n Tyr no ne 1hr Gin Phe t't Smr His GW Am Lax Val Asp R* La kg

0GM CIT G AID ACC cm ATTOGT AAT AM0T CTAC CT GAC AM MC ATA CAG
kAg His Glu M fle Gly Ama Mt Gy LuK l&1 AMMI Qrs no1e.

c (151O-1101) MQA GA All 00C AD TAC CD 03G CD OMCaG CTC ov GAr A OCT OCT CAG
Gy luNbt Gy Iys Tyr L Arg Leu ro Gln La Val Asp t Ala Ala Gln
GDGMC GAT GAC MT TACTM aC TC GAA GATCrcATC TAC AM iC ACC CD
GinGMy As Asp Arg Tyr La His Pe Gl Asp ne r MtHis Thr Gln

v-S& GDG MT AAC G CaG G0A G DC0GCC G0 OTA CD CTC TAC AID 0cc AM Ca
Glu CAmkAaagn uVal S A Vl VaLauLeu Tyr bt Ala rGln

a0Cc0M (ADC aAAAM CTC Or 0aaOTA ;00 TID CD TAC Al C ACT Ca
Sir AlaGy kg 0nThrLa Asp Ala Val Ala Lu Lau Tyr1t Ala r Oln

G'TT DC ADA O0 All AC TAO CTA 013 (C (IT AMC TAO AT aIC 0D OR CMl OCT 0
yLgAl tZy f T7hr_ _J M Me

vzc (1108-1167) ATT 0(1 TCC 0C ARD 0c TAT 01 G03 13A AR MC TAC 01 acC (A GAO CD (00M

(30-"38) Ino Ala Ser G0] Ibt Ala lTr Val Gin Arg t Am Tyr Vol Ms kg AM I kg Ala

Dye~ ~ ~ u CUT g: J TT CrA OX; 7C AIG MA WC AM CC Mc GcATr C13 AM A
c ge E i 4 iiif LYS Tr Lie Glu Sw Ls Oln val ne Hi Arg Asp Lo Thr 7br

V A TCaTaMAGO AMGI TA TM GEIGAID AATTCT :aCC1AGA CnacrO GOC
neSm' Sm' Ala Mat G lnTyr Leu Gin Lys LysAm R no is kg Aap LaMAla Aa

Ia*. ATA 0M 1M OGA0 MRDC TA CD GAD I (DC AAC TAC ATT (IT DC GAT CIC OC GCC
no Ala Ser Gly Mat SmrTyr Leu Glu Smr kg Am Tyr ILe His kg Asp Lx Ala Ala

2160



Nucleic Acids Research

MC AMCMT CCC GMGTTM G AMT GM GTT AMG CCGACTm MATM GM MA
AkK I.f biLA B3 Glua .L..Jgu skh *a.LJ.a g

v-za (1168-122r) 0C AC ATC CD GM 00M GM AAC CM G0 MC AAl G0 OCT GAC TIC G00 CM GM DC
(109) Ala Am 2o Leu Val OlyGlu Am Lea Val s Lys Vol Ala Asp PteGMy Lou Ala kg

1m MT AAT GM;CM CaaAGMATAVTMA GMAK ATTIMTORTIT OACm GM MT
kg Am Val Leu fe Gly Mu Am Am Val Ala Lys noe s Asp Rh My Lou Ala kg

L-Abi C( AACMC C OTAOGM GA AACCC TMG AX 0GM C GE TIT GOC OD AGC IEG
kg Am (rs Lau V.1 G]y Mu Am His Lea V.1 Ly Va1 Ala Asp F GMy Lu Ser Arg

DtL MC AAT C Cn G0M1 GT GA AAC Al CM OC All 0GM GM GATG TC MC CID G0A CDT
*g Am (rs Lea Val Gly Asp Am Lys Lea V.1 Lv V.1 Ala Asp Rb Gly Lea Ala kg

A9 ZTAC GOT CC GAC GAT C1A TAT ACC AGC TM GM GAA CCR IGT
?[r Val La AMAn GlnMM 3'SEr S'rGAM Pro ser

v... (1 -129) CTC ATC GIG GC AAC GAD TAC Aa1 0(1 (DO CAk GOT GOC AAG
(410-4Z3) Lau fle GbaAap Am Oba Tyr Thr Ala kg OGn Gly Ala Lys

GTC ATC GO GAT GAC GAD TAC MDC COC AlG CA MGA TOCX(G
Val no Ala hAp Asp Glu Tyr kg Pro Lys Gln GlMy S rg

V-itL TM K!AM AM GM GAC ACC TAC AMO0CC(XT GCr OGA GCC AM
Lea MBt Thr Gly hap Thr WIMr 7r Ala His Ala Gly Ala Lys

1B& TM AM (OG GAC GAC AMD TAT aa1( aOT GOC OGA GOC AlG
Lea Mbt kg Asp Asp Thr Tyr Thr Ala His Ala Gby Ala Lys

FIGURE M.Nucleotide sequence of ArA14 and the deduced amino acid sequence;
comparison to other ar=-family members. The nucleotide sequences and deduced
amino acid sequences shown were aligned with the aid of manual and automatic
sequence alignment computer programs (20). For the analysis of the data
shown in this figure, the putative intron sequences have been removed from
the D:c and DA&h sequences of Hoffmann et al. (7). The .jM4 amino acid
positions that match with any of the other four sequences are underlined.
The actual homologies are noted in the text. The numbering system from the
v-AM sequence is used throughout. Amino acid number one represents the
first amino acid in the v-src protein as deduced froa the nucleotide sequence
(46). Spaces in the sequence indicate that one or more of the other
sequences have an amino acid codon in that position.

considered in these comparisons, the putative intron sequences in DA. and

Dnk have been removed. The comparisons reveal that the nucleotide sequence

homology between Ag24 and other =-family genes shown in Fig. 3 is

paralleled by substantial amino acid sequence homology. The .ar.4 amino acid

sequenoe matches with at least one of the other sequences in greater than 72%
of the positions. When compared individually to the other =-family
members, the Agl4 amino acid sequence homology is 50% with D.A, 53% with

v-Ar, 54% with v-abl, and 58% with Da&. Within the sequenced region, we
can discern no consistent pattern of amino acid sequence conservation. For

example, between positions 319 and 330 in the v-r protein, eleven out of

twelve positions are conserved among Ar&4, v-akL, and DAag. Just three amino

acids downstream, eight out of nine positions are conserved among Aro64,
v-j=, and D=. Further downstream between positions 381 and 395, fourteen
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Bro LITU15.. Expression of kromobi1* W_-family genes during
embryogenesis. Om ug aliquots of total INA from the stages
indioated were boiled in water and quenched on ioe. Ten
volues of 2OxSSC were added before filtering onto
nitrooellulome. The nitrooellulose strips were bybridized
with the indioated Droaot±JA Ara-family mequenoe probes
as described in Materials and Methods. Subsequently the

sro4 sawe filters were hybridized with a DaDo±J.a aotin 5C
probe and the level of D1r. probe bybridization was
normalized to the level of actin hybridization. It has

14 been shown that the actin mINA levels during embryonic
development detected by the actin 5C probe are essentially
oonstant (47).

_ Lsrc7

O0 S 4 16 0
B of

v-iL and fifteen DA& amino acids out of fifteen match with .a4. More
mismatches exist among Ar4, v-A=,, and DM. Six amino acids further along,
a short region (401 to 409) of 100% homology among =4, v-j= and v-.aL is

seen, while there are mismatches among the three DrosoilUa genes. Thus,
until more extensive sequenoe data is available, it would be premature to

designate the Ar4 gene as a homolog of a specific .=r-family gene.
It should be noted that the lysine at position 295 in the v- sequenoe

is conserved in the .a.4 sequence. The conservaton of this particular mino

acid may be relevant to the enzymatic aotivity of the protein enooded by the

Ai' gene sinc lysine 295 corresponds to lysine 71 in bovine cAMP-dependent
kinase which binds ATP (21,22,23).

Rr_essiOf DroQRhia aro RNA urn mb
To learn if the DrIQphJla Agrfamily genes were expressd at the RNA

level, we initially tested RNA from a wide variety of developmental stages by

hybridization with D=s, .a4, and DA& probes. In general, the levels of
transcripts oomplementary to eaoh of the probes were highest during
embryogenesis and metamorphosis and lowest during the larval and adult
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Table 1. MATERNAL DROSOPHILA arc RNA SPECIES ARE PRESENT ON POLYRIBOSOMES

% Total 1 .5 hour embryo % Total RNA on EDTA
RNA on polyribosomes disrupted polyribosomes

DA= 61 5
38 1

Dash 54 2

RNA was purified from all portions of the sucrose gradients by phenol
extraction and ethanol precipitation. Aliquots of the RNA were dotted
onto nitrooellulose and hybridized as described in Experimental
Procedures. The values shown represent the fraction of the total
hybridizable RNA present in the polyribosome region of the gradient.

stages. In this report, we will focus on RNA expression during oogenesis and

embryogenesis. Shown in Fig. 5 are the results of dot hybridizations using

RNA extracted from various stages of embryonic development. The RNA

sequences complementary to each of the .-related genes are present at their

highest levels at 0.5 hours of development and decline in abundance as

embryogenesis prooeeds. The presenoe of these RNA sequences prior to the

onset of zygotic transcription, which occurs at approximately 2.5 hours of

development (24,25,26), is strong evidence that the a transcripts are of

maternal origin. The maternal nature of the Dar= and DjaU transcripts has

been reported (8).
To define the nature of these maternal RNA sequences, two types of

experiments were carried out. First, the presenos of the maternal ar

transcripts on polyribosomes was established. Embryos at ninety minutes of

development were homogenized and fractionated on sucrose gradients either in

the presence or absenoe of EDTA. By performing dot hybridizations with Dare,

ar.14, or Dpuh probes, the fraction of the total hybridizable RNA detected by
each probe that was preasent in the polyribosome region of the gradient was

determined (Table 1). Between 40 and 60% of the IW_qQ-family RNA sequenoes

were present on polyribosomes; very similar to the fraction of total

poly(A)-containing RNA present on Droaoi±UA embryo polyribosomes (27).
Because virtually all of these RNA sequences were displaced from

polyribosomes when centrifuged in the presenoe of EDTA, we concluded that a

subetantial fraction of the maternal D Aro RNA sequences are in the

form of measenger RNA.

To further analyze the form of the maternal A RNA species, we performed
RNA gel blot hybridizations. Poly(A)-containing RNA from whole eggs 0.5 hour

after fertilization and from polyribosomes isolated 1.5 hour after

fertilization was fractionated on formaldehyde-agarose gels, blotted onto
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FIGURE 6. RNA gel transfer hybridization analysis of poly(A)-containing RNA
from total embryos and from polyribosomes. Poly(A)-containing RNA from 0.5
hr embryos or from polyribosomes from 1.5 hr embryos was electrophoresed in
the presenoe of formaldehyde as described in Experimental Procedures. Each
lane represents poly(A)-¢ontaining RNA from 20ug of total RNA. The pairs of
lanes were bybridized with the indicated probes. The central panel of the
figure was printed from a shorter autoradiographic exposure so that theowrq4
panel would not be overexposed. The numbers adjacent to the lanes indicate
the approximate sizes of the transcripts as detemrined in other experiments
by co-electrophoresis with mouse rRNA.

nitrocoellulose and hybridized with Dsrc, _4, and Dah probes (Fig. 6). In

each oase, the RNA species present on polyribosmes are identical to those

seen in total embryo RNA. The D=rc-complementary transcripts are

approximately 5kb and 3.3kb. The slower migrating species actually consists

of two RNA bands that are not resolved on the gel shown in Fig. 6. The 3.3kb
species is always a diffuse band. The major m4-complementary transcript is

approximately 3.5kb. In most other experiments, a single RNA band of 3.5kb
was seen. The D%&-complementary transcripts were indistinguishable in size
from the D=-complementary transcripts. It is important to reiterate here,
that, as shown in Fig 2, cloned DA= and DA.k sequenoces do not bybridize with

each other or any other genomic sequences under the conditions used. Thus,
the similarity in the sizes of the RNA bands in the Dare and Dan lanes is

not due to cross-hybridization.
Sincoe both the fast and slow migrating forms of the Di=Q and DAu
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£IQILBRE 7. Dot hybridization analysis of DrokMphUAr-family RNA sequenoes
in males and females. Ovaries were hand-dissected from 5 day-old females and
RNA was isolated as described in Materials and Methods. Denaturation,
application to nitrocellulose and hybridization were as described in the
legend to Figure 5. The hybridization levels with = probes were normalized
to the hybridization levels detected by the actin 5C probe. The
hybridization data is plotted on a per animal basis.

transcripts are found on polyribosomes, it is unlikely that the slow forms
are obligate precursors to the faster migrating forms. These data give rise

to the speculation that the fast and slow forms represent messenger RNA
species resulting from alternate synthetic pathways. Since we have

quantitated the expression of these RNA sequences by dot hybridizations,
(Fig 5) we do not know if the ratios of these RNA species remain constant
throughout embryogenesis. Additional experiments will be required to

establish the structure of these mRNA species.

Drgo ha ar ariDts are most Ab in aries

Maternally inherited DrosoQgJA MA species are synthesized in the 15
interconnected nurse cells within the ovary and are deposited in the

developing egg. We hybridized the DAM,, .Ar, and Djh probes with RNA

isolated from whole males, whole females and from ovaries (Fig. 7). The

levels of RNA complementary to each kDaQPk±J. are gene were lowest in male

and highest in whole female and ovary. Adult DQaDhjJl.a females contain
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three to four times the amount of RNA as do males (28). In agreement with

this fact, we find that approximately 75% of the total female RNA is present

in ovaries (unpublished observation). Thus the near equivalence of the RNA

levels in whole female and in ovary strongly suggests that the major site of

expression of D2oQoD±a a,.-family genes in adults is in the ovary. We have

detected the 4LO 3.5kb transcript at low adundance in male RNA (data not

shown), suggesting that expression of at least this gene is not restricted to

females. We have not investigated the presenoe of the D.a and DA&
transcripts in males

DISCUSSION

The earliest stages of embryonic development are directed by maternal

components deposited in the egg during maturation. Genetic and molecular

approaches have been applied to identify maternal components active during

and perhaps controlling early embryonic development. At the genetic level,

numerous mutations identifying Droogbhia genes active during oogenesis or

preblastoderm development have been characterized (reviewed in reference

29). Such mutations are broadly referred to as maternal effect mutations,

since expression of the mutant phenotype is under control of the maternal

genome. Two classes of maternal effect mutations are those in which no eggs

are produced or eggs with grossly altered morphology are produced. The third

major class of maternal effect mutations is that in which eggs of normal

morphology are laid, but which fail to develop normally. Because the normal

period of activity of some of the latter genels is before the onset of zygotic
transcription, it is apparent that these mutations affect the quality or

quantity of maternal components essential for normal development. In

Caenorhabditis as well, a number of maternal effect mutations have been

characterized (30,31). Temperature shift experiments have shown that a

subset of these mutations define genes whose activity is essential to the

proper execution of the earliest stages of embryonic development. Thus the

genetic experiments have clearly established the existence of maternally

inherited oomponents that function during early mbryonic development.

The pattern of expression of kr2soaiUa jM mMA seqenoes that we have

documented here would seem to model closely the maternally inherited

determinants derined by genetic means. kr RMA species are present in

embryos before the onset of zygotic transcription, strongly suggesting their

maternal origin. We have shown that the = RNA equenoes are particularly
abundant in ovary, the site of synthesis of maternal RMA species, as compared
to whole male and female non-ovarian tissue. It is important to note here
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that maternal gene expression does not exclude other modes of expression of

'the same sequenoces at other stages of development. Thus our results do not

suggest a lack of expression of Drosophla ja_q-family sequences in male and

female non-ovarian tissue; rather the high levels of arc transcripts in ovary

highlight their participation in early embryonic development.

Hybridization studies in a variety of systems have identified complex

classes of egg RNA sequences (Reviewed in reference 32,33,341,35,36). The

levels of the majority of these egg RNA sequences are either maintained or

increase throughout embryogenesis, presumably through the replacement of

maternal MA sequences by newly transcribed RNA sequences. These studies

have also identified a minor class of egg RNA sequenocs that are lost as

development proceeds. High resolution two dimensional protein gel analyses

and the cloning of specific sequences have afforded a more detailed view of

the pattern of regulation of individual early embryonic mRNA sequences

(37,38,39,40,41,42,43,44). In general, these analyses have supported the

conclusions derived from bybridization experiments; examples of mRNA

sequences maintained or increasing throughout embryogenesis are in the

majority while few instances of sequences declining in abundance were found.
Of the cloned maternally expressed RNA sequences, only a handful have been

correlated with known genes. Thus the Droksophaj_q-family sequences

represent especially interesting examples of maternally expressed genes since

they represent the minority case of RNA sequences that decrease in abundance

as embryogenesis proceeds (Fig. 5). This is especially prominant for .A
and DAh sequences where the decline in RNA levels is coincident with the

time of onset of zygotic transcription. These results, in addition to those

discussed above, tend to emphasive the participation of the Drosopaa
,V_q-family gene products in early developmental events.

A oomonly held view i:s that the function of maternal mRNA species is to

provide a means of production of the enooded proteins at a time when the
embryonic genes cannot be transcribed. In the present case, this implies
that the functions of the Droo -family proteins are required during

pre-blastoderm development. Although the available data do not directly shed

light on the functional roles of the c proteins, the hybridization pattern
of jr.-family MNA species that we have described suggests an hypothesis to

direct future experiments. It has been demonstrated that vertebrate

jW_g-family proteins are intracellular, membrane-associated proteins. In

preblastoderm Drokolha embryos there are no cells (with the exception of

the precociously segregating pole cells) and the only fully formed plasma
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membrane encloses the entire egg lying just beneath the vitelline embrane.

Up until the blastoderm stage, a series of syncytial nuclear divisions tabe

place resulting in the distribution of the the vast majority of the nuclei

around the periphery of the egg. At the oellular blastoderm stage, these

nuclei (which number between 3500 and 5000) are synchronously enclosed by

membranes in a two-stage process described by Fullilove and Jacobson (45).
The source of approximately half of the required membrane appears to be the

abundant villi in the plasma membrane surrounding the egg. However, the

remainder of the required membrane must be formed from pre-existing vesicles

or synthesized de novo. The maternally inherited =rc mRNAs could be

directing the synthesis of proteins for incorporation into the blastoderm

cells as they form. Members of the vertebrate jg-family have been shown to

be centrally involved in the control of cell growth. We reason that because

of the high degree of amino acid conservation among the Drgao ila and

vertebrate jr_.-family sequenoes, the Droso proteins are likely to have

analogous functions. Thus the incorporation of preformed arc proteins into

blastoderm cells might well be crucial in maintaining the rapid pace of cell

growth and development characteristic of embryogenesis.
Portions of the three major A.g-related Drosoghja genes have now been

sequenced and mENA species complementary to each have been demonstrated.

Thus it is a reasonable hypothesis that the chromosomal loci identified by .=
sit bybridization contain functional genes in which mutations might be
isolated. The fact that the .W_-family RNA sequenoes are maternally

inherited clearly suggests that the search for such mutations should include

strategies to recover mutations with maternal-effect phenotypes.
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