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ABSTRACT 
The  fs(1)Ya  protein (YA) is  an  essential,  maternally encoded,  nuclear lamina protein that is under 

both  developmental  and  cell  cycle  control. A strong Ya mutation  results in early arrest of  embryos. To 
define  the  function  of YA in the  nuclear  envelope  during  early  embryonic  development, we characterized 
the  phenotypes of four Ya mutant  alleles  and  determined  their  molecular lesions. Ya mutant embryos 
arrest with  abnormal  nuclear  envelopes  prior to the first mitotic  division; a proportion of embryos  from 
two leaky Yu mutants  proceed  beyond  this  but  arrest  after  several  abnormal  divisions. Ya unfertilized 
eggs contain  nuclei of different sizes and  condensation states, apparently  due to abnormal  fusion of the 
meiotic  products  immediately  after  meiosis.  Lamin  is  localized at the  periphery of the uncondensed 
nuclei  in  these  eggs.  These  results  suggest  that YA function  is  required  during  and  after  egg  maturation 
to  facilitate  proper  chromatin  condensation,  rather  than to allow a lamin-containing nuclear envelope 
to form, Two  leaky Ya alleles  that  partially  complement  have lesions at opposite  ends of the YA protein, 
suggesting that  the N- and  C-termini  are  important  for YA function  and  that YA might interact with  itself - 
either  directly  or  indirectly. 
" 

T HE nuclear envelope is a complex structure  con- 
trolling all macromolecule  exchange between nu- 

cleus and cytoplasm (reviewed in GERACE and FOISNER 
1994). It has also been shown to play multiple roles 
in DNA replication and in  the  coordination of DNA 
replication and mitosis (reviewed in DINGLE and MKEY 
1992). One of the major components of the  nuclear 
envelope is the  nuclear  lamina, which provides the 
structural framework for  the  nuclear envelope and an- 
choring sites for  interphase chromosomes (reviewed in 
GERACE 1986). Developmental variations of the major 
lamina  protein,  lamin, have been  reported  in several 
vertebrate systems (KROHNE and BENAVENTE 1986; FUR- 
UKAWA and HOTTA 1993). For example,  in  Xenopus, 
both LI and LII lamins are  present  in many somatic cells, 
while germ cell specific lamins LIII and Lni are only 
found  in  diplotene oocytes and spermatids, respec- 
tively.  However, the mechanism by which the nuclear 
envelope might be modified to  respond to develop- 
mental  needs  are not clear. One way to approach this 
is to study developmentally regulated  nuclear envelope 
proteins  that play essential roles. The Drosophila 
fS(1)Yu [_Yooung_amest (Yu) ]  gene  product is such a mole- 
cule. YA is the only example of a non-lamin-like protein 
in  the  nuclear lamina that is developmentally modu- 
lated, and its function is essential for initiating early 
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embryonic mitotic divisions (LIN and WOLFNER 1991; 
LOPEZ et ul. 1994). 

The Yu gene  encodes  a novel protein  that is found 
in only late stage oocytes,  eggs, and 0-2 hr cleavage 
stage embryos (LIN and WOLFNER 1991; SONG 1994). 
In unfertilized eggs, the YA protein is located in the 
nuclear envelopes of the  four meiotic products before 
they are condensed and fused (LOPEZ et ul. 1994). It is 
recruited to the  nuclear envelope of the male pronu- 
cleus upon fertilization (LOPEZ et ul. 1994). During  the 
rapid and synchronous cleavage  divisions, YA is local- 
ized to the  nuclear envelopes of both  the cleavage nu- 
clei and  the nondividing yolk nuclei, and its localization 
to the cleavage nuclei is cell  cycle stage dependent (LIN 
and WOLFNER 1991; LOPEZ et ul. 1994). The nuclear 
events in eggs and early embryos have some special 
features. These  include fusion of the  polar bodies, coor- 
dination of the two pronuclei  during  the first mitotic 
division (gonomeric division), and coordination of the 
rapid and synchronous nuclear events in  a syncytium 
during  the cleavage  divisions. YA might be required  for 
these early nuclear events based on its nuclear envelope 
localization in eggs and early embryos. 

Previously, we reported  the characterization of one 
Yu mutant allele, Yu2, which behaves like an  apparent 
null mutation. The phenotype  that we characterized 
was postfertilization. It showed that most embryos from 
homozygous Yu2 females ("Yu' embryos") were ar- 
rested at  the  pronuclear stage, with a small proportion 
arrested with multiple abnormal nuclei. This suggested 
that YA function is required  for  the first and probably 
subsequent mitotic divisions (LIN and WOLFNER 1991). 



1474 J. Liu, K. Song and M. F. Wolfner 

In this study, we extended  our characterization in 
three ways. First, we characterized the molecular lesions 
and phenotypes of four Ya alleles (including Yu') . Sec- 
ond, we used these alleles to examine  more closely the 
postfertilization phenotype. We found  that  the Yuz em- 
bryos arrested with abnormal multiple nuclei are proba- 
bly in the process of dying. However, among embryos 
with  partially functional Yu, some proceed beyond pro- 
nuclear  arrest and arrest  prior to blastoderm stage. Fi- 
nally, we examined  the behavior of nuclei in Yu unfertil- 
ized  eggs. We found  that Yu mutant eggs start to show 
abnormalities immediately following  meiosis. The de- 
fect in the  mutants  appeared to be due to a  problem 
in the coordination of chromatin  condensation states 
and fusion of the  pronuclei or polar bodies, rather  than 
to one in the  formation of the lamin-containing nuclear 
envelope. 

MATERIALS  AND METHODS 

Drosophila strains: All marker mutations and balancer 
stocks are described in LINDSLEY and ZIMM (1992). yz fs(1)Yu' 
wW spZ sn3/FM4 and y2 fS(1) Yb' df spl sn3/FM6 flies ( JUDD and 
YOUNG 1973) were gifts of  B. JUDD. Marked strains carrying 
other Yu mutant alleles, Yui6, Yu7", Yu7' (MOHLER 1977; origi- 
nally named J ~ ( l ) M l 2 ' ~ ~ ' ~ ,  fs(1)M121"yi0 and~(l)M12'"ii/ re- 
spectively) were kindly provided by Drs.  D. MOHLER and R. 
NAGOSHI. Oregon  R P2, a strain unable to hold mature eggs 
(AILIS et al. 1977), was obtained  from Dr. R. J. MACINTYRE and 
used in all the  experiments as  wild-type controls. The scheme 
for testing whether Yu76 is null is the same as that described 
in LIN and WOLFNER (1991). The Df(1)wrjl deletion, which 
uncovers the 3A2-3C2 region, was used for testing Y u ~ ~ / D ~  
embryos and Yu'/Dfeggs. Germlineless males were generated 
as the progeny of tud' bw sp females (BOSWELL and MAHOWALD 
1985) and were used to stimulate egg-laying in virgin females, 
as described in KALB et ul. (1993). Each Yu mutant was tested 
for  complementation of Yu', Yui6, Yu7' and Ya"; fertility was 
measured as described in LIN and WOLFNER (1991). 

DNA sequencing,  polymerase  chain  reactions (PCR): The 
following primers were synthesized at  the  Oligonucleotide 
Synthesis Facility at Cornel1 University and were used for all 
the  sequencing  and PCR analyses for identifying the lesions 
of Ya mutant alleles: the sense oligonucleotides KLPl (CGT- 
GCAAAGGTGTATGTCCATG, position  11 -32), KLP3 (GAG 
CAGCCAACAGATGCGATCG, position 1452-1473), KLP5 
(CGTGAATCCGTCCGAAACGATG, position 687-708), KLP7 
(GCGAGAGCGTCGAGATCATACG, position 1322- 1343), 
and  the antisense  oligonucleotides KLP2 (GCAGTGGTG 
TGGACGTCGAGCG, position 748-727), KLP4 (CTACTG 
GCGACGCATGCGCTCG, position 2151-2130), U P 6  (CCT- 
GGCGATGACGACGCTCTGG, position 1558-1537), KLP8 
(GTCGCATCATGGAACTCATCAG, position 1864-1843), IUP9 
(GAAGACACGCTTGCAAATGTGG, position 132- 11 I ) ,  and 
the  MI3 -20 universal primer. Positions of all the oligonucle- 
otides are based on  the  numbering system for the Yu cDNA, 
as in LIN  and WOLFNER (1991). 

Genomic DNA sequences  from -809 to +2130 were deter- 
mined  for cloned DNAs from Yu2 and a Yu' chromosome 
from the same  mutagenesis  (carrying fs(l)Yb')  (JUDD and 
YOUNG 1973). Genomic  sequences from PCR-amplified Yu 
genes  for Yu7", Yui6, and Yu77 were also determined using 
double  stranded DNA sequencing. The PCR reactions were 
performed in  a final volume of 50 p1, with slight modifications 
of the PCR protocol  from Perkin-Elmer Cetus. The final con- 

centration of  MgCI2 varied from 1.5 to 2.5  mM, depending 
on  the specific sets of primers  used. Amplification conditions 
were 1 min at 94", 1  min at 50°, and 2 min at 72" for 10 cycles, 
and  then 1 min at 94", 1 min at 60", and 2 min at 72" for 40 
cycles, which was followed by 10  min  at 72". The amplification 
products were then  made  blunt with T4 DNA polymerase 
(BRL) and  cloned  into PUC19 for  double-stranded DNA se- 
quencing analyses. To eliminate errors from the PCR reac- 
tion, products from  at least three different  reactions were 
sequenced for each  mutant  and each  set of primers. Since 
Yu7', Yai6 and Yu7' were from the same genetic  background, 
they served as controls for  one  another. 

In  the process of sequencing the Yu mutant genomic se- 
quences, we discovered several substitutional errors  and  one 
single-base-pair insertion  in the previously reported Yu cDNA 
sequence (LIN  and WOLFNER 1991).  The  updated cDNA  se- 
quence is 2266 bp  long  and is in the  Genbank database under 
the accession number M38442. The modified open  reading 
frame  for YA starts from the 61st base pair and differs from 
the originally reported sequence at  the N-terminus in amino 
acids 1 to 26. It  contains 696 amino acid residues, with a 
predicted  molecular weight of 77 kD. The  updated sequence 
still shows no significant similarity to sequences  in the EMBL/ 
Genbank/SwissProt/Pir databases using the FASTA program. 

Immunofluorescence  microscopy: Unfertilized eggs or em- 
bryos were collected  from heterozygous or homozygous Ya 
mutant animals grown on yeast-glucose medium containing 
30 pg/ml tetracycline (GLOVER et al. 1990). As in LIN and 
WOLFNER (1991), "Yu embryos/eggs" means  embryos/eggs 
from homozygous Ya mothers. The eggs or embryos were 
then stained with DAPI or  propidium iodide, affinity purified 
anti-YA (against the C-terminal 243 amino acids of the Ya 
protein;  LIN  and WOLFNER 1991) and/or anti-lamin antibod- 
ies (SMITH and FISHER 1989). They were then examined under 
a Zeiss Axioskop or by confocal microscopy, as detailed in 
LOPEZ et al. (1994). Unfertilized eggs were obtained from 0- 
15 min and 0-2 hr collections. To characterize the Yu mutant 
embryonic phenotype, we collected embryos from Yu mutant 
females in  0-15 min, 0-30 min, 0-2 hr collections. For some 
experiments  described below, the embryos were then aged  at 
room  temperature.  The 0-15 min and 0-30 min embryos 
were aged to 1 hr 45 min to 2 hr old or to 5-7 hr  old,  and 
the 0-2 hr embryos were aged to 5-7 hr old. At least 100 
embryos or unfertilized eggs were stained and analyzed for 
each time point. 

Western  blotting analysis: YA protein  in  extracts of 0-2 hr 
embryos from Ore R P2 females or females homozygous for 
Ya mutant alleles was examined by Western blotting. Western 
blots were probed with  affinity purified anti-YA antibodies as 
described  in LIN  and WOLFNER (1991). Bradford assays (Bio 
Rad) were performed  to standardize loadings. Mouse anti- 
lamin monoclonal  antibodies and affinity purified  rabbit  anti- 
lamin polyclonal antibodies (RISAU et al. 1981; SMITH and 
FISHER 1989), which were kind gifts of Drs. H. SAUMWEBER 
and P. FISHER, respectively, were also used to probe  the West- 
erns as controls. For detection,  the  enhanced chemilumines- 
cence (ECL) Western Blotting System (Amersham Corp.) was 
used as described in the instruction  manual. 

RESULTS 

There  are  four existing mutant alleles of Yu, all  in- 
duced by EMS: Yu2 (JUDD and YOUNG 1973), Ycz"', 
and Yu7' (MOHLER 1977; MATERIALS AND METHODS). All 
four alleles are completely recessive, strict maternal ef- 
fect mutations. Females homozygous for each mutation 
are completely sterile. Among the  four alleles, Yuz and 
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Yo'" produce embryos with the most sowre pllcnotypc 
and  appear to be amorphic alleles (Lts a n t l  \ \ ' o t . t x m  
1991 and below). Scithcr of thcsc allclcs complcmc-nts 
any other Yo allclc. lit"' antl Y(?' p;lrtially complcnwnt 
each other for fertility (%fOlll .kX 19'77 and h c l o w ) .  To 
understand the function o f  h i n  the  nuclear enwlopc., 
we first characterized i n  detail the c m h y n i c  pheno- 
type and molecular lesions of each Yu allclc. 

Distribution of nuclear phenotypes in embryos  from 
Yu mutant alleles: Embryos co1lcctc.d i n  a 0-2 h r  period 
from fcmalcs homozygous for  the mrttant allclcs were 
stained with DAPI, and their  nuclear  phenotypes were 
compared with those of control cmblys (scc \f;vrt<k1- 
AIS AND YF.TIIoI)S). "hile the control  cmb1y)s dcvcl- 
oped to late cleavage stages (Figures !X antl 2A), mu- 
tant embryos from a11 )'(/ allclcs wcrc arrested  either 
with multiple abnormal nuclei o r  at what we call the 
"pronuc1e;lr stage," with fewer than four ;~hnorm;dly 
condensed nuclei presumahly derived from the  sperm 
and female meiotic products  (Figure 1, R-D). This ar- 
rested phenotype is similar to that previously described 
for arrested Y(/' embryos (1.1s ;mrl M ' o t . r : s ~ - K  1 9 9 1 ) .  
However, the  proportion of pronuclear-arrested and 
multiple-abnormal-nuclear-arreste~l embryos dimered 
between alleles (Figure 2 and below). 

Yn' nnd Yn"': Embryos from Yo"' fcmalcs arrested 
with a similar clistrihtion of nuclear phenotypes t o  

l:llys(5 o f  FF( 1)Kl 1 4 7.3 

those of lh2 (Figure 2). In a 0-2 h r  collcction. S i %  o f  
the Y{t"' cmbryos were pronuclcar-;~rrcstctl, ;mtl 13% 
had multiple abnormal nuclci. These  percentages arc 
similar to those prcviorlsly rcportctl for ) i t 2  (I.ts and 
M'ot.FSI:K 1 9 9 1  ; I n d  Figure 2). suggcsting )ifit' is a non- 
ft1nction;d allclc. (hwistent w i t h  this. ;I similar distrihu- 
tion of cmlxy) phenotypes was o h s c n c d  for cmhryos 
from }'~/i'~/~~/felll~lI[,s a s  fi)r lit't8/ ~h'" females (data n o t  
shown). 

The embryos w i t h  multiplc ahnormal nuclei could 
result from either of  t w o  c;uIscs: they could be embryos 
that progressed beyond pronuclear :wrest and thc-n di- 
vided abnormally. o r  they could he embryos that ar- 
rested i n  the  pronuclear stage and were i n  the process 
ofdcgcncrating.  To tlistingrlish between these t w o  pos- 
sibilities, we collcctecl c m h y ~ s  for vcry short times ( 0 -  
1.5 o r  0-30 min)  and thew stained some of them. M'c 
agctl thc rc-st 1 0  2 hr  or t o  .5-i hr  and stained them. 
The  rtwlts arc summ;wizctl i n  Figure 2. ) i r 2  antl lh"' 
gave identic;d results. The pcrccntagc of multiple-nu- 
clc;w-;lrrcstcd embryos incrcascd when thc cmlwyos 
w r c  iIgccl 1ongc.r. For cxamplc. only 3% of the Yn' 
cmhl)os had rrlrtlriplc  a1morm;d nuclei in the 0- 1.5 m i l l  

collection. M'herl these cmhryos wcrc aged t o  2 hr. thc. 
percentage of ~nl~ltiplc-nr~clcar-;~rrcstc~l embryos i n -  
creased t o  12%. and t o  84% when aged to .5- i  h r  (Fig- 
ure 2R). I n  addition, a11 the embryos arrcstctl w i t h  mul- 
tiple abnormal tlrlclri I l ; d  VCI? spotty m l t l  frxgmelltctl 
DSA staining. Thc size  ofc*;lch  a1)normaI nldclls varied 
tll-:rmatically ; a n t 1  the nutnbrr of thc nuclei i n  tllcsc 
ttmhl?os  were impossi1,le 1 0  cottnt. \\'v c>Illt4 them typr 
I n~ultiplc-n~~cIc;~r-arr.cstcd c*mlx~os (Figure 1 I)). \\'c 
hclievc they r<ymxxnt dying embryos t h a t  arc in the 
process o f  degenerating  after  the pronuclc;lr arrest. 

Therefore. embryos fiom  thc  apparent null 1'0 ;dlclcs 
were either  arrested at the pronuclear stage, or ap 
pcarcd t o  he i n  the process of dying ilfter pronllclear 
;wrest. 

Yni"nnd Yn": The Yni"and  Yn"emhryos had pheno- 
types that  appeared to be leakier than those of )h' and 
Ii?'. In a 0-2 hr collection, only 69% of Yni"and 6 i% 
of  Yn" embryos arrested w i t h  pronuclear-arrested phc- 
notype. The rest arrested with multiple abnormal  nu- 
clei.  M'hen these embryos were examined after aging of 
short collections, the percentage of multiple-ahnornlal- 
nuclear-arrested embryos also increased (Figure X ) .  
However, there were two types of embryos with multiple 
alhnormal nuclei for these two alleles. The first (type I )  
had the same phenotype as the moltiplc-nuc1car"ar- 
rested embryos from Yn' and Ynih. which arc likely to 
he dying embryos as mentioned above. A second type 
(type 11) of multiple-nuclear-arrested embryos was seen 
only in YnZ'and l'nii. Type I1 embryos (Figure IC) had 
fewer than 16 nuclei, which were not fragmented and 
were countable. Even i n  long collections we did not 
ohsene more nuclei. However. the nuclei were of diffcr- 
cnt sizes antl  their distribution in the c m h r y  was irreg- 
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FIGURE 2.-Changes in  nuclear phenotype distribution of wild-type and Ya mutant embryos when  aged. As described in 
MATEMALS  AND  METHODS, 0-15 min, 0-30 min, 0-2 hr embryos were collected from females heterozygous or homozygous for 
Yu alleles. Half of the embryos were fixed and stained with DAPI. The  other half were aged either  to 2 hr  or 5-7 hr  and  then 
fixed and stained with DAPI. At each time point,  the  numbers of embryos arrested at  each stage were counted. Data from several 
collections were pooled and  graphed as percentage of embryos arrested at  each stage. For wild-type controls, embryos with  fewer 
than  four nuclei were considered as being  in the  pronuclear stage (B), and  the  ones at  late cleavage (aged to 2 hr)  or gastrulation 
(aged to 5-7 hr) stages were scored as having multiple  nuclei (0). For mutants, represents pronuclear arrested embryos; 0 

represent embryos arrested with  type I and type I1 abnormal multiple  nuclei, respectively. For wild-type controls, embryos 
with fewer than  four nuclei were counted as normal  and being  in the  pronuclear stage, while the  ones with multiple  nuclei are 
also normal  and  are  at late cleavage stages (a  ed to 2 hr)  or gastrulation (aged to 5-7 hr). Yu76 embryos have a similar distribution 
of embryo  phenotypes to  that of Yu2, and Yj ' ,  similar to Y u ~ ~ ,  except for  the  proportion of embryos in  each class (see RESULTS). 

ular. These embryos never develop to blastoderm stage. 
We believe that type I1 embryos are  ones  that progress 
beyond pronuclear  arrest and have abnormal subse- 
quent mitotic divisions. Under this interpretation, Yu7', 
with a  higher  proportion of  type  I1 embryos (21.7%), 
retains more YA function than Yu77 (16.2% of  type 11 
embryos), which in turn has more YA function than Yu* 
and Y u ~ ~ .  The presence of  type I1 embryos  suggests that 
YA function might also be required for subsequent mi- 
totic divisions. 

Yu7' and Yu77 partially complement: Homozygous  fe- 
males carrying either  the y~~~ or the y~~~ mutations 
are completely sterile; however, the sterility is partially 
restored when they are in heteroallelic combination 
(MOHLER 1977 and this work).  In 0-2 hr collections of 
embryos from Yu7u/Yu77 females, 15% of the embryos 
developed to cleavage  stages and eventually into adults. 
The rest of the embryos remained  arrested, with 50% 
arrested at  the  pronuclear stage and 35% arrested with 
type I1 abnormal multiple nuclei. Therefore, Yu7' and 
Yu77 show partial intragenic complementation. 

Identification of the molecular  lesions in Yu mutant 
alleles: Analyses  of the embryonic phenotype of the 
four Yu alleles indicated that two alleles ( Yu2 and Y u ~ ~ )  
are  nonfunctional  and  the  other two (Yu7' and Yu7') 
are partially functional. We wished to identify the le- 
sions that resulted in the  impairment of Yu function in 
these mutants. Genomic Southern blotting indicated 
that all four EMS-induced Yu alleles  showed no gross 
alterations of Yu DNA (G. HUTCHESON, J. LIU and M. F. 
WOLFWER, data  not  shown).  Northern blot analyses  also 
indicated that all four  mutants made Yu RNAs  of the 
normal size and  amount (M. PARK, G. HUTCHESON and 
M. F. WOLFNER, data not shown).  These results sug- 

gested that  the mutations were  small lesions, possibly 
single base pair mutations. We therefore  compared  the 
sequence of each Yu mutant allele with Yu sequences 
from the chromosome in  which it was induced (see 
MATERIALS AND METHODS). We also probed Western 
blots for mutant YA proteins  and compared them with 
wild-type YA protein.  In wild type, YA protein is present 
in 0-2 hr embryos and unfertilized eggs, and has a 
mobility  of  96 and 98 kD on SDSPAGE  gels (Figure 3; 
SONG 1994). 

In addition to identifying the lesions of the alleles, 
our sequence analyses revealed several features of the 
Yu gene. First, Yu contains a single 57-bp intron between 
position 102 and 103 of the cDNA (Figure 3).  The in- 
tron is flanked by consensus splice donor  and acceptor 
sites and contains two sites that match the consensus 
for  a  branch site (MOUNT 1982; SHARP 1987).  There 
are several  cryptic  splice donor sites upstream of the 
intron, suggesting that  the Yu mRNA could be differen- 
tially spliced. Second, Motifs searches of the  updated 
sequence identified two potential Cysteine  2-Histidine 
2-type  zinc fingers at the N-terminus. Such Cys2-His2- 
type  zinc fingers are known  motifs for DNA and/or 
RNA binding  (for reviews,  see BERG 1990; COLEMAN 
1992).  Third, we found several apparent silent amino 
acid differences between the Yu cDNA and the genomic 
DNA from the  mutant alleles (Figure 3 legend). 

The DNA sequence of each allele revealed that each 
mutation is indeed  a  point mutation. The only  lesion 
in Yu2, a putative null allele (LIN and WOLFNER 1991), 
is an  A  to  T transversion at position 1450, which creates 
a stop codon (TAG)  in place of a lysine (AAG) of amino 
acid  464 (Figure 3).  The YA protein  encoded by Yu2 
would be expected to lack  its terminal 233 amino acids, 
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FIGCRF. %"A schematic presentation of the wild-type and mutant Y,\ protein seqttencrs and their csprrssion pttt-rn. l l w  I:.\ 
protein is encoded bv two exons, with a 5i-bp intron i n  between  svmtxdized by "\/." The intron sc*qucncc*  is: =..\(;<;(TI'(- 
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lined. The positions of the Yn mutants are indicated as cartoons of the predicted Y\ protcins antl amino acid numhrrs arc l w l o w  
the sequence. "C"s stand for two potential Cys'L-His'L  type zinc  fingers. "opa" intlicatcs the (;In rich region. **S/T rich" rcprcscnts 
the Ser/Thr rich region. "ITPIR" and "FSPKK" are two potential MI'F phosphonlation targrt sitc.s. which arc intlicatcd ;IS 
solid bars. *'-" represents a region  rich in acidic amino acids. and the "+"s rcprcscnt the highly  positively ch;Irgrd  termin in id 
region. The shaded area is the part of the protcin (the Cterminal 243 amino acids) used I O  generate anti-I'.\ antilmlies. \\'cslc*rn 
blots showing Y,\ proteins from  wild-type and mutant 0-2 hr embryos arc also  shown. Thr mutation of Iil" is ;\I t h c  3' splicc 
donor site. The predicted protein structure shown here is a  h~pothctical  one using ;I clytic upstream splicing donor site. thus 
resulting in a 1 0  amino acid deletion at the S-terminus of the \:A" protein. Scwral h s c  pair changrs relalive t o  thr cl)SX 
sequence were ohsenred in the course of sequencing the four mutant alleles. A t  positions .522, 714. !)ti!), and 12003. rrspcctivcly. 
there are A to C ,  G to A, A to C ,  and A to G changes in the Mohlcr mutants rclativc 10 the cDSA sequence. 'At positions 1465 
and 1471, there are C to G and A to G changes.  respectively,  from the.ludd lab  strains,  relative t o  the cDSA srqucncc. Sonr 
of these changes alter the encoded amino acids. At position 1294, all ttw  mutant strains have a C;, whereas t h c  cDSX. tvhich 
makes a fnnctional protein (LorE% d nl. 1994), has an A. This results in a Iss  to G I I I  su1)stitution at amino acid 412. A t  position 
1313, the functional X \  protein from theJudd lab strain has a T whereas the other scqucnccs hwr ;In A ;  t h c  J r d t l  strain  thus 
has a Phe substitution for a Tyr at amino acid 418. These changes appear t o  he due t o  grnetic I>ilckgrollntl antl 1 1 ; w  no c4'rct 
on YA function. since  they are present in both the mutant and the control genomic seqwnccs. 

including  the  potential  nuclear localization  signals and 
the  polar  Cterminus.  Consistent with this, the Y~i2 pro- 
tein was not  detected  using  our  antibodies  (Figure 3 ) .  
which are  directed  against  the  Cterminal 243 amino 
acids  of  the YA protein (LIS and WOLNER 1991). We 
suspect  this is because the last 10 amino acids in the 
YA' protein do not  confer  strong  antigenicity,  though 
it is also possible that  the Yti2 protein is not  stable  and 
might have been  degraded. 

The  other putative  null  allele, Ya", is a missense muta- 
tion. A transition of C to T at position 737 caused a serine 
to a phenylalanine  change  at  amino acid 226 (Figure 3) .  
The size and  the abunclance  of the h'" protein  from 
the  mutant embryos are  normal  (Figure 3 ) .  

One of the leaky alleles, Yn"', is a nonsense  mutation, 
due to a C to T transition at position 2023. This  change 
from a codon  encoding  glutamine to a stop  codon  at 
amino acid 655 would  cause a 41 amino acid truncation 
of the  mutant  protein  at  the C terminus  (Figure 3 ) .  As 
predicted  from its sequence,  the Yf\'" protein is 4 kD 

smaller  than wild-type Y \  protein. It  runs as ;I dothlet 
of  molecular  weight o f  92 and 94 kD (Figwc 3) and is 
also of normal  ahundancc. 

The  mutation in Yo", the  other leaky allele, is an 
apparent  change in the 3' splice donor site. The con- 
sensus 5' splice donor site GT is changcd t o  AT in Yn" 
(Figure 3 ) .  This would  potentially allow an  upstream 
cryptic  splice donor site to be used,  and  thus  change 
the N-terminal amino acids o f  the YA protein.  On \Vest- 
ern blots of  proteins  prepared  from Yo" mlttant  em- 
bryos, only a single Y,! protein  band of 96 kD was seen 
(Figure 3). This suggests that  alternative splicing  might 
be the cause of the  presence of two forms o f  Y,\ protcin 
in wild-type embryos. 

Since 1ir"'and Yn"complcmcnt each  other,  the  phe- 
notypic and  sequence analvscs of these alleles suggest 
that X-terminal mutations can complement  Gterminal 
mutations.  Consistent with this, a nonfhctional S-ter- 
minal  epitopc-tagged Y.\ construct was ahle to partially 
complement a nonfunctional C-tcrmin;d tagged one (J. 
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DNA Lamin m mm 
synchronous,  cithcr a l l  with their  chromatin  condensed 
or  a l l  with it  uncondensed.  Sccond, whcncvcr  a fusion 
is scen, a11 thc n d c i   h a w  condensed  chromatin. 

Yn'mfcrtilizcd eggs do  not follow thc  norm' 'I I coItrsc. 
Instead,  at thc stage when Yn' eggs contain nuclei with 
uncondensed  chromatin. they usually contain only two, 
rathcr  than  four nuclei (Figurc 4, C and E). These two 
nuclei arc of different sizes and, sometirncs, their  chro- 
matin is of difkrcnt condensation states, with that of 
thc larger  nucleus  being  uncondensed in most of those 

ctiffercnt from thoscb from Yn'/ Yn" females (data  not 
shown),  suggesting  that the  abnormal  phenoppe of 

Ya 'ma + 

Ya h a  ' cases. Unfertilized eggs from Yn2/f!/fcmaIes Iooked no 

Y a ~ a 2 ~ ~  

Yn2/ Yn' unfc.rtilizetl eggs is indeed duc to the Yn muta- 
tion. As mentioncad  in the DIS(:L'SSIOS, rcsults from in 
. d t r  lylx-idization  using  probes to specific chromosomes 
indicated that the bigger  nucleus in ~n'unfertilized eggs 
has thc DNA content of thrcc  haploid nuclci and  the 
smaller  nucleus, of one (-1. M. IXWI<Z, A. DERSIWRG and 

FI(;['RF. 4 . - l n l r l l u r ~ o l l 1 1 o r ~ ~ c - c 1 ~ ~ ~ ~  staining 01' )'(t.' llnli*rtil- 
izcd eggs. L'nfcrtilizc*tl cggs ( 0 -  1.3 rnin) l i - o n t  fcmalrs h o m c v y -  
gous o r  Iwtcrozygous for Yn' wrre collrctrd anti stainrd \<it11 
!):\PI antl Rhot1;~mineconjr~gated anti-litmin. I)XPI staining 
is shown in A ,  (;, and E; R. I). and F show anti-lamin antilmly 
staining. Two o u t  of  four  meiotic  products on  tlw  wmc focal 
pI;tnc I'rorn Yn'/ )'(I eggs are shown i n  I\ a n d  R. Iamin is in 
the. nrlclcar rnvrlopr o l ' a l l  four mriotic products. Two nuclci 
from l'n2/Yn2 eggs arc shown i n  C-F. One of the nuclei is 
bigger  antl uncontlrnsrtl. and i t  has lamin staining in the 
nuc-lr;w cnvclopr ((;and I)) .  Thc DSXstaining ofthis nucleus 
appritrs hrightcr i n  o w  photographs sincr i t  is n<*ilr rhc sur- 
fi~ct. o f  rhc q g .  The othcr onc i s  smaller antl w i t h o u t  nuckar 
cnvctope lamin staining (E antl F ) .  Rar, 1 0  pm. 

1.11. and M. F. M'OI.FSEK, unpublished  results),  further 
supporting the idca  that Y.\ might  function by inter- 
acting with itself cithcr dircctly o r  indirectly. 
Yu mutants show abnormalities in unfertilized eggs: 

M'ith the above  detailcd ch;wactcrization o f '  the fijur 
mutant alleles, wc could  start t o  use thcse  alleles t o  
ask further how YA fwlctions in the nuclcar  envelope. 
Characterization of Yn mutant  embryos  (presented 
above)  suggests that Yn mutations affect the first and 
probably subsequent mitotic divisions. M'e therefore  de- 
cided to look at unfertilized Yn eggs to find out when 
thc effect o f  lacking Yn function is first detected. 

Unfertilized  eggs (0-1.5 min) wcrc  collected  from 
virgin females  homozygous for  the  apparent n u l l  ~ n '  
mutation. As controls,  unfertilized  cggs  from  females 
heterozygous  for Yo' wcre also cokctcd  (sce MATF.RI,\I-S 
ASD VIETI tons). I n  control unfcrtilizcd eggs, complc- 
tion of meiosis I and 11 results in four eqtlal-sized h a p  
loid meiotic  products (DOASE 1960 and this  work). 
Their  chromosomes first hccomc  uncondcnsed  (Figurc 
4A). Then  the  four nuclei  contlense  their  chromosomes 
and two or  thrcc of thcm  start to fusc with one  another 
(DOASI.: 1960 and this  work). Eventually they ftlsc and 
form a  star-shaped  polar body. Therc  arc two fcatures 
noticeable  about this process. First, the nuclei are always 

M. F. M'OI.FSER, unpublished  results).  This is inconsis- 
tent with a  meiotic block, suggesting  that  meiotic  segre- 
gation is normal in Yn2 unfertilized eggs, hut that post- 
meiotic  coordination between chromatin  condensation 
and nuclear fusion is abnormal. The meiotic  products 
in longer collections (2 hr) of ~ n '  unfertilized eggs can 
still fuse into  one nucleus eventuallv, but it$ chromatin 
looks abnormallv  condensed (data  not  shown). 

Localization of lamin  and the mutant YA proteins in 
Ya mutant  embryos  and  unfertilized eggs: A s  thc first 
stcp toward untlerstantling how Ih functions in the nu- 
clear  envelope to coordinate  chromatin  condensation 
and nuclcar  fusion, we asked whether YA is required a s  
a structural  component  for  the  formation of the noclear 
envclope. To test this, we stained 0- 15 min Yo2 unfertil- 
izcd eggs  for  lamin localization. 

In wild-type unfertilized eggs, lamin is localized t o  
the nuclear  cnwlopes of thc  four meiotic  products 
when their  chromatin is uncondensed  (Figure 40).  A s  
described above, most Yo' unfertilized  eggs contained 
only two nuclei of different sizes and  chromatin  con- 
densation  states  (Figure 4. C and E). "hen  they wcre 
stained  for  lamin,  the  nucleus with uncondensed  chro- 
matin, hut not  the  one with condensed  chromatin, also 
had  lamin in the nuclear  envelope  (Figure 4. D and 
F).  Thus, without  functional Y.1 protein, lamin  can be 
localized to the nuclear  envelope,  at least to the nucleus 
with uncondcnscd  chromatin, in Yn unfertilized eggs. 
These results  suggest  that Y,\ is not  required  for  the 
formation of the lamincontaining  nuclear envelope. 

When we stained Yn mutant embryos, however, we 
found that neither YI\ nor lamin was detected  around 
the periphery of any nuclei in Yo2, Yn"', Yn"', and Yn" 
embryos  (Figurc 5 ,  A and B). Western  blots  indicatcd 
that Y,\ protein was present in normal  amounts in Yn"', 
Yn"', and Yn" embryos  (Figure 3; we could  not  deter- 
mine this for Yo', see  above) and lamin was also present 
in normal  amounts in all these  embryos  (Figure .X;). 
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A. €3. 
DNA DNA lamin 

pronuclear u - 0 w 
r n ~ ~ ~ ~ ~ ~ ~ ~ a  arrested r 5 w m w arrested 

C. w ya 7 0  

lamin w m  
FIGVRE 5"Ixxalization of lamin and  the n1ut;ant Y.1 proteins in c-mbryos from thc )h  ma1t;Int allrlrs. Embryos ( 0 - 2  hr) from 

homozygous Yn mutant fcmalcs  were  sraincd with IMP1 and ianti-Y.\ antibodies (;\), o r  with ll;\Pl ;and ;anti-lamin antibodies (R) 
uncter icIcnticaI conditions. I I W  top panels sllow t11c staining paltcrn 0 1 '  1~r(>~l~~CIc;ar-;arlrstc.tI rnltx-\os from )'ft"', ;ancI t I1c  t>ottonl 
panels ;arc the staining  patterns o f  the embTos arrrsted wit11 abnormal  multiplr r;urlri liom l?':. Scitllcr ):.\ nor Iianlin 
localization is obsenetl in these emblvos. TIM. prona~clc;ar-arrcstrd c m h y > s  lronl )'u-, ).ft"' ;and lit" ;and d>nornlal maaltipl<*- 
nuclear-arrested  embryos  from Yo', lk"' and lk,'show rhr  same  staining  pattc~rn (tlatia not shown). Rar, I O  p111  a11d applirs t o  
all panels. (C) A M'esrcrn blot of  0-2 hr embryo cx~racts from wilrl-ppc ;mtl lit"' naa1t;ant probed with anli-l;unin iantil>odicS. 
Equal amount of protein was loaded in cac11 lane accorrling t o  Rriadrortl assiays. Norma1  ;amoamts 0 1 '  Iiamin arc prcsmt i n  )k'" 
mutant embryos. K C S ~ I S  for Yn', Yu'", and )k" embryos ;arc the  same (dat;t not shown). 

Therefore,  the lack of YA and lamin  nuclear  envelope  lope in sevel-;d ways. I'hcnotypic ;ulalyscs of Yn mutant 
staining in Yn mutant  embryos suggests that  the  nuclear eggs ;and embryos srlggcst a role of YA during  and  after 
envelope in Yn mutant  embryos is abnormal.  Since e g g  matrlration. Our data suggest that it functions in 
lamin is localized to the  nuclear  envelope in Ya unfertil- thc nuclear  cnwlopc to enablc  proper  chromatin  con- 
ized eggs, the  abnormal  nuclear  envelope  staining in densation o f  the ntlclei. In  atldition,  determination of 
Yn mutant  embryos is likely a  result of an  earlier rlefect 
due to lack of Y!; function, 

Consistent with this,  when we stained 0-2 hr  embryos 
from YO"'/ Yn" females  for Iamin and YA, we found  that 
the 1.5% of embryos  that  developed  to  late cleavage 
stages  because of the  interallelic  complementation  had 
both  lamin  and YA localized to the  nuclear  envelope 
(Figure 6). However, there was no lamin or Y.\ staining 
in the  nuclear  envelope of arrested Yo"'/  Yo" embryos, 
similar to that  of  the  arrested Yn mutant  embryos  (data 
not shown,  see  Figure 5, A and R). 

Taken  together,  the above  results  suggest that a nor- 
mal nuclear  envelope is not  present in arrested Yn mu- 
tant embryos.  However,  this  abnormality is likely to re- 
sult  from an  earlier  defect  caused by the lack of Y;\ 
function. The results also suggest that Y\'s ftlnction in 
the  nuclear  envelope is not  for  the  formation o f  a  Iamin- 
containing  nuclear  envelope. 

DISCUSSION Flc;[ 'w ( ~ . - I , o ( ~ ~ ~ I i / ~ ~ ~ i o ~ ~  o f  l'\ ;11a(1 I;llllill  i n  l'o"' } ' / / ' '  cml- 
we have reported  here  further gcnctic an<, mo~ccu~ar  bnos. 1.:mh-\.os ( 0 - 2  111.) Ihat arc ;at I ~ I C  clc;a\;agc*  stiagr from 

characterization of Y,\. Our detailed analyses of the le- (;) ;alltl ~ ~ l o ~ ~ i l l l l ~ n c . c o l l , ~ a l ~ ~ l I e ~  illlIi-)~.\ (I<)  o r  ;a11ti-l;1min (1)) 
)??"/ ).<I" 1rrn;alcs w r c  lixctl   an(^ stainetl wi t t1  InrI (A and 

sions and effects of four Yn alleles have extended  our ;Inti1>odic*s. 111 tl1cst- cmt>nos, t m l l  lamin ant\ Y\ ;arc IocaIizcd 
understanding of the  function o f  YA in the  nuclear cnve- t o  Ihr nr1rlr;ar c-nwlopr.  Ihr. 20 prn. 
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the  mutant lesions has begun to shed light on the na- 
ture of this essential nuclear envelope protein. 

Egg maturation in Drosophila melunogasteroccurs inde- 
pendent of fertilization (reviewed in FOE et ul. 1993). 
Without fertilization, completion of  meiosis I and I1 
produces four meiotic products, whose chromatin first 
becomes decondensed.  These nuclei then  condense 
their  chromatin  and fuse (DOANE 1960 and this work). 
Unlike control eggs, unfertilized Yu eggs from 0-15 
min collections contain nuclei of different sizes and 
chromosome condensation states (Figure 4). The size 
difference could result from either  abnormal segrega- 
tion during meiosis or from abnormal fusion of the 
meiotic products. Using probes to specific chromo- 
somes, in situ hybridizations indicated that  the bigger 
nucleus in Yu’ unfertilized eggs  has the DNA content 
of three haploid nuclei and  the smaller nucleus, of one 
(J. M. LOPEZ, A. DERNBERG and M. F. WOLFNER, unpub 
lished results). This suggests that meiotic segregation 
is normal in Yu‘ unfertilized eggs, but  that fusion of 
the meiotic products is abnormal,  occurring too early, 
before coordination of the  chromatin condensation 
states  of the nuclei. Therefore, YA function is required 
after meiosis but  during egg maturation. 

The arrested  phenotype of Yu mutant embryos is con- 
sistent with YA’S primary function being during egg mat- 
uration. Without functional YA, the female pronucleus 
might already be  abnormal before the first mitotic divi- 
sion (gonomeric division), resulting in abnormalities 
in that,  and  subsequent, divisions. Or, since YA is  ac- 
quired by the  nuclear envelope of the male pronucleus 
in the fertilized egg, lack  of YA function might not only 
affect the coordination of the female meiotic products, 
but also the  coordination of the two pronuclei, resulting 
in an arrest of Yu mutant embryos in the  gonomeric 
division. This arrest would  eventually lead to degenera- 
tion of the arrested embryos.  Similarly, incomplete YA 
function  during egg maturation could result in the ab- 
normal subsequent divisions  as seen with the leaky  al- 
leles. The hypothesis that Yufunctions during egg matu- 
ration is  also consistent with our observation that YA is 
epistatic to gnu in unfertilized eggs  as well  as in fertilized 
eggs from Yu; gnu mothers (LIU et ul. unpublished o b  
servations). The maternal effect gnu mutation causes 
uncontrolled DNA replication in unfertilized eggs  as 
well  as embryos, resulting in formation of giant nuclei 
(FREEMAN et ul. 1986; FREEMAN and GLOVER 1987). This 
phenotype suggests that gnu+ functions to suppress 
DNA replication prior to fertilization and  to couple 
DNA replication and nuclear division in zygotes. The 
epistasis  of Yu to gnu  in unfertilized eggs is consistent 
with YA playing a  role  prior  to fertilization. 

The proposed timing of YA function  during egg matu- 
ration is consistent with the timing of YA’s nuclear enve- 
lope localization. YA protein in the ovary  is not localized 
to the nuclear envelope (SONG 1994). It first becomes 
detectable in nuclear envelopes of unfertilized eggs, at 

the stage when four meiotic products  are visible and 
their  chromatin is uncondensed. This is  also the first 
stage at which we observe an  abnormal phenotype in 
Yu mutants. Therefore, we hypothesize that YA function 
is first needed in nuclear envelopes of maturing eggs. 
Since YA is detectable in nuclear envelopes after this 
time as  well (LIN and WOLFNER 1991), it is possible that 
YA may also function  during cleavage  divisions, though 
this has not been  demonstrated. 

How does YA function in the nuclear envelope? One 
function of the nuclear lamina is to provide a structural 
framework for the nuclear envelope (reviewed  in  GER- 
ACE 1986). However, our data do  not support  a role for 
YA in nuclear envelope assembly. The presence of lamin 
at the periphery of the meiotic products in Yu mutant 
eggs  suggests that YA is not essential for the formation 
of a lamin-containing nuclear envelope (Figures 4-6). 
Consistent with this, nuclei formed in vitro in extracts of 
Yu’ oocytes are  surrounded by normal-looking nuclear 
envelopes (J. M. LOPEZ and M. F. WOLFNER, unpub 
lished data). 

Instead, the mutant phenotypes of Yu eggs and em- 
bryos  suggest a role for YA related to chromatin  conden- 
sation in the nuclei. This would fit with another func- 
tion suggested for the nuclear lamina, which is to 
provide attachment sites for chromosomes in organiz- 
ing the nucleus. In  support of  this hypothesis, unfertil- 
ized Yu eggs from short collections contain nuclei of 
different chromatin  condensation states (Figure 4), 
which is never  observed in unfertilized eggs from wild 
type. Also consistent with a role of YA in chromatin 
organization, chromatin  appears abnormally con- 
densed in nuclei of pronuclear-arrested Yu mutant em- 
bryos and in Yu unfertilized eggs from long collections. 
It is possible that YA participates in chromatin  conden- 
sation by direct interactions with the chromosomes, 
thus associating them with the nuclear envelope. YA 
protein has two potential Cys2-His2-type  zinc fingers 
and  an SPKK motif (LIN and WOLFNER 1991 and this 
work), which are known DNA binding motifs 
(CHURCHILL and SUZUKI 1989; SUZUIU 1989; BERG 1990; 
COLEMAN 1992). Moreover, YA associates  with decon- 
densed  chromatin in vitro and with interbands of  sali- 
vary gland polytene chromosomes upon ectopic expres- 
sion (J. M. LOPEZ and M. F. WOLFNER, unpublished 
observations). Therefore, YA might associate  with de- 
condensed  chromatin in  eggs and embryos to assist  in 
facilitating proper  chromatin condensation or in other 
processes that  require association  of chromosomes with 
the nuclear envelope. 

In addition to extending our understanding of YA 
function in  embryos and eggs, our studies of Yu mutants 
have shed some light on the molecular nature of the YA 
protein itself. Sequences of the four Yu mutant alleles 
indicate that both the N- and the Gtermini of the YA 
protein are functionally important, and that the  Gtermi- 
nal one third of the YA protein, including the potential 
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nuclear localization  signals, the FSPKK motif and the 
polar Gterminal end, is essential for YA function. Since 
the  Gterminal lesion  in Y i 7 0  and  the N-terminal  lesion 
in YA77 complement each other, YA may function by inter- 
acting with  itself either directly or indirectly. 

Therefore, as a developmentally regulated nuclear 
envelope protein, YA might  function by mediating inter- 
actions of chromosomes and  the nuclear envelope in 
eggs and embryos to allow proper  chromatin condensa- 
tion to occur. We have  shown that this function is re- 
quired immediately after meiosis  of the oocyte and that 
YA might exert its function by interacting with  itself 
either directly or indirectly. Further studies on  the bio- 
chemical basis  of  how YA exerts its function in the nu- 
clear envelope and which part of the  protein is carrying 
out  the specific functions will help  understand  the  nu- 
clear envelope and mitotic divisions  in  early  embryos. 
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