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ABSTRACT 
To  understand  the in  vivo function of the  unique  and conserved carboxy-terminal repeat domain 

(CTD) of RNA polymerase I1 largest subunit  (RpII215), we have studied RNA polymerase I1 biosynthesis, 
activity and genetic function in  Drosophila RpIZ.215 mutants that possessed all ( W ) ,  half ( W81) or  none 
( Z Z t )  of the CTD repeats. We have discovered that steady-state mRNA  levels from  transgenes encoding 
a fully truncated, CTD-less subunit (Ut) are essentially equal to wild-type  levels, whereas the levels of 
the CTD-less subunit itself and  the  amount of polymerase harboring it (Pol IIT)  are significantly lower 
than wild type. In contrast, for  the half-CTD mutant (W81), steady-state mRNA  levels are somewhat 
lower than  for wild  type or IIt, while W81 subunit  and polymerase amounts  are  much less than wild 
type.  Finally, we have tested genetically the ability of CTD mutants to complement  (rescue) partially 
functional RpZI215 alleles and have found  that IZtfails to  complement whereas W81 complements partially 
to completely. These results suggest that removal of the  entire CTD renders polymerase completely 
defective in vivo, whereas eliminating half of the CTD results in  a polymerase with significant in vi710 
activity. 

R NA polymerase 11, a complex multi-subunit protein, 
is the enzyme responsible for  transcription of pro- 

tein-coding genes  in eukaryotes. Its activity is modulated 
by interactions with an array of regulatory components 
(reviewed in ZAWEL. and REINBERG 1992; CONAWAY and 
CONAWAY 1993; DRAPKIN et al. 1993; BURATOWSKI 1994). 
While much current research is aimed  at describing the 
nature  and mechanism of action of factors that regulate 
RNA polymerase I1 (pol 11) activity,  with a focus espe- 
cially on  the process of transcription  initiation, achiev- 
ing  a  thorough  understanding of  how pol I1  is regulated 
also requires  detailed knowledge of pol I1 itself. 

Highly purified RNA polymerase I1  is composed of 
10 or more  subunits in most eukaryotic species (YOUNG 

1991).  The largest subunit (-215 kD, product of the 
RpII215 locus in  Drosophila) is usually referred to as 
IIa, and  the second-largest subunit (-140 kD, product 
of the RpIIl40 locus in Drosophila) is usually referred 
to as  IIc.  Extensive sequence and functional homologies 
between the largest and second-largest subunits, respec- 
tively,  of eukaryotic and prokaryotic RNA polymerases 
have been  documented (ALLISON et al. 1985; AHEARN 
et al. 1987; FALKENBURG et al. 1987; SWEETSER et al. 1987; 

JOKERST et al. 1989; and see PALENIK 1992).  The eukary- 
otic pol I1 largest subunit is unique, however, in con- 
taining an unusual C-terminal addition. In all eukary- 
otes investigated to date, with the  exception of certain 
protozoa, this pol 11-specific carboxyl-terminal domain 
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(CTD) consists  of multiple tandem repeats of  the con- 
sensus heptad  sequence, YSPTSPS (reviewed in CORDEN 
1990; YOUNG 1991). Although the  repeat  number varies 
between species, the  sequence characteristics are widely 
conserved. Furthermore,  the CTD has been shown to 
be essential for viability in widely divergent eukaryotes 
(NONET et al. 1987; BARTOLOMEI et al. 1988; ZEHRING et 
al. 1988). 

Modifications to the CTD, most notably hyperphos- 
phorylation, have been  correlated with different  tran- 
scriptional states of pol I1 (reviewed in DAHMUS and 
DYNAN 1992).  When  the largest subunit  carries an un- 
modified CTD, it is referred to as subunit  form IIa and 
the  corresponding polymerase is called pol IIA. This 
form of the enzyme has been  correlated with preinitia- 
tion  complex  formation in vitro (LAYBOURN and DAH- 
MUS 1990; LU et al. 1991 ; CHESNUT et al. 1992) and has 
been  found in promoter proximal paused  complexes 
in viuo (WEEKS et al. 1993; O’BRIEN et al. 1994).  When 
the largest subunit  carries  a  hyperphosphorylated 
form of the CTD,  its mobility is reduced in sodium 
dodecyl sulfate (SDS)-polyacrylamide gels and it is 
known as 110; the  corresponding enzyme is called I10 
(CADENA  and DAHMUS 1987; LEE and  GREENLEAF 1989; 
LAYBOURN and DAHMUS 1990; ZHANG and CORDEN 
1991b; PAYNE and DAHMUS 1993). The phosphates are 
primarily on  serine residues and to a lesser degree 
on  threonine  and tyrosine residues (DAHMUS 1981; 
ZHANG and CORDEN 1991a; BASKARAN et al. 1993). Pol 
I10  is thought to be  the  major actively transcribing 
form of the enzyme, with phosphorylation of the CTD 
having been  correlated with RNA chain  elongation  in 
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nuclei and  nuclear extracts (BARTHOLOMEW et al. 1986; 
CADENA and DAHMUS 1987), in  fractionated  extracts 
(PAYNE et al. 1989; KANG and DAHMUS 1993),  and in 
vivo (WEEKS et al. 1993; O'BRIEN et al. 1994).  The  iden- 
tification and characterization of multiple kinases that 
phosphorylate the CTD  have strongly supported  the 
notion  that  phosphorylation of the CTD  plays a  major 
role in the  modulation of polymerase activity in vivo 
(LEE  and  GREENLEAF 1989, 1991; FEAVER et al. 1991, 
1993; LU et al. 1992; SERIZAWA et al. 1992; STONE  and 
REINBERG 1992; PAYNE and DAHMUS 1993). 

The CTD has been suggested to play a crucial role 
in the regulation of transcription of protein-coding 
genes by  RNA polymerase 11. Initially genetic ap- 
proaches (ALLISON and INGLES 1989; SCAFE et al. 1990) 
and more recently biochemical experiments (LIAO et 
al. 1991;  CONAWAY et al. 1992; KOLESKE et al. 1992; 
USHEVA et al. 1992; THOMPSON et a[. 1993; KIM et al. 
1994; KOLESKE and YOUNG 1994) have  shown that  the 
CTD can interact with certain transcriptional regulatory 
components, suggesting that  the CTD  plays an im- 
portant role in  modulating  transcription  initiation,  at 
least for some genes. It also seems likely that  the CTD 
is involved in  more  than  just  the initiation phase of 
the  transcription process, and several investigators have 
proposed  additional  functions  for  the CTD. These in- 
clude localization of polymerase within the nucleus, in- 
teraction with histones during  elongation, and partici- 
pation in pre-mRNA processing (CORDEN 1990; CHAO 
and YOUNG 1991; GREENLEAF 1993). 

The issue ofwhether  the CTD  plays a role in initiation 
of  all genes was not resolved by the above studies. In 
particular, genetic studies OfYOUNG and coworkers indi- 
cated that diverse promoters  respond differently to 
CTD shortening (NONET and YOUNG 1989; S C L E  et al. 
1990). Similarly, in vitro transcription experiments gave 
mixed results. For example,  a  number of studies dem- 
onstrated  that  pol I1 lacking a CTD  was capable of  accu- 
rate and even regulated initiation from certain promot- 
ers in vitro,  e.g., actin (ZEHRING et al. 1988; ZEHRING and 
GREENLEAF 1990) and Ad2MLP (KIM and DAHMUS 1989; 
BURATOWSKI and SHARP 1990). Conversely, transcrip- 
tion initiation from promoters such as  DHFR seems to 
require  the CTD (THOMPSON et al. 1989; BUERMEYER et 
al. 1992). 

We wanted to expand  upon previous results by in- 
vestigating the  function of the CTD within the nucleus. 
We therefore  sought to compare the in  vivo activities 
and properties of Drosophila RNA polymerases I1 with 
a CTD that was either  intact, partially deleted, or com- 
pletely removed. Biochemical and genetic  examination 
of defects exhibited by polymerases with a  mutant CTD 
might reveal aspects of  wild-type  CTD function. 

Our plan was to investigate three  different strains, 
each containing pol I1 with a distinct CTD (intact, half 
truncated,  or completely truncated). Since the trunca- 
tions would be recessive lethals (NONET et al. 1987;  BAR- 

TOLOMEI et al. 1988; ZEHRING et al. 1988), we would 
have to study them in heterozygotes also carrying a wild- 
type allele; we therefore  required  a means to distinguish 
the  mutant pol I1 from the intact wild-type pol 11.  Two 
of the  three desired alleles had actually been  generated 
in earlier work, and each harbored  a  mutation allowing 
separation of its  activity from that of background wild- 
type pol 11. One was the previously described amanitin 
resistant polymerase encoded by the C4 allele; it retains 
an intact CTD and remains active at  a-amanitin  concen- 
trations  that  inhibit wild-type polymerase (GREENLEAF 
et al. 19'79, GREENLEAF et al. 1980; GREENLEAF  1983). 
The C4 allele differs from wild  type at  a single nucleo- 
tide position (shown as amaR in Figure 1) (G-3973 to 
A transition that changes Arg741 to His) (CHEN et al. 
1993).  The  other allele was a previously described mu- 
tant with a partially truncated CTD,  namely W81 
(VOELKER et al. 1985; ZEHRINC et al. 1988). This mutant 
allele of RpII215was isolated as a recessive lethal caused 
by insertion of a defective P element  into  the C4 allele 
(VOELKER et al. 1985).  Sequence analysis  of the W81 
allele indicated  that 631 bp of a P element  had  been 
inserted  into CTD repeat #20 of  42 (ZEHRINC; et al. 
1988).  These P-element sequences gave  rise to a prema- 
ture  termination  product due to the  introduction of 
five novel amino acids, followed by a translation stop 
codon  encoded by the P insert (see Figure 1, shown  as 
HDQIT");  therefore  the W81 subunit only contains  the 
first 19 of the  normal 42 CTD heptad repeats. Even 
though W81 is a recessive lethal (VOELKER et al. 1985), 
this mutant enzyme  actively transcribes DNA in vitro 
in an amanitin-resistant manner (ZEHRING et al. 1988; 
ZEHRING and GREENLEAF 1990). 

Finally, to generate  the  third  mutant  for our study, 
we designed a  complete CTD truncation  mutant, which 
we refer to as Ilt, that also carried  the  a-amanitin resis- 
tance mutation. The IIt gene was introduced  into flies 
by P-element-mediated germline transformation. We 
then used the  three  mutant strains to carry out a com- 
parative study of the in vivo properties of pol I1 with 
intact, partial, or  no CTD, investigating both  genetic 
and biochemical features of the  mutant  subunits. Be- 
sides its  specific role(s) in transcriptional events, the 
data suggest that  the CTD  is essential for enzyme or 
protein integrity or stability in  vivo. In  addition, our 
results indicate that, in contrast to the in vitro situation, 
a full truncation  mutant may be completely defective 
in vivo. 

MATERIALS AND  METHODS 

Drosophila stocks: Fly stocks were maintained on  standard 
cooked cornmeal/yeast/molasses/agar media. Stocks used 
for germline  transformation were as described (ROBERTSON 
et al. 1988; also see Table 1). The RpZZZ15 alleles used are 
described  in  Table 1. Other genetic  markers used in this study 
are described  in LINDSLEY and ZIMM (1992). 

RpZZ215 mutagenesis and germliie transformation: The 
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CTD truncation  mutant RpZI215Iit  was created by oligonucleo- 
tidedirected mutagenesis of a KpnI to SalI 3' subclone of 
RpIIZl5 (JOKERST et al. 1989).  A  complementary set of 32-bp 
primers was annealed  to  form  an oligonucleotide fragment 
with 5' cohesive ends  that  encoded  the  amino acid sequence 
QQFFGLM**, where * denotes a  translation  termination co- 
don. This fragment was cloned  into  the  unique BspMII restric- 
tion site (RpIIZ15 nucleotide position 6576) of the KpnI to 
SalI subclone. Standard  methods (SAMBROOK et al. 1989) were 
then used to reconstruct the  entire  mutant RpII.215 gene  and 
subclone it into pCaSpeR (PIRROTTA 1988),  generating P[w+, 
RpII215'/']. Subsequent  sequence analysis  of P[w+, RpII215""] 
revealed the  unexpected presence of two 32-bp oligonucleo- 
tide sequences  in  a 5':3'::5':3' arrangement inserted at  the 
BspMII site. Note that  the first insert encodes  the desired 
amino acid sequence  and stop  codons; the second  insert is 
irrelevant with respect to protein  coding information. 

Germline  transformants carrying P[w+, RpIIZl5"'] inserts 
were created essentially as described by HAMILTON et nl. 
(1993). P[w+, RpII215"'I transformants were selected and sta- 
bilized with the  appropriate balancer  chromosomes. Subse- 
quent genetic crosses were carried  out to prepare a transgenic 
fly line, having transgenes  in the background of an  endoge- 
nous RpII.215 allele that was temperature-sensitive (i.e.,  y Rp- 
11215" f/Y; IIt(48A)/CyO and see Table 1). Transgenes were 
mapped by in situ hybridization to polytene  chromosomes 
essentially as described (HAMILTON et al. 1993). 

Genomic DNAisolation and  Southern blot analysis: Geno- 
mic DNA  was isolated from  adult flies by homogenization in 
aqueous buffer (10 mM Tris-HCI, 60 mM NaCI, 10 mM EDTA, 
plus spermine  and  spermidine), followed by extraction with 
pheno1:chloroform  (ASHBURNER 1989, Protocol  #47).  The 
DNA  was digested with restriction endonucleases  and elec- 
trophoresed  through a 0.8% agarose  gel. The DNA  was trans- 
ferred  to positively charged nylon membrane  (Boehringer 
Mannheim) by upward  capillary transfer in  10 or 2OX SSC 
(SOUTHERN  1975)  and hybridized at 42" or 65" with a random 
prime ["'PI- or digoxigenin-dUTP-labeled 1.3-kb BglII-BglII 
RpZZ.215  DNA fragment  (see Figure 2) in formamide or  aque- 
ous buffer, respectively. After high  stringency washing, auto- 
radiography with Kodak XAR X-ray  film  was performed  on 
the blots. 

Purification  and  activity  assays of RNA polymerase 11: RNA 
polymerase I1 was partially purified from  adult flies according 
to GREENLEAF et al. (1980). DEAE fractions containing peak 
enzyme activity were pooled and  concentrated using Amicon 
Centricon-30 concentrators. RNA polymerase I1 activity was 
measured using the nonspecific transcription assay conditions 
(U/20) as described by COULTER and GREENLEAF  (1982). Pre- 
liminary assays were carried out to determine  the  range of 
enzyme for which the  amount of incorporated nucleotide was 
linearly dependent  upon enzyme added. This range of en- 
zyme concentrations was then used to test the  amanitin sensi- 
tivity  of polymerase purified  from mutant flies. Triplicate 
assays were done at  each  @-amanitin concentration.  To  deter- 
mine  the  amount of a-amanitin-sensitive activity present,  the 
data were then analyzed using the program AMACURVE orig- 
inally developed by A. SLUDER based upon known and theoret- 
ical amanitin sensitivity curves (see Figure 2 in  GREENLEAF et 
al. 1980). 

Protein extract preparation and immunoblot analysis: 
Crude  protein extracts were quickly prepared by homogeniz- 
ing  adult flies in cold  95% EtOH with phenylmethyl sulfonyl 
fluoride (PMSF) and  then  resuspending  the  protein pellet  in 
boiling SDSloading buffer (WEEKS et al. 1993).  The  protein 
extracts were subjected to SDSPAGE in  a 5% gel. Separated 
protein was electroblotted onto nitrocellulose (BIO-RAD) us- 
ing  the transfer  buffer  (49.6 mM Tris, 384 mM glycine, 20% 

MeOH, 0.01 % SDS) described by OTTER et al. (1987) to effi- 
ciently transfer  high  molecular weight proteins like RpII215. 

The largest pol I1 subunit forms were visualized using affin- 
ity-purified goat antiexon2 antibodies (WEEKS et al. 1993 and 
references therein), followed by rabbit anti-goat alkaline 
phosphatase-conjugated  secondary  antibodies  according to 
manufacturer's  instructions for  the Western Light kit (Tropix, 
Inc.).  The final step of the detection involved either colori- 
metric  reaction of immunoblotted  membrane with  NBT/ 
BCIP or chemiluminescent  reaction  using CSPD or AMPPD 
substrates  supplied  in the Western Light kit followed by expo- 
sure  to Kodak XAR X-ray film. The relative amounts of pol I1 
largest subunit forms were determined by imaging the reacted 
blots and/or autoradiograms  using  a CCD Camera (Photo- 
metrics) with Star 1.3 image capture program and analyzing 
the images using the National Institutes of Health Image v1.52 
data analysis program. 

RNA isolation  and  Northern blot analysis: TRIzol Reagent, 
a  monophasic  solution of guanidinium thiocyanate:phe- 
no1:chloroform (CHOMCXNSKI and SACCHI 1987) was used ac- 
cording  to manufacturer's  instructions (GIBCO BRL) to ex- 
tract total RNA from  adults flies. Additionally, total RNA was 
independently  prepared by homogenizing adult flies in S D S  
urea buffer containing 5 mM vanadyl-ribonucleoside complex 
as previously described (BIGGS et al. 1985), followed by phe- 
no1:chloroform extraction and  ethanol precipitation. Polyade- 
nylated RNA was isolated from  the total RNA samples by oligo- 
(dT)-cellulose affinity chromatography (AVIV and LEDER 
1972) according  to  the protocol of the mRNA Purification 
Kit (Boehringer  Mannheim). Equivalent amounts (as assayed 
by absorbance at 260 nm) of total or poly(A+) RNA samples 
were electrophoresed  on 0.8% agarose-formaldehyde gels 
(AUSUBEI. et al. 1989) and transferred to GeneScreen nylon 
membrane  (DuPont/NEN) by upward capillary transfer in 
2OX SSC. The  membranes were hybridized at 42" in for- 
mamide containing buffer plus the following random-prime 
labeled =P-DNA probes: the 1.2-kb BamHI-Hind111 fragment 
of Rase (MOZER et al. 1985) as a control  and  the 1.3-kb BglII- 
BglII central fragment of RpII215 ('JOKERST et al. 1989; also 
see Figure 2) .  The blots were washed and exposed to a  Storage 
Phosphor Screen  (Molecular Dynamics). The radioactive sig- 
nals were quantitated using the  PhosphorImager  ImageQuant 
program. 

Genetic  complementation analysis: To  prepare a stock con- 
taining  a IIt transgene on  the X chromosome  along with the 
L5 allele at  the  normal RpII225 locus on  the X ,  the stock y 
ras 71 L5 f /FM7/Y (referred to as L5/+; also see Table I ) ,  
generously provided by M. MORTIN, and  the + IIt(I3F) 
transgenic  strain were recombined as described here. Cross- 
over events on  the X chromosome between f a t  15F1-3 and 
IIt at 13F were generated in non-FM7 daughters from the 
following cross: y ras v L5f/FM7 females mated to RpII215+ 
[IIt(I?F)]f/ Y transgenic males. These non-FM7 daughters 
were crossed to FM7/y+ Y v+ males, and  the resulting male 
progeny were examined for loss of the forked marker plus 
retention of the lethal L5 allele by mating to L5/FM7females. 
The  appropriate ras v L5 [II t ( I?F)]?f /FM7 daughters were 
backcrossed to FM7/y+ Y v+ males to create the following 
stable stocks, ras v L5[IIt(13F)]?/FM7/y+ Y v+. Subsequent 
PCR amplification and  Southern blot hybridization analysis 
of these flies confirmed the presence of ZIt(13F) in f progeny 
in  one  out of 28 candidates.  This stock is referred to as L5 
ZZt(13F)/+; also see Table  1. The FM7 and y+ Y v+ chromo- 
somes, both  harboring a wild-type allele of  RpIIZ15, are as 
described (VOELKER et al. 1984; and see Table 1). 

The in vivo activity of W81 and IIt mutants was tested by 
complementation assays using a series of strains carrying par- 
tially functional RpZI215 alleles. The tester fly stocks resulted 
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from  hybrid  dysgenic  reversion of the  P-element-caused 050 
lethal  mutation (VOEL.KEK et al. 1984)  and thus are referred 
to  as  D50revertant.s  or " R ' ,  or by their  allele  number  designa- 
tion. For  the  reversion strains, part  or  all of the  original 050 
mutagenic  Pelement  present within the  5'  transcribed  region 
of the RpII215 locus  had  excised,  such that precise  excision 
revertants  restored full RpII215 activity and  rescued  the null 
L5 allele  completely (LEFEVRE 1971; MORTIN and LEFEVRE 
1981), whereas  imprecise  excision  revertants  only partially 
restored RpII215 function, rescuing the null L5 allele slightly 
to  not at all.  The  level  of  rescue is considered  to  be a reflection 
of the  level  of  active  RpII215 subunit in each  of  the R strains. 

For  the  genetic  complementation  experiments,  crosses be- 
tween a set of  test  female virgins ( i e . ,  125/FM7,  L5 IIt(l3F)/ 
F i 7 ,  or W81/FM7, respectively)  and  hemizygous  males  car- 
rying a 050 revertant  allele  (see  Table 1) were  established. 
Flies  were  grown  at  25" in half-pint milk bottles  on  modified 
Instant  Drosophila  Media (GKEENLEAF et al. 1979).  The fly 
broods  were  transferred  to  fresh  bottles  every other day  over 
a period of 2 wk. The  progeny  from each bottle  were  counted 
for  -5  days after the first adults  emerged.  The  total  progeny 
for  each  set of crosses numbered from  600  to  5000, with an 
average number of  2500  progeny counted  for  each  cross. 

RESULTS 

Transgenic flies carrying  a  truncated,  CTD-less sub- 
unit, IIt: To  extend  our in uiuo functional analysis  of 
RNA polymerases I1 with altered CTDs, we constructed 
a mutation of RpZZ215, called ZZt, that  truncates  the sub- 
unit such that  the CTD  is completely removed; we then 
generated transgenic flies carrying the ZZt allele. An  oli- 
gonucleotide whose sequence  encoded seven  novel 
amino acids plus two translation termination  codons 
(shown in Figure 1) was inserted  at a unique restriction 
site in  the  coding region upstream of  CTD consensus 
repeat 1 (see MATERIALS AND METHODS). The resulting 
construct caused the  altered C-terminus of the  prema- 
turely truncated  subunit to be immunotagged by seven 
novel amino acids (shown in Figure 1 as QQFFGLM) 
encoding antibody-reactive C-terminal amino acids of 
substance P  (CUELLO et al. 1979; MUNRO and PELHAM 
1984). This tag was added to permit  immunodetection 
of the  truncated  subunit  (Ut) and detection and purifi- 
cation of  RNA polymerase I1 containing  the  truncated 
subunit  (pol IIT). We constructed  the ZZt mutant  gene 
(see Figure 1) using the amanitin-resistant C4 allele of 
RpZZ215 (JOKERST et al. 1989) for  introduction  into wild- 
type (amanitin sensitive or amaS) flies, expecting  that 
transgenic flies  would contain a mixture of intact pol 
IIA/IIO and  truncated  IIt;  the  amanitin resistance 
(amaR)  property would therefore allow  us to distin- 
guish functionally between amaR enzyme from IIT and 
amaS (wild-type) forms IIA/IIO. 

The truncation  mutant  construct RpZZ215'"  was sub- 
cloned into the P-element transformation vector  pCaSpeR 
(PIRROTTA 1988) creating P[7u+, RpZ1215"'l. To generate 
transgenics, this P vector was microinjected into w/w; 
9 1 ~ " ~  P[v+ A2-31  (99B)/TM3 or TMGB Drosophila em- 
bryos (ROBERTSON rt al. 1988). P[zu+, RpZZ215"'l-trans- 
formed progeny were selected and stabilized with  bal- 

ancer chromosomes for  further analysis (see HAMILTON 
et al. 1993 for details on P-element transformation). Two 
transgenic lines were chosen for analysis in this study: 
+;ZZt(48A) and ZZt(l?F) (see Table 1 and Figure 1). 

Molecular characterization of ITt transgenes: To con- 
firm that the complete clone of ZZt had integrated into 
the genome of the transgenic  flies  without rearrangement 
and to  assess the number of transgenes present, we  is@ 
lated genomic DNA from wild-type and transgenic  flies 
and carried out Southern blot hybridization (SOUTHERN 
1975) as described in MATERIALS AND METHODS. XbaI di- 
gestion of the ZZt transgene would produce a  9.4kb hy- 
bridizable fragment if ZIt integrated completely into the 
genome. The results in Figure 2B, lane 3, indicate the 
presence of a  9.4kb XbaI restriction fragment (repre- 
sented by an arrow) in +; ZZt(48A) transgenic  flies as ex- 
pected. To determine the  number of ZZt inserts, genomic 
DNA  was digested  using KFI or Sac11 restriction endonu- 
cleases that cut at unique sites  within the RpZI215 gene 
and 5' to the RpZZ215 gene. As shown  in  Figure 2B, in 
addition to the wild-type-specific KpnI band (indicated 
by the arrowhead) at about 10-1 1 kb, two larger DNA 
fragments hybridized  to the RpZZ215 probe, suggesting the 
presence of two ZZt transgenes (compare +; ZZt(48A)/KpnI 
in lane 5 to +/KpnIdigested DNA in lane 4). Similar 
results  were obtained with SucIIdigested DNA as pre- 
sented in lanes 8 and 7 of Figure 2B. Additionally, we 
prepared a stock  of  flies  carrying the chromosome 2 bal- 
ancer CyO, a chromosome 2 homologue having a ZZt in- 
sert, and an X-linked temperature-sensitive QZZ215 allele, 
namely ts;  ZZt(48A)/CyO (see Table 1). Southern analyses 
of genomic DNA from these  flies confirmed the presence 
of an intact ZZt insert (see  Figure 2B, lane 2). As seen 
previously,  KpnI and Sac11 digests of ts; IZt(48A)/ Cy0 gene 
mic DNA produced two larger hybridizable bands in  addi- 
tion to the endogenous allele-specific band (see  Figure 
2B, lanes 6 and 9). Because ts;  ZZt(48A)/ Cy0 flies share one 
chromosome in common with +; ZZt(48A) and Southern 
analyses  of these  genotypes produce similar pattern of 
bands, we believe two ZZt transgenes (designated as 
"ZZt(48A)") are located in close  proximity on chrome 
some 2R at 48A, because  only a single  site of ectopic 
hybridization was detected by in situ localization of 
transgenes (data not shown). Interestingly, for the ts/ts; 
ZZt(48A)/CyO genomic DNA sample, the intensity  of the 
bands for the endogenous allele is greater than for the 
bands derived  from the ZZt transgenes (compare the ar- 
rowheaddesignated band vs. the arrow-indicated bands 
in lanes 6 and 9), while the hybridized  restriction bands 
(+- and ZZ-specific) for +/+; ZZt(48A)/ZZt(48A) have  rela- 
tively similar  intensities  (see  lanes 5 and 8), consistent 
with a 2tslIZt-u:lZZt-0 gene ratio in the former genotype 
compared to a 2+:2ZZt-a2ZZt-b ratio  in the latter genotype. 
Thus, +; ZZt(48A) homozygous  flies appear to contain a 
2: 1 ratio of ZZt transgenes  to wild-type endogenous RpZZ215 
gene. (Refer  to  Table 1 and Figure 1). 

Anticipating future genetic experiments (see below), 
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TABLE 1 

RpZZ2Z5 mutants used in this study 

Mutant stock RpII215 allele Description Reference 

Wild  type P 2 / Y  

u C 4 / Y  

W81 m Jiu/ FM7/ Y 

FM7' 

+Ut( I3F)/ Y 

+/ y;IZt(48A)/IIt(48A) 

y QIZ215" f/ KIIt(48A)/  Cy0 

y ras u L5 f /FM7/ Y 

ras v L5 IIt(13F)/FM7/y+ Y ut 

y+ Y v+ or Dp(+)-Y 

D50 Revertants 

R/ Y 

+ 
c 4  

W81/ + 

+ 

+ and IIt 

+ and IIt 

ts and Ilt 

L5/ + 

L5 Ut( 13F)/ + 

+ 

1-1 
4-1 

10-2 

16-2 
1 6 4  

22-1 

38-1 

RpII215'; gene  encoding amaS" largest 
subunit 

RpI1215c4; amaRb largest subunit 
encoding  generated by EMS 
mutagenesis of P2; X  chr.' marked by 
7) 

Partial CTD truncation  mutant allele 
resulting from P element hybrid 
dysgenesis of C4; marked with m and 
/iq balanced  in females with Xchr. 
balancer FM7; amaR 

Balancer for X chr. carrying RpIZ215+, 
y3'd, d, u'f, and B markers 

IIt transgene at 13F on X chr.  encoding 

IIt transgenes at 48A on  chr. 2R 
amaR truncated largest subunit 

encoding amaR truncated largest 
subunit 

encoding amaR truncated largest 
subunit, balanced by chr. 2 balancer 
CyO; in the background of 
endogenous temperature-sensitive 
RpZZ215 allele on X chr. marked with 

Lethal RpII215 allele on  Xchr. marked 
with y, ras, v, f; covered by Xchr. 
balancer FM7 

IIt transgene at 13F recombined  onto X 
chr. bearing L5 and marked with ras 
and v 

chr.  that includes RpIIZlS', y+, v', BS 

IIt transgenes at 48A on  chr. 2R 

v and f 

Duplication of 9F3 to 10E3-4 onto Y 

Partially functional hybrid dysgenic 
revertants of Pelement-caused lethal 
allele RpI1215°50; amaS 

-40 bp  Pelement remain 
-50 bp P element remain 
0 bp P element remain;  complete 

-70 bp P element remain 
35 bp P element remain 

394 bp P element remain 

35 bp P element  remain 

reversion 

GREENLEAF et al. (1979) 

GREENLEAF et al. (1979) 

SEARLES et al. (1982), 
VOELKER et al. (1985) 

VOELKER et al. (1984), 
LINDLEY and ZIMM 
(1992) 

This study 

This study 

This study, MORTON 
and KAUFMAN (1982) 

LEFEVRE (1971), 
MARTIN and LEFEVRE 
(1981) 

This study 

VOELKER et al. (1  984), 
LINDLN  and ZIMM 
(1992) 

VOELKER et al. (1984) 

VOELKER et al. ( 1984) 
VOELKER et al. (1984) 
VOELKER et al. (1984) 

VOELKER et al. (1984) 
VOELKER et al. (1984), 

SEARLES et al. (1986) 
VOELKER et al. ( 1984), 

VOELKER et al. (1  984), 
SEARLES et al. (1986) 

SEARLES et d .  (1986) 

Homozygous stock is used if not otherwise noted. 
a amaS, amanitin sensitive ( i e . ,  wild type). 
amaR, amanitin resistant ( i e . ,   C 4 ) .  
Chromosome  (chr.). 

we  recombined an X-linked ZIt transgene onto an X for  details of the  recombination  crosses.)  The  trans- 
chromosome  carrying the RpZZ215L5 null  allele (here formant  line  carrying a IIt transgene at 13F (designated 
represented  as "L5" and previously  denoted  as 1 (1) as "IIt(13F)") had been previously  identified by genetic 
L5) (LEFEVRE 1971; MORTIN and LEFEVRE 1981) a t   t he  selection and characterized by in situ hybridization 
endogenous  locus at 1OC. (See MATERIALSAND METHODS (data  not  shown).  Analyzing L5 ZZt(Z3F) recombinant 
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Pi? wild  type 
+I+ 

c 4 c 4  

W8 lI+ 

//ttransaenic 

+; llt(48A) 

+ llt(13F) 

Bnetlc composition 

CTD &a (chr. X )  

amaR 7 
HWIT' ahaR 

amaR-WS1 

amaR 
QQFFGLM" amaS amaR-lff 

(chr. x )  

amaR 

(CTDI 
amaR 

I 
amaR 

FIGURE 1.-Comparison of the structures of RpZZ215 mutants analyzed  in  this  study. The intronexon structures (denoted as 
lines  between  boxes and 0, respectively) of RpZZ215 mutants are shown  on the  left, with the CTD heptad  repeat  domain  coding 
sequences  in the fourth exon  indicated by .. C4, W81, and ZZt transgenes  all  carry the mutation  conferring  resistance to a- 
amanitin  inhibition (amaR), whereas the wild-type gene  encodes  a-amanitin sensitive  (amaS)  subunit. W81, with a 631-bp P 
element  inserted in the CTD coding  sequence,  contains  sequences  coding  for five  novel amino acids  (shown by HDQIT)  plus 
a termination  codon (*) that  leads  to  partial  truncation of the CTD. The ZZt transgenes  contain  an  oligonucleotide  inserted 
upstream of the CTD coding  region that introduces seven  novel amino acids (pictured as  QQFFGLM) and two termination 
codons (**), producing  an  epitope-tagged  completely  truncated  largest  subunit  construct. The +, C4, and W81 alleles are all 
positioned  at lOC, the endogenous RpZZ215 locus on the X chromosome, whereas ZZL transgenes have been  localized  to either 
chromosome 2R [ZZt(48A)] or  the  Xchromosome [ZZt(l3F)]. 0 ,  the  location of the centromere  for  each  chromosome.  Representa- 
tions of  RpII215 subunit composition  for  mutants  are  shown  at the right. W81/+ and ZZt transgenic  flies are expected to contain 
a mixture of  amaS intact and amaR  CTD mutant polymerase  largest  subunits. 

flies by Southern  blot hybridization, we confirmed  the 
presence of the IIt transgene on  the  L5 chromosome. 
In Figure 2C, the  9.4kb XbaI Ilt-specific DNA fragment 
as indicated by the arrow is found  in  L5  IIt(l?F)/+ 
recombinant  and + ZIt(t(l?F) parental  transgenic flies in 
lanes 3 and 4, respectively. The results also indicate  a 
length polymorphism  in the I 3  allele, which has not 
been  characterized  at  the  molecular level (M. MORTIN, 
personal  communication). An Lsspecific XbaI band 
(denoted by a bar) is present  in  the  L5/+  control  (lane 
2 ) ,  as  well  as in  L5  Ilt(l?F)/+  recombinant flies (lane 
3) ,  that is smaller than  the wild-type XbaI band (shown 
by the  arrowhead).  Other hybridization  experiments 
indicate  that  the  L5  mutation is due to  a  substantial 
deletion  in  the 5' region  upstream of the RpII215 
coding  region (W. J. BRICKEY and A. L. GREENLEAF, 
unpublished  results). Finally, by analyzing KpnIdi- 
gested  genomic DNA, we obtained results confirming 
the  presence of a single IIt transgene on the  L5bearing 
chromosome in L5  IIt(l3F)/+  recombinant flies. (Com- 
pare lanes  5-8 of the KfmI blot  in  Figure 2C.) 

Levels of active mutant RNA polymerases: To assess 
the levels of active mutant  pol I1 containing a partially 
or completely truncated largest subunit  in W81/+ or 
+; Zlt(48A) flies, respectively, we exploited  the  amanitin 
resistance trait  encoded by the W81 and IIt alleles. We 

expected RNA polymerase I1 assembled with either mu- 
tant largest subunit  to  be resistant  to the inhibitory 
effects of a-amanitin and therefore  distinguishable 
from wild-type polymerase activity in nonspecific  tran- 
scription assays that use denatured DNA as the  template 
(GREENLEAF et al. 1979). Previous studies had  demon- 
strated  the validity of this assay for  measuring levels  of 
mutant enzyme activity and  had shown that  in this assay 
absence of the CTD does not affect catalytic activity of 
the polymerase (GREENLEAF et al. 1980; ZEHRINC et al. 
1988; A. L. GREENLEAF, unpublished  results). 

Pol I1 was partially purified  from wild-type, C 4 / + ,  
W81/+, and +; Zlt(48A) adult females, and  the amaS 
and  the amaR enzyme activity in  each  sample was 
measured  using the nonspecific transcription assays 
(GREENLEAF et al. 1979; JAENIKE et al. 1983). In  the  pres 
ence of a-amanitin  concentrations >0.5 pg/ml, +/+ 
polymerase activity was nearly completely inhibited  (see 
Figure 3A). In contrast,  a substantial amount of amaR 
activity (-40-50% of initial activity) from C4 polymerase 
in  the C 4 / +  sample  remained, and the CTD mutants 
(W81 and ZIt) displayed intermediate levels of amaR ac- 
tivity at  a-amanitin concentrations >0.5 pg/ml. 

The results presented  in Figure 3B show that 100% 
of the total  synthetic activity in +/+ flies is amaS poly- 
merase and C4/+ heterozygous flies contain -50% 



<:TD Mutant RNA Polymerases In Vivo 605 

m/n/-wh/te+ 1- 
Ilt transgene 3'P 5' P 

I l l l l l l l l l l l l  
(kb) -2 0 2 4 6 a IO 12 

12.2 
11.2\= 
10.2c* = 

c 
c 
4 -if 

8.1 - 
7.1 - 
6.1 - 
5.1 - 

1 2 3  4 5 6  7 8 9  
Xbal Kpn I Sacll 

12 2 
1i.2\: 
10.2- 9.2 - 

8.1 - 
7.1 - 
6.1 - 

1 2 3 4  
Xbal 

5 6 7 8  
Kpnl 

a m ; &  ; u ~ l  .50% ;umaR enzyme, a s  previot~sly  docu- 
m c n l c . t l  (Gl<l<l~.xl.l~.A~ v /  NI. 1980). In contrast, W8l/+ 
llirs and +; 11/(48A) transgenics  each appear  to possess 
o n l y  - 1.5% ;~maR polymerase. This  amount of amaR 
activity l i - o m  "XI or I I T  polymerase is much less than 
anticipatctl  from gene dosage  considerations. Recall 
that \\'81/+ flies  possess one gene encoding  the amaR 
largcst subunit and one gcnc  encoding  the  amaS largest 
s u l ~ n i t ,  and that i n  +; 11/(48A) transgenic flies, the 
ratio of amaR t o  amaS genes is 2: 1.  

FIGL'RF. 2.--Southrrn hybridization 
analysis of IIt transgenic  strains. (A) 
Known restriction sites for X M ,  K j A ,  
and Sad1 enzymes in 1+111215 and I11 
transgene, P[70+, I<pII215"'], are  shown. 
The  DNA probe  used is designated by 
the  solid har topped with ***:*. - - - bor- 
dering  each  gcne  represent  extragenic 
chromosorn;d  sequences.  Coordinates 
below map  are in kh, with the 0 kh  mark 
indicating  the  transcription  start site. 
The primary RpI1215 transcript is de- 
picted as connected  solid  bars  above 
maps. ( R )  Southern  blots  indicating  the 
presence of I l /  in  transgenic flies. Geno- 
mic DNA ( L C . ,  1 0  pg) f'rom +/+ (lanes 
I ,  4, i ) ,  +; IIt(48A) (lanes 3, 5 ,  8) and 
1.c 111(48A)/C~10 (lanes 2, 6, 9) female 
flies were  digested with restriction  endo- 
nucleases,  fractionated  on a 0.8% agar- 
ose  gcl,  transferred to nylon membrane, 
and  probed with the  labeled RjdI215 
DNA fragment  shown  in A. Wild-type 
DNA fragments  are  denoted by large  ar- 
rowheads  and Ill hands  are  indicated by 
arrows. DNA markers with lengths in kb 
are  shown to the left. (C) Southern  blot 
showing  presence  of 111 in + I l t ( l 3F)  
transgenic  and L5 lIl(I31:)/+ recombi- 
nant flies. Genomic DNA from +/+ 
(lanes 1 and 5 ) ,  L5/+ (lanes 2 and 6), 
I S  I11(13F)/+ (lanes 3 and 7 )  and + 
IIl(13F) (lanes 4 and 8) female flies were 
analyzed  as  in R. Wild-type (arrowhead), 
Ill (arrow),  and 13 (thick  bar)  bands  are 
designated. DNA markers with lengths 
in kh  are  shown t o  the left. 

Levels of mutant RpII215 subunit: Next, we exam- 
ined  the steady-state levels of M'Xl and IIt  subunits in 
mutant flies to determine if the  reduced levels of active 
mutant pol I1 represented all or  just part of the total 
truncated  subunit. Levels of CTD-truncated  subunits 
relative to  intact wild-type subunits were estimated by 
immunoblot analysis of quickly prepared whole fly ex- 
tracts. Due  to  the  extreme sensitivity of the CTD to 
proteolytic  degradation (and phosphatase  action), we 
prepared total extracts by grinding flies  in cold ethanol 
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FI(:L'RI.I J."L.evels of active mr1t;lnt  RNA polymerase I1 in 
mutant R/)11215 flies. (A) RNA polymerase I1 activity in the 
presence of increasing amounts o f  a-amanitin. Crude prepa- 
rations of polymerase from wild-type and mutant flies (+/+, 
C4/+, W81/+, and +; 111f4NA)) were  assayed  using denatured 
DNA template i n  the presence of increasing amounts of a- 
amanitin. The amount of nucleotide incorporation at each 
amanitin concentration was compared to the productivity in 
the absence of amanitin (drfinetl as 100% activity)  to deter- 
mine percentage initial activity remaining. (R) Determination 
of levels of a-amanitin-resistant polymerase i n  \I%]/+ and +; 
11/(4#A) mutants. Data in A were  analyzed  using the AMA- 
CURVE program  developed (by A. S l . L l I x R )  to  convert the 
amount of nucleotide incorporation at  known a-amanitin 
concentrations to percentage initial a-amanitin-sensitive activ- 
ity in polymerase  sample according to the equation described 
by GRI:.ESI.EXF PI nl. (1980) (see alsoJ,\\ExIw c/ nl. 1983). The 
difference between total synthetic activity (defined as 100%) 
and a-amanitin sensitive synthetic activity (0) equaled the 
amanitin-resistant activity (0). The error for a-amanitin-sensi- 
tive synthetic activity determined for each  sample was 2-3'76. 

and boiling the  ground material  in SDS sample  buffer 
(see MATIXIAM AND METHOI)S). Immunoblots were  re- 
acted with antibodies  directed  against  determinants in 
the  second  exon of the Rfd1215gene (denoted as "anti- 
exon2"  antibodies) (WEIKS P/ crl. 1993 and  references 
therein)  to  detect all forms  of the largest  subunit,  inde- 

pendent o f  the state of the CTD [P.K., form 110 (phos- 
phorylated),  form IIa (unmodified),  and "81 o r  IIt 
(partially or  completely  truncated, respectively)]. 

Immunoblotting of C4/C4 protein  extracts revealed 
predominantly 110 (indicated by the thick arrow)  and 
IIa (designated with a long  thin  arrow)  subunits  (and 
small  amownts of intermediately  phosphorylated  spe- 
cies migrating  between 110 and Ha) as shown  in  lanes 
1 and 2 in  Figure 4. More  importantly, no  bands migrat- 
ing faster  than IIa that would have resulted  from  proteo- 
lytic degradation of the CTD  were  evident.  In  contrast, 
for M4?1/+ fly extracts,  anti-exon2  antibodies revealed 
a protein  species  migrating faster than IIa at a  position 
expected  for a partially truncated  subunit  (Figure 4A, 
lanes 3 and 4, indicated by the  short  arrow  labeled 
"81); in addition hvo bands  migrating slightly ahead 
of  the M'81 band, possibly representing proteolytic 
products, were  noticeable. Finally, for  the +; 11/(48A) 
transgenic flies, a novel species with a mobility expected 
for a complete  truncation was present in addition to IIa 
and 110 (Figure 4A, lanes 5 and 6 ,  shown by arrowhead 
labeled  IIt). (An  antihotly-reactive band  at - 120-  130 
kD was sometimes  seen  on  these  immunoblots,  but 
since we do  not know its origin o r  structure, we have 
not  included it in this  analysis). 

The  amount of completely o r  partially truncated s u b  
unit  (IIt o r  M'81) relative to intact  subunit  (IIa plus 110) 
in mutant fly samples was estimated by measuring  and 
comparing  the  intensities of the  protein  bands in each 
sample.  For \V81/+ heterozygotes, "81 protein was 
found  to  comprise -25% of antibody-reactive  species 
(Figure 4B, lanes 3 and 4). The  bands  migrating faster 
than M'81 were considered  to  be  breakdown  products 
of "81, since  similar bands were not  present in W / C 4  
or  +/+ (data  not  shown)  extracts.  It also should  be 
noted  that M781, possessing 19 of the 42 natural CTD 
repeats, may be phosphorylated and  the modified  par- 
tially truncated  form(s) may migrate  between  IIa and 
110. We are  currently  unable  to distinguish  hyperphos- 
phorylated "81 subunit  forms  from  other  intact 
Rfd1215 subunits in \&?I/+ protein  extracts. Similar 
analysis indicated  that IIt represents -17% of the 
largest  subunit  forms in +; 111(48A) transgenic flies (Fig- 
ure 4B, lanes 5 and 6) .  Thus, in  parallel with the activity 
assays described  above  that  measured a property of as- 
sembled polymerase,  this immunoblot analysis indicates 
lower than  expected  amounts of total truncated  subunit 
present in CTD  mutant flies. In view of the fairly close 
agreement  between  the two sets of values and consider- 
ing  the  nature of the  measurements, we conclude  that 
most of the  subunit we detected immunologically was 
probably  part of assembled, catalytically active pol 11. 

Last, we discovered that  subunit  IIt, which should 
contain a portion of the substance P peptide  at its 
COOH terminus, was undetectable by immunoblotting 
o r  by immunofluorescence  staining  of  polytene  chro- 
mosomes with several anti-substance P antibodies (J. R. 



A C4K4 W81/+ +; llt(48A) 

220 kD- 

116 kD- 

1 2  3 4 5  6 

-Ila 
-W81 
'Ilt 

B 
lane 

1 

2 

3 

4 

5 

6 

Reactive 
Rp11215 
protein 

I10 L 
I10 

a 8 1  ~ 

I 

Ilp 

I10 

I10 
I 

Relative 
Abundance 

W81 
Ilo -> Ila 

0.25 

0.27 

Ilt 
Ilo -> Ila 

0.1 8 

0.1 7 

WEEK% antl A. I,. GIWF.SI,I<..\F, unpublishetl  data).  The 
immunotag  appears to be either rlna\.ailahle to  the anti- 
bodies o r  proteolytically removed from the  subunit, 
since the  presence of the  substance P seqwnce in the 
transformation  vector I'[ZII+, I + I I ~ I ~ " ]  and II/ trans- 
genic flies was confirmcd by PCR amplification and 
DNA sequence analysis (data  not  shown). As a result, 
direct  and selective identification of IIt  subrmit by sub- 
stance P antibodies  unfortunately was not achievable. 

Levels of mutant RpZZ225subunit mRNA To inquire 
whether  the low amounts o f  CTLkompromised enzyme 
in \ V N I / +  and in +; 11/(48A) flies might be  due  to corn- 
parably low  levels  of the  corresponding mRNAs, we cx- 
amined  the steady-svate  levels  of 1$')11215 rnRNA i n  mu- 
tant and control flies, each with a known 1?~)11215 gene 
dose.  Total and  poly(A+) RNAs were isolated from adult 
females of four  genotypes: +/+, <X/+, \ W l / + ,  and 
+; Ilf(48A). The RNAs were analyzed by Northern blot 
analysis (shown in Figure .5A antl R) wit11 the  amount 
of hybridization to an 12p11215 prohe  being normalized 
against the signal from an internal  control ofa  constitu- 
tively expressed RNA, namely I h 2  ( MOZEK rf d .  1985). 
Note that  the  expected  length of the /I/ tr;lnscript is 
only 64 bases longer  than  the wild-type - i - k b  message 
(BI(;(:s rf d .  1985), and  the two would not he resolved 
during  electrophoresis.  The \ICY1 message might consist 
of a heterogeneous  population of RNAs, depending 
upon  the  extent of transcriptional  termination or  pro- 
cessing within the 631-hp 1'-element insert  that  caused 
the W8I mutation. For example, 3' end formation  at a 
polV(A') site within the I' insert (O'HXKL:. and RLWS 
1983) would generate a -6.6-kb mRNA however, if this 
site is not used efficiently and  iftranscription  continued 
through  the insert to terminate  at  the  normal Rj111215 
site,  a longer mRNA of -7.6 kb would result. "hich 
of these RNAs would be resolved from the wild-type 
transcript  during  electrophoresis is not k n o w  (also  see 
1,rsc:vsslON). 

The results shown in Figure 5 indicate  that, asjudged 
by comparison with the Rm2 internal  standard,  the ratio 
of steady-state Rj,11215 transcript  to I<~)11215 gene dose 
is relatively constant for all samples  examined, except 
for W'3I/+. That is, steady-state I+11215 transcript per 
gene  found in total or  poly(A') RNA isolated from \l<Yl/ 
+ flies appears to he less than  that seen for the  other 
flies that also have two X-linked 111,11215 alleles ( i . ~ . ,  +/ 
markers (Sigma) o f  apparent  nlolccular wcighr 220 and 116 
kD are indicatrd at lrft o f  blot. ( R )  AtxIlysis of  tlctcctctl pro- 
teins revcals rclati\fc  abundance  of t n u t ; l n t  subunits t o  intact 
subunits in CTI) mutant flics. Intcnsitirs of  ;Inribotly-l-c;lcri\.r 
RpII215 sdmnit  bands in A wcrc~ quantitated by imaging the 
blots using a (;(;I) camera, followctl by analysis with the SIH 
Image ~ 1 . 5 2  program. Thc peaks for 110, I I a ,  M'81, and I l t  
subunit  forms for each scan itre intlicatctl. Thr relative abun- 
dance o f  mutant t o  intact subunits was drterminctl by dividing 
the  intensity o f  the 14'81 o r  I I t  prak by t h e  intensity o f  t h r  
total peak representing 110, I l a ,  plr~s all intcrtnetliate phos- 
photyl;~tetl  forms for  each rrspcctivc  sample. 
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FKX'KI. .5.-Northcrn blot analysis o f  steady-state kve ls  of 
I<j)II2/5 srlbunit mRNA i n  RpII215 mutants. (A) Northern blot 
analysis of total RNA from 1</111215 mutant flies. Total RNA was 
isolated l'rom the Rj111215 strains shown, then  fractionated on a 
0.8% agarosr-formaldel~vde gel, blotted to nylon membrane,  and 
probed w i t h  the Rp11215 DNA probe described in Figure 2. 1 n -  
crwsing  amounts ( i . ~ . ,  3, IO, and 2.5 pg) of total RNr\ for each 
samplr [+/+, lanes 1-3; M/+, lanes .5-7; M4?//+, lanes 8- IO;  
+; I I / (4? ,4 ) ,  lanes 1 1 - 131 werc loaded in consecutive lanes from 
left t o  right. Signals for R/)II215 and Rns2 (internal  control) 
transcripts (MOXK PI rtl. 198.5) are indicated by labeled arrows 
at right. M (lane 4). RNA size markers (GIBCO-RRL) with 
Icngths i n  k h  arc shown r o  left. ( R )  Polyadenylated R S A  from 
murant R/)I/215 flies analyzed by Northern blotting. Poly(A') 
RNA was purified by oligtr(dT)-cellrllose affinity chromatogra- 
phy and analyzed by Northern hybridization as i n  A. Increasing 
amounts of polV(A' ) RNA ( i . P . ,  I ,  3, and 5 pg RNA) were loaded 
o n  consecutive lanes from left to right  for  each  sample ( a s  de- 
scribed above). Signals for RpII215 and Rns2 transcripts, as well 
as RNA size markcrs ( M ) ,  arc indicated a s  in A. ( C )  Determina- 
t i o n  of relative levels  of R/)II215 subunit mRNA i n  mutant flies. 
Rclatiw Icvcls of Rj)I/2/5 mRNA/genc were determined by mca- 
suring  the intensity of RpII215 and Rns2 signals in A (W, total 
RNA) and B (0, polyaclcnylated RNA) by PhosphorIlnaging, 
followed by using a data analysis program. The RjdI215 signal in 
each  lane was compared to the Rns2 signal, and a mean value 
of normalized RpII215 mRNA amount in each  sample was calcu- 
lated from the data points in each set in  which signal intensity 
increased with input RNA. These valucs were expressed as the 
ratio of mRNA to gene copy number relative to the wild-type 
v a h e  that was assigned to be 100%. The  error bars represent 
the variability  of thrcc values used to determine  the mean that 
were obtained  through  the  independent analyses of two RNA 
preparations. 

R/)11215 null  allele (LEFEVRE 1971; MORTIN and LEFEVRE 
1981). Imprecise  excision of P sequences  generated R 
alleles that  complemented 13 slightly if at all, whereas 
precise  excision generated  complete  revertant alleles 
with  wild-type complementation values (VOELKER Pt nl. 
1984).  (Note  that even the  Ralleles  that do  not  support 
viability of L5/ R heterozygous  females,  nevertheless 
support  the viability of R/ Y hemizygous males, presum- 
ably from  increased  expression due to dosage  compen- 
sation of the X-linked R gene.) 

To determine  whether  the CTD-altered Rp11215 mu- 
tant alleles M78l and Il t  displayed in vivo activity, we 
used selected R alleles to ask whether  some  might  be 
complemented by W81 or Ilt,  thereby  providing evi- 
dence of in 71ivo function of partially or  completely  trun- 
cated  enzyme  (recall that  the  null allele 1,5 is not com- 
plemented by either o f  the recessive lethals W81 or 
U/). We first created a recombinant  mutant stock that 
possessed the Il t  transgene at 1SF in an  Xchromosome 
that also carried  the lethal 13 allele at 1OC to  create a 
strain  producing only  IIT  polymerase  for  crossing to 
other X-linked Rf)11215 alleles (see MATERIALS AND 

M E : T I ~ ~ I ) S  for  details). Then, 1,5/FM7, 1,5 llt(l3F)/FM7, 
or \44?1/I;M7 virgin females  were mated to males car- 
rying various R alleles ( i f . ,  R / Y  males),  and female 
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FK:L.RI 6.-Gcnctic  complementation indcx for 1,5, 1,5 
Il/(l?F), and 1V81 w i t h  Rp11215 1150 revertant ( R )  alleles. 1,5/ 
FM7 (A), 1-5 ll/(I?l:)/I:M7 (B) or \UYI/FM7 ( C )  fernalcs werc 
mated to R/ Y males, with rcvcrtant allclcs shown below the 
bottom axis (with 1,5*/ Y males a s  the null RpII2l5 control 
and lO-,F*/ Y malcs ;IS the completc reversion control; note 
that 10-2 is a prrcise excision o f  the 0 5 0  Pelcmcnt [see Table 
I ] ) .  T h e  fcmalc progeny  were counted, and a complementa- 
t ion  index ( C I )  \vas defined as the ratio of mzc/nnf/R females 
t o  FM7/R females, which are considered 100% viable since 
fiV7 carries the RplI215+ allele. C I S  are indicated by solid 
(1,5), open (I,5 l I / ( l ? l ) )  o r  stippled ( W81) vertical bars above 
the test alleles ;u-r;~yed along the bottom axis. The error for 
each Cl value \vas 0.002 o r  less. 

progeny  were  examined. A complementation  index 
(CI) was defined as the  ratio of mutnn//R daughters to 
F M 7 / R  daughters  (note  that FM7/R females represent 
100% viability since I:Mf carries Rj111215+). If W81 or  
I l /  displayed activity in uivo, then  the observed  comple- 
mentation  index would be  greater  than  that  for  the null 
1,5. On  the  other  hand, if either CTD mutant possessed 
no activity, the  complementation  ratio would be  no 
greater  than  that  seen  for L5. 

Testing  of W81 rcvealed that W8l/R females  (stip- 
pled columns in Figure 6C) survived with a  remark- 
ably high viability, from  60 to  100% of their FM7/R 
female  siblings depending  upon  the respective R allele. 
In contrast  to W81, the level of complementation be- 
tween the null 1.5 and  the R alleles  (solid columns in 
Figure 6A) was from none to slight, with CIS from 0.00 
for 16-2 to 0.09 for 22-1. [Note  that as expected W81 
did  not  complement 1,5 (CI = 0). Also, in an earlier 

study by VOI.:I.KEK a/ crl. (1984), the  complementation 
ratios  for 1.5with the Xalleles in general were somewhat 
higher  than we found; this may reflect  slight  variations 
in conditions  or me tho do lo^.] Thus  the \If81 comple- 
mentation indices  were 10- to 700-fold higher  than 
those  for  the 1,5 null  allele. These results are consistent 
with the  proposal  that W8I does  exhibit partial but 
significant genetic  function in rlivo and  that this  func- 
tion is revealed  when W81 is in combination with an- 
other partially functioning Rj111215 allele. (Recall that 
W81 homo- and hemizvgotes  normally die  late i n  em- 
bryogenesis.) Indeed, W81 ftlnction was sufficient to 
support wild-type  levels of viability in combination with 
4-1 and 22-1 alleles. 

The rcsults  for Ill were in marked  contrast  to  those 
for W81. The  complete truncation  mutant allele  (as 1,5 
11l(l3l2)) failed to complement significantly any  of the 
partial  revertants. The swvival rate  for 13 11/(13F)/R 
females (open  columns in Figure 6B) was actually lower 
than  that  for L5/R females (note especially the cases 
of 4-1 and 22-1). Thus, W81 displays significant  function 
in vi710 when  heterozygous with a  partially  functional 
allele,  whereas 111 seems to be  completely defective. 

DISCUSSION 

To  examine CTD  function in, vivo, we characterized 
and  compared  the activity, biosynthesis and genetic 
function of Drosophila RNA polymerase I1 largest  sub- 
unit  mutants  that possessed none (ll/), half ( W I ) ,  or 
all (C4)  of the CTD heptad  repeats. In the case  of the 
strain +; 111(48A), we found dramatically less IIt subunit 
and  IIT polymerase than  expected  for a  transgenic fly 
strain  harboring two no-CTD transgenes  to  each copv 
of the Rj111215 endogenous  gene. While  investigating  a 
potential  correlative  down-regulation of RNA synthesis 
of mutant  subunit  due  to position  effect on  the expres- 
sion  of the transgenes, we discovered that steadv-state 
Rj111215 subunit mRNA levels in transgenic flies in fact 
reflected the  increased  gene  dose,  such  that  the  amount 
of mRNA per  gene copy was the  same as in  wild type. 
These results  suggest that  absence of the CTD causes a 
severe reduction in steady-state protein levels. For the 
half-CTD mutant allele (W81) we discovered  that  het- 
erozygous flies (W8I /+)  displayed M'81 subunit levels 
and  mutant polymerase activity much lower than  the 
corresponding wild-type  levels even though  each  gene 
(+ or  W81) is present in one dose.  Subsequently  and 
in contrast to the case  for U t ,  we discovered reduced 
mRNA per  gene in W8I/+ heterozygotes,  implying that 
the  transcriptional  regulation of the W81 allele and/or 
its RNA processing and/or stability differed  from wild 
type; these  effects  might  be  a consequence of the  nature 
of the W81 mutation, namely  a  1"element  insertion. 
Finally, we showed that whereas Ill does  not comple- 
ment a  set of partially functional Rp11215 alleles, W81 
complements  them very well. Although  these  data sug- 
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gest that  a CTD-less pol I1  may be completely defective 
in vivo, they indicate that  an enzyme  with  half the CTD 
intact displays significant in vivo function. 

The experiments reported  here afford several useful 
insights into  the biology  of RNA polymerase 11 subunit 
expression and function. For example, we learned  that 
the IIt transgene produces mRNA as efficiently as does 
the  endogenous wild-type gene, verifymg that all the 
necessary  cipacting sequences required  for  proper ex- 
pression of the RpII215 transgene are  present in the P- 
element construct. This information is vital for design- 
ing  future RpII215 mutagenesis and transformation ex- 
periments. 

The  much lower than  expected steady-state  levels  of 
the IIt subunit and IIT polymerase  suggest the impor- 
tance of the CTD in sustaining biological integrity of 
pol I1 in an organism. The observed  effects could mani- 
fest  themselves through several alternative mechanisms. 
For example, a CTD-less subunit might exhibit a  shorter 
than  normal half  life, consequently being incorporated 
less  efficiently into core enzyme.  Alternatively,  assem- 
bled enzyme lacking the CTD  may itself be less stable 
than enzyme  with an intact CTD. Although previous 
work (KOLODZIEJ and YOUNG 1991) demonstrated  that 
removal  of  half  of the CTD repeats in the yeast pol I1 
largest subunit did not lead to reduction in subunit 
levels or in assembly  of mutant  subunit with the other 
two largest subunits, absence of part of the CTD,  as for 
W81, may lead to intermediate effects on assembly or 
stability, and in conjunction with the somewhat reduced 
levels  of W81 mRNA could explain the low steady-state 
levels  of  W81  enzyme. In  the  future it might be possible 
to design experiments  that would distinguish among 
these possibilities and pinpoint  the actual mechanism 
by which CTD  loss affects  enzyme abundance. 

Perhaps the most striking result was the vast differ- 
ence in function, as revealed by a genetic test, between 
a half-CTD and a no-CTD  polymerase.  From the per- 
spective of in vitro results  available  when these experi- 
ments were begun ( CORDEN and INGLES 1992 and refer- 
ences therein), it might have been imagined that even 
a CTD-less  polymerase  would  show substantial function 
in vivo. On the other  hand,  the  recent discovery that 
CTD-associated components  are integral parts of a pol 
I1 “holoenzyme” that may represent  the initiation-com- 
petent form of  RNA polymerase I1 in vivo (THOMPSON 
et al. 1993; KIM et al. 1994; KOLESKE and YOUNG 1994) 
would make the lack  of  activity  of pol IIT much less 
surprising. The holoenzyme is composed of  RNA  poly- 
merase I1 plus  associated proteins  that  either  bind to 
the CTD (e.g., the SRB complex) (THOMPSON et al. 
1993; KOLESKE and YOUNG 1994) or otherwise partici- 
pate in transcription initiation complex formation (e.g., 
TFIIF) (KIM et al. 1994; KOLESKE and YOUNG 1994). If 
the CTD in fact is required to mediate preinitiaton 
complex formation at most promoters,  then  a CTD-less 
polymerase  would be completely defective in this step 

and would be essentially without physiological function, 
whereas a half-CTD  polymerase might be only  partially 
defective and would  display detectable in  vivo activity. 

A distinguishing feature uncovered for the W81 allele 
was that its mRNA  is apparently under-represented in 
the steady-state poly(A+)  pool, relative to wild-type 
RpII215 subunit mRNA. Examination of the P-element 
sequences present in the W81 allele provided some 
clues that might explain this difference from wild  type. 
First the W81 allele contains a nonsense mutation, re- 
sulting in premature  termination of translation -500 
nucleotides upstream of the  normal  termination site. 
The resulting W81 RNA may thus be subject to non- 
sense mutation-mediated degradation,  although  the 
normal levels of IIt RNA would indicate a  strong influ- 
ence of sequence  context on this effect (CHENG  and 
MAQUAT 1993; CHENG et al. 1994). Second,  a polyade- 
nylation signal, AAUAAA, was found 123 nucleotides 
downstream from the P-element-encoded termination 
codon, followed by poorly matched consensus poly(A+) 
addition sites (BERGET 1984) 16 and 28 nucleotides 3’ 
of this signal. If inefficient poly(A+) addition occurs at 
either of these sites, the resulting message might display 
a stability different from wild  type and  contribute to the 
observed phenotype. Third, sequences in the Pelement 
downstream of this putative poly(A+) signal  were found 
to be relatively AU rich, and examination of 3‘ untrans- 
lated RpII215 sequences revealed the presence of  multi- 
ple AUUUA motifs  (AU-rich element or ARE) (SHYU et 
al. 1991); these elements are often found in unstable 
proto-oncogene RNAs ( i e . ,  c-myc) and are involved  in 
determining  their decay rates (SACHS 1993). Inclusion 
of these sequences in the mRNA (e.g., if the poly(A+) 
site in the P element is not  used) would generate  a 
message 600 nucleotides longer  than  the  normal tran- 
script that might be expected to differ from wild  type 
in decay rate. Clearly additional experimentation, 
which for example might use RT-PCR based  analyses, 
will be  required in the  future to test these possibilities 
by analyzing separately the allele-specific transcripts. 

Our genetic experiments  demonstrate  that despite 
the low abundance of W81 subunit and polymerase, 
the partial CTD mutant  does in fact possess significant 
activity in vivo. Even though W81 homozygotes  normally 
die at  a late embryonic stage, our studies showed that 
various W81/R heterozygotes survived to a relatively 
high degree, with the rate of  survival ranging from 60 
to 100% of the FM7/R controls. In contrast, the IIt /R 
survival rate was at  or near zero (comparable to that 
for flies carrying a null allele, namely L5/R females). 
The detailed nature of the complementation of the 
partially functional Ralleles by W81 was not  determined 
by our experiments and revealing it will require addi- 
tional molecular characterization of transcript pro- 
cessing and translation for  both  the W81 allele and each 
respective R allele. Recall that  the partially functional 
R alleles  carry remnants of P-element sequences in the 
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5’ leader  sequence that probably affect translational 
efficiency  (SEARLES et al. 1986). A reasonable proposal 
is that  the  complementation by W81 simply reflects the 
level  of functional  subunit  generated by each R allele. 
This would be  supported by the observation that  the R 
alleles displaying the highest complementation with 
W81 also had  the highest values  with L5 (refer to A and 
C in Figure 6). 

That W81 polymerase possesses substantial but  not 
wild-type  activity  in vivo raises questions concerning 
which functional  properties of a half-CTD enzyme are 
normal and which are defective. Is  this  enzyme present 
in some or all preinitiation complexes? Is it generally 
competent to initiate and elongate transcripts in vivo, 
or is it defective for  certain subsets of loci? Does the 
mutant enzyme elongate growing transcripts at  a  nor- 
mal or abnormal  rate  and with normal or abnormal 
efficiency?  How does the phosphorylation of the partial 
CTD compare to that of a  complete CTD? We had 
hoped to address some of these questions by using the 
epitope tag on a CTD-truncated subunit  for specific 
immunolocalization of mutant polymerase on polytene 
chromosomes (WEEKS et al. 1993). However, since we 
could not  detect  the tag, these experiments were not 
possible; differently tagged constructs may  allow such 
an  approach in the  future. Meanwhile, it should be 
possible to answer certain questions about W81  poly- 
merase function by applying the immunolocalization 
approach to polytene chromosomes from amanitin- 
treated salivary glands from W81/ + larvae. In fact, pre- 
liminary experiments suggest that  detectable W81  poly- 
merase function  in  supporting  heat shock puff fonna- 
tion in the  presence of amanitin (W. J. BIUCKEY and D. 
LEE,  unpublished data). In addition,  nuclear run-on 
experiments with nuclei isolated from +/ W81 flies indi- 
cate W81 polymerase function  in transcribing histone 
H4 genes (T. O’BRIEN and J. LIS, personal communica- 
tion). 

Additional future  experiments to obtain  more spe- 
cific and informative data  about in vivo function(s) of 
the CTD might profitably utilize polymerase largest s u b  
unit  mutants  for which the CTD is less  drastically altered 
(e.g., BARTOLOMEI et al. 1988). In contrast to the case 
of mammals (CORDEN et al. 1985; AHEARN et al. 1987; 
BARRON-CASELLA and CORDEN 1992) and yeast (ALLI- 
SON et ul. 1985), where the majority of heptad repeats 
align nearly perfectly with the consensus sequence,  in 
D. melanogusteronly two repeats match exactly the  con- 
sensus heptamer  and many repeats  are distinct in se- 
quence. If these variations are conserved among  other 
Drosophila species (D. LEE, personal  communication), 
that fact might implicate particular  repeats  for discrete 
and/or specialized functions and establish a  foundation 
for  future mutagenesis studies to  examine  structure/ 
function correlates of the CTD. Future  experiments, 
building on  the results reported in this paper,  should 
allow us to examine this and  other possibilities, thereby 

increasing our  understanding of  how the CTD func- 
tions in vivo. 
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