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G E N E  E X P R E S S I O N

Characterization of two types of ribosomal gene 
transcription in Xenopus laevis oocytes

Paul Labhart

Department of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla, California

W hen the germ inal vesicle of Xenopus laevis oocytes is translocated into the vegetal hem isphere 
by centrifugation, the norm ally silent ribosom al spacer prom oters are strongly induced. This in 
duction correlates with the perm eability o f the nuclear envelope to dextran of m olecular weight 
70 kDa, thus raising the possibility tha t the transcrip tional changes are due to m ixing o f nuclear 
and  cytoplasmic com ponents. This basic observation prom pted  a thorough investigation of rib o 
somal gene transcrip tion  in  centrifuged oocytes which had  the germ inal vesicle e ither in  the an i
mal half (A-oocytes) or in  the vegetal ha lf (V-oocytes). Two types of ribosom al gene transcrip tion  
were characterized: (1) in  A-oocytes, spacer prom oters rem ain  silent, transcrip tion  in itia tion  is 
dependen t on the upstream  term inator T3, and  transcrip tion  is highly processive and  recognizes 
sites of RNA 3' end  form ation (like T2 and  T3); (2) in V-oocytes, spacer prom oters are induced, 
transcrip tion  in itia tion  is in d ependen t o f T3, bu t m ost transcripts term inate prem aturely  after 
less than  150 nt. Furtherm ore, the transcrip tion  m achinery in  V-oocytes does no t respond to T2 
or T3 signals. The im plications of the p resen t observations for our understanding  of the regu 
lation of the spacer prom oters and  of the function  of the upstream  term inator T3 are discussed.

T he ribosom al gene repeat units o f many 
species contain —in addition to the m ajor 
gene p rom oter—additional prom oters in the 

spacer (reviewed by Reeder, 1989). In the X. 
laevis rDNA clones studied so far, spacer p ro 
moters num ber from two to seven (Botchan et 
al., 1977). T heir function and regulation has 
been the subject o f num erous publications (e.g., 
Moss, 1983; Morgan et al., 1984; P ru itt and 
Reeder, 1984; De W inter and Moss, 1986). It is 
clear that their activity is m odulated indepen
dently of that o f the gene prom oter. In oocytes, 
the spacer prom oters are virtually silent; d u r
ing gene activation at the mid-blastula transi
tion, they are activated along with the gene p ro 
moter, bu t their relative activity decreases with 
progressing embryonic development (P. Labhart,

unpublished data). H igh levels of spacer p ro 
m oter activity are also found in RNA from  a 
tissue culture cell line. Results with oocyte in 
jection experiments suggested that the differen
tial regulation of gene and spacer prom oter is 
not due to sequence differences in the 150 bp 
prom oter (Morgan et al., 1984).

In previous work, we had identified and char
acterized a term inator element, nam ed T3, that 
is located about 60 bp upstream  from  the gene 
prom oter (Labhart and Reeder, 1986 and 1987a). 
In addition to directing RNA 3' end form ation 
and term ination o f transcription, the T3 site 
was found to have a strong effect on in itia tion  
from  the nearby prom oter in certain  transcrip
tion systems (McStay and Reeder, 1986). W hile 
a fraction of this p rom oter stim ulation by T3
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can be ascribed to prevention of prom oter oc
clusion by the term inator function of T3, there 
is evidence that the T3 elem ent can also have 
a direct positive effect on the prom oter, thus 
acting as a prom oter elem ent (McStay and 
Reeder, 1990). In addition, we had observed that 
T3 upstream  from  the prom oter can have an 
effect on events downstream  from  initiation, 
like the recognition o f sites for 3' end form a
tion (Labhart and Reeder, 1987b), suggesting 
tha t transcrip tion  from  a T3-containing p ro 
m oter is qualitatively different from  transcrip
tion  from  a prom oter lacking T3. Interestingly, 
spacer prom oters do not possess a T3 element; 
they thus represent naturally occurring T3-less 
prom oters. W hether the ir differential regula
tion  is due — at least in part — to the lack o f the 
T3 elem ent has never been directly addressed.

H ere I repo rt the surprising finding that the 
normally silent spacer prom oters in the X. laevis 
oocyte can be fully activated simply by centrifu
gation o f the germ inal vesicle into the vegetal 
hemisphere. I present evidence that in such cen
trifuged oocytes the nuclear envelope is no 
longer a barrier between nucleoplasm  and cyto
plasm. O n the o ther hand, centrifugation of 
oocytes with the anim al hem isphere up m ain
tains the germinal vesicle in its native state. Two 
different types and patterns o f ribosom al gene 
transcrip tion  can thus be “created” by translo
cating the germ inal vesicles into e ither the ani
m al o r the vegetal hem isphere. The two types 
o f  transcrip tion  differ in their requirem ent of 
T3 for in itiation, in the ir processivity, and in 
th e ir ability to recognize signals for RNA 3' end 
form ation and term ination. The results p re
sented in this p aper explain the previously 
described dependence of T2 function on the 
presence o f T3 upstream  o f the prom oter (Lab
h a rt and Reeder, 1987b) and add to our u n d er
standing o f the regulation o f spacer prom oter 
activity and of the mechanism of prom oter stim
ulation  by T3.

M aterials and m ethods

Plasmid constructs

For some o f the experim ents (Figs. 4A and 5), 
the same ribosom al minigenes that had been 
described in previous work were used. Those 
include the reference plasmid t|/52 (Labhart and 
Reeder, 1984 and 1985); plasmids t|/40-T2,403-T2,

BGL-T2, PA-112-T2, 403-T3D, and 403-T3E (Lab
hart and Reeder, 1987b).

For the experim ents shown in Figures 2C, 
4A, 6, and 7, a new type o f ribosom al minigene 
was derived from the constructs used and de
scribed in a previous publication (Labhart and 
Reeder, 1990). To be able to analyze transcrip
tion o f injected minigenes by an RNase protec
tion assay, the BamH I-Hind III fragm ent in the 
minigene body, which contained 40S precursor 
and 28S rRNA sequences, was replaced with the 
346 bp BamH I-Hind III fragm ent o f pBR322. 
Furtherm ore, the entire minigene was cloned 
into the vector pGem4.

The wild-type version of this plasm id had 
unchanged ribosom al sequences at T3, the p ro 
moter, and at T2; a m ap of this m inigene is 
shown in Figure IB and at the bottom  o f Fig
ure 7. Five m utations o f this plasm id were used: 
(1) a 5' prom oter deletion truncated to the Sma 
I site at -  90; (2) an EcoR I linker scanner m utant 
at -1 4 2 /-1 3 3  (Reeder et al., 1987); (3) a Bgl II 
linker scanner m utant in T3 (McStay and Reeder, 
1986); (4) the T2 point m utant C261, which con-
A.  X. l aevis rDNA

spacer  spacer  T3 gene Hi nd III T2

C C A  B
^  “ “  M13 probes

---- O ---- O -------O S1 probes
47/170 47/170 93/338

B. Minigene

Pvu II Sal I BamH I Hind III T2 EcoRI

Figure 1. Gene maps and location o f probes. A. Par
tial map o f a typical X. laevis ribosomal repeat unit. 
Relevant sites and the location of single-stranded M13 
probes for the “reverse”-RNase protection assay (A, B, 
and C) and of single-stranded restriction fragments used 
as SI probes are indicated. The 32P-label at the 5' end 
of the SI probes is shown as an open circle. The total 
length o f the SI probes and the expected protected 
length in nucleotides are given below the probes by 
the numbers after and before the slash, respectively. 
B. Map of the ribosomal minigene construct with the 
major functional sites and restriction sites. The SP6 
probe for the RNase protection assay (solid arrow to 
the left) and the expected protected RNA fragments 
and their lengths in nucleotides (dashed arrows to the 
right) are shown. The SI probe for detecting initiation 
at the minigene promoter is presented as in panel A.
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verts T2 into a T3-like site; and (5) the T2 point 
m utan t G255 (the sequence of both m utants 
is given in Labhart and Reeder, 1990). The plas
m id containing a spacer prom oter that was in 
jec ted  for the experim ent shown in Figure 2B 
was sim ilar to plasm id pXlr315 in Reeder et al. 
(1983), except that the spacer prom oter se
quences extended fu rther 5' to a Sma I site 127 
bp upstream  from the BamH I site.
Oocyte injections
Partial ovaries from X. laevis females were in 
cubated overnight in m odified Barth’s solution 
containing 0.1% collagenase (type II, Sigma C- 
6885) and 100 pg/ml gentam icin sulfate (Whit
taker). Large oocytes were selected and placed 
into small Petri dishes containing m odified 
Barth’s solution. The Petri dish had a grid with 
a mesh size of 1.25 mm attached to the bottom  
in o rder to immobilize the oocytes. C entrifu
gation was at room  tem perature in a table top 
centrifuge, typically at 1500-2000 rpm  for 12
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m inutes (radius = 160 mm). After centrifuga
tion, all oocytes which had the germinal vesicle 
at or close to the boundary between the animal 
and vegetal hemispheres were discarded (except 
for the experim ent in Figure 2A, lanes 4-9). 
A fter injection, oocytes were sorted in A- and 
V-oocytes.

A bout 40 nl o f DNA solution were injected 
per oocyte. The injection solution contained 
25 pg/ml plasm id DNA, 50 mM NaCl, 5 mM Tris 
(pH 7.5), 0.1 mM EDTA, and 500 gg/ml a- 
am anitin. In some experim ents, fluorescein 
isothiocyanate-dextran (FITC-dextran) of aver
age m olecular weight 70 kDa (Sigma FD-70) was 
added to the injection solution at a concentra
tion of 20 mg/ml. For the in vivo labeling experi
ment, [a-32P]CTP (20 mCi/ml, 800 Ci/mmol) 
was injected into oocyte nuclei (40 nl/oocyte).
Nuclear run-on transcription

Germinal vesicles from  injected A-oocytes were 
m anually isolated, and their hom ogenates

A.
r.t.

gene 338 
promoter

r.t.
spacer 170- 

promoter

4 5 6 7 8 9
A 30° 60°90°120°V

B. C. 1 2
A V 
-T3

3 4 
A V 
+T3

-299

170-

5' ends 
gene 

promoter
93-

Figure 2. Transcription initia
tion is T3-dependent in A- 
oocytes and T3-independent in 
V-oocytes. A. Induction of the 
spacer promoter upon centrif
ugation of the germinal vesicle 
into the vegetal hemisphere of 
the oocyte. SI analysis of RNA 
from oocytes that had been 
centrifuged with the animal 
pole up (A-oocytes, lane 2) or 
with the vegetal pole up (V- 
oocytes, lane 3). Lanes 5-8  
show the analysis of oocytes 
centrifuged at intermediate 
positions between the extremes 
of animal pole up (0°, lane 4) 
and vegetal pole up (180°, lane 
9). Lane 1 shows the result with 
uncentrifuged control oocytes.
SI analysis was with a mixture 
of a probe specific for the gene 
promoter and a probe specific for the spacer promoter (see Fig. 1A for location of probes). B. Injected cloned 
spacer promoters are co-regulated with the endogenous spacer promoters. SI analysis of RNA from uninjected 
control oocytes (“minus” lanes) and from oocytes injected with a plasmid containing a spacer promoter (“plus” lanes). 
The SI probe used (the same as in A) does not distinguish between the endogenous and the cloned spacer promoter. 
Note that in A-oocytes (lanes 1 and 2) the low level o f spacer promoter activity is unchanged in the presence of 
the injected plasmid (lane 2), whereas in V-oocytes (lanes 3 and 4) the additional signal from the injected plasmid 
(lane 4) is clearly detectable over the signal from the induced endogenous spacer promoters. C. Transcription 
analysis of ribosomal promoters plus and minus T3 in A- and V-oocytes. Minigene plasmids with wild-type T3 (+T3 
lanes) or mutated T3 (-T 3 lanes) were injected into A- (lanes 1 and 3) and V-oocytes (lanes 2 and 4), and the RNA 
was analyzed with the SI protection assay. The construct and the SI probe used are shown in Figure IB. Note that 
the promoter with the mutated T3 is only active in V-oocytes (lane 2), thus behaving like a spacer promoter.

5' ends 
spacer 47-  

promoter
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were transcribed in vitro as described previously 
(L abhart and Reeder, 1987a).
RNA analysis

For RNA extraction, oocytes were homogenized 
in  0.3 M NaAc, 0.5% SDS, 10 mM EDTA, 50 mM 
Tris (pH 7.5), and 1 mg/ml proteinase K. After 
incubation  at 37°C for 1-2 hours, the samples 
were extracted once with phenol and once with 
chloroform , and the total nucleic acids were 
p rec ip ita ted  with 2 volumes o f EtOH.

For size-fractionation, oocyte RNA was de
n a tu red  by boiling in 95% formamide, 0.1 mM 
EDTA and electrophoresed on a preparative 5% 
polyacrylamide gel containing 8 M urea. The gel 
was cu t into four fractions, whereby the Xylene 
Cyanole FF dye m arked the boundary  between 
fractions C and D. A labeled H pa II digest 
o f pBR322 was fractionated on the same gel 
to determ ine the size-distribution o f single- 
s tranded  nucleic acids present in the four frac
tions. The gel slices were eluted in 0.5 M 
N H 4AC, 0.1 % SDS, and 1 mM EDTA and in the 
presence o f carrier E. coli RNA at 37°C over
night. The elu ted  RNA was then extracted once 
w ith phenol, once with chloroform , and p re 
c ip ita ted  with EtOH.

SI protection  assay was perform ed as de
scribed previously (Labhart and Reeder, 1986). 
T he 5' end-labeled, single-stranded DNA probes 
specific for the endogeneous gene and spacer 
p ro m o ter were described in an earlier publi
cation  (probes A2 and Bi in L abhart and 
Reeder, 1987c). SI probes specific for the m ini
gene constructs were p repared  as described 
(L abhart and Reeder, 1985).

For the RNase T1 protection  assay, the wild- 
type m inigene construct was linearized with 
Pvu II and used to synthesize RNA with SP6 
RNA polymerase in the presence of [a-32P]CTP. 
T he labeled RNA (907 nt) was isolated from  a 
6 % polyacrylamide gel containing 8 M urea 
by elution, as described above for the size-frac
tionated  RNA. The RNA probe was hybridized 
to oocyte RNA in 30 gl o f 0.3 M NaCl, 10 mM 
Tris (pH 7.5), 1 mM EDTA at 65°C for at least 
3 hours. After chilling on ice, 60 |xl o f hybridiza
tion  buffer containing 600 U RNase T1 (Sigma, 
R-8251) was added. RNase-digestion was at 37°C 
for 30 m inutes and was stopped by the addition 
o f 5 g.1 proteinase K (10 mg/ml) and 5 gl 10% 
SDS. A fter an additional 30 m inutes at 37°C, 
the  samples were extracted with phenobchloro-

form, and p recip ita ted  with 3 vol o f EtOH in 
the presence of 1.5 M N H 4AC and 10 gg carrier 
E. coli RNA.

The “reverse”-RNase protection assay for the 
analysis o f labeled RNA with cold single- 
stranded DNA probes (M13-clones) had been 
described previously in detail (Labhart and 
Reeder, 1987a and 1989). In the present paper 
it is called “reverse”-RNase protection assay to 
set it ap art from  the RNase T1 protection assay 
described in the previous paragraph. The in 
vivo labeled RNA was analyzed with the same 
probes, designated A, C, and D in L abhart and 
Reeder (1989). The RNA labeled during nuclear 
run-on transcription was analyzed with probe A 
only. As described in L abhart and Reeder 
(1987a), probe A yields two different sizes of 
protected  RNA fragments, one for transcripts 
starting at the endogenous gene prom oter and 
another for transcripts starting at the prom oter 
on the injected plasmid.
Identification of RNase T1 protection bands

Several control experim ents (not described in 
Results) were perform ed in o rder to identify 
bands seen on autoradiographs of RNase T1 pro
tection assays (Figs. 6B and 7). Some residual 
undigested probe was always detected, especially 
since long exposure times were used for the low 
am ount o f RNA from  V-oocytes. But real sig
nals could be distinguished from  this back
ground due to their absence in control assays 
with non-hom ologous RNA (see for example 
Fig. 7, lanes 7-12).

The band  of about 85 nucleotides (nt) and 
the doublet at about 280-290 n t in Figure 6B, 
lanes 2 and 4 (marked by arrows), were positively 
identified as transcripts starting at the ribosomal 
prom oter by assaying the same RNA samples 
with a SP6 probe tha t ended at the BamH I site 
in the m inigene (see m ap in Fig. IB). W ith such 
a probe, the 85 nt band was no longer seen, and 
the 280-290 nt doublet was runn ing  at about 
230-240 n t (data not shown). A bout 30 nt o f 
the 5' end o f the endogeneous 40S precursor 
and about 75 n t o f its 3' end can also protect 
the SP6 RNA probe used. A series o f bands from 
abou t 60-75 nt (visible at the very bottom  of 
Figure 6B) probably are due to protection of the 
probe by the 3' end o f the precursor at T2. 
T he following results support this in te rp re ta 
tion: (1) these bands are also found with RNA 
from  uninjected  control oocytes, bu t they are
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not found with E. coli RNA; and (2) they are also 
found when the SP6 probe is truncated  at the 
BamH I site, bu t they are not found when an 
SP6 probe extending from  the BamH I to the 
Sal I site is used (see map in Fig. IB). The RNase 
protection  assay shown in Figure 6B therefore 
confirms that the level o f 40S precursor 3' ends 
is lower in V-oocytes than in A-oocytes.

Results

Activation of spacer promoters upon 
centrifugation of the germinal vesicle into 
the vegetal hemisphere of oocytes

W hen X. laevis oocytes are centrifuged, their 
germ inal vesicle moves to a location ju s t below 
the surface of the oocyte. This technique is ro u 
tinely used for injection experim ents, since it 
makes the germ inal vesicle visible and ensures 
a high yield of successful microinjections (Kress- 
m ann et al., 1977). In the experim ent shown 
in Figure 2A, groups o f 70-80 oocytes were put 
into centrifugation dishes and oriented  so that 
about half were positioned with the animal pole 
up  and about half with the vegetal pole up. After 
centrifugation for 12 m inutes at 500-600 x g, 
oocytes that had their germ inal vesicles trans
located to the animal pole were separated from  
those that had their germ inal vesicles trans
located to the vegetal pole. After incubation for 
18 hours, total RNA was extracted from  the two 
samples and analyzed with a pair o f SI probes 
specific for transcripts starting at the gene p ro 
m oter and transcripts starting at the spacer 
prom oters (for probes, see Figure 1A). As can 
be seen in Figure 2A, control uncentrifuged 
oocytes show a strong signal for in itiation at 
the gene prom oter, whereas spacer prom oter 
transcripts are not detectable (lane 1). Oocytes 
w ith the ir germinal vesicles at the anim al pole 
(A-oocytes) gave the same result (lane 2). In con
trast, centrifugation o f the germinal vesicle into 
the vegetal hem isphere (V-oocytes) resulted in 
a drastic activation of the spacer prom oter (lane 
3), while the level o f RNAs starting at the gene 
p rom oter is not m uch changed o r—in m ost 
experim ents — is somewhat reduced.

Figure 2A also shows an analysis o f centri
fuged oocytes that had the germ inal vesicles 
in interm ediate positions between the two poles 
(lanes 4-9). The result shows that the spacer
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prom oters are already induced when the ger
minal vesicle is centrifuged to a location between 
the two hem ispheres (90°, lane 7).

A promoter with a mutated T3 behaves 
like a spacer promoter

In order to test whether the differential behavior 
o f spacer and gene prom oter is also seen with 
injected cloned promoters, and in order to iden
tify the DNA sequence(s) responsible for this 
regulation, various plasm id constructs were in 
jec ted  into germ inal vesicles located e ither in 
the anim al or in the vegetal hem isphere o f the 
oocyte. First, cloned spacer prom oters were in 
jec ted  into A- and V-oocytes. Even though the 
SI probe used did  not allow me to distinguish 
the endogenous from  the injected spacer p ro 
moters, the result (Fig. 2B) clearly shows that 
the injected spacer prom oters are co-regulated 
with the endogenous spacer promoters: injected 
A-oocytes (lane 2) showed no increase o f the 
spacer prom oter signal over the signal from 
uninjected  oocytes (lane 1). O n the other hand, 
V-oocytes injected with cloned spacer promoters 
showed a several-fold additional increase in the 
SI signal (lane 4) com pared to uninjected V- 
oocytes (lane 3).

I then speculated that the m ain or only 
reason for the differential behavior of the en 
dogenous gene and spacer prom oter in anim al 
and vegetal hem ispheres was the lack o f a T3 
site upstream  from  the spacer promoter. To test 
this idea, I com pared the transcrip tion  o f two 
minigene constructs, one containing a gene p ro 
m oter including its upstream  T3 site (245 bp 
upstream  sequence), and a construct identical 
to the first one except for clustered point m u
tations in the T3 box (McStay.and Reeder, 1986).

The result obtained with an SI probe specific 
for 5' ends o f RNAs starting at the cloned p ro 
m oter is shown in Figure 2C. The prom oter plus 
T3 showed sim ilar activity in bo th  A- and V- 
oocytes (lanes 3 and 4). In contrast, the construct 
with the inactivated T3 showed very little in i
tiation in A-oocytes (lane 1), bu t gave a strong 
signal in V-oocytes (lane 2). In fact, in V-oocytes 
there was no difference in the prom oter activ
ity plus or m inus T3. I t appears therefore that 
transcrip tion  in itiation  is very dependen t on 
T3 in A-oocytes, bu t independent o f T3 in V- 
oocytes. Thus, a T3-less gene prom oter indeed 
behaves like a spacer prom oter.
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Cytoplasmic and nuclear components 
can mix in V-oocytes

W hile attem pting to perform  nuclear run-off 
experim ents with V-oocytes, I found that it is 
extremely difficult to isolate germ inal vesicles 
from  V-oocytes manually, even though they are 
still recognizable as discrete structures. This ob
servation suggested that in V-oocytes the ger
minal vesicles m ight be structurally changed. 
I therefore tested whether in V-oocytes nuclear 
and cytoplasmic com ponents are still separated 
by the nuclear envelope, or w hether they are 
free to move between the two com partm ents. 
To that end I injected FITC-labeled dextran of 
molecular weight 70 kDa. This size is known not 
to pass through the nuclear pore complex pas
sively (Paine et al., 1975; Dingwall and Laskey, 
1986). After overnight incubation, the oocytes 
were dissected and examined under regular light 
for the presence of the fluorescent label. It was 
found that in A-oocytes the injected dextran 
was still in the germ inal vesicles. O n the o ther 
hand, in the m ajority of V-oocytes the dye was 
clearly diluted or no longer visible, indicating 
that it was able to diffuse into the cytoplasm 
of the oocyte. In several FITC-dextran injection 
experiments, there were rare A-oocytes that had 
lost their green nuclear staining (especially after 
stronger centrifugation), and, alternatively, a 
few V-oocytes were found that had m aintained 
the dextran in their germinal vesicle. Therefore, 
I analyzed individual V-oocytes for the induc
tion of the spacer prom oters. As shown in Fig
ure 3, there was a clear correlation between the 
loss of FITC-dextran from  the germ inal vesicles 
(W lanes) and the induction  of the spacer p ro 
m oter (and an injected T3 m utant). F u rther
more, analysis o f strongly centrifuged A-oocytes 
that had lost the FITC-dextran from  their ger
minal vesicle showed that the spacer prom oters 
were induced (not shown). Since in a typical 
experim ent, m aintenance of FITC-dextran in 
the germ inal vesicles was found in A-oocytes 
and loss of the dextran from  the germ inal 
vesicles in V-oocytes, the use of the terms A- and 
V-oocytes was m aintained.
V-oocytes are in a semi-stable transcriptional state

Since the experim ents with FITC-dextran 
showed that the germinal vesicles in V-oocytes 
are no longer in their native state, it was im 
p o rtan t to determ ine w hether V-oocytes were 
rapidly deteriorating, or w hether they were in

(G)

| 5' en d s
i — gene  

prom oter

5' en d s  
injected  

—  prom oter

H y  — 5' en d s  
sp a ce r  
prom oter

Figure 3. Spacer promoter activity in V-oocytes corre
lates with loss of nuclear location of injected dextran 
of 70 kDa. FITC-labeled dextran (along with a plasmid 
with mutated T3) was injected into nuclei of V-oocytes, 
and nuclear or cytoplasmic distribution was monitored 
after incubation for 18 hours. Individual oocytes were 
assayed with a mixture of SI probes for the gene pro
moter, the spacer promoter, and the injected cloned 
promoter. G denotes presence of green color in the nu
cleus; W denotes white nucleus, i.e., loss of green color. 
(G) denotes light green color of the nucleus. Note the 
correlation between loss of nuclear distribution of 
the FITC-dextran and activation of both spacer pro
moter and a T3-less injected promoter.

a stable state. The finding that spacer transcripts 
were synthesized in V-oocytes already suggested 
that transcription had to continue at least for 
some time. I further investigated this point with 
the following two experiments.

First, I examined w hether the same stim ula
tion of a T3-mutated prom oter in V-oocytes 
would be observed if the plasmids were injected 
at different times after centrifugation. In this 
experim ent, a T3-containing and a T3-m utated 
prom oter were co-injected im m ediately after 
centrifugation, or 1, 3, and 6 hours later. Tran
scripts from  the two plasmids could be d istin 
guished with specific SI probes. As shown in 
Figure 4A, the same result is obtained at all time
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Figure 4. V-oocytes are in a stable transcriptional state for several hours. A. A pair of minigenes, one with a wild-type T3 and one with a mutated T3, were co-injected immediately after centrifugation (lanes 1 and 2), and 1 hour (lanes 3 and 4), 3 hours (lanes 5 and 6), or 6 hours after centrifugation (lanes 7 and 8). Transcription from the two plasmids 
can be distinguished by the specific SI probes used. The probe for the T3 mutated promoter is the one shown in Figure IB (50 nucleotide protection for correctly initiated transcripts), whereas the probe for the T3-containing promoter is similar but gives a protection of 62 nucleotides (see Labhart and Reeder, 1985 for details). Note that the activation of the plasmid with mutated T3 (-T3) in V-oocytes is seen even when injected 
6 hours after centrifugation. B. Time course of the accumulation of the spacer promoter transcripts in V- oocytes. SI assay was as in Figure 2A. Time points analyzed in lanes 1-10 are 0.5,1, 2, 3,4,6,9, 24, and 24 hours. Note that spacer transcripts continue to accumulate after 9 hours.

points: the T3-containing prom oter is similarly 
active in A- and V-oocytes, whereas the T3- 
m utated  prom oter is weak in A-oocytes and 
strong in V-oocytes.

Second, the kinetics of the activation of the 
spacer prom oters was studied by extracting and 
analyzing RNA from V-oocytes at different times 
after centrifugation. Figure 4B shows that tran 
scripts starting at the spacer prom oter are first 
detected 1-2 hours after centrifugation and con
tinue to accum ulate for m ore than 9 hours — 
indicating that the induction of the spacer p ro 
m oters occurs shortly after centrifugation, and 
that the spacer prom oters rem ain active in 
V-oocytes for m ore than 9 hours. This conclu
sion is fu rther supported  by the in vivo label
ing experim ent shown below (Fig. 6A).
Strong initiation in A-oocytes depends on 
correct spacing between T3 and the promoter
Since the T3 site had originally been identified 
as a term inator (Labhart and Reeder, 1986), the 
dependence of in itiation on this site in A- 
oocytes may be due to prevention of prom oter 
occlusion. In that case, initiation should rem ain 
undim inished if the T3 site is moved fu rther

upstream . If, on the o ther hand, T3 were a true 
prom oter element, changing the distance be
tween the prom oter and T3 m ight be expected 
to affect initiation. I therefore tested w hether 
for high prom oter activity in A-oocytes, T3 had 
to be in its natural location 60 bp upstream from 
the prom oter, or w hether it could be moved 
fu rther upstream . Two constructs were injected 
in which T3 and the prom oter were “pushed 
apart” by insertion of e ither 112 bp or 3.7 kb 
of vector DNA. SI analysis of RNA from injected 
A-oocytes showed that the full stimulatory effect 
onto the prom oter is seen only when T3 is in 
its natural position upstream  from the prom oter 
(Fig. 5, lane 1; band labeled “5' ends experiment”). 
The two push-apart clones gave a considerably 
weaker signal (lanes 4 and 5), albeit not as low 
as in the T3-mutant, -deletion, or -inversion 
(lanes 2, 3, and 6). As expected, the level o f tran 
scripts reading into the prom oter (bands desig
nated “r.t. plasm id”) is lower in the lanes with 
a functional T3 in the right orientation, regard
less o f its distance from  the prom oter (lanes 
1, 4, and 5). These results indicate that most 
o f the T3-dependent prom oter signal in A- 
oocytes is not due to prevention of prom oter
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Figure 5. T3 needs to be in its natural location for high promoter activity in A-oocytes. The following minigene 
constructs were injected into nuclei of A-oocytes: wild- type construct with T3 in its natural location (lanes 1 and 7), T3 mutant (lane 2), T3 deletion (5'-158; lanes 3 and 8), 112 bp push apart clone (lanes 4 and 10), 3.7 kb push apart clone (lanes 5 and 9). The construct assayed in lane 6 had the T3 site cloned 3.7 kb upstream from the promoter but in inverted orientation. For the precise structure of these push apart constructs, see Labhart and Reeder (1987b). The injected oocytes were analyzed either by SI protection of total RNA (lanes 1-6) or by “reverse”-RNase protection analysis of nuclear run-on assays (lanes 7-10). For the SI assays, the exper
imental plasmids were co-injected with a T3-containing control plasmid, and the RNA was assayed with probes specific for the experimental (50 nt protection) and the control plasmid (62 nt protection), as well as with the probe specific for the endogenous spacer promoter. Note that the push-apart constructs give an intermediate signal both in vivo in A-oocytes and upon in vitro transcription of germinal vesicles from injected A-oocytes.

occlusion. In this experim ent, a control plas
m id containing T3 was co-injected with the ex
perim ental plasmids. Its transcrip tion  yielded 
a different SI protection band at 62 nucleotides 
(bands labeled “5' ends control”). Not surp ris
ingly, there appears to be a com petition effect 
between the prom oter on the experim ental plas
m id and the control plasmid. This effect was 
not investigated further. The RNA from  the in 
jec ted  oocytes was also hybridized sim ulta
neously with the probe specific for the endoge
nous spacer prom oter in o rder to confirm the

A-type nature of the oocytes. The result shows 
tha t in all six lanes the spacer prom oter activ
ity is not induced above basal levels (spacer p ro 
m oter transcripts would protect 47 nucleotides 
o f the probe from Sl-digestion; see Fig. 2A).
A-type promoter function is maintained in 
homogenates of isolated germinal vesicles
In an attem pt to address the question w hether 
the V-type of ribosom al transcription is due to 
loss o f a nuclear factor or gain of a cytoplasmic 
factor, run-on assays with homogenates of m anu
ally isolated germinal vesicles were perform ed. 
In this system, cytoplasmic factors should be 
largely absent, and soluble nuclear factors are 
dilu ted  into the isolation m edium  and/or re 
action buffer. We had reported  previously (Lab
hart and Reeder, 1989) that in this system ini
tiation at the ribosom al prom oter continues 
efficiently in vitro. As m entioned above, ger
minal vesicles could only be isolated from A- 
oocytes. In the experim ent shown in Figure 5, 
lanes 7-10, A-oocytes were injected with vari
ous constructs, and after incubation for 16 hours 
germinal vesicles were isolated and transcribed 
in the presence of [a-32P]CTP. The labeled RNA 
was analyzed with the “reverse”-RNase protec
tion assay using probe A (see Fig. 1A). Due to 
the structure o f the injected plasmids, RNA in i
tiated at the plasm id prom oters gives rise to 
a protected RNA fragm ent of about 45 nucleo
tides, whereas the endogenous transcripts yield 
a band  at about 34 nucleotides (Labhart and 
Reeder, 1987a). The experim ent shows that in 
the germ inal vesicle hom ogenate the A-type of 
prom oter function is m aintained, i.e., initiation 
is strong in the presence o f T3 in its natural 
location (lane 7), bu t barely detectable upon 
deletion of T3 (lane 8). R eaddition of a T3 site 
e ither 112 bp (lane 10) or 3.7 kb (lane 9) u p 
stream  from  a T3-less prom oter gives rise to an 
interm ediate signal. These results therefore sup
p o rt a model in which the T3-independent in i
tiation seen in V-oocytes is b rought about by 
the influx of cytoplasmic com ponents.
Transcription is very polar in V-oocytes

In addition  to the activation o f T3-less p ro 
moters, there is one other m ajor transcriptional 
change taking place in V-oocytes. In Figure 2A 
it can be seen that the read through signal ob
tained with the spacer prom oter probe remains 
unchanged or decreases upon induction o f the
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Figure 6. Transcription is very polar in V-oocytes. 
A. RNA was labeled in vivo by injection of [a-32P]CTP (along with a-amanitin) into A- and V-oocytes and analyzed with a “reverse”-RNase protection assay using single-stranded DNA probes from three different regions of the ribosomal gene repeat. In lanes 1 and 2, a mixture of a probe from the very 5' end (probe A) and from the 3' end of the 40S precursor coding region (probe B) was used. In lanes 3 and 4, a probe specific for the region of the spacer promoters was used (probe C). See Figure 1A for the location of the probes. Note that the signal obtained at the 3' end of the gene (B) is much lower in V-oocytes, while the signal at the 5' end (A) re
mains essentially unchanged. The spacer promoter is turned on in V-oocytes, consistent with the data shown in Figure 2A. B. Transcription analysis of ribosomal promoters plus and minus T3 in A- and V-oocytes. Minigene plasmids with wild-type T3 (+T3 lanes) or mutated

98 T3
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spacer prom oter in V-oocytes. Since the probe 
used cannot distinguish between individual 
spacer prom oters (see Fig. 1A), this result sug
gests that the transcripts starting at the most 
upstream  spacer prom oter do not extend as far 
as the next spacer prom oter. Those spacer 
transcripts m ust therefore be shorter than 
about 1 kb. To investigate this phenom enon 
fu rth e r— particularly to see w hether this is also 
true for the transcripts originating at the gene 
p ro m o te r—the following experim ents were 
perform ed.

A fter injection o f [a-32P]CTP into centri
fuged oocytes and incubation for 18 hours, the 
labeled RNA was extracted from  A- and V- 
oocytes. The labeled RNA was then hybridized 
to single-stranded DNA probes m apping to vari
ous sites along the rDNA repeat, and the RNase- 
protected  RNA fragm ents were analyzed on de
naturing  polyacrylamide gels (“reverse”-RNase 
protection  assay). A probe specific for the 5' 
end o f the 40S precursor rRNA (Fig. 1A, probe 
A) showed that in V-oocytes initiation continued 
at a sim ilar rate as in A-oocytes (Fig. 6A, bands 
A in lanes 1 and 2). Consistent with the SI analy
sis o f Figure 2A, a probe specific for transcripts 
starting at the spacer prom oter (probe C) de
tected no in itiation in A-oocytes (lane 3), 
whereas V-oocytes showed an in itiation rate at 
the spacer prom oter which was sim ilar o r—as 
in the experim ent shown —even greater than 
the one observed at the gene prom oter (lane 
4, band C). (At least a twofold higher signal from 
the spacer prom oter can be expected because 
of the multiplicity of those promoters.) A probe 
to a region ju st downstream  from  the 3' end

T3 (-T3 lanes) were injected into A- (lanes 1 and 3) and V-oocytes (lanes 2 and 4), and RNA was analyzed with an RNase T1 protection assay. The SP6 RNA-probe used is shown in Figure IB. Lane M shows an end-labeled Hpa II digest of pBR322. Arrows denote RNA-protection 
bands characteristic of the short transcripts in V-oocytes. Only a T3-containing promoter in A-oocytes gives rise to large amounts of long transcripts (lane 3). C. Size- fractionation of RNA synthesized from ribosomal promoters injected into A- and V-oocytes. The lengths of single-stranded DNA are larger than 450 nt in fraction 
A, 250-450 nt in fraction B, 145-250 nt in fraction C, and 60-145 nt in fraction D. RNA from the same four samples analyzed in Figure 2C was used. SI assay of the fractionated RNA was with the same probe used in Figure 2C. Note that in V-oocytes the majority of the transcripts starting at the promoter are shorter than 
150 nucleotides (fraction D; lanes 8 and 16).
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o f the 28S coding sequence (Fig. 1A, probe B) 
yielded a strong signal for A-oocytes (Fig. 6A, 
lane 1, bands B), whereas it was greatly reduced 
or undetectable in V-oocytes (lane 2). (The m ul
tiple protected bands seen with probe B are 
probably due to known sequence m icrohetero
geneities in that region.) Thus in V-oocytes the 
transcription initiating from the gene prom oter 
is m ore polar than in A-oocytes. (The term  
“polarity” is used here to describe the reduced 
accum ulation o f prom oter-distal RNA). This 
conclusion was also confirm ed with an SI analy
sis o f size-fractionated RNA (the same assay as 
in Figure 6C; see below), which showed that in 
V-oocytes there is an increase in the am ount 
o f transcripts starting at the gene prom oter that 
are only <150 nt long. In addition, this assay 
showed that virtually all o f the spacer transcripts 
synthesized in V-oocytes are only <150 nt long 
(data not shown).
Only the combination of 73 plus promoter in 
A-oocytes gives rise to long ribosomal 
transcripts

In o rder to determ ine w hether the difference 
in the lengths o f the RNA synthesized in A- and 
V-oocytes is also seen with injected plasmids, 
two additional assay systems were employed. In 
Figure 6B, the same RNA samples that had been 
analyzed by SI protection assay in Figure 2C 
were subjected to an RNase T1 protection assay 
using a labeled SP6 RNA probe encom passing 
the entire length o f the m inigene plus flanking 
sequences (see m ap in Fig. IB). W hen RNA pro 
duced in the A-oocytes from a T3-containing 
p rom oter was analyzed (Fig. 6B, lane 3), the two 
m ajor protected  bands of 501 and 594 nt cor
responded to RNA extending from the prom oter 
to T2 at the end o f the m inigene and to RNA 
starting  at the prom oter and reading through 
T2, respectively. An additional protected RNA 
fragm ent o f 98 nucleotides represents tran 
scripts term inating at the T3 site upstream  from 
the prom oter. As expected from  the SI analysis 
(Fig. 2C), a T3-less prom oter did  not produce 
sufficient levels o f RNA to be detected by the 
RNase T1 protection assay (Fig. 6B, lane 1). In 
contrast, the pattern  o f protected RNA frag
m ents from  injected V-type of oocyte RNA was 
very different, both  with and w ithout T3 (lanes 
2 and 4). Despite the high levels o f 5' ends that 
were detected with the SI assay (Fig. 2C, lanes 
2 and 4), RNase protection bands correspond

ing to RNA extending from the prom oter to T2 
and beyond were virtually not detectable; in 
stead, several shorter protected RNA species 
are seen, the most prom inent o f which are a 
fragm ent of about 85 nucleotides and a char
acteristic doublet running  at around 280-290 
n t (marked by arrows in Figure 6B). Further con
trol experim ents showed that those bands in 
deed represent transcripts starting at the ribo
somal prom oter (see Materials and Methods). 
Thus, in V-oocytes the majority of transcripts 
end after 100 to a few hundred  nucleotides at 
heterogenous bu t discrete sites.

The in terp reta tion  of the RNase T1 protec
tion assay was confirm ed with the assay shown 
in Figure 6C. The same four RNA samples were 
fractionated on a denaturing  polyacrylamide 
gel, and the gel was cut in four fractions. A 
labeled H pa II digest o f pBR322 was run  in 
parallel in order to determ ine the approxim ate 
size-distribution of RNA in the four fractions. 
RNA was eluted from  the four gel slices and 
subjected to SI analysis to detect RNA 5' ends 
starting at the prom oter. The result shows that 
in A-oocytes, the majority of transcripts from 
a T3-containing prom oter are longer than 450 
nucleotides (=  fraction A, lane 9). O n the o ther 
hand, in V-oocytes predom inantly short tran 
scripts are produced (<150 nt, fraction D), from 
a prom oter both  with and w ithout T3 (lanes 
8 and 16). Interestingly, the SI signal obtained 
with the RNA from  A-oocytes injected with a 
T3-less prom oter is about equally d istributed 
in the four fractions (lanes 1-4). Since the four 
fractions do not represent four equal ranges 
o f size-classes, this finding indicates tha t in A- 
oocytes and in the absence of T3 transcription 
is not only much weaker bu t also polar. Stim u
lation in the presence o f a functional T3 does 
not affect all four size classes equally; instead, 
the longest size-class shows an estim ated stim 
ulation in the range o f 50- to 100-fold (com pare 
lanes 1 and 9), while the shortest two size-classes 
are stim ulated only a few fold (com pare lanes 
4 and 12). Thus T3 appears not only to stim 
ulate transcription, bu t also to confer high pro- 
cessivity to the initiating transcription complex.
The same basic RNA polymerase I promoter is 
recognized in A- and V-oocytes

The ribosom al prom oter in X. laevis com prises 
a sequence from  -1 4 2  to about +1 relative to 
the in itiation  site (Sollner-Webb et al., 1983;
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Reeder et al., 1987). In order to see w hether 
this same prom oter is recognized in A- and V- 
oocytes, I injected two diagnostic m utations and 
analyzed the RNA extracted from the oocytes 
with both the SI and the RNase T1 protection 
assay. As shown in Figure 7, both a 5' -9 0  de
letion and a linker scanner m utation in the im 
portan t region at -1 4 2 /-1 3 3  are silent in both 
types of oocytes (lanes 1, 2, 7, 8). Control injec
tion of plasmids containing a prom oter plus 
T3 and a prom oter with m utated T3 show again 
the T3-dependent highly processive transcrip
tion in A-oocytes and the heterogenously te r
m inated transcripts in V-oocytes (lanes 3, 4, 9, 
10). The result with the prom oter m utations, 
along with the a-am anitin resistance of all the 
transcription from injected plasmids, indicates 
that transcription in both A- and V-oocytes is 
by RNA polymerase I.
T2 and T3 sites are ignored in V-oocytes
In the experim ent shown in Figure 7, two ad
ditional plasmids were analyzed that had point- 
m utations in the T2 box at the 3' end of the 
minigene. One of them  was m utation C261, 
which restores term ination function to the 
otherwise term ination-deficient T2 site bu t 
leaves 3' end form ation unchanged, and the 
o ther was G255, which abolishes 3' end form a
tion. The result shows that in A-oocytes, C261 
(lane 5) is as efficient in 3' end form ation as 
the wild-type T2 (lane 4), while G255 abolishes 
3' end form ation, leading to a strong read- 
through signal (band at 594 nt in lane 6). In 
this experim ent, the average length of the tran 
scripts produced in V-oocytes was greater than 
in the experim ent shown in Figure 6B. This p er
m itted better investigation of the 3' end for
m ation at T2. Interestingly, the result shows that 
those transcripts that reach T2 do not form  cor
rect 3' ends at this site. Even though there are 
several RNase protection bands visible at around 
500 nt, they do not align with the band expected 
for correct 3' end form ation at T2. Furtherm ore, 
there is no change in this band pattern  with 
the G255 m utation. I conclude that V-type tran 
scription is unable to recognize the T2 box 
signal.

The inactivity of the C261 m utant in 3' end 
form ation in V-oocytes suggests strongly that 
it is also inactive in transcription term ination. 
We had previously shown (Labhart and Reeder, 
1990) that while 3' end form ation can occur in
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Figure 7. Further characterization of A- and V-type ribosomal transcription. Plasmids with the basic structure shown below the autoradiographs were injected into A- and V-oocytes and analyzed either by RNase T1 protection assay (upper panel) or by SI protection assay (lower panel). The mutations analyzed were: lanes 1 and 7, 5' -90 promoter deletion mutant; lanes 2 and 8, promoter linker scanner mutant -142/-133; lanes 3 and 
9, T3 mutation; lanes 4 and 10, all wild-type construct; lanes 5 and 11, C261 mutation of T2; lanes 6 and 12, G255 mutation of T2. Note that the promoter mutations show no transcription in both A- and V-oocytes, and that the T2 site (protection of 501 nt in lanes 4 and 5) is not recognized in V-oocytes (lanes 10-12). The gel has been overexposed in order to show the low amount of long transcripts in V-oocytes. (Some of the heterogenous bands in the upper panel [lanes 3-6] and the relatively strong SI signal of the T3 mutant in A-oocytes [lane 3] are probably due to contamination of the A- RNA samples with V-RNA.)

the absence of term ination, term ination was 
seen only when 3' end form ation was occurring. 
I nevertheless tested directly for term ination



420 Labhart

in V-oocytes. The assay for term inator function 
in our previous work involved looking for a drop 
in RNA levels downstream  from  a putative te r
m ination site. Since the general processivity in 
V-oocytes was found to be very low, I cloned the 
T3 site and the T3 m utation  ~100 bp down
stream  from  a transcrip tion  start site and m ea
sured RNA levels at a site ~  350 bp downstream. 
The resu lt showed —as expected — that in A- 
oocytes only a low level o f RNA reads through 
the intact T3 site, while m utation  o f the T3 site 
causes this read through RNA to increase. In V- 
oocytes, on the o ther hand, there is about the 
same low level o f RNA detectable downstream 
from  both  the intact and the m utated  T3 site 
(data not shown). This low level is consistent 
with the general low processivity o f transcrip
tion in V-oocytes. The finding, however, that the 
wild-type T3 site does not cause a fu rther drop 
in the read through RNA indicates that the T3 
site is non functional in V-oocytes.

Discussion

What are V-oocytes?

Centrifugation o f Xenopus oocytes has been 
widely used to make the germinal vesicles visible 
for successful injections. W hile the original 
papers recom m ended centrifugation o f the 
oocytes with their anim al pole up  (Kressmann 
et al., 1977), it is not clear w hether all subse
quent studies using oocytes injection follow that 
recom m endation, no r are any experim ental 
da ta  given why centrifugation with the vegetal 
side up should not be perform ed. H ere I re 
po rt tha t gentle centrifugation o f oocytes with 
th e ir anim al pole up  appears to m aintain  the 
germ inal vesicle in its native state (A-oocytes), 
whereas even gentle centrifugation with the 
vegetal pole up, o r stronger centrifugation at 
any o rien tation , causes structural changes of 
the germ inal vesicle (V-oocytes). Those changes 
can be assayed for by m onitoring the loss from  
the nucleus of FITC-dextran of molecular weight 
70 kDa. W hile the state of the germ inal vesicle 
in V-oocytes can be described pejoratively as 
being dam aged or leaky, the present results 
show tha t there are interesting changes taking 
place in ribosom al gene transcription, thereby 
giving the V-type o f transcrip tion  potential 
significance.

It should be em phasized tha t V-oocytes are

not simply oocytes with a completely disinte
grated germ inal vesicle. It has been shown re 
peatedly tha t injection of ribosom al or o ther 
genes into the cytoplasm leads to no transcrip
tion at all (Sollner-Webb and McKnight, 1982; 
Mertz and G urdon, 1977). In V-oocytes, some 
nuclear structure is still recognizable and, most 
im portantly, my “delayed injection’’ experim ent 
(Fig. 4A) showed that injection into a V-nucleus 
still leads to activation o f the ribosom al p ro 
moter, even if perform ed several hours after 
the creation o f V-oocytes. Furtherm ore, the r i
bosom al enhancer, which is thought to be in
volved in setting up active transcrip tion  com 
plexes (Reeder, 1984; Labhart and Reeder, 1985), 
is functional both  in A- and V-oocytes (data 
not shown).

The observed changes in transcrip tion  are 
very unlikely due to some localized “transcrip
tion factor” in the oocyte cytoplasm. I base this 
conclusion m ainly on the finding that the V- 
type o f transcrip tion  can also be induced when 
oocytes are centrifuged at higher force with the 
animal pole up. For the same reason, the changes 
are probably not caused by yolk platelets, which 
are localized prim arily in the vegetal hem i
sphere. Nevertheless, the present observations 
seem to reflect some difference between the ani
mal and vegetal hem isphere of the oocyte, since 
the germ inal vesicle is much m ore susceptible 
to structural changes when translocated into the 
vegetal hem isphere.

Are the observed transcriptional changes in 
V-oocytes caused by loss o f nuclear factors or 
influx o f cytoplasmic factors? Run-on experi
m ents with germ inal vesicles isolated from 
A-oocytes suggest that both  m echanism s may 
contribute to the V-type transcrip tion  pattern. 
W ith respect to prom oter function, the A-type 
o f transcrip tion  was observed in hom ogenates 
o f isolated germ inal vesicles, i.e., in itia tion  was 
dependen t on T3 in its natural location u p 
stream  from  the prom oter, and push-apart 
constructs gave interm ediate in itiation  signals 
(Fig. 5). Thus, the A-type of transcription is main
tained when any diffusible nuclear components, 
including transcription factors, are diluted and 
only low amounts of cytoplasm are present. This 
observation suggests an involvement o f cyto
plasmic factors in the induction o f T3-less p ro 
moters. It will be interesting to see w hether the 
V-type of prom oter function can be created by 
the addition of cytoplasmic extract. O n the other
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hand, transcrip tion  in the germ inal vesicle 
hom ogenate appears to be m ore V-like with re 
spect to processivity, in that previous experi
m ents showed a drastic d rop  in transcrip tion  
rates from  5' to 3', especially on injected m ini
gene constructs (Labhart and Reeder, 1990). The 
strong polarity o f transcrip tion  in isolated ger
minal vesicles from  A-oocytes suggests that a 
factor that confers high processivity to riboso
mal transcription in vivo is easily lost in homoge
nates of germinal vesicles. This raises the pos
sibility that the same phenom enon in V-oocytes 
is also due to a loss o f some nuclear component.
Regulation and function of spacer promoters
The m ost striking change taking place in V- 
oocytes is the activation of the spacer promoters. 
Since the discovery of their existence and of 
the ir activity (Boseley et al., 1979; Moss, 1983), 
there has been much discussion about their po
tential function. As much as the endogenous 
genes are concerned, the oocytes and an X. laevis 
tissue culture cell line represent the two ex
trem es o f cell types with silent and active 
spacer prom oters, respectively. Furtherm ore, 
my own unpublished observations show that 
during  embryogenesis the spacer prom oter is 
turned on at the midblastula transition, bu t that 
during further embryonic development the level 
o f spacer transcripts gradually decreases with 
respect to the level o f transcripts initiating at 
the gene prom oter. From  those com bined ob
servations, a striking correlation emerges be
tween spacer prom oter activity and the rate of 
cell division. If  the function o f the spacer p ro 
m oter is to increase the polymerase loading at 
the gene prom oter (De W inter and Moss, 1986), 
then  one m ight propose that the activity o f the 
spacer prom oters is required  only to re-start 
transcrip tion  at the gene prom oter after each 
cell division. However, the induction o f  the 
spacer prom oter could also be a sheer conse
quence o f cell divisions a n d —in an extreme 
m odel — have no function at all. W hile the pres
en t observations do not let us decide between 
those models, they are consistent with the noted 
correlation  between cell division and spacer 
p rom oter activity: as in V-oocytes, in rapidly 
cycling cells the nuclear structure is being dis
solved during every mitosis. This could lead to 
a sim ilar m ixing o f  cytoplasmic and nuclear 
com ponents.

O ne strategy for gaining insight into the func-
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tion of spacer prom oters was to inject various 
constructs containing cloned spacer prom oters 
into oocyte nuclei. In those studies the injected 
spacer prom oters were found to be as active 
as injected gene promoters; thus there appeared 
to be a discrepancy between the regulation of 
the endogenous and exogenous genes. Based 
on the experim ents presented in this paper, I 
have to conclude that the use o f V-oocytes con
tribu ted  to the observed deregulation of the 
spacer prom oter. For example, M organ et al. 
(1984) found equal signals from  injected spacer 
prom oters and gene prom oters, indicative of 
V-type transcription. Strong transcription from 
injected spacer prom oters was also found by 
De W inter and Moss (1986) and in my own work 
(e.g., L abhart and Reeder, 1987b). H ere I show 
that if injected into “native” germ inal vesicles 
o f A-oocytes, spacer prom oters are virtually si
lent, like the endogenous spacer prom oters.

W ith the identification and characterization 
of the T3 site upstream  from the gene prom oter 
and its dem onstrated ability to act as a prom oter 
elem ent (McStay and Reeder, 1990), the absence 
o f such a T3 site upstream  from  the spacer p ro 
m oter has become a very notable feature. Is this 
lack o f a T3 site the m ain or only functional 
difference between the spacer and gene p ro 
moter? I am no t aware o f any experim ent, p ub 
lished o r unpublished, in which a gene p ro 
m oter with a m utated T3 could no t substitute 
for a spacer prom oter. Thus, it appears that all 
the data are consistent with such a notion.
T3 as a promoter element

W hether T3 (as well as sim ilar term inators u p 
stream  from  ribosom al prom oters in o ther 
species) stimulates the nearby prom oter by p re 
vention o f occlusion o r by a positive effect on 
the prom oter has been the subject o f several 
studies (e.g., Batem an and Paule, 1988; H ender
son et al., 1989; McStay and Reeder, 1990). 
The result ob tained  with the push-apart clones 
in A-oocytes (Fig. 5) confirms the findings of 
earlier in vitro transcrip tion  studies (McStay 
and Reeder, 1990) and fu rther supports the no
tion that T3 can act as a true prom oter element. 
It should be noted, however, that the push-apart 
constructs consistently showed a prom oter sig
nal in term ediate  to the signals ob tained with 
the  wild-type and with the  T3 m utant. This 
finding can be explained by postulating that 
T3 can work at a distance, albeit with lower
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efficiency; alternatively, there may be a prom oter 
occlusion com ponent in the T3 stimulation. The 
la tte r in te rp re ta tion  is supported  by psoralen
crosslinking studies (Lucchini and Reeder, 1989), 
in which prevention o f read through into the 
p ro m o te r by transcription-term inating cross
links led to an increase in the prom oter signal, 
b u t no t to the levels seen with the T3 site u p 
stream  from  the prom oter.

C loser inspection o f transcrip tion  w ithout 
and  with T3 in A-oocytes reveals a result with 
potential significance for the mechanism of p ro 
m oter stim ulation by T3. The size-fractionation 
analysis o f the low level o f transcrip tion  in the 
absence o f  T3 (Fig. 6C, lanes 1-4) shows that 
there  is an alm ost equal distribution o f the tran
scripts between the four size-classes. This means 
th a t transcrip tion  from  a T3 m utated  prom oter 
is ra th e r polar even in A-oocytes. Thus T3 not 
only stim ulates initiation, bu t also appears to 
confer high processivity to the transcription 
com plex. This is a very inconspicuous result, 
b u t it yields an im portan t new insight into the 
m echanism  o f prom oter stim ulation by the u p 
stream  term inator T3.
Formation of short ribosomal transcripts

In  recen t years many cases have been described 
in  which the expression o f genes is regulated 
by transcriptional attenuation or prem ature ter
m ination  (reviewed in Spencer and Groudine, 
1990). In several instances, however, the sig
nificance o f those short transcripts is not clear 
yet, o r they could not be dem onstrated in vivo. 
In  the  present work I show that sim ilar short 
transcripts can also be dem onstrated with genes 
transcribed  by RNA polymerase I: in V-oocytes, 
transcrip tion  is very polar, with the majority 
o f  transcrip ts not exceeding 150 nt in length. 
T he precise 3' ends o f those transcripts have 
no t been  m apped. Because such short tran 
scripts are observed both  on endogenous genes 
and  on different plasm id minigenes, the end 
points are unlikely to be determ ined  by specific 
sequence elem ents in the DNA. It is m ore likely 
th a t this p rem ature  RNA 3' end form ation is 
a function  o f the distance from  the initiation 
site. The same type o f short ribosom al tran 
scripts has so far not been dem onstrated in no r
m al X. laevis cells; therefore the ir significance 
rem ains unclear.

Because nuclear run-off experim ents could 
n o t reliably be perform ed with V-oocytes, the

question w hether those short transcripts are 
the result o f actual term ination or o f instabil
ity of prom oter-distal RNA could not be directly 
tested. In o ther experim ents, however, we had 
found a lower transcrip tion  rate at the 3' end 
of ribosom al genes com pared to the 5' end (Lab- 
h a rt and Reeder, 1989 and 1990). This drop  in 
transcrip tion  rate from  5' to 3' was m ost drastic 
in nuclear run-on assays of injected m inigene 
constructs. These results suggest that ribosom al 
gene transcrip tion  can be regulated at the level 
o f elongation, b u t the relationship of those 
findings to the present V-type transcription is 
not clear.

Is the activation o f spacer prom oters and of 
T3 m utated  prom oters in V-oocytes ju s t a con
sequence of relief from prom oter occlusion due 
to the low processivity? As discussed above, the 
low prom oter activity o f T3-less prom oters in 
A-oocytes can be ascribed only in part to p ro 
m oter occlusion. Therefore, if low processivity 
is the only cause for the activation of T3 m u
tants in V-oocytes, such prom oters should not 
be activated m ore in V-oocytes than the push- 
ap a rt constructs in A-oocytes. However, several 
o f the present experim ents show that prom oter 
activity in V-oocytes tends to be even stronger 
than the activity of a prom oter with its upstream 
T3 in A-oocytes. Therefore, prevention o f p ro 
m oter occlusion may contribute to the activa
tion o f spacer prom oters and o f T3 m utated  
prom oters in V-oocytes; bu t there appears to 
be a second —perhaps m ajor—m echanism  by 
which such prom oters are activated. As dis
cussed above, the present results suggest a model 
in which this second m echanism  involves cyto
plasmic factors. It should also be noted that a 
m echanism  of spacer prom oter activation with 
an occlusion com ponent can only be correct 
if the short transcripts in V-oocytes are the re 
sult o f actual term ination  and not of instability 
o f prom oter-distal RNA.
Evidence for a qualitatively changed elongation 
complex in V-oocytes

In addition to its term inator and prom oter func
tion, we reported  previously that T3 upstream  
from  the prom oter is required  for efficient 3' 
end form ation at T2 at the 3' end o f injected 
minigene constructs (Labhart and Reeder, 1987b). 
The present observations explain that phenom 
enon: a m ixture o f A- and V-oocytes m ust have 
been used. The situation is best illustrated by
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superim posing corresponding A-and V-lanes in 
Figures 2C, 6B, and 7. In such a mixture, the 
effect o f T3 on the prom oter signal is at most 
twofold, bu t the 3' ends at T2 are generated 
solely by transcrip tion  from the T3-containing 
prom oter in A-oocytes. Transcription from  a 
T3 m utated  prom oter in A-oocytes is too low 
to give a detectable signal atT2, and in V-oocytes 
the m ajority of the transcripts do not reach 
T2 on the minigene constructs used. Still, the 
m inority o f transcripts that do reach T2 in 
V-oocytes do not form  correct 3' ends at that 
site (Fig. 7). Based on the present result, our 
earlier data concerning an interaction between 
T3 and T2 (Labhart and Reeder, 1987b) should 
be re in terp reted  in the following way. There 
are indeed two types of ribosomal transcription 
which differ in their ability to recognize site T2. 
But the dependence o f T2 function on a T3 site 
upstream  from the prom oter is probably indi
rect: 3' end form ation at T2 is prim arily depen
dent on A-type of transcription, though efficient 
A-type o f ribosom al transcrip tion  is seen only 
in the presence o f T3 upstream  from  the p ro 
moter. The elucidation o f the m olecular differ
ences between A-and V-types o f ribosom al gene 
transcrip tion  will require their reproduction 
in vitro and the identification of the factors caus
ing those differences.
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