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We used immunofluorescence to study the distribution and targeting of RNA polymerase (pol) III
subunits and pol III transcription factors in the Xenopus laevis oocyte nucleus. Antibodies against
several of these proteins stained Cajal bodies and ~90 specific sites on the lampbrush chromo-
somes. Some of the chromosomal sites had been identified previously by in situ hybridization as
the genes for 55 rRNA. The remaining sites presumably encode tRNAs and other pol III tran-
scripts. Pol I1I sites were often resolvable as loops similar to the much more abundant pol II loops,
but without a matrix detectable by phase contrast or differential interference contrast. This
morphology is consistent with the transcription of short repeated sequences. Hemagglutinin-
tagged transcripts encoding core subunits and transcription factors were injected into the oocyte
cytoplasm, and the distribution of newly translated proteins inside the nucleus was monitored by
immunostaining. Cajal bodies were preferentially targeted by these proteins, and in some cases
the chromosomal sites were also weakly stained. The existence of pol IIl subunits and pol III
transcription factors in Cajal bodies and their targeting to these organelles are consistent with a

model of Cajal bodies as sites for preassembly of the nuclear transcription machinery.

INTRODUCTION

Cajal bodies (CBs) are nuclear organelles first described in
vertebrate neurons by Ramén y Cajal nearly 100 years ago
(Cajal, 1903) and since then demonstrated in a variety of
organisms and cell types, including both animals and plants
(reviewed in Gall, 2000), and almost certainly the yeast
Saccharomyces cerevisine (Verheggen et al., 2001, 2002). They
contain a marker protein named coilin along with numerous
factors involved in the transcription and processing of all
major types of RNA. Many discussions of CB function em-
phasize their possible involvement in assembly, modifica-
tion, or storage of RNA processing factors, especially small
nucleolar ribonucleoprotein particles (snoRNPs), splicing
small nuclear ribonucleoprotein particles (snRNPs), and the
U7 snRNP. However, some evidence suggests that CBs play
an even wider role in transcription. On the basis of the
composition of CBs in the amphibian oocyte nucleus and the
targeting of various transcription and processing factors to
CBs, we suggested that CBs may be the primary site for
assembly of the transcription machinery of the nucleus (Gall
et al., 1999). We postulated that all three eukaryotic RNA
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polymerases associate in CBs with a variety of specific fac-
tors required for transcription and processing of RNA. Ac-
cording to this model, complexes that we call transcripto-
somes would assemble in CBs and then move to the
respective polymerase (pol) I, pol II, and pol III sites of
transcription on the chromosomes.

Central to this model is the demonstration that all three
eukaryotic RNA polymerases occur in CBs. In our original
article we gave preliminary evidence for the three poly-
merases in CBs from Xenopus oocyte nuclei. Later, we pre-
sented detailed data showing that a phosphorylated form of
pol II exists in these CBs (Morgan et al., 2000). On the basis
of inhibitor experiments and the kinetics of targeting, we
argued that pol II transits through the CBs when it first
enters the nucleus.

Herein, we present more complete data for pol III. We
show that CBs in Xenopus oocyte nuclei are stained by anti-
bodies against subunits of the pol III core polymerase and
pol III transcription factors. Several of these antibodies also
stain a specific subset of transcription loops at ~90 loci on
the lampbrush chromosomes. We also show that epitope-
tagged versions of pol III subunits and a pol III transcription
factor are targeted to the CBs and to the same chromosome
loci that are stained by the antibodies. We suggest that pol
III and associated transcription factors transit through the
CBs on their way to the chromosomal loci at which pol
II-specific genes are transcribed.
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MATERIALS AND METHODS
Oocytes, Oocyte Injections, and GV Spreads

Techniques for removal and storage of Xenopus laevis oocytes, injection
of various probes into the germinal vesicle (GV) or cytoplasm, and
preparation of cytological spreads from individual GVs were described
in detail previously (Gall et al., 1991, 1999; Gall, 1998). Postfixation of
GV spreads in 2% paraformaldehyde was limited to no >2 h.

Immunofluorescence Staining and Microscopy

GV spreads were rinsed in phosphate-buffered saline (PBS; 135 mM
NaCl, 2.5 mM KCl, 4.3 mM Na,HPO,, 1.5 mM KH,PO,) and blocked
with 10% horse serum for 5-15 min before incubation in primary
antibody for 1 h at room temperature. Rabbit polyclonal sera were
diluted 1:100-1:2500 with 10% horse serum. Monoclonal antibodies
were used at 0.5-1.0 ug/ml when the concentration was known.
Otherwise, culture supernatant was used undiluted or diluted up to
1:20 with 10% horse serum. Secondary antibodies were Alexa 488-
conjugated or Alexa 594-conjugated goat anti-mouse IgG, goat anti-
rat IgG, or goat anti-rabbit IgG (Molecular Probes, Eugene, OR).
They were used for 1 h at room temperature. After immunostaining,
GV spreads were rinsed with PBS, stained 5 min with 0.01 ug/ml
4',6 diamidino-2-phenylindole, and mounted in 50% glycerol con-
taining 1 mg/ml phenylenediamine to retard fading. Slides were
stored in a freezer at —20°C when not being observed. Images were
taken with a Micromax charge-coupled device camera (Princeton
Instruments, Trenton, NJ) by using the IPLab (3.5.5) image acquisi-
tion and analysis program (Scanalytics, Fairfax, VA). Confocal laser
scanning microscopy was carried out with the TCS NT system
(Leica, Heidelberg, Germany).

Antibodies

All antibodies against core pol III subunits and pol III transcription
factors were produced in rabbits by injection of bacterially ex-
pressed proteins. The polyclonal sera were affinity purified against
their corresponding antigens (Wang and Roeder, 1995, 1997; Hsieh
et al., 1999). No34 is a mouse monoclonal antibody (mAb) raised
against proteins derived from the high-speed pellet of fractionated
X. laevis oocyte nuclei (Hiigle et al., 1985). It immunoprecipitates
several pol I and pol III components from cell lysates of Xenopus
XLKE-A6-cultured cells, but because it does not stain proteins on a
Western blot, its specificity is not known. It may recognize one of
the two subunits shared by pol I and pol III, namely, RPC40 or
RPC16. Hemagglutinin (HA)-tagged proteins were detected with rat
mAb 3F10 (Roche Applied Science, Indianapolis, IN), which gives
exceptionally low backgrounds on Xenopus GV spreads. Myc-tagged
RPC53 was detected with mouse mAb 9E10 (Evan et al., 1985).

Clones and Transcripts

Human pol III core subunits and pol III transcription factors were
originally cloned in FLAG-tagged vectors for biochemical studies.
In preliminary immunostaining experiments, we had difficulty de-
tecting FLAG-tagged proteins, and for that reason we used either
myc- or HA-tagged probes in this study. Details of the clones and
mode of transcript synthesis are as follows.

RPC15 (RPB6). Clone pTRF RPB6 consists of a FLAG-tagged full-
length cDNA encoding RPB6 (Acker et al., 1994) in the pRSET vector
(Invitrogen, San Diego, CA). A polymerase chain reaction (PCR)
product was made with primers CM120 and CM121 and then
transcribed with T3 RNA polymerase to give an HA-tagged tran-
script. CM120 contains a T3 promoter, the Kozak consensus se-
quence (Kozak, 1989), the HA sequence, and the FLAG sequence.
CM121 is from the pRSET vector.

RPC39. Clone pTRF RPC39 consists of a FLAG-tagged full-length

c¢DNA encoding RPC39 (Wang and Roeder, 1997) in the pRSET
vector. We first made a PCR product from the clone by using
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primers CM120 and CM165 and then transcribed it with T3 RNA
polymerase to give an HA-tagged transcript. CM165 contains the 3’
end of RPC39.

RPC53. Clone pTRF RPC53 consists of a FLAG-tagged full-length
c¢DNA encoding RPC53 (Ittmann, 1994) in the pRSET vector. A PCR
product was made from the open reading frame of pTRF RPC53
with primers CM110 and CM111. The open reading frame was
ligated into pCRII (Invitrogen) and then subcloned into pBluescript
modified to contain a nuclear localization sequence and six repeats of
the c-myc tag (Roth et al., 1991; Wu et al., 1994). For transcription with
T3 RNA polymerase the pBluescript clone was linearized with Xbal.

RPC62. Clone pTRF RPC62 consists of a FLAG-tagged full-length
cDNA encoding RPC62 (Wang and Roeder, 1997) in the pRSET
vector. A PCR product was made with primers CM120 and CM121
as for RPC15 and then transcribed with T3 RNA polymerase to give
an HA-tagged transcript.

TFIIIB90. Clone pFLAG (S)-7 TFIIIB90 consists of a FLAG-tagged
full-length cDNA encoding TFIIIB90 (Wang and Roeder, 1995) in
the pGEM-7Z vector (Promega, Madison, WI). An HA tag was
produced by annealing oligonucleotides CM170 and CM168 and
inserting at the Xbal and Ndel sites upstream of and in frame with
the TFIIIB90 coding region. HA-tagged transcripts were synthesized
by linearizing with Sall and transcribing with T7 polymerase.

TFIIIC63. Clone pFLAG (AS)-7 TFIIIC63 consists of a FLAG-tagged
full-length ¢cDNA encoding TFIIIC63 (Hsieh et al., 1999) in the
PGEM-7Z vector. An HA tag was produced by annealing oligonu-
cleotides CM173 and CM174 and inserting at the Bg/II and Ndel sites
upstream of and in frame with the TFIIIC63 coding region. HA-
tagged transcripts were synthesized by linearizing with Sall and
transcribing with Sp6 polymerase.

Deoxyoligonucleotides are as follows: CM110, CCGGATCCCAT-
GGTTGCAGGCAACATGTCGGAAGGAAAC; CM111, CCTCTA-
GACCGGTGTTTGTGATCCAAGAGGGATTC; CM120, GCAATTA-
ACCCTCACTAAAGGGAACAAAAGGCCGCCACCATGGAGTA-
CCCATATGATGTGCCAGATTACGCTGACTACAAAGACGAT-
GAC; CM121, CTAGTTATTGCTCAGCGGTGGCAG; CM165, TTA-
AAATTCGAGCCACTCTGTCATG; CM168, TATGGGATCCAGCG-
TAATCTGGCACATCATATGGGTACTCCATGGTGGCT; CM170,
CTAGAGCCACCATGGAGTACCCATATGATGTGCCAGATTA-
CGCTGGATCCCA; CM173, GATCTGCCACCATGGAGTAC-
CCATATGATGTGCCAGATTACGCTTCTAGACA; and CM174,
TATGTCTAGAAGCGTAATCTGGCACATCATATGGGTACTCCAT
GGTGGCA.

In Vitro Transcripts

Capped sense-strand transcripts were synthesized with T3, T7, or
Sp6 RNA polymerase (Stratagene, La Jolla, CA) from 1 pg of the
linearized DNA. The RNA was analyzed for size on a 1% agarose,
1.3% formaldehyde gel. Aliquots were precipitated and resus-
pended at ~1 ug/ ul. Then 23 or 46 nl of RNA solution was injected
into the cytoplasm of oocytes by using a Nanoject injection appara-
tus (Drummond Scientific, Broomall, PA). Injected oocytes were
transferred to OR2 saline (Wallace et al., 1973) and stored at 18°C
until used for GV spreads or Western analysis.

Western Blots

Isolated GVs were disrupted by pipetting and then centrifuged at
20,000 X g for 10 min to separate organelles from nucleoplasm. All
samples were boiled with the appropriate amount of 2X gel buffer for
5-10 min and electrophoresed on a 10% polyacrylamide-SDS gel (Lae-
mmli, 1970). Proteins were electroeluted from the gel onto polyvinyli-
dene fluoride membranes (Immobilon P; Millipore, Bedford, MA).
Membranes were blocked in 3% horse serum in PBS and incubated
with the appropriate primary antibody. Detection of signal was by
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Figure 1. Western blots of proteins from Xenopus GVs and Hela
nuclear extract probed with antibodies against human pol III core
subunits RPC15, RPC39, RPC53, and RPC62. GVs were separated into
supernatant (S) and pellet (P) fractions before solubilization and elec-
trophoresis. In the HelLa extract each antibody recognizes a single
major band of the expected size. Similar bands (*) in the Xenopus GVs
presumably correspond to Xenopus pol IIl subunits. Anti-RPC39 rec-
ognizes an additional protein or breakdown product of ~15 kDa in the
GV. In the GVs most pol Ill is in the supernatant (nucleoplasm), not in
the pellet (organelles). Because this is a montage of gels run at different
times under different conditions, the molecular weight markers at the
left should be considered approximate only.

enhanced chemifluorescence (Amersham Biosciences, Piscataway, NJ)
with the Storm 860 scanner (Molecular Dynamics, Sunnyvale, CA).

RESULTS

Polymerase 111 in CBs and Lampbrush
Chromosomes

Major features of the pol III transcription machinery are
conserved in S. cerevisiae, Schizosaccharomyces pombe, and
human (Paule and White, 2000; Huang and Maraia, 2001).
The core enzyme consists of 1617 subunits that share se-
quence homology among the three organisms. Functional
similarity is demonstrated by the fact that several human
genes encoding pol III subunits can substitute for the corre-
sponding genes in S. cerevisiae. This evolutionary conserva-
tion permitted us to study pol III and pol III transcription
factors in Xenopus by using the corresponding cloned human
genes and antibodies against human proteins.

We examined three subunits that are unique to pol III
(RPC39, RPC53, and RPC62), and one that is shared by pol I,
pol II, and pol III (RPC15). In previous publications (Gall et
al., 1999; Gall, 2001), we erroneously referred to RPC39 as
RPC19. The protein in S. cerevisiae that corresponds to RPC15
is also known as RPB6 or ABC23. Antibodies raised against
the four recombinant human proteins were used to probe
Western blots of Xenopus GV proteins (Figure 1). In each
case, a major band was detected at the position expected for
the pol III subunit, suggesting that the antibodies correctly
recognize the corresponding Xenopus proteins.

These four antibodies were used to stain cytological prep-
arations of GV contents spread on microscope slides. A
single GV of Xenopus contains 18 lampbrush chromosomes,
~1500 extrachromosomal nucleoli, 50-100 CBs, and a highly
variable number of B-snurposomes (Figure 2). CBs were
stained well by all four antibodies (Figure 3 and Table 1).
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Figure 2. A small portion of the contents of a single Xenopus GV
centrifuged onto a microscope slide and viewed by DIC. The major
nonchromosomal structures are nucleoli, Cajal bodies, and B-snur-
posomes (B). Cajal bodies often have one or more B-snurposomes
embedded in them or attached to their surface.

CBs commonly have B-snurposomes attached to their sur-
face or embedded in their interior. In all cases, staining was
limited to the matrix of the CB, the attached or internal
B-snurposomes being very weak or negative. Anti-RPC39,
anti-RPC53, and anti-RPC62 stained nucleoli slightly above
control levels, whereas anti-RPC15 gave significant nucleo-
lar stain. Nucleolar stain with anti-RPC15 was anticipated,
because RPC15 is a component of pol I, which is located in
the fibrillar region of nucleoli.

All four anti-pol Il antibodies stained a specific set of loci
on the Xenopus lampbrush chromosomes. Staining with anti-

a-RPC62 a-TFIIA
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Figure 3. CBs are stained by antibodies against subunits of the
core pol Il enzyme and pol III transcription factors. Shown herein
is staining by a-RPC39, a-RPC62, and «-TFIIIA. Nucleoli and B-
snurposomes are near the background level of staining.

Molecular Biology of the Cell



Pol III in Xenopus GV

Table 1. Summary of staining and targeting experiments
Antibody stain Targeting

Protein Pol IIT loops CBs Pol III loops CBs
RPC39 4+ ++ ++ +
RPC53 4+ ++ + (-)
RPC62 +++ ++ () +
RPC15 (RPB6) +++ ++ Weak pol TI + TII o+
Antigen for No34 +++ + n.d. n.d.
TFIIIA () +++ n.d. n.d.
TFIIIB90 (-) + + ++
TFIIIC63 +H+ + =) +

n.d., not done.

The two columns on the left summarize staining results with 8 antibodies against pol III core subunits and pol III transcription factors. All
5 antibodies against core subunits stain CBs and pol III loops. Antibodies against 3 transcription factors stain CBs but only one is positive
on the loops (a-TFIIIC63). The two columns on the right summarize targeting of the corresponding proteins after cytoplasmic injection of in
vitro trascripts from the cloned genes. Details of the injection experiments are discussed in the text.

RPC15 and anti-RPC53 was especially striking in both inten-
sity and specificity. Each gave an extraordinarily brilliant
reaction at ~90 loci distributed along 17 of the 18 chromo-
somes in the haploid set (Figure 4). Only chromosome 17,
the next to shortest in the complement, completely lacked
staining. The others each displayed 1-9 positive loci, which
varied from minute spots to large irregular patches of stain.
The staining patterns are unique for each chromosome, allow-
ing for the first time unequivocal identification of all 18 Xero-
pus lampbrush chromosomes on the basis of a single stain.

A fifth antibody, mAb No34, gave similar strong staining
of chromosomal loci and nucleoli. No34 was raised against
GV proteins of Xenopus. It immunoprecipitates subunits
from both pol I and pol III of Xenopus, but because it does
not recognize proteins on Western blots, its specificity has
not yet been defined (Schmidt-Zachmann, personal commu-
nication). Nevertheless, because No34 is a mouse mADb, it
could be used in double-label experiments with the four
antibodies against human pol III subunits, which are rabbit
polyclonal sera. In this way we verified that all five antibod-
ies stained precisely the same regions on the chromosomes.

Sixteen chromosomes displayed a patch of stain very near
the end of the longer arm. Previous in situ hybridization
studies showed that the genes coding for Xenopus oocyte-
type 5S rRNA are located at approximately these same sites
(Pardue et al., 1973; Callan et al., 1987, 1988). Because 5S
genes are transcribed by pol III, we assume that the stained
regions near the chromosome ends correspond to the 5S
genes. None of the other sites are at known gene loci, al-
though this is not surprising, because only a handful of
genes have been mapped on the Xenopus chromosomes.

Pol III Loops Are Insensitive to a Low
Concentration of a-Amanitin

Whereas pol II transcription is inhibited by 0.5-1.0 pg/ml
a-amanitin, pol III transcription is insensitive in this range,
being inhibited only by concentrations some 50-100X
higher (Roeder, 1976). We used this differential sensitivity to
demonstrate that the loops on Xenopus chromosomes that
are stained by pol III antibodies are uniquely unaffected by
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the inhibitor. We injected 0.9 ng of a-amanitin into the
cytoplasm of stage IV oocytes, which have a diameter of
~1.0 mm and a volume of ~0.5 ul. On the assumption that
the inhibitor distributes uniformly throughout the cell, the
final concentration in the GV should be ~2 ug/ml. GV
spreads were prepared 30 min later and examined after
immunostaining with anti-RPC15 for pol III and mAb H14
for pol II. As expected from previous studies (Bucci ef al.,
1971; Mancino et al., 1971), the morphology of the lampbrush
chromosomes was dramatically affected. The chromosomes
became much shorter than normal, and no loops were visi-
ble by phase contrast or differential interference contrast
(DIC) microscopy. These changes are familiar consequences
of any agent that inhibits pol II transcription, the assumption
being that lampbrush loops retain their extended state only
when coated with nascent transcripts (Callan, 1986). Re-
markably, immunostaining with anti-RPC15 revealed the
otherwise invisible set of 90 pol III loci on the shrunken
chromosomes (Figure 5). The fact that these loops do not
collapse in the presence of a-amanitin is compatible with the
notion that they are, in fact, transcribed by pol IIL

Pol III Antibodies Stain Axes of Lampbrush Loops

Although the regions stained by pol III antibodies usually
appear as somewhat fuzzy or amorphous patches, loops of
stain often extend from the patches. These loops may be
quite short, but some are >20-30 um in total length, rivaling
the longest pol II loops found on Xenopus lampbrush chro-
mosomes (Figure 6). In most cases, the stain appears as an
exceedingly thin line of nearly uniform intensity around the
loop. This line is ~0.4 um in width, suggesting that it might
be the diffraction-limited image of a still finer structure. An
obvious possibility is that the line corresponds to the DNA
axis of the loop coated with pol III complexes made visible
by the antibody staining.

Pol III Loops Lack a Detectable Matrix

Lampbrush loops represent transcriptionally active regions of
the chromosome. Typical pol II loops consist of a DNA axis
surrounded by a ribonucleoprotein matrix of nascent RNA

3469



C. Murphy et al.

‘SN WOIJ PauTe}qo aq ued sawosowon ysniqdure| siaav) ' jo sdew [ed1301034 payepdn (2861 “1v 12 uerre)) Arsnoraaid
paystqnd 9SOy} WOIj JeYMIWOS IOFIP UPId] UMOYS SYISUS] dATJe[aI 9] "} 9y} 0} surre Suof 1oy yim pakerdsip are pue syidus] aAne[ar 1oy} 0} Surpiodoe
pazaqunu aze sawosowoanyd g1 ayJ, 'sdooy 111 1od jo ureyed si1 jo siseq a3 uo A[o[0s paziud0a1 3q Ued 39S A} JO SWOSOWOID Yoey '100] dud3 GG 9dA1-914000 paynuapr
Arsnoraaxd 0y spuodsariod g pue £T 3deoxe SaWOSOWOIYD [[e JO PUd o[ oY) je urelg “(ureys d[opurjAusayd-g-ourprwerp 9’ §) SIxe JWOSOWOIND JTym aY) jsurede
oe[q umoys axe sdoof J1] [0 *(9 AWOSOWOIYd) 79D 10 ‘(ST-TL PUR ‘g *£ ‘¢ ‘T SOWOSOWOIY) €6 ‘(8191 PUE ‘T1-6 ‘G “p ‘T Sowosowoay) GIDAY IsureSe sarpoquue
UM POUTe)s [D[ONU JUSISPIP [EI9AdS WIOIJ SIUOSOWOID JO 93ejuou € Jo S)SIsuod 21ndy sy “sndouay jo sawosoworyd ysniqdure] ayj ur soyis [ [0J ‘F 2InSig

Molecular Biology of the Cell

3470



Figure 5. Pol III loops are resis-
tant to a-amanitin. Oocytes were
injected with 0.9 ng of a-amanitin,
an amount that inhibits pol II but
not pol III transcription. Spread
GV contents were double stained
with mAb H14 against the phos-
phorylated C-terminal domain of
RPB1, which stains pol II loop
axes (red), and o-RPC15, which
stains pol III loop axes (green).
Amanitin causes a striking overall
shortening of the chromosome
(B). After amanitin treatment pol

Pol lll

Pol III in Xenopus GV

Overlay

I loops contract and lose most of their matrix (compare control pol II loops in Figure 7). At the same time, pol III loops remain extended (A)

and presumably continue to transcribe.

chains associated with heterogeneous nuclear ribonucleopro-
teins and various processing factors. The matrix on a given
loop is in the form of one or more thin-to-thick regions, which
correspond to single transcription units with short nascent
transcripts at one end and longer ones at the other (Miller and
Hambkalo, 1972; Angelier and Lacroix, 1975; Scheer et al., 1976;
Gall et al., 1983; Callan, 1986). These features are most easily
demonstrable in the giant loops of urodele lampbrush chromo-
somes, but they can be seen clearly in some of the larger loops
of Xenopus. The axis of a loop can be visualized by staining
with an antibody against phosphorylated RPB1, such as mAb

Pol Il loops
(a-RPC15)

Figure 6. Pol III sites on the chromosomes consist of irregular
patches of stain from which distinct loops may extend laterally. (A)
After staining with «-RPC15, loops appear as a more-or-less uni-
form line ~0.4 um in diameter, suggesting that they are diffraction-
limited images of polymerase attached to the underlying DNA loop
axis. (B) Pol III loops (box) are barely detectable by DIC microscopy,
even after digital image processing, whereas pol II loops (arrows)
are readily visible.
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H5 or mAb H14 (Figure 7B, arrow); the matrix can be detected
simultaneously by antibody staining or by direct visualization
with phase contrast or DIC microscopy (Figure 7A, arrow).

In sharp contrast to the majority of loops on the lampbrush
chromosomes, pol III loops are essentially undetectable by
phase contrast or DIC microscopy (Figures 6 and 7, arrow-
head). If a pol III loop is first identified by antibody staining,
one can take a phase contrast or DIC image of the region,
process it digitally, and make out the faint outline of the loop
(Figure 6B). Under ordinary, nonfluorescent viewing condi-
tions, however, one cannot see the pol III loops. The morphol-
ogy of pol III loops is consistent with what is known about the
organization and transcription of pol III genes. In general these
genes are serially repeated and produce short noncoding RNA
transcripts, including tRNAs, 55 rRNA, 7SK RNA, and U6
snRNA. Individual transcription units are at most a few hun-
dred bases in length, and only nascent transcripts at the end of
a transcription unit would be this long. The amount of protein
associated with such nascent transcripts would be correspond-
ingly small, so that one would not expect pol III transcription
units to be visible by phase contrast or DIC microscopy. It is, in
fact, somewhat surprising that the polymerase itself is so
readily detectable by fluorescent antibody staining.

Chromosomes that were double stained with either H5 or H14
for pol II, and one of the pol III antibodies displayed completely
nonoverlapping patterns for the two stains (Figure 7). We con-
clude, therefore, that lampbrush chromosome loops transcribe
either pol II or pol III genes, but not both simultaneously.

Pol III Transcription Factors in CBs and Lampbrush
Chromosomes

Pol III transcription factors have been less highly conserved
during evolution than the pol III core enzyme subunits.
Nevertheless, we have been able to use antibodies against
human transcription factors to gain useful information
about the Xenopus oocyte system. We examined antibodies
raised against human recombinant proteins TFIIIA,
TFIIIB90, and TFIIIC63. On Western blots of Xenopus GV
proteins these antibodies cross-reacted with more than one
protein, whereas on blots of HeLa cell extract, they were
nearly specific for single proteins (Figure 8). When used to
stain spread preparations of GV contents, the three antibod-
ies gave significantly different results. All three stained CBs.
Anti-TFIIIA was the most specific, with negligible staining of
B-snurposomes and nucleoli (Figure 3). Despite the intense
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Figure 7. Left end of chromosome 12
showing loop axes stained with mAb H14
against the phosphorylated C-terminal do-
main of RPB1, which stains pol II loop axes
(green), and a-RPC53, which stains pol III
loop axes (red). Pol II loops (arrows) con-
sist largely of nascent transcripts with as-
sociated proteins that form a bulky thin-to-
thick matrix (arrow in A) covering the axis
(arrow in B). The matrix is visible by phase
contrast or DIC microscopy. On the other
hand, pol III loops have essentially no ma-
trix. Their axis is visible when stained (ar-

rowhead in B) but the loop is basically undetectable by DIC (arrowhead in A). The majority of loops are transcribed by pol II, whereas pol

IIT is limited to ~90 sites scattered on the 18 chromosomes.

staining of CBs, anti-TFIIIA did not give a detectable reaction at
the chromosomal pol III loci. Anti-TFIIIB90 also failed to stain
the pol III loops. In contrast, anti-TFIIIC63 gave strong and
specific staining at all 90 pol III chromosomal loci.

Targeting of pol III Subunits and pol 111
Transcription Factors

To examine the trafficking of pol III and its transcription
factors within the GV, we injected myc- or HA-tagged tran-
scripts of four pol III subunits (RPC15, RPC39, RPC53, and
RPC62) and two transcription factors (TFIIIB90 and
TFIIIC63) into the oocyte cytoplasm. In each case, we veri-
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Figure 8. Western blots of proteins from Xenopus GVs and HelLa
nuclear extract probed with antibodies against human pol III tran-
scription factors TFIIIA, TFIIIB90, and TFIIIC63. GVs were sepa-
rated into supernatant (S) and pellet (P) fractions before solubiliza-
tion and electrophoresis. In the HeLa extract each antibody
recognizes a single major band of the expected size. Similar bands
(*) in the Xenopus GVs probably correspond to Xenopus transcription
factors, although there are additional bands that may be breakdown
products or unrelated cross-reacting proteins. In the GVs transcrip-
tion factors are more abundant in the supernatant (nucleoplasm)
than in the pellet (organelles). Because this is a montage of gels run
at different times under different conditions, the molecular weight
markers at the left should be considered approximate only.
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fied by Western blotting that the transcript was appropri-
ately translated and a tagged protein of the predicted mo-
bility was imported into the GV (Figure 9 and Table 1). At
the same time we examined the distribution of the tagged
protein products in GV spreads after immunostaining with
antibodies against the myc or HA tag.

Five of the six tagged proteins were detectable by immuno-
staining in the CBs (Figure 10 and Table 1). As reported in a
previous publication (Morgan et al., 2000), RPC15 gave unusu-
ally strong labeling, perhaps because all three RNA poly-
merases occur in CBs, and RPC15 is a component of each.
Among the specific subunits of pol III core enzyme, RPC39 and
RPC62 gave weak-to-moderate labeling of CBs, whereas
RPC53 was not detectable. Full-length HA-tagged RPC39 and
RPC62 were both readily demonstrable in the GV by Western
blotting, but in several experiments myc-tagged RPC53 gave
only a small amount of full-length product along with shorter
myc-tagged molecules that represent either breakdown prod-
ucts or incompletely translated fragments. Of the two HA-
tagged transcription factors that we examined by immuno-
staining, TFIIIBY90 gave moderate staining of CBs, whereas
TFIIIC63 was weaker but clearly positive (Figure 10 and Table
1). From the results with pol III core enzyme subunits and
transcription factors, we feel confident that parts of the pol III
machinery are not only present in CBs but are targeted there
relatively quickly after translation in the cytoplasm.

HA-tagged proteins were also detectable at the pol III loci
on the lampbrush chromosomes (Figure 11 and Table 1), but
there was no simple correlation between chromosomal and
CB targeting. Surprisingly, myc-tagged RPC53 could be seen
at the chromosomal loci, despite the deficiency of full-length
product by Western blotting, whereas the opposite was true
for RPC62, which was well translated but failed to appear on
the chromosomes. RPC39 was detectable at the pol III loci,
and RPC15 was weakly demonstrable on pol III loops and
throughout the rest of the chromosome. RPC15 was also
targeted to the fibrillar centers of the multiple oocyte nucle-
oli. The distribution of tagged RPC15 was unique among all
the probes we examined, presumably reflecting the fact that
it is a subunit of all three RNA polymerases. Of the two pol
II transcription factors that we examined, HA-tagged
TFIIIB90 was detected at the pol III loci on the chromosomes
(Figure 11), whereas TFIIIC63 was not. Altogether, therefore,
four of the six tested proteins were targeted to the chromo-
somal sites of pol III transcription.

Molecular Biology of the Cell
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Figure 9. Western blots to show epitope-tagged proteins in the GV. In each case transcripts of HA- or myc-tagged gene clones were
synthesized in vitro. The tagged transcripts were injected into the cytoplasm of oocytes, where they were translated by the endogenous oocyte
machinery and imported into the GV. Each lane contains proteins from 10 to 15 GVs isolated ~24 h after injection. Duplicate samples from
control (C) and injected (I) oocytes were probed with an antibody against the human protein or the epitope tag. In each case a tagged human
protein of the appropriate size was made and imported into the GV. The endogenous Xenopus proteins are marked with an arrowhead. The

tagged human proteins are marked with a star.

DISCUSSION

Assembly of Transcription Machinery

We recently proposed that CBs might function as sites for
assembly of the transcription machinery of the nucleus (Gall
et al., 1999). The basic hypothesis was that pol I, pol II, and
pol III core enzymes associate in CBs with their respective
transcription and processing factors to form large com-
plexes, for which we suggested the name transcriptosomes.
These complexes were postulated to travel to the appropri-
ate sites for transcription, namely, nucleoli in the case of pol
I transcriptosomes, or chromosomal sites in the case of pol II

HA-tagged
RPC62

HA-tagged 10 um
TFIIIB90

CB
P Ll

DIC

A ‘ B

Figure 10. Targeting of pol III components to CBs. HA-tagged
transcripts of TFIIIB90 and RPC62 were injected into the cytoplasm
of Xenopus oocytes. Newly translated proteins entered the GV and
concentrated in CBs. Images taken ~48 h after injection.
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and pol III transcriptosomes. The distinguishing feature of
this model is preassembly of the transcription machinery in
CBs rather than assembly at promoter sites on the chroma-
tin. The model requires, at a minimum, that all three RNA
polymerases be present in CBs along with associated tran-
scription and processing factors. Furthermore, these compo-
nents should target to CBs and transit through them on their
way to sites of transcription.

In previous studies, we presented evidence that pol II
subunits and some pol II-associated factors are present in
oocyte CBs and are targeted there when translated from
transcripts injected into the cytoplasm. Furthermore, exper-
iments with the kinase inhibitor 5,6-dichloro-B-p-ribo-
furanosylbenzimidazole suggested that the largest subunit
of pol II may transit through oocyte CBs (Gall et al., 1999;
Morgan et al., 2000; Gall, 2001).

Evidence concerning pol III and its associated transcrip-
tion factors was originally limited to immunostaining data
that demonstrated the presence of TFIIIA in oocyte CBs
along with three subunits of the core enzyme (RPC39,
RPC53, and RPC62) (Gall et al., 1999). Herein, we show that
antibodies against two more human pol III transcription
factors stain oocyte CBs (TFIIIB90 and TFIIIC63). Two addi-
tional antibodies against the core enzyme have been studied.
One of these, mAb No34, was derived from a mouse that
had been immunized with Xenopus GV proteins and was
selected because it stained nucleoli. It does not recognize
any band on a Western blot of GV proteins, but it does
immunoprecipitate subunits from both pol I and pol III of
Xenopus (Schmidt-Zachmann, personal communication). It
may, therefore, recognize one of the two subunits shared by
pol I and pol III, namely, RPC40 and RPC16 (AC40 and
AC19 in S. cerevisiae). It stains oocyte CBs, the fibrillar por-
tion of nucleoli, and the pol Il loops on the chromosomes. It
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Chromosome 18 HA-tagged

TFIIB90O

HA-tagged
RPC39

10 um

Figure 11. Targeting of pol III
components to the chromosomes.
HA-tagged transcripts were in-
jected into the cytoplasm of Xeno-
pus oocytes. Newly translated pro-
teins entered the GV and
concentrated preferentially in pol
III loops on the chromosomes,
where they were detected with an
antibody against the HA tag. Im-
ages taken 48 h after injection. (A)
Chromosome 18 from an oocyte in-
jected with HA-tagged RPC39. Ar-
rowheads point to the single pol III
site on the homologous chromo-
somes. (B) Chromosomes 5 and 11
from an oocyte injected with HA-
tagged  TFIIIB90. Arrowheads

Chromosomes 5 and 11

1ﬁm

point to the most prominent pol III sites. Site 1 is a terminal fusion at the left end of the two homologous chromosomes 11. Sites 2 are the
separate left ends of the two homologous chromosomes 5. Sites 1 and 2 are known loci of oocyte-type 55 rRNA genes.

is possible, therefore, that mAb No34 stains both pol I and
pol III in CBs. The other antibody we have examined is a
serum against human RPC15, whose homologue in S. cer-
evisiae is referred to as RPB6 or ABC23. This antibody stains
in a pattern similar to that of mAb No34, namely, CBs, the
fibrillar portion of nucleoli, and the pol III loops. This pat-
tern suggests that RPC15 is detected when part of the pol I
and pol III enzymes, as expected, but for some reason not
when part of the pol II enzyme, which is present in the
majority of lampbrush loops. We can conclude that RPC15
occurs in oocyte CBs, but we cannot use its presence there as
definitive proof of pol III. In summary, we have shown that
oocyte CBs are stained by five antibodies that recognize
subunits of the core pol IIl enzyme and three antibodies that
recognize pol III transcription factors (Table 1).

Our model of CB function predicts that pol III subunits
and pol III transcription factors are not stored for long
periods in CBs nor are they permanent structural features of
CBs. Instead, we suggest that these proteins are targeted to
CBs, where they assemble into larger complexes before ex-
iting on their way to the chromosomes. We have looked at
targeting of four pol III subunits (RPC15, RPC39, RPC53,
and RPC62) and two transcription factors (TFIIIB90 and
TFIIIC63) after injection of tagged transcripts into the cyto-
plasm. Five of these were detectable in CBs within a few
hours after the injection. Only RPC53 was negative in CBs,
possibly because the full-length human protein was unstable
in the Xenopus GV. The strength of signal in CBs was not
simply correlated with the extent of translation: RPC15 was
robustly translated and gave the strongest signal in CBs,
whereas TFIIIC63 was equally well translated but gave a
relatively weak signal in CBs (Table 1).

In summary, we have shown that pol III subunits and pol
III transcription factors not only occur in oocyte CBs but also
some, at least, are targeted there after translation in the
cytoplasm. It is difficult to know exactly how to interpret the
lack of a simple correlation between the efficiency of trans-
lation of a given probe and the intensity of its signal in the
CBs. All proteins used herein were human in origin and
some may interact better than others with Xenopus proteins.
Furthermore, in these injection experiments the amount of
newly translated human protein often equals or exceeds the
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amount of endogenous Xenopus protein. Under such circum-
stances the tagged human protein may overwhelm the pool
of potential interacting partners. Our data suggest an impor-
tant relationship between CBs and the pol III transcription
machinery, but other techniques will be needed to determine
what happens to these various proteins after they enter the
CB and whether they do, in fact, assemble into larger com-
plexes for delivery to the chromosomes.

Pol III Transcription Loops on Lampbrush
Chromosomes

We have identified ~90 loci on the lampbrush chromosomes
of X. laevis where components of the core pol III enzyme and
some associated transcription factors occur. Several lines of
evidence argue strongly that these are sites at which tran-
scription of pol Il genes takes place:

1. Five antibodies against core pol III subunits and one
against a pol III transcription factor stain precisely the
same set of ~90 chromosome loci. Among the many
antibodies that have been tested on Xenopus lampbrush
chromosomes, this staining pattern has never been seen
before.

2. The same loci are targeted by epitope-tagged versions of two
core pol III subunits and one pol III transcription factor.

3. When oocytes are subjected to a low concentration of
a-amanitin, the majority of chromosome loops, which
are transcribed by pol II, collapse and lose their nascent
transcripts. Under the same conditions, loops stained
by pol III antibodies are unaffected (Figure 5), consis-
tent with the known resistance of pol III to a-amanitin
(Roeder, 1976).

4. The oocyte-type 5S genes, which are transcribed by pol
III, are found near the telomeres on the longer arm of 16
of the 18 Xenopus chromosomes (Pardue et al., 1973;
Callan ef al., 1988). Loops that stain with pol III anti-
bodies occur near these same telomeres (Figure 4). We
assume that 5S genes are located in the stained loops,
although simultaneous in situ hybridization and im-
munofluorescence staining must be performed before
this conclusion can be certain.

Molecular Biology of the Cell



5. Loops that stain with pol IIl antibodies do not stain

with pol II antibodies.

6. Loops that stain with pol III antibodies have little or no

detectable RNP matrix and hence are essentially invisible
by phase contrast or DIC microscopy (Figures 6 and 7).

These cytological data can be combined with information
on the molecular organization of pol III genes to give a
model of pol III transcription in oocyte chromosomes. The
majority of genes known to be transcribed by pol III are both
clustered and reiterated in the Xenopus genome. These in-
clude the genes coding for 55 rRNA (Brown et al., 1971;
Brown and Sugimoto, 1973), tRNA (Clarkson et al., 1973a,b;
Muller et al., 1987), and U6 small nuclear RNA (Krol et al.,
1987). The coding regions are all short and separated from
each other by noncoding sequences. Because transcription is
limited to the coding regions, the nascent transcripts on the
chromosome loops must be short and separated from each
other by spacer regions. Scheer (1982) described loops of this
sort in “Miller spreads” of GV contents from the salamander
Pleurodeles and suggested that they might represent active 55
or tRNA genes. Because they contain almost no RNP matrix,
such loops do not have a thin-to-thick matrix, as found in
pol II transcription units, and they should be essentially
invisible by conventional phase contrast or DIC microscopy.
The loops that stain with pol III antibodies fit this descrip-
tion. They can be seen only when stained with a fluorescent
probe (Figures 6 and 7) and even in this case they appear as
a diffraction-limited line that presumably corresponds only
to the DNA axis of the loop coated with pol III and associ-
ated transcription factors.

X. laevis has ~24,000 copies of the oocyte-type 5S genes
per haploid genome, at a single site on each of 16 chromo-
somes. Because the lampbrush stage occurs during prophase
after the chromosomes have replicated, there will be an
average of 3000 copies on each homologue. One 55 gene plus
spacer is 0.9 kilobases (kb) or 0.3 um in length, giving a total
of ~900 um of 5S DNA on average at each chromosome
locus. Because pol III loops tend to be compacted into un-
resolvable clumps, it is difficult to determine the precise
morphological organization at the 5S loci. It is unlikely that
the total loop material at one locus is 900 um in length,
suggesting either that the DNA is not fully extended or only
a fraction of the genes are active at one time. In any case,
there are more than enough gene copies to account for the
length of transcribing material detected at the oocyte-type 55
loci. The chromosomal location of somatic-type 5S genes has
been described previously (Callan ef al., 1988), but we have
not yet carried out detailed mapping studies to determine
whether they correspond to any of the pol III loci identified
by immunofluorescence.

Similar but less certain calculations apply to the tRNA
genes of Xenopus, which have a total redundancy of 7800-
9600 copies/haploid genome (Clarkson ef al., 1973a,b). A
cloned tRNA cluster studied by Clarkson’s group (Clarkson
and Kurer, 1976; Muller et al., 1987) contains two tRNA;met
genes and single genes for six other tRNA species irregularly
spaced on both strands of a 3.18-kb piece of DNA (~0.4 kb
or 0.13 um/gene). This cluster is tandemly repeated ~150
times in the haploid genome for a total of 1200 genes. It
hybridizes to a single locus near the telomere on the long
arm of one of the shorter acrocentric chromosomes (Fostel et
al., 1984). Thus, a single chromosomal site may account for
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1200 of the 78009600 tRNA gene copies. The chromosomal
location of two other similar tRNA clones has also been
determined by in situ hybridization (Narayanswami ef al.,
1995). One of them is at or very near the same locus as the
3.18-kb clone and the other is on another chromosome. The
in situ hybridization was performed on chromosome
spreads that were labeled with gold particles for electron
microscopy. The gold particles appeared as clusters over the
labeled site or as extraordinarily long loops extending out
from the body of chromosome. These patterns are similar to
those we see herein by immunostaining.

How the remaining ~7500 tRNA genes are distributed
among the 74 non-5S loci is not known. If they are evenly
distributed and each occupies ~0.4 kb of DNA, the total
estimated length of DNA at each (replicated) site will be ~81
kb or ~27 pum. Although this is considerably less than the
estimate for oocyte-type 5S genes, the total length of DNA is
enough to account for the transcribing material detected by
immunofluorescence.

There are ~500 U6 snRNA genes in large tandem arrays in
the genome of X. (Silurana) tropicalis (Krol et al., 1987). If the
number of genes per site is similar to that for the oocyte-type
55 and tRNA genes, these might all be located at a single
chromosomal locus. Information about U6 genes in X. laevis
is not available, but their organization is probably similar to
that for S. tropicalis. The Xenopus genome may also contain
homologues of the mammalian middle-repetitive Alu se-
quences, which are transcribed by pol IIL

In summary, by several independent criteria we have
identified ~90 sites on the lampbrush chromosomes of X.
laevis at which pol III transcripts are being made in stage
IV-VI oocytes. Whether these 90 loci represent all pol III
sites in the genome is not certain, because there could be
additional sites that are active only in somatic tissues or at
other stages in oogenesis. The pol III sites are especially
useful for mapping studies, because a single antibody pro-
duces a unique staining pattern on each of the 18 chromo-
somes (Figure 4). Before the identification of these loci, it
was necessary to use a battery of probes to label all the
chromosomes, and even then a few chromosomes were dif-
ficult to identify individually.
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