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SUMMARY

The route taken by transcripts from synthetic sites in the
nucleus to the cytoplasm has been under scrutiny for years,
but details of the pathway remain obscure. A new high-
resolution method for mapping the pathway is described;
HelLa cells are grown in Br-U so that the analogue is
incorporated into RNA and exported to the cytoplasm,
before Br-RNA is localized by immuno-electron
microscopy. After exposure to low concentrations of Br-U
for short periods, cells grow normally. Br-RNA is first
found in several thousand extra-nucleolar transcription
sites or factories (diameter 50-80 nm), before appearing in

ribonucleoprotein particles of ~200 S. Later, Br-RNA is
seen docked ~200 nm away from ~20% nuclear pores,
before exiting to the cytoplasm. Individual downstream
sites are unlikely to contain individual transcripts; rather,
results are consistent with groups of transcripts being
shipped together from synthetic sites to pores. A subset of
SR proteins are excellent markers of this pathway; this
subset is concentrated in tens of thousands of sites, which
include transcription, downstream and docking sites.
Growth in high concentrations of Br-U for long periods is
toxic, and Br-RNA accumulates just inside nuclear pores.

several hundred new downstream sites (diameter 50-80

nm) each minute; subsequently, progressively more

downstream sites become labelled. These sites can bekey words: Biotin-CTP, Bromouridine, Immunogold labelling,
isolated on sucrose gradients as large nuclear Stereology

INTRODUCTION nuclear structure has been adequately preserved during the
harsh conditions used during annealing.

Nascent transcripts first appear within the nucleoplasm in Recently, high-resolution methods have been developed to
perichromatin fibrils (e.g. Fakan et al., 1976; Fakan, 1994), bwisualize sites containing nascent RNA. In one approach, cells
then the route that those transcripts take to the cytoplasm ase permeabilized and allowed to extend nascent transcripts in
obscure (for reviews, see Spector, 1993; Izaurralde and Matt&r-UTP or biotin-CTP, while a variant involves microinjecting
1995; Corbett and Silver, 1997; Daneholt, 1997; Nigg, 1997)Br-UTP directly into living cells; then, sites containing Br- or
Various factors make analysis difficult. First, some primarybio-RNA are immunolabelled with fluorescent antibodies or
transcripts are completely degraded, and splicing shortemgwld particles (Jackson et al., 1993; Wansink et al., 1993; Iborra
many of the remainder; as a result, ~5% hnRNA reaches tla al., 1996). In a second approach, living cells are grown in
cytoplasm as mRNA (Ross, 1995; Jacobson and Peltz, 199@®t-U before sites containing incorporated analogues are
Second, individual transcripts are packaged intdmmunolabelled with gold particles (Hozak et al., 1994). A
ribonucleoprotein particles that have dimensions below thegical extension of this second approach is to grow cells in
resolution of the light microscope (i.e. ~200 nm; reviewed byBr-U, and then follow newly made Br-RNA to the cytoplasm.
Sharp, 1994; Sperling et al., 1997). Third, transport is rapididlowever, some reports suggest that Br-U is incorporated
for example, hnRNP particles could travel many hundreds gfoorly into RNA, and that the presence of bromine in RNA
nanometers in a few seconds by diffusion, or if powered by oniehibits  transport and/or processing. For example,
of the known cellular motors (e.g. the actin-myosin | system)microinjection of high concentrations of Br-UTP into living
Fourth, few high-resolution techniques are available to labadells is toxic and prevents transport to the cytoplasm (Fay et
nascent transcripts so that their path can be mapped accurataly, 1997), while complete substitution of U by Br-U inhibits
Thus, autoradiographic grains may lie >100 nm frofHa splicing and translation in vitro (Sierakowska et al., 1989;
source in RNA, and interpretations of experiments involvingVansink et al., 1994; Schmittgen et al., 1994). Despite these
fluorescence in situ hybridization are often based upodifficulties, we reasoned that Br-RNA might be made and
assumptions concerning rates and order of splicing, and th@mansported properly if it contained only a few Br-U residues.
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Therefore, we grew Hela cells in a range of different Br-Upreincubation (30 minutes) in PBS (pH 8.2) with 0.1% Tween-20 and
concentrations, and monitored both incorporation and% BSA. Next, sections were incubated (2 hours) with a monoclonal
transport. We find that Br-U is incorporated efficiently by anti-bromodeoxyuridine antibody (Boehringer;ig/ml in PBS with
nucleoplasmic polymerases at all concentrations teSteavgﬁﬁgtggilBr?SJ)r)tﬁEr{?ZgEtg;ﬁ er(-)ijs\léAigVéa(SF_GSg Lzrl}llili?)?] -(gchlfé?ﬁ
I\B/Ir(?{)eov:r:,dcetlrl]se g;g\évuﬂﬁ,]rg] ag?’_énN?o?; ratlﬁgncsc;r:)(fgéraal)ontsh ggbs) in PBS plus Tween and BSA, rewashed, incubated (1 hour) with
' Protein A absorbed on to 5 or 9 nm gold particles (1:100 dilution spun
Cytop.lasm.. . . immediately before use to remove aggregates; prepared as described
Using this high-resolution method, we have mapped thgy yiiiths, 1993) in PBS with BSA, rewashed, and fixed with 2.5%
pathway to the cytoplasm. Initially Br-RNA is found only in glutaraldehyde. Then sections were washed with water, dried, and
several thousand extra-nucleolar transcription sites. Then Bgontrasted with a saturated solution of uranyl acetate in 70% ethanol.
RNA appears in several hundred new downstream sites eaBhctions were observed in a Zeiss 912 Omega electron microscope,
minute. These sites contain a subset of SR antigens, a groupbefore digital images were collected and analyzed (lborra et al., 1996).
splicing factors that contain serine- and arginine-rich carboxy- Sites containing both Br- and biotin-RNA (bio-RNA) were
terminal domains (Zahler et al., 1992; reviewed by Kramer@nalyzed as follows, using the general procedures described above.
1996). They can also be isolated on sucrose gradients as lafggl!S Were encapsulated (1@1), grown (2 hours), regrown in Br-U,

. - - - . ashed & in PBS, X in PB, lysed, and washed 2n PB. Packed
nuclear ribonuclecpratein particles of ~200 S (Sperling et albeads in the pellet (250) were immediately added to transcription

19.9.7)‘ Later, Br-RNA docks JUSt_ |nS|dQ nuclear pores, _befor?eactions (50@u) which contained PB* plus 10@M ATP, biotin-CTP
exiting to the cytoplasm. It is unlikely that individual io.cTP: Gibco-BRL), GTP and UTP, and 0.4 mM MgQPB
transcripts are detected in transit between transcription sit@geady contains 1 mM Mgg)l After 15 minutes at 33°C, samples
and pores; results are consistent with groups of transcripigere fixed and sectioned. Bio-RNA was labelled using a goat anti-
being shipped together. biotin antibody (5ug/ml; Jackson Laboratories) and then a rabbit anti-
goat IgG conjugated with 5 nm gold particles (1:50 dilution; BioCell).
Samples were fixed (1% glutaraldehyde; 15 minutes), and incubated
with 50 mM NHCI (1 hour) and 10% foetal calf serum (30 minutes;

MATERIALS AND METHODS Griffiths, 1993), before Br-RNA was labelled with 9 nm particles.
) ) For preembedment immunolabelling, cells were encapsulated,
Cell growth, encapsulation, lysis and buffers grown in Br-U, extracted with 0.25% Triton and 2 M NaCl,

Hela cells in suspension were grown, encapsulated in agarose, antmunolabelled using Protein A conjugated with 5 nm gold particles
lysed with saponin (10@g/ml; 3 minutes; Sigma) in a ‘physiological’ rather than 1 nm particles, embedded and imaged, all as described by
buffer (PB; Jackson et al., 1993). PB is 100 mM potassium acetatiorra et al. (1996). Extraction swells cells, increasing nucleoplasmic
30 mM KClI, 10 mM NaHPQs, 1 mM MgCh, 1 mM NaATP (Sigma  volume from 400 to 55Qm3 (Iborra et al., 1996).
Grade 1), 1 mM dithiothreitol, and 0.2 mM phenylmethylsulphonyl For Fig. 5, phosphorylated SR antigens were detected using a 1/100
fluoride (pH 7.4). As the acidity of ATP batches can vary, 100 mMdilution of the supernatant produced by cell line m104 (ATCC CRL-
KH2POy (usually<1/100th volume) is sometimes added to adjust the2067; Roth et al., 1990) and a secondary goat antibody against mouse
pH. PB* is PB plus human placental ribonuclease inhibitor (10gG conjugated with 5 or 9 nm gold particles (BioCell; 1/100
units/ml; Amersham). Hypotonic PB is 1 volume of PB plus 2dilution). When double-labelling, bio-RNA or Br-RNA were labelled
volumes of distilled water, and 1 mM dithiothreitol, 0.5 mM as above, before labelling SR proteins. For Fig. 5D, particles isolated
phenylmethylsulphonyl fluoride, and 5 units/ml ribonucleaseon sucrose gradients (see below) were adsorbed (5 minutes; 20°C) on
inhibitor. Buffers used immediately before, during, and after, lysiso carbon-coated nickel grids, washed with water, and negatively
were ice-cold, unless stated otherwise. stained with 1% uranyl acetate (15 seconds). For Fig. 5E, adsorbed
The effects of Br-U on growth were measured after platingparticles were fixed in 4% paraformaldehyde in PBS (30 minutes),
0.25¢<1(F cells in 25 crd flasks in 5 ml Dulbecco’s modification of immunolabelled (as above), before washing with water and staining
MEM. One day after plating, cells were exposed to Br-U, washed iwith uranyl acetate (as above). For Fig. 5F, samples were treated as
medium, regrown for 1 hour in 5QM uridine, rewashed, and for Fig. 5E except that the primary antibody was the monoclonal anti-
regrown; fresh medium was added every two days. Numbers of liveromodeoxyuridine antibody. Nuclear pores and Br-RNA were
(i.e. spread) cells in random fields were counted daily from 1 dagolabelled in Fig. 6B using mouse anti-nucleoporin p62 (clone 53;
before to 5 days after exposure using a phase-contrast microscofieansduction Labs) and then goat anti-mouse IgG conjugated with
Monolayers were also used for autoradiography (see Table 6). Celi®ld particles (5 nm), followed by fixation with glutaraldehyde,
were grown for 1 hour in [8H]C (10 uCi/ml; 23 Ci/mmol; DuPont) incubation successively with the anti-bromodeoxyuridine antibody,
+ aphidicolin (5ug/ml; added 15 minutes before the beginning of therabbit anti-mouse IgG, and Protein A absorbed on 9 nm gold particles.
pulse) £ 2.5 mM Br-U, and some were washed and regrown for 23
hours in the absence of any additives other than 0.5 mM U. Afteptereology
fixation and acid extraction, autoradiographs were prepared using K&ereological analysis followed established procedures (Williams,
emulsion (llford; Lasnitzki, 1992), exposed for 24 hours, and thel977). (1) Collection of 50 images like those in Fig. 1. (2)

numbers of silver grains over different compartments counted. Measurement (using ‘SIS’ software) of: (i) majox, 2nd minor, g,
) (orthogonal) axes of each cluster, (ii) area of each cluster, (iii)
Immunogold labelling numbers of clusters or particles in a compartment (e.g. nucleoplasm),

Cells were grown in Br-U, prefixed (10 minutes; 0°C) with 4% and (iv) area of compartment. (3) Calculation (using ‘Excel’ and
paraformaldehyde in 250 mM Hepes (pH 7.4), fixed (50 minutesalgorithms kindly supplied by J. Renau-Piqueras) of: (i) cluster
20°C) with 8% paraformaldehyde in the same buffer, partiallydiameter, D, from D =-&Xxy), (i) mean cluster diameter,D of the
dehydrated in ice-cold ethanol, embedded in LR WhiteGaussian population using Fullman’s formula, (iii) shapeand
(polymerization by heat for 4 hours at 50°C, or uv-irradiation for 4distribution constant, K, (iv) mean area, a, and volume, v, of clusters
days at-20°C; London Resin Company), and Br-RNA on ultrathin from v =Ba32 and (v) finally the number of clusters/unit volume, N
sections on nickel grids indirectly immunolabelled using Protein Ausing the expression of DeHoff and Rhines. Values for major/minor
absorbed on to gold particles. Nonspecific binding was blocked bguclear/nucleolar axes, and mean diameters and volumes, were taken
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from lborra et al. (1996). The volume of the cytoplasm wasl996), but unaffected by DNase | treatment (500 units/ml in
determined from the nuclear volume and volume fractia)), where ~ PBS + 5 mM MgCl for 1 hour at 37°C). Moreover, it is not
Vy = volumecleusvolumeytoplasm = are@ucleuéaredytoplasm In all - due to incorporation into DNA as it is seen both in
cases (i) sample numbers analysed were greater than the ‘minimghnreplicating cells synchronized in hase and without acid
fsarréple S'Zf 4(;91' “’1"6';*2!“ ﬂIO% of thhe ‘pr(IJgrefsswe mhean’), f(I:IL) ;/g)luesd naturation (as described by Hozéak et al., 1993)
or B were 1.41-1.46 (i.e. close to the value for a sphere of 1.38), an S ; ' o :
(iii) values for K were 1.02-1.39 (i.e. close to a normal distribution). C."rOWth in high concentrations of Br-U for long pe“OdS.'S
toxic. Thus, HelLa cells double every ~22 hours but, following
Biochemical fractionation exposure for 1, 2, 5 or 24 hours to the highest concentration of
Large nuclear RNP particles were purified essentially as described |-~
Sperling et al. (1985). Cells (#25 ml medium) were grown (15
minutes), regrown (30 or 60 minutes) + 2.5 mM Br-U and %
[3H]cytidine (250uCi/ml; 23 Ci/mmol), pelleted, washed in PBS and
then PB, swollen (15 minutes; 0°C) in 20 ml hypotonic PB, broker
(15 strokes; tight-fitting ‘Dounce’ homogenizer), lysed (0.2% Triton |
X-100), and pelleted (5 minutes; 7§pthrough 5 ml 25% glycerol -
in hypotonic PB. Nuclei were resuspended (10 ml hypotonic PB) |
repelleted through glycerol, resuspended (1 ml hypotonic PB), an = =
broken by sonication (Sanyo Soniprep 150 with microprobe
maximum amplitude; 10 seconds). After addition of 2 mg tRNA
(brewer’s yeast), debris was removed (1 minutes; 10gD0and the
supernatant (0.75 ml) spun on a sucrose gradient (15-45% = =
hypotonic PB; Beckman SW41 rotor; 90 minutes; 40,000 rpm). 2«
fractions (0.5 ml) were collected; fraction 1 contained a pellet, ani
fractions 8-12 the 200 S particles.

RESULTS

Br-U is incorporated into nascent RNA, which
moves to the cytoplasm

Preliminary experiments showed that Br-U is both
incorporated and transported efficiently. HeLa cells were .
grown for various times in Br-U, sectioned, and any Br-RNA
on the surface of sections immunolabelled with gold particles
A few lone particles were scattered over all parts of the cel |
as they were also found at zero time, they represer @ .
nonspecific, background, labelling. As growth time increases |
clusters of gold particles accumulate over the nucleoplasi .
(Fig. 1A-C). No label was found over coiled bodies during the
first hour. Eventually, clusters fuse into a diffuse network (Fig Ea
1D), and coiled bodies and the periphery of the few mitotic
chromosomes in the population also become labelled. Eve
after long periods of growth in Br-U, few perichromatin
granules, or regions within interchromatin granule clusters
become labelled (Fig. 1C,D; see also Puvion and Puvior
Dutilleul, 1996). After ~10 minutes, the first clusters are see
over the cytoplasm, and then numbers increase (e.g. Fig. 1L
This cytoplasmic labelling will be described in detail elsewher
(F. J. Iborra, D. A. Jackson and P. R. Cook, unpublished work
Labelling in nucleoplasmic clusters marked RNA as it is
abolished by RNase A treatment (as described by Iborra et €

Fig. 1. Pathway of Br-RNA from nucleus to cytoplasm. Cells were
grown in 2.5 (A,B,C) or 0.5 (D) mM Br-U, fixed, and sites on the
surface of sections containing incorporated Br immunolabelled with
gold particles (9 nm). Bars: 200 nm. (A) 10 minutes growth in Br-U.
(B) Region in rectangle in A. Many particles are found in clusters.
(C) 60 minutes growth in Br-U. The number of particles in clusters is
higher; perichromatin granules (arrowheads) remain unlabelled.

(D) 24 hours growth in Br-U (the concentration used increased
doubling time from 23 to 27 hours). Nucleoplasmic clusters are now
so numerous they have fused into a diffuse network, but the nuclear
membrane is unlabelled. Some clusters are found over the cytoplas
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Br-U routinely used here (i.e. 2.5 mM), they double after 24.5;adius of a spherical object will lead to a 10% underestimate
25, 26.4 and 45 hours, respectively. Therefore, cells are usuathy the numbers of that object in the nucleus. Note also that two
grown for<1 hour in<2.5 mM Br-U, when toxic effects are particles lying within 40 nm of each other, our smallest
negligible. Moreover, such exposures have little effect orcluster’, will usually mark two different epitopes. Third, a
transcription rates; for example, when Eells are grown in nascent nucleoplasmic transcript (average length ~8,400
[3H]adenosine and 2.5 mM Br-U, tritium is incorporated ovemucleotides) is probably compacted into several nanometers,
the first hour into acid-insoluble material=85% the rate of even though it could potentially stretch® (i.e. a significant

controls grown in 2.5 mM U. fraction of nuclear diameter). Fourth, particle numbers in a
o cluster reflect the amount of Br-RNA in the target area over a
The quantitative approach limited range, as sites soon become saturated with particles.

We estimate numbers of nuclear sites as follows. Inspection @hus, after 10 minutes growth in 2.5 mM Br-U, a cluster with
images like those in Fig. 1 gives the impression that lona diameter of ~65 nm typically contains ~5 particles spaced
particles reflect an irreducible background labelling, while~20 nm apart, which is the tightest packing attainable (Iborra
clusters mark Br-RNA at different stages in the pathwayand Cook, 1998). Therefore, measurements of cluster number
Therefore we categorized particles as either lone or clustereake usually more informative than measurements of particle
where a cluster was defined as >1 particle lying within 40 nmumber. Fifth, it proves difficult to combine preservation of
of another (centre-to-centre distance), and normalized numbeulirastructural detail with efficient immunolabelling (Griffiths,
relative to area. The number of lone particles over nucleoplast®93); here, we deliberately maximize immunolabelling
or cytoplasm (i.e. ~0.9 particlgsn?) did not change with efficiency, with some loss of detail.
incorporation time or Br-U concentration; however, the total ) o ) N
number of particles over various cellular compartments rosducleolar incorporation is specially sensitive to Br-
(Fig. 2A), due to increased labelling in clusters (Fig. 2B).U concentration
These results confirm that lone particles reflect a backgrounBermeabilized cells incorporate Br-UTP into RNA at ~80% of
while clusters mark Br-RNA. the rate of the natural analogue; this shows that the major
Gold particles lie on the surface of sections illustrated in Figpolymerizing activity (i.e. RNA polymerase Il) is relatively
1, and total numbers in a nucleus can be calculated usingaffected by the analogue. However, nucleoli incorporate Br-
standard stereological techniques, assuming random sectionibigpoorly, probably for two reasons. First, 45S rRNA contains
(Williams, 1977). We also immunolabel before embeddingonly 16% U, which is less than the U-rich extranucleolar
(e.g. Fig. 4) so particles are distributed throughout sectionsranscripts (Lewin, 1974). Second, the following experiment
then, particle densities imaged in two-dimensions are directlguggests that RNA polymerase | prefers to incorporate UTP
related to three-dimensional densities. Both approaches suffeather than Br-UTP. Cells were grown for 30 minutes in a fixed
several drawbacks (Griffiths, 1993). First, precise quantitatioconcentration of U+Br-U, but decreasing concentrations of Br-
of antigen concentrations in different sites is impossible, a&l, before Br-RNA was immunolabelled. The number of
antigenicity may vary from site to site. Second, anparticles over the nucleolus and nucleoplasm fell by x4l
immunolabelling gold particle can lie up to 23 nm away froml4x, respectively (Table 1). This is consistent with polymerase
the antigen it marks, as it might be connected to it through twb incorporating less Br-UTP as the availability of UTP
molecules of immunoglobulin and one of Protein A (lengths ofncreases. Nucleoli also incorporatéH[C more efficiently
~9, ~9 and ~5 nm, respectively). In practice, resolution ishan Br-U (see Tables 6 and 7). (Note that polymerase | will
almost always better than this, so no corrections have beese Br-UTP in the absence of UTP; for example, when only
made for such errors. However, a 10% overestimate of tHér-UTP is supplied to permeabilized cells, nucleoli become
labelled more intensely than the nucleoplasm.) This poor
nucleolar incorporation is to our advantage, as the

A B ‘background’ ribosomal transcripts are not as well labelled as
the nucleoplasmic transcripts that concern us here.
L 60
el 40 Distinguishing extra—nucleolar transcription sites
P from downstream sites
© 2 After growth in Br-U for more than a few minutes, most
%’ nucleoplasmic clusters will mark transcripts moving away
a 0
min Table 1. Br-U is incorporated into nucleoli poorly
Particlesim?
" nucleoplasm Growth conditions Nucleolus Nucleoplasm
........... 0 NUCleolus
2.5 mM Br-U 2012 28+13
. . o _ . 1.25mM Br-U + 1.25 mM U 0.70.8 3.420.9
Fig. 2.Br-U incorporation increases with time. Cells were grown in 0.5 mM Br-U + 2.0 mM U 0.14+0.3 1.940.7

2.5 mM Br-U for different times, fixed, sites on the surface of
sections containing Br-RNA immunolabelled with gold particles (9 Cells were grown for 30 minutes in Br-U+U (combined molarity 2.5 mM),
nm), and the numbers of particles (A) and clusters (B) over differentfixed, Br-RNA on the surface of sections immunolabelled with gold particles

regions counted. ICGCs: interchromatin granule clusters. Error barsf9 nm),dand the numbers of particles? over nucleolus and nucleoplasm
+s.d. counted.
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Fig. 3. Distinguishing synthetic from downstream sites. Cells were
grown (the pulse) in 5 mM Br-U for 2.5 minutes, or in 2.5 mM Br-U
for 10, 30 or 60 minutes; in some cases, cells were washed after 10
minutes and regrown f@&O0 or 50 minutes without Br-U (thehasg.

Next, cells were permeabilized, allowed to extend nascent transcripts
in bio-CTP, before sites containing Br- and bio-RNA were marked
with 9 and 5 nm gold particles, respectively. A nucleoplasmic Br-
cluster was considered to contain bio-RNA (and vice versa) if a gold
particle in one cluster lay within 40 nm of a gold particle in the other
cluster; fractions containing both kinds of cluster are indicated by
shaded areas in C-F. C-F include some data from Jackson et al.
(1998). (A) Growth in Br-U for 2.5 minutes, lysis, and extension in
bio-CTP. The 3 clusters contain both large and small particles
(marking Br-RNA and bio-RNA, respectively). (B) Growth in Br-U

for 10 minutes, followed by ehaseof 50 minutes, lysis, and

extension in bio-CTP. Some clusters contain only large particles,
others only small particles, and still others contain both. Bar: 200
nm. (C) The number of bio-clusters (marking transcription sites)
remains constant, irrespective of the length of the Br-U pulse. At all
times, ~85% bio-clusters also contain Br-RNA (shaded fraction).

(D) The number of downstream sites (i.e. containing only Br-RNA,
unshaded fraction) increases with time, as the number of
transcription sites (i.e. containing both bio- and Br-RNA; shaded
fraction) remains constant. (E) After a 10 minutes pulse in Br-U and
chaseof 20 and50 minutes, transcription sites (i.e. bio-clusters)
exponentially lose Br-RNA (shaded fraction). Note scale is doubled.
(F) After a 10 minutes pulse in Br-U anbasef 20 and50

from synthetic sites. We distinguished these downstream sitgnutes. downstream sites (i.e. Br-clusters without bio-RNA;
unshaded) continue to appear exponentially. Note scale is doubled.

from transcription sites by double-labelling. Cells were grown
in Br-U for 2.5-60 minutes, permeabilized, and allowed to

extend nascent Br-RNA chains in bio-CTP; then, sites

containing Br-RNA and bio-RNA were labelled with 9 and 5nm of a particle in a ‘bio-cluster’. Additional downstream sites
nm gold particles, respectively. Under these in vitro conditions;ontaining only Br-RNA appear later (see below).

engaged polymerases extend existing transcripts by ~250We first analyzed how closely bio- and Br-RNA were initially
nucleotides, no new transcripts are initiated, and the resultirgssociated in transcription sites after a Br-U pulse of 2.5 minutes.
bio-RNA remains in synthetic sites (lborra et al., 1996)Complete overlap between the two kinds of cluster would be
Therefore, clusters of small particles (‘bio-clusters’) markobserved if the underlying structures containing the analogues
synthetic sites, while clusters of large particles (‘Br-clusters’had identical diameters and coincident centres of gravity.
mark both synthetic and downstream sites. As expected, mddbwever, the two types of cluster did not colocalize exactly;
sites initially contain both bio-RNA and Br-RNA (Fig. 3A); their centres of gravity lay, on average, 29 nm apart (not shown).
most transcription sites active after lysis were active in vivo &his probably reflects incorporation of the two analogues into
moment earlier. A cluster was considered to contain both Bdifferent parts of one transcript (or group of transcripts). Only
RNA and bio-RNA if a particle in a ‘Br-cluster’ lay within 40 ~85% ‘bio-clusters’ initially contained Br-RNA (Fig. 3C, 2.5
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minutes, shaded fraction), and vice versa (Fig. 3D, 2.5 minutes, Table 3. Diameters of sites containing Br-RNA and SR

shaded fraction). It can be calculated that if the centre of every antigens
‘Br-cluster’ (diameter 80 nm) lay 29 nm away from the centre _ Diameter
of a ‘bio-cluster’ (diameter 80 nm), random sectioning wouldsijte Cluster size £ s.d. ("M) ¢, responding
give 82% overlap, close to the value seen. (labelling conditions) Major axis  Minor axis  sphere (nm)
We next counted the number of transcription sites; at aBr.rNA in nucleoplasm
times, there was ~1 ‘bio-clustqrih? (Fig. 3C). Assuming 2.5 minutes, 2.5 mM Br-U 63+22 39+19 77
random sectioning and underlying sites have the same diametet0 minutes, 2.5 mM Br-U 60+20 3813 75
as the clusters that mark them (i.e. 80 nm), we can use standarg] minutes, 2.5 mM Br-U 65:27 41x16 9
) X minutes, 1.25 mM Br-U 59+16 4011 77
stereological procedures to calculate that there are 5,000 sites ', 1 o5 mm U
in the three-dimensions of a nucleus (see Table 4). 30 minutes, 0.5 mM Br-U 60+11 3948 76
How quickly do downstream sites appear? As cells are +2.0mMU
grown in Br-U for longer, the density of ‘Br-clusters’ increases 60 minutes, 2.5 mM Br-U 65£20 40£14 &
(Fig. 3D). This increase is entirely due to the appearance SR clusters in nucleoplasm 6615 42+10 83
‘Br-clusters’ that lack bio-RNA (i.e. in Fig. 3D, the unshadedBr-RNA at membrane
fraction increases from 2.5 to 60 minutes). ~0.12 such 10 minutes, 2.5 mM Br-U 55+16 3347 67
downstream clustegsi? appear every minute, equivalent to 60 minutes, 2.5 mM Br-U 76227 5118 94

only ~600/minute '_n a nUdeusj . Cells were grown for various times in Br-U+U, fixed, and Br-RNA on the
We next determined how quickly Br-RNA left transcription surface of sections immunolabelled with gold particles (9 nm). Lengths of

sites for downstream sites using a pulse-chase experiment (Figgjor and minor axes of >60 clusters of particles were measured, and

3E). After a 10 minute pulse, ~85% ‘bio-clusters’ contain Br-diameters of equivalent spheres calculated.

RNA, but then Br-RNA is lost (in Fig. 3E, the shaded fraction

falls). Simultaneously, downstream sites appear (in Fig. 3F, the

unshaded fraction increases). After a chase of 50 minutes, little If most downstream sites containing Br-RNA are detected,
Br-RNA remains at primary transcription sites (Fig. 3F, shaded follows that they are produced in each nucleus at a
fraction). Quantitative analysis shows that Br-RNA disappearsurprisingly low rate (i.e. ~600/minute; see above). Therefore,
with first-order kinetics (i.e. roughly at a rate 0.06 it is unlikely that each contains only one message, as such a
minutel), before appearing in downstream sites at much thproduction rate cannot sustain cytoplasmic mRNA levels (see

same rate (i.e. +0.05 minaiy Discussion).
Br-RNA is initially contained in a few downstream Nucleoplasmic sites containing Br-RNA have
sites in the nucleoplasm apparent diameters of ~80 nm

Our methods are sufficiently sensitive to detect mostranscription and downstream sites are both remarkably
transcription sites, as the same numbers are seen: (i) aftaniform in size; irrespective of labelling time, major and minor
growth for 1.25 or 2.5 minutes in 2.5, 5 or 10 mM Br-U; andaxes of clusters remain constant (Table 3). Br-RNA does not
(i) using a different precursor, biotin-CTP, and detectionaccumulate in sites that grow ever larger (like clusters at the
system (lborra et al., 1996; Jackson et al., 1998). But are attembrane; Table 3); rather, it is made in sites with diameters
downstream sites detected? If many were going undetecteaf, ~80 nm, before it moves downstream in, or to, sites of
increasing the bromine content in individual transcripts shouldimilar size. As we feared that Br-RNA containing
raise more above the threshold of detection. However, the saroensiderable amounts of bromine might be treated aberrantly,
density of clusters is seen, irrespective of Br-U content (Tablee also measured diameters after growing cells in
2). progressively less Br-U. However, diameters remained
unchanged even after growth in 0.5 mM Br-U plus 2 mM U
(Table 3), a concentration that does not affect growth.

Table 2. Most downstream sites are detected . .
RNA in downstream nucleoplasmic sites can be

Br-U concentration Clustensh? Particlesiim? extracted with 2 M NaCl

(mM) (*high”) (‘low") .

25 8024 952 Completed transcripts, but not nascent ones, can be extracted
5 7842 2646 from nuclei by 2 M NaCl (Jackson and Cook, 1985; Verheijen
10 7.9+1 3545 et al., 1988). Therefore, we tested the sensitivity of Br-RNA to

extraction; cells were grown in 2.5 mM Br-U for 1 hour to label

Cells were grown in different concentrations of Br-U for 1 hour so that many downstream sites, and extracted: then, as residual
most Br-RNA had left transcription sites for downstream sites; after fixation, ol ; : :
Br-RNA on the surface of sections was immunolabelled with gold particles material is poorly Im.aged by the teChmques used fOI’ Fig. 1
(9 nm), and numbers of particles and clusters counted. A ‘high’ (Penman_, 1995), we immunolabelled before embe_ddlng S0 that
concentration of primary antibody was used to measure cluster density (to gold particles are spread throughout the three dimensions of
optimize cluster detection); then, sites become so tightly packed with gold sections (Fig. 4). Clusters of particles are now associated with
particles that the number of partici@s” cannot increase with increasing residual material. and their diameter (i e. 71 nm) is similar to
Br-U concentration. A ‘low’ (i.e. one-tenth) concentration of primary ! LT .
antibody was used to measure particle densities, so that variations in Br-U that found by postembedment labe"mg (l'e' 75-79 nm’ Table
content could be seen. Cluster density (reflecting the number of downstreard). Although extraction exposes more Br-RNA and increases
sites) remains constant despite the increase in particle density (reflecting Bthe number of particles in a cluster, stereological analysis

U content). shows that it reduces the number of clusters in a nucleus from
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Fig. 4. Some sites containing Br-RNA resist extraction with 2 M
NaCl. Bars: 200 nm. (A) Encapsulated cells were grown in 2.5 mM
Br-U for 1 hour, lysed in 2 M NaCl, fixed, Br-RNA immunolabelled
with 5 nm particles before embedding, and 200 nm sections
prepared. A fibrogranular network extends throughout the
nucleoplasm. (B) Region in rectangle in A; clusters mark Br-RNA
that resists extraction.

Fig. 5.Br-RNA is associated with a subset of SR antigens (marked
by 9 nm particles) in large nuclear ribonucleoprotein particles. Bars:

36,000 to 2,900, close to the number (i.e. 5,500) ofOnm (B,C and E,F at same magnification). (A) SR antigens are
transcription sites (Table 4). This is consistent Withclusteredwnhln nuclei. Particle clusters have the range of diameters

. h . . xpected if spheres of ~83 nm are sectioned at random. (B) SR
downstream _sites being sensitive 10 extraction, and s tigens colocalize with transcription sites containing bio-RNA
structurally distinct from transcription sites.

(marked by 5 nm particles). The central cluster contains both 5 and 9
_— . nm particles. (C) SR antigens are found in downstream sites

Both transcription and downstream nucleoplasmic containing Br-RNA (marked by 5 nm particles). Cells were grown in
sites contain a subset of SR proteins 2.5 mM Br-U for 1 hour before immunolabelling, to give time for

SR proteins are a group of splicing factors found in nucleanost Br-RNA to leave primary transcription sites. The central cluster
‘speckles’ and transcription sites; they are also associated wiglentains both Br-RNA and SR antigens, while the upper contains
transcripts as they move to pores (e.g. Roth et al., 199@nly Br-RNA. (D) A gallery showing 3 large nuclear
Alzhanova-Ericsson et al., 1996: Colwill et al., 1996: ribonucleoprotein particles. Cells were disrupted, spun in a sucrose
Neugebauer and Roth, 1997; Céceres et al., 1997; reviewed gdient, fractions 8-12 pooled, and material stained and imaged.

. . . . rticles have structures typical of large nuclear ribonucleoprotein
Kramer, 1996). Different antibodies are available that detect, . - (E.F) Cells were grown in 2.5 mM Br-U for 30 minutes,

different subsets of this group of proteins and one, monoclongiateria) in fractions 8-12 collected as in D, and SR antigens (E) or
antibody 104, recognizes a phosphorylated subset (Roth et &, RNA (F) immunolabelled.

1990). We found that this subset is concentrated in ~90,000

nuclear ‘SR-clusters’ or ‘SR sites’ with diameters of 83 nm

(Fig. 5A; Tables 3, 4). Some of these clusters touch the nuclear

membrane (i.e. 0.17+0&h membrane). This antibody does Br-RNA is packaged into 200 S particles

not detect SR proteins in interchromatin granule clustersfranscripts at different stages of the pathway are packaged into
unlike others. Double-labelling shows that it labels bothvarious ribonucleoprotein particles that can be isolated on
transcription and downstream sites (Fig. 5B,C). sucrose gradients, including small particles, functional



2276 FE J.lborra, D. A. Jackson and P. R. Cook

Table 4. Cluster density (measured per unit area, or per unit length along the nuclear membrane), and calculated
numbers of sites per nucleus (see Materials and Methods)

Labelling conditions Site labelled Clustgrsi? Clustersim Sites/nucleus

Bio-CTP in vitro Transcription 1.0£0.3 5,000

2.5 minutes Br-U in vivo Transcription 1.1+0.5 5,500

60 minutes Br-U in vivo Transcription + downstream 7.142.2 36,000
nuclear pores 0.8+0.6

60 minutes Br-U in vivo, extracted Transcription, 1.3+0.6* 2,900
nuclear pores 3.7+0.2* 4,800

Anti-SR antibody SR (splicing) proteins 18.0+7 90,000

*Measured in 2-D images of 3-D sections, so values of clugtarahd clustergim? given correspond to values in 2- and 3-dimensions, respectively.

spliceosomes, and large tetrameric particles of 200 S (Dreyfupsres. Thus, after growth in 2.5 mM Br-U for only 1 hour,
et al.,, 1993; Sharp, 1994). A low-resolution structure islusters of particles are seen over the internal face of the
available for the 200 S particles, which have a diameter of ~58uclear membrane, apparently awaiting export through pores
nm; they contain small nuclear RNPs and several splicin¢Fig. 6A). These clusters colocalize with nucleoporin p62 (Fig.
factors, including SR proteins (Yitzhaki et al., 1996; SperlinggB), a component of pores (e.g. Buss and Stewart, 1995). They
et al., 1997). Their size and SR content suggested that the 28180 resist extraction with 2 M NaCl, and often seem to form
S particles might be derived from downstream sites, so wa queue along fibrils that stretch into the interior (Fig. 6C).
investigated whether they contained Br-RNA. Cells werelThese fibrils are probably remnants of the basket attached to
grown in Br-U for 30 minutes, nuclei isolated, and theirthe internal face of the pore (Davis, 1995; Panté and Aebi,
contents spun on a sucrose gradient. 200 S particles are fout@B6; Nigg, 1997). Quantitative analysis shows that the
in the expected part of the gradient (Fig. 5D), ancdhumber of clusters along each micron of membrane rises to a
immunolabelling shows that 95% contain SR antigens (Fignaximum after 30 minutes (Fig. 7A), when there are 3.7
5E), and 23% contain Br- RNA (Fig. 5F; Table 5). This isclustersim? of membrane, equivalent to 4,800 clusters per
simply explained if 200 S particles are derived from SR siteqjucleus (Table 4). This is similar to the density of pores in a

a fraction of which contain Br-RNA. mammalian cell (Bastos et al., 1995), suggesting that some
) ) ) highly substituted Br-RNA is associated with every pore.

Downstream sites, SR sites, and 200 S particles are This saturation eventually causes highly substituted RNA to

directly related accumulate within ~400 nm of the membrane. This is clearly

These results suggest that downstream sites containing Breen when Br-RNA is chased away from the interior to the
RNA are a subset of ~90,000 SR sites, and that 200 S particlesriphery (Fig. 6D). Most Br-RNA in this peripheral rim can
are derived from SR sites. Therefore, we investigated whethee extracted with 2 M NacCl, unlike the Br-RNA associated
Br-RNA flowed through the three kinds of structure withwith fibrils attached to pores.

similar kinetics. Cells were grown for 30 or 60 minutes in Br-

U, and the percentages of ‘SR clusters’ or 200 S particleéBr-RNA can dock normally at pores

containing Br-RNA counted; observed values were close to thBoth this saturation and back-up are not seen when Br-RNA
numbers expected if ~90,000 downstream sites becano®ntains less bromine. For example, when cells are exposed to

labelled at a steady rate of ~600/minute (Table 5). 2.45 mM Br-U plus 0.05 mM U for 30 minutes, a concentration
that has no effect on growth, there are 0.16 clusters/
Br-RNA can accumulate aberrantly at nuclear pores membrane, equivalent to saturation of ~18% pores (calculated

Little Br-RNA is found at the nuclear periphery after growthas above). These clusters have similar diameters to downstream
in 0.5 mM Br-U for 24 hours (Fig. 1D). However, Br-RNA sites in the interior, but they resist extraction with 2 M NacCl
containing more bromine accumulates abnormally just insidé-ig. 6E). However, Br-RNA remains associated with the SR
proteins detected by antibody 104; similarly sized SR clusters
. ) . ] are found at pores (Fig. 6F) in similar numbers. Intriguingly,
Table 5. Relationship between ‘SR sites’, 200 S particles  Br- and SR-clusters are concentrated ~200 nm away from the

and downstream (nucleoplasmic) sites membrane (Fig. 7B; not shown), suggesting that downstream
% Sites or particles containing Br-RNA sites dock on to the basket (see also Daneholt, 1997; Panté et
Labelling period SRsites 200 S particles Downstream sites  &l-» 1997). As so few particles are seen directly over pores (Fig.
(minutes) (observed) (observed) (calculated) 7B), Br-RNA must be transported rapidly through the
30 21 23 19 membrane (Daneholt, 1997; Panté et al., 1997).
60 47 38 37

Export to the cytoplasm

Cells were grown in 2.5 mM Br-U for 30 or 60 minutes, images like those e next used autoradiography to investigate how Br-U affected
illustrated in Fig. 5C,F collected, and the percentage of ‘SR clusters’ or 200 ¥\/ -

particles containing Br-RNA counted. The percentage of downstream sites rans_port. Cells WQI’e grown for1 hOUI‘?HIC so that the_ label i
that contained Br-RNA was also calculated, assuming 600 new sites was mcorporated into newly made RNA, and aUtoradmgraph'C
containing Br-RNA are added each minute to 90,000 downstream sites, as grains over different compartments were counted. 81% grains

600 unlabelled sites/minute are removed by export to the cytoplasm. were over nuclei, 24% over nucleoli (Table 6; see also Harris
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Table 6. The effects of Br-U on incorporation of§H]C into
RNA, and transfer of [BH]RNA to the cytoplasm
1 hour 1 hour pulse

1 hour pulse 1 hour pulse  (+ aphi + Br-U),
pulse (+ aphi) (+aphi+Br-U) 23 hour chase

Nucleus 81 83 65 26
Nucleolus 24 25 21 2
Nucleoplasm 57 58 44 24

Cytoplasm 19 20 16 50

Total 100 103 81 76

Cells were grown for 1 hour ifH]C + aphidicolin (aphi; used to inhibit
incorporation into DNA) + 2.5 mM Br-U (the pulse), and some were washed
and regrown for 23 hours in the absence of any additives other than 0.5 mM U
(the chase). After fixation and acid extraction, autoradiographs were prepared,
and the numbers of silver grains (markifg]JRNA) over different
compartments were counted. Results are expressed as a percentage of grain
counts found over cells grown for 1 hour #i]C.

Table 7. Relative amounts of Br-RNA in different
compartments after a 1 hour pulse with 2.5 mM Br-U, and
a 23 hour chase

Labelling
1 hour pulse,
Volume 1 hour pulse 23 hour chase
um3 %  Particlegim? %  Particlesim? %

Nucleus 414 38 45 76 32 54
Nucleolus 14 13 34+12 7 3.9+3 1
Nucleoplasm 400 36.7 41417 69 3348 53
Interior 349 32 40+18 61 9+6 11
Rim 51 4.7 59+18 8 284+48 42
Cytoplasm 673 62 8.5+3.5 24 2.6+0.6 7

Total 1,087 100 100 61

Cells were grown, embedded, Br-RNA immunolabelled, particle numbers
and areas of each compartment measured, and volumes calculated. The
nucleus was divided into nucleolus, a peripheral rim lying within 200 nm of
the nuclear membrane, and the nuclear interior (i.e. remaining nucleoplasm).
As compartment volumes differ, particle densities were normalized by
multiplication with the corresponding volume, before they were expressed as
a percentage.

and Watts, 1962). As som&H]C could be incorporated into
DNA, we added also sufficient aphidicolin to inhibit DNA
R T synthesis; this had essentially no effect on grain counts (Table
6). Addition of 2.5 mM Br-U reduced counts over all

~ 0,
(E,F). (A) Cells were grown in 2.5 mM Br-U for 1 hour, fixed, and ](c:ollmparén"tl)ents 2ti)3yh 20 A)h (Table 6). When th? plflse Wa%
Br-RNA on the surface of sections immunolabelled with 9 nm oflowed by a our chase, counts over nucleoplasm an

particles. This section is chosen to illustrate the 4 clusters along theNucleolus declined, while those over the cytoplasm rose. This
internal face of the nuclear membrane; the one on the right straddle§hows that even the high concentration of Br-U used here has
the pore. (B) As in A but nucleoporin p62 also labelled with 5nm  only a small effect on the general metabolism of RNA.
particles. (C) Cells were grown as in A, extracted with 2 M NaCl, We also monitored Br-RNA levels in the different
and Br-RNA immunolabelled with 5 nm particles before embedding compartments more directly by immunolabelling. After the 1
and sectioning (200 nm). Groups of clusters seem to mark Br-RNA hour pulse, 76% immunolabelling particles were over nuclei;
that is backing up at the pores. (D) Cells were grown in 2.5 mM Br- however, only 7% were over nucleoli, showing that polymerase
U for 1 hour, washed, regrown in 0.5 mM uridine for 15 minutes, | prefers to incorporate3l[-I]C rather than Br-U (compare
rewashed, and regrown for 22.75 hours. Few clusters are now seen—r ' 204 7). During the chase, Br-RNA was lost from both

over the nuclear interior, but many are concentrated at the nuclear leoli and th | interior (falling f 7 t0 1% d 61
periphery; some are found over the cytoplasm. (E) Cells were growr{]uc eolian e nuclear interior (falling from 7 to 1%, an

in 0.5 mM Br-U plus 0.05 mM U for 1 hour, and extracted and to 11%, respectively; see also Fig. 6D), and it seems to turn
immunolabelled as in C. A discrete cluster of particles lies close to Over normally in the cytoplasm (falling from 24 to 7%).
the membrane; series of clusters that appear to back up at the poreHowever, it accumulates in the peripheral rim (rising from 8 to
(asin C) are never seen. (F) As E, except particles mark SR proteind2%), in a space that occupies only ~5% cellular volume. As

Fig. 6.Br-RNA at nuclear pores. Bars: 200 nm (A-D) and 100 nm
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al., 1989; Huang and Spector, 1991; Zachar et al., 1993), but,
like autoradiography, with poor resolution. Microinjecting
RNA attached to gold particles allows direct visualization by
electron microscopy (e.g. Dworetzky and Feldherr, 1988; Panté
et al., 1997), but attached transcripts are inevitably introduced
at unknown points in the pathway. We now describe a new
method; HelLa cells are grown in Br-U so that the analogue is
incorporated into RNA and exported to the cytoplasm, before
Br-RNA is localized by immunogold labelling. The method
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B £ provides high resolution and sensitivity, probably because
= . individual transcripts contain many tens of epitopes (i.e.
D bromines), and not the one commonly found in protein
QL antigens. It has the disadvantage, as does microinjection of
2 1 RNA-gold particles, that the cell has to deal with unnatural
E 0 ———— transcripts. This inevitably begs the question, to what extent
o 400 0 400 does Br-RNA behave differently from RNA?
nucleus <i» cytoplasm Growth in high concentrations of Br-U for long periods is
nh toxic. Toxicity could result from reduced transcription. Three

pieces of evidence suggest that extra-nucleolar polymerases,
Fig. 7. Quantitative analysis of Br-RNA at pores. (A) Pores become the ones with which we are mainly concerned, incorporate the
saturated with Br-RNA. The numbers of clustersyparor perum? analogue almost normally. (i) After growth in 2.5 mM Br-U
of nuclear membrane were measured in images like those in Fig. 6Aand FH]cytidine, the two labels become intermingled in the

and C, respectively. Clusters were countexlliparticle in the cluster same transcripts, since they copurify when Br-RNA is selected
lay over the membrane. (B) Br-RNA accumulates just inside pores. using anti-Br antibodies (Jackson et al., 1998). (i) The
Cells were grown in 2.45 mM Br-U plus 0.05 mM U for 30 minutes, presence of 2.5 mM Br-U reduced the initial rate of

and images like those in Fig. 6A prepared. All gold particles lying incorporation of §H]Jadenosine ancH]cytidine into RNA by

within 400 nm of the membrane were counted, and numbergifper .
along membrane) expressed relative to distance from the membrane<r.20% (see Results, and Tables 6 and 7). (iii) Polymerases in

Particles are concentrated ~200 nm away from the membrane. ValuB§rmeabilized cells elongate at ~80% of the normal rate when
indicated were significantly different (Studertttest) at 93 (*) and Br-UTP completely replaces UTP (lborra et al., 1996).
95% (+) confidence levels. Therefore, it seems likely that toxicity results from abnormal
metabolism later in the pathway, for example during splicing
and/or translation (Sierakowska et al., 1989; Wansink et al.,
a result, 54% Br-RNA remains in the nucleus after the chas&994; Schmittgen et al., 1994). Even so, we have established
mostly in this rim. We conclude that Br-RNA behaves normallya set of conditions that allows efficient detection of Br-RNA
in many respects, except that Br-U is incorporated poorly intwith little effect on growth. Growth in 2.5 mM Br-U for 2.5-
nucleoli and that highly substituted Br-RNA accumulates60 minutes enables Br-RNA at the first steps to be detected;

aberrantly at the nuclear periphery. short exposures have no detectable effect, while the longest
o . marginally increases doubling time from 22 to 24.5 hours. We
Effects of inhibitors on synthesis and transport also routinely use lower Br-U concentrations that do not affect

The use of inhibitors shows that polymerase Il is responsiblgrowth. Except for some accumulation at the nuclear periphery,
for most Br-U incorporation. Thus,-amanitin, an inhibitor of nucleoplasmic Br-RNA behaves much like natural RNA.
polymerase Il, reduced nucleoplasmic labelling from 10+4 to Using this method, we find that Br-RNA passes through
3.2+0.6 clustergim? whereas actinomycin D, a polymerase Ithree distinct nuclear compartments (i.e. transcription,
inhibitor, had little effect (reducing labelling from 40+14 to downstream and docking sites) on its way to the cytoplasm
36+18 clustergim?; not shown). These results obtained after(Fig. 8). Primary transcription sites are the sole ones to contain
labelling with Br-U are similar to those obtained after labellinglabelled transcripts after growth in Br-U fo2.5 minutes (Fig.
with [3H]uridine (Hesketh and Pryme, 1991), so in these8; Jackson et al., 1998). Then, progressively more Br-RNA
respects Br-RNA behaves much likeiJRNA. enters downstream sites (Fig. 3D), before reaching docking
sites just inside pores and exiting to the cytoplasm (Fig. 1D).
Little Br-RNA is seen in transit through pores, presumably

DISCUSSION because it occurs so quickly. Even after 24 hours growth in 0.5
) ) mM Br-U, only ~20% docking sites are occupied with Br-RNA

A method for labelling the pathway that transcripts (Fig. 1D). However, after growth in 2.5 mM Br-U, all pores

take to the cytoplasm soon become occupied with Br-RNA (Figs 6A, 7A) and Br-

Various methods have been used to map the pathway thHRNA backs up (aberrantly) at a fourth site, just inside the
transcripts take from nucleus to cytoplasm; each hasuclear membrane (Fig. 6D, Table 7). After long periods in
advantages and disadvantages. For example, after growthboth high and low concentrations, Br-RNA also appears in
tritiated precursors, incorporated analogues can be tracked hgditional nucleoplasmic sites (e.g. coiled bodies, parts of
autoradiography; this has the great advantage that markéterchromatin granule clusters, and perichromatin granules).
transcripts behave like natural ones. Natural transcripts cdfach compartment has its own characteristic dimensions and
also be tracked using in situ hybridization (e.g. Lawrence etensitivity to extraction with 2 M NaCl. We find that a subset
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| S &/ e messages/cell can only be maintained if ~8,000 primary
nuc'ear PN T T transcripts are made in the nucleus and ~2,000 new messages
site e /5 o/ & § A . ..
1 2 3 4 5 6 v ] < arrive in the cytoplasm each minute. As the transcription and
® ® 0 0 & O ianscripton) + + | 50008000 processing rates cited above can support such an export rate
@ ;¢ cBs,icGCs (i.e. each minute, ~11,000 primary transcripts are made, with
ONN BN BN BN BN ! !
:] downstream | - +  [e0.000-140000 ~2,700 being exported), these assumptions are probably
ORNORNN BN BN BN | back e " broadly correct. Note that we are concerned in the discussion
000 e.e : docking | + | + | g0 below with reconciling differences of about fivefold.
Teee e =E One obvious possibility is that downstream sites represent
FHEEEH B @ cytoplasm individual transcripts that have left transcription sites. A

number of reasons make this unlikely. First, our methods would
Fig. 8. A model for the path of Br-RNA to the cytoplasm. There is a have to be sensitive enough to detect individual transcripts even
constant flux (arrow) of transcripts from transcription sites (top when they contained very different degrees of substitution with
circles), through downstream sites and pores to the cytoplasm. Aftepromine, if most downstream sites are detected (Table 2).
a brief pulse (e.g. Br-U for <2.5 minutes in vivo, or extension in bio- Second, even if all unwanted transcripts are completely
tCTP in_vit_ro) Iatbel ((ii)llegftcircle)\:\iri]nfcorlporateq oglyuinto o, degraded at transcription sites, we should see 2,700 new
ranscription sites . er gro or longer in br-U, progressive . . .
more dgwnstream sites becgme labelled gilled circles;), u%til somey downstream sites each mm.Ute’ and not 600. Thqu, export of

600 new messages each minute to the cytoplasm is below the

Br-RNA reaches the pore and the cytoplasm (2-5). Eventually, Br- A
RNA forms a diffuse network in the nucleus, accumulating in many 2:000 needed to maintain message levels. As a result, both

regions that are not initially labelled (e.g. coiled bodies, CBs; input from transcription sites and output to the cytoplasm are
interchromatin granule clusters, ICGCs); when present in high too low, suggesting that each downstream site must contain ~5
concentrations, Br-RNA also backs up at the pore (6). Some transcripts. If fewer transcripts are completely degraded, or if

properties of the different nuclear sites are illustrated on the right unwanted transcripts are degraded after export from
(numbers of transcription and downstream sites are calculated USi“Qranscription sites, downstream sites will contain
diameters of 80 or 50 nm). nd: not done. correspondingly more transcripts. (Probably no degradation
takes place between transcription and downstream sites; Fig.
3E,F)
of SR antigens detected by one particular monoclonal antibody A second possibility equates downstream sites with
are excellent markers of this pathway. Various different SRrocessing sites; transcripts would leave synthetic sites one at
proteins have been found previously at the appropriate sitestime to accumulate first in downstream sites, before travelling
(e.g. Roth et al., 1990; Romac and Keene, 1995; Alzhanovan to pores; if transfer occurred rapidly enough, individual
Ericsson et al., 1996; Colwill et al., 1996; Neugebauer antranscripts would not be detected in transit. Then, we should

Roth, 1997; Caceres et al., 1997). again see label in 2,700 new downstream sites each minute,
) and not 600. An unlikely variant invokes some mechanism to
Downstream sites direct 2,700 different transcripts to only 600

Br-RNA is found in surprisingly few downstream sites. Do wedownstream/splicing sites in the first minute, and then another
fail to detect many such sites because they lie below th& 700 transcripts to another 600 sites in the second, and so on;
threshold of detection? This seems unlikely because increasihgwever, it is difficult to imagine what that mechanism might
the Br-U concentration from 2.5 to 10 mM should raise morée.
sites above the threshold, but no more are seen (Table 2). OutA third, surprising, possibility is consistent with the data;
methods could be sufficiently sensitive if each site containganscripts would be shipped in groups of ~5, with each
many transcripts (see below), and if each Br-RNA molecule ishipment being detected as 1 downstream site. B&AQ0
a site contains many brominated residues (as it probably doesanscripts in ~600 shipments would leave transcription sites
These sites have discrete diameters of ~80 nm, which alsach minute, a rate sufficient to maintain message levels in the
remain constant over a range of Br-U concentrations (Table 3)ytoplasm. This possibility also explains why downstream sites
During growth in 2.5 mM Br-U, downstream sites initially are so homogeneous in size, despite large variations in the
appear at a steady rate of 0.12 sites/minutgiprof section length of individual transcripts; if transcripts are partitioned
(Fig. 3D), equivalent to 600 new sites/minute in a nucleus. Howandomly among shipments, those shipments inevitably vary
many transcripts does each contain? When considering tless in size than individual transcripts. It also explains why
possibilities, we assume that (i) ~75,000 transcripts are madeost downstream sites might be detected, as even an
at any one time in extra-nucleolar regions of a HelLa nucleussensitive method becomes sensitive enough when each site
(mainly by polymerase 1), (ii) a typical primary transcript of contains so many brominated residues. Furthermore, messages
~8,400 nucleotides is completed in ~7 minutes, (iii) onemay be shipped in groups in the cytoplasm (Ainger et al., 1993;
twentieth the mass of the primary message reaches tlBarbarese et al., 1995; Knowles et al., 1996). A fourth
cytoplasm as message (three out of four primary transcripts gpessibility that combines aspects of the second and third is also
completely degraded, and splicing removes four-fifths theonsistent with the data. Groups of ~5 transcripts could be
length of the remainder), (iv) there are 81@essages in the shipped together to accumulate in (static) downstream/
cytoplasm (with lengths of 1,500 nucleotides and half lives oprocessing sites, before moving on to pores; again, if transfer
500 minutes), and (v) cells divide every 22 hours. These valuescurred rapidly enough, transcripts would not be detected in
lie within accepted ranges (e.g. Cox, 1976; reviewed byransit. Whether one of the last two possibilities applies will
Jackson et al., 1998). Then, it can be calculated that ~1@ave to await detailed knowledge of the number of transcripts
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in downstream sites, and this will probably come from thdranscripts leave the factories in ~600 shipments (diameter

high-resolution structure of 200 S particles (see below). ~80 nm), each containing ~5 transcripts and phosphorylated

] ) . SR proteins detected by monoclonal antibody 104. These
The relationship between downstream sites, SR complexes can be isolated on sucrose gradients as 200 S
sites, and 200 S particles particles. At any one time, ~90,000 such shipments are on

Our results suggest that labelled downstream sites aretlaeir way to the pore. These shipments do not normally pass
subset of the sites that contain SR proteins, and that 200tl&ough perichromatin granules (Fig. 1C). They dock at an
particles are derived from these ‘SR sites’. 200 S particles aedficient checkpoint just inside the pore, where wanted
large, tetrameric, particles, for which a low-resolutionmessages are quickly allowed through, and rejected messages
structure is available, that probably transport mRNA to théack up. Usually only ~20% pores are associated with a
pore (for reviews see Yitzhaki et al., 1996, and Sperling elocked complex, but transcripts containing high levels of
al., 1997). First, downstream sites, SR sites and the particlesomine create a bottleneck, with a resulting accumulation
have roughly similar diameters (i.e. ~77, 83 and 50 nmwithin 400 nm of the membrane. Unfortunately, our results
respectively). The smaller size of particles can be explaineshed no light on whether molecular ‘motors’ transport mRNA
by shrinkage during negative staining (Bozzola and Russelglong ‘tracks’ to the pore (Lawrence et al., 1989; Rosbash and
1992) and our use of an immunolabelling method thaGinger, 1993; Kramer et al., 1994). However, these high-
overestimates site diameter (see Results). Secontgsolution techniques should enable us to see: (i) if MRNA
downstream sites and 200 S particles both contain SBblocalizes with any known components of such ‘motors’ or
antigens (Fig. 5E). Third, Br-RNA flows into SR sites and‘tracks’, and (ii) which other proteins are associated with
200 S particles with the expected kinetics (Table 5). If eacRNA in transit (for some candidate proteins, see Dreyfuss et
particle contains ~5 transcripts, the RNA-protein ratio wouldal., 1993; Daneholt, 1997).
be about one-sixth that found in a ribosome. Then, one Transcription and downstream sites are both marked by
structure, the 200 S particle, might accommodate messagelsisters of gold particles with diameters of ~80 nm, so the
with lengths up to five times the average. numbers of sites calculated above are based on diameters of 80
We had feared that Br-RNA would not be spliced, and thabm. However, the true diameters may be smaller as the use of
unspliced RNA might not follow the normal pathway to theimmunogold probes with lengths of ~20 nm long can lead to
cytoplasm. However, the presence of Br-RNA in 200 San overestimate of site diameter (Iborra and Cook, 1998), and
particles makes it unlikely that the flow of Br-RNA through isolated SR particles have diameters of ~50 nm (Sperling et al.,
200 S patrticles is a pathological response to a failure to splid®97). Therefore we recalculated the values described above
Br-RNA; splicing is disrupted when cells are subjected to aising diameters of 50 nm. Then, a typical nucleus would
heat shock, but improperly spliced transcripts arecontain ~8,000 transcription sites and ~140,000 downstream
nevertheless packaged normally into 200 S particles (Miriansites; ~2,700 wanted transcripts would leave transcription sites
et al., 1994). each minute, to generate ~950 new downstream sites with each
containing ~3 messages.
The aberrant accumulation at the pore
Various RNA species have been detected in transit through We thank the Cancer_Research Campaign and the Wellcome Trust
pores, usually concentrated on one or other side (e. or support, Drs M. Holllngshead, E. M. M. Manders, and J. Renau-
Dworetzky and Feldherr, 1988; Amberg et al., 1992: Huan iqueras for kindly supplying reagents or software, and A. Pombo, J.
etal., 1994; Fay et al., 1997; Panté et al., 1997). After growt anderson and J. Bartlett for their help.
in low concentrations of Br-U, we find little Br-RNA at the
periphery (Fig. 1D); however, after growth in high Corrigendum

concentrations, Br-RNA backs up at pores, to accumulat ctive RNA polymerases are localized within discrete

within ~400 nm of the membrane (e.g. Table 7). Thi Lo C o .
’E;nscrlptlon factories’ in human nuclei

raises the possibility that natural transcripts are checke
when they first dock on to the basket (Davis, 1995; Panté a F. J. Iborra, A. Pombo, D. A. Jackson and P. R. Cook (1996)

Aebi, 1996; Daneholt, 1997: Nigg, 1997); if they fail to pass>: C€ll SCI-109 1427-1436.

this checkpoint, they might disengage and be degradeth this paper, numbers of transcription sites (‘factories’) in

Then, Br-RNA could accumulate here because, beinthe three-dimensions of a nucleus were calculated from
incompletely spliced, it could not pass the checkpoint, anchumbers seen in two-dimensional sections. We apologise for
on rejection, it is more resistant to degradation (Sierakowskarrors made in some calculations concerning samples

et al., 1989). analyzed by post-embedment labelling and electron
] microscopy. In Table 1, the measured numbers of clusters per
A working map of the pathway um? are correct, but calculated numbers of clustersupe;

A simple map consistent with the data is as follows (Fig. 8)and the total number of clusters per nucleus, are incorrect.
~75,000 active polymerases are concentrated in ~5,500 extr@errected values for the number of clusters per nucleus are
nucleolar transcription sites (diameter ~80 nm). We call thes£,900 (T sites), 5,000 (pol Il sites) and 5,600 (pol Il sites,
sites ‘factories’, as each contains ~15 active polymeraseslysed cells). This means that numbers of sites per nucleus
(Iborra et al., 1996). These factories produce ~11,000 primananged from 2,000-5,600 (rather than 2,000-2,700 as
transcripts each minute, and they also splice wantedriginally stated). The central conclusion of the paper -
transcripts and degrade unwanted ones (Misteli and Spectoramely that many active polymerases are concentrated in
1997; Steinmetz, 1997). Each minute, ~2,700 wantedach site - remains unaffected by these corrections.
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