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Amassments of heterochromatin in somatic cells occur in
close contact with the nuclear envelope (NE) but are
gapped by channel- and cone-like zones that appear lar-
gely free of heterochromatin and associated with the
nuclear pore complexes (NPCs). To identify proteins in-
volved in forming such heterochromatin exclusion zones
(HEZs), we used a cell culture model in which chromatin
condensation induced by poliovirus (PV) infection revealed
HEZs resembling those in normal tissue cells. HEZ occur-
rence depended on the NPC-associated protein Tpr and its
large coiled coil-forming domain. RNAi-mediated loss of
Tpr allowed condensing chromatin to occur all along the
NE’s nuclear surface, resulting in HEZs no longer being
established and NPCs covered by heterochromatin. These
results assign a central function to Tpr as a determinant
of perinuclear organization, with a direct role in forming
a morphologically distinct nuclear sub-compartment and
delimiting heterochromatin distribution.
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Introduction

The interphase nucleus of eukaryotic cells is compartmenta-
lized into distinct territories, including areas occupied by
transcriptionally active euchromatin and those with highly
condensed, transcriptionally more inert heterochromatin.
Whereas only small amounts of heterochromatin occur in
proliferating cultures of permanent cell lines, it can occupy
much of the nucleus in terminally differentiated cells (e.g.,
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Francastel et al, 2000). In transmission electron microscopy
(TEM) such heterochromatin appears as dense patches deep
within the nucleus and aligned along the inner surface of the
nuclear envelope (NE).

However, even conspicuous amassments of condensed nu-
clear-peripheral chromatin are known since long to be gapped
by electron-lucent zones free of heterochromatin (e.g., Swift,
1959; Watson, 1959). Such heterochromatin exclusion zones
(HEZs) can differ in length and expansion, sometimes appear to
segment large areas of the nuclear interior (e.g., Davies et al,
1974), and are often found associated with the nuclear pore
complexes (NPCs) that serve as gateways of nucleo-cytoplasmic
transport. However, even though different models exist of how
nuclear compartmentalization might be accomplished (e.g.,
Jackson, 2003; Misteli, 2005, 2007; Cremer et al, 2006; Branco
and Pombo, 2007; Hancock, 2007; Lanctot et al, 2007; Rippe,
2007; Schneider and Grosschedl, 2007; Richter et al, 2008), the
cellular factors or mechanisms that establish the perinuclear
HEZs have remained unknown. While these zones are some-
times also referred to as euchromatic, chromatin-free, or inter-
chromatin channels, or as part of a reticular inter-chromosomal
compartment traversing the nucleus, the designation HEZ used
in this study refers to the NPC-proximal parts of these zones.

The NPC is a macromolecular structure of eightfold rota-
tional symmetry that perforates the NE. Fibrillar appendices
have been found attached to the NPC’s nuclear side that vary
significantly in length in different cell types, sometimes project-
ing deep into the nuclear interior as in vertebrate oocytes (e.g.,
Franke and Scheer, 1974; Scheer et al, 1988; Ris and Malecki,
1993; Goldberg et al, 1997). There, as well as in insect salivary
gland cells and in the protozoan Dictyostelium, eight NPC-
attached fibrils interdigitate with each other laterally, forming a
structure called the nuclear basket (NB) (Ris, 1989; Jarnik and
Aebi, 1991; Kiseleva et al, 1996; Beck et al, 2004). NB-reminis-
cent structures have also been described in yeast (Kiseleva
et al, 2004) and proposed to exist in mammalian cells (e.g.,
Iborra et al, 2000; Frosst et al, 2002; Krull et al, 2004). In fact,
an NPC-attached ‘fish trap’-like assembly of nuclear fibrils in
monkey cells was reported as early as 1976 (Maul, 1976).
However, due to the delicate nature of these fibrils and
difficulties in visualizing them by conventional TEM, it has
remained uncertain whether these findings reflect the occur-
rence of an NB common to all NPCs. Moreover, the protein
composition of fibrils and NBs has not yet been unambiguously
determined, and different proteins are considered as their
potential components (e.g., Krull et al, 2004; Prunuske et al,
2006; Brown and Silver, 2007; Kéhler and Hurt, 2007).

Two of the candidate proteins formerly proposed as fibrillar
appendices of the NPC are called Nup153 and Nup98 (e.g.,
Sukegawa and Blobel, 1993; Powers et al, 1995; Radu et al, 1995;
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Fahrenkrog and Aebi, 2002; Frosst et al, 2002). Both belong
to a subfamily of NPC proteins (nucleoporins) that contain
large, natively unfolded domains with FG-tandem repeats
(Denning et al, 2003). In human HeLa cells though, both
the FG-repeat and the NPC-anchor domains of Nup98 were
found at the NPC proper (Griffis et al, 2003; Krull et al,
2004), indicating that they are not very likely components of
fibrillar material that may be peripherally attached to the
NPCs in this particular cell type. The NPC-targeting domain
of Nup153 too was found located at the NPC in HeLa and in
other cell types (e.g., Walther et al, 2001; Fahrenkrog et al,
2002; Krull et al, 2004), but the location of its large FG-repeat
domain remains enigmatic. Found within the NPC proper in
fission yeast (Balasundaram et al, 1999), the FG-repeat
domain of the vertebrate orthologue might form extended
and highly flexible fibrils capable of projecting into the
nuclear interior (e.g., Fahrenkrog et al, 2002, 2004).

Another constituent of fibrillar NPC appendices is a 267-kDa
protein called Tpr (e.g., Mitchell and Cooper, 1992; Cordes
et al, 1997; Frosst et al, 2002). It forms long coiled-coil
homodimers of rod-like shape via its N-terminal domain of
190kDa, which also harbours a short segment required for
anchorage to the NPC (Bangs et al, 1998; Cordes et al, 1998;
Hase et al, 2001). By contrast, its C-terminal ‘tail’ domain does
not homodimerize but appears largely unfolded and flexible
(Hase et al, 2001). In different mammalian cell types Tpr’s
NPC-binding segment was indeed found positioned at the NPC,
whereas other parts of the rod domain and the C-terminal tail
were located deeper within the nucleus (Cordes et al, 1997;
Frosst et al, 2002; Krull et al, 2004; Hiive et al, 2008).

To investigate whether such a protein plays a role in HEZ
establishment, one could attempt eliminating it in a cellular
background in which HEZs are prevalent. However, in tissue
cells with clearly contoured HEZs, target protein elimina-
tion is generally difficult to achieve. On the other hand,
target protein levels can be easily knocked down by RNA
interference (RNAi) in permanent cell lines (Elbashir et al,
2001). In such cells, however, condensed chromatin is usually
scarce, and HEZs are imperceptible at most NPCs. Therefore,
a suitable model system would need to concurrently allow
rapid chromatin condensation and RNAi-mediated protein
knockdown to possibly visualise HEZs and then study their
fate after RNAI.

Hyper-condensation of chromatin can be induced by in-
fecting cultured cells with picornaviruses (Bienz et al, 1973).
Within a well-defined timeframe, such condensation rapidly
spreads throughout the nucleus of the infected cell, whereas
HEZs are not trespassed even late after infection (Belov et al,
2004; Lidsky et al, 2006). This results in the contouring
of HEZs at essentially all NPCs, thereby revealing shapes
similar to those in terminally differentiated somatic cells.
Here, we have exploited this possibility of visualizing HEZs
by infecting HeLa cells with poliovirus (PV). Using this in
combination with RNAi, we found Tpr to be an element
essential for HEZ establishment and for delimiting perinuc-
lear heterochromatin distribution.

Results

NPC-associated HEZs in PV-infected cells
In cell lines such as HeLa, only small amounts of hetero-
chromatin are aligned along the NE between neighbouring
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Figure 1 NPC-associated HEZs of distinct size and shape withstand
the expansion of condensed chromatin after PV infection. (A1) TEM
of a perpendicular NE cross-section of a non-infected HeLa cell in
mid-interphase, with a thin layer of NE-associated heterochromatin
between the NPCs. (B1) A PV-infected HeLa cell (assembled from
two micrographs) at 12h post-infection, illustrating the character-
istic nuclear distortion and emergence of NPC-associated HEZs
(arrows). (A2, B2) Higher magnification views of NE cross-sections
of non-infected HeLa cells (A2) and of cells 12 h after PV infection
(B2), illustrating the contouring of NPC-associated HEZs by
condensed chromatin (cc). Nucleolar materials (no) were excluded
from these zones too. Chromatin hyper-condensation was also
accompanied by gradual loss of the electron-dense NPC midplanes
seen in non-infected cells (white arrowhead), and often by dilation
of the NE lumen (arrow) late in the infection process. Bars: 200 nm;
same magnification for panels Al and B1, and panels A2 and B2.
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NPCs (Figure 1A). Local amassments of such heterochroma-
tin occur only sporadically (Supplementary Figure S1A).
Furthermore, the frequency of NPCs in these contact
regions between heterochromatin clusters and the NE
can be notably lower than that in the neighbouring areas
(see also Maul, 1977; Garcia-Segura et al, 1989). Therefore,
ultrathin sections of such cells only infrequently include
perpendicular sections through NPCs juxtaposed to hetero-
chromatin amassments. The few present, however, generally
reveal an NPC-associated heterochromatin-free zone, often
with seemingly hyperbolic contours or shaped like an iso-
sceles triangle or trapezium with its basis next to the NPC.
Similar clearance zones are also seen when the granular,
pre-ribosomal material of the nucleolus is positioned directly
in front of an NPC (Supplementary Figure S1A). Again
though, NPCs are comparatively rare in such contact regions
(Maul, 1977).

However, PV infection of HelLa causes amassments of
condensed chromatin, first at the NE and later also deep in
the nucleus, without trespassing ostensive boundaries
in front of most, if not all, NPCs. This happens within a
few hours post-infection and results in the contouring of
HEZs of different lengths and shapes, with a seemingly
temporal order of predominant appearance.

Longer HEZ section areas of rectangular shape or with
contours reminiscent of parabolic or hyperbolic curves
as from sections of elongate cones, were more often
observed in the earlier stages of chromatin condensa-
tion. Although notably varying in length, the majority
of measured section heights (hy) were between 100 and
150nm, some also reaching 150-250nm (Supplementary
Figure S1B). Very rarely, exceptionally long rectangular
HEZ sections up to 460nm in length were observed
(Supplementary Figure S1B3), reminiscent of channel-like
HEZs seen in other cell types (e.g., Visser et al, 2000; Rego
et al, 2008). Analysis of consecutive cell sections showed
that some of the long HEZs were longitudinally surrounded
by condensed chromatin, indicative that they can be of
cylindrical shape.

Later in the infection process, the elongate types of HEZ
sections were less frequently observed and shorter HEZ
sections of triangular and trapezoid-like appearance or with
hyperbola-like contours were prevalent. Although also ob-
served in the earlier stages of chromatin condensation,
these shorter HEZ section shapes were strikingly predo-
minant in cells late in PV infection, with highly distorted
nucleus and amassments of condensed chromatin. Their
mean size did not appear to diminish further, suggestive of
a rather steady residual HEZ ‘core’ region (Figure 1B and
Supplementary Figure S1B).

To estimate the size of such minimal HEZs, we chose
a stereometric approach, on the basis of the simplifying
assumption that the underlying HEZ shape can be approxima-
tively described as a cone-like space. To this end, we
measured the 2D-shape parameters of longitudinally sec-
tioned HEZs next to perpendicularly sectioned NPCs and
normalized for non-diametric section planes. These values
were used for trigonometric calculations and approximation
of HEZ dimensions and shape (Figure 2 and Supplementary
Figure S2).

Even though the resulting model was likely to be slightly
smaller than the authentic size (Supplementary Figure S2), it
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Figure 2 Stereometric size approximation of the NPC-associated
minimal HEZ. (A) A perpendicularly but non-diametrically sec-
tioned NPC-associated HEZ enclosed by condensed chromatin,
from the late stage of PV infection. Bar: 50nm. (B1) Schematic
depiction of a non-diametrically sectioned HEZ and measuring
tracks (double-headed arrows) of intra-membrane NPC channel
diameter (2rmn), of HEZ-section diameter at the base (2rv) and
parallel to the base at 40nm distance (2r40), and of HEZ-section
height (hy). A total of 121 perpendicularly cross-sectioned HEZs
from the late stages of PV infection were measured and normalized
for non-diametric section planes as described in Supplemen-
tary Figure S2. (B2) Schematic depiction of the mean normalized
diametric HEZ section, with a basis diameter 2Rb of 119 nm and
heights hyfr and hapex of 74 and 96 nm, respectively. (C) The 3D
shape of the corresponding mean HEZ, showing a cone with
flattened top. Schemes are drawn in scale to an NPC with an
intra-membrane channel diameter set to 84 nm; for possibly smaller
channel diameters in PV-infected cells and the effect on calculated
HEZ dimensions, see Supplementary Figure S2.

provided an estimate of the minimal dimensions of the HEZ
‘core’ region, showing a cone with flattened top, with a
diameter (2Rv) of 119nm at its basis and an approximated
height (hapex) of 96 nm. This was slightly smaller than the
calculated means of the rare HEZs found in non-infected
HeLa cells, yielding a truncated cone with a 2Rv value of
129nm and a hapex of 107 nm (Supplementary Figure S2D).
Noteworthy, the shapes and dimensions of the trapezoid-like
HEZ sections from PV- and non-infected HeLa cells closely
resembled those from terminally differentiated cells (e.g.,
Tokuyasu et al, 1968; Maul, 1977).
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Maintenance of NPC-associated HEZs after PV infection
correlates with the proteolytic insensitivity of Tpr's
coiled-coil domain

PV infection causes silencing of host cell transcription and
specific degradation of a small number of nuclear proteins
(e.g., Crawford et al, 1981; Davies et al, 1991; Rubinstein et al,
1992; Shen et al, 1996; Yalamanchili et al, 1997). Two
nucleoporins, Nup153 and Nup62, were found degraded in
PV-infected HeLa cells too (Gustin and Sarnow, 2001).
Whereas Nup62 is an FG-repeat protein of the NPC core,
the structurally unfolded C-terminal half of Nup153 possibly
projects into the nucleus. Its degradation, though, would
indicate that it is dispensable for the HEZs seen in such
cells. Moreover, NPC anchorage of the coiled-coil protein Tpr
is mediated by a short segment of Nup153 located within its
N-terminal half (Hase and Cordes, 2003). Complete Nup153
degradation might therefore prevent or destabilize NPC bind-
ing of Tpr and thus also exclude a role for Tpr in HEZ
establishment. However, Tpr’s actual fate during PV infec-
tion, and that of other FG-repeat nucleoporins, such as
Nup98, was unknown at the beginning of this work.

We hence studied these and other proteins by immuno-
blotting of total HeLa proteins, collected at different time
points after PV infection. SDS-PAGE showed that the bulk of
cellular proteins remained unaffected by PV-induced proteo-
lysis (Figure 3A). Furthermore, immunoblotting showed that
lamins (Figure 3B) and most NPC-core proteins were left
unharmed (Supplementary Figure S3). This included those of
the Nup160 subcomplex, which represent the fundament for
direct or indirect NPC anchorage of other NPC-associated
proteins such as Nup98, Nupl53, and Tpr (e.g., Vasu et al,
2001). By contrast, most FG-repeat nucleoporins (Figure 3C and
D, and Supplementary Figure S3) had their FG-repeat domains
removed. Tpr was also partially degraded (Figure 3C and E).

Proteolysis of the FG-repeat proteins, including Nup153
and Nup98, first affected their unfolded FG-repeat domains.
The one from Nup98 was eliminated earliest, in line with
another recent study of PV-mediated Nup98 degradation
(Park et al, 2008). The NPC-binding domains of these nu-
cleoporins withstood degradation longer but when the HEZs
became visible, the anchor domains appeared largely de-
graded too, except for those of Nup358, an FG-repeat nucleo-
porin located at the NPC’s cytoplasmic side (Supplementary
Figure S3), and Nupl53 (Figure 3D). Whereas most of
Nup153 appeared degraded at 12h post-infection, a small
segment of ~26kDa withstood degradation. This segment
likely harbours the sequences essential for NPC anchorage
and Tpr binding, both residing within a region comprising aa
228-439 (Enarson et al, 1998; Vasu et al, 2001; Hase and
Cordes, 2003; Griffis et al, 2004).

Tpr degradation, in contrast, was restricted to its unfolded
C-terminal tail domain whereas its large coiled-coil domain
(aa 1-1630), including Tpr’s NPC- and Nupl53-binding re-
gion, remained unharmed. Moreover, immunofluorescence
microscopy (IFM) showed that these Tpr rods remained
bound to the NE even late after PV infection. Similarly, the
NPC-anchor segment of Nupl53 remained attached to the
NE, as did residual copies of Nup98’s NPC-anchor domain.
By contrast, already earlier after infection, neither other parts
of Nup153, nor the FG-repeat domains of Nup98 and other
nucleoporins, were detectable at the NE any longer (Figure 4
and Supplementary Figure S4).
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NPC-associated HEZs can no longer be established
after in vivo depletion of Tpr

If fibrillar NPC appendices mark the periphery of the NPC-
associated HEZ, a largely degraded Nupl53, and Tpr’s tail
domain could not be regarded as prime candidates for main-
taining the HEZs still visible late in PV infection. By contrast,
Tpr’s rod domain, distinguished by its integrity and persisting
attachment to the NPC, remained a potential candidate.

To test this further, we attempted to PV-infect cells after
having depleted them of Tpr. In principle, elimination of Tpr
was known to be achievable in HeLa cells by RNAi. Such Tpr-
depleted cells are still capable of cell-cycle progression and
nucleo-cytoplasmic transport of proteins and mRNAs (e.g.,
Hase, 2003; Hase and Cordes, 2003; Lee et al, 2008; and data
not shown; see also Shibata et al, 2002). Furthermore, chro-
mosome positioning as monitored by telomere and centro-
mere detection, as well as the patterns of several epigenetic
histone modifications, appeared unaffected in most Tpr-defi-
cient cells (Supplementary Figure S5).

Furthermore, it had been shown that activation of the
RNAi machinery does not necessarily trigger antiviral re-
sponses, and siRNA-transfected cells can remain susceptible
for subsequent PV infection (Gitlin et al, 2002). Nonetheless,
to avoid innate cellular immune responses that could impair
PV infection (e.g., Ida-Hosonuma et al, 2005), we first
screened different Tpr siRNAs for high knockdown efficien-
cies without off-target effects unrelated to Tpr deficiency
(data not shown). Several pre-selected siRNAs, complemen-
tary to non-overlapping ORF segments of the Tpr mRNA,
caused a clear knockdown of Tpr protein levels at day 4 after
transfection (Figure SA). The mean intensities of residual Tpr
staining in the transfected cells could be as low as 4-6% as
determined by IFM, whereas residual Tpr levels in immuno-
blots of total cell extracts commonly ranged between 10%
and less than 20% (Figure 5B). TEM of such cell populations
allowed sporadic detection of perpendicularly sectioned
NPCs that were juxtaposed to heterochromatic or nucleolar
material but now mostly lacked distinct exclusion zones. This
indicated that Tpr might at least play a role in the establish-
ment of the few HEZs seen in non-infected HeLa cells. By
contrast, even though correspondingly positioned NPCs were
similarly sparse in simultaneous controls, they were still
characterized by distinct HEZs (Figure 5C; see also Supple-
mentary Text to Figure 5, and Supplementary Figure S6).

Tpr-deficient cell populations were then tested for suscept-
ibility to PV infection, paralleled by infecting control cells
that had been transfected with a target-less siRNA, treated
with transfection reagent only, or had been left untreated.
For several Tpr siRNAs, PV infection of transfected cells was
found to appear normal. Characteristic changes in morpho-
logy, such as cell rounding, and their time points of occur-
rence were similar to that in the controls. At the molecular
level, the characteristic NPC-protein degradation patterns
were basically the same, except that the time points of
complete degradation were slightly delayed in the siRNA-
transfected cells (Figure 6).

At the cytological level, progression of chromatin conden-
sation and its final expansion throughout the nucleus
appeared similar too. However, whereas NPC-associated
HEZs were omnipresent in the infected control cells, the
majority of cells in the Tpr siRNA-treated populations lacked
HEZs (Figure 7 and Supplementary Figure S7). In fact,
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Figure 3 Nupl53 and Nup98 appear largely degraded upon PV infection whereas the coiled-coil rod domain of protein Tpr remains intact.
(A) SDS-PAGE and Coomassie staining of whole-protein extracts from HeLa cells before and at 2-12h post-infection, showing the bulk of
cellular proteins unaffected by PV-induced proteolysis. The extracts were from the same HeLa cell cultures analysed by TEM in Figure 1.
(B) Immunoblotting of extracts used in panel A, showing that lamin A and lamin C, like lamin B (not shown), remain unaffected. This indicates
that rearrangements within the nuclear lamina or its NE attachments, but not lamin proteolysis, are required for the NE upfolding observed.
(C) Epitope sites of Nup153, Nup98, and Tpr antibodies indicated by arrowheads. Different antibodies targeting the same protein are numbered
as in panels D and E. (D, E) Immunoblotting of Nup153, Nup98, and Tpr, using cell extracts shown in panel A; (see also Supplementary
Figure S3). Target regions are given in parentheses; A indicates mAbs for which actual epitopes within defined protein segments are unknown.
(D) At 8-12h post-infection, when HEZs are visible at almost all NPCs, Nup153 (full-length proteins marked by arrows) appears largely
degraded, except for a small segment (double-asterisk) comprising at least part of the Tpr-binding region. Additionally, only minor amounts of
a 120-kDa degradation product (asterisk) and some unspecific cross-reactions (u) are seen with some Nup153 antibodies. Nup98 is degraded
more rapidly, with only its C-terminal domain (asterisk) resisting proteolysis slightly longer. (E) Whereas Tpr’s C-terminal domain is being
degraded around 8 h post-infection, its entire rod domain (double-asterisk) withstands proteolysis. The membrane marked 1622-1640 was first
incubated with rb-anti-Tpr-4 (2063-2084), then stripped and re-incubated with gp-anti-Tpr-3 (1622-1640).

nuclear entrances. Also at time points when the condensed
chromatin had filled larger areas of the nucleus, the NPCs of
Tpr-deficient cells remained devoid of HEZs.

in nuclei in which nuclear-peripheral chromatin had started
to condense, such material was already found distributed
laterally along the NE’s inner face, concealing the NPCs’
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Figure 4 The coiled-coil rod domain of Tpr remains anchored to the NPC even late after PV infection. IFM of HeLa cells at 10 h post-infection,
showing that antibodies against Tpr’s coiled-coil domain (anti-Tpr-2 (636-655), -3 (1622-1640), -5 (1370- 1626%)) and the Tpr-binding domain
of Nup153 (anti-Nup153-2 (391-404)) still label the NE. At this time point, and earlier ones (not shown), the other parts of Nup153, and the
FG-repeat domain of Nup98, are no longer detectable whereas the NPC anchor of Nup98 and Tpr’s C-terminal tail are still present at some NEs.
Nucleoporins of the Nup107 subcomplex (also Supplementary Figure S3), representing direct and indirect anchor sites for Tpr, Nup153, and
Nup98, remain bound to the NPC. DNA staining and differential interference contrast (DIC) micrographs show nuclear-peripheral chromatin
accumulation and cell rounding, characteristic for later stages of PV infection. Bar: 10 um; same magnification for all the micrographs.

Discussion

NPC-associated HEZs occur as the distal parts of an inter-
connected system of a largely chromatin-free space traversing
the nucleus of many somatic cell types. Observed since five
decades as perinuclear sub-compartments of either channel-
like appearance (e.g., Swift, 1959; Watson, 1959; Davies,
1961; Visser et al, 2000; Rego et al, 2008) or possibly cone-
like shape (e.g., Tokuyasu et al, 1968; Maul, 1977), the
factors that establish these HEZs have remained largely
unknown. Here we show that their formation and mainte-
nance requires the large coiled-coil protein Tpr.

Current model concepts of nuclear
compartmentalization

Current propositions about how nuclear compartmentaliza-
tion is accomplished in most somatic cells include different

1664 The EMBO Journal VOL 29 | NO 10| 2010

but not necessarily mutually exclusive notions. A common
starting point is that chromosomes are in fact non-randomly
arranged within the interphase nucleus, with each chromo-
some residing within its own spatially restricted chromosome
territory (CT; e.g., Cremer et al, 1993). However, different
views exist of how such a spatial organization is achieved
and how the borderlines between these CTs are established.

In one model, intrinsic self-organizing properties and the
sum of cohesive interactions within the chromosomes them-
selves define each CT. The borderlines between the CTs and
the resulting inter-chromosomal space (ICS) on their outside
would thus primarily stem from intra-chromosomal self-
stabilization, with no need for static boundaries formed by
structural elements (e.g., Cremer et al, 2006; Misteli, 2007).
Transiently bound extra-chromosomal factors, such as com-
ponents of the transcription- and pre-mRNA processing ma-
chineries, could help reinforce these borderlines in a dynamic
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Figure 5 RNAi-mediated Tpr knockdown in HeLa cells. (A) Confocal IFM of Tpr at day 4 after transfection with different Tpr siRNAs (Ib3, IV2,
IV4) or target-less control siRNAs. Only traces of Tpr staining are seen in most cells after Tpr RNAi; bright nuclear rim staining shown as
reference is visible only in cells that remained untransfected. For occasionally observed dots of residual Tpr staining at otherwise largely Tpr-
deficient NEs, see Supplementary Figure S6. Bar: 20 um. (B1) SDS-PAGE and Coomassie staining of serial dilutions of whole-protein extracts
from non-transfected cells (Ctrl 2), and cells treated with Tpr siRNAs (Ib3, 1114, IIIS, IV2, IV4) or transfection reagent alone (Ctrl 1), showing
that the bulk of cellular proteins remains unaffected by siRNA treatment. (B2) Immunoblotting of identical loadings as in panel B1. Incubations
with anti-Tpr and anti-Nup98 (asterisks: unrelated cross-reactions) were on different halves of the same membrane. Efficient Tpr knockdown
was achieved with all Tpr siRNAs without eliciting distinct effects on other NPC proteins, including Nup93, Nup107, Nup133, and gp210 (not
shown). Cells transfected with 1114 and III5, however, were later found to not allow for a normal PV-infection process, so that these siRNAs were
not used further. Of the infection-compatible siRNAs, Ib3 and IV4 were used for all subsequent PV-infection experiments in parallel. (C) TEM of
non-transfected cells, and of cell populations at day 4 after treatment with transfection reagent alone, and transfection with Tpr siRNAs Ib3, or
non-target control siRNAs (Ctrl 3). NPCs juxtaposed to heterochromatic or nucleolar material (arrows) in control cells remained characterized
by HEZs but mostly lacked such exclusion zones after Tpr RNAi. Bars: 200 nm; same magnification for all the images.

manner (e.g., Zirbel et al, 1993). Cargo flux density and
macromolecular crowding, both within the territories and
the ICS, could represent additional factors maintaining such
spatial arrangements (e.g., Hancock, 2004, 2007; Rippe, 2007;
Richter et al, 2008; Bancaud et al, 2009).

In this scenario, the only major boundary forced upon the
chromosomes by an extra-chromosomal structural frame-
work would be the one formed by the NE and its nuclear

©2010 European Molecular Biology Organization

lamina, to which the nuclear-peripheral chromosomes are
tethered. The NPCs, often non-randomly distributed and
sometimes arranged in clusters or lines within the NE of
differentiated cells (e.g., Maul, 1977), would thereby be
mostly segregated from the NE-attached chromatin areas
and sometimes even contour the underlying interface
between neighbouring CTs (Murray and Davies, 1979;
Lopez-Velazquez et al, 1996). In such cases, most of the
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Figure 6 Post-transcriptional tpr gene silencing by RNAi does not
impair subsequent PV infection and degradation of nucleoporins.
Four days after transfection with Tpr siRNAs or mock transfection
with non-target control siRNAs (Ctrl 1), or after incubation with
transfection reagent alone (Ctrl 2), cells were either infected with
PVor not, and harvested 10 h later. Total cell proteins were analysed
by immunoblotting. Regardless of whether Tpr had already been
eliminated by RNAi before PV infection or not, Nup153 and Nup98
were again degraded in the infected cells whereas the NPC core
protein Nupl33 and lamin A remained unaffected. PV-induced
degradation of nucleoporins such as Nup35, and stability of others
such as Nupl07 and gp210, was also similar in control and Tpr-
RNAI cells (not shown).

long, NPC-associated inter-chromosomal zones seen in ultra-
thin sections would need to be interpreted as orthogonally
sectioned ditches rather than tubular channels.

In a conceptually different scenario, not only the nuclear
lamina but also dedicated architectural elements deep within
the nucleus would play a role in chromatin organization.
These would partition nuclear space by forming scaffolds,
thereby determining the spatial arrangement of chromosomes
and delimiting their distribution in a static manner. However,
plausible arguments have been adduced against such a con-
cept and an extensive intra-nuclear scaffold network.
Moreover, no structural elements that could account for
such large-scale nuclear partitioning have been identified so
far (e.g., Misteli, 2007).

Early evidence for scaffold-surrounded zones spatially

confined to the nuclear periphery

Even though a formerly proposed extensive nucleoskeleton
(e.g., Nickerson, 2001; Jackson, 2003) is not supported by
recent data, it remains possible that structural elements
contribute to locally restricted nuclear sub-compartments.
Indications that the NPC-associated HEZs might represent
one type of scaffold-defined zone came from different studies.
For example, TEM of serial cell sections (Visser et al, 2000;
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also Ghadially et al, 1985) showed that NPC-associated HEZs
do not only locate between neighbouring CTs but also occur
as tube-like and essentially chromatin-free channels that
project deep into and even pass through individual CTs. A
recent TEM study of the inactivated X chromosome (Xi) in
female fibroblasts (Rego et al, 2008) further showed that such
HEZ channels could penetrate up to a depth of 400 nm into
the core of the Barr body that contains the silenced and non-
genic sequences of the Xi heterochromatin (Clemson et al,
2006), indicating that these channels do not need to be
maintained by dynamic interactions with transcription com-
plexes. Furthermore, some HEZs in differentiated cells were
found to occur as isolated zones completely encapsulated by
heterochromatin (Maul, 1977), indicative that they need not
be in continuum with the ICS and maintained by high cargo
flux density. Such findings prompted the question as to how
intra-chromosomal interactions alone could create cylindrical
channels and which intrinsic chromatin properties could
determine such distinct boundaries.

As an alternative explanation, the NPC-proximal parts of
these channels reflect the existence of a distinct scaffold.
Supporting the notion of a scaffold whose maintenance does
not necessarily depend on surrounding chromatin, a TEM study
of monkey kidney cells infected with simian virus 40 (Maul,
1976) found SV40 particles of 45 nm in diameter to accumulate
within the nucleus and displace both euchromatin and hetero-
chromatin from the nuclear periphery. Yet even in the seeming
absence of neighbouring chromatin in the late stages of infec-
tion, the particles remained partially excluded from an NPC-
associated zone extending into the nucleus for ~200nm, and
completely restrained from an ~80nmlong zone directly in
front of the NPC proper. Sporadically observed fibrous material
of fish trap-like appearance was proposed to have a role in
excluding the virus particles from these zones.

The relationship between HEZ and an NB-like scaffold,
and the contribution of Tpr

To investigate which proteins might have a role in also
excluding heterochromatin from such NPC-associated zones,
we visualized HEZs in PV-infected HeLa cells. There, most
if not all NPCs were associated with HEZs, including cone-
like HEZs omnipresent in the late stages of PV infection, as
well as longer ones more frequently seen at earlier time
points. This approach of contouring HEZs, in combination
with RNAI, resulted in identifying the coiled-coil protein Tpr
as an element required for defining the borderlines between
HEZs and the surrounding heterochromatin. Accordingly,
loss of both cone-shaped and tube-like HEZs was found to
go along with Tpr deficiency.

Stereometric size estimation of the cone-like HEZ suggested
that its borderlines could be equivalent to those formed by the
fish trap in monkey cells or the NBs in other organisms. Even
though fibrils could not be depicted, the minimal HEZ dimen-
sions were reminiscent of the NB-enclosed space in amphibian
oocytes. In such cells, in which the inner NE side can be
studied by three-dimensional EM imaging, the eight NB fibrils
enclose a space reminiscent of a truncated pyramid with an
octangular base. The model of the residual HEZ from the late
stages of PV infection would allow fitting such an average-
sized oocyte NB into it. The latter has a mean diameter of
110-120nm at its basis and reported heights of 50-100 nm
(e.g., Ris, 1989, 1997; Jarnik and Aebi, 1991).
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Figure 7 NPC-associated HEZs are no longer maintained after in vivo depletion of Tpr, resulting in NPC coating by heterochromatin. (A) After
mock transfection (Ctrl 1) or treatment with transfection reagent alone (Ctrl 2), HeLa controls were PV-infected, harvested 9.5-10h post-
infection, and then analysed by TEM, in parallel to the specimens shown in panel B. The hyper-condensed chromatin masses contoured but did
not trespass the borderlines of the NPC-associated HEZs (white arrows) that persisted in these cells. (B) Four days after transfection with Tpr
siRNAs, HeLa cells were infected with PV and harvested 9.5-10 h later. Amassments of condensed chromatin were found across the entrance of
most NPCs (black arrows). Beside HEZ loss in the Tpr-knockdown cells, the staining of the hyper-condensed chromatin often appeared slightly
lighter than in parallel controls. Whether such decreased affinity for heavy metal stains correlates with altered chromatin condensation, and
how this might be caused by Tpr deficiency, remains unknown. Bar: 500 nm; same magnification for all the images.

Furthermore, in immunogold-TEM studies of cells with
little or no perinuclear chromatin, or when chromatin had
been detached from the NE during sample preparation, Tpr
was located at NPC-attached fibrillar material (Cordes et al,
1997; Zimowska et al, 1997; Frosst et al, 2002; Soop et al,
2005) possibly comprising the fibrils building an NB or fish
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trap. In cultured cells with preserved perinuclear chromatin,
such fibrils were usually not discernible, but there too Tpr
was located in proximity to NPCs (Krull et al, 2004).

If the cone-shaped HEZ would reflect the existence of an
NB-like structure in HeLa cells, the presented TEM and RNAi
results would hence point to Tpr as one of its essential
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components. Consequently, one could assign a central
function in perinuclear organization not only to Tpr but also
to the macromolecular NB as a whole. Visualization of cone-
shaped HEZs at essentially all NPCs further indicates that such
NBs are common in HeLa cells. Moreover, as Tpr is attached to
the NPCs of many vertebrate cell types of different germ-layer
origin (Cordes et al, 1997; Kuznetsov et al, 2002), these cells may
likewise possess NB-like structures, thus representing a near-
ubiquitous tool of nuclear-peripheral compartmentalization.

In such NBs, Tpr’s large coiled coil-dominated N-terminal
‘rod” domain (Hase et al, 2001) would be an essential
architectural element (Figure 8). By contrast, the structural
contribution to an NB-like scaffold by Nupl53 or even
Nup98, largely degraded in the PV-infected cells, could be
regarded as supportive at most. In this case, small proteolytic
fragments that might have escaped detection could still have
a scaffold-stabilizing role in the PV-infected cell. It also
cannot be ruled out that those parts of Nupl53 degraded
during PV infection normally play some role in the initial
steps of HEZ formation, or contribute to the slightly larger
HEZs seen in non-infected cells. Furthermore, our data do not
exclude the possibility that additional, yet unidentified pro-
teins contribute to the formation of NBs and HEZs.

Tpr’s largely unfolded C-terminal ‘tail’ domain of ~730 aa
would in this model not be needed for maintaining the NB-like
scaffold. Instead, it could project into the NB-engirded HEZ or
towards the nuclear interior as a flexible appendix. However,
located rather close to the conjectured distal end of an NB (Krull
et al, 2004), the tail alone is unlikely to form the very long HEZs
that markedly exceed the dimensions of an NB scaffold.
However, as Tpr deficiency also precludes their occurrence
upon PV infection, their formation or maintenance too is either
directly or indirectly dependent on Tpr. Whether other compo-
nents though need to be tethered to an NB-like scaffold to form
longer HEZs remains to be investigated. The potential conver-
sion of such long HEZs into smaller, cone-shaped ones during

Figure 8 A model for Tpr as an essential structural element of
perinuclear compartmentalization. Schemes summarizing the
spatial relationships between NPCs and nuclear-peripheral hetero-
chromatin (HC) in HeLa control cells (A), and between NPCs and
hyper-condensed chromatin in PV-infected cells with (B) and with-
out Tpr (C). NEs, NPCs, and HEZs are shown in diametric cross-
section and approximately to scale. The light and medium grey
areas represent the euchromatic regions (EC) and the inter-chro-
mosomal space (ICS). The coiled-coil rod domains of Tpr contribute
to forming a fibrillar HEZ scaffold (green) that corresponds to the
NB seen in other cell types. The unfolded Tpr tail domains (red), or
other yet unidentified appendices, may project deeper into the
nucleus. (A) In HeLa cells, nuclear-peripheral heterochromatin is
limited to a thin layer only a few nanometres thick. Whether such
heterochromatin is actually excluded from the NPC entrance zones
is unclear at this point. (B1) Early upon PV infection, a process of
chromatin compaction appears to spread towards the nuclear
interior, thereby outlining the NPC-proximal parts of HEZs reminis-
cent of those observed in different types of tissue cells. (B2) Later
after infection, the HEZs can be completely engirded by condensed
chromatin excluded from this region. By then, the Tpr tails or any
other appendices are either largely degraded or have collapsed onto
the residual HEZ scaffold comprising the intact Tpr rods. Similarly
shaped HEZs are observed in terminally differentiated cells with
high heterochromatin content. (C) In Tpr-deficient cells, the nuclear
entrances of the NPCs are covered by condensed chromatin after PV
infection. It remains unknown though whether the HEZs are in fact
trespassed by expanding masses of heterochromatin, or whether
euchromatin possibly present in these regions after loss of Tpr is
condensed upon PV infection.
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progression of PV infection might correlate with the detachment
of additional components from the NB. The latter might be
degraded themselves or released by proteolysis of an NB
component such as Tpr’s tail domain.
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A possible role for an NPC-associated NB-like scaffold
in heterochromatin exclusion

The mechanism by which compounds as different as con-
densed chromatin, the granular material of the nucleolus,
and SV40 particles are all segregated from the cone-shaped
HEZ remains unknown. If the HEZ scaffold in somatic cells
were indeed an NB-like structure of octagonal symmetry, the
maximal width between neighbouring fibrils would be
~40nm. However, if these fibrils would act as a physical
barrier, the nucleolar granules of ~15-20 nm diameter could
pass through them, if not retained by the nucleolus itself or
prevented by an NB-mediated sorting process. By contrast,
the large SV40 particles could indeed be excluded due to their
size.

Regarding chromatin, simple size exclusion could be ima-
gined for a folded euchromatic 30 nm fibre and even more so
for the condensed heterochromatic material. However, as
fibrillar connections observed between the NB-like fish trap
and the surrounding chromatin (Maul, 1971, 1976) could
suggest, chromatin might not merely be excluded by size
but kept in place by being tethered to the HEZ scaffold.

The reason why an HEZ-forming scaffold should exclude
chromatin from an NPC-proximal zone could simply be that
access of large cargo complexes to the NPC translocation
channel would be impeded by a meshwork of dense chroma-
tin fibres, and facilitated by HEZs. Especially in differentiated
cells with a high content of very dense heterochromatin but
still active gene expression, clogging the paths to the NPCs
should variably affect the export of different cargo molecules.
However, without experimental evidence from such cells, the
proposition that heterochromatin could impede the accessi-
bility of their NPCs needs to be treated with caution.

In cultured cells, heterochromatic regions are in fact
accessible for tracer molecules of certain size, as shown for
fluorescently labelled dextrans injected into nuclei. Whereas
regions of perinuclear heterochromatin were found inacces-
sible for 282-kDa dextrans, dextrans of 42 kDa were reported
to have unlimited access. Dextrans of 77 kDa were excluded
from the densest heterochromatin in such cells, but less
dense regions appeared partially accessible for dextrans of
70-148 kDa (Verschure et al, 2003; Gorisch et al, 2005a, b).

The sizes of dextrans in solution can be described by their
radii of gyration Rg (e.g., Seksek et al, 1997; Lénart and
Ellenberg, 2006). These can be used to calculate the approx-
imate sizes of differently shaped particles that would have
similar hydrodynamic properties (e.g., van Holde, 1971;
Verschure et al, 2003). For macromolecular complexes of
spherical shape, approximate R values of 7.5nm (42-kDa
dextrans), 9.5nm (77kDa), and 18nm (282kDa) would
correspond to particle diameters of ~19, 25, and 46nm,
respectively. For a prolate rotational ellipsoid with an axial
ratio of 4, representing the approximate shape and axial
proportions characteristic for the mRNPs that comprise the
bulk of moderately sized mRNAs of only a few kilobases (kb)
(Batisse et al, 2009), the above-mentioned Rg values would
correspond to particle lengths of 32, 40, and 76 nm.

Therefore, if size were the only criterion for exclusion,
export cargos such as the ribosomal 40S and 60S subunits of
23-25 by 13-23 nm in size (e.g., Haga et al, 1970; Nonomura
et al, 1971; Frank et al, 1981), with corresponding R values
of 7-9nm, might be too small to be prevented in a cultured
cell from reaching an NPC coated by a layer of moderately
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dense heterochromatin. The latter should then also not
prevent NPC access of the bulk of mRNPs, with particle
lengths of 15-30nm (Batisse et al, 2009), and a calculated
Rc of 7.1 nm for the 30-nm particle.

In principle though, size-dependent exclusion by hetero-
chromatin would be well conceivable for very large mRNPs.
Such exist, for example, in the polytene salivary gland cells of
some insects, where transcripts of 35-40kb are assembled
into spherical mRNP particles ~50nm in diameter (e.g.,
Stevens and Swift, 1966; Mehlin et al, 1991). With an
according Rg value of >19 nm, these mRNPs would outreach
the proposed size-exclusion limit for heterochromatin
(Gorisch et al, 2005b). Yet in this cell type, devoid of
perinuclear heterochromatin, HEZs would not be needed.

However, vertebrate mRNPs containing the 20- to 100-kb
mRNAs for giant myofibrillar proteins (e.g., Sanger and
Sanger, 2001) may be of similar size or even larger, and in
this case noticeable amounts of heterochromatin with HEZs
exist in different muscle cell types (e.g., Rhodin, 1968;
Bloom, 1970; Smetana et al, 1970; Sabatelli et al, 2001).
It appears to be obvious that for such cargos the heterochro-
matin would need to be excluded from their paths to the NPC.

Other functions

In addition to preventing heterochromatic material from
entering the HEZ, a scaffold might also confine the diffusive
movement of export cargos. In fact, it has been found that
large RNP complexes can virtually move freely within the ICS
but appear to be excluded from the chromatin-rich regions
(e.g., Politz et al, 1999; Bridger et al, 2005). However, if the
NB-like scaffold, and any fibrillar extensions, would primar-
ily consist of thin and rather widely spaced fibrils, it appears
unlikely that they could corral the bulk of the cargo com-
plexes within the HEZ merely by size exclusion. The fact that
mRNP particles are nonetheless largely confined to the ICS
indicates that this involves other mechanisms. These might
include transient interactions between cargos and compo-
nents stably associated to the HEZ scaffold, and even play a
role in the NPC directedness of cargo movement near the
nuclear periphery. The C-terminal domain of Tpr, perhaps
dispensable for HEZ formation and apparently not required
for its maintenance, could be one component that directs
export cargos to the NPC. Accordingly, various RNP-asso-
ciated components were found to bind to Tpr’s tail domain
(e.g., Hase, 2003; our unpublished data). Interestingly, some
nuclear import receptors also bind to this domain (Shah et al,
1998; Ben-Efraim et al, 2009) but relevance of these interac-
tions in the context of Tpr’s NPC attachment still remains
unclear. Furthermore, the ERK2 kinase binds stably to Tpr’s
tail and was proposed to have a role in cargo modification at
this location (Vomastek et al, 2008).

Facilitating particle access to the NPC by chromatin exclu-
sion may therefore not have been the primary purpose of
NPC-attached appendices. The heterochromatin could simply
have been expelled from this region as a consequence im-
posed by the NB’s design and dimensions, if prerequisite for
proper nuclear-peripheral positioning of Tpr’s C-terminal
domain for other functions. Indeed, NBs in insect salivary
gland cells act as intermediate docking and rearrangement
sites for large RNPs during nuclear export (Kiseleva et al,
1996). Likewise, the yeast Tpr homologue Mlpl has been
found to act as a docking site for hnRNPs (Green et al, 2003;
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Vinciguerra et al, 2005) and a retention site for unspliced
mRNAs (e.g., Galy et al, 2004). Moreover, presence of
NPC-attached Tpr in proliferating cells with sparse hetero-
chromatin, and in cell types with no or little perinuclear
chromatin at all, as in insect salivary gland cells and in fully
grown amphibian oocytes, further illustrates that hetero-
chromatin exclusion is not Tpr’s only function.

Whether Tpr has a role in establishing or maintaining a
certain condensation status of the surrounding chromatin,
as might be deduced from subtle differences in perinuclear
chromatin appearance noted between Tpr-deficient and con-
trol cells (not shown), remains to be investigated. If so, this
could attribute a role in perinuclear transcription regulation
to mammalian Tpr, as has been found for its orthologue in
insects (Mendjan et al, 2006) and yeast (e.g., Casolari et al,
2005; Vinciguerra et al, 2005; Dieppois et al, 2006; Luthra
et al, 2007). In such a scenario, Tpr could tether chromatin to
the vicinity of the NPC in order to keep it in a distinct state.
One could also envision Tpr as a recruitment and operational
platform for factors that modulate chromatin properties and
thereby contribute to a distinct NB-to-chromatin interface.
This could even act as a transcriptionally permissive micro-
environment (e.g., Sexton et al, 2007; Skaggs et al, 2007;
Zhao et al, 2009) and thereby contribute to HEZ formation
and maintenance. The factors involved, as well as transiently
bound RNPs, might be lost during the PV-infection process,
along with degradation of peripheral NPC proteins like
Nupl53, and Tpr’s tail domain. This might explain why the
dimensions of the cone-shaped HEZs late in PV infection
appear slightly smaller than those found in non-infected cells.
Identification of proteins that specifically bind to either Tpr’s
rod or tail domain should not only provide further insight
into Tpr’s functional repertoire but also into that of the NB-
like scaffold as a whole. Moreover, whereas Tpr deficiency
and loss of its probably diverse functions at the NE, as well as
those in mitosis after NPC disassembly (Lee et al, 2008;
De Souza et al, 2009; Lince-Faria et al, 2009), appear tolerable
in highly aneuploid tumour cells like HeLa, Tpr loss in
diploid tissue cells might cause more pronounced phenotypes
and perhaps also uncover cell type-specific functions of
this protein.

Materials and methods

Antibodies, viruses, and cells

Mouse mAbs against Tpr and Nupl53 were described earlier
(Cordes et al, 1997; Hase and Cordes, 2003) and are here referred to
as Tpr-5 (1370-1626“) and Nup153-3 (439-523*). Most guinea pig
(gp) and rabbit (rb) antibodies against Tpr and NPC proteins were
raised against synthetic peptides (Hase and Cordes, 2003; Krull
et al, 2004; Patre et al, 2006). Rb antibodies against hNup98 aa 505-
920 (Griffis et al, 2002) and mAb X167 against lamin A/C (Hoger
et al, 1991) were provided by Maureen Powers and Georg Krohne,
respectively. Rabbit antibodies against lamin A were from Covance
(Emeryville, CA, USA). Secondary antibodies were from Jackson
ImmunoResearch (West Grove, PA, USA) and Dako (Hamburg,
Germany). For PV infections (Belov et al, 2004), near-confluent
HeLa cultures were, if not stated otherwise, inoculated with 50 PFUs
(plaque forming units) per cell of PV type 1, strain Mahoney,
propagated on Green Monkey kidney cells before use on HeLa cells.
The culture conditions for HeLa cells of high passage numbers were
as described (Kuznetsov et al, 2002).

SDS-PAGE and immunoblotting
Preparation of total protein samples from HeLa cells and
immunoblotting was performed as described (Hase et al, 2001;
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Kuznetsov et al, 2002). SDS-PAGE was according to Thomas
and Kornberg (1975). Some filters were reused after stripping
bound antibodies by incubation in 100mM glycine (pH 2.4)
at RT for 15min, subsequent washes in H,O, incubation in
62.5mM Tris-HCl (pH 6.7) with 2% SDS and 50mM DTT at
60°C for 30min, further washes in H,O, and re-equilibration in
TBST at 4°C o/n.

Post-transcriptional gene silencing

Transfection of HeLa cells with siRNAs and Oligofectamine
(Invitrogen, Karlsruhe, Germany) was as described by Elbashir
et al (2001) and Hase and Cordes (2003). Unmodified 19-mer RNA
oligonucleotides finally selected in the course of this study were
from Dharmacon Research (Lafayette, CO, USA) and Qiagen
(Hilden, Germany). Antisense strands were complementary to nt
3176-3194 (here termed pair Ib3), 6040-6058 (IV2), and 6241-6259
(Iv4) of the hTpr cDNA sequence (U69668). siRNAs Il14 and IIIS
(Figure 5B) were 25-mer Stealth siRNAs (Invitrogen). For control
transfections, Dharmacon’s RISC-Free siRNA#1 and non-targeting
siRNA#2 were used, as well as other 19-mer siRNAs with at least
three mismatches to human mRNAs and <50% GC content
(Dharmacon).

Immunofluorescence microscopy

IFM of formaldehyde (FA)-fixed HeLa cells was performed as
described (Hase and Cordes, 2003). Conventional IFM was
performed with a Leica DM RXA, equipped with the Openlab
Software. For confocal laser-scanning microscopy, a Zeiss LSM 510
and a Leica SPS5 were used. For quantitative analysis of Tpr signal
intensities in siRNA-transfected versus non-transfected cells on the
same coverslip, images were acquired with the Leica SP5 with offset
levels of the corresponding PMT channel set to zero, as in
Figure 5A. Tpr-signal intensities of non-transfected (n>20 per
coverslip) and neighbouring transfected cells (1n>40) of similar
nuclear diameter and DNA-staining intensity were then determined
by ImageJ (http://rsb.info.nih.gov/ij/).

Electron microscopy

HeLa cells adherent to culture dishes were washed with PBS and
fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate-HCI buffer
(pH 7.3) with 0.05M sucrose o/n. They were then scraped off and
sedimented at 200 g for 10 min. After rinsing in cacodylate buffer,
the cells were post-fixed in cacodylate buffer with 1.5% 0sO, and
0.7% potassium ferrocyanate at 4°C for 90 min, again rinsed in
cacodylate buffer, dehydrated in ethanol (70, 95, and 100%; each
for 1h), and then stained with 2% uranyl acetate in ethanol for
30 min. The cells were consecutively incubated in a 2:1 and then 1:2
(v/v) mixture of ethanol and Spurr resin (Electron Microscopy
Sciences, Hatfield, PA, USA) at 20°C for 1h each, followed by
infiltration with pure resin at 20°C for 3 h, and polymerization at
70°C for 15h. Sections of approximately 40-60 nm thickness were
transferred onto 200-mesh copper grids without supporting film
and stained with lead citrate for 2 min. Specimens were examined
using a Philips CM120 EM or a Hitachi H-7600 at 80kV, both
equipped with a MegaView 3 CCD camera (SIS, Soft Imaging
Solutions, Miinster, Germany). The iTEM software from SIS was
used for distance measurements.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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