












vitro cross-linking of Tpr in the presence of elevated salt con-
centrations also included random intermolecular bond forma-
tion between activated �- and �-amino groups. In contrast, the
electrophoretic mobility of Tpr’s C-terminal domain segments
(Figure 3, C and D) remained unaffected even at high GA
concentrations and in different buffers.

Homodimerization of Tpr Occurs in Parallel and in
Register
To study homodimerization of Tpr in more detail, we used
the yeast two-hybrid system (Fields and Song, 1989) which

permits examination of in vivo interactions between two
proteins of interest. The proteins are coexpressed in a yeast
host cell as fusion proteins, with one protein fused to the AD
and the other to the DNA BD of a transcription activator;
interaction between the proteins reconstitutes the activator,
leading to transcription of reporter genes. This approach has
been used previously to study dimerization of other coiled-
coil proteins (Ye and Worman, 1995; Carpenter and Ip, 1996;
Leung and Liem, 1996; Meng et al., 1996).

With the use of lacZ as the reporter gene and monitoring
�-galactosidase activity in a colorimetric filter assay, we
could demonstrate that identical segments of Tpr’s N-termi-

Figure 4. Yeast two-hybrid
analysis reveals in-parallel and
in-register homodimerization be-
tween Tpr’s N-terminal regions
in vivo. Schemes of Tpr, and of
segments encoded by expression
vectors, are in adaptation to Fig-
ure 1B. (A) Interactions between
identical Tpr segments fused to
yeast Gal4-BD and Gal4-AD, re-
spectively. Asterisk, because fu-
sion product BD 2069–2363
causes autoactivation of reporter
genes, the result for the non-au-
toactivating pair of AD
2069–2363 and BD 1622–2363 is
given instead. Marks indicate
lacZ reporter gene activation;
light blue (
), blue (

), and
dark blue (


) yeast colonies
reflect different amounts of hy-
drolyzed X-Gal; cells without re-
porter gene activation (�) remain
white. Each interaction experi-
ment included analysis of four
clones and was repeated at least
twice. Superscript 1, level of X-
Gal hydrolysis varied between
different experiments or individ-
ual clones within ranges indi-
cated. (B) Selection of experi-
ments in which BD- and AD-
fusion products were tested
reciprocally for interaction with
other segments. Note that non-
overlapping segments generally
do not interact; low levels of X-
Gal hydrolysis were noted only
when AD 774-1370 was coex-
pressed with either BD 1–398 or
BD 305–775 (superscript 2) but
not in reciprocal combinations,
i.e., AD 1–398 plus BD 774-1370,
or AD 305–775 plus BD 774-1370.
(C) Further dissection of the N-
terminal domain reveals specific-
ity of interaction between iso-
genic, HR-containing clusters.
BD- and AD-fusions with two or
three HR clusters were tested reciprocally for interaction with all other constructs. Asterisk, BD 397–663 causes autoactivation (a) of reporter
genes (also observed for BD 401–651 and 371–663; Hase and Cordes, unpublished results); in contrast, autoactivation does not occur with
BD fusions of larger segments containing HR 5–6 or with AD fusions of HR 5–6; interaction between the latter and BD 305–775 results in

high level (


) X-Gal hydrolysis.
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nal domain were capable of homodimerizing in vivo (Figure
4A). In contrast, N-terminal polypeptides that did not share
overlapping regions generally did not interact with each
other (Figure 4B). These results indicated that interactions
between Tpr molecules result in parallel rather than antipa-
rallel homodimers. Furthermore, no interactions were ob-
served between polypeptides of the C-terminal domain (Fig-
ure 4A) or between Tpr fragments and either coiled-coil
protein vimentin or an HR-containing segment of nuclear
lamin C used as control.

Further truncation of Tpr’s N-terminal domain into
smaller units containing only two or three HR clusters re-
vealed that dimerization between Tpr polypeptides occurs
in register rather than in a staggered arrangement. The small
HR-containing segments bound only to segments of the
same kind or to such containing at least one common HR
cluster. In contrast, binding to HR clusters of nonoverlap-
ping regions was not observed (Figure 4C).

Interactions between full-length Tpr or between polypep-
tides representing the full-length N-terminal domain (fusion
proteins of 	200 kDa) could not be studied by the yeast
two-hybrid approach; to a certain extent this appeared to be
due to aggregation and impaired nuclear import of large
hTpr molecules in the yeast cell (Hase and Cordes, unpub-
lished results). Additionally, sterical constraints interfering
with transcription activation were likely (Newman et al.,
2000).

A Surplus of Tpr in Transfected Cells Does Not Self-
Assemble into Stable Homopolymeric Filaments but
Forms a Soluble Pool
To investigate whether Tpr or any of its segments can form
stable homopolymeric filaments in vivo, we overexpressed
the full-length protein and various deletion mutants in tran-
siently transfected human cells of line PLC and analyzed
these by confocal IF microscopy and cell fractionation. The
recombinant polypeptides were recognized via their myc
tag, with the use of mAb 9E10. The possibility that the
N-terminal myc tag may have a disturbing effect on Tpr’s
assembly properties was minimized by control experiments
yielding similar results with nontagged, full-length recom-
binant hTpr that had been expressed in monkey and rodent
cell lines. In these cells, hTpr had been visualized with mAb
203-37 which recognizes the human protein but is not
equally reactive with Tpr homologues of other mammals
(Cordes, unpublished results).

In PLC cells fixed with FA and then permeabilized by
detergent, wild-type Tpr was found primarily at the nuclear
periphery, with no or only traces of additional labeling seen
deep within the nuclear interior; indistinguishable IF results
were obtained with different antibodies specific for epitopes
within either the N- or C-terminal domain of hTpr (Figure
5). Similarly, also full-length recombinant Tpr was generally
found associated with the nuclear rim, previously shown to
correlate with binding to or near individual NPCs (Bangs et
al., 1998; Cordes et al., 1998). In addition, however, in trans-
fected cells with high amounts of the recombinant protein,
the surplus of Tpr was distributed throughout the ex-
tranucleolar nuclear interior (Figure 5, top). To assess to
which degree this latter pool of Tpr may be associated with
intranuclear structures, cells on coverslips were treated with

different extraction buffers before fixation and confocal IF.
Unexpectedly, the extranucleolar pool of Tpr could be quan-
titatively released by brief permeabilization of cells with the
nonionic detergent Triton X-100 in PBS (Figure 5, bottom).
Identical results were obtained for cells permeabilized in the

Figure 5. Surplus recombinant Tpr not bound to NPCs adds to
a soluble pool of wild-type Tpr. Confocal IF micrographs of
human PLC cells transiently transfected with expression vectors
encoding full-length Tpr (1–2363), and deletion mutants making
up the entire (1–1640�NLS) and first half (1–774�NLS) of the
NLS-free N-terminal domain. Cells on pairs of coverslips were
permeabilized with Triton X-100 after and before FA fixation.
Double labeling was with mAb 9E10 against the N-terminal myc
tag of recombinant polypeptides (�-Myc) and rabbit antibodies
against aa 2063–2084 of hTpr (�-Tpr). Immunostaining of wild-
type Tpr near-exclusively at the nuclear periphery was also ob-
served with guinea pig antibodies against hTpr aa 1622–1640 and
with mAb 203-37 against Tpr’s N-terminal domain. Plane of focus
was at or near the cells’ nuclear equator. Note that in addition to
nuclear rim staining, high synthesis rates of Tpr 1–2363 result in
accumulation within the nuclear interior; this intranuclear pool is
quantitatively released by brief permeabilization of cells before
fixation. Similarly, Tpr rod polypeptides accumulated within the
cytoplasm are largely extracted by detergent treatment, with the
exception of aggregate-like cytoplasmic structures in cells ex-
pressing 1–1640�NLS (bottom �-Myc micrograph, residual ag-
gregates from two transfected cells). Bar, 10 �m for all micro-
graphs.
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absence or presence of up to 5 mM MgCl2, the latter reported
to stabilize NPC-associated intranuclear filaments in Xeno-
pus oocytes (Arlucea et al., 1998). In contrast, staining for
recombinant Tpr at the nuclear rim remained unaffected
even when detergent extraction was followed by incuba-
tions in buffers of 0.5 M salt before fixation.

Recombinant polypeptides, which make up the full-length
N-terminal domain (Tpr 1–1640�NLS and 1–1832�NLS), or
its first half (Tpr 1–774�NLS), lack an NLS (Cordes et al.,
1998) and accumulate within the cytoplasm. These cytoplas-
mic pools of Tpr polypeptides were also largely extracted by
treatment with Triton X-100; with the exception of residual
aggregate-like structures often present in the cytoplasm of
cells expressing the full-length N-terminal domain (Figure
5). With the use of Quillaja saponin, a triterpenoid glycoside
with comparably mild nonionic detergent properties, extrac-
tion of the cytoplasmic pool was equally quantitative. In a
smaller population of transfected cells expressing
1–774�NLS, weak to moderate residual nuclear rim staining
was observed. However, detergent-resistant structures of
marked filamentous appearance were not seen with this or
any other Tpr derivative used in this study.

After permeabilization of nontransfected human cells of
lines PLC and 293 with Triton X-100, we had identified a

minor soluble pool of wild-type Tpr. This pool represented
�5% of total Tpr in an interphase cell population (Figure
6A). Characterization by gel filtration chromatography and
sucrose gradient centrifugation had revealed that soluble
full-length Tpr was in a near-monodisperse form, with a
Stokes radius of �161 Å (�6 Å; Figure 6B) and a peak
sedimentation coefficient of �7.5 S (Figure 6C, top fluoro-
graphs). These results allowed us to calculate (for details, see
MATERIALS AND METHODS) a corresponding molecular
weight of �509,000 (�19,000) for the soluble full-length
form. This value is very close to the sequence-deduced value
of 534.670 predicted for a homodimer of full-length Tpr.
Truncated forms of soluble Tpr, which may represent deg-
radation products, were noted to have peak distributions
corresponding to similar Stokes radii but lower sedimenta-
tion coefficients when compared with those of the full-length
protein. These shorter forms of Tpr apparently contain the
full-length N-terminal but lack parts of the C-terminal do-
main (Figure 6B; see also Cordes et al., 1997). It remains to be
investigated whether monomeric full-length and truncated
Tpr polypeptides may coexist in dimers and consequently
influence peak distributions in gel filtration chromatography
and velocity sedimentation.

Figure 6. Gel filtration chromatography and su-
crose density-gradient centrifugation of soluble
Tpr. (A) Immunoblot detection of wild-type Tpr in
soluble fractions of mammalian cells. Total pro-
teins from nontransfected PLC and 293 cells were
separated into 13,000 � g supernatants released by
permeabilization with Triton X-100 (S) and resid-
ual, nonextracted proteins (P); S lanes were loaded
at 10� higher ratio of fraction than P lanes. Tpr
and two putative degradation products (arrow-
heads; see also Cordes et al., 1997) were detected
by mAb 203-37 (�-Tpr-N), which binds to an
epitope located between aa 1370 and 1623 of hTpr.
Identical results were obtained with antibodies
against aa 1622–1640 of hTpr, representing the C-
terminal end of the rod domain. (B) 13,000 � g
supernatants from nontransfected PLC were frac-
tionated by gel filtration chromatography and an-
alyzed by immunoblotting with the use of rabbit
antibodies against aa 2063–2084 of hTpr (�-Tpr-C)
and mAb 203-37. Peak positions for void volume
(v) and reference proteins of known Stokes radii
(IgM, 125 Å; thyroglobulin, 83 Å; ferritin, 61 Å;
catalase, 52.2 Å, aldolase, 48.1 Å) are indicated by
arrows. Peaks of full-length soluble Tpr were re-
peatedly found in fractions 7 and/or 8, corre-
sponding to an average Stokes radius of 161 � 6 Å.
Representative gels shown here were loaded with
fractions of odd numbers only. (C) 13,000 � g
supernatants from nontransfected PLC and 293
cells (top fluorographs) and from 293 cells express-
ing myc-tagged Tpr 1–2363 (bottom fluorograph)
were fractionated by sucrose gradient centrifuga-
tion and analyzed by immunoblotting with the use
of mAb 203-37 or mAb 9E10 (�-Myc). Only upper
portions of filters are shown. Peak positions for
reference proteins of known sedimentation coeffi-
cient (BSA, 4.4 S; catalase, 11.3 S; thyroglobulin, 16.5 S) are indicated by arrows. Note that both wild-type and recombinant Tpr are in peak
fractions corresponding to mean S values of 7.5 S for the intact protein and smaller S values (�6.5 S) for products of Tpr degradation during
gradient centrifugation.
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Figure 7. Immuno-EM analysis of cytoplasmic and nuclear accumulations of recombinant Tpr polypeptides in transfected human cells of
line 293. (A–B�) As reference, confocal IF micrographs of 293 cells, transiently transfected with vectors encoding full-length Tpr (1–2363) and
deletion mutant 1–1640�NLS, are shown. Cells, FA-fixed before permeabilization, were double labeled with mAb 9E10 against N-terminal
myc tags (A and B) and rabbit antibodies against aa 2063–2084 of hTpr (A� and B�). Because 293 nuclei often are rather flat, and in general
significantly smaller than those of PLC cells from cultures of similar density, the optical sections shown do not all correspond to a
near-equatorial nuclear plane. (C–D�) Immuno-EM of cytoplasmic aggregates of recombinant Tpr 1–1640�NLS, and 1–2363, after reaction
with mAb 9E10 and 5-nm gold-coupled secondary antibodies. Gold-decorated aggregates demarked by arrows in overviews (C and D) of
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To determine whether detergent-extractable recombinant
Tpr 1–2363 represented a similarly monodisperse soluble
form, extracts from transfected 293 cells were also analyzed
by sucrose gradient centrifugation (293 cells were chosen
because they could be transfected more efficiently than PLC
cells). Indeed, soluble recombinant Tpr was found to have a
similar peak sedimentation value of �7.5 S (Figure 6C, bot-
tom fluorograph).

Immunogold Labeling of Recombinant Tpr in
Transfected Cells
In 293 cells with high amounts of recombinant Tpr, the
protein is not only i) bound to NPCs and ii) present in a
soluble intranuclear pool but iii) often is also found in stable,
aggregate-like cytoplasmic structures. As in PLC cells, simi-
lar cytoplasmic structures were also seen upon overexpres-
sion of the full-length N-terminal domain (Figure 7A–B�). To
determine whether these structures exhibit any regular mor-
phology, we studied transfected 293 cells by pre-embedding
immuno-EM. Cells were fixed before permeabilization both
for better structure preservation and to allow concomitant
visualization of all pools of recombinant Tpr.

With the use of myc tag-specific mAb 9E10 and 5-nm
gold-coupled secondary antibodies, transfected cells were
detected by specific and dense gold labeling of their respec-
tive pools of recombinant Tpr. In contrast, no or only spo-
radic gold grains per section plane were found in neighbor-
ing nontransfected cells. Gold-decorated cytoplasmic
aggregations of Tpr 1–1640�NLS (Figure 7, C and C�) and
Tpr 1–2363 (Figure 7, D and D�) were found in several cells.
Aggregate clusters studied in detail (n � 7 for Tpr
1–1640�NLS, n � 5 for Tpr 1–2363; for clusters of diame-
ter � 0.5 �m) revealed an electron-dense web of entangled
molecules. Despite analysis of serial sections through some
aggregates, neither rectilinear filaments nor paracrystalline
assemblies were observed. Detergent-resistant intranuclear
dot- or plaque-like structures, seldomly observed by IF mi-
croscopy in a minor population of 293 cells with recombi-
nant Tpr 1–2363 (not shown), were not found in the EM
specimen.

On sections of cells with Tpr 1–1640�NLS, numerous gold
grains in addition to those decorating the aggregates were
found randomly distributed throughout the cytoplasmic
compartment, with no apparent accumulation at endoge-
nous cytoskeletal (Figure 7F) or other structures. Similarly,
in cells containing recombinant Tpr 1–2363, additional gold
grains sporadically found in the cytoplasm did not appear
structure associated (an example of a double-labeled, cyto-
plasmic Tpr 1–2363 molecule is shown in Figure 7E). By
contrast, recombinant Tpr in the nucleus clearly accumu-
lated at the nuclear periphery near NPCs (Figure 7G). With
respect to a 250-nm perpendicular from an imaginary me-
dian between inner and outer nuclear membrane, most gold
particles were found at a mean distance of �155 nm (defined
as NPC-proximal pool). This is equivalent to �135 nm from
the inner NPC annulus and consequently more distal to the
NPC than the terminal ring of the nuclear basket. However,
considering Tpr’s length and that immunolabeling of the re-
combinant protein occurred via its N-terminal myc tag, the
peak distribution of gold grains does not exclude a direct
interaction between Tpr and terminal ring.

Gold particles deeper within the nuclear interior (intranuclear
pool) appeared randomly distributed without apparent structure
association (Figure 7H). The transition from the steep and near-
symmetric distribution curve for the NPC proximal pool, to the
flat distribution gradient of the intranuclear pool, was character-
ized by high curvature, indicative of a rather sharp transition
between both pools (Figure 7G).

In contrast to the dramatic ultrastructural alterations of
the nucleus after overexpression of coiled-coil protein
NuMA (Gueth-Hallonet et al., 1998), similar effects were not
observed upon nuclear accumulation of Tpr.

A Single HR Cluster-containing Segment Is
Essential for NPC Association of Tpr
Recent studies had shown that different segments of the first
but neither the second half of Tpr’s N-terminal domain nor
the C-terminal domain are capable of binding to or near
NPCs (Bangs et al., 1998; Cordes et al., 1998). However,
because each of the N-terminal segments contained putative
coiled-coil as well as noncoiled regions, it remained un-
known whether HRs or other sequence elements contribute
to NPC binding. Moreover, it remained elusive whether
different domain segments are involved in NPC binding in
the context of a full-length Tpr molecule (Bangs et al., 1998).

To answer these questions, we engineered further expres-
sion vectors encoding myc-tagged Tpr deletion mutants and
expressed these in PLC cells. Confocal IF microscopy re-
vealed that only a single HR cluster, no. 5, located between
aa 437 and 513, is essential for stable NPC binding of a
recombinant Tpr protein (Figure 8). All derivatives of the
N-terminal domain that lacked this cluster of HRs generally
failed to associate with NPCs. Further, all but one near-
quantitatively accumulated within the nuclear interior in a
detergent-extractable form (for an exception, see figure leg-
end 8A, superscript 1).

HR cluster 5 contains 11 consecutive copies of the hep-
tad aa consensus sequence “abcdefg” (with “a” and “d”
hydrophobic aa known to be critical for coiled-coil forma-
tion); arranged in tandem, this yields at least five HRs.
Interestingly, one deletion mutant (Tpr 1– 479) with only
the first three HRs of cluster 5 was capable of stably

Figure 7 (facing page). transfected cells (t) are shown at higher
magnification in C� and D�, revealing an electron-dense web of
entangled molecules but no rectilinear filamentous assemblies.
Hatched lines demark cell boundaries between transfected and
nontransfected (nt) cells. N, nucleus. (E) Double label immuno-EM
of recombinant 1–2363 polypeptides with mAb 9E10 (5-nm gold)
and rabbit antibodies against Tpr aa 2063–2084 (10-nm gold). (F)
Immuno-EM of 1–1640�NLS after reaction with mAb 9E10 reveal-
ing random distribution in cytoplasmic areas free of Tpr aggregates
and no preferential accumulation at endogenous cytoskeletal ele-
ments. Positions of 5-nm gold grains are highlighted by red circles.
(G and H) Immuno-EM of Tpr 1–2363 after reaction with mAb 9E10
revealing intranuclear accumulation near the nuclear periphery (G)
but random distribution deep within the nuclear interior (H). Nu-
clear envelope-proximal positions of gold grains (n � 114) in ran-
domly chosen nuclear sections of transfected cells were determined
with respect to a perpendicular from the median between inner and
outer nuclear membrane (G). 5-nm gold grains in H highlighted by
red circles. NB, nonspecified nuclear body; No, nucleolus. Bars, 10
�m (A–B�), 1 �m (C and D), 500 nm (F and H), 250 nm (C� and D�),
100 nm (E).
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binding to the NPC, whereas a deletion mutant in which
two more HRs had been deleted (Tpr 1– 447) failed to bind
(Figure 8B).

In the context of the full-length protein, deletion of most
of HR cluster 5 (Tpr 1–2363�5, lacking aa 448 –510)
equally caused accumulation of the mutant within the

Figure 8. An N-terminal domain seg-
ment containing HR cluster 5 is essential
for NPC binding of recombinant Tpr. (A)
Tpr and deletion mutants encoded by
CMV expression vectors; each polypep-
tide contains a myc tag at the N termi-
nus; N-terminal domain segments are
also tagged with a C-terminal NLS (not
shown). For constructs with internal de-
letions (�), denotations of deleted HR
clusters are given. Marks indicate
whether mutants can be detected at the
inner nuclear periphery of transfected
PLC permeabilized with Triton X-100
before fixation. Superscript 1, nuclear
import of this SV40 NLS-tagged mutant
was severely impaired in a majority of
transfected cells, resulting in numerous
detergent-stable cytoplasmic aggregates
arranged along the outer nuclear mem-
brane, but nuclear accumulation of solu-
ble recombinant protein was obvious in
cells with low expression levels. (B) Con-
focal IF micrographs of PLC cells tran-
siently transfected with a selection of ex-
pression vectors referred to in A.
Residual nuclear rim-staining for Tpr
1-2363�5 is seen only as traces and in a
minor subpopulation of the transfected
cells. Antibodies for double labeling are
as in Figure 5. Bar, 10 �m, for all micro-
graphs.
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nuclear interior even at low expression levels (Cordes,
unpublished results, but see also Figure 10). Brief deter-
gent treatment of cells before fixation resulted in near-
total nuclear release of Tpr 1–2363�5, with only residual
traces of nuclear rim-staining seen in a minor subpopula-
tion of transfected cells (Figure 8B; for details of quanti-
fication, see MATERIALS AND METHODS). In contrast,
occasional formation of detergent-stable cytoplasmic ag-
gregates was still observed.

Further mapping revealed that a segment comprising only
HR cluster 5 cannot bind to the NPC and that additional
flanking aa sequences are required. However, these do not
have to be retained on both sides of the HR cluster: short
appendages of �100 aa at either the N- or C-terminal side
were shown to be sufficient (Figure 9).

NPC Binding, but Not General Homodimerization,
Depends on Consensus Sequence Integrity of Cluster
5 HRs
To determine whether consensus sequence integrity of indi-
vidual HRs in cluster 5 is essential for NPC binding, we
introduced aa substitution mutations into Tpr’s aa sequence.
Expecting more dramatic effects with proline than with
other aa substitution mutations on �-helical structure and
coiled-coil formation (O’Neil and Degrado, 1990; Chang et
al., 1999, and citations therein), these were studied first. With
the use of Tpr 1–774 as a model polypeptide, the substitu-
tions were introduced into tandem repeats 2 and 4 of cluster
5 and for comparison also into flanking sequence elements
and neighboring HR clusters (Table 4A). The Paircoil pro-

Figure 9. The smallest Tpr segment capable of NPC binding consists of HR cluster 5 and flanking sequence elements. (A) Deletion
mutants encoded by CMV expression vectors, each with N-terminal myc tag and C-terminal NLS tag. First column reflects binding to
the NPC in transfected PLC cells permeabilized with Triton X-100 before fixation. Relative intensity of �-Myc immunostaining at NPCs
is given in the second column (weak staining or traces thereof, one dot; moderate and intense staining, 2 and 3 dots. For rating, see
MATERIALS AND METHODS). Superscript 1, after detergent extraction, the majority of these transfected cells lack NPC-bound
recombinant polypeptide; superscript 2, intense nuclear rim staining only sporadically observed, i.e., in a significantly lower proportion
of transfected cells than for reference construct 276 –519. (B) Confocal IF micrographs of human PLC cells transiently transfected with
a selection of expression vectors referred to in A. Antibodies were as for Figure 5. Same laser-scanning settings for all specimens. Bar,
10 �m, for all micrographs.
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gram (Berger et al., 1995) was used to help select sites where
substitutions were predicted to most severely impair coiled-
coil formation.

No or only minor effects were observed for proline sub-
stitutions in HR clusters 3, 4, or 6 or in HR-free segments
flanking cluster 5. In contrast, several individual mutations

within HR cluster 5 impaired NPC binding, and complete
abolishment was caused by double proline substitutions at
L458 and M489 (Figure 10A), both in d positions of the HR
motif.

Because effects resulting from introduction of two proline
residues may be due to a more general structural distortion
of the entire region, we also analyzed the effects of aspartic
acid substitution mutations (Table 4B). Similarity in size to
leucine and methionine argued against major spatial con-
straints for aspartic acid within the core of a coiled-coil,
suggesting that an effect on NPC binding would rather be
attributed to charge-induced destabilization of a (hydropho-
bic) coiled-coil interaction.

Whereas individual substitution of L458 or M489 had only
moderate effects, the corresponding double substitution
abolished the ability of Tpr 1–774 to bind to the NPC (Figure
10A). Immunoblotting of cell fractions confirmed that Tpr
1–774 with double proline or aspartic acid substitutions was
present in the soluble, detergent-extractable pool, whereas
the original Tpr 1–774 was largely found in the nonsoluble
pellet (Hase and Cordes, unpublished data). In the context of
full-length Tpr, the effect of the double aspartic acid substi-
tution was comparable to that of HR cluster 5 deletion
(Figure 8B): the mutant accumulated within the nucleus and
was quantitatively extracted by brief detergent treatment;
traces of residual NPC staining were observed in only a
subpopulation of transfected cells (Figure 10A). Introduction
of these aa substitution mutations had no obvious effect on
the polypeptides’ intracellular stability. In cell populations
transfected with similar efficiency, recombinant Tpr
polypeptides with and without aa substitutions were of
expected approximate sizes and present in similar amounts

Table 4 (cont). Proline and charged aa substitution mutations in
HRs of cluster 5, but not within other HRs, abolish or impair
binding of Tpr to the NPC. Human PLC cells were transiently
transfected with expression vectors encoding the myc- and NLS-
tagged first half of Tpr’s N-terminal domain (Tpr 1–774) into which
proline (A) and aspartic acid (B) substitutions had been introduced
by in vitro mutagenesis. Transfected cells were permeabilized with
Triton X-100 prior to fixation; NPC binding of recombinant
polypeptides was studied by confocal IF microscopy. The central
column shows sequence segments flanking the mutation, high-
lighted in blue; aa forming the “hydrophobic groove” in the original
sequence are in red. Rating of relative intensity of �-Myc immuno-
staining at NPCs is as in Figure 9A. Superscript 1, in the context of
Tpr 1–774, some proline substitutions in HR cluster 5 cause addi-
tional formation of multiple intranuclear aggregates of small, dot-
like appearance in 10–35% of transfected cells. Superscript 2, double
proline substitution for L458/M489 in the context of Tpr 1–1653 has
similar effects as described for Tpr 1–1653�5 (Figure 8A), i.e., sig-
nificantly impaired nuclear import of the mutant, and formation of
numerous cytoplasmic aggregates at the outer nuclear membrane;
similar, but less severe import defects are also noted for Tpr 1–1653
with individual proline or double aspartic acid substitutions for
L458/M489. Accumulation of aggregates at the nuclear periphery is
NLS dependent; upon removal of the NLS tag, mutants remain
randomly distributed within the cytoplasm. Superscript 3, in the
context of Tpr 1–774, double substitution of L458/M489 for aspartic
acid completely abolishes NPC binding; in the context of Tpr
1–2363, weak NPC-staining can be seen in a minor subpopulation of
transfected cells.

Table 4. Proline and aspartic acid substitution mutations
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as controlled by immunoblotting of total cell proteins (Fig-
ure 10B).

In contrast to NPC binding, Tpr’s general ability to ho-
modimerize, as monitored with the yeast two-hybrid system
with the use of Tpr model segments 1–774 and 172–651, was
not abrogated. Double substitution mutations did not abol-
ish homodimerization between pairs of monomeric mutants
or between a monomeric mutant and the corresponding
mutation-free polypeptide (Figure 11).

DISCUSSION

In this study we have followed up on ideas that suggest that
Tpr represents a filament-forming, architectural element of
the nuclear interior. In fact, in amphibian oocytes, Tpr had
been found associated with NPC-attached filaments project-
ing into the nuclear interior (Cordes et al., 1997), and in

different types of Drosophila cells, Tpr had been localized
throughout the extrachromosomal nuclear interior where it
had been suggested to form or be part of a filamentous
intranuclear skeleton (Zimowska et al., 1997). Moreover, in
transfected hamster cells studied by IF microscopy, small
recombinant segments of human Tpr have been reported to
occasionally form striking filamentous arrays extending
throughout the cytoplasm (Bangs et al., 1998), suggesting
that Tpr may be capable of homopolymerization in vivo.
However, the only unequivocal evidence that some regions
of Tpr may engage in homodimeric interactions came from
the finding that the short Tpr segment (aa 1–142) present in
the Tpr-Met fusion protein (Park et al., 1986) is involved in
dimerization of this chimeric oncogene product (Rodrigues
et al., 1993).

To gain insight into Tpr’s ultrastructural properties, we
have studied bacterially synthesized Tpr segments by CD

Figure 10. Double aa substitution mutations within
HR cluster 5 abolish NPC binding but have no ob-
vious effect on intracellular stability. (A) Confocal IF
micrographs of PLC cells transiently transfected
with a selection of expression vectors encoding Tpr
polypeptides with double aa substitutions in HR
cluster 5. Cells were permeabilized with Triton
X-100 after or before fixation. Construct Tpr 1–774,
with original L458 and M489, is shown as reference.
Antibodies were as for Figure 5. Note that Tpr
polypeptides with double proline or charged aa sub-
stitutions of aa 458 and 489 do not bind to NPCs but
accumulate within the nuclear interior (top). This
intranuclear pool of Tpr mutants is quantitatively
released by brief permeabilization of cells before
fixation (bottom). Residual nuclear rim-staining for
Tpr 1-2363 with double aa substitutions in HR clus-
ter 5 is seen only as traces and in a minor subpopu-
lation of the transfected cells. Same laser-scanning
settings for all specimens. Bar, 10 �m, for all micro-
graphs. (B) Immunoblot detection of recombinant
Tpr polypeptides with and without aa substitutions.
Each lane contains equal amounts of total protein
from cells transfected with different Tpr expression
vector constructs or empty vector alone (mock).
Cells on culture dishes were directly solubilized in
boiling sample buffer. In parallel, transfection effi-
ciency for the different full-length constructs (right)
or for constructs encoding truncated forms of recom-
binant Tpr was controlled by IF microscopy to be
within the same order of magnitude (� �40%).
Slightly decreased electrophoretic mobility of Tpr
1–774 with double proline substitutions, relative to
other Tpr 1–774 variants, was repeatedly observed.
Myc-tagged polypeptides were detected by mAb
9E10.
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spectroscopy, EM, and chemical cross-linking. The results
directly reflect the bipartite structure of Tpr, demonstrate its
ability to form homodimers, and show that polypeptides of
the N-terminal domain are dominated by �-helices arranged
in a double-stranded coiled coil of rod-like shape. Interest-
ingly, the average rod length of 51 nm measured for Tpr
polypeptide 1–398 was close to a maximal theoretical value
of 59 nm calculated for an entirely extended molecule of
exclusively �-helical conformation with 1.485 Å per helical
residue. When considering only the predicted �-helical re-
gions of the Tpr segment, theoretical lengths range from 50.8
to 53.5 nm. For the other N-terminal segment, Tpr 774-1370,
the theoretical maximal, and �-helical lengths were 88 and
75–80 nm, respectively. Extrapolation of these values would
yield a theoretical length between 169 and 208 nm for a
full-length N-terminal domain of entirely rectilinear struc-
ture. However, in contrast to Tpr 1–398 of rather uniform
rectilinear appearance, actual Tpr 774-1370 rods not only
varied significantly in length but also appeared to be of more
flexible shape. Whether this may point to a more flexible
region within the full-length protein remains to be investi-
gated once Tpr or its full-length N-terminal domain have
been purified. Pentapeptide sequences GKGQP at aa 924–
928 and GVQGP at aa 1177–1181 represent candidate re-
gions that may cause natural hinges in Tpr’s rod domain.
Rectilinearity of Tpr may also be interrupted by a cluster of
five proline residues located between aa 642 and 658. Simi-
larly, rod-shaped molecules seen in protein fractions en-
riched for recombinant yeast Mlp1 were reported to be very
heterogeneous in appearance when studied by EM (Kosova
et al., 2000).

A yeast two-hybrid approach complemented our analysis
of Tpr’s ultrastructural properties and revealed that the two
strands of the homodimer are arranged in parallel and in
register. Interestingly, very high levels of reporter gene ac-
tivity were observed after homodimerization of Tpr
polypeptide 1–235 and Tpr 774-1178: the one including the
segment involved in dimerization of the Tpr-Met fusion
protein and the other a sequence motif (aa 1004–1013)
shown to facilitate formation of other two-stranded coiled
coils (Kammerer et al., 1998). However, whether these re-
gions may reflect preferential assembly sites for Tpr mono-
mers remains uncertain because yeast reporter gene activity
is not necessarily equally proportional to the actual interac-

tions between different pairs of fusion proteins. It can be
modulated by various factors, including fusion protein sta-
bility and nuclear import and sterical constraints (Ye and
Worman, 1995; Ayers et al., 1999).

To investigate whether full-length Tpr, or any of its seg-
ments, may self-assemble into homopolymeric filaments in
vivo, we expressed these polypeptides in cultured human
cells and studied them by confocal IF microscopy, cell frac-
tionation, and immuno-EM. In the sequel, none of the Tpr
polypeptides were found to form structures of marked fila-
mentous appearance. In this respect, Tpr is similar to other
nonpolymerizing coiled-coil–dominated proteins of large
size, such as different members of the golgin family, which
in terms of degree of sequence identity are closely related to
Tpr (Misumi et al., 1997; Kjer-Nielsen et al., 1999). However,
Tpr clearly differs from several other coiled-coil proteins,
which upon overexpression have the potential to readily
form spectacular filament bundles even in the nuclear inte-
rior of somatic cells (Bader et al., 1991; Bridger et al., 1998;
Yuan et al., 1998). It remains to be investigated whether
origin of cytoplasmic filament bundles in hamster BHK cells,
IF labeled with antibodies reactive for recombinant seg-
ments of hTpr (Bangs et al., 1998), may be explained differ-
ently than by self-assembly of Tpr molecules.

Here, we show that surplus Tpr, which does not bind to
the NPC, remains either in a soluble form or assembles into
aggregates of entangled molecules. Rectilinear filament bun-
dles or paracrystalline structures as part of such aggregates,
and seen upon overexpression of other coiled-coil proteins
(Saredi et al., 1996; Klapper et al., 1997), were not detected.
Standard transmission EM analysis of ultrathin sections,
however, did not allow exclusion of the possibility that more
delicate, filigree-like regular assemblies of Tpr molecules
may underlie these aggregates. To address this question,
electron tomography with the COMET software technology
(Miralles et al., 2000) can be utilized to study these structures
at �3 nm of resolution in three dimensions.

In the nucleus, recombinant full-length Tpr accumulated
at the nuclear periphery in a zone corresponding or slightly
distal to the location of the nuclear basket’s terminal ring.
Although orientation and spatial arrangement of Tpr in
relation to the basket remains a topic for future studies, the
data presented here clearly demonstrate the abrupt transi-
tion between this NPC-proximal and the intranuclear pool

Figure 11. Double aa substitu-
tion mutations within HR clus-
ter 5 do not abolish Tpr’s gen-
eral ability to homodimerize.
Selection of experiments in
which effects on NPC binding
and homodimerization were
compared. Double aa substitu-
tions were introduced into myc-
and NLS-tagged Tpr model seg-
ment 172– 651 (assessment of
NPC binding in transfected PLC
cells as in Figure 9) and into BD
and AD fusions of the same seg-
ment. Two-hybrid interactions
were studied between identical

segments and between mutation-free segment and double aa substitution variants (brackets). Rating of lacZ reporter gene expression
is as in Figure 4.
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of recombinant Tpr. This further argues against the idea that
a surplus of Tpr may lead to “growth” of homopolymeric
filaments toward the nuclear interior starting at NPCs as
nucleation sites.

Furthermore, recombinant Tpr deep within the nucleus
was not found stably associated with any specific intranu-
clear structure. Occasional dot-like IF staining with Tpr an-
tibodies in the nuclear interior of PLC cells (Figures 5 and
8–10) was found by serial confocal sectioning to mostly
represent funnel-like invaginations of the nuclear envelope
(see also Fricker et al., 1997) also reactive with antibodies for
lamins and other NPC proteins such as Nup358/RanBP2
(Cordes, unpublished data). In an earlier investigation, we
had occasionally observed dot-like Tpr staining proximal to
the nucleoli of cultured cells that had been fixed with coag-
ulating agents such as methanol/acetone (Cordes et al., 1997;
see also Zimowska et al., 1997). Whether this may reflect a
fixation artifact due to coagulation of soluble Tpr or a prob-
lem of resolution due to specimen dehydration and shrink-
age along the z-axis (Bacallao et al., 1995, and citations
therein) remains to be investigated. In the present study, in
which cross-linkers had been used for fixation, this type of
intranuclear staining was not observed independent of
whether antibodies specific for Tpr’s N- or C-terminal do-
main were used. It appears unlikely that treatment with FA
should result in simultaneous masking of several different
Tpr epitopes only when the protein would occur bound to
intranuclear structures but not when attached to the NPC.

In contrast, the intranuclear pool of recombinant Tpr was
found to represent a monodisperse, soluble form of 7.5 S,
similar to a soluble pool of wild-type Tpr that represents
�5% of the total amount of Tpr in an interphase cell popu-
lation. This endogenous pool may reflect on-going synthesis
of wild-type Tpr for which there may be a demand concom-
itant to the doubling of NPC numbers during cell cycle
progression from G1 to G2 (Maul, 1977). However, whether
soluble forms of wild-type Tpr may also fulfill functions
different from those at the nuclear periphery, and whether
marked intranuclear occurrence of Tpr in insect salivary
gland cells (Zimowska et al., 1997; Fomproix and Cordes,
unpublished data) represents similar soluble pools, remains
to be investigated.

A low sedimentation coefficient but high Stokes radius for
soluble Tpr was not a surprise, expecting a highly elongated
molecule. The calculated molecular weight of �509,000 in-
dicates that Tpr in its soluble form is likely to occur as a
homodimer. Soluble forms of other large-sized coiled-coil
proteins are also known to have low sedimentation coeffi-
cients compared with those of globular proteins of similar
size (Cantor and Schimmel, 1980). Homodimers of mamma-
lian giantin (macrogolgin), a member of golgin subfamily b
with a molecular mass of 376 kDa for the monomer (Seelig et
al., 1994; Sohda et al., 1994), were shown to have a sedimen-
tation coefficient of only 9 S (Linstedt and Hauri, 1993).
Mammalian myosins of the class II subfamily represent fur-
ther examples: composed of two pairs of light chains of
17–24 kDa, plus two heavy chains of �220–230 kDa which
form a homodimeric coiled-coil rod, these assemblies can
occur in a highly extended conformation, with rectilinear
rod domains of up to 160 nm in length and a Stokes radius
of 185 Å (Nozaki et al., 1976; Elliott and Offer, 1978). Total
mass of soluble myosin II complexes can exceed 500 kDa,

whereas corresponding sedimentation coefficients can be as
low as 6 S (Trybus et al., 1982; Takashima et al., 1988).

To complement our analysis of Tpr’s quaternary struc-
tural properties, we have mapped the sequence elements
essential for binding to the NPC and show that such binding
depends on sequence integrity of HR cluster 5. At present,
we cannot exclude, but consider it unlikely, that the cluster
5 region represents a site essential for homo-oligomerization
between Tpr dimers. In such a scenario, mutation of HR
cluster 5 would still allow homodimerization between re-
combinant molecules but not the homo-oligomeric binding
to wild-type Tpr dimers attached to the NPC. As the alter-
native, we propose that Tpr binds to the NPC as a dimer in
which the HR cluster 5 region represents the direct binding
site for one or several NPC proteins. This binding may occur
via heteromeric coiled-coil interaction between the HRs of
Tpr and those of a binding partner. However, a ho-
modimeric cluster 5 coiled coil as a structural unit may be
recognized by the binding partner as well. In this latter case,
the binding partner would not have to be a coiled-coil pro-
tein itself. Interestingly, a short Tpr segment (1–479), mak-
ing up only the first half of HR cluster 5, was capable of
binding to the NPC, whereas aa substitutions in both the
first and second half were required to abolish NPC binding,
indicative that both may include individual binding mod-
ules. However, a segment solely consisting of HR cluster 5
cannot bind to the NPC but requires short flanking segments
at either its N- or C-terminal side. These may be required for
structural stabilization of HR cluster 5 or may represent part
of the binding site itself. The finding that they do not have to
be present on both sides of the HR cluster now explains
seemingly conflicting observations between earlier studies
(Bangs et al., 1998; Cordes et al., 1998).

Future investigations may reveal whether Tpr’s NPC-
binding domain is a target region for mechanisms regulating
the binding and release of Tpr to and from NPCs in inter-
phase and prophase, respectively (Byrd et al., 1994). This
may include posttranslational modification of the binding
domain. Regulated masking by non-NPC proteins may rep-
resent an alternative means to prevent NPC binding. Future
studies may also impart whether mutations that affect Tpr’s
binding to the NPC can also occur naturally in living organ-
isms and whether these provoke pathological effects.

Provided that human Tpr in somatic cells does not self-
assemble into homopolymeric filaments of marked length,
this raises the question as to the composition and assembly
of the extensive, NPC-attached filament bundles in amphib-
ian oocytes (Ris and Malecki, 1993; Ris, 1997). To these, not
only Tpr, but also at least one other NPC protein, Nup153
(Sukegawa and Blobel, 1993), have been found associated
(Cordes et al., 1993). However, in the amphibian oocyte high
amounts of proteins of the NPC proper, considered to be
later required for embryogenesis, are stockpiled in vast
numbers of cytoplasmic annulate lamellae (Cordes et al.,
1995), whereas several proteins specific for the NPC’s nucle-
oplasmic side, such as Tpr, Nup153, and others, are either
absent or present only in substoichiometric amounts
(Cordes et al., 1997; Cordes, unpublished results). These
karyophilic NPC proteins may instead be stockpiled within
the oocyte’s nucleus where they coassemble and in such a
way jointly form the NPC-attached filamentous structures
characteristic for this particular cell type.
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On the other hand, realization that Tpr is tightly associ-
ated with the NPC and cannot self-assemble into stable
filaments or geodesic networks traversing the nuclear inte-
rior of somatic cells argues against a universal role as ho-
mopolymeric architectural element of an extensive fibrillar
nucleoskeleton. Recent results also do not support the idea
that Tpr may function as a central backbone component of
the nuclear basket: NPC reassembly after mitosis, including
the reincorporation of nuclear basket proteins such as
Nup153, and recovery of nuclear transport activity clearly
precedes late reassociation of Tpr to the NPC (Bodoor et al.,
1999; Haraguchi et al., 2000; see also Byrd et al., 1994). This is
also in agreement with immuno-EM localization of Tpr
slightly distal to the nuclear basket’s terminal ring.

Alternatively, a role in subnuclear chromatin organization
as shown for the yeast Tpr homologue Mlp2 (Galy et al.,
2000) may also outline a possible function of the mammalian
counterpart. In a more static setting, NPC-associated ho-
modimers of human Tpr may represent an anchor site for
perinuclear chromatin (Cordes et al., 1997), perhaps by vir-
tue of the C-terminal domains placed in position by a rather
flexible Tpr rod acting as a swivel arm. In another scenario,
Tpr may serve as local operational platform for proteins
with more dynamic roles in perinuclear organization and
other nuclear processes.
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and Vadim Frolov with different computer programs. Thanks also
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holm, and the Human Frontier Science Program.

REFERENCES

Arlucea, J., Andrade, R., Alonso, R., and Arechaga, J. (1998). The
nuclear basket of the nuclear pore complex is part of a higher-order
filamentous network that is related to chromatin. J. Struct. Biol. 124,
51–58.

Ayers, N.A., Wilkinson, D.A., Fitzgerald, T.J., and Carlson, G.M.
(1999). Self-association of the � subunit of phosphorylase kinase as
determined by two-hybrid screening. J. Biol. Chem. 274, 35583–
35590.

Bacallao, R., Kiai, K., and Jesaitis, L. (1995). Guiding principles of
specimen preservation for confocal fluorescence microscopy. In:
Handbook of Biological Confocal Microscopy, J.B. Pawley, ed., New
York: Plenum Press, 311–325.

Bader, B.L., Magin, T.M., Freudenmann, M., Stumpp, S., and Franke,
W.W. (1991). Intermediate filaments formed de novo from tail-less
cytokeratins in the cytoplasm and in the nucleus. J. Cell Biol. 115,
1293–1307.

Bangs, P.L., Burke, B., Powers, C., Graig, R., Purohit, A., and Dox-
sey, S. (1998). Functional analysis of Tpr: identification of nuclear
pore complex association and nuclear localization domains and a
role in mRNA export. J. Cell Biol. 143, 1801–1812.

Berger, B., Wilson, D.B., Wolf, E., Tonchev, T., Milla, M., and Kim,
P.S. (1995). Predicting coiled coils by use of pairwise residue corre-
lations. Proc. Natl. Acad. Sci. USA 92, 8259–8262.

Blum, H., Beier, H., and Gross, H.J. (1987). Improved silver staining
of plant proteins, RNA and DNA in polyacrylamide gels. Electro-
phoresis 8, 93–99.

Bodoor, K., Shaikh, S., Salina, D., Raharjo, W.H., Bastos, R., Lohka,
M., and Burke, B. (1999). Sequential recruitment of NPC proteins to
the nuclear periphery at the end of mitosis. J. Cell Sci. 112, 2253–
2264.

Bridger, J.M., Hermann, H., Münkel, C., and Lichter, P. (1998).
Identification of an interchromosomal compartment by polymeriza-
tion of nuclear-targeted vimentin. J. Cell Sci. 111, 1241–1253.

Byrd, D.A., Sweet, D.J., Pante, N., Konstantinov, K.N., Guan, T.,
Saphire, A.C.S., Mitchell, P.J., Cooper, C.S., Aebi, U., and Gerace, L.
(1994). Tpr, a large coiled coil protein whose amino terminus is
involved in activation of oncogenic kinases, is localized to the
cytoplasmic surface of the nuclear pore complex. J. Cell Biol. 127,
1515–1526.

Cantor, C.R., and Schimmel, P.R. (1980). Biophysical Chemistry. II.
Techniques for the Study of Biological Structure and Function. San
Fransisco, CA: W.H. Freeman.

Carpenter, D.A., and Ip, W. (1996). Neurofilament triplet protein
interactions: evidence for the preferred formation of NF-L-contain-
ing dimers and a putative function for the end domains. J. Cell Sci.
109, 2493–2498.

Chang, D.K., Cheng, S.F., Trivedi, V.D., and Lin, K.L. (1999). Proline
affects oligomerization of a coiled coil by inducing a kink in a long
helix. J. Struct. Biol. 128, 270–279.

Cordes, V.C., Hase, M.E., and Müller, L. (1998). Molecular segments
of protein Tpr that confer nuclear targeting and association with the
nuclear pore complex. Exp. Cell. Res. 245, 43–56.

Cordes, V.C., Reidenbach, S., and Franke, W.W. (1995). High con-
tent of a nuclear pore complex protein in cytoplasmic annulate
lamellae of Xenopus oocytes. Eur. J. Cell Biol. 68, 240–255.
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