
(�6.1%) of all cases, one cell (Fig. 4, H and
H1) accumulated organelles fluorescing in the
second color (Fig. 4, I and I1). With respect to
the low percentage of 11.3 (�2.8%) of all cells
in culture displaying transfer, this value sug-
gests a strong correlation between organelle
transfer and the existence of a TNT connection.
The transfer of organelles first became visible 2
hours after coculturing and, at later time points,
showed as distinct cells harboring mostly or-
ganelles fluorescing in both colors (fig. S12).
This indicates fusion of red- and green-labeled
structures, a result consistent with reports on
early endosomal fusion (10). The intercellular,
TNT-dependent transfer of labeled organelles
was also detected by analyzing mixed cultures
of DiI- and DiO-labeled NRK cells (fig. S13).
For a pair of TNT-connected cells, only one cell
displayed both colors, which suggested transfer
in one direction only. A quantitative analysis by
fluorescence-activated cell sorting (FACS) re-
vealed that the increase in number of cells with
mixed fluorescence correlated with the increase
in number of TNTs between cells after plating
(fig. S4A). Performing transfer experiments
close to 0°C, conditions that block exo-, endo-,
or phagocytotic events (11, 12), we still detect-
ed organelle transfer between TNT-connected
cells (fig. S14). Thus, the observed transfer did
not depend on conventional exo-, endo-, or
phagocytotic events. Organelle exchange could
be blocked in the presence of latrunculin-B (fig.
S14E), which strongly supported the presence
of an actin-based transfer mechanism.

The observation that functional TNTs were
also found in cell cultures of lineages other than
neuroendocrine cells (figs. S1 and S13) raises the
possibility that TNTs represent a general cellular
phenomenon occurring in long-range cell-to-cell
communication. The transfer of endosome-
related structures through TNTs is consistent
with the finding that similar structures, termed
argosomes, facilitate the intercellular spread of
wingless morphogens (13). Argosomes are
thought to be exchanged between cells via se-
quential exo- and endocytotic events (14). The
transfer of melanosomes between melanocytes
and keratinocytes represents another riddle of
organelle exchange (15). It has been proposed
that this transfer occurs by means of local mem-
brane fusion or phagocytotic mechanisms (15).
Our finding that cells can actively exchange
small membrane carriers through membrane
channels provides evidence for a new principle
of cell-to-cell communication based on mem-
brane continuity between TNT-connected cells
(Fig. 4, J and K). Provided that TNTs are
present in tissue, reconsideration of previous
interpretations of intercellular communica-
tion may be necessary. In this respect, the
concept of membrane continuity between an-
imal cells may also facilitate cell-to-cell trans-
port of, e.g., transcription factors or ribo-
nucleoparticles, as has been documented for
the plant kingdom (16, 17).
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Direct Activation of Bax by p53
Mediates Mitochondrial Membrane
Permeabilization and Apoptosis
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The tumor suppressor p53 exerts its anti-neoplastic activity primarily through
the induction of apoptosis. We found that cytosolic localization of endogenous
wild-type or trans-activation–deficient p53 was necessary and sufficient for
apoptosis. p53 directly activated the proapoptotic Bcl-2 protein Bax in the
absence of other proteins to permeabilize mitochondria and engage the apo-
ptotic program. p53 also released both proapoptotic multidomain proteins and
BH3-only proteins [Proapoptotic Bcl-2 family proteins that share only the third
Bcl-2 homology domain (BH3)] that were sequestered by Bcl-xL. The transcrip-
tion-independent activation of Bax by p53 occurred with similar kinetics and
concentrations to those produced by activated Bid. We propose that when p53
accumulates in the cytosol, it can function analogously to the BH3-only subset
of proapoptotic Bcl-2 proteins to activate Bax and trigger apoptosis.

The induction of apoptosis is central to the
tumor-suppressive activity of p53 (1). Upon
activation by DNA damage–induced or onco-
gene-induced signaling pathways, p53 pro-
motes the expression of a number of genes
that are involved in apoptosis, including
those encoding death receptors (2, 3) and
proapoptotic members of the Bcl-2 family
(4, 5). In most cases, p53-induced apopto-
sis proceeds through mitochondrial release

of cytochrome c, which leads to caspase
activation (6).

Although most of the effects of p53 are
ascribed to its function as a transcription
factor, reports have suggested that the protein
can also induce apoptosis independently of
new protein synthesis (7–10). However, these
studies have relied on ectopic expression of
p53 or overexpression of mutants that lack
transcriptional activity. Transcription-inde-
pendent induction of apoptosis by p53 re-
quires Bax and involves cytochrome c release
and caspase activation, all of which occur in
the absence of a nucleus, suggesting that p53
has the capacity to engage the apoptotic pro-
gram directly from the cytoplasm (11).

We therefore tested if endogenous p53
can engage the apoptotic program directly
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from the cytoplasm in the absence of p53-
induced transcription. We used E1A/H-
rasG12V–transformed wild-type p53 (p53wt),
Bax–/–, and p53–/– mouse embryonic fibro-
blasts (MEF) and an inhibitor of nuclear im-
port, wheat germ agglutinin (WGA). p53 ac-
cumulated in both the nucleus and cytoplasm
of p53wt and Bax–/– MEF that were exposed
to ultraviolet (UV) light; however, pretreat-
ment of cells with WGA blocked the nuclear
import of p53 such that p53 was found ex-
clusively in the cytoplasm (Fig. 1A). WGA
effectively inhibited UV-induced p53-depen-
dent induction of several p53-responsive
genes, assayed by real-time polymerase chain
reaction (PCR) (mdm2, bax, p21WAF1/CIP1,
and PUMA; fig. S1A) and Western blot (Bax
and p21WAF1/CIP1; fig. S1B). Whereas p53-
dependent gene expression was blocked by
the inhibition of p53 nuclear accumulation,
the induction of apoptosis by UV (UV dose
responses in fig. S2) proceeded in p53wt MEF
even though p53 was exclusively cytoplasmic
(Fig. 1B). In contrast, Bax–/– MEF were re-
sistant to UV-induced apoptosis in the pres-
ence of WGA, suggesting that cytosolic p53
cooperates with Bax to induce apoptosis in
the absence of p53-dependent gene regulation
(Fig. 1B). The expression of a sublethal
concentration of Bax rescued apoptosis un-
der these conditions (Fig. 1C). The de-
crease in apoptosis following UV with
WGA may represent the requirement for
p53-dependent regulation of PUMA (12–
14) or other apoptosis-promoting proteins
in the cells without WGA. UV-induced
apoptosis without WGA was observed in
Bax–/– MEF (Fig. 1B) suggesting that
transcription-dependent death is not Bax
dependent in these cells.

We analyzed a transcriptionally inactive
form of p53 that exclusively displays nuclear
localization and does not support p53-
dependent apoptosis (15). We reasoned that
this mutant, Trp53L25Q,W26S (referred to as
p53QS), might not induce apoptosis because it
failed to be exported to the cytosol. When
primary untransformed p53QS knock-in MEF
were treated with WGA, p53QS was present
in both the cytosol and nucleus (Fig. 1D). The
cytosolic accumulation of p53QS was associ-
ated with cell death even in the absence of
UV exposure (Fig. 1E). We speculate that
wild-type p53 does not induce death upon
WGA treatment without UV because of its
proper regulation by MDM2 and other pro-
teins, whereas p53QS accumulates with WGA
alone (and therefore triggers apoptosis). As
controls, wild-type MEF (primary and trans-
formed) responded to 5-mJ UV by p53-
dependent gene regulation and apoptosis
(Fig. 1, B and E, and figs. S1 and S2),
whereas p53–/– MEF were resistant to 5-mJ
UV and WGA-induced effects (Figs. 1, B and
E, and figs. S1 and S2).

These results suggest that it is the failure of
p53 to localize in the cytosol, rather than a
defect in p53-induced transcription of proapop-
totic genes, that accounts for the loss of p53-
mediated apoptosis in p53QS cells. Indeed, a
stably expressed temperature-sensitive form of
p53QS, localized to the cytosol, was reported to
induce apoptosis upon stabilization (10). To test
the direct cytoplasmic effects of p53 in the
absence of p53-induced gene expression,
p53UVIP, p53�PP (no proline-rich domain, ami-
no acids 62 to 91), and p53QS were purified
(fig. S3, A and B) and microinjected into HeLa
cells stably expressing a cytochrome c–green
fluorescent protein (GFP) fusion protein local-
ized to mitochondria (16). To prevent new pro-
tein expression in response to p53 or p53 nu-
clear import, cycloheximide (CHX) or WGA
was added, respectively. Although injection of
immunoprecipitates from non–UV-treated cell
lysates lacking p53 had no effect on these cells
(or on isolated mitochondria, fig. S3D),
p53UVIP and p53QS each induced cytochrome c
release in the microinjected cells (Fig. 2A,
quantitation in fig. S3C). Microinjected p53�PP

failed to induce cytochrome c release (Fig. 2A
and fig. S3C). The amounts of microinjected
proteins were in the range of 4 to 40 fg per cell,
consistent with the amount of p53 that was
isolated from the cytosols of UV-treated
MCF-7 cells (17).

During apoptosis, the release of cyto-
chrome c and other proteins from the mito-
chondrial intermembrane space is controlled
by the Bcl-2 family of proteins (18). A subset
of these proteins, including Bid and Bim,
share the third Bcl-2 homology domain
(BH3) with other family members, and thus
are called “BH3-only” proteins. These pro-
teins activate another set of proteins, includ-
ing Bax and Bak, which contain three of the
BH domains (“BH123” or “multidomain”
proteins), to permeabilize the mitochondrial
outer membrane leading to the release of
cytochrome c and other proteins from the
intermembrane space. Apoptosis induced by
p53 is dependent on Bax and Bak (19), and
the lack of Bax in MEF partially circumvents
p53-mediated suppression of transformation
by oncogenes (4, 20, 21).

Thus, we examined the effect of p53 on
isolated mitochondria with and without Bax.
Neither recombinant monomeric Bax nor na-
tive p53UVIP induced cytochrome c release
on its own; however, incubation of mitochon-
dria with both proteins caused cytochrome c
release (Fig. 2B). Highly purified, non–stress
induced, baculovirus-expressed p53 (p53Bac)
also induced cytochrome c release in the
presence of Bax (Fig. 2C). These results sug-
gest that neither stress-associated p53 modi-
fications nor other proteins synthesized or

Fig. 1. Cooperation of
endogenous cytoplas-
mic p53 with Bax to
induce apoptosis in
the absence of p53
nuclear activity. (A)
UV-induced nuclear
accumulation of p53
is blocked by WGA.
E1A/H-rasG12V– ex-
pressing p53wt, Bax–/–,
and p53–/– MEF were
transfected with WGA
by means of the Char-
iot protein delivery
system (20 �g WGA
per 100-mm2 plate),
treated with 5-mJ UV
for 8 hours, and pro-
cessed into total (T),
nuclear (N), and cyto-
plasmic (C) fractions
before immunopre-
cipitation with an an-
tibody to p53. Starting
materials for the im-
munoprecipitations
were subjected to
Western blot for pro-
liferating cell nuclear
antigen (PCNA, a nuclear marker) and actin (a cytoplasmic marker). (B) UV-induced cytosolic p53
failed to induce apoptosis in the absence of Bax. Above MEF were treated as indicated, harvested,
and stained with Annexin V–FITC before fluorescence-activated cell sorting analysis (FACS). (C)
UV-induced cytoplasmic p53-initiated apoptosis was rescued after re-expression of Bax. Bax–/– MEF
were transfected with a sublethal dose of Bax, cultured for 24 hours, and treated as indicated
before Annexin V–FITC staining and FACS analysis. (D and E) Inhibition of nuclear import allows for
trans-activation–deficient p53 (p53QS) to accumulate in the cytosol and induce death. Primary
untransformed MEF were treated as described in (A) and (B).
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activated upon stress are required for this p53
effect. Although the mouse liver mitochon-
dria have associated Bak (22), this appeared
to be insufficient to support the p53-induced
cytochrome c release. Therefore, this previ-
ously unobserved cytoplasmic activity of p53
seems to require Bax.

A fusion protein composed of p53 and the
steroid-binding domain of the estrogen recep-
tor, mutated to respond to tamoxifen
(p53ERtam), functions in cells to trigger p53-
dependent gene expression and apoptosis
(23). We observed that the transient expres-
sion of this fusion protein in transformed
wild-type MEF caused apoptosis upon addi-
tion of 4-hydroxytamoxifen (4-OHT), which
was not inhibited by CHX (fig. S4A). A
mutant form of p53 lacking the proline-rich
domain (p53�PPERtam) failed to induce apo-
ptosis with and without 4-OHT. p53ERtam,
expressed in MEF lacking either Bax alone or
Bax and Bak, did not trigger cell death unless
Bax was ectopically expressed at subapop-
totic levels (fig. S4B). Therefore, the tran-
scription-independent activity of p53 appears
to be more dependent on Bax in MEF, as
suggested by our previous studies (11).

Purified p53ERtam or p53�PPERtam incu-
bated with mitochondria had no effect with or
without 4-OHT (Fig. 2D). However, mito-
chondria released cytochrome c when incu-
bated with recombinant Bax plus ac-
tive p53ERtam (i.e., with 4-OHT); the
p53�PPERtam lacked this effect. Therefore,
the function of p53ERtam on Bax appears to
require the proline-rich domain of the
p53 molecule.

We also tested the effect of p53 on the
membrane permeabilizing activity of Bax in a
lipid vesicle system that faithfully mimics
mitochondrial outer membrane permeabiliza-
tion (24). No effects of recombinant mono-
meric Bax, recombinant activated Bid (BidN/

C), p53UVIP, or p53Bac were observed on the
release of labeled dextrans from liposomes
when added alone, whereas the addition of
Bax and BidN/C together permeabilized the
liposomes (24). The addition of native
p53UVIP with Bax also caused permeabiliza-
tion of the liposomes and release of fluores-
cein isothiocyanate (FITC)–dextran. In the
liposome system, 5 nM p53UVIP or p53Bac

was effective (Fig. 3A); similar concentra-
tions permeabilized isolated mitochondria
(Fig. 2, B and C). In contrast, p53�PP had
substantially reduced permeabilization activ-
ity in this system (Fig. 3B). p53ERtam also
functioned in the liposome system; as little as
130 pM p53ERtam showed effects in the pres-
ence of 4-OHT and recombinant Bax (fig.
S5). In contrast, the p53�PPERtam mutant had
no effect with or without 4-OHT.

We then examined the activation of Bax
as indicated by Bax oligomerization (25) af-
ter treatment with p53 in the liposome system

with the cross-linking reagent, 1,6-bismale-
imidohexane (BMH). Bax oligomers were
induced by all wild-type p53 proteins and
p53QS, similar to BidN/C at equimolar con-
centrations (Fig. 3C); both p53�PP and
p53�PPERtam failed to induce Bax oligomers.

Two proteins, Bid and Bim, activate Bax
in this manner, and both are BH3-only mem-
bers of the Bcl-2 family (19, 26). These are
thought to act in a “hit-and-run” manner to
induce a conformational change, triggering
their oligomerization (27). We were unable
to detect a physical binding of p53 and Bax
(22). However, BH3-only proteins, including
Bid and Bim, bind to Bcl-2 and Bcl-xL (26),
and the latter proteins block apoptosis
through the sequestration of proapoptotic
Bcl-2 members. Some BH3-only proteins
(e.g., Bad) do not activate Bax, but instead
appear to promote apoptosis by releasing Bid
and Bim from Bcl-2 or Bcl-xL (25, 28).

p53 has been reported to bind to Bcl-xL
and Bcl-2 (9), which might allow for Bak
activation by releasing it from these inhibi-
tors. Although p53 could activate Bax in the
absence of any other proteins (Fig. 3), we

tested if p53 has this additional BH3-like
activity to release proapoptotic proteins se-
questered by Bcl-xL. For this experiment, we
used p53ERtam to determine if this binding
might depend on p53 conformation.
p53ERtam but not the p53�PPERtam mutant
was bound by glutathione S-transferase
(GST)–Bcl-xL only in the presence of 4-OHT
(Fig. 4A). Endogenous Bcl-xL was associat-
ed with immunoprecipitated active p53ERtam

(Fig. 4B), and this association required the
p53 proline-rich domain. Such binding re-
leased BidN/C or Bax that was previously
bound to Bcl-xL (Fig. 4C). Native p53
displaced BidN/C or Bax sequestered by
Bcl-xL at an equimolar concentration (Fig.
4D), whereas concentrations of BidN/C or
Bax that were 50 times higher were re-
quired to effectively displace native p53
from Bcl-xL (Fig. 4E).

The capacity of p53 to directly activate
Bax to permeabilize mitochondria permits an
uninterrupted pathway leading from DNA
damage, for example, to the mitochondrial
release of cytochrome c, caspase activation,
and apoptosis. The previously unobserved

Fig. 2. Cooperation of mammalian
and recombinant p53 with Bax to
induce mitochondrial permeabili-
zation. (A) Wild-type p53
(p53UVIP), p53�PP, and trans-acti-
vation–deficient p53 (p53QS) were
immunopurified (fig. S3, A and B)
and microinjected into HeLa cells
stably expressing cytochrome
c–GFP (green) (16) and pretreated
with CHX (50 �g/ml) or WGA (3
�g/9.4 cm2) and 100 �M z-Val-
Ala-Asp(OMe)-fluoromethylketone.
To observe microinjected cells, fluo-
rescently labeled dextran (red) was
comicroinjected; control immuno-
precipitates (anti-p53–purified ma-
terial from untreated MCF-7 cells)
were also tested. Greater than 400
cells were quantified for cyto-
chrome c release (fig. S3C). CHX-
and WGA-treated cells were ana-
lyzed 4 hours postinjection. (B and

C) Effects of p53 on isolated mitochondria. Immunopurified p53UVIP (B) or p53Bac (C) was added to
freshly isolated C57Bl/6 liver mitochondria (30) with and without recombinant full-length Bax (31) and
incubated at 37°C for 60 min. Supernatants and mitochondrial pellets were then analyzed for
cytochrome c by Western blot. The combination of Bax and BidN/C is a positive control for
mitochondrial permeabilization. (D) Immunopurified p53ERtam or p53�PPERtam (fig. S3, A and B) was
analyzed with or without 4-OHT for mitochondrial permeabilization as in (B). 10 mM 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid pH 7.4, 1 mM ethylenediaminetetraacetic acid (HE) is
the buffer for recombinant proteins. DMSO, dimethyl sulfoxide.
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function of p53, which is analogous to that of
a BH3-only protein, in addition to its function
as a transcription factor, demonstrates an

emerging complexity that exists within com-
ponents of the apoptotic machinery. Other
examples include cytochrome c, which func-

tions both in electron transfer and caspase
activation, and Bcl-2 family members that
have roles in the regulation of metabolism
that are distinct from their apoptotic function
(29). This multifunctionality of proteins is a
source of complexities that, together with
those governing gene regulation and RNA
splicing, serve as controls in life-long deci-
sions concerning cellular proliferation, differ-
entiation, and death.
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Structural Basis of Transcription:
Separation of RNA from DNA by

RNA Polymerase II
Kenneth D. Westover, David A. Bushnell, Roger D. Kornberg*

The structure of an RNA polymerase II–transcribing complex has been determined
in the posttranslocation state, with a vacancy at the growing end of the RNA-DNA
hybrid helix. At the opposite end of the hybrid helix, the RNA separates from the
template DNA. This separation of nucleic acid strands is brought about by inter-
action with a set of proteins loops in a strand/loop network. Formation of the
network must occur in the transition from abortive initiation to promoter escape.

X-ray crystallography has revealed the RNA-
DNA hybrid at the center of an RNA poly-
merase II (Pol II)–transcribing complex (1).
Besides confirming the existence of the hy-
brid, previously inferred from biochemical
evidence, the x-ray structure showed the ori-
entation of the hybrid helix at an angle of
almost 90° to the incoming DNA double
helix, and the position of the growing end of
the hybrid above an opening in the floor of
the Pol II active center, through which nucle-
otides are thought to enter for transcription.
What the x-ray structure did not reveal were
the critical events at the ends of the hybrid:
the selection, at the growing or downstream
end, of a ribonucleotide triphosphate comple-
mentary to the coding base in the template
DNA; and the separation of strands at the
upstream end, whereby the product RNA is
disengaged from the template DNA.

These limitations of the previous x-ray struc-
ture derived from the method of generating the
transcribing complex. It involved the use of a
duplex DNA with a single-stranded “tail” pro-
truding from one 3� end. Pol II initiates transcrip-
tion on the tail, about three residues from the
junction with the duplex region (2). The advan-
tage of this approach is that it does not require
the many general transcription factors involved
in initiation at a promoter. The disadvantages are
that initiation on a tailed template is imprecise,
leading to heterogeneity in transcript length, and

the transcript fails to separate from the template,
giving rise to an extended RNA-DNA hybrid. A
further limitation of the previous work was that
the 3� end of the transcript lay in the nucleotide-
addition site (also known as the i�1 site). Be-
cause transcription had been paused by with-
holding uridine 5�-triphosphate (UTP), required
for pairing with the next base in the template, the
3� end of the transcript must have advanced by
translocation to the �1 site, exposed the require-
ment for UTP, and then backtracked to the i�1
site. Pausing by withholding UTP was also
problematic because of misincorporation, result-
ing in additional heterogeneity of the transcrib-
ing complex.

We have overcome these limitations by as-
sembly of transcribing complexes from Pol II
and synthetic oligonucleotides, rather than by
actual transcription of DNA. Others have shown
that Pol II binds a single strand of DNA and
eight- or nine-residue complementary RNA to
form a stable complex, capable of extending the
RNA (3). Addition of the complementary strand
of DNA results in a complete transcribing com-
plex, capable also of separating the RNA product
from the DNA.

Ten-subunit Pol II from Saccharomyces cer-
evisiae was combined with a 15-residue DNA
strand and 9-residue complementary RNA. A
chain-terminating residue was added to the RNA
by transcription with 3�-deoxyadenosine triphos-
phate (Fig. 1). The resulting complex crystal-
lized in the form of thin, fragile, radiation-
sensitive plates. Data were collected to 3.6 Å
resolution (Table 1), and the structure was solved
by molecular replacement with the previous
transcribing-complex structure and rigid body

refinement (4). An electron density map calcu-
lated with the current x-ray intensities and phas-
es from the previous model with the RNA and
DNA removed (“omit map”) showed clear den-
sity for the RNA-DNA hybrid (Fig. 1), confirm-
ing its presence in the current structure. The near
identity of the current and previous structures
establishes the equivalence of the complex as-
sembled from oligonucleotides to that formed
by transcription.

Where the omit map differed from the pre-
vious structure was at the upstream and down-
stream ends of the RNA-DNA hybrid. The omit
map lacked any density at the downstream end
for a nucleotide in the i�1 site [Fig. 1; compare
(C) and (D)]. The complex was evidently in the
“posttranslocation” state, with the nucleotide that
was just added to the RNA having advanced to
the �1 site, leaving the i�1 site open for addi-
tion of the next nucleotide. Elsewhere we report
on the interaction of nucleotides with the i�1
site, giving insight into the nucleotide-addition
mechanism (5).

The omit map differed from the previ-
ous transcribing-complex structure at the
upstream end of the RNA-DNA hybrid by
the presence of density for additional nu-
cleic acid residues and protein loops (Fig.
2). The paths of the RNA and DNA strands
clearly diverged, beginning at position �8,
with residues �9 and �10 of the RNA
completely separated from the complemen-
tary residues in the DNA (Fig. 2, A and B).
The RNA-DNA hybrid was therefore eight
base pairs in length, the same as the optimal
length for stability of a complex assembled
from oligonucleotides (3).

Three protein loops that could not be traced
because of disorder in any previous polymerase
structure—the “lid (Rpb1 246–264),” “rudder
(Rpb1 310–324),” and “fork loop 1 (Rpb2 461–
480)”—are now revealed. All three loops play
key roles in RNA-DNA strand separation (Fig.
2, C and D). Ordering of these loops is evidence
of their interaction with RNA, DNA, and one
another in the present structure. The lid serves as
a wedge to drive the RNA and DNA strands
apart and interacts with residues �8, �9, and
�10 of the RNA. It forms a barrier to maintain
the separation of the strands and guide the RNA
along an exit path. Rpb1 residue Phe252, at the tip
of the wedge, splits the RNA-DNA base pair at
position �10, contacting the DNA base with the
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