
whether anti- or proapoptotic BCL-2 members 
exert a dominant role. Our studies indicate that 
in vivo, intact cells require a multidomain pro- 
apoptotic member to respond to a diverse set of 
death signals. tBID must activate BAX or BAK 
to initiate mitochondrial dysfunction and cell 
death in hepatocytes and MEFs. Conceivably, 
in other tissues, this function may be served by 
other proapoptotic multidomain family mem- 
bers such as BOK (25). Activation and oli- 
gomerization of BAX or BAK have been pro- 
posed to result in formation of a homomulti- 
meric pore (9, 26), formation of a voltage-
dependent anion channel-containing pore (27), 
or permeabilization of mitochondrial mem-
branes (28) to initiate cytochrome c release. 
Release of cytochrome c activates the Apaf-l- 
Caspase-9 apoptosome and downstream effec- 
tor caspases (13), and after substantial loss of 
cytochrome c, progressive caspase-independent 
mitochondnal dysfunction can lead to cell death 
(29). Knockouts of cytochrome c or Caspase-9 
and Apaf- 1, which function downstream of mi- 
tochondria, indicate that damage from stauro- 
sporine, etoposide, and radiation depends on 
signals mediated by cytochrome c release from 
mitochondria (1 7-21). The Bm, Bak-deficient 
cells, which have a block immediately upstream 
of mitochondria, appear even better protected 
from these agents. Even ER stress-induced ap- 
optosis requires BAX or BAK, which might 
reflect undefined roles of BAX or BAK at ER 
sites (30, 31) or an ultimate dependence of ER 
pathways on mitochondria (32). Other up-
stream activators of BAX and BAK clearly 
exist, as Bid-deficient cells are often susceptible 
to stimuli that fail to lull cells laclung both BAX 
and BAK. Our loss-of-function studies reveal 
that the absence of proapoptotic BAX and BAK 
molecules creates a profound block. presew- 
ing mitochondria and inhibiting apoptosis af- 
ter seemingly unrelated signals initiated at 
multiple sites including plasma membrane, 
nucleus, and ER. 
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Allosteric Control of RNA 

Polymerase by a Site That 


Contacts Nascent RNA Hairpins 

lnnokenti Toulokhonov,*~ lrina Artsimovitch,* Robert Landickf 

DNA, RNA, and regulatory molecules control gene expression through inter- 
actions wi th  RNA polymerase (RNAP). We show that a short a helix at the t ip 
of the flaplike domain that covers the RNA exit channel of RNAP contacts a 
nascent RNA stem-loop structure (hairpin) that inhibits transcription, and that 
this flap-tip helix is required for activity of the regulatory protein NusA. 
Protein-RNA cross-linking, molecular modeling, and effects of alterations in  
RNAP and RNA all suggest that a tripartite interaction of RNAP, NusA, and the 
hairpin inhibits nucleotide addition in the active site, which is located 65 
angstroms away. These findings favor an allosteric model for regulation of 
transcript elongation. 

Evolutionarily conserved, multisubunit RNAPs 
transcribe genes into RNAs in all known organ- 
isms. A universal feature of these RNAPs is a 
regulated conversion from an initiating form 
that holds the RNA weakly, to an elongating 
form that holds RNA tightly during RNA syn- 
thesis, and then back to a terminating form that 
releases RNA. The molecular basis of this 
switch is unknown. However, conservation 
from bacteria to humans of RNAP's core sub- 
unit composition @'Pa, in bacteria), amino 
acid sequences, three-dimensional structure, 
and contacts to DNA and RNA suggest that the 
switch will be similar for all multisubunit 
N A P S  (1-3). 

A nascent RNA halrpin can terminate tran- 
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scription by bacterial RNAP if the hairpin in- 
cludes the 3 to 5 nucleotides (nt) usually found 
in the RNA exit channel and disrupts at least 1 
base pair (bp) of the -8-bp nascent RNA: 
template DNA hybrid that is present in stable 
transcription elongation complexes (TECs) (4-
7). Similar RNA hairpins can also pause. rather 
than terminate, hanscription when they foml 
more upstream but near the RNA:DNA hybrid. 
rather than invade it. Both hairpin-dependent 
pausing and termination can be enhanced by the 
universal bacterial protein NusA (8, Y). 

Two models can explain hairpin effects on 
transcription (3, 7, 1G1.5). In the rigid-body 
model, a pause or terminator hairpin begins 
forming when only its loop and upper stem 
have emerged from the exit channel. and then 
pulls RNA through the channel and away from 
the active site to avoid steric clash with a rigid 
RNAP as the lower stem pairs. This partially 
unwinds the RNA:DNA hybrid and moves 
RNAP forward without nucleotide addition [the 
hybrid is wedged against the upsheam edge of 
the active-site cleft in a TEC: see fig. 3A in 
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(3)]. In the allosteric model, once the hairpin 
starts to form, it instead triggers a conforma- 
tional change in RNAP that inhibits nucleotide 
addition in the active site and reduces affinity 
for product RNA, without necessarily moving 
the intervening RNA. 

To test the rigid-body versus allosteric mod- 
els, we examined a pause hairpin that inhibits 
nucleotide addition by a factor of 10 to 20 at the 
Escl?ericl?ia coli his pause site (16). The pause 
hairpin loop substituted with 5-iodoU pho- 
tocrosslinks strongly to RNAP's P-subunit flap 
domain between residues 903 and 952, causing 
an unusual retardation of p during SDS-poly- 
acrylamide gel electrophoresis (SDS-PAGE) 
relative to RNA-P cross-links in nonpaused 
TECs (1 7). This cross-link also occurs with a 
5-iodoU-substituted tetraloop pause hairpin 
(Fig. I), which pauses equivalently to wild-type 
(8) and whose structure is known (la), or when 
4-thioU is used in place of 5-iodoU (19). 5-10- 
doU, but not 4-thioU, preferentially cross-links 
to Phe, Tyr, Trp, Met, and His residues (20), 
which are found between P903-952 only at 
F906 and F934 (Fig. IB). F906 is the likely 
target of hairpin-loop cross-linking because the 
strong, shifted+ band disappeared when we 
used a PF906A, but not a PF934A, mutant 
RNAP (Fig. 1C) (21). To confirm this, we 
established that (i) 5-iodoU or 4-thioU in the 
hairpin loop cross-linked between trypsin 
cleavage at amino acid position 903 and 2-ni- 
tro-5-thiocyanobenzoic acid cleavage at posi- 
tion 909 (in PK909C RNAP) (19) and (ii) 
4-thioU cross-linking was retained in the 
PF906A mutant, showing that F906A does not 
alter hairpin-flap interaction (19). 

F906 is located in a short ci helix at the tip 
of RNAP's flap domain (I). The flap is flexibly 
connected to RNAP, held open by lattice forces 
in a crystal structure, and thought to close over 
the exiting RNA in a TEC (1, 3, 22), probably 
by contact of a hydrophobic patch on the flap- 
tip helix to the clamp domain of RNAP (Fig. 2). 
When we modeled the pause hairpin into a TEC 
structure (3), using the reported position of the 
- I I nt (the nt immediately 3' of the hairpin) 
and the loop contact to the flap-tip helix, the 
hairpin fit under the open flap domain (Fig. 2B) 
(19). Thus, unless the RNA exit channel closes 
in the TEC by either flap or clamp movement, 
the steric clash predicted by the rigid-body 
model would not occur. If the exit channel 
closes as expected, the hairpin could pull the 
RNA (including the - 1 1 nt) through the chan- 
nel and away from the active site, while retain- 
ing loop contact to the flap-tip helix. Altema- 
tively, the hairpin could open the exit channel, 
potentially generating an allosteric signal. 

To distinguish these possibilities, we tested 
three predictions of the rigid-body model: (i) 
hairpin formation should move the - 11 nt, (ii) 
lengthening the 3-nt spacer between the hairpin 
and hybrid should reduce the hairpin's ability to 
pull RNA away from the active site and thus to 

stimulate pausing, and (iii) stabilizing the hair- 
pin by lengthening its stem should increase its 
stimulation of pausing. 

To map its contacts to RNAP, we substitut- 
ed the - 1 1 nt with 4-thioU (5-iodoU cross- 
linked poorly at - 11). Separately, we substitut- 
ed the 3'-terminal nt with 5-iodoU. We per- 
formed photocrosslinking in the paused TEC, 

U-A U-A 
c=o 
c e u  C I  

or after hybridization of an antisense oligonu- 
cleotide that converts it to a rapidly elongating 
TEC (Fig. 3A) (6, 19). As predicted by both 
models, 3'-nt contacts changed upon paused 
TEC formation (P':P ratio changed, Fig. 3A), 
but no change was detected in the - 11 nt 
position even when we mapped it to a 6 A by 9 
A area where the mapped segments of P and P' 

B 
Arm 1 

Fig. 1. Pause hairpin cross-linking. (A) Structures of wild-type and tetraloop his pause RNAs with 
positions of analog (magenta) or 32P (*) incorporation, the - 11 and + 1 nt (green), the spacer RNA 
present in the exit channel (color-on-black), and the RNA:DNA hybrid (underlined) indicated. (B) 
Amino acid sequence around the previously identified cross-link target in E. coli RNAP (p903-952) 
(77). --A--, flap-tip deletion. Likely targets of 5-iodoU cross-linking are shown in red. (C) 
Cross-linking of the tetraloop pause hairpin to wild-type, PF906A, and PF934A RNAPs. TECs 
containing 5-iodoU and [32P]cytidine monophosphate (Fig. 1A) were halted at -9, -3, and the 
pause as described (77). After irradiation at 308 nm, samples were denatured, subjected to 
SDS-PACE, and visualized by phosphorimaging. Abbreviations for the amino acid residues are as 
follows: A, Ala; D, Asp; E, Clu; F, Phe; C, Cly; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Cln; R, 
Arg; 5, Ser; T, Thr; and V, Val. 

R.- b.... 

Channel :'*' 

;\v 

Fig. 2. Model of pause hairpin formation in a TEC. (A) RNAP (a and o, white; P, light blue; P', pink) 
is rendered semitransparent to reveal key internal features and contents of the active-site cleft. The 
flap (dark blue worm) and clamp (violet) domains form the RNA exit channel. The flap domain 
connects to K1065 and E813/D814 (blue spacefill) in the active site (Mg2+, magenta; NTP, green) 
through the antiparallel P-sheet connector (green). Flap-tip residues deleted in pA(900-909) are in 
green. Template DNA (orange), nontemplate DNA (yellow), and RNA (red) are positioned as in (3). 
The dotted arrow indicates likely closure of the exit channel. (B) Pause hairpin-RNAP interaction 
magnified and rotated left 30" and down 60" relative to (A). Upstream DNA removed for clarity. 
The tetraloop pause RNA hairpin magenta was positioned by the -11 nt (green) and the loop 
uridines (yellow) that cross-link to F906 (green spacefill). Hydrophobic-patch residues (L901, L902, 
1905; green) may contact p or p' (dotted line) in a TEC. Possible NusA interactions are indicated 
by arrows. 
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cross-linking overlapped (Fig. 3, B and C). This 
also is the previously reported - I  I-nt location 
(3), validating our modeling of the pause hair- 
pin. If hairpin formation were to move - 11 
more than 1 nt, cross-linking to this small area 
would not be maintained (nt in single-stranded, 
extended RNA are separated by 27.5 A) (Fig. 
3C), and even slight movement likely would 

Fig. 3. The -1 1 nt  does not 
move upon paused TEC forma- 
tion. (A) Phosphorimage of P' 
and p separated by SDS-PACE 
after cross-linking in paused and 
nonpaused (with antisense oligo- 
nucleotide) TECs with 4-thioU at 
-1 1 or 5-iodoU at the 3' end. 
(B) Single-hit, partial cyanogen 
bromide cleavage of P' and P 
subunits cross-linked by 5-iodoU 
at - 11 in paused and nonpaused 
TECs (3). Cross-links were as- 
signed between the cleavage site 
closest to  the NH,- or COOH- 
terminus that removed the ra- 
dioactive label and the adjacent 
site at which cleavage yielded a 
radioactive fragment. (C) Loca- 
tion of the -11 nt  (green) in 
paused and nonpaused TECs 
based on results in (B) (79). Or- 
ange, region of p' cross-link. 
Blue, region of p cross-link. Ma- 
genta, the 6 A by 9 A area in 
which the mapped regions of 
cross-linking to  P and P' overlap. 
The flap is removed (dark green 
outline) to  reveal an extended, 
single-stranded RNA (red) in the 
exit channel. 

alter the P':P ratio (see Fig. 3A). To determine 
the effects of spacer length, we varied it from 2 
to 5 nt (Fig. 4A). When the spacer was in- 
creased to 4 nt, hairpin-dependent pausing in- 
creased, directly contradicting the rigid-body 
model. Hairpins with 2- or 5-nt spacing sup- 
ported pausing if NusA was present. 

To examine the effects of lengthening the 

Fig. 4. Effects of hairpin-spacing, stem- 
length, flap-tip helix, and NusA on paus- 
ing. (A) Pause half-lives (gray bars) were 
measured as described (7, 19). The resid- 
ual half-life with antisense oligonucleo- 
tide (blue) or 1 M KC1 (red) reveals the 
hairpin's contribution to  pausing (75). An- 
tisense oligonucleotides for the tetraloop 
and 8-bp stem pause sites were extended 
to  include pairing t o  the hairpin loop. (8) 
TECs with 5-iodoU and 32P in the hairpin 

loop (Fig. 1A) were halted at -9 or the pause, combined with antisense oligonucleotide or NusA 
as indicated, irradiated at 308 nm, subjected to  SDS-PACE, and phosphorimaged. 

hairpin stem, we changed it f?om 5 to 8 bp 
(using the optimal 4-nt spacer). Hairpin-depen- 
dent pausing was lost without NusA, again 
contradicting the rigid-body model (Fig. 4A). 
Although hairpin shape and location are impor- 
tant for pausing, all the spacer and stem results 
are readily explained by specific hairpin inter- 
actions with RNAP and NusA. 

Together, these results and previous tind- - 

ings make a convincing case against the rigid- 
body model: (i) the pausc hairpin cannot be 
imitated by antisense oligonucleotide pairing to 
nascent RNA (6); (ii) unraveling of the RNA: 
DNA hybrid, required if hairpin formation pulls 
RNA through the exit channel, does not occur 
in a paused TEC (23); (iii) the hairpin creates 
steric clash with RNAP, as required by the 
rigid-body model, only if the RNA exit channel 
closes in the TEC (Fig. 2), yet the hairpin fails 
to move the - 11 nt, as it must if the exit 
channel remains closed (Fig. 3); and (iv) in- 
creasing the spacer length increases pausing 
(Fig. 4A), whereas increasing the hairpin stem- 
length reduces pausing (24) (Fig. 4), both op- 
posite to the rigid-body model's predictions. 
We conclude that steric effects of a pause hair- 
pin on RNA translocation through a rigid 
RNAP alone cannot explain hairpin-dependent 
pausing. The hairpin must cause some confor- 
mational change in RNAP, for which flap or 
clamp movement is the apparent trigger. 

Because NusA enhancement of pausing re- 
quires the pause hairpin (8, 15), made subopti- 
mal pause signals work better (Fig. 4A), and is 
modulated by the structure of the hairpin loop 
(8) (e.g., compare tetraloop to wild type in Fig. 
4A), we wondered if NusA also acts through 
interaction with the flap-tip helix, either directly 
or by contacting the hairpin loop. When NusA 
was added to paused TECs containing 5-io- 
doU-substituted hairpin loops, strong, retard- 
ed-gel mobility cross-linking to PF906 was 
replaced by weaker cross-linking to NusA (Fig. 
4B, lanes 2 and 3). Both the NusA and shift- 
ed+ cross-links disappeared when the hairpin 
was disrupted with an antisense oligonucleo- 
tide, and did not occur in nonpaused TECs at 
-9 (Fig. 4B, lanes 4 to 7). 

To determine whether the flap-tip helix 
was required for pausing and NusA action, 
we prepared and tested an RNAP lacking the 
helix [Figs. IA and 2A, PA(900-9091 (19, 
21). In the absence of NusA, the helix dele- 
tion reduced hairpin stimulation of pausing 
from -10-fold to -2-fold (Fig. 4A). The 
helix deletion completely abolished NusA en- 
hancement of pausing (Fig. 4A) and NusA's 
ability to slow transcription elsewhere (19). 
Thus, the flap-tip helix is required for regu- 
lation of pausing by NusA and for most of the 
pause hairpin's effect. 

We propose that NusA stabilizes pause 
hairpin-flap interaction, which, by opening 
the RNA exit channel, may allosterically af- 
fect RNAP's active site. Interaction of the 
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composite NusA-P-subunit surface with 
RNA may stabilize RNA structures and ex- 
plain NusA's ability to accelerate cotrans- 
criptional folding of RNA (25). 

How might an allosteric signal generated by 
flap contact affect catalysis in the active site, 
which is 65 A from the flap-tip helix? The flap 
domain connects to RNAP through a two- 
stranded, antiparallel P sheet (the connector). 
The connector runs along the active-site cleft to 
highly conserved amino acids in the active site 
(E813, D814, and K1065; Fig. 2). E813 and 
D814 may chelate the Mg2+ ion bound to the 
substrate nucleoside triphosphate (NTP); 
K1065 contacts the oc phosphate of the 3'- 
terminal RNA nt; substitution of E813 or 
K1065 disrupts catalysis (26, 27). Therefore, 
the pause hairpin may affect catalysis by mov- 
ing the flap and, by way of the connector, 
critical residues in RNAP's active site. Altema- 
tively, hairpin formation could open the active- 
site cleft by moving the clamp domain. Con- 
versely, flap or clamp movement and possibly 
hairpin formation could be inhibited when 
NTPs bind efficiently (because bound NTP 
would constrain the position of E8 13D8 14), 
and may be coupled to movements of parts of 
RNAP that form the active-site cleft and down- 
stream DNA jaws (Fig. 2) (13). 

Definition of the flap-tip helix as an alloste- 
ric site on RNAP provides a new framework for 
understanding RNAP's regulation. a also binds 
RNAP's flap (28); o may open the RNA exit 
channel to thread RNA into the channel; o 
release may allow the channel to close for 
efficient transcript elongation (13). Like pause 
hairpins, terminator hairpins probably also open 
the RNA exit channel, rather than pull RNA out 
of RNAP, and then dissociate the TEC by 
invading the RNA:DNA hybrid, opening the 
active-site cleft, and triggering collapse of the 
transcription bubble (3, 6). Finally, eukaryotic 
RNAPs also contain a flap domain, making the 
flap an attractive target for both prokaryotic and 
eukaryotic regulators of transcription. 
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Reversible Unfolding of Single 
RNA Molecules by Mechanical 

Force 
Jan Liphardt.' Bibiana Onoa,' Steven B. Smiths2 

lgnacio Tinoco ~ r . , '  Carlos B~stamante' .~*  

Here we use mechanical force to induce the unfolding and refolding of single 
RNA molecules: a simple RNA hairpin, a molecule containing a three-helix 
junction, and the P5abc domain of the Tetrahymena thermophila ribozyme. All 
three molecules (P5abc only in the absence of Mg2+) can be mechanically 
unfolded at equilibrium, and when kept at constant force within a critical force 
range, are bi-stable and hop between folded and unfolded states. We determine 
the force-dependent equilibrium constants for foldinglunfolding these single 
RNA molecules and the positions of their transition states along the reaction 
coordinate. 

RNA molecules must fold into specific three- 
dimensional shapes to perform catalysis. 
However, bulk studies of folding are often 
frustrated by the presence of multiple species 
and multiple folding pathways, whereas sin- 
gle-molecule studies can follow foldinglun- 
folding trajectories of individual molecules 
(1). Furthermore, in mechanically induced 
unfolding, the reaction can be followed along 
a well-defined coordinate, the molecular end- 
to-end distance (x). 

We studied three types of RNA molecules 
representing major structural units of large 
RNA assemblies. P5ab (Fig. 1A) is a simple 
RNA hairpin that typifies the basic unit of RNA 
structure, an A-form double helix. P5abcAA 
has an additional helix and thus a three-helix 
junction. Finally, P5abc is comparatively com- 
plex and contains an A-rich bulge, enabling 

P5abc to pack into a stable tertiary structure (a 
metal-ion core) in the presence of Mg2+ ions 
(2-9). 

The individual RNA molecules were at- 
tached to polystyrene beads by RNADNA hy- 
brid "handles" (Fig. 1B) (10). One bead was 
held in a force-measuring optical trap, and the 
other bead was linked to a piezo-electric actua- 
tor through a micropipette (11, 12). When the 
handles alone were pulled, the force increased 
monotonically with extension (Fig. 2A, red 
line), but when the handles with the P5ab RNA 
were pulled, the force-extension curve was in- 
terrupted at 14.5 pN by an -18-nrn plateau 
(black curve), consistent with complete unfold- 
ing of the hairpin. The force of 14.5 pN is 
similar to that required to unzip DNA helices 
(13, 14). P5ab switched from the folded to the 
unfolded state, and vice-versa, in less than 10 
ms and without intermediates. Forward and re- 
verse curves nearly coincided, indicating ther- 
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