
Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 2174–2179, March 1997
Biochemistry

Supercoil-induced extrusion of a regulatory DNA hairpin
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ABSTRACT Bacteriophage N4 virion RNA polymerase
(N4 vRNAP) promoters contain inverted repeats, which form
a 5- to 7-base-pair stem, 3-base loop hairpin that is required
for vRNAP recognition. We show that, contrary to certain
theoretical predictions, hairpin extrusion can occur at phys-
iological superhelical densities in a Mg21-dependent manner.
Specific sequences on the template strand are required for
hairpin extrusion. These sequences define stable DNA hair-
pins that are relatively unreactive to single strand-specific
probes. In addition, a specific stable hairpin-inducing se-
quence can regulate transcription in vivo. Thus, a DNA
structure, in its natural environment, is involved in transcrip-
tional regulation.

DNA supercoiling affects transcription by facilitating or in-
hibiting RNA polymerase (RNAP) binding andyor formation
of the open complex (1–3). In addition, by stabilizing DNA
bending andyor looping (4–7), supercoiling enhances or in-
hibits the interaction of activators or repressors with the
transcriptional machinery. Supercoiling also promotes the
formation of noncanonical DNA structures such as cruciforms,
Z-DNA, or triple helices (8) which can affect transcription in
vitro (9–11). In no instance, however, is there convincing
evidence that such structures play a role in vivo in regulating
transcription (reviewed in ref. 12).
The three bacteriophage N4 early promoters utilized by the

virion (v)RNAP share sequence from 218 to 11 containing
small inverted repeats centered at 212 (ref. 13). On single-
stranded DNA templates, these promoters are utilized effi-
ciently by N4 vRNAP (13, 14). Mutational analyses of the
promoter template strands indicated that specific sequences
and a 5- to 7-base-pair stem, 3-base loop hairpin are important
for transcriptional activity (14). Transcription on double-
stranded DNA requires supercoiling and Escherichia coli
single-stranded DNA-binding protein (EcoSSB) (15). On the
basis of these results, we proposed a model in which negative
supercoiling extrudes a hairpin to yield an active promoter
conformation that is recognized by N4 vRNAP (14). On the
contrary, the current theory of the energetics of hairpin
extrusion predicts that such small hairpins will extrude only at
high, unphysiological superhelical densities (16, 17). Here, we
show that extrusion of N4 early promoter hairpins occurs at
physiological superhelical densities, that this event requires
Mg21 and specific sequence, and that extrusion occurs in vivo.

MATERIALS AND METHODS

Preparation of Circles Containing N4 Early Promoters.
Cloning of the 2.2-kb SpeI–PstI fragment, containing the N4
early promoters P1 and P2 followed by their respective termi-
nators t1 and t2, into pKB652 to yield pXD102, was as

described (18). To generate mutant P1 promoters, pXD102
was digested with SmaI and partially digested with NsiI; the
4844-bp fragment lacking the P1 promoter was ligated to the
M13 mp11 SmaI–PstI fragment carrying the wild-type or
mutant P1 promoters (14). In vivo generation of circles,
isolation, preparation of topoisomers, and determination of
the average superhelical density were as described (18).
Probing Structural Changes at the N4 Early Promoters As

a Function of Superhelical Density. Chloroacetaldehyde
(CAA), mung bean nuclease (MBN), and T7 endonuclease I
(T7 endo I) reactions were carried out as described (18).
Primers that hybridize specifically to the template and non-
template strands, 40–60 bp away, of each promoter [59-GT-
AATCCCAGACAAAAGG (nontemplate) and 59-CAAAT-
GGAGGCTCCTCG (template) of P2 and 59-GTCATAG-
TATTAGTCTCC (nontemplate) and 59-GGCATGCAAGC-
TTTGTA (template) of P1] were used to detect modifications
or cleavages by primer extension analysis. NEB Vent (exo2)
DNA polymerase (NewEngland Biolabs) was used to carry out
multiple rounds of primer extension, with end-labeled primer,
in a thermal cycler as described (18). Sequencing dye mix was
added directly to the PCR tubes and samples were loaded onto
8% polyacrylamidey7 M urea gels, alongside double-stranded
sequencing reactions of the unmodified DNA using the same
primer. Gels were dried and exposed to x-ray film. Whenever
mutant promoters were probed, the wild-type P2 promoter
present in the same circle was used as a control. The site of
modification or cleavage by a specific reagent was confirmed
by Maxam–Gilbert DNA sequencing reactions (19).
Preparation and Two-Dimensional Gel Electrophoretic

Analysis of Topoisomers. N4 promoter-containing circular
DNA was digested with HindIII, dephosphorylated, isolated
on a 1% agarose gel, and end-labeled with T4 polynucleotide
kinase. 32P-end-labeled DNA in 50 mM TriszHCl, pH 7.6y10
mM MgCl2y1 mM ATPy1 mM DTTy5% (volyvol) polyethyl-
ene glycol 8000 was incubated with T4 ligase and various
concentrations (0–10 mM) of ethidium bromide at 168C for 12
hr, purified by extraction with phenol, precipitated with eth-
anol, and resuspended in TE (10 mM TriszHCl, pH 8y1 mM
EDTA). The different topoisomers were combined and
treated with T7 endo I in 50 mM TriszHCl, pH 8.0y10 mM
MgSO4y1 mM DTT containing 50 mgyml BSA for 10 min at
378C. The topoisomers were loaded onto a 2-mm circular well
in a 0.53 TBEy10 mMMgCl2y1.5% Metaphor agarose (FMC
BioProducts) gel (10 3 14 3 0.5 cm; 13 TBE 5 90 mM Tris
borate, pH 8.3y2 mM EDTA, pH 8.0). Electrophoresis was
performed as described (20). Electrophoresis in the first
dimension was at 12.8 Vycm for 3 hr at 48C. Lanes were cut
from the gel and turned 908, and a 2% Metaphor gel (0.53
TBE, 0.25 mgyml chloroquine) was poured around them (203
24 3 0.5 cm). The gel was soaked in 0.53 TBE, 25 mgyml

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright q 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424y97y942174-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: RNAP, RNA polymerase; vRNAP, virion RNAP;
CAA, chloroacetaldehyde; MBN, mung bean nuclease; T7 endo I, T7
endonuclease I.
‡To whom reprint requests should be addressed at: Department of
Molecular Genetics and Cell Biology, University of Chicago, 920 East
58th Street, Chicago, IL 60637. e-mail: lbrd@midway.uchicago.edu.

2174



chloroquine for 1 hr prior to electrophoresis at 8.3 Vycm for
24 hr at 48C. Gels were dried and exposed to film.
Determination of Oligonucleotide Melting Temperature

(Tm). Data are the average of three independent measure-
ments made in 25 mM sodium cacodylate, pH 7.4. Oligonu-
cleotide concentrations ranged from 1 to 10 mM. UV absor-
bance melting profiles were monitored at 260 nm in a Hewlett–
Packard 8452A diode array spectrophotometer connected to a
Hewlett–Packard 89090A Peltier thermal controller, using a
heating rate of 0.58Cymin. The Tm, estimated as the midpoint
of the transition, was concentration independent.
Determination of the in Vivo Utilization of N4 vRNAP and

rrnB P1 Promoters. E. coliW3350, carrying plasmids contain-
ing wild-type P1 or P1 G-13 promoter and the control pro-
moter P2, was grown at 378C to OD600 5 0.3 in M9 medium
(0.2% casamino acids, 5 mgyml thiamin, 50 mgyml ampicillin)
(21). Cells were collected by centrifugation, resuspended in
fresh medium, incubated at 378C for 10 min, and infected with
N4 phage at a multiplicity of infection 5 10. Cells were
collected 20 min after infection and RNAs were purified as
described (22). RNAs were analyzed by primer extension using
59-CCTACAGTCATACGAACGTTAGCCTGAGTAG (for
P1 or P1 G-13) or 59-GAGACTACTTTTGTCGGTAAGTA-
ATCCCAGAC as primer (22). Extension products were ana-
lyzed on 8% polyacrylamidey7 M urea gels in TBE buffer next
to double-stranded sequencing reaction products of the same
DNA and visualized by autoradiography. Double-stranded
oligonucleotide-directed mutagenesis was performed on
pRLG1478 (23) to replace the sequences between the210 and
235 hexamers of the rrnB P1 promoter. E. coli W3350 was
transformed with pRLG1478 or the mutated plasmids. Tran-
scription from the plasmid-borne wild-type or mutant rrnB P1
promoters was measured by growing cells at 378C in Luria–
Bertani medium with ampicillin (50 mgyml) to OD600 5 0.4,
isolating RNAs, and performing primer extension with the
primer 59-CTTCCATCAGCGTTTATAGT. When present,
novobiocin (1 mgyml) was added 30min before RNA isolation.

RESULTS

To study hairpin extrusion at the N4 early promoters, we used
the site-specific recombination system of phage l (24) to
produce 2.2-kb DNA circles of the N4 early region containing
the vRNAP P1 and P2 promoters. This approach, which
isolates N4 sequences from vector sequences, avoids compe-
tition with other DNA structural transitions that might occur
in vector sequences. Circles were incubated with different
concentrations of ethidium bromide and topoisomerase I to
generate topoisomers with a range of superhelical densities,
and were allowed to react with DNA conformation-specific
chemical and enzymatic probes in the absence of proteins.
Probes included CAA, which reacts with unpaired cytosine,
adenine, and to a lesser extent guanine (25); MBN, which
cleaves phosphodiester bonds in single-stranded DNA (26);
and T7 endo I, which recognizes DNA four-way junctions (27).
Sites of modification or cleavage on both DNA strands were
determined by primer extension analysis of the treated circles
using primers hybridizing at positions adjacent to the promot-
ers.
Supercoiling-Induced, Mg21-Dependent Hairpin Extru-

sion. Relaxed DNA did not react with any of the probes tested
(Fig. 1, s# 5 0) and, in the absence of Mg21, no reactivity to
CAA or MBN was detected even at the highest superhelical
density tested (s# 5 20.114) (Fig. 1 Left and Center). This is
expected because hairpin extrusion at these inverted repeats
requires a superhelical density of approximately 20.110 (28).
However, when Mg21 (10 mM) was present, susceptibility to
CAA and MBN at specific bases between the inverted repeats
was noted in the nontemplate strand at a superhelical density
as low as 20.027, which is lower than the superhelical density
of these circles when isolated from E. coli cells (20.034).
Surprisingly, the template strand was not reactive to CAA and
only weakly reactive to MBN at high superhelical densities,
even in the presence of Mg21, suggesting that the hairpins on
the two strands adopt different conformations (see below).
Removal of Mg21, by chelation with EDTA prior to probe
treatment, abolished hairpin extrusion (data not shown). Sim-

FIG. 1. Dependence on superhelical density of the reactivity of promoter P2 nontemplate (Upper) and template (Lower) strands to different
probes: CAA (Left), MBN (Center), and T7 endo I (Right). The sequences of the two strands (arrows indicate inverted repeats) are shown next
to the gels. Short arrows, modification or cleavage sites; s# is superhelical density.
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ilarly, linearization of the DNA after incubation of the super-
coiled circles with Mg21 abolished the transition (data not
shown). These results indicate thatMg21must be present in the
final structure, and that template supercoiling is required for
maintenance of the structure. The lack of extensive reactivity
to single-strand-specific probes in sequences immediately
flanking the inverted repeats indicated that these regions
remained double-stranded, consistent with the formation of a
cruciform structure. The reactivity to T7 endo I on both
strands suggests the presence of a DNA four-way junction (Fig.
1 Right).
To identify the superhelical density at which extrusion

occurred, a uniform distribution of topoisomers of a 2.2-kb
circle containing a single promoter was subjected to two-
dimensional agarose gel electrophoresis in 10 mMMg21 in the
first dimension. Since the hairpin at the promoter encompasses
15 bp, hairpin extrusion should lead to the relaxation of 1.44
turns. Due to the difficulty in detecting such a change, and
since it was expected that topoisomers which had supported
hairpin extrusion would be cleaved by T7 endo I, a sample was
treated with T7 endo I prior to analysis. The results presented
in Fig. 2 show that topoisomers with more than 7 superhelical
turns were cleaved with the concomitant appearance of linear
DNA, and indicate that cruciform formation, as detected by
cleavage with T7 endo I, occurs at a threshold superhelical
density of 20.035.
Effect of Cations on Hairpin Extrusion. To determine the

role of Mg21 in hairpin extrusion, other cations were tested.
OnlyMn21 and Ca21were able to replaceMg21, as determined
by CAA modification (Fig. 3A). Previous work with four-way
junctions has established that Mg21, Mn21, and Ca21 stabilize
the junction to yield a well-stacked, folded3-like structure (29,
30). Complex ions and polyamines, specifically hexammine
cobalt(III) and spermine, also stabilize the four-way junction,
albeit at much lower concentrations (31, 32). Indeed, hexam-
mine cobalt(III) and spermine were able to induce the same
pattern of MBN reactivity as that induced by Mg21 at low
concentrations (25 mM) (Fig. 3B). Maximal CAA and MBN
reactivities were achieved at 1–2 mM Mg21. These results

indicate that Mg21, within the physiological free concentration
range (T. Record, personal communication), associates with
and stabilizes the four-way junction (33).
Strand Asymmetry. The template- and non-template-strand

hairpins exhibit different reactivities toward single-strand-
specific chemical and nuclease probes, presumably reflecting a
difference in their conformations. Since the hairpins on the
two strands differ only in their loop sequences, the bases within
the loop must contribute to the observed strand asymmetry. A
mutant promoter, P2flip, was generated in which the bases
within the loops of the template and non-template strand

FIG. 4. Reactivity of wild-type promoter P2 and mutant promoter
P2flip to different probes. At the top, promoter sequences; mutated
bases in P2flip are shown in boldface. Triangles and small arrows
indicate sites of T7 endo I and CAA modification, respectively. Upper
pair of gels, CAA; lower pair, T7 endo I.

FIG. 2. Two-dimensional gel electrophoresis of N4 promoter-
containing circles. Topoisomers of a 2.2-kb circle containing a single
N4 promoter were subjected to two-dimensional gel electrophoresis
before (Upper) or after (Lower) treatment with T7 endo I. The
arrowhead marks the topoisomer with a linking number of 7, r
indicates the relaxed topoisomer, and l indicates linear DNA.

FIG. 3. Effect of cations on hairpin extrusion at promoter P2. (A)
Effect of cations on CAA reactivity of promoter P2 nontemplate
strand. Reactions with CAA were performed in the absence and
presence of cations as indicated at the top of the lanes. (B) Effect of
complex cations on MBN reactivity of promoter P2 nontemplate
strand. The short arrows indicate the sites at which Vent DNA
polymerase terminates as a result of modification or cleavage.
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hairpins were switched (Fig. 4). In contrast to the wild-type
promoter, where CAA reactivity occurred only on the non-
template strand, the mutant promoter showed sensitivity to
CAA only on the template strand (see top of Fig. 4). T7 endo
I cleaved both strands of P2flip outside the inverted repeats,
indicating cruciform formation at the mutant promoter (Fig.
4 gels). These results indicate that bases within the loop cause
the observed strand asymmetry.
Sequence Requirements for Hairpin Extrusion. To deter-

mine if specific sequences are required for extrusion, we
performed extensive mutational analyses of promoters present
on circles and probed for extrusion using various DNA con-
formation-specific probes (X.D., M.B.G., and L.B.R.-D., un-
published work). A minimum stem length of 4 bp, provided
that the stem is composed exclusively of GzC base pairs, and
specific sequences at the stem-loop junction and in the loop
(59-C-GDA-G-39, where D5G, A, or T) are required (Fig. 5).
Surprisingly, C at the center of the loop blocks extrusion. In
general, the sequences required for extrusion are those that
yield the most stable DNA hairpins (Table 1). Mg21 (10 mM)
had no effect on the relative Tm of the hairpins (data not
shown). A decrease in hairpin stability was observed for
mutations at the base pair closing the loop and bases at
positions 211 and 213 (Table 1). In addition, the template-
strand hairpins were more stable than the non-template-strand
hairpins by 4–88C. Elucidation of the structure of template-
strand hairpins by NMR spectroscopy indicates that the hair-
pin loops exist as well-ordered, stacked structures (ref. 34 and
M.B.G., unpublished results). This conformation explains the
unusual stability and the lack of reactivity of template-strand
hairpin loops to single-stranded DNA-specific reagents (this
paper and ref. 35).
Hairpin Extrusion in Vivo. To determine whether hairpin

extrusion occurs in vivo, we used two approaches. First, we
assessed the transcriptional activity of extruding and nonex-
truding promoters when present on supercoiled plasmids
inside E. coli cells by RNA primer extension analysis (Fig. 6A).
Promoter P1 G-13 supports N4 vRNAP transcription at wild-
type levels when present on single-stranded templates (14) but
does not extrude a cruciform in vitro (Fig. 5). In vivo, tran-
scriptional activity of the nonextruding promoter P1 G-13 was
greatly reduced compared with the activity of the extruding
promoter (Fig. 6A), indicating that hairpin formation occurs.
In addition, we assessed the effect of replacing the sequences

between the 235 and 210 hexamers of the rrnB P1 promoter
with either extruding or nonextruding hairpin sequences (Fig.
6B), with the expectation that cruciform extrusion would
inhibit binding of E. coli RNAP at the modified rrnB P1

promoters. Replacement of spacer sequences with extruding
hairpin sequences abolished promoter activity, while pretreat-
ment of cells with novobiocin, an inhibitor of DNA gyrase,
restored activity. In contrast, replacement with nonextruding
hairpin sequences—i.e., sequences with a single base change in
the loop (224G 3 A) or with disrupted inverted repeats

FIG. 5. Promoter sequences required for hairpin extrusion. The
sequence of the wild-type promoter template strand is shown. X and
X9 can be any nucleotide as long as they can base pair. Mutations tested
for hairpin extrusion are shown indicating the presence (1) or absence
(2) of extrusion from circular templates of physiological superhelical
density.

FIG. 6. In vivo hairpin extrusion. (A) Primer extension analysis of
RNAs synthesized in E. coli cells from promoters P1 or P1 G-13 and
the respective P2 control promoters. P1 and P1 G-13 promoter
template-strand sequences are shown. Short arrow, primer extension
product. (B) Primer extension analysis of RNAs synthesized in E. coli
cells from rrnB P1 wild-type or mutant promoters containing extrud-
ing and nonextruding hairpin sequences between the 210 and 235
hexamers.

Table 1. Tm of template- and non-template-strand hairpins and
the effect of mutations

Promoter Sequence Tm, 8C

P1 59-AGTTGC-G
211

A A
213

-GCAACG-39 76.7 6 0.5
G- -C 69.8 6 0.2

C 69.4 6 0.6
T 66.0 6 0.6

C G 75.6 6 0.3
A G 68.5 6 0.3

T- -A 65.5 6 0.4
A- -T 63.6 6 0.2

G 74.9 6 1.9
T 75.7 6 0.3
C 76.7 6 0.3

59-CGTTGC-T T C-GCAACT-39 67.5 6 0.5

P2 59-AGAAGC-G G A-GCTTCT-39 73.6 6 1.0
G- -C 61.2 6 0.7

C 67.5 6 1.0
T 63.6 6 1.1

C G 73.9 6 0.5
T 72.0 6 0.4
C 74.9 6 0.2
A 75.0 6 0.4

59-AGAAGC-T C C-GCTTCT-39 69.4 6 0.6

P3 59-AGCTGC-G G A-GCAGCT-39 84.0 6 2.0
59-AGCTGC-T C C-GCAGCT-39 76.3 6 0.6

Numbering of sequence on template strand corresponds to num-
bering of promoter template strand.

Biochemistry: Dai et al. Proc. Natl. Acad. Sci. USA 94 (1997) 2177



(228T 3 A, 227T 3 A) yielded active promoters. Two sites
of transcription initiation (11 and 23) were detected in
constructs where the natural spacer sequences were replaced,
due either to the utilization of multiple start sites or to slippage
of the nascent RNA during transcription initiation, as has been
observed in vitro (36). These results indicate that a supercoil-
dependent structure that inhibits the interaction of RNAP
with the rrnB P1 promoter can be formed in vivo by the
extruding N4 promoter sequences.

DISCUSSION

The extrusion of the small N4 vRNAP promoter hairpins at
low superhelical densities is unexpected. The observed reac-
tivity to probes that react with single-stranded DNA (MBN
and CAA) and a four-way junction (T7 endo I) indicates that
a specific DNA structure forms in a Mg21- and supercoiling-
dependent manner. The pattern of reactivity to T7 endo I
suggests cruciform formation. Low or absent template-strand
reactivity to single-stranded probes is due to the presence of
specific sequences that yield unusually stable DNA hairpins.
The fact that mutations which result in a less stable template-
strand hairpin also affect extrusion suggests that the unusually
stable, template-strand hairpin facilitates the formation
andyor stabilizes the structure of the cruciform. While the
energy of extrusion is supplied by the level of negative super-
coiling, the extent of cruciform formation is influenced by the
intrinsic thermostability of the hairpins, Mg21, and supercoil-
ing. However, the increased thermostability ('108C, equiva-
lent to '1.4 kcal) of the unusually stable hairpins cannot
provide all of the energy required. It is worth pointing out that
current calculations of the energetics of supercoiling-induced
cruciform formation do not take into account the contribution
of localized Mg21 in these structures. Surprisingly, C at the
center of the template-strand hairpin loop did not allow
extrusion, although the corresponding hairpin is as stable as
the wild type (Table 1). Since the first step in cruciform
formation requires melting of base pairs at the center of the
inverted repeats followed by intrastrand base pairing, the
stability of the duplex at the center of the inverted repeats as
well as the rate of intrastrand nucleation will affect hairpin
formation (37, 38). Cytidine at the center of the template-
strand hairpin loop may inhibit initiation of strand separation,
since the GC stacking interaction of the mutant promoter
(59-C-GCA-G-39) results in a more stable duplex at the
nucleation site (39). In this case, the formation of the stacked
structure at the loop of the template-strand hairpin might play
an essential, yet undefined, role in intrastrand base pairing
during extrusion of these small hairpins.
The existence of small stable hairpins capable of extrusion

at physiological superhelical densities raises three new ques-
tions: how prevalent are they, under what conditions do they
extrude, and do they play a role in protein recognition?
Inspection of the sequence database of bacterial, bacterio-
phage, and plasmid genomes reveals some sequences that can
give rise to small stable hairpins (F. Leclerc and L.B.R.-D.,
unpublished work). We expect that many of these sequences
may extrude in vivo, especially when present upstream of a site
of transcription initiation where transcription will transiently
increase the level of negative supercoiling behind RNAP (40).
Hairpin extrusion provides a potential supercoiling-

dependent recognition site for proteins. In N4 early promoters,
it provides a DNA structure that is invaded by E. coli single-
strandedDNA-binding protein (EcoSSB).EcoSSB destabilizes
the nontemplate hairpin, while the stable template hairpin
persists to provide the structure and sequences required for
productive transcription initiation by N4 vRNAP (41). This
system presents what is to our knowledge the first example of
the involvement of a supercoil-driven DNA structural change,
in its natural environment, in transcriptional regulation. Why

should vRNAP-promoter recognition be regulated by the
superhelical density of the N4 genome? vRNAP-promoter
recognition is the first event after injection of the genome into
the host. We have suggested that the dependence of N4 early
RNA synthesis on gyrase activity allows the phage to monitor
the ability of the host cell to support phage growth (15), since
the level of DNA supercoiling inside the cell is influenced by
the [ATP]y[ADP] ratio (42–44). On the other hand, hairpin
extrusion could inhibit the binding of sequence-specific DNA
binding proteins to their cognate sites if these sites overlap
extruding sequences. We show that replacement of sequences
between the 210 and 235 hexamers of the rrnB P1 promoter
with stable hairpin sequences leads, in vivo, to transcriptional
repression of the rrnB P1 promoter in a supercoiling-
dependent manner. Finally, the asymmetry of hairpin struc-
tures in these cruciforms may be used to mark the two strands
of DNA for differential recognition by biochemical machin-
eries and thus provide a directionality for such processes as
recombination, replication, and transcription activation. Since
only one of the hairpin loops is susceptible to single-strand
nuclease, one might envision that after cleavage these struc-
tures could provide a specific and asymmetric site for loading
of proteins (45).
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