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ABSTRACT: A DNA structure is defined as paranemic if the participating strands can be separated without 
mutual rotation of the opposite strands. The experimental methods employed to detect paranemic, unwound, 
DNA regions is described, including probing by single-strand specific nucleases (SNN), conformation-specific 
chemical probes, topoisomer analysis, NMR, and other physical methods. The available evidence for the 
following paranemic structures is surveyed: single-stranded DNA, slippage structures, cruciforms, alternating 
B-Z regions, triplexes (H-DNA), paranemic duplexes and RNA, protein-stabilized paranemic DNA. The problem 
of DNA unwinding during gene copying processes is analyzed; the possibility that extended paranemic DNA 
regions are transiently formed during replication, transcription, and recombination is considered, and the evidence 
supporting the participation of paranemic DNA forms in genes committed to or undergoing copying processes 
is summarized. 

KEY WORDS: DNA, paranemic, topoisomers, superhelicity, duplex, triplex, transcription, replication, en- 
hancers, recombination, unwinding, unwound. 

1. INTRODUCTION* 

In their paper to the Cold Spring Harbor Sym- 
posium of 1953, Watson and Crick wrote: “The 
third difficulty to this scheme (of DNA expres- 
sion) involves the necessity of the two strands to 
unwind in order to serve as a template for a new 
chain. This is a very fundamental difficulty when 
the two chains are interlaced as in our model. 
The difficulty is a topological one and cannot be 
surmounted by simple manipulation. Apart from 
breaking the chains there are only two sorts of 
ways to separate chains coiled plectonemically: 
. . . one . . . simply pulls in axial direc- 

tion . . . ; in the second way the chains must be 
directly untwisted . . . once every 34 8, . . . in 
our structure”.s19 

Today, 38 years thereafter, a vast amount of 
knowledge has accumulated on how DNA tem- 
plates are regulated and copied; a detailed solu- 

tion to the unwinding difficulty is nevertheless 
not yet available. Mechanisms for breaking and 
rejoining DNA strands have been discovered and 
the enzymes involved have been characterized, 
but the exact relationship between strand break- 
age and DNA expression is far from understood. 
It is clear that mutual strand rotation must take 
place at some stage during replication or tran- 
scription. It is not yet known, however, at what 
locations strands are broken and what the state 
of DNA between two breakage-rejoining events 
can be. For DNA replication, a rotation around 
a “swivel” has long been considered, but only 
most recently have some of the details of that 
swivel begun to emerge. 16*” We do not know yet 
the length of the rotating DNA or even whether 
the rotating strands are the yet to be replicated 
ones ahead of the fork or the just copied strands 
behind it. We do not know yet whether, for tran- 
scription, for instance, uncoiling takes place once 

* A list of abbreviations used throughout this article appears after the acknowledgment section and before the reference 
list. 
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every passage of a polymerase, or whether at high 
transcription rates DNA uncoils for a batch of 
polymerases to pass, or whether, in very active 
genes, DNA may not pass altogether into a tem- 
porarily unwound state. 

At least two basic approaches can be distin- 
guished. According to one approach, transcrip- 
tion can proceed with minimal strand separation, 
superhelical turns providing the amount of un- 
winding necessary for transcription to proceed. 
Experimental evidence shows that the size of the 
necessary transcription “bubble” may not ex- 
ceed 15 to 20 bp.149 Transcription can then pro- 
ceed by mutual rotation of DNA and product 
RNA (Figure 20). It is not known whether the 
polymerase and the nascent RNA chain rotate 
around the DNA template or whether DNA itself 
rotates to permit the transcription “bubble” to 
proceed. More recent work indicates that at least 
some of the rotation may be by DNA around the 
polymerase-nascent RNA complex. 286 That work 
demonstrates that transcription in a closed circle 
is accompanied by the build up of superhelical 
turns, which have to be released by the action of 
DNA topoisomerases. This implies that at least 
some chain breakage-joining follows, rather than 
precedes, the transcription 

According to the other approach, larger seg- 
ments of DNA become unwound, either ahead 
of or behind the template-copying machinery. 
This is supported by the requirement for topo- 
isomerases, for transcription as manifested by the 
inhibition of the processes by specific topoiso- 
merase inhibitors, or following topoisomerase 
gene disruption (see Section IV.B.4). Replica- 
tion processes also require the participation of 
the t o p ~ i ~ ~ m e r a ~ e ~ ~ ~ ~  and are impaired in bac- 
terial and yeast strains lacking topoisomerase ac- 

tivity. The detailed evidence is brought in Section 
1V.A. This requirement for topoisomerases gives 
rise to the possibility that the activation of fre- 
quently copied genes is accompanied by their 
transition into an at least partially unwound state, 
permitting the rapid passage of the copying 
machinery. 

This review will concentrate mainly on the 
question of whether DNA can exist in unwound 
forms, how these forms can be identified, what 
detailed structure they may assume, and what 
their role in replication, transcription, and other 
gene expression processes might be. A number 
of different structures have been proposed re- 
cently for topologically unwound DNA. We shall 
designate these structures, following the proposal 
of Watson and Crick,s19 as paranemic DNA struc- 
tures.** A DNA structure is considered as par- 
anemic when its two strands can separate without 
the introduction of strand breakages and mutual 
rotation of the two strands. The cruciform and H 
forms of DNA are at present the most intensively 
studied paranemic DNA structures. Both struc- 
tures contain locally wound segments, but these 
present no barrier to strand separation. The evi- 
dence for the existence of these and other pro- 
posed structures is described in detail in the third 
section of the review. Most experimental studies 
concerning the unwound structures are currently 
performed on closed, supercoiled DNA forms, 
including plasmids and viruses. The experimen- 
tal methods employed to study unwound DNA 
follow this introductory section. Before proceed- 
ing to the experimental methods used to study 
unwound DNA, the concepts of superhelical 
winding and our knowledge of the enzymes play- 
ing a role in unwinding (topoisomerases and hel- 
icases) are briefly summarized. 

* A list of abbreviations used throughout this article appears after the acknowledgment section and before the reference 
list. 

* At least two mechanisms by which the DNA duplex can be copied without prior strand separation can be envisaged. By 
one mechanism, the bases of one strand swing out of the duplex to serve as a template for an incoming base. Alternatively, 
the incoming base can recognize an intact duplex by Hoogsteen-type base pairing, forming a DNA triplex as an intermediate. 
With both mechanisms, the new strand needs yet to revolve for the products to disentangle. No evidence in favor of or 
against these possibilities could be found. 

** The terms paranemic and plectonemic coiling were proposed by Watson and Crick519 to describe the nonintertwined and 
intertwined states of DNA. These terms were previously used to describe similar states observed in chromosomes during 
cellular replication. Para in Greek means beside, plexus - a knot, and nema - a thread. Paranemic, therefore, means 
threads arranged in a parallel, nonintertwined fashion (also referred to in this review as unwound), in contrast to entangled, 
knot-forming threads. The term paranemic joint was adopted by Radding and co-workers3) to describe the noninterwined 
intermediate formed during DNA recombination (see Section IV.C). 
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A. Early Developments 

Several eminent molecular biologists consid- 
ered solutions to the unwinding problem soon 
after it was found to these early 
suggestions are reviewed in detail by Gorski.168 
Elements of the mechanisms considered today, 
including a partial transition into left-handed 

intermediate cruciform formation, and 
anti-~oiling’~~ can be found in these early papers. 

The problem was temporarily laid to rest when 
it was first calculated that no serious time barrier 
to the rotation of linear DNA around its axis is 
expected in a medium of common v i ~ c o s i t y . ~ ~ ~ * ~ ~ ~  
This was soon supported by measurements of the 
rate of DNA unwinding, then believed to have a 
molecular weight of just a few mDa (-100,000 
bp). Separation times were found to be well be- 
low 1 s, i.e., many thousands of bases per sec- 
ond, sufficient to allow for strand separation of 
bacteriophage DNA.97*105*460.529 Separation times 
were, however, found to be proportional to the 
square of the molecular weight, reflecting the 
effect of both increased DNA length and of in- 
creased viscous drag on the rotating molecule. 

The unwinding problem became acute again 
when it was realized that 

1. Intact, unnicked DNA can be much longer 
than the linear phage DNA previously ana- 
lyzed; chromosomal DNA was found to ex- 
ist mostly as one long, uninterrupted 
thread226 
Viral and organelle DNA are often circu- 
larly closed so that strands cannot start to 
separate without prior strand breakagetg1 

3. Nuclear DNA is not free to rotate as in 
aqueous solutions, but is tightly coiled 
around proteins, presenting a further barrier 
to strand ~ e p a r a t i o n ~ ~ ~ . ” ~ * ~ ~ ’  
Chromosomal DNA is further anchored to 
a scaffold or matrix, from which it emerges 
in closed loops, manifesting an ultimate to- 
pological barrier to ~ n w i n d i n g ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

2. 

4. 

Two discoveries of the same period pointed, 
nevertheless, toward a resolution of the unwind- 
ing dilemma: first, it was found that DNA un- 
twisting, or “nicking-closing’ ’, activities, later 
termed DNA topoisomerases, are present in the 

cell n u c l e u ~ . ~ ~ . ~ ~  These provide a machinery for 
temporary strand breakage and enable the un- 
winding of specific gene segments. The existence 
of topoisomerases thus makes the notion that de- 
fined DNA segments can unwind and rewind in- 
dependently of neighboring gene regions 
reasonable. 

Second, most DNA extracted from cells was 
discovered to have an appreciable degree of neg- 
ative superhelical winding. The release of the 
negative superhelical turns of a circular or looped 
DNA region can cause transition of up to 5% of 
the DNA genome into an unwound form without 
opening the circle and at minimal energy 

While the combined operation of superhelical 
strain and topoisomerase activity removes the dif- 
ficulties in principle imposed by circularity and 
the high molecular weight of DNA, the detailed 
mechanism of strand separation during DNA 
expression remains to be elucidated. Studies of 
replication and transcription were performed, un- 
til recently, mostly on short linear DNA tem- 
plates. When a circular template was used, it 
proved hard to ascertain that template lineariza- 
tion had not preceded transcription. Most older 
reviews dealing with transcription therefore 
avoided the topological aspect of transcription 
initiation (see Reference 290, for example). Only 
a few studies addressed questions such as at what 
stage during the initiation of transcription, or rep- 
lication, DNA unwinding commences, or what 
the size of the unwound regions (“transcription 
bubble”) can be. 

Answers to these questions may prove es- 
sential to the understanding of the control of DNA 
activity, and we shall return to this problem in 
the last section of the review. 

B. Supercoiled DNA 

1. Closed DNA 

It is well established today that most natural 
extrachromosomal DNA, including organelles, 
plasmids, and many viruses, exists as covalent 
closed circles. Chromosomal DNA is also found 
in the nucleus, mostly in topologically isolated 
loops, anchored on some base structures with no 
local free ends from which unwinding can com- 
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mence. When freed from proteins, chromosomal 
DNA does not appear as extended, flat circles, 
but rather in highly twisted, supercoiled shapes. 
We shall call all forms of DNA, circular, an- 
chored or other, closed (or clumped) if their ends 
are not free to revolve around each other.* 

The first DNA that was established to exist 
as a closed circle (based on resistance to exon- 
ucleases) was the single-stranded form of bac- 
teriophage It was soon found that the 
duplex, replicating form of this virus is also cir- 
cularly closed, as are several other bacterial vi- 
ruses (reviewed in Reference 191). Other bac- 
teriophages, like phage lambda, are closed by the 
association of cohesive ends (terminal repeats) 
during their replication cycle. The DNA of the 
s d  mammalian viruses polyoma and SV40 were 
also found to be covalently closed, both during 
the replicative stage and in the virion form.123*52’ 
Adenovirus forms a closed structure by virtue of 
terminal-associated proteins DNA of organ- 
elles, including mitochondria1 and chloroplasts, 
was similarly established to exist in a circularly 
closed ~ t a t e . ~ ’ . ~ ’  A closed circular structure of 
DNA is thus a very widespread property of non- 
chromosomal DNA. 

Considering chromosomal DNA, Paulson and 
Laem~nli~’~ observed that under mild preparative 
procedures nuclear DNA from metaphase chro- 
mosomes does not appear in an opened linear 
form, but rather as loops that exit and reenter the 
“nucleoid substance”. This loop, or domain, 
structure has been confirmed by isolating the nu- 
cleoid substance from interphase nuclei. A brief 
treatment with DNAse I, or intercalation with 
ethidium bromide (EtBr), causes the structure to 
relax into a more “open” A similar do- 
main structure has been found for bacterial nu- 
cleoid preparations .469.538 The size of the eukar- 
yotic loop has been estimated to vary from a few 
thousand to several hundred thousand bases, based 
on unwinding experiments by intercalating agents, 
on psoralene ~ross- l ink ing ,~~~ on restriction en- 
donuclease and on quantitative elec- 
tron micrography . The intercalation and irradia- 
tion studies have further shown that each of these 
domains can be independently relaxed.453 Each 

can therefore be expected to be an independent 
topological domain. 

The chromosomal DNA loops have been 
found to be attached, in metaphase chromo- 
somes, to an insoluble protein “scaffold’ ’ . 332 In 
interphase nuclei, the DNA loops are attached to 
protein elements of the nuclear matrix. Specific 
DNA tracts that attach to these protein elements 
have been identified in the 5’ upstream region of 
a number of genes. These include mouse im- 
munoglobulin kappa  MARS),^ and human beta 
interferon genes ,328 as well as Drosophilu hi- 
stone, alcohol dehydrogenase, sgs-4, fushi tar- 
mu, and Hsp-70 genes ( S A R S ) . ~ . ~ ~ ’  It has been 
further found that DNA topoisomerase I1 is con- 
centrated in the nuclear matrix f r a ~ t i o n ’ ~ ~ . ~ ~ ~  and 
in particular at the DNA attachment sites.’ This 
is a strong indication that the DNA matrix at- 
tachment site may serve as the much sought for 
swivel point for DNA unwinding. Whether the 
DNA copying machinery joins the attachment 
site with the DNA rotating through it, or the 
machinery moves along the loop rotating with 
the DNA around the fixed swivel point, or DNA 
is detached from the matrix site altogether during 
copying cannot be said at present. In any case, 
a closed DNA structure seems to be a very wide- 
spread feature, making unwinding without strand 
breakage a virtual impossibility. 

The linkage deficit (ALk) - The exist- 
ence of part of a double-stranded molecule in a 
wholly or partly underwound state implies a de- 
crease in the number of times one strand is wound 
around the other. A closed double-stranded DNA 
molecule is subject to the principle of linkage 
conservation, namely, the principle that the num- 
ber of times that one strand passes over the other 
when projected on a suitable surface. This num- 
ber is termed the linking number, Lk, and is 
constant (integral when the molecule is Circularly 
closed). In the simplest case of a non-superhel- 
ical, fully relaxed DNA duplex, Lk is equal to 
the number of primary turns, e.g., one turn per 
10.5 bases in B-form DNA. If, however, a sec- 
tion of the DNA is completely unwound, then 
the linking number is appropriately reduced. Sev- 
eral other structural features lead to decreased (or 

* This use of the term closed is not to be confused with the closed and open forms of rrunscripion complexes. where the 
extent of strand separation is implied. We shall occasionally use the term open linear DNA as an antonym to closed or 
clamped DNA in the sense used here, i .e . ,  to DNA that cannot change its degree of linking. 
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increased) linking numbers. These include su- 
perhelical winding (described below), wrapping 
around protein complexes, such as nucleosomes 
(discussed in Section I.B.3), or several forms of 
knotting (beyond the scope of this review). Un- 
wound and superhelical forms are topologically 
equivalent, i.e., they can pass into each other 
without opening or closing covalent bonds, as 
long as the linking number remains unchanged. * 

For the present discussion, the point of im- 
portance is that the presence of an unwound sec- 
tion in a closed DNA molecule is manifested as 
a reduced linking number. The change in linking 
number is expressed by the linking deficit, ALk, 
which is the difference in linking number be- 
tween the unwound DNA and the same molecule, 
fully wound and relaxed (with no superhelical 
turns). Linking deficits can be experimentally 
measured, as described in detail in Section 1I.C. 
It is common to describe a linking deficit not 
only the absolute number of turns, but also rel- 
ative to the full length of the molecule, u = 
ALWLk. u is called the superhelical density, be- 
cause in purified DNA the linking deficit is gen- 
erally (but not always, as will be seen) manifested 
as an interwound superhelix.** Lk of the relaxed 
molecule is the full length of the molecule di- 
vided by the number of bases per turn, 10.5 for 
B-form DNA. u can thus represent either the ratio 
of primary to secondary turns in a superhelical 
molecule, or the fraction of unwound turns in a 
locally unwound, closed DNA molecule. 

2. Superhelicity 

The establishment of the circularity of po- 
lyoma virus DNA was soon followed by the find- 
ing that the circle is extracted from cells as a 
highly twisted, supercoiled form.493 This was in- 

itially deduced from the observation that the viral 
DNA extracted from the cell sediments in alka- 
line CsCl much faster than after being nicked 
once or a few times. In nicked circles one of the 
strands has an opportunity to open, revolve around 
the second strand, and form a “relaxed” circle. 
The number of superhelical turns could be mea- 
sured by titration either with alkali or with ethid- 
ium bromide.2z The number of superhelical turns 
(or superturns, distinguished from the primary 
turns of the DNA duplex, 1 per 10 bp) was in- 
itially determined to be 13 turns for the 5.5-kbp 
long polyoma and SV40 viruses. 

More exact determinations, by counting bands 
on an agarose gel,” 1*227*398 established an average 
number of 25 turns per viral DNA molecule, i.e., 
1 superturn every 220 bp. The 25 superturns im- 
ply a linking deficit of -25 of the otherwise B 
form DNA plasrnid. The ratio of the superturns 
to primary turns, i.e., the superhelix density, is 
thus u = - 25/(5500/10.5) = -0.048, or 4.8% 
of the primary turns, for the average polyoma 
viral DNA molecule. Negative superhelical dens- 
ities of 4 to 5% were soon found for most cellular 
DNA preparations studied - viral, organelle, 
and p l a ~ m i d . ~ ~ ~  Superhelical densities of the same 
magnitude were also found for chromosomal loop 
DNASo and the DNA released from bacterial nu- 
cleoid preparations .380 

The sense of all naturally supercoiled DNA 
is negative,* which means that in a closed circle 
or restrained loop of right-handed, B-form DNA, 
the opening of each superhelical turn is accom- 
panied by the opening of 1 turn (10.5 bases) of 
the primary duplex. Thus, a superhelical density 
of 5% means that approximately 5% of the pri- 
mary turns are unwound when the negative su- 
perhelicity is completely released. In SV40 (5243 
bp), for instance, the opening of the 25 
super turn^^^^^^^^ permits the opening of 25 pri- 

* There are several ways for the quantitative expression of linkage c o n ~ e r v a t i o n : ~ ~ ~ ~ ~  The expression Lk = Tw + Wr is 
mathematically proven but not always easy to dissect into primary or secondary (superhelical) winding; Tw is the twist, 
related but not necessarily equal to the number of primary turns and Wr is the writhe, related but not equal to the number 
of secondary turns. The original expression Lk (a) = T + p, has been criticized in that experimentally titrable superhelical 
turns do not necessarily match the number of secondary turns present.24 More recently, a concept of surface linking, SLk, 
has been propo~ed’~  to represent the wrapping of the duplex axis around a surface, and maintains Lk = SLk + @ where 

is defined as the winding number. This expression is helpful in analyzing situations involving changes in the helical 
repeat, as during the wrapping of DNA around nucleosomes. More exact definitions of superhelical and primary winding 
numbers, linking number, and superhelix density, can be found in References 424, 515, and 530. 

** The following rule of thumb is helpful: the sense of the supercoil is considered negative when the opening of one supercoil 
necessitates the opening, rather than the closing, of one turn of a right-handed (e .g . ,  B-form) primary helix. 
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mary turns of the duplex, i.e., some 250 bases. 
The superhelicity of SV40 DNA can thus provide 
to a certain degree the topological demands of 
strand separation, sufficient for creating an initial 
open complex, but far from enough for unwind- 
ing a complete SV40 gene, which can extend 
over thousands of bases, certainly not for the 
complete unwinding required for the replication 
of the virus. This is generally true - superhelical 
density is seldom sufficient to enable the un- 
winding of more than a fraction of a topologically 
isolated domain. 

3. Restrained DNA 

The role of supercoiling may be even more 
limited because it turns out that in the intact cell 
superturns are not “free”, but rather “re- 
strained” (or “constrained”), i.e., unavailable 
for unwinding, because of association with pro- 
teins or other nuclear components. This became 
clear when SV40 DNA was examined in its prev- 
alent cellular form, i.e., associated with histones 
and organized in nucleosomes (‘ ‘minichromo- 
somes”). Minichromosomes, in contrast to free 
viral DNA, do not revert to relaxed circles when 
treated with nicking-closing activity. 155 The ex- 
planation is that DNA is wound around the hi- 
stone cores, some 1.75 turns per histone core. 
This “toroidal” winding of DNA around the hi- 
stone core is topologically equivalent to the in- 
terwound superhelical winding* usually observed 
with plasmid DNA. This can be readily verified 
by winding a two-stranded wire or rubber tube 
around an object such as a rod and removing the 
object while keeping the ends together. The 24 
nucleosomes observed on SV40 DNA425 thus im- 
ply that some 24 x 1.75 = 42 superturns ought 
to be engaged in the interaction with the histone 
cores. This is more than the 25 superhelical turns 
actually found (see above) for the viral DNA and 
was considered a paradox when first noticed. The 
difference was soon explained as being due to a 
concomitant change in the average angle between 
adjacent bases from 34.1” in free B-form DNA 

to 35.4” is DNA wrapped around the nucleo- 
somes (1.3 X 5243/360 = 19).239*240 

The 25 superturns observed when viral DNA 
is extracted from the cell thus reflect the nucleo- 
soma1 organization of the DNA. The superturns 
are not immediately available for unwinding of 
DNA organized in the chromosomal state, but 
only after the associated proteins have been re- 
moved by some process. The 25 superturns are 
probably introduced when nucleosomes are 
formed prior to DNA circle closure, remain re- 
strained as long as nucleosomes are present, and 
are manifested as free superhelical tums only after 
the histones have dissociated by some mecha- 
nism. Alternative explanations for the generation 
of superturns are conceivable; for example, that 
the 25 superturns are introduced when a circle is 
closed before the last 5% of the duplex had been 

The winding of these 5% into a B-type 
duplex can then be a driving force for nucleosome 
formation. DNA has been found to also wrap 
around other nuclear proteins, for example, DNA 
g y r a ~ e ~ ~ ~  or RNA polymerase, l5 and this can help 
to generate additional superturns. Under cellular 
conditions, superturns are thus expected to be 
mostly restrained and not immediately available 
for unwinding. 

There have been a number of attempts to 
measure the fraction of nonrestrained superheli- 
cal turns, i . e . , the fraction immediately available 
for unwinding in the intact nucleus or cell. Bliska 
and C ~ z a r e l l i , ~ ~  using a probe undergoing site- 
specific recombination, estimate that nearly 40% 
of the superhelical turns are unrestrained in the 
intact bacterial cell. Sinden and K0che1,~~~ using 
a probe undergoing a transition into %form DNA, 
estimate that only 3 to 5% are unrestrained in 
bacteria. The extent of restraining seems to de- 
pend on the DNA probe used. In any case, a 
process releasing restraining proteins, such as 
side-chain acetylation, must take place before 
most superhelical turns can be converted to un- 
wound DNA. This has been considered repeat- 
edly as a way to control template utili- 

In summary, superhelical turns of DNA may 
zation. 122.176243 

* The terms supercoils, superhelical turns, or in brief, superturns, are used interchangeably throughout this review, mostly 
in a general sense, encompassing toroidal wrapping around a core, formation of an intertwined superhelix, combinations 
thereof, as well as other geometric forms leading to a linking deficit or excess. The adjective interwound is added to 
superhelix when this type of supercoiling is specifically meant. 
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satisfy the topological requirements for strand 
separation, without breakage, or at most 5% of 
DNA organized in loops or circles, and this only 
when all the turns are available for the process. 
Alternative processes invoking strand breakage 
must be available if a larger fraction of the DNA 
has to be unwound. 

C. DNA Topoisomerases 

Strand unwinding in excess of the 5% pro- 
vided by natural superhelicity requires a DNA 
nicking-closing activity. Such an activity was first 
discovered in E.  coli in 1971509 and 1 year later 
in mammalian cells.77 Many DNA nicking-clos- 
ing activities have been characterized since, and 
are now termed DNA fopisomeruses (reviewed 
in References 152, 463, and 510). DNA topo- 
isomerases are classified into topoisomerases I 
and 11, according to whether only one strand or 
both strands are cleaved. In prokaryotes, the prin- 
cipal type I1 topoisomerase requires ATP for its 
activity and is termed DNA gyruse."' The par- 
ticipation of topoisomerases in both replication 
and transcription has been established using spe- 
cific topoisomerase inhibitors as well as mutants 
lacking the enzymes and various gene disruption 
strategies. Thus, either topoisomerase I or to- 
poisomerase I1 activity can be absent when E.  
coli DNA synthesis takes place, but both activ- 
ities cannot be absent t ~ g e t h e r . ~ ~ . " ~  Similar data 
are available for y e a ~ t ~ ~ ~ . ~ ~ ~ * ~ ~  as well as in 
SV40.547 Thus, topoisomerase I can be replaced 
by topoisomerase I1 and vice versa, but one of 
them must be active for template copying to take 
place. Topoisomerase I1 is required for the final 
segregation of the replicated chromo- 
somes. 117.417*548 In yeast, some transcription can 
still proceed in mutants lacking both topoiso- 
merase I and topoisomerase I1 activities, so that 
a yet-uncharacterized topoisomerase might ex- 
i ~ t . ~ ~ . ~ ~  An E.  coli topoisomerase 111 has been 
reported recently. The role of supercoiling in 
transcription will be discussed further in Section 
Iv. 

DNA topoisomerases have generally been 
characterized by their ability to remove or intro- 
duce superhelical turns, or otherwise change the 
linking number of closed DNA. The superturns 

are removed by fust nicking either one strand of 
the enzyme remaining attached to the end of one 
cleaved strand. Nicking is followed by revolution 
of one of the opened strands around the other, 
and finally nicked DNA ends are rejoined. Al- 
ternatively, in class I1 topoisomerases, both 
strands are cleaved but remain associated via the 
topoisomerase, and a change in winding can take 
place, e.g., by passage of DNA through the en- 
zyme molecule. These modes of action, without 
the rejoining steps, can serve to unwind primary 
turns of DNA, as necessary for transition into an 
unwound state. Topoisomerases are likely can- 
didates for primary strand unwinding, not only 
because of their ability to rejoin ends after rev- 
olutions have taken place, but also because they 
are localized either in chromatin (topoisomerase 
1)138*160*216 or in the nuclear matrix (topoisomerase 
11) .2*1*6 

In case topoisomerases do participate in strand 
unwinding, the question arises as to where and 
how often they cut. Do they cut upstream or 
downstream of a transcribed DNA region? Do 
they cut the transcribed region at one site or in 
several sections? Do they cut at defined locations 
along a gene? The last question has been studied 
intensively in SV40. As many as 265 major cut- 
ting points were found when topoisomerase I was 
applied to purified SV40 DNA.28-175*388 A prom- 
inent cutting point was nevertheless reported at 
base 4955, a few hundred bases into the early 
transcribed region, when camptothecin was used 
to enhance the reaction.217 This pattern is not 
always f o ~ n d . ~ ~ ~ * ~ ~ ~  With topoisomerase 11, a 
prominent cutting site was found at base 270, 
just downstream of the late protein transcription 

When doxorubicin was used to stabilize 
the topo 11-cleaved DNA complex, the main 
cleavage sites shifted, interestingly, to a region 
associated with matrix attachment (4200 to 
4300).71 

These results were largely obtained with iso- 
lated DNA as the target. A multitude of DNA 
gyrase cutting sites were detected upon appli- 
cation of oxolinic or naldixic acid to pBR322 in 
bacterial cells, but a consensus cutting sequence 
appearing at 11 locations could be identified.287 
DNA topoisomerase cutting sites along the Xen- 
opus luevis r-DNA gene have been examined us- 
ing intact nuclei as topoisomerase I targets.w 
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Many cleavage sites, spaced by approximately 
200 bases, were found. This is approximately the 
distance between nucleosomes, so that in this 
case topoisomerase may act preferentially in linker 
regions. Whether the same sites will also be pref- 
erentially cut during the transcription of the r- 
DNA genes in the intact cell cannot be said at 
present. Isolated r-DNA was cut by topoisomer- 
ase I along its entire length. More on this topic 
can be found in Section IV.B.4. Thus there is 
little conclusive evidence for or against specific 
unwinding start sites at the beginning or the end 
of transcribed regions. Detailed studies of cell- 
free transcription of circular closed DNA may be 
needed for a definite answer. 

D. SSB Proteins and Helicases 

The best known form of unwound DNA is 
melted, single-stranded DNA. The melting of lin- 
ear DNA is well known to be a highly cooperative 
process. This implies that at temperatures well 
below the melting transition, including room 
temperature or even 37”, strand separation is ther- 
modynamically highly disfavored. Strand sepa- 
ration can also be a kinetically slow process. It 
is therefore not surprising, in retrospect, that pro- 
teins affecting the position of the ds-ss DNA 
equilibrium, as well as enzymatic activities ca- 
talyzing the rate of ds DNA strand separation, 
have been discovered. 

The best-studied group of proteins shifting 
the equilibrium between wound, ds DNA and 
unwound, ssDNAs are the single-strand binding 
proteins (“SSB proteins”). The first SSB protein 
found was gp32, a gene product of bacteriophage 
T4 necessary for the replication of the phage.4 
SSB proteins with similar properties were soon 
discovered in E.  c ~ l i , ~ ~ l  yeast,’” and mammalian 
tissues. 197.228 Evidence that proteins HMG 1 and 
2, components of active chromatin, also have 
SSB properties has been reported. 178*439 The SSB 
proteins are well reviewed, and we shall not dis- 
cuss them in detail here.79s288 Most of them are 
present in cells in amounts sufficient for stoi- 
chiometric combination with long stretches of 
ssDNA. SSB proteins can therefore serve to sta- 
bilize at least temporarily the unwound, single- 
stranded state. 

More recently, a group of enzymes catalyz- 
ing the race of DNA unwinding and strand sep- 
aration were characterized and are communally 
named h e l i c a ~ e s . ~ ~  Helicases utilize ATP to cat- 
alyze the separation of the strands of nicked or 
linear DNA, but not of circular closed DNA. 
Helicase activity is measured by the rate at which 
a labeled complementary DNA fragment hybrid- 
ized to a closed ssDNA circle is displaced after 
addition of the enzyme, the analysis being per- 
formed on acrylamide gels.263*493 The first heli- 
case identified was helicase I of E.  colil later 
found to be coded by the F plasmid of E. c ~ l i . ~ ~ ~  
At least seven helicase activities from E.  coli are 
known,310*536 They include the dnaB protein (hel- 
icase III?), which is essential for E .  coli repli- 
cation, acting along the template in the 5’ to 3’ 
dire~tion,’~.’~ as well as protein PriA (Y,n’) act- 
ing along the 3’ to 5’ d i re~t ion . ’~~. ’~~ Both heli- 
case activities are associated with the primosome 
and migrate with it during replication. While dnaB 
serves to separate the parental strands, PriA has 
been proposed to prepare the lagging strand for 
priming and polymerization.18 SSB and DNA 
gyrase are required for the unwinding to proceed. 

The gene product UvrD of E.  coli (helicase 
11) is active in repair and can separate both 
DNA * DNA and DNA RNA  hybrid^.^'^.^^^ The 
UvrABC complex has also been found to exhibit 
helicase activity.” Several bacteriophages 
possess their own helicases, like protein 41 of 
phage T474.199 and protein 4 of phage T7.210.346 
The best-characterized mammalian helicase so 
far is the T antigen of SV40. 18*166*237.532 Helicases 
from other viruses have also been identified.98 
All of them require at least one nick on the DNA 
substrate and cannot unwind circular closed or 
looped duplexes. 

We have seen that strand separation is a rapid 
process, e.g., 3 s for the 40-kb T7 genome stud- 
ied by Davison.’” This is about 8300 bases per 
second, compared with, e.g., a rate of 730 bases 
per second unwound and replicated in an in v i m  
replication system at 30°.334 This raises the ques- 
tion of why helicases are needed at all. The an- 
swer may be that the experiments of Davison 
were carried out by raising the pH first to 11.6, 
beyond the pK at guanine N1 or at thymine N3 
(pK of the free nucleotides are 10.00 and 10.47, 
respectively, see page 108 of Reference 424); so 
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that at neutral pH the unwinding rate can be 1000- 
fold slower. Association with nuclear proteins 
can be an additional impediment to the separation 
process, making the catalytic action of helicase 
essential in the compact environment of the 
nucleus. 

This raises a second question: how can a 
helicase, as an enzyme present in catalytic 
amounts, shift the ds-ss equilibrium toward ss, 
highly disfavored under cellular conditions (37", 
0.15 M osmolarity)? Part of the answer is prob- 
ably that in the cell the separated strands are first 
stabilized by interaction with SSB and HMG pro- 
teins as mentioned, then soon combine with the 
newly synthesized complementary strands. The 
electrophoretic assay described can nevertheless 
yield single strands without SSB or equivalent 
being added. 334*346*532 Here again helicase may act 
under steady-state rather than under equilibrium 
conditions: helicases require ATP for their activ- 
ity, and the assay system contains sufficient ATP 
to keep the helicase running along the strands, 
keeping them apart until physically separated on 
the gel. In the intact cell, the copying machinery, 
and then the newly formed complementary strand, 
may follow the helicase closely enough to prevent 
parental strand reannealing . 

Be that as it may, a helicase without a nicking 
activity cannot separate the strands of a closed 
duplex, and cannot alone help in overcoming the 
topological limitation. All it seems to do is ac- 
celerate strand separation, once an initial nick 
has been made. This may be essential under the 
crowded cellular conditions where DNA is both 
supertwisted and tied to a multitude of nuclear 
proteins. 

E. The Unwound State 

In summary, we have seen that the biochem- 
ical machinery for transforming the DNA of 
closed, helically wound regions into an unwound 
state exists in the cell. High rates of gene expres- 
sion require that many polymerases pass contin- 
uously along the template. Electron micrographs 
showing transcripts emerging simultaneously 
along entire genes are well known; long unwound 
regions would permit the transcription machinery 
to progress along the template without any to- 

pological impediment. The transition of a gene 
region to an unwound, paranemic, state could 
therefore be a critical step in the activation of 
genes producing large amounts of cell-specific 
products. 

The simplest, least-structured unwound form 
is obviously DNA separated into single strands. 
Complete separation into single strands never- 
theless requires a considerable free-energy input 
at physiological temperatures. 

During the last decade a number of additional 
DNA structures, which from the topological 
standpoint are all unwound, have been proposed. 
A DNA structure can be classified as unwound 
or paranemic when the complementary strands 
are not intertwined in a way creating a topological 
barrier for their separation into single strands, 
when their ends are clamped to prevent mutual 
rotation. The alternative unwound DNA struc- 
tures that are considered at present, and the evi- 
dence for each, are described in detail in Section 
III (see Figure 8). These paranemic forms include 
partly or wholly double-stranded (duplex), or even 
triple-stranded (triplex) structures, considerably 
reducing the energetic requirements. 

The transition of closed wound forms of 
DNA, like B-form DNA, into any of the un- 
wound structures described in Section 111 requires 
( 1 )  opening of a covalent bond in the DNA back- 
bone, (2) rotation of one strand around the other, 
and (3) transition into the ultimate structure. The 
unwinding of open linear DNA requires steps 2 
and 3 only. In a negatively supercoiled circle, a 
DNA region can undergo a transition to an un- 
wound state to the extent provided by the super- 
helical density, as described in Section I.B.2, 
using the available torsional energy. 

Before describing the different paranemic 
structures, the experimental techniques currently 
used to detect and characterize unwound seg- 
ments of DNA are described. It will be seen that 
DNA segments that are all purine on one strand 
and all pyrimidine on the other have an increased 
tendency to assume an unwound state. In the last 
section we summarize evidence on the extent of 
strand unwinding obtained in studies of DNA 
replication, transcription, and recombination. It 
is concluded that the intermediary formation of 
unwound DNA regions during these processes is 
not an unlikely proposition, but has yet to be 
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generally demonstrated. Several reviews con- 
cerning unusual DNA structures, including un- 
wound forms, have been published 
reCently395.426.525-527.557 

II. EXPERIMENTAL APPROACHES 

In this section the experimental techniques 
currently employed for the detection and char- 
acterization of unwound DNA regions are sur- 
veyed. In recent years a number of techniques 
for distinguishing between different conforma- 
tional states of DNA have been developed. En- 
zymatic and chemical probing were found to be 
particularly useful for the detection of uncon- 
ventional forms of DNA, in circularly closed 
plasmids and in viral DNA. The use of these 
techniques is described in the first two 
subsections. 

A. Sensitivity to Single-Strand Specific 
Nucleases 

1. Single-Strand Specific Nucleases 
( S W  

The presence of single-stranded segments in 
DNA can be detected by the application of single- 
strand specific nucleases. A number of such en- 
donucleases, which normally do not cut B-form 
DNA, are available. SSN may of course cleave 
not only DNA present as single strands, but also, 
at a reduced rate, any DNA readily separable into 
single strands, i.e., any nonintertwined, para- 
nemic form of DNA. The most widely used SSN 
is endonuclease S 1 from Aspergillus o r i z ~ e . ~ ~ ~  
S1 nuclease has been used extensively for the 
detection and removal of ssDNA and RNA pro- 
truding or looping out from DNA and RNA hy- 
brid structures. S1 and other SSN recognize and 
cleave DNA also at hairpin B-Z junc- 
tions ,456*457 untranscribed DNA templates, and 
many other situations where unpaired bases are 
present. Other single-strand nucleases used are 
BAL-3 1 ,231*271 mungbean n ~ c l e a s e , ~ ~ ~  Neuro- 
sporu crussu nuclease,'" P1 n ~ c l e a s e , ' ~ ~  T7 gene 
3 n u c l e a ~ e , ~ ~ ~  T4 endonuclease VII, and snake 
venom (A. crotulus) phosphodiesterase I. 129 The 

literature concerning single-strand nucleases is 
well summarized in Volume 65 of Methods in 
Enzymology .327 

S1 is singular among endonucleases in that 
it is effective only at somewhat acid pH values 
(4 to 3, while mungbean and P1 nucleases are 
nearly as active at neutral pH as at pH 4 to 5. 
BAL-31 and N. crussu endonuclease act opti- 
mally around pH 7.4 and venom phosphodies- 
terase around pH 9.lZ9 There are also differences 
in cutting specificities: BAL-31 tends to cut at 
the base of cruciforms, while S 1 cuts in the loop; 
BAL-31 can recognize a single mismatched 

S1 ,P1 and mungbean nucleases require 
Znz+ for maximal activity at acid pH (4.5 to 5.0). 
The necessity to work at pH 4 to 5 is a serious 
drawback for the use of S 1, because under these 
conditions DNA, especially when in a superhel- 
ical state, may assume a structure different from 
its physiological form. P1 and mungbean are still 
appreciably active at pH 7 without Zn or even 
Mg ions present. The absence of Mg2+ is im- 
portant for discerning cruciforms from other sen- 
sitive conformations."' 

2. SSN-Sensitive Sites 

In 1982 Larsen and WeintraubZa reported the 
existence of S 1-sensitive DNA sites at several 
positions along the chicken globin gene complex. 
The technique used in that and in many subse- 
quent studies was to digest nuclei with nuclease 
S 1 ,  extract the DNA, and recut it with a restric- 
tion enzyme of one or a few cutting sites. The 
mixture is separated on agarose or acrylamide 
gels and new bands are identified by hybridiza- 
tion to suitably labeled probes. From the size of 
the bands appearing only in S1 treated samples, 
the location of cutting sites and the intensity of 
cutting at each site can be deduced. An example 
gel and the deduced cutting sites are shown in 
Figure 1. 

Specific DNA sites sensitive to SSN were 
first detected when S 1 was applied to erythrocyte 
nuclei from 14-d-old chicken embryos, in which 
the a- and P-globin genes are active. The same 
sites were not detected in erythrocyte nuclei from 
5-d embryos, when these globin genes are still 
inactive.26o No sensitive sites were found in brain 
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FIGURE 1. S1 and DNAse I cleavage site of globin 
DNA. Nuclei from 5- or 14-d chicken embryo red cells 
were digested with increasing concentrations of DNAse 
I and S1 nucleases. Nuclei were suspended in a Zn 
buffer at pH 4.5. DNA was purified, digested with Hind 
111, and probed with the fragment indicated by a star. 
D, E, F and arrows mark S1-specific cutting sites on 
the gel and on the diagram below it. The lower diagram 
summarizes studies of several embryonic and adult 
globin genes. A, cuts observed in 12- to 14-d nuclei; 
E, cuts observed in 5-d nuclei. (From Larsen, A. and 
Weintraub, H., Cell, 29, 609, 1982. With permission.) 

nuclei, where no globin is made, from neither 5- 
d nor 14-d embryos. The gene for globin p, an 
embryonic form, was sensitive to S1 in 5-d nu- 
clei, but not in 14-d nuclei. These observations 
indicate that the active globin gene contains a 
DNA region that is either in single-stranded form 
or in a form readily converted to single strands, 
i.e., with no topological barrier to being con- 
verted into single strands. The differential sen- 
sitivity of nuclei from different cells thus indi- 
cates a correlation between the appearance of an 
unwound structure and gene activation. Close 
proximity, but not identity with DNAse I cutting 

was noted. A similar sensitivity for S1 
was observed on the P-globin gene in rabbit 
 erythrocyte^^^' and in human erythroleukemic 
cells.7o 

In a further step Larsen and Weintraub260 ap- 
plied S1 to supercoiled plasmids containing the 
P-globin region and showed that the sites sen- 
sitive to SSN in intact nuclei are also sensitive 
in a supercoiled plasmid. The location of the S1 
cutting sites in plasmids corresponds in a general 
way to the sites observed in S1-digested nuclei, 
most but not all of the cuts being 5’ upstream 
from one of the globin genes (p, PA, PH, E). This 
is a strong indication that the structural feature 
responsible for the sensitivity to SSN is similar 
in supercoiled plasmids and in intact nuclei. The 
sensitivity of the supercoiled plasmid DNA in the 
absence of cellular factors reflects an innate abil- 
ity of the sensitive DNA sequence to assume an 
unwound state. The supercoiled DNA can thus 
serve as a model for the DNA unwound in the 
active nucleus. The linking deficit, possibly re- 
strained in inactive nuclei, can be released upon 
activation, to permit the transition of a DNA seg- 
ment into an unwound state, which can be rec- 
ognized by the single-strand nucleases. Interest- 
ingly, the unwound structure is still detected when 
a plasmid containing the P-globin region is trans- 
fected into a mouse L The chromosomal 
globin gene remains inactive, however, but this 
does not dominate the expression of the globin 
gene on some transfected plasmids, as if local 
conditions on the plasmid prevail. 

Many SSN-sensitive sites have been detected 
since, in a considerable number of genes cloned 
in plasmids. A partial list of these sites is given 
in Table 1. Unfortunately, only for a few of the 
examined genes has a corresponding sensitivity 
in intact nuclei or in chromatin been reported. 
The genes for which sensitivity to SSN has been 
demonstrated in intact nuclei include the genes 
for rabbit g l ~ b i n , ~ ~ ~  the variant-spe- 
cific glycoprotein of Trypanosoma brucei, 173 

hsp70 genes of D .  melanoguster,180”81 hsp 26,16’ 
and SV40 minichromosomes.21 Endogenic nu- 
cleases and the low pH required are factors that 
make the detection of SSN sites in intact nuclei438 
difficult. 

The exact location of S1 cutting sites in the 
chicken P-globin gene (“fine structure”) has been 
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established by Nickol and Fel~enfeld~~'  as well 
as by Wang and This was done by 
following the cleavage by S1 with one or two 
restriction cuts at nearby sites. The resulting frag- 
ments are denatured and analyzed by the pro- 
cedures used in DNA sequencing, using appro- 
priate labeling or probing techniques. The most 
prominent site is located between bases - 197 
and - 178, 5' upstream from the start site for 
P-globin transcription (Figure 2; note that the 
N .  crassa nuclease cleavage sites are mapped at 

FIGURE 2. High-resolution mapping of SSN cleav- 
age sites in the promoter region of the chicken p-globin 
gene (region F of Figure 1). A plasmid carrying the 
region -225 to - 114 of the chicken p,-globin gene 
was digested by S1 or NC nucleases, labeled, re- 
stricted with Pvu 11, purified and analyzed on an agarose 
gel. Lanes 1,2, cut with S1 nuclease, at two conditions; 
3,4, sequence ladders, as markers; 5 6 ,  cut with N. 
crassa nuclease, at pH 7.5 (5: supercoiled plasmid; 6: 
linearized plasmid); 7, no nuclease, as control. (From 
Wang, J. N. C. and Hogan, M., J. Biol. Chem., 260, 
1985. With permission.) 

pH 7.5 and that lane 6 represents a linearized 
plasmid). The DNA sequence at this location is 
composed of 16 consecutive Gs followed, after 
a single C, by 3 more Gs. This motif, of a po- 
lypurine tract on one strand, complemented by a 
polypyrimidine on the opposite strand, charac- 
terizes the majority of S1-sensitive sites sum- 
marized in Table 1. Purine (R)- or pyrimidine 
(Y)-rich sequences are not the only structural mo- 
tifs known to be sensitive to S 1 : inverted repeats 
are known to be SSN sensitive when in the cru- 
ciform state, and so are B-Z junctions. These 
DNA forms have, however, been studied mainly 
in synthetic inserts, and have not been reported 
in the many SSN-sensitive eukaryotic genes stud- 
ied so far. Exceptions are several prominent cut- 
ting sites by mungbean nuclease in SV40212 in 
the presence of Mgz+, at neutral pH. In prokar- 
yotic and in yeast genes, AT-rich regions have 
been the dominant sensitive theme.485 These will 
be discussed further in Section 1II.A. The poly 
R Y nature of some S1-sensitive regions has 
been established by deletion of the R Y tract, 
which caused the sensitivity to di~appear."~ In 
other cases,254*30S~433 deletions caused the ap- 
pearance of secondary cutting sites, revealing a 
hierarchy in the capacity of different DNA re- 
gions to undergo a transition into the SSN-sen- 
sitive conformation. The eukaryotic secondary 
sites again had a high R either on the coding or 
on the noncoding strand. 

3. Alternating d(AG - CT), 

The most thoroughly studied SSN-sensitive 
polypurine polypyrimidine sequence (R Y se- 
quence) is the alternating poly d(AG * CT) se- 
quence, first reported to be S1 sensitive in a plas- 
mid containing part of the histone gene complex 
(repeat 22) from Psammechinus miliaris. l W  Two 
S1 sites were mapped, one upstream and one 
downstream from the H1 region. The upstream 
site contained an alternating d(AG * CT),, tract, 
as part of a 60 consecutive purine * pyrimidine 
segment. The S1 cut in this region was "bimo- 
dal," i.e., cutting was most intense in the middle 
and toward the right end of the AG tract. This 
led to the suggestion that a slippage structure, 
discussed in Section ILI.B, is responsible. Ad- 

489 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ditional S1-sensitive poly d(AG CT) tracts were 
soon discovered in Drosophila heat shock genes 
hsp70 and h ~ p 2 2 , ' ~  and in human UlZo8 and U2 
RNA genes (a 144-base region almost entirely 
CT209). It is noteworthy that a site cut with S1 
in h~p26~"  is not cut by BAL-3 1 ,438 which in- 
dicates some structure at the sensitive sites. The 
d(AG - CT) tract in these hsp genes was imbed- 
ded in a larger polypurine tract. Detailed studies 
of the sensitivity of artificial oligo d(AG CT), 
tracts of various lengths, cloned into different 
vecton, 129.184.331,397 are discussed in Section IU.E, 
in relation to the proposed triplex structure. 

A distinct repetitive motif, as in d(AG CT), 
or d(G C),, is not a requirement for SSN sen- 
sitivity. In most higher eukaryotic genes the sen- 
sitive regions are rich in purines in one or the 
other strands. An inspection of Table 1 shows, 
however, that most have no regular arrangement 
of A and G within the purine region. Some of 
the listed sequences contain even a few pyrimi- 
dines within a polypurine tract, like the sensitive 
region in the 5 s  RNA of X .  laeviF or the 6 
GGGCGG repeats near the SV40 origin re- 
gion.130 At least 10% Y in the poly R strand, and 
vice versa, can apparently be tolerated. In any 
case, the structural feature giving rise to SSN 
sensitivity is clearly not particular to poly dG dC 
nor to strictly alternating d(AG CT) tracts. 

4. The Effect of Superhelicity 

The sensitivity to SSN depends on the su- 
perhelicity of the plasmid studied, as first shown 
by S h i ~ h i d o . ~ ~  The favorable effect of negative 
superhelicity is demonstrated, for example, by 
Kilpatrick et al .230 Superhelicity can influence 
sensitivity to ss-specific enzymes and reagents in 
at least two ways: by providing the linking deficit 
necessary for local strand disentanglement and 
by providing the free energy needed for the pro- 
cess. The minimal number of superturns required 
varies from plasmid to plasmid. In several cases 
even linearized plasmids are cleaved by 
SSN.'94.208*516 Thus, a linearized plasmid with an 
(AG - CT), insert was sensitive to mungbean nu- 
clease with n = 38 or n = 20, but not with an 
insert of n = The sensitivity d(AG - CT),, 
insert in the linear form was found to depend on 

the nature of the flanking non-R Y sequence: 
the entire plasmid, linearized by Ssp 1 restriction, 
was found to be sensitive, as was the 76-base 
AG - CT insert when flanked by just 3 and 4 
bases. The same insert, with flanking regions of 
intermediate length, 37 and 151 bases, or 37 and 
13 bases, was insensitive. Secondary structures 
influencing the state of the sensitive region were 
offered as possible explanations.129 In any case, 
superhelicity , while an important factor in en- 
hancing the sensitivity to ss-specific nucleases, 
is not an absolute requirement. 

5. The Effect of Acidity 

A second important parameter determining 
the sensitivity is the acidity of the digestion me- 
dium. This is an important parameter in view of 
the suggestions that cytosines are protonated in 
the sensitive structure, permitting the formation 
of Hoogsteen paired or triplexzM struc- 
tures, as discussed in Section 111. The main prob- 
lem with S1 nuclease, the main nuclease studied, 
and to some extent with P1 and mungbean nu- 
cleases, is that they exhibit their maximal activity 
toward separated single strands at pH 4.5 to 
5.251*497 This makes it difficult to determine 
whether increased activity at more acid pH is due 
to increased enzyme activity or to a special state 
of the DNA substrate. In most studies listed in 
Table 1, a range of pH values was examined; S1 
sensitivity was highest between pH 4 and 5, di- 
minishing considerably toward pH 7 (as far as 
can be judged from the gels ~ h o w n ) . ~ ~ . ~ ~ ~  This 
led to the conclusion that protonation of some 
sites in DNA is required, position N3 of cytosine 
being the most likely site (but alternative expla- 
nations are possible; see Section IU.G.5). In some 
studies the effect of acid could be attributed to 
DNA protonation, by using cleavage by P1 or 
mungbean, whose dependence on pH is more 
limited,3% or of N. crussu T7 nucleases or of 
venom phosphodiesterase. lz9*lS4 The SSN sensi- 
tivity of a region in a repetitive chicken gene 
toward N. crassa nuclease was higher at pH 5.5, 
although this nuclease has its optimum pH at 
8.O.Iz4 In no case was a systematic kinetic study 
to distinguish between the effect of acid on en- 
zyme activity vs. effect on the state of substrate 
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reported. The slope of d(AG - CT), cleavage vs. 
pH was found to be 1 .2,397 (see Figure 15), which 
indicates that a single proton is involved. The 
implication of the pH dependence on the structure 
of the cleaved DNA is further discussed in Sec- 
tion III.G.5. 

6. pH-Independent SSN-Sensitive Sites 

There are nevertheless quite a number of cases 
where sensitivity to SSN at neutral pH is re- 
p ~ r t e d . ~ ~ , ~ ~ ~ . ~ ~ ~ , ~ ~ , ~ ~ ~  These include all bacterial 
and yeast sequences tested so far, exhibiting 
mungbean nuclease sensitivity in a pH-inde- 
pendent manner,485 the exact cleavage pattern de- 
pending on the presence or absence of magne- 
sium. The pH-independent behavior of bacterial 
and yeast sequences may be’related to the dif- 
ferent composition of the sensitive sequences, 
these sequences being A,T rich rather than R Y 
“asymmetric”. Different unwound structures may 
be responsible. The d(AG CT),,-containing 
plasmid is sensitive to venom phosphodiesterase 
even at pH 9.0.’29 Hanvey et al.184 report that a 
d(AG CT), oligonucleotide and a d(G C)19 
oligonucleotide are cut equally well by P1 at pH 
4.6 and 7.5. Sites in theDrosophiZu Hsp26 region 
were initially reported to be as sensitive to mung- 
bean nuclease at pH 7.4 (but not to BAL-31) as 
to S1 at pH 4.5, indicating a structure insensitive 
to pH.438 A later st~dy44~ established, however, 
that the major site 5’ to hsp26 is much more 
sensitive at pH 5.5 than at pH 6.5, to S1, P1, 
and mungbean nucleases. Two different “un- 
usual” DNA structures are proposed for the dif- 
ferently sensitive regions of the myosin heavy- 
chain 

7. Ionic Effects 

For some SSN-sensitive regions the extent 
of cleavage was found to diminish with increased 
NaCl concentrations. 129.208 The cleavage patterns 
were not affected. In other cases, high salt fa- 
vored the sensitive conformations. These include 
sensitive regions in co11agen3I8 and oligo(G * C)19 
(but not oligo (AG * CT),,), when cleaved by 
nuclease P1 at pH = 7.5 and by nuclease S1 at 

pH = 4.6.’84 Salt is.well known to raise the 
melting temperature of DNA, i.e., to disfavor 
transition into single strands. The increased sen- 
sitivity of oligo d(AG * CT), inserts in low salt 
thus points toward a single-stranded state of the 
sensitive insert. 

As for divalent ions, S1 nuclease requires 
Zn2+ for optimal activity, while the neutral nu- 
cleases do not. An interesting effect of magne- 
sium is encountered with bacterial plasmids; plas- 
mid pBR322 is cut by mungbean nuclease at 37”, 
with no Mg2+ present, mainly in a region ex- 
tending from base 3200 to base 3290.441 When 
Mg2+ is present, at pH 7.0, the dominating cuts 
appear at the major and minor cruciforms of the 
plasmid and secondary S1 sensitive regions. 
Mungbean cleavage sites at potential cruciform- 
forming regions were also reported for SV40 
DNA.212 

Two questions arise: (1) The sensitive region 
studied by Sheflin and KowalskiU1 is located in 
a region present in most ColE1 derivatives, in- 
cluding the pUC series vectors and other vectors 
used. Why does this sensitive region not appear 
when these plasmids are used as vectors in cutting 
studies with inserts? The use of mungbean cannot 
be the explanation, as P1 was also tested. It must 
be remembered, however, that in a supercoiled 
plasmid a single cut by a SSN is sufficient to 
relax the circle, so only the most vulnerable sites 
are likely to be cleaved. Sites with polypurine 
inserts must be energetically favored over the 
vector sites. (2) The main sensitive region of 
pBR322, between 3200 and 3290, has been char- 
acterized by Umek and c o - w o r k e r ~ ~ ~ ’ * ~ ~ ~  as “A,T 
rich”. A simple interpretation would be that in 
Escherichiu coli, and possibly in yeast, the vul- 
nerable structure is different from higher eukar- 
yotes. A detailed inspection of the sensitive sec- 
tion of pBR322&’ nevertheless shows a distinct 
clustering into R and Y segments. Thus, of the 
27 Y in the sensitive region, 8 are found in a 
TCTTCACCT tract, clearly Y rich (R in the com- 
plementary strand) and 7 + 3  in the 
TCCTTTTAAATTAAAAATGAA tract, where 
R - Y clustering is also evident; only 4 are found 
in a TATATAT tract and 3 in an ATTAT tract, 
both clearly of the alternating A,T type. A com- 
bination of R a Y asymmetry with an AT-rich 
composition may be responsible for the special 
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properties of the prokaryotic sequences. The sen- 
sitive region near the ARS of the 2 - ~ m  p l a ~ m i d ~ ~ ~  
can also be viewed as R Y rich no less appro- 
priately than A,T rich: between 3660 and 3700 
there is first a tract with 18/23 R, then a tract of 
20/27 Y. R Y clustering is less evident in a 
mungbean nuclease-sensitive region of plasmid 
P M ~ . ~  There are additional reports that A,T 
regions can be S1 sensitive when in supercoiled 
plasmids . 314.47 Purine pyrimidine is therefore 
not the only compositional motif of SSN-sensi- 
tive regions. 

8. Artifacts 

Two types of artifacts have been mentioned 
as possible causes for S1 sensitivity: plasmids 
can be denatured during the dehydration that ac- 
companies alcohol p m i p i t a t i ~ n , ~ ~ ~ ~ ~ ~ ~  causing the 
formation of single strands previously not pres- 
ent. The presence of contaminating RNA in the 
plasmids examined can be a factor determining 
SSN sen~it ivi ty .~~ We shall return to this effect 
of RNA in Section IKG. Contamination of SSN 
by exo- and other nucleases has also been 
consideredlZ9 and can be controlled, e.g., by an 
internal +x 174 probe. lZ4 

9. Genetic Location and Base 
Composition of Senstive Sites 

Table 1 summarizes the various genes and 
gene subregions where SSN-sensitive sites have 
been located. The cleavage sites are in many 
cases located in 5' promoter regions of genes.39.351 
In other cases they may be within the gene,- at 
the 3' end,4z0 or in i n t r o n ~ . ~ ' ~  Thus, it is not 
possible at this stage to assign a specific promoter 
function for the SSN-sensitive sites. An enhan- 
cer-like function, in the sense that the effect is 
not dependent on the exact site or orientation of 
the sensitive sequence is more likely (Section 
IV.B.5). The base sequence of the sensitive site 
may not be a sufficient signal for cleavage. For 
instance, in the chicken histone H5 gene a certain 
sequence, CTCCTTGTCT, is cut in 3 locations, 
but not in a fourth one within the same gene 
complex. 420 

In a recent analysis, we have shown that R Y 
tracts are highly overrepresented in all higher 
eukaryotic genomes.6' The long R - Y tracts are 
avoided in coding regions when compared with 
introns, but are abundant in promoter regions. 
This is documented for a cellular organelle gen- 
ome in Table 2. The lack of local mirror or dyad 
symmetry in the long homotracts listed is evident 
(except for blocks of T, etc.). Only a minority 
of these long homotracts have been documented 
to be SSN sensitive, but a systematic study has 
not been carried out; therefore, it is premature to 
suggest that a correlation between all purine or 
pyrimidine composition and tendency to unwind 
exists. 

Are the SSN-sensitive sites essential for gene 
function? To answer this question, a S1-sensitive 
site was either deleted or mutated. The expression 
of a CAT reporter gene in transfected animal cells 
decreased severalfold when the 5' region of the 
collagen gene containing the S1 sensitive site was 

A major pH-independent SSN region 
is found in the major late promoter of adenovirus. 
Several mutations in that region abolish S1 sen- 
sitivity, yet increase the transcription of the late 
major region in transiently infected Hela cells.55o 
Transcription of the adenovirus genome in the 
infected cell may, however, take place on a tem- 
plate topologically restrained by cellular factors 
not necessarily present when a transcript of the 
artificial plasmid is tested in v i m .  

B. Chemical Reagents 

Chemical reagents have long been used as 
tools for probing the structure of nucleic acids 
(for older reviews see References 58 and 454). 
This is because duplex B-type DNA reacts very 
slowly to a series of reagents that react well with 
ss DNA and with free bases." The use of specific 
reagents received a booster when high-resolution 
gel analysis made it possible to obtain separate 
information on the reactivity of each nucleotide 
in a DNA molecule. 3s6 The development of struc- 
ture-specific reagents makes it possible to deter- 
mine the local conformation of a DNA segment 
in a plasmid or a synthetic oligonucleotide. In 
this section we shall survey the application of 
conformation-specific reagents to the study of the 
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TABLE 2 
Frequency of Homopurine and Homopyridlne Tracts in the Tobacco Chlorplast 
Genome 

Sequences Bases 

Tract length I 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
27 
29 
35 

PYRS Y 

151 22 
801 1 
4582 
2481 
1391 
793 
489 
31 4 
198 
121 
97 
44 
33 
28 
15 
15 
10 
5 
5 
2 
3 
1 
2 
2 
2 
1 
1 

PURS R 

15274 
81 59 
4664 
2484 
1282 
720 
424 
275 
159 
116 
64 
37 
32 
27 
17 
13 
7 
0 
4 
5 
3 
1 
1 
0 
0 
0 
0 

Sum: 

Found 
F = i (R + Y) 

30396 
32340 
27738 
19860 
13365 
9078 
639 1 
471 2 
321 3 
2370 
1771 
972 
845 
770 
480 
448 
289 
90 

171 
140 
126 
44 
69 
48 
54 
29 
35 

155844 

Expctd. 
E. 

38953 
38945 
29208 
19476 
12177 
731 1 
4268 
2441 
1374 
764 
421 
230 
124 
67 
36 
19 
10 

5.4 
2.9 
1.5 
0.8 
0.4 

0.22 
0.12 
0.02 
0.00 
0.00 

Diff. 
F-E 

- 8557 
- 6605 
- 1470 

383 
1187 
1767 
21 22 
2270 
1838 
1605 
1349 
74 1 
720 
702 
443 
428 
278 
84 

168 
138 
125 
44 
69 
48 
54 
29 
35 

Ratio 
FIE 

0.78 
0.83 
0.95 
1.02 
1.10 
1.24 
1.50 
1.93 
2.34 
3.10 
4.20 
4.22 
6.76 
11.4 
13.2 
23.1 
28.0 
16.4 
58.9 
91.4 
156 
103 
309 
41 1 

3248 
6433 

381 89 

On statistical basis; see Reference 61. 

Tracts of 22 Bases and Longer 

Region Length Position Sequence 

Intervening 24 5480 TCTTITTTTClTCTClTCCT 
Promoter 27 8773 TCTTTCTTTCTCTClll-rCTTCll-rCT 
ORF 24 31 450 TCTTTCCTCCCCTCCTCTTC 
Termination 23 36985 I T C C m C m C  
Termination 29 451 19 TllTTC-CTTTCT 
lntergenic 23 50493 TCTCCTClllTTTCTCCTCTC 
lntergenic 35 69750 TCCCTCTCCCCCTCl lT rCTCl l l l l TCCCm 
ORF 22 95047 GAAGAAGGGGAGGGAGAAGGAG 
ORF 27 129073 T C C l l l T C C l l l l - f C T C I T C T C m  
ORF 23 1291 89 AAAAGAAAAAAGAAAGGGGGGGG 
ORF 22 147461 CTCCTTCTCCCTCCCCITCITC 

ORF: Open reading frame. “Promoter” and “Terminator” regions are defined as the 100 
bases preceding or following the coding region. The strand listed in the EMBL data bank 
was analyzed. For further details see Reference 61. 
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paranemic DNA structures. An example gel of 
reaction products is shown in Figure 3. 

The application of most of the reagents cur- 
rently employed presents certain problems of 
inkrpretation. Diethylpyrocarbonate (DEPC), for 
instance, has been proposed as a reagent that 
differentiates between B and Z DNA. 195*221 DEPC 

FIGURE 3. Modification of a d(AG - CT),, insert with 
DEPC. The position of the AG - CT tract is indicated 
by the box with a dot in the center of tract. The four 
lanes on the left are sequencing ladders of the same 
insert. At low linking deficit (lane 1) the 3' half of the 
oligopurine strand shown is modified, while at high link- 
ing deficit (lane 2) the modification is shifted to the 5' 
half and beyond, consistent with a single strand related 
state of that half. A plasmid with a linking excess is not 
modified (lane 3). Supercoiled plasmids containing the 
insert at different average ALk values were incubated 
with DEPC (1 :40) in buffer of unspecified pH. The pur- 
ified products were transcribed with SP6 RNA poly- 
merase and NTPs, including labeled UTP. Transcrip- 
tion stops one base ahead of a DEPC-modified base. 
The products are purified and analyzed on an 8% ac- 
rylamide gel. (From Htun, H. and Dahlberg, J. E., Sci- 
ence, 243, 1571, 1989. With permission.) 

is, however, a classic reagent for ss DNA, re- 
acting at N7 of adenine and guanine. DEPC reacts 
with Z-form DNA by virtue of its more exposed 
N7, related to the syn conformation of guanines 
in Z DNA. Therefore, one should regard DEPC 
mainly as a reagent not recognizing DNA of the 
B (and A?) family, or, more exactly, not reacting 
with DNA forms where guanine residues adopt 
the anti rather than the syn conformation. A sec- 
ond problem is that DNA need not be predomi- 
nantly in the reactive conformation in order to 
react with the chemical (or enzymatic) probes. It 
is sufficient that a small fraction is in the reactive 
conformation, as long as this fraction is in mobile 
equilibrium with the bulk of the DNA. In a closed 
non-supercoiled sequence of DNA a mobile equi- 
librium with unpaired strands is impossible as 
long as the two strands are helically interwound, 
but is possible when the DNA duplex is in the 
unwound form. A reasonably fast reaction with 
a single-strand-specific reagent therefore indi- 
cates a large degree of unwinding of the reactive 
DNA substrate. A detailed kinetic study, with 
proper positive controls, is necessary in order to 
determine what fraction of the DNA is actually 
in the reactive state under particular conditions. 
A kinetic analysis of this type has been carried 
out for a myc-carrying plasmid by Wang and 
Hogan5I6 and Boles and Hogan;39 see Section 
1II.A. In the following, the main experimental 
findings with the various reagents are described. 
The discussion of the structural implications fol- 
lows in Section 111. 

1. Bromoacetaldehyde (BAA) and 
Relafed Aldehydes 

Aldehydes are well-known reagents for ss 
DNA, attacking positions N3 of cytosine and N1 
of adenine, positions that are shielded by the 
hydrogen bonds in dsDNA. The simplest alde- 
hyde, formaldehyde, is a classic reagent for keep- 
ing strands apart. A drawback of formaldehyde 
is that it reacts very slowly, and molar quantities 
are needed. 131.317 Most aldehydes, including 
formaldehyde and glutaraldehyde, tend also to 
polymerize and form hard-to-characterize prod- 
ucts. Bifunctional derivatives like kethoxal 
(CH3.CH(OC2H,).COCH0)352 and glyoxal 
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(OCHCH0)321*498 circumvent some of these 
problems. 

More recently, bromoacetaldehyde (BAA; 
BrCH,O), and its chloro analog (chloracetal- 
dehyde; CICHzO) have been found to give rea- 
sonable reaction rates with ssDNA as well as a 
mostly unique An etheno ring. 
(-N6€HOH€H2NI-) is formed between N6 and 
N1 of adenine or between N3 and N4 of cyto- 
sine.z45,246*3’9 BAA reacts well with loops of cru- 
ciforms, but was initially reported not to react 
with regions bridging B- and Z-form segments 
of DNA (B-Z junctions).225 Subsequent studies3I9 
showed some reactivity in the junctions, sup- 
porting the notion that these junctions have a 
partly unwound character. 

BAA was applied to a supercoiled plasmid 
containing the S1-sensitive oligo dG * dC se- 
quences in the chicken P-globin gene, and was 
found to react efficiently at both pH 4.6 and at 
neutral pH.245 Two high-resolution studies of a 
plasmid containing a 31-bp oligo dG dC insert 
were performed. Initially, S1 was applied sub- 
sequent to BAA and chloroacetaldehyde, to cleave 
the DNA at the BAA reactive site,z46 revealing 
one intense reactive region in the middle of the 
oligo(dG - dC) tract and a second reactive region 
in a flanking segment. Later, when hydrazine- 
piperidine treatment was used for secondary 
cleavage, the main chloracetaldehyde reactive 
sites could be located along the 5‘  half of the dC 
strand of the (dG * dC), tract (Figure 18), in full 
accordance with the triplex model to be discussed 
in Section III.244 These results were obtained with 
chloroacetaldehyde as the reagent, and with at 
least 2 mM Mgz+ added. 

In the presence of Mg the 5’ half of the dG 
strand was the reactive one. Moreover, the re- 
action was almost pH independent between pH 
5 and 8. The reactive form of poly dG * dC in 
the presence of magnesium ions may thus be of 
a structure different from that of other oligopurine 
tracts. Kohwi and Kohwi-ShigematsuZ4 propose 
that a Mgz+- and pH-dependent equilibrium be- 
tween two different triplexes exists; one triplex 
is composed of (C G - CH + ) triplets and the 
other of (G C * G) triplets, only the first triplex 
being protonated and therefore acid dependent. 
This is discussed further in Section 1II.G. The 
studies by the Kohwis demonstrate that bromo- 

and chloroacetaldehyde, being small molecules, 
have a high capacity to detect short, unpaired 
segments. They are therefore useful probes for 
the identification of ss DNA and other unwound 
segments. 

2. Diethyl Pyrocarbonate 

(C2H5C0.0*COC2H,, DEPC) . This reagent 
reacts primarily with N7 of adenine and of guan- 
ine, leading to imidazole ring opening and for- 
mation of a carbethoxy derivative. z72*495 Position 
N6 of adenine can also be reactive. Herr,195 as 
well as Johnston and Rich,221 showed that diethyl 
pyrocarbonate (DEPC) attacks preferentially 
guanines in Z-form DNA over those in B-form 
DNA. The explanation is that guanines are re- 
active only in the more exposed syn conforma- 
tion, adopted in Z DNA and not in the anti con- 
formation, where neighboring groups interfere 
with the reaction. DEPC does also react with 
nonpaired adenines, as in the loop of some 
cruciforms. 145 

The reaction of DEPC with the S1-sensitive 
oligo (AG - Cr) inserts was studied by Johnstonzm 
as well as by Htun and Dahlberg”’ and by Han- 
vey et ,].Is4 The three authors agree that DEPC 
attacks primarily the adenines in the 5 ’  half of 
the d(AG), strand. This is consistent with a struc- 
ture where the adenines along the 3’ half are in 
a shielded state, i.e., part of a triplex. Htun and 
DahlbergZM report that at somewhat higher link- 
ing deficit (ALk = - 12 to - 15; u = - .04 to 
-.05), the reactivity switches to the 3’ half of 
the d(AG), strand, indicating a second possible 
isomer of the triplex, in which the 5 ’  half of the 
purine strand participates in the triplex (H-y5, 
see Figures 3 and 14). Evans and EfstratiadisIz9 
also report that along the 76-bp AG insert, the 
3’ half is reactive toward DEPC, at pH 4.5. (In 
earlier studies reactivity toward DEPC was in the 
5’ half even at u = >O. see Reference 205.) 
The flanking AT-rich tract is even more reactive. 
The reaction of (AG CT), with DEPC is most 
efficient at pH 6, at moderate superhelicity, and 
disappears toward pH 8.2M Hanvey et al.Is4 com- 
pared the reactivity of oligo d(AG * CT) with 
several other simple A,G-containing inserts, and 
found that the 5’ flank is the reactive one in all 
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these inserts, as well as in more complex poly- 
purine inserts (see table). Oligo (dG dC), hav- 
ing no As, is not reactive; Oligo (dA e dT) is 
only slightly reactive above the B-form back- 
ground. In summary, DEPC detects, in addition 
to unpaired adenines, purines that are exposed in 
certain duplex DNA conformations. 

3. Carbodiimide 

(N-cyclohexyl N‘ beta. (methyl morpholi- 
nium)ethyl carbodiimide: 

This electrophilic reagent has been shown to react 
primarily with the imino N3 of guanine and to 
some extent with N1 of thymine. It has been 
found to react with superhelical phage PM2 DNA, 
but not with the relaxed form.262 Buoyant density 
studies of the products suggest that cruciforms 
are extruded from the superhelical form, with 
some transient ss formation. The bulky size re- 
quires that the bases be well separated. Carbo- 
diimide can therefore serve as a valuable com- 
plement to BAA. The action of this reagent seems 
not to have been studied yet by high-resolution 
techniques. 

Cantor and Ef~tratiadis~~ studied the action of 
DMS toward cytosine N3 of the S1-sensitive re- 
gion of the p-globin gene at base - 55, inserted 
into a supercoiled plasmid. No cytosine bands 
were seen, suggesting that the sensitive insert is 
base paired in the unwound state. 

In a subsequent study, DMS was found to 
react with the SSN-sensitive d(AG),, insert to a 
similar extent in a supercoiled and in a linearized 
p1a~mid . l~~  The reaction proceeded to a similar 
extent as in non-SSN regions, at pH 4.5 and 8, 
with or without Mgz+. This speaks against the 
N7 position being shielded in the insert, as would 
be expected if Hoogsteen base pairing to a third 
strand took place. lZ9 A clear protection of guan- 
ine N7 was nevertheless found in a d(AG),, in- 
~ e r t . ~ ~ ’  This is supported by Hanvey et a1.lS4 for 
d(AG)12 and the related inserts described. Partly 
(but not fully) protected areas (at pH 5) are ob- 
served in the 3’ half of several of the inserts. 
There was no protection of Gs in the inserts at 
pH 7.6 or in linear DNA. An oligo dG insert was 
not protected at pH 5 ,  and an oligo dA insert was 
not reactive. In summary, DMS is a good reagent 
to detect bent B-form DNA sections, DMS also 
serves to establish the extent to which the major 
groove is protected from outside interactions. It 
should be noted that the guanine protection data 
indicate the state of bulk DNA, rather than that 
of a reactive minority. 

4. Dimethyl Sulfate 
5. Osmium Tetroxide 

(CH30.SOZ.0CH3, DMS). This alkylating 
agent is known to react well with B-form DNA, 
primarily at position N7 of guanine and to a cer- 
tain extent with N3 of adenine. The product is a 
positively charged N-methyl derivative, readily 
cleaved in moderate basic medium.312 Further 
treatment leads to cleavage of the deoxyribose 
phosphate backbone, i.e., to DNA cleavage. The 
reactivity of the alkylating agents toward position 
N7 of guanine is well known to increase signif- 
icantly in the order: free nucleotide G ss DNA 
S dsDNA S nucleosomal DNA.389*549 The en- 
hanced reactivity of nucleosomal DNA may be 
due to bending into the minor groove.549 In ss 
DNA, position N3 of cytosine, which is hydrogen 
bonded in ds DNA, is also reactive, and its reac- 
tivity can be mapped by hydrazine cleavage.233 

OsO, forms an addition compound with the 
5-6 bond of thymine and, to a minor extent, of 
cytosine.65*163.281 The 5-6 bond resides in the ma- 
jor groove of a B-form DNA, which is unreactive 
toward OsO,. OsO, efficiently reacts in low salt 
and at pH 8 with ss DNA.315 

McClellan et al.315 used OsO, to characterize 
different states of alternating oligo dA-dT. This 
sequence, when inserted into a supercoiled plas- 
mid, can adopt a cruciform structure. OsO, at- 
tacks only thymines in the nonpaired loop 
region3’, of the cruciform, but not along the stem. 
The linear form of the same plasmid is reactive 
toward OsO, throughout the oligo dA-dT insert, 
as if no crucifonn stem is formed. This OsO, 
reaction is not observed with the linearized form 
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of the dyad symmetric T15A15 Tl5Al5 insert. This 
dyad symmetric insert apparently assumes, even 
in the linear state, the cruciform structure. The 
alternating (dA-dT) insert, when in the linear state, 
is suggested to assume an alternating structure of 
the type proposed by Klug et al.238 In that struc- 
ture, deoxyribose residues are in the 3’ endo con- 
formation, exposing the T in the major groove 
toward the reagent. In a subsequent study, 
McClellan and Lilley314 further explore the con- 
dition under which a d(A-T)3, insert is modified 
uniformly throughout (“U” or uniform pattern), 
i.e., is present in a non-B, noncruciform, un- 
wound state. Low salt and high T conditions fa- 
vored the transition into this unwound state in a 
closed supercoiled plasmid. Some ions, like A13+, 
also enhanced the U pattern of OsO, reactivity, 
while spermine and Co,(NH$+ favored the “C” 
(central) or cruciform pattern. Two-dimensional 
electrophoresis indicates complete unwinding of 
the oligo dA-dT insert (cruciforms are topolog- 
ically unwound structures; Section 111.3). The 
facile equilibrium between U and C patterns 
strengthens the evidence that both U and C forms 
represent unwound states of DNA, while the 
structure proposed by Klug et for dA-dT is 
not unwound. 

Johnston and Rich2,’ find that OsO,, and hy- 
droxylamine (Section II.B.7), attack very effi- 
ciently the thymines of a TCCCT or TCCTCT 
tract flanking a Z-forming alternating dG-dC in- 
sert. OsO, can thus serve as a reagent recognizing 
B-Z  junction^.'^' In purine * pyrimidine regions, 
OsO, reacts mainly at the center of the in- 
sert.205*220*498* Thymines flanking the inserts are 
also reactive, on both strands. The reaction with 
an oligo d(AG * CT) is acid-dependent (see Fig- 
ure 2 in Reference 498). This is in accord with 
the triplex model, in which the major groove side 
of the bases is highly shielded along both halves 
of the CT strand, but not at the center loop. OsO, 
reacts with thymines in the various oligo R * Y 
inserts studied by Hanvey et al.I8, in the same 
two subregions: with thymines at the center of 
the CT strand and with thymines flanking the 
insert (including the flanks of an oligo dG insert). 
In summary, OsO, can be regarded as a reagent 
that indicates the degree of exposure of thymines 
in a DNA structure. 

6. Potassium Permanganate (KMnO,) 

This reagent, like OsO,, oxidizes the 5-6 
bonds of pyrimidines when in an exposed 
KMnO, operates at neutral pH under mild con- 
ditions. KMnO, was used to localize a bend in 
a DNA loop formed by the simultaneous asso- 
ciation of the lac repressor with two remote op- 
erator sites.” KMnO, has also been applied to 
show that T antigen unwinds supercoiled SV40 
DNA when it binds to its major binding sites on 
the viral DNA.43 KMnO, appears a promising 
reagent for detecting unwound DNA regions and 
has been applied recently to potentially triplex- 
forming dyadic sequences; guanines, in addition 
to thymines, were attacked.Iu KMnO, can rec- 
ognize single unpaired C and T residues.I6’ 

7. Hydroxylamines 

Hydroxylamine, NH,OH and its 0-methyl 
ester, methoxylamine, NH,OCH,, react with car- 
bons 4 and 6 cytosine to form an addition prod- 
uct. 58*62 Hy droxylamine becomes protonated at 
low pH, pK = 6.5, so that the reaction is ex- 
pected to be slowed below pH 6. The reagent 
reacts well with ss DNA but not with linear B- 
form DNA.221-419 NH,OH reacts well with cy- 
tosines in a B-Z junction (formed by either a d(C- 
G)32 or a d(T-G * A-C)31 insert). Not every C in 
a junction is reactive, suggesting that junctions 
are not entirely single stranded, but rather in a 
mobile state.221 

d(AG * CT), inserts in supercoiled plasmids 
are reactive mainly in the center of the CT region, 
although some activity through the CT region is 
evident. The reaction is strongest at pH 4.5, de- 
spite the reduced activity of the reagent.220 Cy- 
tosines at the junction of the insert with the rest 
of the plasmid, particularly at the 3’ end of the 
CT strand, are also reactive. This indicates that 
the 3’ end is opposite the ss half of the d(AG) 
strand in the triplex, and has difficulty in rejoin- 
ing the plasmid duplex. Htun and Dahlberg205 
obtain a similar result with methoxylamine (see 
Figure 3) in favor of the hinged version of the 
triplex proposed by them. In summary, hydrox- 
ylamines serve primarily to detect exposed cy- 

* It should be noted that oligo R - Y inserts cannot form crucifoms. 
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tosines, complementing the information obtained 
by OsO, and KMnO, on thymidines. 

C. Two-Dimensional Topolsomer 
Electrophoresis 

8. Hydroxyl Radicals 

A number of transition metal complexes can 
generate OH radicals, which attack DNA. The 
primary target of the radicals is the deoxyribose 
ring, abstracting a H atom from deoxyribose car- 
bon C4 and leading to ring opening.387 The ab- 
stracted hydrogen is exposed toward the minor 
groove. Single-stranded DNA is unreactive to- 
ward Cu2+ phenanthroline, a commonly used OH- 
generating complex; so is Z DNA. A-form DNA 
is much less reactive than B-form DNA, probably 
because of a narrower minor groove. Oligo dA- 
dT is particularly reactive to this reagent.471 OH 
radicals formed by a second OH-generating sys- 
tem, iron-EDTA-H202, have been shown to avoid 
positions where the minor groove is narrowed 
because of DNA bending.M Moser and D e r ~ a n ~ ~ '  
attached the Fe(EDTA)22- complex to specific 
sites on an oligo dT,, carrier and showed that an 
oligo d(A T)-containing plasmid is cleaved in 
a manner consistent with the formation of a 
d(T A * T)15 triplex between the ss oligo dT,5 
and the oligo d(A - T) duplex. The cleaved site 
is opposite the base to which the EDTA is at- 
tached, if the TI5 oligomer joins the duplex in a 
direction antiparallel, rather than parallel, to the 
dT, insert. This establishes the directionality of 
the triplex formed. A further example of the ca- 
pacity of hydroxyl radical-generating reagents to 
differentiate between DNA conformations are 
chiral trisphenanthroline complexes of rhodium, 
which can attack specifically at the base of a 
cruciform235 and to distinguish between A- and 
B-form DNA regions. 322 

All these studies were performed with iso- 
lated plasmid DNA. At least one study where 
reagents were applied to intact nuclei was re- 
p~r t ed . "~  No evidence for unwound regions was 
found. In summary, while most previous reagents 
attack the nucleotide bases, in the major groove, 
OH-generating reagents attack the deoxyribose 
moiety, and can serve to report the state of the 
minor groove side of a duplex. 

A direct method for establishing the extent 
of unwinding of a DNA segment in a closed circle 
is by electrophoretic analysis of the topoisomers 
of that circle. A change in the degree of primary 
winding of an internal segment must, buy the 
principle of linkage conservation, be compen- 
sated by an equivalent change in superhelical 
winding. In a negatively supercoiled plasmid (the 
common cellular state, see Section I.A.2) un- 
winding of any right-handed DNA segment must 
be accompanied by a reduction of negative super- 
turns, one superturn opened per - 10 bases un- 
wound. The electrophoretic mobility of circular 
DNA in agarose is determined primarily by the 
number of superhelical turns actually present. 
Unwinding of primary turns in a topoisomer, on 
account of superhelical turns, is therefore man- 
ifested as a reduced migration rate of that topo- 
isomer. Unwinding in a closed circle requires a 
certain superhelical torsion energy, i.e., only to- 
poisomers above a minimal linking deficit are 
unwound under a particular set of conditions. 
Upon electrophoresis on agarose, one observes 
a sudden discontinuity in the well-known ladder 
produced by a topoisomer mixture, and an irreg- 
ular pattern When a topoisomer, e.g., 
topoisomer -7 migrates, under a set of condi- 
tions favoring unwinding, only as far as topoiso- 
mer - 4  under a previous set of conditions, we 
know that 3 superturns have been opened. This 
can be interpreted in a number of ways, for ex- 
ample, that a -30-bp segment became com- 
pletely unwound, or alternatively, that -15 bp 
reverted to a left-handed helix, or else that -60 
bp have been just partly unwound. 

To obtain better resolution, the pattern ob- 
tained upon electrophoresis in a single direction 
can be rerun in a perpendicular direction (second 
dimension), in the presence of chloroquine. In- 
tercalation of chloroquine into partly unwound 
topoisomers causes them to snap back into their 
right-handed B form (slightly unwound by the 
intercalation of chloroquine), and the missing 
negative superturns are reintroduced into the to- 
poisomers that ran retarded in the first direction. 
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This leads to a well-resolved discontinuity, or 
“Jump”, in the final pattern (see Figure 4). The 
two-dimensional chloroquine technique was first 
worked out for plasmids containing a d(GC),, 
insert, which converts at high superhelical den- 
sity to left-handed Z DNA.264*5’5 In the example 
shown in Figure 4, the band immediately follow- 
ing the discontinuity migrated in the first direc- 
tion only as far as the fifth topoisomer below it 
(marked x in the figure). This means that under 
the conditions of the first run it had 5 superturns 
less than during the second run (now in B form), 
i.e., it was unwound by 5 turns. The d(G-C), 
insert was 32 bases long. If we assume that it 
underwent a transition from a right-handed helix 
of 10.5 bases per turn to a left-handed helix of 
12 bases per turn, we obtain an expected un- 
winding of 32*(1/10.5+ 1/12) = 5.7 turns. This 
is slightly more than the observed change of 5 
turns. Detailed quantitative treatments that inte- 
grate the information from all bands have, how- 

ever, been applied and a helical repeat close to 
that found for crystalized Z oligonucleotides was 
~ b t a i n e d . ~ . ~ * ~ - ~  Comparison with the vector, i.e., 
with the same plasmid without the inset, can serve 
to delineate the location of the unwound region. 
Independent information on the length of the un- 
wound region is needed to state the degree of 
unwinding of the structure formed, or vice versa. 

Two-dimensional topoisomer analysis has 
been used to determine exactly the degree of un- 
winding of Z DNA - 1 1.5 bases per left-handed 
turn in so1ution.’83.378 A discontinuity was also 
observed in plasmid pUC7, in which the poly- 
linker region is present twice, in a head-to-tail 
(dyad symmetric) arrangement. The transition was 
attributed to cruciform formation.’54 To form a 
cruciform, the strands must separate, and this can 
be achieved only at the expense of the negative 
superturns. The two-dimensional pattern of pUC7 
showed a clear jump when topoisomer -9  was 
reached. Most of topoisomer -9  reverted to a 

FIGURE 4. Two-dimensional topoisomer analysis of a plasmid without (gel on 
the left) and with a d(G-C),, insert (right). A family of topoisomers of each plasmid 
was prepared and loaded in two wells at the top left of two square 0.7% agarose 
gels. The gels were run first in Tris-borate-EDTA at room temperature for 20 h, 
soaked in 1.25 FM chloroquine for 6 to 8 h, then run in perpendicular direction for 
18 h in the presence of chloroquine. The gels are stained with ethidium bromide 
(negatives are shown). Topoisomer numbers are shown. 0 and 0’ are nicked, 
relaxed molecules. The topoisomer marked x migrates in the first direction closest 
to the first post-jump topoisomer, and is assumed therefore to have a similar 
number of superturns. (From Wang, J. C., Peck, L. J., and Becherer, K., Cold 
Spring Harbor Symp., 47, 85, 1983. With permission.) 
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form migrating slightly less than topoisomer - 5 ,  
compatible with the opening of 4 superturns and 
unwinding of 40 to 42 base pairs, as expected 
when a cruciform is formed by the palindromic 
polylinker. Unwinding upon cruciform extrusion 
was similarly shown with the minimal length 
plasmid pA03 (1683 b ~ ) . * ~ '  Cruciform extrusion 
can be slow: t,,z for, e.g., topoisomer - 11 of 
APO3 at 25" is 9 h.3" 

At higher temperatures, an additional set of 
transitions can be observed' and was studied in 
detail by Lee and B a ~ e r . ~ ~ ,  A 5420-bp plasmid 
derived from resistance factor R12 undergoes a 
series of unwinding transitions between 37" and 
65". The two-dimensional patterns show that dur- 
ing the first transition, at 37", an average of 67 
bp were unwound, i.e., 6 or 7 turns of the B 
helix (Figure 5). At least 4 additional transitions 
can be distinguished as temperature increases. 
The high extent of unwinding detected is due to 
the large number of topoisomers ( + 16 to - 38) 
analyzed in this elegant study. The superhelical 
energy, AG, required for the first transition (de- 
duced from the linking number of the topoiso- 
mers undergoing transition) decreased linearly, 
from 35.1 KcaUmol at 37" to 6.6 Kcal/mol at 
65". AG extrapolates to zero at 71.4", within 3" 
of the melting temperature of the linear plasmid. 
The linear free energy change from 37" up to 
complete melting suggests that complete unstack- 
ing and strand randomization, rather than for- 
mation of an unusual duplex or triplex, accom- 
pany the various transitions. The lack of sequence 
information for the R12 plasmid prevents a cor- 
relation between the composition of individual 
base segments and the different melting transi- 
tions. We cannot say whether special symme- 
tries, or A,T content, or R Y composition are 
responsible. 

An alternative and no less elegant way to 
observe early stand separation is to load a to- 
poisomer mixture on a gel with a gradient of 
denaturing agents (like formamide-urea) perpen- 
dicular to the electric field2* (see Figure 6). A 
family of complete transition curves is visible 
directly on the electrophorogram. It is immedi- 
ately evident that the amount of denaturant re- 
quired for melting decreases as the superhelical 
strain goes up, transition free energies at different 

FIGURE 5. Two-dimensional topoisomer analysis of 
plasmid pSMl at several temperatures. The experi- 
mental procedure is essentially similar to that used in 
Figure 4. The various temperatures at which the to- 
poisomer mixture was analyzed are indicated on each 
gel. It can be seen that, for example, the first transition 
occurs at a topoisomer number that decreases with 
each temperature examined, reflecting the decreased 
torsional free energy required for the unwinding of the 
DNA region undergoing the transition. (From Lee, F. 
S. and Bauer, W. R., Nucleic Acids Res., 13, 1665, 
1985. With permission.) 

points along the gradient can be estimated di- 
rectly from the pattern. 

Two-dimensional topoisomer analysis of a 
R - Y structure was first reported by Lyamichev 
et al.293 and by Pulleyblank et A transition 
was found by analysis of pUC plasmids contain- 
ing a d(AG * CT),, or a d(AG * CT),, insert. The 
transition was favored by low pH (4.5 to 5.2) 
and by low salt (40 mM), conditions that also 
favor SSN sensitivity as well as reactivity toward 
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FIGURE 6. Topoisomer analysis on a formamide-urea 
gradient. A topoisomer mixture of plasmid pA03 was 
loaded along an extended slot on top of a polyacrylam- 
ide gel with urea-formamide gradient, the concentration 
of which increases from left to right. The numbers in- 
dicate the - ALk of each topoisomer. It is evident that 
topoisomer 8 is the first melting topoisomer. (From 
Lyubchenko, Yu. L. and Shlyakhtenko, L. S., Nucleic 
Acids Res., 16, 3269, 1988. With permission.) 

BAA, DEPC, etc. When the topoisomer mixture 
was treated with S1 prior to electrophoresis, the 
“post jump” topoisomers were absent, confm- 
ing that unwinding caused by high superhelicity 
is responsible for SSN sensitivity293 (Figure 16). 
The superhelix density required, deduced from 
the first topoisomer undergoing transition, in- 
creases linearly with pH down to pH 4.3,293 in- 
dicating that the pK of the sensitive form is lower 
than that pH. The retarded migration of the to- 
poisomers that underwent the transition corre- 
sponds to 4.5 turns unwound for the 45-base 
d(AG * CT) insert.396 This means that complete 
unwinding, but no opposite rewinding, is in- 
volved in the formation of the acid homopurine 
structure. A similar two-dimensional pattern was 
found also for a (dG - dC),, insert,29s consistent 
with the unwinding of close to 30 bases. 

The occurrence of a local topological tran- 
sition in the mungbean nuclease-sensitive region 
of pBR322@’ was confirmed by two-dimensional 
electrophoresis .2s4 Local topological transitions 
elsewhere in the vector can be an obstacle to the 
identification of the transition of a particular in- 
sert under neutral conditions. We have detected 

by two-dimensional electrophoresis a similar 
transition in the related plasmid pUC8. Cleavage 
with P1 nuclease confirmed the sensitive site in 
the major mungbean sensitive region of Kowalski 
and co-workers5s6 (see Figure 11). 

D. Electrophoretic Analysis 

Retarded electrophoretic migration of linear 
DNA fragments is currently associated mainly 
with bent DNA, assumed to retain its B-form 
~ t a t e . ~ ~ ~ * ~ ~ ~ * ~ ~ ~  The retarded migration is ex- 
plained as the result of the nonlinear DNA having 
to reptate through the network of the gelified 
medium. There are nevertheless several reports 
of anomalous migration related to DNA unwind- 
ing. Anomalous migration of the formally un- 
wound cruciforms was shown quite early. Extru- 
sion of a cruciform results in changed migration 
of pUC7 in agarose. lS4 Htun and Dahlbert2OS have 
shown that a SSN-sensitive d(AG * CT),, con- 
taining a restriction fragment exhibits retarded 
migration on a 5% acrylamide (1:60 bis) at pH 
4. The retardation was maximal when the TC 
insert was in the middle rather than at the ends 
of an approximately 400-bp fragment. A shorter 
inset, d(AG CT),, showed normal migration, 
supporting the formation of a hinged triplex (H- 
DNA) structure by the longer insert.2“ 

Electrophoresis of the circular closed DNA 
on agarose can also be diagnostic for unwound 
forms. Dean et a]. 107~108 have detected a fast band 
that is formed when replication and prereplication 
complexes of SV40 are formed in v i m .  This U 
(unwound) band moves far ahead of the normal 
supercoiled form of the virus under proper con- 
ditions. A similar fast-moving band has been de- 
tected by Stettler et with form V DNA, a 
structure formed by association of two circular 
closed complementary strands, which must be 
formally unwound (Section II1.F). The unwound 
paranemic joint, formed when two complemen- 
tary DNA strands are incubated with rec A pro- 
tein, is also detectable by its anomalous migration 
on gels’oo*s39 (see Section 1V.C). 

Bending, and therefore retarded migration, 
can probably be expected for most structures pro- 
posed for unwound DNA, certainly for melted 
DNA, B-Z functions, and the nonhelical duplex 
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proposed by us545 (Section III.5). The utility of 
electrophoretic approaches may be in that the 
bulk of the tested material must assume the ex- 
pected conformation in order to be detected at 
the appropriate experimental conditions. This is 
in contrast to sensitivity to nucleases or reagents 
that can be manifested only when a minority of 
the molecules is in reactive conformation. 

E. DNA Melting 

DNA melting is a well-studied phenomenon 
and extensive theoretical treatments are available 
(see Reference 38). The advent of high-resolution 
melting techniques496 demonstrated that many 
classic melting curves of cellular DNA are ac- 
tually a superposition of a multitude of individual 
transitions, each representing the melting of a 
particular DNA segment. Readily unwound DNA 
regions should be among the earliest melting 
“thermalites” (see Reference 496). High-reso- 
lution melting curves are available now for a 
number of small viruses and plasmids of known 
base This should make it possible, 
in principle, to ask what base compositions tend 
to be the early melting ones. The assignment of 
a particular thermalite to a particular DNA seg- 
ment, however, has proven to be a difficult task. 
The procedure generally adopted was to assume 
that melting occurs in the order of decreasing AT 
content and to try to fit a curve calculated on that 
assumption to experimental data. 1709303.502303 An 
unequivocal fit could, however, not be obtained 
until auxiliary techniques were introduced. 

An important auxiliary technique is electron 
microscopy. DNA is heated to a certain temper- 
ature, melted regions are prevented from rean- 
nealing with formaldehyde or glyoxal, the mol- 
ecules are linearized with a once cutting restriction 
enzyme, and the position of the observed “bub- 
bles” is determined by EM. Using this technique, 
Kalambet et al.223 were able to assign 3 to 4 
individually melting regions of the 1683-base 
plasmid pA03 to definite DNA regions. Plasmid 
pBR322 exhibited up to 8 separate peaks in its 
high-resolution melting curve (Figure 7).223.499 The 
v marks on the figure, and the associated num- 
bers, indicate which section of pBR322 is melt- 
ing, as identified by EM at the same temperature. 

D 
I 

FIGURE 7. Fine-structured melting profile of pBR322. 
(a) Theoretically expected differential melting curve; (b) 
experimental melting curve in SSC, Eco RI linearized 
plasmid; (c) as (b), in 0.1SSC; (d) experimental curve 
of Pst I linearized plasmid in SSC; (e) as (d), in 0.1 SSC. 
The v notch in (b) and (c) indicates temperatures at 
which the location of the melted region was established 
by EM. The notch in (a) indicates theoretically predicted 
minima. (From Kalambet, Yu. A., Borovik, A. S., Lyam- 
ichev, V. I . ,  and Lyubchenko, L., Biopolymers, 24, 359, 
1985. With permission.) 

Interestingly, the lowest melting regions of 
pBR322, below vl , map by EM to bases 3050 
to 3450 and around 4200. In these regions, Ko- 
walski and c o - ~ o r k e r s ~ ~ ~ ~ ~ ~  located the major 
SSN-sensitive sites of pBR322. The SSN-sen- 
sitive sequences have the expected high AT con- 
tent but are not devoid of polypurine clusters. 
Cruciform-forming sequences are also present. 
The resolution of the EM mapping method is too 
low ( 2 100 bases at most) to determine definitely 
whether the A,T-rich region or the cruciforms, 
or both, are responsible for the early melting. 
The second region observed by EM to melt, bases 
4000 to 4350, also includes a secondary Sl-sen- 
sitive region. It would be of interest to compare 
the 4 to 5 thermal unwinding transitions detected 
by two-dimensional electrophoresis by Lee and 
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B a u e P  with the high-resolution melting profile 
of the linearized plasmid. Unfortunately, a high- 
resolution study of that plasmid is not available. 

A further potentially helpful technique is the 
gradient gel technique of Lerman and co- 
w o r k e r ~ ~ ~ ~ . ~ ~ ~  and Myers et al. 345 Here the entire 
restriction fragment mixture of a plasmid is loaded 
along a slot of an acrylamide gel and then run 
perpendicular to a formamide-urea gradient. A 
complete denaturation profile of each fragment 
is obtained. Thus the melting profiles of the five 
longest Alu I fragments of pBR322 can be ob- 
tained on a single gel. Interestingly, the 521-bp 
fragment B , which contains the SSN-sensitive 
region of the plasmid, has been found to be the 
lowest melting fragment. 

All these studies concern SSN-sensitive DNA 
regions characterized by a high A,T 
known to favor early strand separation. In higher 
eukaryotic genes, the readily unwound eukar- 
yotic regions are, however, characterized by a 
high purine * pyrimidine asymmetry. DNA se- 
quences containing eukaryotic SSN inserts, like 
d(AG CT),, have yet to be studied by high- 
resolution melting procedures. By their A,T con- 
tent these inserts can be expected to be middle 
melting. The melting profile should be very dif- 
ferent if the actually melting structure were non- 
B (e.g., a triplex). Inspection of Table 1 shows 
that there is no particular preference of A and G 
or of T over C in SSN-sensitive regions. Can we 
reconcile the high A,G content of many SSN- 
sensitive regions with the early melting of A,T- 
rich regions? One answer may be that the two 
compositions need not be exclusive. Alterna- 
tively, AH and AS might not be constant but vary 
with temperature, makjng the unwinding step a 
favorable one at physiological temperatures. The 
detailed measurements of Breslauer et aLS4 do 
not favor this; it should be noted, however, that 
the AH and AS values are low for ApG and CpT 
pairs, compared, for example, with ApC or GpT 
pairs. AH values are determined primarily by 
stacking interactions with adjacent bases, rather 
then by the H bonding of complementary bases. 
This supports a third possibility, namely, the po- 
lypurines in sensitive regions adopt an unwound 
but still stacked conformation, leading to a fa- 
vorable AG at physiological temperatures. Melt- 

ing studies of synthetic oligo R * Y inserts could 
serve to examine this possibility. 

F. Structural Methods 

The ultimate method for establishing the 
structure of a particular unwound form of DNA 
is by molecular analysis employing X-ray crys- 
tallography, NMR, IR, Raman, and CD spec- 
troscopy. A survey of these methods is clearly 
beyond the scope of this review. Circular di- 
chroism has already been instrumental in delin- 
eating the pH and temperature ranges in which 
a DNA triplex is stable, as described in Section 
II1.G. 1. The recent determination of the melting 
profile of an artificial triplex is an example.542 

Two-dimensional NMR spectroscopy is rap- 
idly emerging as a most useful method for de- 
termining the structural details of DNA in its 
natural solution envi r~nment .~ '~ .~~ '  This tech- 
nique has been valuable in establishing the range 
of existence of cruciform structures. The stem 
and loop part of the cruciform have been studied 
using partly self-complementary DNA fragments 
as model hairpin loops.37~36'~5z8 These studies es- 
tablished the B-type character of the stems, and 
the single-stranded, yet structured, character of 
the loop. 

NMR analysis has most recently been applied 
to complexes formed by 2:l mixtures of oligo- 
pyrimidine and their complementary oligopurine 
~ t r a n d s . ~ ~ . ~ ~  The complexes have been shown 
to adopt triplex structures at pH 5. Crosspeaks 
were observed in a d(T-C), * d(A-G), * d(T-C), 
complex between H8 protons of guanines, and 
N3 protons of cytosines of the third ~ t r a n d . ~ ~ . ~ ~  
This means that the two hydrogens are less than 
4 A apart, consistent with the formation of a 
Hoogsteen-type H bond between C-N3 and G- 
N7 opposite to it. The detailed assignment of 
interacting peaks indicates that the second dTC 
strand fills the major groove of a normally paired 
d(AG TC) duplex, running antiparallel to the 
Watson-Crick H-bonded dTC strand. The pro- 
posed structure is essentially the same as pro- 
posed for the SSN-sensitive segments at acid con- 
d i t i o n ~ . ~ ~ ~  In a second study, new low-field 
resonances were identified in a (Y * R * Y),, 
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complex and assigned to the imino protons of 
thymine (at position N3), again, at pH 5 and not 
at pH 6.8. Crosspeaks resulting from thymine N3 
hydrogen participation in Hoogsteen H-bonds 
have been identified in all four T A * T base 
triplets expected in the 1 1-base-long triplex stud- 
ied, confirming the suggested structure of the 
triplex. 

X-ray crystallography has also served to es- 
tablish the existence of certain unwound struc- 
tures. The first structure was a platinum complex 
([(bipyridyl), * Pt(ethylenediamine),I2 + interca- 
lated into calf thymus DNA fibers’O (see Figure 
9). Crystals formed by intercalation of the qui- 
noxaline peptide triostin A into the self-comple- 
mentary hexanucleotide CGTACG duplex were 
analyzed. The two CpG pairs that accommodate 
the quinoxaline ring were found to be largely 

Intercalation and unwinding are ac- 
companied, in both structures, by stretching of 
the deoxyribose-phosphate backbone, increasing 
the distance between base planes to 5 to 7 A. 
Unwound structures of this intercalative type can 
play a role in unwinding in vivo, when potential 
intercalating residues, for example, certain pro- 
tein side chains, are available to intercalate and 
to stabilize the unwound state. The structural 
methods will certainly play a major role in the 
ultimate characterization of any unwound struc- 
ture of demonstrated biological significance. 

111. THE PARANEMIC DNA STRUCTURES 

We have seen in the previous chapter that 
many genes contain DNA regions that are sen- 
sitive to single-strand specific (SSN) nucleases 
when examined either in intact nuclei or after 
insertion into supercoiled plasmids. It is reason- 
able to assume that the DNA in these sensitive 
regions is in a topologically unwound state, oth- 
erwise ready separation to single strands would 
be hard to envisage. Unwinding does not nec- 
essarily mean complete separation into single 
strands. It means that DNA in the sensitive re- 
gions is in a conformational state topologically 
distinct from the conventional B state. A number 
of energetically favorable structures have been 
proposed, in all of which DNA is in a formally 
unwound state. In this section, the various struc- 

tures proposed for the unwound, paranemic state 
are described, and the evidence in favor of or 
against the existence of each one is discussed. 
Some of these structures have particular sym- 
metry and energy requirements. These are spec- 
ified for each model and are summarized in the 
last subsection. The alternating all-purine se- 
quence d(AG . CT), has been found to be the 
most SSN-sensitive one, and possesses both mir- 
ror symmetry and direct repeat features. It is the 
best-studied SSN-sensitive motif, and much of 
the discussion will necessarily focus on the struc- 
ture of this R * Y sequence in the paranemic state. 

A. Single Strands 

Separation of the DNA of specialized gen- 
omic regions into single strands has been con- 
sidered a number of times over the years95 and 
is a straightforward explanation for sensitivity 
toward SSNs. Unwinding of DNA into single 
strands has no symmetry requirements, and offers 
a direct explanation for SSN sensitivity. Under 
physiological conditions, a large input of free 
energy is nevertheless required to keep the strands 
from reannealing. This free energy can be pro- 
vided either by the available superhelical (tor- 
sional) energy, or, in the intact cell, by inter- 
action with proteins like SSB, by association with 
RNA, or with nuclear factors, as discussed in 
Sections 111.1 and 1II.J. 

The experimental evidence in favor of sep- 
aration of SSN-sensitive regions into single 
strands is not conclusive. In order to be cleaved 
by SSN, only a minor fraction of the sensitive 
DNA needs to be actually in the ss state, but can 
open just transiently by “breathing”. One way 
to establish what fraction of the DNA is in the 
sensitive state would be to compare the rate of 
cleavage with a denatured single-stranded con- 
trol. A proper single-stranded control should be 
circularly closed to exclude possible exonucleo- 
lytic cleavage, or other end effects. Extents of 
cleavage are, however, generally determined by 
gel analysis, which does not readily yield accu- 
rate rate data. In one study where a linear, den- 
atured DNA was included as a control, this sin- 
gle-stranded control DNA yielded a S1 banding 
pattern quite similar to that of the supercoiled 
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plasmid studied; in the ss DNA the pattern was 
nevertheless evident already after 0.25 and 1 min 
of digestion, while it took 10 min for the same 
pattern to appear in the ds supercoiled p l a ~ m i d . ~ ~ ~  
This means that the S1-sensitive region in the 
closed plasmid was not actually single stranded. 

Wang and Hogan516 studied kinetically the 
cleavage of a sensitive site in the second intron 
of the chicken P-globin gene. A site near base 
+620 is sensitive to S1 at pH 4.5, and to the N .  
CTUSSQ nuclease at pH 7.5, even in linear form 
(see Table 1). The rate of cleavage of the li- 
nearized plasmid, as judged from gel analyses, 
was found to be practically independent of the 
amount of enzyme present. This suggests that a 
slow internal transition of the DNA must occur 
before it can be cleaved by the nuclease. In the 
linearized molecule, this slow transition can either 
be unwinding of the helix, or separation of the 
strands of an already unwound structure. In either 
case, at most a small minority of the attacked 
DNA can be present in the straight single-stranded 
form. An enzyme-independent rate of cleavage 
was also found in a supercoiled myc-containing 
p l a ~ m i d , ~ ~  but can be explained by the presence 
of a stabilizing RNA (see Section 1II.H). 

Fine structural acrylamide gel analysis of the 
products of SSN cleavage (Sections 1I.A and 
III.G.5) indicates that only selected bases along 
a polypurine region are attacked. If the polypu- 
rine region was in a free single-stranded state, 
all bases would be equally cleaved (no sequence 
specificity of S1, P1, etc. has been reported).327 
This means, again, that the vulnerable unwound 
region may not be. actually separated into single 
strands. Single-strand-specific reagents like DMS 
or BAA (Section II.B) also lead to localized rather 
than to general modifications along a SSN-sen- 
sitive region. Thus, N3 of cytosine in -55 
chicken P-globin SSN-sensitive DNA was not 
reactive to DMS, as it should be if it was in single 

Restriction enzymes Mbo I1 and Sma 
I have recognition sites within the sensitive re- 
gion, and cut the region efficiently within a su- 
percoiled p l a ~ m i d . ~ ~ ~  This would not be expected 
if the region was dissociated into single strands. 
The reactivity of oligo d(AG - CT) toward BAA 
is also not as expected for single strands.’@ 
Chloracetaldehyde is only partially active toward 
an oligo d(G * C), insert,244 as discussed further 

in the subsection on triplexes (1II.G). These find- 
ings are nevertheless not conclusive evidence 
against a single-stranded state, because super- 
coiled DNA relaxes after the first hit by an en- 
zyme or reagent, preventing further cleavage, so 
that only the most readily attacked sites of the 
sensitive region may be detected. 

Kowalski et a1.2” studied the cleavage by 
mungbean nuclease of two A,T-rich regions in 
plasmid pBR322 (bases 3180 to 3301 and 4133 
to 4252). Complete melting rather than “breath- 
ing” is offered as an explanation, mainly because 
two-dimensional electrophoresis shows a clear 
structural transition of all topoisomers of ALk 
beyond - 18. These, and not the topoisomers 
before - 18, are also the mungbean nuclease- 
sensitive ones. This means that the bulk of the 
DNA present is in the sensitive state. The tran- 
sition is observed at 37” and not at 23”. The 
sensitive regions contain symmetric subregions 
of quite limited extent (at most a 9;6 hairpin loop 
at 3223 and a 7;3 one at 4174), and therefore 
they are not likely to assume symmetric para- 
nemic structures. These observations, and the high 
A,T content of the sensitive regions, led KO- 
walski et al.254 to prefer complete separation into 
single strands. Lee and B a u e P  used two-di- 
mensional topoisomer analysis (see Section II.C) 
of a bacterial plasmid to show that the transition 
of successively unwound regions extrapolates di- 
rectly to the melting point of the plasmid DNA, 
consistent with direct transition to single strands. 

The prokaryotic SSN-sensitive regions differ 
from eukaryotic ones not only in that neutral con- 
ditions are optimal, but also in their A,T-rich 
rather than R * Y-asymmetric composition (Sec- 
tion II.A.7). Early melting of AT-rich regions is 
a well-established phenomenon in molecular bi- 
ology. 142-215*336*337 For supercoiled plasmids, 
McClellan and co-workers have found that under 
some conditions oligo dA-dT can behave like 
R - Y ~ e g m e n t s ~ ’ ~ ~ ~ ’ ~  They find (see Section 
II.B.4) that oligo dA-dT inserts can undergo tran- 
sition into two distinct forms. One form (the “C” 
form) is a cruciform, having the required dyad 
symmetry; the other form (the “U” form) is uni- 
formly S1 and OsO, sensitive, favored by low 
salt and high T, and is therefore either in the 
completely melted, or in a related unwound state. 
The A,T-rich motif, rather than the all-purine 
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motif, may well be the prevalent one for pro- 
karyotic and yeast SSN-sensitive DNA.486*487 The 
low melting A,T-rich regions are thus the most 
likely ones to be separated into single strands 
when in the unwound state. 

in order to form a slippage structure. The weight 
of present evidence can thus not be considered 
as favoring slippage structure models for un- 
wound DNA regions. 

C. Cruciforms 
B. Slippage Structure 

This structure, depicted in Figure 8b,requires 
the presence of a direct repeat in the DNA se- 
quence. One strand of the first repeat hybridizes 
with the complementary strand of the second re- 
peat, with the opposite and in-between regions 
looping out of the structure. Two conformers are 
possible, according to which strand of the first 
repeat pairs with the complementary strand of the 
other repeat. The slippage structure is topologi- 
cally at least partly unwound, because the two 
strands of B-form DNA must untwine and sep- 
arate before the slippage structure can be formed. 
A slippage structure was first proposed by 
HentschelIw to explain the SSN sensitivity of the 
d(AG CT),, region in the sea urchin histone 
gene (Table 1). Subsequently, Mace et al.300 con- 
sidered this structure to explain the sensitivity of 
a T,C rich region in D. melunogaster heat shock 
genes. A slippage structure was also considered 
for the pH-independent SSN-sensitive sequence 
in the major late adenovirus which 
contains a direct repeat. The slippage region is 
expected to be protected against SSN and chem- 
ical reagents only in the paired repeats, and to 
be reactive throughout the free loops. Such a 
“bimodal” S1 cleavage pattern was indeed ob- 
served for oligo d(AG * CT) inserts,’94.208 but was 
not substantiated by fine structural analysis of the 
cleavage products on gels .205.220*501 The direct re- 
peat in the major late adenovirus promoter was 
carefully tested with BAA, but only slight reac- 
tivity was found along the supposedly looped out 

The polypurine insert studied by 
Mirkin et al.,331 discussed in Section III.G.6, 
shows the manifestations of an SSN-sensitive se- 
quence, but possesses no direct repeat, excluding 
a slippage structure. Slippage structures certainly 
cannot explain many of the SSN-sensitive se- 
quences in Table 1, for which no direct repeat 
of significant length can be found. Energetically, 
a large degree of strand separation is still required 

The cruciform structure, also referred to as 
the double hairpin, stem and loop structure, was 
frst proposed by GiererlS8 and has attracted much 
attention as a potential genetic recognition site 
(reviewed in References 280 and 282). The for- 
mation of a cruciform requires a dyad symmet- 
rical arrangement of the bases (often referred to 
as inverted repeats, or palindrome, actually mis- 
nomers) to permit stem formation. The cruciform 
(Figure 8c) is a paranemic structure because the 
two strands of B-form DNA must be separated 
before they can form the stem and loop struc- 
tures. In a closed circle cruciforms can be formed 
only by opening negative superhelical turns or 
equivalent source of linking deficit. 93.1s4*279 The 
bases along the stems of the crucifom are re- 
wound to form an intrastrand B-form helix, so 
that the stem region becomes geometrically, but 
not topologically wound. The energy investment 
is limited to the unpairing of the bases in the loop 
and at the base regions. A transition into cruci- 
form is therefore less energy costly than transition 
into single strands or into a slipped structure. The 
alternating d[(T-G),-(C-A),] segment, which can 
form either a cruciform or left-handed Z DNA, 
has been found to prefer the cruciform state over 
the Z 

Cruciforms are well known to be sensitive to 
nuclease S 1, by virtue of the free loop at the end 
of the stem.278.365.457 Dyad symmetric regions have 
been noted in quite a number of genes, ranging 
from simple plasmids like pBR322 to well-stud- 
ied eukaryotic  gene^.^".^^^ The actual extent of 
cruciform extrusion in the intact genome is less 
clear. The well-known inverted repeat of the lac 
operator region, for instance, does not form a 
c r u u ~ i f o r m . ~ ~ ~ ~ ~ ~ ~ ~ ~  Neither poly d(AG CT) nor 
most other R * Y SSN-sensitive regions in Table 
1 possess dyad symmetry, so that cruciforms can- 
not explain SSN cleavage of most purine-rich 
regions. The only entries in Table 1 in which a 
cruciform may be implicated are the secondary 
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a. SINGLE STRANDS 

Symmetry: None Motif: A.T rich 

C. CRUCIFORM 

Symmetry: Dyad Motif: Not R.Y 

e. ALTERNATING RIGHT- LEFT HELIX 

-B- Junction -2- 

Symmetry: None Motif: G-C 

g. FORMV 

b. SLIPPAGE STUCTURE 

Symmetry: Repeat Motif: R.Y 

d. PARANEMIC DUPLEX 

Symmetry: / None Motif: Any 

f. TRIPLEX 

Symmetry: Mirror Motif: R.Y 

h. D - LOOP 

Symmetry: None Motif: A.1 rich 

FIGURE 8. Eight structural forms considered for paranemic DNA. The symmetry requirements of 
each structure, and the principal sequence motifs reported, are indicated. Additional less regular forms 
can be expected to be formed by interaction with transcription factors, and other nuclear DNA-binding 
proteins. 
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S1-sensitive sites of pBR322, cleaved in the ab- 
sence of Mg2+ and the oligo(A-T), inserts 
studied by McClellan and Lilley314 (see Section 
ID. A). To conclude, dyad symmetric regions have 
the potential to form unwound regions by cru- 
ciform extrusion, but the extent to which this 
happens in the intact cell is not yet clear. 

D. Left-Handed DNA and 6-2 Junctions 

Left-handed forms of DNA were first de- 
tected in high-salt solutions. 385 The crystallo- 
graphic determination of the Z-type structure for 
d(G-C), served to break the premise that the right- 
handed helical form is the only stable form of 
DNA.s05 Left-handed DNA by itself cannot be 
considered as paranemic. A left-handed Z DNA 
segment of n bases can, however, combine with 
an adjacent right-handed B segment of an equiv- 
alent number of turns, to form a paranemic region 
U of 2n bases (Figure 8e): 

B, + Z,. S U2, S 2(SS)n 

A mobile equilibrium of the unwound region and 
its two separated strands ( S S )  can be expected; 
there is no topological barrier to this process, and 
it can take place in a circular closed DNA. There 
are also neither symmetry requirements nor en- 
ergy barriers to the process. An alternating B-Z 
structure of this type has been proposed for form 
V DNA, as discussed in Section III.F. In one 
study a left-handed model has been proposed for 
a SSN-sensitive region. The proposal was based 
on a square relation between the length of the 
plasmid studied and the superhelicity required for 
SSN ~ens i t iv i ty .~~ That relation fits the presence 
of a left-handed segment, but can also fit other 
paranemic conformations. There has been no fur- 
ther consideration of this proposal. 

Z DNA, its structure, and evidence for in 
vivo roles are well r e v i e ~ e d ~ ~ * ’ ~ ~ * ~  and will not 
be reviewed here. The potential to form left- 
handed DNA has been found mainly in alternat- 
ing purine-pyrimidine tracts, particularly of the 
dG-dC class, rather than in homopu- 
rine * homopyrimidine (R - Y) sequences. This is 
a strong argument against a major contribution 

of left-handed segments to SSN sensitivity. Al- 
ternating oligo d(G-T * A-C) can also form left- 
handed DNA, but oligo d(A-T), which we have 
seen to be SSN sensitive under some conditions, 
can be induced to form Z-type structures only 
when imbedded in d(G-C) or d(G-T * A-C) seg- 
ments. 128*229.320 Few if any of the eukaryotic SSN- 
sensi tive sequences in Table 1 have alternating 
R-Y tracts of sufficient length to form a Z-type 
structure. An exception may be the long alter- 
nating d(G-T * A-C) sequences, 170 bp, in the 
rat prolactin promoter region. Two-dimen- 
sional electrophoresis shows the opening of 5 
superturns. This is interpreted as formation of a 
28-base Z DNA region. The data can nevertheless 
also be interpreted as the unwinding of 56 bases. 
The S1 sensitivity of the same region is in fact 
in favor of the second alternative. More extensive 
evidence in favor of coexistence of alternating 
left- and right-handed regions has been found for 
the case of form V DNA discussed in detail in a 
subsequent section. 

Systematic analysis of genomic sequences has 
shown that long alternating dG-dC segments are 
rather rare in genomic DNA.247 This is in sharp 
contrast to purine- or pyrimidine-rich sequences, 
which are highly overrepresented in most gen- 
omes.61 The relatively few occurrences of Z-form 
DNA segments in cellular DNA are in line with 
other indications that Z-forming sequences are 
underrepresented in actual genomes.9~202~ss2 The 
low occurrence of Z-type DNA may still signify 
an important role for Z-type segments, including 
the controlled unwinding of very special DNA 
regions. 

B-Z junctions - The junction of a Z-form 
insert in a plasmid to adjoining B-form segments 
has been recognized to have some features of an 
unwound structure; the junction region was found 
to be insensitive to B-recognizing restriction 
e n ~ y r n e s ~ ~ * ~ ~  and to be sensitive to nuclease S 1 .456 

The high reactivity of hydroxylamine and OsO, 
at the B-Z junction, rather than within the Z re- 
gion, led Johnston and Rich221 and Palecek et 
al.364 to propose these reagents as suitable for 
SSN-sensitive regions. This does not necessarily 
imply that junction regions are actually separated 
into strands. The lack of reactivity of BAA in 
the junction region led Kang and Wells225 to pro- 
pose that the bases in the junction are in a paired 
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state. This conclusion was, however, modified 
when a better technique was worked Thus 
it remains unclear to what extent B-Z junctions 
are not only unwound, but actually strand sep- 
arated. Further study of B-Z junctions might pro- 
vide important leads to the structure of unwound 
DNA segments. 

E. Paranemic Duplexes 

The idea that the DNA duplex can exist in 
an unwound, nonhelical state (the ‘‘paranemic’ ’ 
vs. the “plectonemic” state) was raised by Wat- 
son and Crick as soon as the double helix was 

It has been reconsidered a number 
of times ~ i n c e . ’ ~ ’ . ~ ~ ~  Detailed “side by side” 
models were proposed as alternative explanations 
of DNA fiber diffraction data leading to the clas- 
sic B-form structure . 50329 .415 .427  In these models 
the helix winds first five turns in the right direc- 
tion, then five turns in the left direction, repet- 
itively, so that an overall unwound structure re- 
sults. Direct determinations of the helical winding 
number of B DNA from topoisomer shift data96 
and from DNAse I digestion patterns of adsorbed 
DNAa8 established definitely that the bulk of the 
DNA extracted from cells exists in a B form and 
not in an unwound form. These experiments do 
not rule out the possible participation of unwound 
duplex forms in selected gene regions, or during 
intermediate stages of gene expression processes. 

In parallel, evidence was accumulating that 
the twist angle between adjacent bases can be 
significantly smaller that 36”. Amott et al.” 
showed by X-ray diffraction that upon interca- 
lation of a bipyridyl-ethylenediamine Pt complex 
([bipy)R(en)12+) a ladder-type DNA structure is 
formed (Figure 9). Adjacent base pairs adopt a 
parallel arrangement and the distance between 
bases alternates between 3.4 8, and 6.8 A to allow 
the intercalation of the complex. Low twist an- 
gles have been found in other complexes, like 
the crystals formed upon intercalation of the qui- 
noxaline antibiotic triostin A into a 6-bp oligo- 
n u c l e ~ t i d e . ~ ~  In the Z-I1 form of DNA, the bases 
in the CpG step have a winding angle of - 8.5 
rather than - 36O.Il4 A highly unwound helix has 
been proposed by To form this helix, 
the nucleotides must be in the high anti confor- 

J 

FIGURE 9. The crystal structure proposed for DNA 
unwound by intercalation with a platinum complex. (From 
Arnott, S., Bond, P. J., and Chandrasekharan, R., Na- 
ture, 287, 561, 1980. With permission.) 

mation, in which the glycosidic angle x is close 
to 180”. This high anti angle has been shown to 
exist in nucleotides in which carbon C’2 is linked 
to purine C8 via a S or an 0 bridge.484 

The structural and energy requirements of 
unwound DNA duplexes were reinvestigated by 
computerized energy minimization procedures by 
Yagil and S u ~ s m a n . ~ ~ ~  When the energy min- 
imization program E r n 7 ’  was applied to a crude 
model, the paranemic structure shown in Figure 
10 resulted. This structure is completely un- 
wound, yet the base pairs are hydrogen bonded 
and stacked in the conventional fashion. The dis- 
tance between adjacent base pairs ranges from 
3.6 to 3.9 A, with a propeller twist close to that 
found in B-form DNA. The structure arrived at 
differs from previous unwound models by having 
a very high tilt, of 41”, leading to a diagonal 
appearance of the structure (Figure 8d). The high 
tilt is a consequence of an unusual trans confor- 
mation of backbone angle 6 (P-O5-C5-C4), lead- 
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1. Y 

FIGURE 10. A computer-minimized model for paranemic DNA in the duplex state. (a) Front view; (b) side view. 
Note the 41” tilt and the alternating positions of backbone phosphates. Note also the exposed state of the bases 
in the side view, facilitating recognition by various nuclear  component^.^^ 

ing to a high slide between adjacent bases. The 
unusual trans state of the p angle has been shown 
by two-dimensional NMR analysis to exist in 
certain autocomplementary DNA A fur- 
ther feature of the model is an alternation in the 
conformation of adjacent nucleotides, primarily 
on the purine-rich strand, as can be seen in Figure 
10. This is in line with an alternating sensitivity 
of adjacent bases to S1 and DMS reported in a 
number of studies. 129.397 

The transition of dG,,.dC,, from the B-form 
state to the proposed nonhelical state (“N-DNA”) 
requires an input of 8.2 KcaYmol bp, compared 
with 12.4 KcaYmol for complete melting of 1 bp 
(Table 3). The AH associated with the melting 
of a GG * CC pair is, according to Breslauer et 
al,54 11 .O KcaYmol bp. The reason for the dif- 
ference can be that neither the effects of coun- 

tenons nor those of solvation are considered by 
EREF, as by most current energy minimization 
programs. The entropy component of free energy 
is also not included. Nearly identical results are 
obtained when energy minimization is done by 
EREF, AMBER, or a dynamic modeling pro- 
cedure based on EREF (see Table 3). The po- 
lypurine sequence found to require the least en- 
ergy for the transition from B state to the 
paranemic form was indeed d(AG),A(CT), (Ta- 
ble 3); alternating dG-dC required even less and 
was exceptionally stable in the Z form.545 

The two strands of the paranemic duplex can 
of course separate without prior rotation of one 
strand around the other, like in all other structures 
in this section. There is, in addition, no symmetry 
or nucleotide sequence requirement for the for- 
mation of the paranemic duplex; DNA of any 
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TABLE 3 
The Energy of Transition 
to an Unwound Duplex 

poisomer 10, which means that 3 turns are un- 
wound. The patterns demonstrate that sequences 
without any obvious symmetry can, under neutral 

of B DNA 

conditions, undergo a transition into a state of 
reduced winding, when sufficient torsional en- 

A P  (Kcal/mol bp) 

dGl,.dC,, (N,) 8.2 

dA,,.dTl, 10.8 
dG-dC,.(dG-dC), 7.0 
dG,,.dC,, (dynamic) 7.2 
Meltingb 3.1 (AG,) 

11 .O (AH,) 

(dG-dA),(dC-dT), 7.4 

Difference in energy of the oligonucletide 
between unwound duplex and its 6 form 
states. 
Data from Reference 54. 

For additional information see Reference 545. 

base sequence can assume this structure. Also, 
no protonation of cytosine or adenine is neces- 
sary, as needed for the formation of triplex struc- 
tures discussed in the next section. Detailed ex- 
amination of the proposed structure shows that 
all the bases in the structure are highly exposed 
to recognizing factors, both in the minor and in 
the major grooves. All this makes the paranemic 
duplex an attractive alternative model for SSN- 
sensitive regions, in particular for those gene re- 
gions where the transition is pH independent. 

We are currently examining the two-dimen- 
sional topoisomer pattern of several plasmids 
containing SSN-sensitive regions under neutral 
conditions. The two-dimensional pattern of plas- 
mids pUC8 and pBSTN1, containing the 19-G 
region of the P-globin promoter, is shown in 
Figure 11. A clear transition is visible with both 
plasmids. We are presently using a “small cir- 
cle” technique354 to determine whether the tran- 
sition in pBSTNl is due to the same SSN site or 
to the chicken globin tract inserted. As for pUC8, 
digestion with P1 demonstrated that the region 
most readily attacked is the region which was 
found by Sheflin and Kowalski”’ to be mung- 
bean and P1 sensitive in pBR322. A similar result 
published e ~ l i e r , ’ ~ . ~ ~ ~  in a related plasmid, was 
assigned to a transition into a cruciform state. 
Under our conditions, the transition occurs when 
a linking number difference of 13 is reached. The 
first post-transition topoisomer migrates like to- 

ergy is supplied. Kowalski et al.254 stress that the 
two-dimensional technique detects a stable un- 
wound state and not one in a mobile equilibrium 
with bulk DNA. Transition to a completely melted 
state is the favored interpretation, as discussed 
in Section III.A; the formation of paranemic du- 
plex can nevertheless not be excluded on the basis 
of the data brought. 

Three additional duplex models have been 
considered as explanations of the properties of 
altered DNA in SSN-sensitive regions. Evans and 
Ef~tratiadis’~~ proposed a heteronomous duplex, 
the distinctive feature of which is that the op- 
posite strands have unequal backbone confor- 
mations. The term heteronomous was coined by 
Arnott et al.’, to describe a poly dA * dT duplex 
in which opposite strands have different ribose- 
phosphate backbone conformations. The evi- 
dence in favor of a heteronomous state of SSN- 
sensitive regions is the alternate cutting pattern 
of both the d(TC), and the d(AG), strands of the 
plasmid studied, obtained by S I nuclease as well 
as by mungbean nucleases and by venom phos- 
phodiesterase at neutral pH. ApG and TpC steps 
are attacked by S 1 in preference of GpA and CpT 
steps.Iz9 Pulleyblank et al.397 find that, for d(TC),,, 
the CpT step is the one preferentially cut. In both 
studies, the d(CT) strand is cut more frequently 
than the d(AG) strand, but, again, a single-strand 
control to normalize for possible base specificity 
is not included. No molecular details for the het- 
eronomous state beyond the unequal conforma- 
tion of the two strands and an alternating structure 
for consecutive base pairs are specified. It should 
be pointed out that in the Yagil-Sussman model, 
successive bases have the alternating feature, one 
oxygen pointing upward and the next one down- 
ward (arrows in Figure 10). This is the conse- 
quence of the alternating conformations that the 
deoxyribose rings assume in successive bases: 
C2’ exo-01‘ endo in the dG strand of d(G - C),,, 
complemented by C3’ endo-01’ endo in the dC 
strand (the exact conformation is sensitive to de- 
tails of procedure, and should not be taken as 
definite). 
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FIGURE 11. Two-dimensional topoisomer analysis of pUC8 and pBSTN1, at pH 
8.3 (a) 20 mM spermine present; (b) no spermine present, bottom patterns; pUC8, 
top patterns, pBSTN1; (c) P1 digestion patterns of pUC8 and pBSTN1. The two- 
dimensional gels suggest a role for spermine in stabilizing the paranemic state (F. 
Shimron and G. Yagil, unpublished). pBSTN1 is pUC8 into which 470 bases from 
the chicken p-globin promoter ( - 303 to + 16) have been insetted (Reference 351, 
kindly provided by Dr. Felsenfeld). The supercoiled plasmids were digested first with 
nuclease P1 at 37” for 1 h (P1 units/pl are shown on top of each lane), then restricted 
with Bam H1, end labeled, purified, and analyzed on agarose gel. It should be noted 
that the major bands group into pairs that add to the full length of the plasmids, 2665 
and 31 35 bases. This places the P1 cutting sites of the pUC8 vector in the mungbean 
nuclease cutting region established by Sheflin and Kowalsky,u‘ as well as near the 
major and minor cruciform-forming regions described by L i l l e~ . *~~  Band lengths were 
established with a phage lambda digest as marker. A band mapping to the oligo G 
region of the globin promoter was detected with S1, at pH 4.5 only (not shown). 

A quasi-duplex termed anisomorphous has 
been proposed by Wells and co-workers.s26 In 
that model, the distance between bases in one 
strand is somewhat larger than the interbase dis- 
tances in the other ~ t r a n d . ~ ~ ~ * ~ ~ ~  This causes an 
occasional base to loop out, to become sensitive 
to the nuclease, and to nucleate an unwound re- 
gion when superhelical strain increases. Wells 
and co-workers later adopted the triplex model 
to explain their results. 

Finally, Pulleyblank and H a n i f ~ r d ~ ~ ~  pro- 
posed a duplex model, in which G and C bases 
are paired by Hoogsteen rather than by Watson- 
Crick H bonds, to explain their results with 
d(AG . CT),. The formation of a Hoogsteen H- 
bonded structure requires the transition of the 
guanosines into the syn conformation as well as 
protonation of cytosines at position N3, explain- 
ing the acid conditions required for Sl  sensitivity. 
DNA in the proposed duplex is, however, not 
unwound. Also, oligo d(AG CT) was found to 
be cut by S1 equally well when position N7 in 

guanines is meth~la ted , ’~~ so that guanines can- 
not participate in Hoogsteen base formation. We 
should also expect position N3 of cytosine to be 
more available to BAA and DMS than reported. 
The recent experimental establishment of Hoogs- 
teen base pairing, both by crystal l~graphy~~ and 
by two-dimensional NMR (Section I1.F) should 
encourage further exploration of structures con- 
taining Hoogsteen paired bases. 

F. Form V DNA 

This intriguing form of DNA was discovered 
by Stettler et al. ,* when the two complementary 
single strands of bacteriophage +x 174, each sep- 
arately closed, were cohybridized. A band mi- 
grating on acrylamide even faster than the su- 
percoiled double-stranded phage DNA (‘‘form 
I”) appeared. The fast-migrating material was 
isolated by zonal centrifugation. Electron mi- 
croscopy examination showed that it is more than 
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90% double stranded! This was unexpected, as 
the two circles were established to remain closed, 
so that no strand intertwining could take place 
(see Figure 8g). The fast-migrating form was 
termed form V (read five) DNA. In subsequent 
work (Brahms et al.49), CD and Raman spectra 
of this and similar duplexes were shown to be 
intermediate between Z-DNA and B-DNA; anti- 
Z antibodies were found to react with form V 
DNA (DiCapua et a1.'13). Therefore, it was con- 
cluded that form V duplex consists of alternating 
left- and right-handed segments, overall linking 
remaining zero. 

A serious difficulty with this conclusion was 
pointed out: the frequency of alternating purine- 
pyrimidine sequences in all form V-forming plas- 
mids (including pBR322 and derivatives, PM2, 
as well as the SV40 viral DNA) is far too low 
to explain the 40 to 45% Z DNA formation re- 
q ~ i r e d . ~ ~  For instance, not more than 0.8% al- 
ternating G-C tracts of more than 5 bases were 
found in the pBR322 derivative pPG. Only 7.7% 
of this genome consists of alternating R-Y tracts 
of more than 6 bases, A-T segments included.50 
Either yet unidentified left-handed helix-forming 
motifs exist, or we have to assume a different 
unwound structure to explain the existence of 
form V DNA. Lack of extensive symmetric re- 
gions on most form V-forming DNAs leaves the 
paranemic duplex proposed by us as the only 
reasonable structure for form V DNA (Figure 8). 

This point was accentuated by the results of 
Brahmachari et and Shouche et al. ,447 who 
applied restriction endonucleases and methylases 
for form V pBR322. These enzymes recognize 
B-form DNA, but not Z-form or ssDNA. About 
half the sites cleaved or methylated in supercoiled 
form I plasmid were resistant when in form V of 
pBR322. This means that the resistant sites are 
not in B conformation. Only a fraction of the 
resistant sites reside in alternating R-Y tracts, and 
have no sequence feature known to form Z 
DNA.447 A paranemic form that is not B-Z al- 
ternating is therefore not unlikely. Studies with 
structure-specific chemical and enzymatic probes 
are clearly called for. Whatever the structure, at 
present form V DNA seems to be an excellent 
experimental model for the unwound state. Its 
study may well yield important information on 

the conditions of existence and nature of para- 
nemic DNA. 

G. Triplex Structures (H-DNA) 

1. Synthetic Polynucleotides 

It was observed early that certain ds poly- 
nucleotides disproportionate into a triple strand 
plus a single strand.'33 The early literature con- 
cerning triple helices is summarized by Felsen- 
feld and Miles. 132 Diffraction studies of 
r(A U U) established that the additional rU 
strand joins the double helix in the major groove, 
running parallel to the purine strand and anti- 
parallel to the other pyrimidine strand.".13 The 
third strand pairs with sites N7 and N6 of adenine 
via Hoogsteen-type hydrogen bonds (Figure 12a). 
The conformation of the sugar ring is 3' endo, 
as in A-form DNA with its deep major groove. 
A similar structure was found for the triple hel- 
ices formed by dT and dA dT, by dT and 
rA - rU, and by several other polynucleo- 

The existence of an rA * rA * rU tri- 
plex was more recently e~tabl ished.~~ The triplex 
nature of a (dT - dA - dT) helix has been con- 
f m e d  by CD and NMR 

The situation in the G * C system is more 
complex, mainly because Hoogsteen-type base 
pairing is possible only when N3 of cytosine 
is protonated. A triplex structure composed of 
poly dG and poly dC has not been reported until 
recently (see Section III.G.7). The joining of an 
oligo dC, strand to a d(G * C), insert has been 
reported recently.296 A triplex can be formed be- 
tween poly dTC and poly dAG;339 a 1:l mixture 
of dTC and dAG disproportionates readily into 
a d(TC AG - TC) triplex plus single-stranded 
dAG.267 Triplex formation is supported by quan- 
titative titration of dTC by dAG, by DNAse I or 
S1 nuclease digestion, and by melting studies. 
The triplex can be isolated on a Cs2S04 gradient. 
A poly d(TCC - AGG - TCC) triplex can also be 
obtained. 172 

The CD spectrum of the d(TC),+d(AG), 
system was investigated over a broad pH range 
by Antao et al.8 At neutral pH a conventional B- 
form d(TC - AG), duplex predominates (Figure 
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0 b C 

FIGURE 12. Base triplets formed by Hoogsteen base pairing. 

13). Below pH 7, a d(TC AG TCH') triplex 
begins to be formed, in parallel to increased cy- 
tosine protonation. This triplex is the main spe- 
cies down to pH 3. The excessive dAG strands 
are liberated at first as free single strands; then, 
at pH 5 to 3, they form an apparently highly 
structured self-complex. When pH reaches 2.5, 
the triplex is disrupted and free single strands are 
formed. When pH is raised again, the initial prod- 
uct is a prevjously characterized protonated, self- 
structured form of poly dTC.59*'71.172 The struc- 
ture d(TC), does not tend to reform a triplex with 
poly dAG when pH is further raised, leading to 
an apparent hysteresis in the system, indicating 
slow interconversion processes. The conclusion 
that the triplex and other C-protonated forms pre- 
dominate between pH 7 and 3 is in line with the 
acid titration curve of poly d(TC), which mani- 
fests an apparent pK of 6.3.59 Poly C has a pK 
of 7.4188*214 vs. 4.3 for deo~ycytidine, '~~ the neg- 
ative charge of the phosphate backbone promot- 
ing cytidine N3 protonation. When 5-methyl cy- 
tosine replaces C, the triplex structure is already 
stable at neutral pH.268 Immunochemical evi- 
dence for the in vivo formation of triplex DNA 
has been X-ray diffraction pattern of 
some p l y  d(purine * pyrimidine)fibers also favor 
a triplex structure.68 

2. Linear Plasmids and DNA Fragments 

The capacity of a dT sequence to join a 
d(A T),, segment within a plasmid to fonn a 
triple helix was demonstrated by Moser and 
Der~an '~ '  (Section II.B.8). A reactive Fe-EDTA 

DECREASING pH 

1 .1 ,  . . . I 1 

g 1.0 
g 0.9 

0.8 
2 0.7 

0.6 
2 0.5 

0.4 
0.3 .- " 

g 0.2 
t 0.1 

0.0 
8 7 6 5 4 3 2 

PH 

8 7 6 5 4 3 2 
PH 

0-0 Duplex A-A Poly[d(A-G)] 
+--+ Triplex 

o.... 0 Single Strands 0-- 0 Poly[d(C-T)] 
A-- A Free Poly[d(A-G)] 

0-0 Free Poly[(C-T)] T-T Sum of Component 

Self-Complex 

Self-Complex 

FIGURE 13. The composition of the poly d(AG - CT) systen 
as deduced from the CD spectra at a range of pH conditions 
(From Antao, V. P., Gray, D. M., and Ratliff, R. L., Nuclei1 
Acids Res., 16, 71 9, 1988. With permission.) 

complex was attached to the last base of a dT,, 
oligonucleotide and subsequently incubated with 
the plasmid. Gel analysis reveals a specific cleav- 
age of the dA,, insert opposite to one end of the 
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associated dT,,, consistent with antiparallel rather 
than parallel alignment of the two pyrimidine 
strands. This was confirmed by attaching the re- 
active group to the 5' end of the 5' 
nl-ITLI'CTCTCTCTCT oligonucleotide and re- 
acting it with the corresponding duplex. Cleavage 
at the 5 ' end of the A5 tract was observed. Similar 
experiments with a Cu-phenanthroline reagent 
have been performed.141.472 Cooney et dem- 
onstrated the joining of a complementary purine- 
rich strand to a mostly (purine - pyrimidine) 27- 
base tract from the promoter region of the human 
c-myc gene (see Table 1). Cooney et al. point 
out the regulatory potential of the phenomenon. 
A triplex formed by self-folding of a single- 
stranded synthetic nucleotide of suitable com- 
position was demonstrated recently. lS2 Lyami- 
chev et al .296 demonstrated that a single-stranded 
d(CT), oligomer did comigrate with a 
d(AG * CT),,-containing plasmid, forming a 
Y - R * Y triplex. A d(AG), oligomer did not 
migrate with the d(AG * CT),,-containing plas- 
mid, i.e., a R * Y * R triplex was not formed. 
The Y R Y triplex was formed with both su- 
perhelical and linear plasmids, but only at pH 
4.5 to 6. The association with the third strand 
prevented formation of the internal triplex de- 
scribed in the next section. 

Baran and co-worker~'~ found evidence for 
the formation of a triplex structure when they 
studied the amplified replication initiated at the 
polyoma virus origin of replication in a polyoma- 
transformed rat cell line. Replication terminated 
at a cellular d(AG - CT),, segment located down- 
stream from the polyoma origin of replication. 
The replication stopped in the middle of that seg- 
ment.&' This observation was extended to SV40- 
origin initiated replication when cloned near the 
same sequence in plasmids. It is proposed that 
as soon as newly replicated DNA is extended to 
the middle of the oligopyrimidine template, the 
yet nonreplicated half of the oligopyrimidine seg- 
ment folds back, to join the just replicated 
AG * CT duplex as a third strand, blocking fur- 
ther progress of the replication machinery.259 The 
phenomenon is acid dependent, as expected for 
a triplex. 

The application of two-dimensional NMR 
analysis to the determination of structural details 
of nucleic acids in solution was described in Sec- 

tion 1I.F. This technique confirmed triplex for- 
mation and the formation of Hoogsteen-type hy- 
drogen bonds. Rajagopal and studied 
the one-dimensional PMR of a 1:2.5 mixture d(G- 
A), and d(T-C), octamers at pH 5.5, in H,O. 
Highly downshifted peaks assigned to N3 imino 
protons of thymine and cytosine were evident. 
The two-dimensional pattern shows crosspeaks 
between these resonances and the H8 resonances 
of the guanines, as expected upon Hoogsteen- 
type H bond formation (Figure 12). Sugar proton 
distances correspond to the 3' endo conforma- 
tion, as in A-form DNA structures. De 10s Santos 
et al. lo6 studied a triplex formed from the 1 1 -base 
d(CTCCCTC'ITCC) and its purine complement, 
as well as from a shorter 7-base sequence. Down- 
shifted resonances (14.5 to 16 ppm) of some of 
the imino protons are again observed. Crosspeaks 
corresponding to the shifted imino peaks spec- 
trum permitted assignment of the resonances to 
9 out of 11 GCG and TAT triplets potentially 
formed. Resonances for most cytosine and ad- 
enine amino protons (at N4 and N6), as well as 
for adenine H8, could also be identified. Adenine 
H8 protons interacted with the imino protons of 
the thymines of the third strand; only the pro- 
tonated H3 of cytidines gave a resonance too 
broad to be assigned. The observed interactions 
confirm the Hoogsteen base pairing between the 
purines and the third-strand pyrimidines. A tri- 
plex model also explains the NMR spectrum ob- 
tained when a The d(TCTCTC-TIT-GAGAGA) 
molecule shows a B-type Nh4R spectrum at neu- 
tral pH, due to hairpin formation. At lower pH 
a spectrum consistent with intrastrand triplex is 

formed by monomer-hairpin asso- 
ciation. The NMR studies thus give strong sup- 
port to the formation of triplexes by linear R * Y 
oligonucleotides in mild acid solutions. 

3. Supercoiled Plasmids: H-Form DNA 

The explanation that sensitivity to single- 
strand nucleases is due to transition to a triplex 
state was raised by Lyamichev et al.2" (see also 
Reference 82), based on a previous proposal by 
Lee et It is proposed that the sensitive 
d(AG CT), insert opens and that one half of the 
pyrimidine strand loops back to join the major 
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groove of the other half, to form a triple-stranded 
structure, as shown in Figure 14a and b. The 
complementary purine half strand remains in the 
free single-stranded state. The direction of the 
joining pyrimidine strand is parallel to the purine 
strand and antiparallel to the other pyrimidine 
strand, as in the linear triple helices just described 
(and in contrast to the rec A catalyzed three- 
stranded array, where the two pyrimidine strands 
must run in parallel, Section 1V.D). The bases 
of the third strand pair with the purine strand via 
two Hoogsteen-type hydrogen bonds, one bond 
between N7 of the purine and N3 of the pyrim- 
idine and the other bond between N6 of adenine 
and 0 4  of thymine, in a TAT triplet, or between 
0 6  of guanine and N4 of cytosine, in a 
C - GC CH+ + triplet (Figure 12). Nitrogen 3 
of cytosine must be protonated to form the H 
bond, i.e., each CGC triplet carries a positive 
charge. The participation of the proton can ex- 
plain the acid dependence of SSN sensitivity 
(Figure 15). Examination of the partly unfolded 
triplex in Figure 13b demonstrated that H-DNA 
is a paranemic structure. Two isomers are pos- 
sible, according to whether the 3' half or the 5' 
half of the purine strand remains unpaired. These 
isomers are termed H-y5 and H-y3 by Htun and 

0 .  TC AG 

( T C )  A I  

DahlbergZM (see Figure 14). Two analogous 
structures in which purine-purine-pyrimidine 
(R . R . Y) triplets are formed are also possiblezu 
and are described further on. 

Three conditions must be met for the triplex 
to form: 

1. The sequence must possess a mirror sym- 
metry, i.e., it must read, from the middle 
outward, the same in both directions. Poly 
d(AG * TC) is a mirror symmetric se- 
quence; so is poly d(G - C). Mirkin et al.33L 
showed that many of the then known SSN- 
sensitive genes have a region of mirror sym- 
metry. The length of the symmetric region 
is limited; only in one case does the length 
of the mirror symmetry exceed one turn of 
a triplex helix (10 bp). An inspection of the 
sequences listed in Table 1 shows that ex- 
tended mirror symmetry is far from being 
a general property of SSN-sensitive se- 
quences. More rigorous tests of the mirror 
symmetry requirement are described later. 
The strands must be unwound to the length 
of the (AG * CT), segment for the triplex 
to be formed. This was verified in the orig- 

2. 

I C. -, I 

9 ' - ~ C A ~ ~ C ~ C ~ ~ x  
I I I I I I I I I I I I I I I I I I I I I I I  

j' -CCtCtCCAGACACffiAGICICIG-I- ) ........... * .... C" 

FIGURE 14. The structure of H-DNA. (a) The model. The third 
strand is drawn in black. The detailed structures of the single- 
stranded part and of the loop are unknown. (b) A partly unwound 
triplex, demonstrating the nonintertwined nature of the triplex. (c) 
The H-y3 isomer. (d) the H-y5 isomer. (From Htun, H. and Dahlberg, 
J. E., Science, 241, 1791, 1988. With permission.) 
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1 

P 
3 0.1 .f 
b 

F 
3 

0 

3 0.01 

0.001 

1 I I I 

4.5 5.0 5.5 6.0 6.5 pn 

FIGURE 15. Effect of pH on rate of cleavage of an 
(AG - CT), insert by S1 nuclease. (0) Cleavage of the 
plasmid; (+) cleavage of the vector into which the 45- 
base A-G insert was introduced. Cleavage rates were 
measured at 23” in 0.1 M Na+ , acetate or cacodylate, 
and 0.2 M ZnCI,. (From Pulleyblank, D. E., Haniford, 
D. B., and Morgan, A. R., Cell, 42, 271, 1985. With 
permission.) 

inal paper by two-dimensional topoisomer 
analysis293 (see Figure 16). 
The cytosines must be protonated at posi- 
tion N3, to form an H bond with N7. The 
implied acid dependence was demonstrated 
by all studies of oligo dTC sequences and 
by a variety of  method^^^^.'^^.^^^.^^^.^^ (see 
Table 1, Figures 15 and 16). A problem 
with assigning the proton dependence to cy- 
tosine protonation is raised in Section lII.G.5 
below. 

3.  

The energy gain from triplex formation has 
been estimated recently from the superhelical en- 
ergy required for the transition on the two-di- 
mensional gel.297 The transition free energy is pH 
dependent, and may reach - .42 Kcal/moVbp at 
pH 4.2. It becomes positive, i.e., unfavorable, 
above pH 5.  The studies of isolated triplexes 

described in the previous substantiate 
the role of protons in providing the required free 
energy. The energy of transition consists of a 
gain due to the formation of triplets and associ- 
ated stacking, offset by the need to keep half a 
strand and the center loop single stranded. The 
measurements of Lyamichev et al. 297 lead to an 
energy of nucleation (i.e., the length-independ- 
ent component of the energy) of 18 KcaUmol; 
this value determines the minimum length of the 
insert that enables triplex formation. 

An earlier analysis of dependence of (T for 
d(AG * CT) transition on pH leads Lyamichev et 

to conclude that every second base is pro- 
tonated in the unwound structure, consistent with 
protonation of all cytosines. The term H-form 
DNA was proposed for the triplex structure 
formed in the plasmids. This term was adopted 
later by Htun and Dahlberg205 to describe the 
hinge-like shape of the internal triplex structure. 
Their suggestion is that tnplex-forming segments 
serve as a hinge point where DNA can make a 
sharp turn, as part of chromatin packaging and 
unpackaging processes. Sharp turns, or hinges, 
have indeed been observed by EM.468 This is in 
line with the notion that nuclear acidification plays 
a role in DNA packaging. It should, however, 
be stressed (see Figure 16b) that almost double 
the natural superhelicity is required to extrude 
the H form at physiological pH (in bare DNA!). 

4. The Evidence: Topoisomer Analysis 

The initial evidence in favor of triplex for- 
mation came from two-dimensional topoisomer 
analysis293 (a temporary model of a CH+-C self 
complex was abandoned in a subsequent ~ a p e P ~ ~  
in favor of the triplex). The transition of B-form 
DNA into a triplex requires unwinding of the 
duplex (condition 2 above). In a closed plasmid, 
unwinding of primary turns of a DNA segment 
occurs at the expense of negative superhelical 
turns; this is manifested experimentally as a dis- 
continuity of the topoisomer pattern, or “jump”, 
in a two-dimensional gel, as described in Section 
II.C. Lyamichev et aL293 demonstrated that a jump 
does occur when a 3160-base pUC19 plasmid 
containing a d(AG * CT),, segment from a hi- 
stone sea urchin gene is examined by two-di- 

51 7 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FIGURE 16. (A) Two-dimensional topoisomer analysis of a 
d(AG - CT),,-containing plasmid, run at pH 5.2 (100 mM Na cit- 
rate). (B) pH dependence of transition of a series of patterns as 
in (A). The average superhelix density of the topoisomers at 
transition midpoint, u,,, is taken as a measure of transition into 
the proposed triplex state. For patterns at other pH values, see 
original paper. (From Lyamichev, V. I., Mirkin, S. M., and Frank- 
Kamenetskii, M. D., J. Biornol. Struct. Dyn., 3, 327, 1985. With 
permission.) 

mensional electrophoresis at pH 5.1 (Figure 16a). 
The discontinuity is observed between topoiso- 
mers 9 and 10, i.e., at a linking deficiency of 10 
and at CT = - 10*10.5/3160 = 0.033. Topoiso- 
mer 10 migrates in the first dimension like to- 
poisomer 6.7, indicating that 3.3 turns are opened, 
corresponding nicely to a complete unwinding of 

the 32 base pairs of the d(AG * CT),6 insert. 
Treatment of the topoisomer mixture with S1 prior 
to electrophoresis showed that topoisomers 10 
and beyond are the only sensitive ones. (Figure 
16a, pattern on right). This indicates that the 
bulk, and not a minority, of the higher topoiso- 
mers are in the sensitive state. The condition that 
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the strands be unwound for triplex formation is 
thus experimentally met by the oligo d(AT - CT) 
insert. It should be remembered, however, that 
all other unwound structures discussed in this 
article are topologically equivalent and will show 
a similar transition at a proper pH value. The 
only structure that d(AG - CT), cannot form is a 
cruciform, for lack of dyad symmetry. 

Htun and Dahlbergzw examined the two-di- 
mensional pattern of plasmids with d(AG - TC), 
inserts of various lengths, run in the first direction 
in the presence of 1 mM magnesium acetate at 
pH 5.  Several transitions were observed, de- 
pending on the length of the insert. One transition 
was assigned to a region present also in the vec- 
tor; a second jump was attributed to triplex for- 
mation with the 5’ half of the purine strand un- 
paired (H-y3); a third jump, mainly with longer 
inserts at lower supercoiling, was assigned to a 
transition into the isomeric triplex, in which the 
3’ half of the purine strand is the free one (H- 
y5). The identification of the free half was based 
on whether DEPC-modified bases (Section IT. B .2; 
Figure 3) map to the 3’ or 5’ half of the purine 
strand. The non-even modification of successive 
pairs of bases indicates some structure for the 
single-stranded region. 207 Seven d(AG * CT), in- 
serts, varying in length from 18 to 60 bases, were 
studied. A plot of the number of supercoils opened 
(deduced from the topoisomer patterns) vs. the 
length of the insert was linear (Figure 17). The 
slope of the straight line corresponded to one 
superturn lost per 1 1  base pairs opened, as ex- 
pected for a topologically unwound, paranemic 
structure. Additional transitions attributed to par- 
tial triplex formation in the longer inserts were 
observed under some conditions. The sharpness 
of the spots in the presence of magnesium is 
interpreted by Htun and Dahlberg as indicating 
that the transition between the different isomers 
is slow. This indicates that acid, and Mg, may 
play a kinetic role in determining the pattern ob- 
served. A detailed mechanistic model of the tran- 
sition processes is ~ f f e r e d . ~ ~ . ~ ~ ~  

The unwinding of several other SSN-sensi- 
tive DNA segments has been established by 
two-dimensional topoisomer analysis, includ- 
ing the murine C-cr immunoglobulin region 
(AGAGG),AGS6 and the Herpes simplex DR2 
SSN-sensitive region, of composition GATCCC 

CGCTCCTCCCCC CGCC CGCTCCTCCCCC 
CGATC;533 notice the 16-bp direct repeat and the 
absence of a substantial mirror repeat. 

5. The Evidence: Nuclease Sensitivity 

The triplex structure, as shown in Figure 14, 
is expected to be digested by SSN primarily along 
the free half of the purine strand. The pyrimidine 
strand is expected to be protected, except for the 
very middle, where it loops back into the struc- 
ture, and for one end, where the pyrimidine strand 
leaves the triplex and rejoins its complementary 
strand. This pattern of SSN sensitivity has been 
observed for the pUC 19 plasmid containing the 
d(AG - CT),, The purine strand was 
shown to be S1 sensitive along its left, 5’ half, 
while 8 further purines adjacent to the alternating 
tract, with no mirror-symmetric counterparts, re- 
mained insensitive; also S 1 sensitive were 19 pur- 
ines beyond the 3’ end of the (AG), region. An- 
other example concerns the d(CT), tract in the 
5‘ upstream region of a rabbit globin gene, which 
is S1 sensitive in the middle and at one end of 
the A further example is a homopyrim- 
idine insert from the hsp 26 gene of D. melan- 
~ g a s t e r . ~ ~ ~  More examples of sensitive 
d(AG * CT), inserts are listed in Table 1 .  A clear 
demonstration of the cleavage pattern expected 
for a triplex was obtained with 7 synthetic R - Y 
inserts with mirror symmetry184 (see next section). 

The SSN sensitivity of oligo d(AG * CT) is 
expected to increase with decreasing pH, con- 
dition 3 above. The expected change with pH 
was indeed observed with a d(AG - TC),, in- 

as shown in Figure 15. The linear depen- 
dence on acidity was confirmed with endonucle- 
ase P1, which is much less pH sensitive than 
nuclease S 1. We have also seen that the acid 
dependence of the topoisomer pattern is as ex- 
pected for triplex formation (Figures 15 and 16b). 
However, there are two difficulties with assign- 
ing the effect of acid dependence to cytosine pro- 
tonation at N3. While the pK of free cytosine is 
close to 4.3, the pK for protonation of N3 in poly 
d(CT) was found to be close to 6.3 (see Section 
III.F.2)” The midtransition for the formation of 
linear triplexes was indeed at pH 7.0 (Figure 13). 
The pH dependence in supercoiled plasmids 
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0.0 4 I 

0 10 20 30 40,  50 60 

FIGURE 17. Number of supercoils opened (and helix turns unwound) 
as a function of length of a d(AG - CT), insert. The slope of the straight 
line for n >13 shows that one superturn is unwound for every 11 
inserted base pairs, in line with complete unwinding but not with left- 
handed rewinding of the insert. (From Htun, H. and Dahlberg, J. E., 
Science, 243, 1571, 1989. With permission.) 

should therefore level off below that value, i.e., 
below pH 6.3. There is no sign of such a leveling 
off in Figures 15 and 16a or in most other pH 
dependence studies. One explanation can be that 
the pK of C-N3 is very different when the cy- 
tosine is within a triplex. An alternative expla- 
nation could be adenine or phosphate group pro- 
tonation that is far from saturated above pH 4.5 
(see Reference 424). Neutralization of phosphate 
0- can assist the rotations of the DNA backbone 
necessary for a transition into the paranemic con- 
formation. The role of acid might thus be a ki- 
netic rather than an equilibrium one: to enhance 
the rate of transition into the sensitive form, which 
is not necessarily a triplex. 

A second difficulty is connected with the slope 
of the line correlating the rate of cleavage by S1 
with pH shown in Figure 15.397 The slope of this 
line for the insert is 1.45; this means that 1 or 2 
protons at most are involved. This also favors a 
kinetic effect, because an equilibrium between a 
multiprotonated structure like the triplex and un- 
protonated B DNA should show a high order of 
protonation, i.e., a much sharper dependence on 
H' concentration. Unless the very first proton- 

ation (not necessarily on C) is the rate-limiting 
one (or, less likely, many independent foci of 
transition exist), we may assume that acid plays 
a kinetic rather than an equilibrium role. The 
alternative, that phosphate rather than cytidine 
protonation is involved in the transition to a non- 
protonated paranemic structure cannot be ruled 
out from the pH dependence of the reactions stud- 
ied and ought to be considered further. 

6. The Evidence: Chemical Probes 

Further evidence consistent with triplex for- 
mation by oligo (AG * CT), inserts in supercoiled 
plasmids comes from experiments with confor- 
mation specific reagents (Section 1I.B). Both 
DMS and DEPC react strongly with the adenines 
in the 5' half of an (AG CT), insert, but not in 
the 3' half, which is presumably a part of the 
triple helix.220 The reaction of a second insert 
with DEPC results in a similar pattern, most pro- 
nounced at pH 5 to 6 and diminishing toward pH 
8.205 At pH 4.5 a reaction on the 3' half of the 
AG strand becomes evident, particularly at high 
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superhelicities, suggesting that a 5' triplex (H- 
y3) can also be formedzM (see Figure 3). 

As for pyrimidine reagents, OsO,, a reagent 
for thymine, reacts weakly with B-form DNA 
but strongly with thymines in B-Z junctions and 
ss DNA22'.498 (see Section 1I.C). OsO, reacts 
strongly at the center of the (TC), insert, as ex- 
pected for a triplex. So do methoxyl and hy- 
droxylamine, reagents toward cytidine. 205.220 A 
reaction at the 3' end, where a duplex begins to 
reform, is also observed. The extent of reaction 
diminishes with increasing pH, as expected for 
a protonated structure. 

The SSN sensitivity and chemical reactivity 
of a series of homopurine - homopyrimidine 
(R - Y) inserts, all having both mirror and direct 
repeat symmetries, was studied by Hanvey et 
a]. The oligodeoxynucleotides studied were 

d(AAGG - c c n ) 6 ,  d(AAG * Cm),,  d(AAAG * 

and d(A * T)20. In most cases the 5' 
half of the A,G strand, rather than the 3' half, 
was sensitive to S1 and P1 nucleases, and the 
pyrimidine strand was sensitive around the ten- 
ter, as expected for the triplex model. All inserts 
except oligo dA - dT were reactive toward BAA 
when negatively supercoiled, indicating that the 
reactive region is indeed unwound. Only sites 
in the middle of the pyrimidine strand reacted 
with BAA to a certain extent, as expected for 
the protonated triplex model. The reaction with 
BAA was pH dependent, but reactivity was still 
apparent at pH 7.6. Glyoxal also reacts with 
oligo d(AG * CT), mainly along one half of the 
purine Oligo dA - dT was not attacked 
by S1 or BAA, while the 75% A insert was 
sensitive like the rest. More recently, (dA - dT)69, 
but not (dA * dT),,, insert was found to react 
with DEPC and OsO, structure as expected for 
the H-DNA triplex.'39a For d(G * C),,, see the 
next section. OsO, attacked the center of the 
pyrimidine strand, as expected, in all inserts ex- 
cept for d(A * T)". DEPC attacked (less clearly) 
the 5' half of the purine strands. DMS attacked 
the 3' half of the purine strand. The 5' half in 
which N7 of G ought to be buried in a triplex 
was at least partly protected against this reagent, 
again not in linearized plasmids, or at pH 7.6, 
and not in poly d(A - T) (see, however, DMS 
protection experiments in Section II.B.4). The 

d(G * C)19, d(AGG * CCT),, d(AG * CT),,, 

unwinding of most inserts was also demon- 
strated by two-dimensional analysis. The exten- 
sive study of Hanvey et al.'84J85 strengthens 
considerably the case for the formation of H- 
DNA by mirror symmetric DNA sequences in 
acid conditions. More recently, triplex forma- 
tion by two d(AT), segments interrupted by a 
14-base mainly d(A-T) was to be stable 
at neutral pH. 

It was mentioned that all of the 7 R * Y 
inserts possess mirror symmetry. What happens 
when mirror symmetry is distorted? Mirkin et 
al.331 studied four inserts of composition AA- 

by two-dimensional topoisomer analysis. When 
X and Y were equivalent, either both G or both 
A, i.e., when mirror symmetry was perfect, the 
expected two-dimensional transition was mani- 
fested. When symmetry was perturbed, then 
either there was no transition (X=G; Y=A), 
or much higher superhelical torsion was required 
(Y = G; X = A). This demonstrates the impor- 
tance of mirror symmetry for the unwinding 
transition. For further details see Belotserkovskii 
et In a similar study, Hanvey et aI.1s5 ex- 
amined the reactivity of an (AAG), insert, in 
which the A - T pair at position 21 was con- 
verted into a T - A pair. The center part of the 
pyrimidine strand remained active toward OsO,, 
indicating that a triplex was still formed. More- 
over, the T in position 4, which is mirror sym- 
metric to 21, is now unable to make a TAT 
triplet (it has now to Hoogsteen pair with a T 
instead of an A). This T becomes indeed re- 
active toward OsO,. The recognition by T-4 of 
the change in its mirror symmetric partner, A- 
21, can be regarded as a diagnostic for triple 
helix formation. In a further experiment by Vo- 
loshin et al.501 an A - T pair in a mirror-sym- 
metric insert of 32 bases was replaced by a G * C 
pair. The insert remained reactive toward DEPC 
and DMS as in a triplex, but no conclusion on 
a trans-insert interaction could be drawn because 
the pyrimidine strand was not tested. Glover and 
P~l leyblank '~  probed with KMnO, and DEPC 
two plasmids with two adjacent mirror-sym- 
metric tracts arranged in a dyad symmetric man- 
ner: d(TC), * N3 - d(AG), and d(AG), N, d(TC),. 
Either two triplexes or one cruciform can be 
formed. Both constructs showed altered reactiv- 

GAGAAXGGGGTA~TAGGGGYAAGAGAA 
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ity at pH 4.25, but the pattern of at least the 
second construct was not consistent with H-DNA 
formation. The potential crucifoms were not 
formed. 

The myc gene contains a S1-sensitive region 
around base - 125 that can form an 1 l-base- 
long triplex with one interruption.232 The bases 
in that region are reactive toward DEPC, DMS, 
and OsO,, as expected for the H-DNA structure, 
including acid dependence. This indicates again 
that at least one deviation from complete sym- 
metry does not prevent triplex formation. The 
insert (GAA)9 TCC (GAA)4 can form either 
a perfect 12-base triplex or a 16-base triplex but 
with 3 interruptions. Reagent studies indicate 
that the shorter perfect triplex is formed.IE6 The 
less perfect a triplex is, the lower its thermal 
stability, and the higher the superhelicity re- 
quired for its (see also Reference 
87). The effect of loop size has also been 
investigated. 44.1 

7. PO/Y dG dC 

Triplex formation was detected also for oligo 
dG sequences, the sensitive element in the S1- 
cleaved P-globin region discovered by Larsen 
and Weintraub260 (see Reference 351). The 
chemical reactivity of chloro- and bromoacetal- 
dehyde toward oligo dG was studied thoroughly 
by Kohwi-Shigematsu and co-workers .244-246 

Several post-reaction cleavage procedures were 
employed. In all of them, the poly dC strand 
was the reactive one and this over the 5 ‘  half 
only (Figure 18). The reaction was pH inde- 
pendent, and was observed only in the presence 
of Mg2+ ions (2 mM) This means that in the 
presence of magnesium half of the pyrimidine 
strand is free, and indicates that a d(C * G - G), 
triplex is formed when Mg2+ is present (an H- 
r3 triplex by the terminology of Htun and Dahl- 
berg). A Hoogsteen base-paired triplet, as de- 
picted in Figure 12C, is proposed. Hydrogen FIGURE 18. Modification of an dig0 d(G. c ) ~  insert b~ chloroacetaidehyde. A 

plssmid containing a d(G . C)= insert was reacted with chioroacetaldehyde, at the 
indicated concentrations. in 100 IJ of Na awlate. pH 5 and 1 mMmg acetate. An 
end-iabeiad 242-bp Ban I/Hind 111 DNA hagment was subjected to the Maxam- 
Gilbert chemical reaction with formic aca, which cleaves chioroacetaldehyde- 

identified in the left 5 lanes. Enhanced labeling of the central Gs. proposed to 
reside in the M loop of a G . C . G  (H-r5) triplex. is cleally evident at the higher 
reagent concentralions. So ia the modification of the 3’ half of the cytoaiw strand. 
(From Kohwl, Y. and Kohwi-Shigematsu, T.. P m .  Ma& Acad. Sd. U.S.A.. 85, 
3781. With petmission.) 

bonds must be bent to a 
form the suggested c 

extent to 
G G triplet (bending of 

as well, including those now established 

Hanvey et al.IE4 examined poly d(G * C),9 

H bonds is expected for other Hoogsteen base 

by NMR) .402*403 

modified sites, and analyzed on an acrylamide gei. The 30 G can be dearly 
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with their battery of reagents, and their results 
agree with the existence of special oligo(G 0 C), 
structures at neutral pH. At pH 5.5 the “usual” 
H-y3 triplex is formed, cf. Lyamichev et al.295 
The two-dimensional spectrum of oligo d(G - C), 
inserts was recently examined by Panyutin et 

A transition was found in neutral pH when 
the insert contained 46 GC pairs, but not when 
37 or less consecutive GC pairs were present. 
The individual single strands, dC and dG, are 
suggested to form a self-associated structure. 
Following modification by DMS, this structure 
shows a periodic pattern (rather than protection), 
as if single-stranded dG,, consists of 3 “fin- 
gers” rather than of one continuous triplex- 
forming strand. Panyutin et al.368 hesitate there- 
fore to suggest C * G . G-type triplex formation 
with the dC, strand and prefer the general term 
“G structure” for the observed structure. This 
is discussed further in the following section on 
quadruplexes (1II.H). 

In summary, the formation of a triplex struc- 
ture (H-form DNA) by oligopurine inserts can 
be considered to be well supported in cases where 
all three conditions, mirror symmetry, topol- 
ogical unwinding, and acid dependence, are met. 
Slight deviations, such as the inversion of an 
A * T, can be tolerated. Triplex formation can- 
not, however, be the explanation in cases where 
mirror symmetry is absent or limited. One clear 
example to SSN sensitivity without mirror sym- 
metry is in the intron region of the chicken p- 
globin gene; no more than 5 mirror-symmetric 
bases can be discerned in the sensitive 26/29 R 
tract (see Table l ) . 516  The case of the sensitive 
Herpes simplex region has been mentioned 
above.533 In these cases the role of acid can be 
kinetic, possibly via phosphate rather than base 
protonation. Even when mirror symmetry is 
present, paranemic structures other than triplex 
are not necessarily excluded. 

Bernues et have reported that a 
d(AG - CT)22 insert in a supercoiled plasmid is 
SSN and reagent sensitive in a pH-independent 
manner, when Zn is present. The formation of 
a d(C-T G-A - G-A), triplex (“H* DNA”) is 
proposed. Cd and Mn cations are also effec- 
t i ~ e . ~ ~  A recent study of the purine-rich, mainly 
AG, segment of the hsp 26 gene in Dr~sophila’~’ 
showed that (TC), segments that react with DEPC 

in supercoiled plasmids were unreactive in intact 
nuclei. This observation and the behavior of non- 
H-forming mutants indicates that H-DNA may 
not play a role in the control of heat shock gene 
expression in vivo. The physiological signifi- 
cance of H-DNA formation is thus unclear at 
present and must await further studies, including 
studies of R * Y inserts in their natural environ- 
ment ,552 complemented by studies that include 
oligopurines that lack any particular sequence 
symmetries. 

H. Quadruplex DNA 

An association between backfolded single 
stands of DNA has been proposed for special 
repetitive G-rich sequences identified at chro- 
mosome ends (telomers). 19* A detailed structural 
model, in which four oligo guanylate strands 
form a quadruplex structure, has been proposed 
recentlP3 (see also References 143 and 297). 
In this structure, four guanosines, alternating be- 
tween the syn and anti conformation, form a 
quadruplet linked by Hoogsteen-like H bonds, 
with a considerable deviation from linearity. The 
structure is supported by reactivity of oligo G 
inserts to chemical probes3,’ and by melting be- 
havior.266 The quadruplex structure is topolog- 
ically unwound, but is formed from four single- 
stranded G-rich tracts, without the participation 
of the complementary C-rich strands. Cytidine 
protonation is thus not involved. 

1. RNA and Proteins in DNA Unwinding 

1. RNA 

Evidence has been accumulating that in the 
intact cell, and possibly in plasmids, the un- 
wound state of DNA can be stabilized by in- 
teraction with complementary RNA. This is en- 
ergetically plausible, because no net formation 
of single strands takes place in the reaction: 

DNADNA + ss RNA DNARNA 
+ ssDNA 

except possibly at the junctions, so that the en- 
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ergy required at physiological conditions is, on 
first approximation, very small. There are also 
no symmetry requirements for association with 
a complementary RNA strand. The process re- 
quires, nevertheless, the separation of the two 
DNA strands. In a closed DNA circle, this also 
requires negative superhelicity . Evidence for 
RNA-stabilized strand separation was first found 
when RNA polymerase and other transcription 
proteins were denatured in active transcription 
complexes. A persistent hybrid between RNA 
and closed superhelical DNA (but not with re- 
laxed DNA) was de te~ted .~* .~’~  A specific RNAse 
H activity might be needed to initiate displace- 
ment of nascent RNA from the DNA template 
in a mammalian in vitro pol I1 transcription sys- 
tem, indicating a prefered stability of the 
RNA * DNA hybrid.224 

An analogous DNA - DNA hybrid was found 
to be formed between superhelical bacteriophage 
DNA, and single-stranded complementary strand. 
This ssDNA - closed dsDNA - complex was 
studied in detail by Wiegand et al.531 The com- 
plex was found to be sensitive to S1 nuclease 
and appears in the electron microscope as dis- 
tinct displacement loops (D loops). In a closed 
circle, D loop formation was shown to require 
negative superhelicity.400 A RNA DNA D loop 
(R loop) is schematically shown in Figure 8h. 
D loop formation, whether of the DNA * DNA 
type or the RNA DNA type, requires strand 
separation and therefore implies the presence of 
an open, unwound DNA region. 

The formation of RNA DNA D loops dur- 
ing transcription is well known, and was also 
established in two prokaryotic replication sys- 
tems: Baker and co-workers16 demonstrated that 
D loops are formed during the prepriming steps 
of E. coli replication at on C (see Section 1V.A). 
The formation of the prepriming complex is pre- 
ceded by a transcription event that is inhibited 
by rifampycin. This is not the priming event 
(which involves a primase activity not inhibited 
by rifampycin), but rather an event that helps 
the dnaA protein to form an unwound DNA 
bubble (open complex). This unwound region 
serves as an entry point for dnaB protein, a 
helicase, for the next step of the initiation pro- 
cess. The open region, in a purified enzyme 
system, is up to 250 bp long, is nuclease P1 

sensitive, and is also sensitive to RNAse H, 
which destroys RNA hybridized to DNA. 18*51 

Baker et al. therefore suggest that DNA is sep- 
arated into a single strand plus a DNA * RNA 
strand, i.e., a R loop is formed. The RNA must 
be complementary, and is most probably formed 
by the early transcription event. The capacity of 
the R loop-forming region to unwind was con- 
firmed recently by two-dimensional topoisomer 
analysis.252 Certain mutative changes that impair 
replication also abrogate the transition on the 
two-dimensional gel. 

Participation of RNA was observed also dur- 
ing the replication of Col El and derived plas- 
mid~ .~~O Synthesis of a replication essential RNA, 
RNA 11, starts at position 3088 of pBR322, 555 
bases from the on, between the two cruciform- 
forming sequences of the plasmid. A SSB (Sec- 
tion 1.D) is required, and is suggested to sta- 
bilize a R loop intermediately formed (see Ref- 
erence 358). The open region is stabilized further 
by interaction between part of RNA I and com- 
plementary RNA 11478 (see Section IV.A.2). The 
major SSN-sensitive region of pBR322, located 
somewhat further upstream (3150 to 3330), is 
apparently notconnected with R loop formation, 
because according to Kowalski et al.254 this re- 
gion can be deleted and replication of the plas- 
mid can still proceed, indicating a nonessential 
role of the SSN-sensitive region. A secondary 
SSN-sensitive site may be involved. 

The possible role of RNA in unwinding finds 
support in an intriguing observation with a mam- 
malian gene. In a detailed study of the SSN 
sensitivity of a myc gene promoter-containing 
plasmid, it was observed that sensitivity to S1 
nuclease diminishes when the CsC1-purified 
plasmid is further purified by passage through 
a Sepharose 6B Sensitivity is restored 
when a lower-molecular-weight fraction from the 
column is re-added to the DNA. That fraction 
absorbs at 260 nm and is destroyed by RNAse 
and alkali, but not by proteases. The authors 
suggest that association with a low-molecular- 
weight RNA is responsible for conferring SSN 
sensitivity on the specific myc gene region. It 
is proposed that either a R loop or a triplex with 
RNA is formed.39 No data are brought to in- 
dicate whether the low-molecular-weight RNA 
is complementary or not. More recently, a ri- 
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bonucleoprotein factor, which binds to a S 1 - 
sensitive element around base - 125 upstream 
of the myc gene, was identified in nuclear ex- 
tracts of c-myc-expressing cells. This factor was 
sensitive both to RNAse H and to proteinase 
K.'00.232 The possible stabilization of DNA in 
the unwound state by RNA is a possibility that 
ought to be examined in additional systems. 

2. Protein Factors 

Paranemic forms of DNA can also be sta- 
bilized by interaction with nuclear proteins. One 
way to achieve this is by interaction with a sin- 
gle-stranded part of the structure. While most 
known proteins, like histones and prokaryotic 
regulatory proteins, prefer dsDNA, the stabili- 
zation of single strands, e g., by SSB proteins, 
is well known. SSB proteins are a necessary 
component in most replication systems and sup- 
port cellular unwinding by helicases, as dis- 
cussed in Section I.D. A number of other pro- 
teins with roles in template processing, including 
DNA and RNA p ~ l y m e r a s e s , ~ ~ ~  bind to ssDNA 
no less well than to dsDNA. HMG 1 and 2, 
which play an important role in active chro- 
matin, have been shown to prefer single strands 
of DNA.'78.439 All these proteins are likely to 
pull an unwinding equilibrium in favor of the 
unwound state. In the intact cell, association 
with proteins may well be a major factor in 
maintaining important DNA regions in an open, 
unwound state. The dnaA protein appears to fill 
this role in the E.  cofi replication ~ys tem.~ '  

There are now several examples of specific 
proteins binding to SSN-sensitive DNA regions. 
The nuclear RNP factor found to associate with 
the myc gene SSN-sensitive region'04 has al- 
ready been mentioned. Two protein factors bind- 
ing specifically to the SSN-sensitive region of 
the human epidermal growth factor (EGF) re- 
ceptor gene have been The pro- 
moter of this gene contains a SSN-sensitive re- 
gion with a direct repeat of 1 1  pyrimidine bases 
(10-base mirror). The two protein factors were 
identified by gel retardation and DNAse I as- 
says, when a DNA fragment containing the Y- 
rich region was incubated with nuclear extracts 
from human cells. One factor turned out to be 

transcription factor spl . Most recently, a nuclear 
factor from HeLa cell nuclei, which binds to the 
sensitive region of the insulin receptor gene, a 
R . Y tract, was reported.20' The extent of un- 
winding of the DNA fragment employed to iden- 
tify the protein factors has not yet been estab- 
lished. Transient infections with a construct in 
which the promoter region is coupled to a re- 
porter CAT gene showed that the R * Y tract 
must be intact for the CAT gene to be expressed. 
It remains to be established whether the nuclear 
factor actually converts the R Y region into an 
unwound state. 

Felsenfeld and collaborators have reported 
the purification, from adult chicken erythro- 
cytes, of a protein BGPl, which binds prefer- 
entially to poly dG At least 7 dG res- 
idues are required. The question of whether 
BGPl prefers B DNA, H-DNA, or possibly 
ssDNA is being studied. Transcription factors 
like the GAGA binding protein34 may also sta- 
bilize DNA in an unwound form by binding 
preferentially to ssDNA. The stabilized structure 
can be single stranded, but may also be of any 
of the paranemic structures mentioned, depend- 
ing on the nature of the complex formed. Other 
regular paranemic DNA structures formed by 
interaction with specific proteins can be imag- 
ined, the structure formed with the RecA protein 
during nonspecific recombination being an ex- 
ample. Interaction with nuclear factors may play 
an important role in DNA unwinding during gene 
expression in the intact cell. 

J. Conclusions 

Most of the recently obtained evidence con- 
cerning the state of DNA in R * Y rich, SSN- 
sensitive plasmids favors the formation of the 
triple-stranded H-DNA structure. The conditions 
that favor this structure in superhelical plasmids 
include: 

1. A high purine * pyrimidine composition 
2. Perfect or near-perfect mirror symmetry 
3.  Susceptibility to single-strand-specic en- 

zymes and reagents, concentrated in one 
half of one strand and in the center region 
of the other 
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4. Maximal reaction of pH 4 to 5, diminishing 
toward neutral pH values 

5. Two-dimensional topoisomer patterns that 
indicate a change in primary winding of the 
expected magnitude 

The existence of linear triplexes of the 
T * A T and C G C type, established by a 
range of physical and chemical techniques, sup- 
ports the formation of H-DNA. The proposed 
Hoogsteen-type base association within the pro- 
posed triplets has now been validated by NMR 
analysis. Triplex formation is further supported 
by single-base substitutions, which interfere with 
the expected reactivity toward enzymatic and 
chemical probes. 

There are nevertheless several considerations 
that point toward the existence of unwound struc- 
tures other than H-DNA: 

1. 

2. 

3. 

4. 

5 .  

Many single-strand-specific regions do not 
possess the required mirror symmetric base 
sequence 
The pK established for poly dC suggests 
that conversion to the protonated form 
should already by completed near pH 6, 
rather than increase beyond pH 4 
Many sequences are SSN sensitive in a pH- 
independent manner 
Most prokaryotic SSN-sensitive sequences 
are A,T rich rather than R Y asymmetric 
There is evidence that association with RNA 
or other cellular components can be impor- 
tant in stabilizing the unwound state 

These considerations imply that unwound 
structures other than the triplex can be formed 
and may participate as intermediates during DNA 
unwinding processes. Systematic studies of the 
type performed by the groups of Wells and Lyam- 
ichev on near-perfect mirror-symmetric se- 
quences ought, therefore, to be extended to less 
symmetric homopurine sequences. 

Among the alternative paranemic structures 
considered, the dyad symmetric cruciforms (Fig- 
ure 8c) cannot be formed by R - Y sequences; 
cruciforms are possible in A,T-rich sequences, 
the major SSN-sensitive motif in prokayotic cells. 
Slippage structures (Figure 8b) are so far not 
favored by the SSN and reagent cleavage patterns 

obtained, even where a sufficiently long direct 
repeat is present. Alternation of left- and right- 
handed sections (Figure 8e) will be a realistic 
notion only in case the range of Z-forming mo- 
tifs, presently mainly d(G-C * G-C), and d(A- 
C G-T),, is considerably broadened. 

Two alternatives for paranemic DNA remain 
when a nonsymmetric DNA insert undergoes an 
unwinding transition. One alternative is that of 
the paranemic duplex structures, whether Wat- 
son-Crisk (Figure 8d) or Hoogsteen paired. This 
alternative is particularly attractive under neutral 
pH conditions. The other alternative is complete 
separation into single strands (Figure Sa), the 
original explanation of W e i n t r a ~ b . ~ ~ ~  This alter- 
native is most likely, for the non-symmetric, low- 
melting A,T-rich sequences in prokaryotic SSN- 
sensitive regions. Separation into single strands 
may also be the preferred solution in the intact 
nucleus, where one or both strands can be sta- 
bilized by interaction with protein and RNA com- 
ponents formed (Figure 8h). Experiments that 
distinguish single strands from duplex and triplex 
structures, like temperature dependence of the 

as well as careful kinetic compari- 
sons to single strands, have yet to be made with 
most SSN-sensitive plasmids studied so far. 

All these considerations are relevant to gene 
expression on the premise that a considerable 
segment of DNA does indeed unwind during, or 
in preparation, for template copying processes, 
including replication and transcription. The 
available knowledge on the role of unwound DNA 
forms in these processes is the subject of the last 
section of this review. 

IV. DNA UNWINDING IN DNA-DIRECTED 
PROCESSES 

This review cannot be completed without re- 
lating the information on unwound forms of DNA 
to the genetic processes in which they can be 
expected to participate. The techniques of mo- 
lecular genetics have led in recent years to con- 
siderable advances in the understanding of the 
mechanistic details of replication and transcrip- 
tion processes. Cell-free systems, in which rep- 
lication and transcription can be studied with pur- 
ified components, are now available. Studies of 
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replication have been reviewed recently in a com- 
prehensive volume published at the Cold Spring 
Harbor Labora t~ry ;~~ see also still mar^.^^ Studies 
on transcription are reviewed by Reznikoff et 
al. ,407 Yager and von H i ~ p e 1 , ~ ~ ~  W a ~ y l y k , ~ ’ ~  
Hames and Glover,’79 Mitchell and Tjian,333 
Johnson and M ~ K n i g h t , ~ ~ ~  and Parker.37’ In most 
of these reviews, the problem of how DNA strands 
do unwind in transcription is barely mentioned. 
In this section we shall discuss those recent stud- 
ies that relate specifically to the topological as- 
pects of DNA template utilizing process. Pre- 
vious discussions can be found in Gellert,lS2 
Wang,510 Giaever et al.,156 Wang and Giae~er ,”~  
Pruss and D r l i ~ a , ~ ~ ~  S t e r n g l a n t ~ , ~ ~  and Borowiec 
et aL4 

A. Replication 

1. E. coli oriC 

The best-understood prokaryotic replication 
system is, at present, that of E.  coli oriC, the 
principal origin of replication of E.  coli. Most of 
the information on the role of unwinding in rep- 
lication has been obtained in this system. Infor- 
mation from plasmid Col El (pBR322) and phage 
lambda systems is also available. 

Six sequential stages have been identified for 
the initiation of DNA replication at o r i P  (see 
Figure 19): 

1. In the first step, 20 to 40 monomers of the 
DnaA protein bind to a DNA region that 
contains a 9-mer motif repeated four times, 
to form an initial complex. This association, 
detected by DNAse I footprinting, occurs 
at 20” and is assisted by HU protein and 
ATP. In bacteriophage lambda, phage pro- 
tein 0 replaces dnaA to form an “0 some” 
as an initial phage-replication complex. lZo 

In the next step, at 38”, ATP is hydrolyzed 
and a region of about 45 bases of DNA is 
melted to form an “open” complex. The 
formation of an unwound region is mani- 
fested by the appearance of “D loops” on 
electron micrographs, and is substantiated 
by digestion with the SSN P1.436*551 The 

2. 

3. 

4. 

5 .  

6. 

melted DNA region is characterized by a 
13-bp motif, repeated 3 times. 
Proteins dnaB and dnaC join to form a pre- 
priming complex. dnaB, which is a heli- 
case, begins to unwind further stretches of 
the DNA double helix, counterclockwise on 
the E .  coli map. In the presence of SSB and 
DNA gyrase, the unwinding can be very 
extensive.I7 
RNA polymerase is activated and an RNA 
primer segment is initiated. An analysis of 
the oriC-initiated RNA in vivo reveals not 
a single but a multitude of priming and 
switching sites in the origin region.416 
DNA polymerase I11 is added to the initi- 
ation complex and the RNA primer is ex- 
tended by deoxynucleotides to start the 
leading DNA strand. 
The RNA primers are excised by DNA PO- 

lymerase I and lagging DNA strand syn- 
thesis commences. Helicase n’, which 
moves along the template in the 3’ to 5’ 
direction (now called PriA),*’O joins and fa- 
cilitates opposite strand synthesis, first as 
the leading strand of the opposite fork, then 
as the lagging strand of the initial fork.261.269 
Subsequently, the replication bubble, with 
the two forks on the opposing ends, grows 
until all the DNA is replicated. 

Most of the components of the replication 
complex mentioned so far have been shown to 
be necessary participants in the replication of oriC- 
containing plasmids in a cell-free system.I6 The 
plasmids used are several thousand bases long, 
so that their natural superhelicity should provide 
for the opening of up to 250 to 500 bases. This 
can be sufficient for the formation of the pre- 
priming complex, and probably for priming and 
initiation of DNA duplication as well. For further 
progress of the replication machinery along the 
DNA circle, participation of a nicking closing 
activity would eventually be needed, and a re- 
quirement for DNA gyrase has indeed been 
established. l 7  

Whether nicking-unwinding-closing occur 
ahead of the moving replication machinery (rep- 
lication fork), i.e., on the yet unreplicated DNA, 
or behind the machinery, i.e., on one or both 
arms of the newly replicated DNA, or behind the 
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HU 
ATP. dnrA 

. 
INITIAL OPEN 

COMPLEX COMPLEX 

PRIMING 
AND 

REPLICATION 

FIGURE 19. A scheme for initiation of DNA E. coli replication at oriC. Note the 
unwound, P1 sensitive regions in the open and prepriming complexes. (From Baker, 
T. A., Bertsch, L. L., Bramhill, D., Sekimizu, K., Wahle, E., Yung, B., and Kornberg, 
A., Cancer Cells, 6, 19, 1988. With permission.) 

FIGURE 20. A topological model for DNA transcrip- 
tion. Swiveling centers are denoted by black arrow- 
heads. The catalytic site is denoted by an empty ar- 
rowhead. The transcription bubble proceeds in the 
direction of the horizontal arrow. The mutual rotation 
of the two ovally enclosed strands, in the direction in- 
dicated by the anticlockwise arrows, causes the un- 
winding of the two DNA strands on the left and their 
rewinding on the right. (From Gamper, H. 6. and Hearst, 
J. E., Cell, 29, 81, 1982. With permission.) 

machinery, i.e., on one or both arms of the newly 
replicated bubble is yet unknown. The occur- 
rence of intermediary nicked replication bubbles, 
expected if nicking occurs behind the replication 
machinery, has not been reported. Such a nick 
should be particularly evident if one single nick 
persisted throughout the replication cycle. Nick- 
ing-unwinding-closing ahead of the replication 
fork (with or without positive supercoil accu- 

mulation) seems so far a more likely possibility. 
More knowledge has become available con- 

cerning the formation of the initially unwound 
complex (steps 1 and 2) from studies of an ori- 
C-containing plasmid under defined cell-free 
conditions. Digestion of the dnaA protein- 
DNA preinitiation complex with the SSN P1, 
showed that the open region (initial bubble) is 
formed in a region of 4 to 5 helix turns, con- 
taining three 13-bp repeats of the motif 
GATCTNTTNTTlT.51*52 Sensitivity to SSN of 
a DNA segment in a closed structure implies that 
this segment is in a topologically unwound state, 
either single-stranded or readily converted to sin- 
gle strands. The unwinding can be induced by 
high superhelical density without dnaA protein 
being present, as verified by mungbean nuclease 
digestion and by two-dimension topoisomer anal- 
y s i ~ . ~ ~ ~  An unrelated SSN-sensitive region can 
replace one of the three 13-bp tracts in conferring 
mungbean The unwound region 
contains 47/55 AT residues,5s5 but also has a 
certain degree of R - Y asymmetry (one R,o tract). 
A SSN-sensitive region, 60 bps to the right of 
the origin, has also been reported for phage 
lambda.432 Thus, the S1-sensitive region of 
lambda contains 18 consecutive R on the I strand 
and 18/2 1 R immediately adjacent .432 Bramhill 
and KornbergS2 pointed out the occurrence of 6- 
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16-base, A,T-rich tracts, repeated several times 
in the origin regions of 11 different bacterial and 
bacteriophage genomes. A detailed examination 
of these repetitive tracts shows that they are as 
pyrimidine (or purine) rich, as they are A,T rich. 
Homopurine * homopyrimidine rich is the motif 
that we have seen in Sections I1 and I11 to be the 
most readily convertible to the unwound state. It 
is therefore not unlikely that one of the paranemic 
structures discussed in Section I11 (Figure 8) will 
participate in the formation of the replication 
complex. 

The formation of the open preinitiation com- 
plex was found to be inhibited by rifampicin, 
signifying that RNA synthesis is involved. This 
RNA transcript was found to be initiated several 
hundred bases to the left of the dnaA binding 
site.16 This transcript is not required as primer 
RNA, because once a prepriming complex is 
formed, rifampicin (which does not inhibit pri- 
mase) no longer inhibits subsequent priming; also, 
a transcript with a blocked 3’ end can initiate 
DNA replication. Activation takes place even 
when transcription proceeds away from the prim- 
ing region.446 It has been proposedI6 that the RNA 
stabilizes a melted region by forming a RNA- 
DNA hybrid with one of the DNA strands, which 
can be manifested as a R loop, as discussed in 
Section 1II.H. In support, RNAse H, which di- 
gests RNA in DNA * RNA hybrids, prevents the 
formation of the preinitiation bubble. The pro- 
moter for the RNA transcript need not be the 
promoter for the adjacent gene; several unrelated 
promoters can substitute. One finding that is not 
readily reconciled with a R loop stabilizing role 
of the RNA transcript is that the transcript need 
not reach the preinitiation bubble; it may even 
be directed away from the oriC The 
RNA stabilized R loop need not, however, be 
started at the dnaA binding site; it can migrate 
there when the associating proteins arrive. 

A transcription event toward the origin has 
also been found in phage lambda.325 That tran- 
scription is, however, not required when repli- 
cation is carried out in vitro with purified pro- 
teins, provided that excessive amounts of protein 
HU, a major component of the bacterial chro- 
matin, are not present. It is proposed that cellular 
HU has a restraining effect on the negative su- 
percoils necessary for unwinding, and the RNA 

transcript helps to overcome this restraint. Future 
studies will have to clarify the exact role of the 
RNA transcript. 

In summary, the formation of an unwound 
region is an essential step in the initiation of 
bacterial replication. The first unwound region 
contains both A * T-rich and homopurine/pyrim- 
idine sequence motifs. Of the many structures 
possible for unwound DNA, evidence for the 
RNA-stabilized D loop (Figure 8h) is most sub- 
stantial. The other paranemic structures in Figure 
8,  including structure 8d may, however, partic- 
ipate when the unwound loop is extended along 
the bacterial genome. 

2. Col El-Related Plasmids (pBR322) 

Detailed investigations have revealed that the 
replication of these plasmids within E .  coli or S .  
typhimuriurn includes preinitiation steps similar 
in some respects to those of host replication (Ma- 
sukata and T o m i z a ~ a , ~ ~ ~  Parada and Marian~~~O). 
In common with E.  coli oriC, the formation of 
a priming complex is preceded by the synthesis 
of an RNA molecule. This RNA, RNA 11, starts 
555 bases upstream from the origin, at base 
2532.340 In contrast to oriC, here the RNA does 
serve as a primer for leading strand synthesis. 
RNA 11 can displace the nontemplate strand, 
forming a persistent DNA . RNA hybrid. 103*308 

This hybrid may be stabilized by specific RNA- 
DNA  interaction^.^'^ In order to form the 
RNA * DNA hybrid, the two DNA strands must 
stay unwound. In pBR322 (4363 bases), 555 bases 
means that 12% of the bases are unwound, more 
than the native superhelicity (5%) can provide. 
Parada and Marians have that to initiate 
replication in vitro, DNA gyrase must be active, 
and in its presence a highly underwound form 
appears. This form, termed form I*, is detected 
on agarose gels following RNAse treatment of 
the initiation complex and deproteinization of the 
DNA. Form I* migrates even faster than the nat- 
urally supercoiled plasmid, accentuating the role 
of the topological change in the initiation of plas- 
mid DNA replication. In the absence of RNAse 
H, unwinding can be very extensive, extending 
over most of the pla~rnid.~” 

A second RNA molecule, RNA I, is copied 

529 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



from the DNA strand complementary to the RNA 
I1 coding strand, starting 108 bases downstream 
(at base 2979) so that it is complementary to the 
first 108 bases of RNA II. These 108 bases con- 
tain three potential stem and loop structures, cor- 
responding to minor cruciforms of pBR322 DNA, 
long known to be S1 RNA I serves 
as an inhibitory factor for plasmid DNA synthe- 
sis, by associating with RNA II, not only by 
hybridization, but also by interaction of the three 
loops that both RNA species can form.lz7 This 
association, probably helped by a protein, may 
operate by preventing the necessary unwind- 
ing.478 RNA I and I1 do not extend into the major 
mungbean-sensitive region of pBR322 (3210 to 
3290).”’ Indeed mutants lacking this sensitive 
region seem to be viable,254 so that the signifi- 
cance of this SSN-sensitive region for plasmid 
unwinding cannot be clearly stated at present. 

3. Eukaryotes: The SV40 System 

Detailed information on the role of unwind- 
ing in eukaryotic replication comes from the study 
of the replication of simian virus 40.4035 Today 
SV40 replication can be studied in cell-free sys- 
tems containing the origin of replication region 
of SV40 cloned in a suitable plasmid, purified 
SV40 T antigen, several host cell proteins, ATP, 
and deoxynucleotides. 109mm Soluble nuclear 
extracts from primate cells like HeLa, but not 
from rodent cells, can also support initiation and 
propagation of cell-free SV40 DNA replication. 

Initial evidence on unwinding events preced- 
ing initiation came when purified T antigen was 
added to origin DNA ( - 151 to + 150) in the 
presence of SSB and topoisomerase I, and in the 
absence of dN”, so that no DNA synthesis could 
take place.107 Upon electrophoresis of the depro- 
teinated DNA in agarose gel, a new band, which 
migrates close to form I DNA, appears. When 
chloroquine is included in the gel the band is 
shifted to a much lesser extent then form 1 DNA, 
indicating that it is more negatively supercoiled 
than form I DNA. The DNA form represented 
by this band is termed U (“unwound”)-form 
DNA.lo7 The negative supercoils of the U form 
can be considered topologically equivalent to un- 
wound DNA in the intact replication complex. 

Subsequent pulse and chase experiment showed 
that a subband of the U form is labeled in advance 
of DNA synthesis and is chased into higher mo- 
lecular weight bands as replication 
This subband could represent the initial form of 
DNA in the replicative complex and is termed 
U, DNA. U and U, DNA are proposed to be 
steady-state precursors of leading strand initia- 
tion. A very good correlation was found between 
the percentage of unwound DNA and the rate of 
DNA duplication, in 43 point mutants in the or- 
igin region. ‘08 

The origin of replication of SV40 was found 
to consist of a “core region’’ of 64 bp ( -  33 to 
+ 31), which is both necessary and sufficient to 
support virus DNA r e p l i c a t i ~ n . ~ ~ ’ . ~ ~ ~  The core 
region can be divided into 3 subregions or ele- 
ments. In the center, there is a 27-base dyad 
symmetric sequence (“inverted repeat”, bases 
- 14 to + 13), which serves as T antigen binding 
site 11. Tight binding to site I1 of probably phos- 
phorylated T antigen,237.390 assisted by ATP or 
nonhydrolyzable analogs, is required for the ini- 
tiation of DNA replication. To the left of the 
inverted repeat (toward the early region) resides 
the element termed “early palindrome” ( -  33 to 
- 15). The actual continuous synthesis of leading 
strand DNA commences in both directions at base 
-33. To the right of site 11, the 17-base A * T 
element is located (bases 15 to 31). 

More detailed information on the degree of 
unwinding of core-region DNA was obtained by 
application of chemical probes to plasmids car- 
rying this region in the presence of T antigen and 
ATP or When DMS was applied, all 
guanines within the “inverted repeat” (bases - 14 
to + 13) were found to be protected from the 
reagent. This indicates mainly that T antigen sits 
firmly on site 11. More interesting, flanking cy- 
tosines, in particular in the “early palindrome” 
(bases -33 to - IS), became reactive toward 
DMS even without hydrazine treatment, indicat- 
ing ready conversion to a single-stranded or to- 
pologically related ~ ta te .~’  The analogous region 
in polyoma contains 18 successive purines. 193 The 
“early palindrome” region also reacts with 
KMNO, (see Section II.B.6) and can be unwound 
in the complete absence of either T antigen bind- 
ing site I1 and/or the A,T element.374 On the 
“late” side of the origin, the 17 thymines on two 
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strands of the A,T element become very reactive 
to KMNO, when T antigen is bound to site 11, 
indicating a highly non-B structure.43 An alter- 
native explanation could be bending of the A,T 
element; a protein factor facilitating this bending 
has been described.27 Some of the paranemic 
structures are nevertheless likely to be readily 
bendable, so that no contradiction is necessary. 
The formation of the unwound region has been 
confirmed by topoisomer analysis, using a ver- 
sion in which a minicircle (571 bp) closed by 
ligase in the presence of T antigen (and top0 I) 
is A highly supertwisted topoisomer 
(ALk = -5, IT = 0.087) appears, indicating 
the unwinding of 50 bp by T antigen (or partial 
unwinding of a larger sequence). The unwinding 
thus seems to extend through most of the @-base 
core region, the bound T antigen masking the 
unwinding of the central element from detection 
by the chemical probe. The appearance of the 
-5 topoisomer can in principle be explained as 
representing wrapping of 5 turns of DNA around 
the T antigen, but that would be hard to reconcile 
with the chemical modification data. 

Two auxiliary regions, to the right and left 
of the ori core region, also contribute to the ini- 
tiation of virus replication. Small-circle topoiso- 
mer analysis has been used to demonstrate the 
unwinding of these two regions.177 The region to 
the left of the core region, bases - 50 to - 33, 
includes part of site I for T antigen binding, and 
part of a 14/16Y tract (on the noncoding strand). 
The auxiliary region to the right (bases + 3 1 to 
+72) contains three GGCGGGA tracts and is 
thus highly purine enriched. It should be added 
that the ori region is SSN sensitive in negatively 
supercoiled plasmids in the absence of T antigen; 
in particular the A * T element, which contains 
8 + 3 consecutive  adenine^.^^^*^'^ The correlation 
between high purine-pyrimidine asymmetry and 
propensity for unwinding seems to hold for both 
core and auxiliary SV40 origin of replication 
region. 

The unwinding processes discussed so far do 
not require SSB43.414 and are limited to the origin 
region. When SSB (and a topoisomerase) are 
present, extended unwinding of circular closed 
SV40 is initiated even in the absence of DNA 
polymerase or dNTP; EM studies show that a 
large part of the SV40 DNA circle can be un- 

wound (manifested by the appearance of a large 
protein-coated D loop). 108-118*431 The extended 
unwinding is due to the helicase activity of the 
T antigen, discussed in Section I.D, and when 
SV40 DNA is in closed circular form, is strongly 
assisted by topoisomerase action, as well as by 
SSB.228 

Three questions come to mind: 

1 .  

2. 

3. 

How often is a circle nicked and closed 
during unwinding? A nicking event once 
each turn of the helix (10 bases) would be 
energy costly, but not inconceivable. The 
other extreme is a single nick for the un- 
winding of the entire circle; this requires 
the presence of a nicked intermediate, not 
reported so far. 
Do nicking-closing events occur ahead of 
or behind the replication fork? As with E .  
coli, no conclusive evidence is available. 
Does unwinding occur prior to progress of 
the replication machinery or after it? In the 
latter case, positive supercoils can be ex- 
pected to accumulate ahead of the replica- 
tion forks, as proposed for transcription by 
the twin supercoiling domains model of Liu 
and Wang,286 described in the following 
section. In that case, the topological prob- 
lem is reduced to a mechanism for removing 
at intervals the accumulated positive super- 
coils. Energy for storing the linking excess 
in ' positive supercoils must, however, by 
supplied. 

An interesting piece of information in this 
respect is that cellular SV40 has its most frequent 
cutting sites by topoiosomerase II between bases 
4070 and 4376.386 This 306-bp, A,T-rich region 
(68%) is also a matrix attachment region (MAR: 
see Section I.B.3), as established by competition 
with other MAR DNA sequences for nuclear ma- 
trix preparations. The DNA of the SV40 MAR 
region is proposed to interact with matrix-asso- 
ciated topoisomerase and can in principle 
serve as a major unwinding initiation site - the 
long-sought swivel. The unwound region at the 
origin is 1 0 0  helix turns away. Whether the turns 
unwound by topoisomerase II can migrate phys- 
ically to the origin as a melted bubble, by axial 
rotation of the intermediate DNA (or nucleopro- 
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tein), or be stored first as negative superturns to 
be released at the origin, or by some other mech- 
anism, will have to be established by future 
studies. 

A second hint that attachment to a structure 
may be involved is the report by Sekimizu et 

that the E. coli dnaA protein has a high 
affinity to phospholipids. This might anchor and 
stabilize the unwound complex, but an alternative 
model, in which a change in phospholipid com- 
position releases the initial complex, has been 
proposed recently. 355 

4. Other Euk8ryotic Systems 

The relation between SSN-sensitive regions 
and replication has been studied in yeast auton- 
omous replication sequences (ARS) .487 SSN-sen- 
sitive regions have been detected in negatively 
supercoiled ARS carrying plasmids when di- 
gested by mungbean nuclease at neutral pH (Ta- 
ble 1). The sensitive regions are located on the 
3' flank of the H4 ARS and are A,T rich (mainly 
A), as in E. cofi. Deletion mutants that prevent 
replication of the H4 ARS-containing plasmids 
also eliminate their sensitivity to the nuclease. 
When an unrelated unwinding promoting se- 
quence (the SSN-sensitive region of pBR322) is 
inserted into the mutant, both nuclease sensitivity 
and the ability to replicate are restored, which 
indicates a strong correlation between the ability 
of a sequence close to the origin to unwind, and 
the ability of the ARS to enter DNA replica- 
tion .485 The SSN-sensitive region is therefore 
termed a DNA unwinding element (DUE) by 
Umek and Kowalsky. The substitution of the DUE 
by two yeast SSN regions elsewhere on the rep- 
licating plasmid did not support the replication 
of the plasmid. 

A DNA region that serves as a genomic or- 
igin of replication in human cells has been iden- 
tified 3' of a highly amplified dihydrofolate re- 
ductase gene. One of these amplified ori regions 
has been cloned recently and sequenced.66 The 
61 57-base sequence contains a number of distinct 
elements, including two Alu I homologous re- 
gions, several elements homologous two yeast 
ARS, a readily bent region, and relatively long 
tracts of repetitive sequences, including poly A, 

poly T, poly AC * TG, alternating (A-T) and (G- 
C)! tracts. In addition, the ori region includes a 
very long R - Y tract of 180 bases, interrupted 
once by a (CAGA), tract, and is preceded by (G- 
C), and (A-C),, tracts. The long R Y tract is 
sensitive to mungbean nuclease at neutral pH, 
but less than the (A-T),, tract. An A,, tract is 
also sensitive. An SSN sensitivity of the A-T and 
R - Y-rich regions makes them likely candidates 
for initial unwinding during the initiation steps 
of cellular replication. 

In summary, there are presently available 
quite a number of replication systems in which 
the various aspects of DNA unwinding can be 
studied. Techniques to establish the degree of 
unwinding are also becoming rapidly available. 
Firm evidence on the participation of unwound 
regions in replication has already been obtained. 
More definite information on the structural as- 
pects of the unwound complexes, as well as dy- 
namic information on the sequence of events 
leading first to unwinding and then to rewinding 
can be expected in the near future. All this in- 
formation will be needed before the long-pro- 
posed but still unclear concept of replication 
swivel becomes a molecular reality. 

6. Transcription 

The knowledge so far accumulated on how 
unwinding and rewinding are accomplished dur- 
ing transcription comes from three main direc- 
tions: (1) studies of the effect of the superhelicity 
on the transcription of closed plasmids; (2) stud- 
ies of the topological changes circular templates 
undergo during transcription; (3) studies on the 
role of unwinding activities (topoisomerases). 
These studies were performed most intensively 
in E. cofi, but considerable knowledge from model 
eukaryotic systems, mainly yeast and SV40, has 
also accumulated. 

1. The Effect of Supercoiling 

A strong indication that an unwound region 
is formed during transcription comes from the 
observation that negative supercoiling , which fa- 
vors unwinding, also favors various steps in tran- 
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scription. * It was reported early that the presence 
of up to 2.5% superturns in phage lambda DNA 
accelerates cell-free RNA synthesis several- 
fold.46 Electron micrographs showed that part of 
the additional transcription comes from pro- 
moters inactive in the relaxed (linear) state; the 
newly unwound segments were assigned to low 
melting, presumably A,T-rich regions.45 Tran- 
scription of phage PM2 by E.  coli polymerase in 
v i m  can be accelerated up to sixfold when 30 
to 65 superhelical turns are introduced into the 
template.410 The acceleration is due to more RNA 
polymerases bound by each phage molecule. 

The extent of stimulation by negative super- 
coiling depends on the promoter studied: Brahms 
et studied the enhancing effect of super- 
coiling on all five identified promoters of plasmid 
pBR322. The promoters fall into 3 groups: the 
promoters of beta lactamase and tetracycline, 
which are maximally active at 1.1% superhel- 
icity; the promoters for RNA I and RNA I1 (Sec- 
tion IV.A.2), which are maximally active at 5.5%, 
the natural superhelicity , while the short RNA5 
promoter becomes most active only at 10% su- 
perhelix. The effect of superhelicity thus varies 
with each gene and promoter present. The decline 
in initiation beyond the optimal sigma is proposed 
by Brahms et al.48 to be due to the transition of 
8 to 10 alternating base sequences into the Z 
conformation. 

A favorable effect of superhelicity is not al- 
ways found. Very little stimulation was observed 
in the trp transcription In some well- 
studied cases, negative supercoiling was ob- 
served to inhibit gene expression. For instance, 
transcription of the DNA gyrase gene or of the 
recA gene proceeds most efficiently on relaxed 
DNA.326 These genes nevertheless have a func- 
tion in the DNA unwinding processes, and spe- 
cific mechanism associated with feedback regu- 
latory circuits seem to be 

Which step in the transcription is affected by 
the negative superhelicity? It is generally ac- 
cepted that initiation frequency (for exact defi- 
nition see YagilSM) determines the rate of RNA 
transcript In the first step, DNA- 

dependent RNA polymerase, associated with a 
sigma subunit, recognizes a promoter DNA ele- 
ment to form a “closed” initiation 
The initially recognized promoter DNA is most 
probably in the classic right-handed duplex 
form. 543 

In the next step, the rate of which is no longer 
dependent on polymerase concentration, the 
“closed” complex is converted into an “open”, 
presumably melted, state. Very large accelerat- 
ing effects of negative superhelicity on the 
expression of the E.  coli lac gene were observed, 
in particular in cell-free  system^.^' Detailed ki- 
netic analysis has revealed that the rate constant 
of the conversion of closed to open complex is 
particularly affected. 301 The kinetic data suggest 
that there exists at least one additional interme- 
diate,60 which isomerizes into the ultimate open 
complex. This intermediate is partly unwound, 
but bases are still stacked, as deduced from the 
large activation energy needed for transformation 
into the ultimate open complex. It should be noted, 
however, that the stability of the intermediate 
complex is much lower when a supercoiled rather 
than a linear template is examined so that its 
significance in the cell may be limited. 

Comparisons of wild-type and several mutant 
lac  promoter^^.^^.^^^ demonstrate that formation 
of the open complex is maximal when 2 to 10 
supercoils are present. These data were obtained 
in minimal cell-free transcription systems. The 
addition of CAMP-CRP already shifts the optimal 
number of negative superturns, albeit toward 
fewer ~ u p e r c o i l s . ~ ~ ~  The ratios of open complex 
formation rates of different lac promoter mutants 
gets closer to the in vivo rates, as superhelicities 
approach their in vivo value of 4%42 (the rate of 
abortive initiation being measured). Borowiec and 
Gralla propose, based on kinetic parameters of 
open complex formation, that a stressed complex 
forms as an intermediate, which is partly un- 
wound, and bent, due to superhelical strain. This 
stressed, partly unwound complex may be related 
to the intermediate complex derived by kinetic 
analysis of the RNA polymerase-promoter 
interactionm (see also Straney and C r o t h e r ~ ~ ~ ~ ) .  

* An alternative explanation can be that superhelicity exerts its effect through wrapping of DNA around transcription 
machinery; this, in its simplest version, would only aggravate the disentanglement problem. Surface wrapping can be 
accompanied by changes in the degree of primary winding (White and Bauer, 1989). If undenvound, as in nucleosomes, 
the wrapped DNA would consume additional otherwise-available superturns. 
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The large activation energies needed for transi- 
tion into the fully open state were interpreted to 
mean that the intermediate can be topologically 
unwound but still base stacked conformation.6 

What is the state of DNA in the open region? 
Several experimental approaches have been used 
to obtain information on the state of DNA in the 
open region (“initial transcription bubble”) of 
bacterial genes. N3-Cyt methylation studies have 
shown that the RNA polymerase protects the re- 
gion between -9 and + 3  of the lac UV5 pro- 
moter upon formation of the open initiation com- 
plex ,233.324.448 slightly more than one turn of the 
helix. These experiments were carried out with 
purified polymerase-linear DNA complexes, so 
that more extensive opening in vivo cannot be 
excluded. 

Amouyal and Buc6 show, however, that a 
considerable amount of unwinding is present al- 
ready in the closed state (binary complex). They 
show that reactivity toward the copper phenan- 
throline reagent precedes considerably strand 
separation, indicating the presence of topologi- 
cally unwound yet unseparated DNA in the pro- 
moter region. The possibility that the negative 
superturns are taken up by wrapping around the 
polymerase is also considered, and is consistent 
with present thinking on the role of bending in 
promoter action. Alternatively, one of the struc- 
tures shown in Figure 8 could participate. Of the 
symmetric structures, only the cruciform can be 
formed in the lac promoter region, but repeated 
probing with nucleases and chemical reagents does 
not favor the notion that a cruciform is recog- 
nized.3s6*4s1*s12 The symmetry of the lac operator 
may rather be connected with the recognition of 
dyadic features of the lac repressor. Although 
bacterial transcription can be carried out in the 
absence of the multitude of transcription factors 
needed in higher organisms, some protein factors 
such as SSB may still play an enhancing role, 
by forming a complex of distinct structure with 
unwound DNA segments. Two-dimensional 
NMR of the transcription complex, when feasi- 
ble, will hopefully shed light on which of the 
different possible DNA structures actually par- 
ticipate in transcnption-associated unwinding, 
during both initiation and elongation steps. 

Eukaryotes - The efficiency of transcrip- 
tion of eukaryotic genes is also dependent on the 

state of template supercoiling . Transcription of 
late SV40 genes and polyoma virus genes is con- 
siderably more efficient from circular negatively 
supercoiled templates than from linearized viral 
DNA.27s Luchnik et aLZ9’ have shown that the 
transcriptionally active fraction of SV40 nucleo- 
protein complexes is in a relaxable supercoiled 
state. A high template efficiency of a negative 
supercoiled relative to a linearized template, up 
to 500-fold, is observed during the transcription 
of thymidine kinase from a plasmid construct 
injected into oocytes.’87 The effect is most pro- 
found in plasmids that contain enhancer se- 
q u e n c e ~ . ~ ~ ~  Cell-free transcription of x. laevis 5s 
DNA is 5 times faster with supercoiled template 
than with relaxed template. 4s8 Considerable ac- 
celeration was also observed when the 5s RNA 
template was injected into oocyte germinal ves- 
i c l e ~ , ~ ~ ~  or incubated with a germinal vesicle su- 
pernatant fraction.’63 The enhancement was ex- 
plained as the result of an ATP-driven negative 
supercoiling activity present in the germinal ve- 
sicle. This activity causes the conversion of part 
of the chromatin to a highly supercoiled, unres- 
trained, “dynamic” state, which is active in tran- 
scription. A correlation between the extent of 
transcription and the degree of supercoiling in 
oocyte extracts supports this p i c t ~ r e . ~ ~ ~ . ~ ~ ’  The 
results with oocyte extracts were later challenged 
by Wolffe and c o - w ~ r k e r s , ~ ~ ~  who found that the 
linear form of 5s DNA is transcribed most ef- 
ficiently (see References 241 and 537). The higher 
template efficiency of linear DNA is nevertheless 
topologically plausible, because no impediment 
to template unwinding exists. Transcription of 
circular templates may still be favored by neg- 
ative superhelical turns and supported by the ac- 
tivity of topoisomerases, as evidenced in a silk 
gland-derived transcription system .200 

2. The Size of the Unwound Region 

The size of the unwound section was first 
measured by Saucier and Wang429 and, more ac- 
curately, using gel topoisomer analysis, by Wang 
et al.5’4 An unwinding angle of 240” (6 to 7 bases) 
per E. coli RNA polymerase bound to the pro- 
moter regions of bacteriophage fd was found at 
37”. No dNTPs were added, so that unwinding 
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accompanying initiation complex formation was 
measured. Up to 15 polymerases were bound per 
phage (100 bases unwound). 

Detailed measurements of the unwinding an- 
gle of initiation complexes was carried out by 
Gamper and Hearst. 149*150 E.  coli RNA polymer- 
ase was added to circular SV40 DNA under a 
variety of conditions. The complex formed was 
relaxed by addition of topoisomerase, and the 
change in migration was determined on agarose 
gel. The observed shift in the topoisomer distri- 
bution leads to a figure of 17 base pairs unwound 
per RNA polymerase molecule bound, i.e., a bit 
more than 1.7 turns of the helix. A similar-sized 
region of 17 bp was found to be unwound for 
binary RNA polymerase-DNA complexes (no 
dNTP present), for initiation complexes (3 NTP 
present), or for elongation complexes (all 4 nu- 
cleotides present). On the basis of this figure and 
previous knowledge that the nascent RNA hy- 
bridizes with DNA for a constant length of 12 to 
15 bases, the transcription model depicted in Fig- 
ure 19 is proposed. The polymerase complex is 
suggested to possess, in addition to the RNA 
polymerizing activity, an unwindase activity act- 
ing ahead of the active site, as well as a “re- 
windase” activity trailing the active site. The 
transcription machinery (unwound bubble) can 
proceed by simultaneous unwinding of DNA not 
yet transcribed and rewinding of the DNA tem- 
plate already transcribed. This requires, how- 
ever, that the transcription bubble with the at- 
tached nascent RNA rotate concomitantly with 
the progress of the transcription machinery, rel- 
ative to the DNA ahead of and behind the bubble. 
It has not yet been possible to establish whether 
the bubble-RNA complex rotates around the fixed 
DNA template, or the rest of the DNA template 
rotates around its helical axis, the nascent RNA 
remaining fixed. In a closed DNA template, as 
in a virus or plasmid, DNA rotation cannot occur 
if it is anchored to any of the cell structural com- 

ponents. A nicking-closing at a suitable location 
activity can, however, provide a swivel point. 

Seventeen bases are unwound for the passage 
of a single RNA polymerase complex. What hap- 
pens when many polymerases simultaneously 
transcribe a gene during high initiation frequen- 
cies? One possibility is that the nascent RNA 
complexes , of increasing lengths, all rotate along 
the static DNA molecule. This may be a bit hard 
to envisage from the energy viewpoint. Alter- 
natively, the whole DNA circle or segment may 
rotate, section by section, as long as no anchoring 
point interferes or topoisomerase-generated swivel 
points operate at appropriate points. The succes- 
sive advancing RNA polymerases may move 
either as separate transcription bubbles of 17 bases 
each, or merge to one continuous unwound re- 
gion. In the first case, DNA sections between 
two bubbles would rotate individually to rewind 
the DNA of the leading bubble and to unwind 
the trailing bubble. In the case of a continuous 
unwound region, DNA is likely to remain strand 
separated, at least one strand of the DNA being 
associated with the RNA polymerase and pos- 
sibly with other transcription “factors”.* A par- 
anemic duplex may also be intermittently formed 
between passing polymerases. Future studies will 
have to resolve the exact behavior of the different 
DNA sections during elongation. The possibility 
that the length of the unwound region is somehow 
predetermined during preinitiation steps, and thus 
serves to control the number of polymerases si- 
multaneously transversing a gene, is an attractive 
possibility, but has yet to be substantiated. 

Eukaryotes - The length of the DNA re- 
gion unwound during transcript elongation on de- 
proteinated SV40 minichromosomes (i .e., bare 
supercoiled SV40 DNA with only mammalian 
polymerase I1 attached) has been measured by 
Choder and Aloni.80 A transcription bubble of a 
size similar to that formed by the prokaryotic 
polymerase (2 turns) was found for the native 

* The symmetric structures, or other structures of Figure 8 may serve to store linking deficit near the promoter or other 
suitable location. An unwound region can readily be transmitted from one region on a gene or plasmid to another by first 
supercoiling the whole domain or plasmid. then opening the supercoils while unwinding the other region, transmitting 
the linking deficit to where it is required. The transmission of a linking deficit along a closed DNA has been nicely 
demonstrated by Lilley and co-workers (Furlong et al., 1989), by showing that a low-melting, A,T-rich DNA region can 
accelerate the formation of a cruciform by a nearby dyad symmetric region. This mechanism may operate over longer 
distances to transfer the unwound region from the end of a transcribed region, where one batch of polymerase terminates, 
back to the initiation (promoter) region. 
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mammalian RNA polymerase. The relatively short 
unwound region is not in line with the formation 
of an extended unwound region but, again, pro- 
tein factors or matrix elements necessary to keep 
the transcribed region unwound may not be pres- 
ent in the studied cell-free system. A longer un- 
wound region was obtained upon removing the 
polymerase from intact circular DNA, as a result 
of nascent RNA-DNA hybrid formation (prior to 
relaxation); in the nicked SV40 circle, the RNA 
transcript was rapidly displaced leading to DNA 
duplex reformation. Zhang and Grallas” have used 
potassium permanganate, a reagent for exposed 
cytosines (Section II.F), to examine the late SV40 
initiation complex. About 28 bases upstream from 
the initiation point were hyperreactive to per- 
manganate when applied to SV40-infected cells, 
late in the infection. This high sensitivity is un- 
expected in view of the low percentage of ac- 
tually transcribing genomes in infected cells. Ap- 
parently, most SV40 minichromosomes assume 
some activated state in the promoter regions. 

3. Unwinding Caused by Transcription: 
The Twin Supercoiling Domains Model 

An early indication that transcription can de- 
termine the extent of supercoiling (rather than 
being determined by it) comes from the obser- 
vation of Pruss and Drlica that the degree of 
negative supercoiling of pBR322 can be very high 
in topoisomerase I-less bacteria. The degree of 
supercoiling was dependent on the tetracycline 
gene being transcribed, at least to some extent. 
When the promoter was eliminated or the entire 
tet gene was absent, no excessive supercoiling 
was o b ~ e r v e d . ’ ~ ~ . ~ ~ ~  A clear demonstration that 
intermediate unwinding does take place during 
transcription came from a series of experiments 
with closed bacterial plasmids by Liu and 

Changes in supercoiling were studied 
in a pBR322-related plasmid in which the two 
main copied genes are transcribed from a single 
promoter region in opposite directions, in the 
absence of either negative or positive supercoil 
relaxing a c t i v i t i e ~ . ~ ~  Any lag in the revolution 
of the polymerase complexes around the template 
must generate positive supercoils ahead of RNA 
polymerase, i.e., between the 3’ ends of the two 

genes (to compensate for the unwinding of the 
right-handed template) as well as negative super- 
turns behind the polymerase, between the two 5’  
ends (because of rewinding of the unwound sec- 
tions). The “twin” positive and negative super- 
coiled domains thus formed could be demon- 
strated by having the plasmid transcribed in 
transfected cells in the presence of the DNA gyr- 
ase inhibitor novobiocin, so that positive super- 
coils are not removed. Negative turns are still 
removed by cellular E .  coli topoisomerase I, 
which relaxes only negative supercoils. At least 
10 positive superturns were observed in the de- 
proteinated transcribing plasmids. In topoiso- 
merase I-less mutants, highly negative supercoils 
appeared. 

The positive supercoils were subsequently 
shown to be also formed in a cell-free transcrip- 
tion system, when supplied with E .  coli topoiso- 
merase I.4a1 The appearance of the positive super- 
turns is entirely transcription dependent, because 
the addition of rifampicin prevents their appear- 
ance. The positive supercoil accumulation (after 
removal of negative superturns) was not observed 
when RNAse was present. This effect of the nas- 
cent RNA chain removal favors the explanation 
that the drag on the nascent chain creates a lag 
between the unwinding rotation and the progress 
of the transcription machinery, and is thus re- 
sponsible for the generation of the positive 
superturns. 

It should be pointed out that the number of 
superturns observed can account for only a frac- 
tion of the unwinding expected: the tetracycline- 
resistance gene of pBR322 is about 1190 bp long, 
i.e., 119 turns must be unwound and rewound 
for a single passage of polymerase. During a 
transcription experiment, hundreds of polymer- 
ases track along the template, so that thousands 
of superturns must be generated. The positive 
supercoiling observed therefore can represent only 
a residual delay between the accumulation of 
superturns during transcription and their subse- 
quent relaxation. This delay can be the result of 
the lag between the rotating movement of the 
transcription machinery and its linear progress 
along the DNA. 

The conclusion that the observed supercoil- 
ing may be the result of transcription rather than 
its cause is supported by a study on the induction 
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of several photosynthetic genes in the facultative 
aerobic organism R. capsulata.w A direct assay 
of the degree of supercoiling, using a psoralene 
derivative, did not reveal a change in superhel- 
icity during six- to eightfold induction of the pho- 
tosynthetic genes, indicating the supercoiling per 
se is not a necessary step of the induction process. 
The inhibitory effect of novobiocin on the in- 
duction of several photosynthetic genes in R. cap- 
sulata is explained in terms of a gyrase acting at 
a suitable swivel point to relieve excess super- 
coiling, extending the twin supercoiling concept 
to anchored genes.9o Most recently the accu- 
mulation of negative superturns could be sub- 
stantiated in experiment where a Gal4 binding 
site was attached to a T7 RNA polymerase. This 
polymerase was added to a plasmid that has both 
a T7 promoter and a Gal4 binding site 5‘ to it. 
The simultaneous binding of the T7 RNA poly- 
merase to both binding sites should restrain to- 
pologically the DNA region in between and 
impede polymerase rotation. Positive supercoils 
were observed indicating that relative rotatory 
movement does accompany the transcription 
process. 363 

Eukaryotes - Up to 58 negative turns were 
detected by two-dimensional electrophoresis of a 
yeast plasmid when actively transcribed in a to- 
poisomerase I negative yeast ce lP  (see Reference 
157). Brill and SternglantP found that the neg- 
ative supercoils appear concomitantly with RNA 
elongation, which argues against the preforma- 
tion of an unwound region. Another indication 
that changes in supercoiling are related to tran- 
scription comes from the observation that inhi- 
bition of transcription of the hsp70 gene in vivo, 
by actinomycin D or by DRB, inhibits topoiso- 
merase cleavage at the gene. z55 Excessive posi- 
tive supercoiling has also been established during 
T antigen movement of the SV40 origin region 
in a cell-free system, when the bacterial topoiso- 
merase I was added.547 The twin supercoiling 
domains phenomenon is thus not restricted to E. 
coli and related bacterial systems, and may be 
valid for eukaryotic cells as well. 

4. The Role of Topoisomerases 

An early indication that topoisomerases are 

involved in transcription was provided by ex- 
periments in which drugs that inhibit topoiso- 
merase 11, such as c o ~ m e r m y c i n ~ ~ ~  and 
n o v ~ b i o c i n ~ * ’ ~ ~ * ~ ~ ~  (see also References 12 1 and 
285) inhibited transcription of various cellular 
genes (novobiocin may exert its effect not through 
topoisomerases) .474520 Coumermycin, as well as 
naldixic and oxolinic acids, inhibitors of E. coli 
DNA gyrase subunit B, were found to inhibit 
transcription in the bacterial cell. 512,256*360 Similar 
effects were later observed with campthotecin, 
an inhibitor of eukaryotic topoisomerase 
I. 159*204*255*466 Topoisomerase cleavage points 
mapped during transcription were found to cor- 
relate with the progress of transcription, indicat- 
ing a direct requirement of topoisomerase I ac- 
tivity during RNA chain e l ~ n g a t i o n . ~ ~ ~ . ~ ~ ~  Most 
recently, oxolinic acid-mediated cleavage sites 
by DNA gyrase were mapped along the entire E. 
coli genome. The cleavage sites were found to 
be concentrated in about 100 clusters (“topos- 
ites”) and the cleavage was shown to be tran- 
scriptionally modulated, alluding to a function of 
DNA gyrase activity during transcription. 88 

Topoisomerases are also necessary ingredi- 
ents of cell-free transcription systems, if tran- 
scription is to proceed beyond the early abortive 

The effect of topoisomerase inhibition 
was initially interpreted as an effect of the “tor- 
sional strain” on the transcription frequency, op- 
erating via a change in nucleoprotein chromatin 
~ t r u c t u r e . ~ ~ ~ ~ ~ ~ ~  It was later that the effect 
of novobiocin, for example, on the transcription 
of 5s RNA from X. laevis chromatin, is inde- 
pendent of the state of supercoiling (which can 
be changed by incubation with topoisomerase I). 
Therefore, it was proposed that gyrase-like ac- 
tivity is necessary as part of the transcription 
process itself (as, for example, in the twin su- 
percoiling domains model). A similar conclusion 
was arrived at when the effect of novobiocin on 
R. capsulata was studied.g0 

The active role of topoisomerases in tran- 
scription is supported by studies with mutated or 
disrupted topoisomerase genes. This has been 
shown to be the case for transcription both in E.  
co11’117*198,3M.392 and in A nicking activity 
is indispensable, if both DNA template and the 
rotating RNA transcript are anchored to some 
structural element. Topoisomerases ought also to 
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be stimulatory in case the rotatory movement of 
the nascent RNA rather then the linear advance 
of the transcription machinery are rate limiting. 
The topoisomerase may become even more es- 
sential when many polymerases have to trans- 
verse a gene simultaneously, i.e., at high initi- 
ation frequencies, so that sufficient negative 
superhelicity is no longer available in the tran- 
scribed domain. This may well be the case in 
highly active eukaryotic genes, in particular spe- 
cialized genes like actin, myosin, globin, or im- 
munoglobulin. Studies in defined cell-free sys- 
tems will have to be made to decide whether 
topoisomerase is particularly stimulative at high 
transcription frequencies. 

5. Enhancers: Initiation Points for 
Unwinding? 

The transcription frequency of many eukar- 
yotic genes is highly dependent on the activity 
of enhancer and/or upstream activating (UAS) 
DNA elements. The way enhancer elements 
function is yet unclear. 189-302.343 Two major mech- 
anisms have been considered: one is the “loop- 
ing” mechanism, in which a DNA bends to form 
a loop between the enhancer and promoter re- 
gions, so that an enhancer-associated protein fac- 
tor, or a chain of factors, can directly interact 
with the promoter region, transmitting the en- 
hancer effect. The other mechanism is the “scan- 
ning” or “entry rate” mechanism, in which the 
enhancer serves as entry point for the RNA po- 
lymerase, permitting it to scan the intervening 
DNA until it finds a promoting region.338 At pres- 
ent, the bulk of the available evidence tends to 
favor looping mechanisms. 393.430 We would still 
like, in this section, to examine the possibility 
that enhancer elements can serve as unwinding 
initiation elements. Unwinding initiation can be 
transmitted to the promoter either by the scanning 
mechanism or via a super coiling-uncoiling 
mechanism. 

An unwinding role of transcription enhancers 
could explain several of their well-known 
properties: 

1. Enhancers can operate at a distance from 
the transcription initiation site. Indeed, once 

2. 

3. 

4. 

5 .  

6 .  

a section of DNA is unwound, it can mi- 
grate, for example, as a bubble, to the tran- 
scription start (with or without a 
polymerase). 
The enhancing activity is direction inde- 
pendent. An unwound region should be able 
to migrate in either direction. 
Enhancers need not be located 5‘ to the 
initiation site; they can also be at the end 
of a gene (e.g., P-globin).* Unwound re- 
gions have to migrate anyway, after the pas- 
sage of a single or a batch of polymerases, 
from the 3’ end back to the 5‘ start of the 
gene. Therefore, it should not matter from 
the topological standpoint, whether the in- 
itial unwound region is formed at the 5’ or 
3’ end of the gene. 
Enhancers are modular, and are composed 
of distinct subelements. The enhancing ef- 
fect of the enhancer increases considerably 
when a subelement is present in multico- 
 pie^.^'^.^^' This is readily understandable, 
because each additional element can enlarge 
the unwound region, facilitating the entry 
of more and more successive polymerases. 
Enhancer subelements can substitute for 
each other, provided the respective acti- 
vating protein is For instance, 
the B subelement of the 72-bp SV40 en- 
hancer can be substituted by a second A 
element, or vice versa. 196 It should be added 
that the B element has a very high purine- 
pyrmidine asymmetry, a motif we have seen 
to be conducive to SSN sensitiv- 
ity: GGTGTGGAAAG TCCCC AGG 
CTCCCC. The last 6 bases have indeed been 
found to be highly S1 sen~i t ive . ’~~ The A 
element contains 141 18 R: AGG C AGAAG 
TATGCAAAG. The last 8 bases are part 
of the octamer motif, and have been found 
to be mungbean The authors 
explain their result as due to a 3 5  loop and 
stem structure. Examination of proper base 
substituents could distinguish between the 
two possibilities (in this connection, the 
AAATAAAAAAAAT motif is also R rich; 
see Section IV.A.3). 
Enhancers operate in a cell-type specific 
fashion,38’ i.e., immunoglobulin enhancers 
activate the gene in B lymphocytes and not 
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7. 

in other cell lineages. The activation re- 
quires that an active form of protein NF- 
KB interact with the octamer subelement of 
the Igrc enhancer. A model where a cell- 
specific factor facilitates (or antiprevents) 
the opening and/or the migration of the un- 
wound region to the initiation site can be 
readily envisaged. 
Experiments in which the movement of an 
unwound bubble from enhancer to promoter 
is blocked favor at least certain versions of 
the scanning model. The block was achieved 
either by the binding of fex repressor to an 
inserted lex operatoP or by psoralene ad- 
d i t i ~ n . ~ ~  Muller et al.343 nevertheless dem- 
onstrate that an enhancing effect can be 
transmitted through a biotin streptavidin 
bridge. This is not compatible with the idea 
that an unwound bubble propagates from 
enhancer to promoter. The linking deficit 
can, however, be transferred by first su- 
percoiling the entire circle, then de-super- 
coiling it, unloading the deficit at the pro- 
moter. The same result can also be achieved 
by rotating the DNA intervening between 
enhancer and promoter. The enhancing ef- 
fect of a linear nevertheless, 
cannot be explained by the unwinding effect. 

In summary, while there is at present no com- 
pelling evidence for a role of enhancers in solving 
the topological problem, until a fully satisfactory 
mechanism for enhancer action is available, pro- 
motion of unwinding should be considered a 
mechanism deserving further experimental test- 
ing. The various techniques described in Section 
11, including chemical probing and topoisomer 
analysis, in the absence or the presence of acti- 
vating factors, can be helpful. 

C. Recombination and the Paranemic 
Joint 

Genetic recombination is another process 
where extensive strand unwinding is to be ex- 
pected. Homologous recombination involves 
alignment and pairing of two separate DNA mol- 
ecules (followed by strand exchange) and is hard 
to envisage without some form of strand un- 

winding. One of the more thoroughly studied 
homologous recombination system is at present 
the E .  coli rec system (for reviews see Cox and 
Lehman,94 Griffith and H a r r i ~ , ” ~  and 
Kowal~zykowski~~~).  The first step in recA-sup- 
ported recombination is the coating of a single- 
or (double)-stranded DNA by recA protein, to 
form a “presynaptic complex”. In the presence 
of ATP or analog, at optimal conditions, one 
recA molecule is associated for every 3 bases. 
The coated DNA, ss or ds, was observed to form 
a partly unwound helical structure of up to 18 
nucleotides per turn and of a pitch of 95 A. L12,462 

In the next step, the recA-coated molecule 
interacts with a second, homologous DNA mol- 
ecule, ds or ss, to form a joint complex. In case 
either the single strand or the double strand has 
an open homologous end, the single strand will 
find a complementary region on the double- 
stranded DNA to form a “plectonemic com- 
plex”. Eventually, the single strand may displace 
its homolog on the double strand, leading to strand 
exchange. In the intact cell, other proteins of the 
system, including the RecBCD complex, will help 
to complete the process and lead to strand ex- 
change between chromosomes. 

If, however, both the ssDNA molecule and 
its complementary strand on the dsDNA are cir- 
cularly closed, strand intertwining is impossible, 
and a plectonemic complex cannot be formed. A 
recA-associated DNA-DNA complex is still de- 
tected, in particular if the dsDNA is negatively 
supercoiled. I o 2 a 4 l 2  This topologically unwound 
complex is termed by Radding and co- workers, 33 

following Watson and “paranemic 
joint”. The paranemic joint can be observed with 
linearized DNA when the slowly hydrolyzable 
ATP analog ATPyS is present, or when the ho- 
mologous DNA region is inserted between two 
nonhomologous free ends. The unwound state of 
the DNA in these complexes was initially de- 
duced from the appearance of D loops in electron 
micrographs of the recA heteroduplex com- 

The unwinding of the ds DNA in 
the complex was verified by agarose gel analysis 
after nicking the ds DNA in a nonhomologous 
region and religating in the presence of recA pro- 
tein; fast migrating, highly negatively super- 
coiled bands appeared, termed Form X DNA294,s39 
and form P DNA434 indicating a highly unwound 
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state at the time of ligation. Unwinding was fur- 
ther verified by the application of topoisomerase, 
which led to a hemicatenated three-stranded DNA 
when free homologous ends were absent. 33 

The paranemic joint can be observed when 
both the ds- and ssDNA components are circu- 
larly closed. Thus, joined regions of the length 
of 300 2 100 bases are seen by EM following 
glutaraldehyde fixation of closed superhelical ds 
plasmid MI 3mp7 incubated with closed phase 
M13 in single-stranded form.81 This necessitates 
the unwinding of 30 to 40 turns, an amount ex- 
pected topologically in the 7238-bp-long plasmid 
at 5% superhelicity. Superhelical turns are no 
longer observed by EM once the paranemic joint 
is formed. A similar extent of unwinding was 
observed recently by topoisomer analysis when 
a 4 x 1  74 DNA containing the supercoiled duplex 
DNA interacted with a complementary gapped 
duplex in the presence of recA protein;89 15 to 
17 superhelical turns of the circular duplex be- 
came unwound upon complex formation. Neg- 
ative superhelicity thus favors paranemic joint 
formation, but a joint can be formed even by a 
relaxed circle, possibly by the introduction of 
positive supe r t~ rns .~~  

A clear helical feature of the thick filament 
of the recA-coated “synaptic complex” is evi- 
dent on electron micrographs under proper con- 
ditions.M42 Little variation in thickness is observed 
whether ss, ds, or even three strands are present 
in the joint, which alludes to an intimate structure 
between the three strands. Resolution of the pro- 
tein-coated complex is not sufficient, however, 
to permit determining whether only occasional 
base contacts occur, whether the complementary 
strand forms duplexes alternating between the 
two participating homologous strands, or whether 
a defined triple-stranded structure is formed. It 
should be stressed that if a hydrogen-bonded tri- 
plex structure is formed it must be structurally 
distinct from the triplexes discussed in Section 
III.G, because the incoming single strand must 
run parallel to its homologous strand, rather than 
antiparallel as in the structures considered by 
Lyamichev et al.294 or Cooney et al.91 

The triple-stranded regions in the paranemic 
joint have been reanalzyed recently by EM fol- 
lowing photochemical fixation with the psoralene 

derivative AMT, which cross-links aligned DNA 
strands but forms no DNA-protein cross-links, 
so that the recA protein can be removed prior to 
analysis. Regions of DNA derived alternatingly 
from the double- and single-stranded compo- 
nents, extending over hundreds of bases, were 
observed .489 In addition, triple-stranded regions 
extending over dozens of bases could also be 
observed; the absence of the coating recA protein 
led to the conclusion that triple helixes are pres- 
ent. It is suggested that the triplex is right 
handed,489 but it is not clear how the right-handed 
turns are topologically compensated in the un- 
wound joint. 

If indeed a defined unwound structure is pres- 
ent in the paranemic joint, then any of the par- 
anemic structures shown in Figure 8 can be pres- 
ent. The similarity of the joint to form V DNA 
(Section 1II.F) has been pointed out by Wu and 
c o - w ~ r k e r s ; ~ ~ ~  form V DNA arises, like the par- 
anemic joint, from the alignment of complemen- 
tary strands by topologically restricted DNA mol- 
ecules. Both the paranemic joint and form V DNA 
may contain alternating left- and right-handed 
sections (Figure 8e), so that ALk = 0. Of the 
other paranemic structures, the three symmetric 
structures (repeated, dyadic, and mirror) are less 
likely to contribute, because of the very limited 
occurrence of symmetric regions in M13 or 
4x174, the phages used to study the paranemic 
joints. This leaves either loose single-stranded 
alignments, or a version of the paranemic non- 
helical duplex proposed by us545 as structural al- 
ternatives to alternating right and left DNA du- 
plexes. That paranemic duplex has highly exposed 
base pairs, readily available for interaction with 
a third or even fourth strand. Substantial evidence 
for the long-proposed four-stranded joint, also 
necessarily unwound, has recently been 
b r ~ u g h t . ~ ~ . ~ ~ ~  Evidence for a role of RNA in sta- 
bilizing a paranemic joint has to the best of my 
knowledge not been reported. The role of recA 
protein in stabilizing the paranemic joint is a clear 
example of the ability of proteins to stabilize 
unwound DNA forms. In summary, while the 
topologically unwound nature of the paranemic 
joint is clear, the question of what particular 
structure DNA and protein assume in the joint 
awaits further elucidation. 
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D. Conclusions 

Evidence on the participation of unwound 
DNA forms in all three major DNA template 
driven processes is now available. The details of 
these unwound forms - the arrangement of bases, 
ranges of existence, participation of auxiliary fac- 
tors, and other details - have yet to be deter- 
mined. No less important, the dynamics of their 
formation, propagation, and interaction with the 
various components of replication, transcription, 
or recombination (and repair) mechanisms re- 
main a challenge, and will doubtlessly be taken 
up intensively in the near future; in particular, 
the questions in which systems are unwound forms 
of DNA just transient intermediates and under 
what conditions can temporally extended para- 
nemic forms be expected. The recently developed 
techniques reviewed in Section I1 will certainly 
be of help in answering these questions and hope- 
fully lead to the ultimate resolution of the to- 
pological dilemma raised by Watson and Crick 
in 1953.519 
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A R S  Autonomous replication 
sequences 

bP Base pairs 
SSN Single-strand specific nuclease 
SSB Single-strand binding (protein) 
EM Electron microscope(y) 
DMS Dimethyl sulfate 

DEPC 
R 
Y 
R * Y  

R-Y 

ss 
ds 

Diethyl pyrocarbonate 
Purines 
Pyrimidines 
Oligopurine * oligopyrimidine 
DNA tracts 
Alternating oligo(purine- 
pyrimidine) tracts 
Single-stranded 
Double-stranded 
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