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Local	structural	transitions	from	the	common	B-DNA	conformation	into	other	DNA	forms	can	be	functionally	important.	This	chapter	describes	the	structures	of	DNA	forms	called	alternative	DNA	conformations	that	are	different	from	the	canonical	B-DNA	helix.	Also	discussed	are	the	requirements	for	the	formation	of	alternative	DNA	structures,	as
well	as	their	possible	biological	roles.	The	formation	of	non-B-DNA	within	certain	sequence	elements	of	DNA	can	be	induced	by	changes	in	environmental	conditions,	protein	binding	and	superhelical	tension.	Several	lines	of	evidence	indicate	that	alternative	DNA	structures	exist	in	prokaryotic	and	eukaryotic	cells.	The	data	on	their	involvement	in
replication,	gene	expression,	recombination	and	mutagenesis	continues	to	accumulate.Genetic	information	is	generally	stored	in	long	double-stranded	DNA	molecules.	Hydrogen	bonding	between	nucleobases	keeps	the	complementary	DNA	strands	organized	into	a	right-handed	helical	structure	called	B-DNA.	Structural	transitions	into	other	DNA
forms	can	occur	within	certain	sequence	elements	of	DNA	and	these	can	be	functionally	important.	Several	non-B-DNA	structures	(oftentimes	called	unusual	or	alternative	DNA	structures)	can	be	important	for	interactions	with	proteins	involved	in	replication,	gene	expression	and	recombination.	They	may	also	play	different	roles	in	the	formation	of
nucleosomes	and	other	supramolecular	structures	involving	DNA.	DNA	sequences	characterized	as	“random”	or	“mixed	sequence”	typically	only	form	A-DNA	or	B-DNA.	Special	sequence	characteristics	or	defined	symmetry	elements	are	required	to	form	alternative	structures	such	as	left-handed	Z-DNA,	cruciforms,	intramolecular	triplexes,
quadruplex	DNA,	slipped-strand	DNA,	parallel-stranded	DNA,	and	unpaired	DNA	structures.1	Together	with	variations	in	DNA	supercoiling,	local	alternative	structures	provide	enormous	potential	for	autoregulation	of	DNA	functions.	This	chapter	will	briefly	review	major	alternative	DNA	structures	and	their	potential	involvement	in	biology.Table	1
lists	structural	parameters	for	three	structural	families	of	DNA	helices.	B-DNA	is	the	term	given	for	the	canonical	right-handed	DNA	helix	that	is	the	most	common	form	of	DNA.	Canonical	B-DNA	is	a	double	helix	made	of	two	antiparallel	strands	that	are	held	together	via	hydrogen	bonding	in	the	A•T	and	G•C	base	pairs	(fig.	1).	One	helical	turn	of	B-
DNA	contains	about	10.5	base	pairs	that	are	buried	inside	the	helix	and	are	almost	perpendicular	to	the	helical	axis.	DNA	exists	as	a	cylinder	of	20	Å	in	diameter	with	two	grooves,	a	major	and	a	minor	groove,	spiraling	around	the	cylinder.	In	B-DNA	the	distance	between	the	bases	(rise)	is	3.4	Å.	Studies	of	oligonucleotide	duplexes	in	crystals	showed
significant	sequence-dependent	variability	of	the	structural	parameters	listed	in	Table	1	that	define	the	structure	of	the	B-DNA	helix.	In	bent	DNA,	for	example,	certain	B-DNA	parameters	add	up	over	a	length	of	several	base	pairs	to	produce	a	permanently	curved	DNA	helix.	A-	and	Z-DNA	are	also	double-helical	but	the	spatial	arrangement	of	base
pairs	differs	significantly	from	that	for	B-DNA.	Other	DNA	structures	may	have	regions	of	unpaired	strands	or	be	composed	of	three	and	even	four	strands.A-DNA	has	11	base	pairs	per	helical	turn,	base	pairs	are	tilted	to	about	20°,	with	respect	to	the	helical	axis,	the	grooves	are	not	as	deep	as	those	in	B-DNA,	the	sugar	pucker	is	C3'	endo	compared
to	C2'	endo	for	B-DNA,	and	the	base	pairs	are	shifted	to	the	helix	periphery	which	creates	a	9	Å	hole	in	the	helix	center.	In	A-DNA	the	average	rise	is	2.55	Å.	A-DNA	and	B-DNA	have	different	patterns	of	bound	cations	and	water	molecules2-4	that	result	in	different	stability	conditions	for	these	structures.	B-DNA	is	stable	under	a	broad	variety	of
conditions,	whereas	A-DNA	has	been	observed	under	conditions	of	reduced	water	content,	such	as	in	DNA	fibers	at	75%	relative	humidity	or	in	solutions	containing	organic	solvents	or	high	salt	concentrations.	5-7	The	ease	of	conversion	from	B-DNA	into	the	A-form	is	somewhat	sequence-specific,3,8	being	more	difficult	in	sequences	containing	5'-AA-
3'	steps,	and	easiest	in	sequences	containing	5'-CC-3'	and	5'-ACT-3'	steps.8	Because	of	the	variability	in	structural	parameters	for	different	di-	and	trinucleotides	within	the	helix,	B-	and	A-DNA	actually	consist	of	families	of	conformations.	Experiments	with	oligonucleotide	duplexes	in	crystals	have	shown	that	B-	and	A-DNA	do	not	represent	deep	local
energetic	minima	and	that	a	number	of	intermediate	structures	may	form	upon	a	mild	change	in	conditions.9-11Biochemical,	crystallographic	and	computer	simulation	analyses	of	the	A-DNA	structure	and	protein-DNA	complexes	indicate	that	an	A-like	DNA	conformation	may	either	form	upon	binding	of	certain	proteins	to	DNA,	or	be	an	important
intermediate	step	in	forming	the	strongly	distorted	DNA	conformation	observed	within	at	least	some	complexes	with	proteins.12-14	Several	examples	below	illustrate	these	structural	roles	of	A-DNA	in	biological	processes.Nanosecond	scale	molecular	dynamics	simulations	in	water	using	two	different	starting	structures	show	that	the	DNA	oligomer,
GCGTATATAAAACGC,	which	contains	a	target	site	for	the	TATA-box	binding	protein	(TBP),	adopts	an	A-like	conformation	in	the	region	of	the	TATA-box	and	undergoes	bending	related	to	that	seen	within	the	complex	with	the	TBP.15	This	is	consistent	with	A-DNA	being	an	important	intermediate	step	in	forming	a	strongly	distorted	DNA	structure
observed	within	its	complex	with	TBP	in	crystals.9The	Escherichia	coli	cyclic	AMP	receptor	protein	(CAP)	has	two	symmetrically	related	inverted	recognition	elements	separated	by	a	spacer	whose	length	may	be	either	6	or	8	bp	(e.g.,	TGTGAxxxxxxTCACA).16	CAP	binding	induces	DNA	bending	with	DNA	remaining	in	the	B-form	when	the	spacer	is	6
bp.	For	the	8	bp	spacer,	an	additional	transition	into	the	A-form	is	necessary	to	shorten	the	distance	between	TGTGA	sites	for	CAP	binding.17The	B-to-A	transition	may	occur	in	DNA	complexes	with	enzymes	that	cut	or	seal	at	the	(O3'-P)	phosphodiester	linkage.	The	transition	is	necessary	to	expose	atoms	of	the	sugar-phosphate	backbone,	such	as	the
3'-oxygen	ordinarily	buried	within	the	chain	backbone,	for	enzymatic	attack.14	A	polymerase-induced	A-DNA	conformation	has	been	identified	in	crystallographic	studies	of	HIV	reverse	transcriptase	bound	to	DNA.18	The	function	of	a	conformational	switch	from	the	B-form	to	an	underwound	A-form	DNA	at	the	polymerase	active	site	may	provide
discrimination	between	correct	and	incorrect	base	pairing19	because	of	a	lower	sequence-dependent	structural	variability	in	A-DNA	compared	with	B-DNA.	A-DNA	in	the	vicinity	of	the	DNA	polymerase	active	site	may	improve	the	base	pair	fit	in	the	nascent	template-primer	duplex	and	increase	a	reliability	of	proofreading	thereby	contributing	to	the
fidelity	of	synthesis.13A-DNA	stabilization	by	a	group	of	proteins	from	sporulating	bacteria	Bacillus	subtilis	has	been	described.20	Nucleobases	in	A-DNA	are	an	order	of	magnitude	less	susceptible	to	UV	damage	compared	with	B-DNA.21	Therefore,	the	conformational	change	on	protein	binding	in	the	spores	may	be	responsible	for	the	well-known
resistance	of	DNA	in	spores	to	UV	damage.20In	most	biological	systems	DNA	is	normally	negatively	supercoiled.	Supercoiling	is	a	property	of	topologically	closed	DNA	molecules	(those	in	which	the	free	rotation	of	the	DNA	ends	is	restrained).1,22	Through	changes	in	twisting	and	writhing,	supercoiling	makes	the	molecular	shape	and	helix	structure
of	DNA	remarkably	dynamic.	The	most	important	topological	property	of	supercoiled	DNA	is	its	linking	number,	Lk,	which	is	an	integer	number	of	times	one	strand	crosses	the	other	in	a	planar	projection.	Due	to	the	continuity	of	DNA	strands,	the	linking	number	can	only	change	when	at	least	one	strand	is	cut	by	chemicals,	ionizing	radiation,	or
enzymes	and	then	sealed.	DNA	topology	is	described	by	the	equation	where	Tw	is	the	number	of	twists	or	double	helical	turns,	and	Wr	is	the	number	of	supercoils	or	writhes.	For	a	covalently	closed	molecule,	Lk	must	remain	constant	but	Tw	and	Wr	can	change	simultaneously.	For	relaxed	DNA,	where	N	is	the	number	of	base	pairs	in	DNA,	and	10.5	is
the	average	number	of	base	pairs	per	helical	turn.	Usually	DNA	isolated	from	cells	is	negatively	supercoiled,	such	that	(Lk-Lko)	<	0.	DNA	with	Lk	<	Lko	is	said	to	be	underwound	in	terms	of	the	number	of	helical	turns.	Such	a	state	of	DNA	underwinding	results	in	a	torsional	tension	in	the	DNA	double	helix.	The	deficit	of	helical	twists	is	compensated
for	by	DNA	supertwisting	into	the	right-handed	supercoils.	The	lack	of	one	helical	turn	results	in	one	supercoil.	The	level	of	supercoiling	is	characterized	by	the	term	“superhelical	density”	or	σ,	where	where	τ	is	the	number	of	titratable	(measurable)	supercoils	(and	10.5	and	N	are	as	defined	above).	Besides	existing	as	interwound	supertwists,



negative	supercoils	can	exist	as	left-handed	toroidal	coils	that	can	be	represented,	for	example,	by	DNA	wrapping	around	a	protein.	Negatively	supercoiled	DNA	contains	free	energy	since	the	underwinding	creates	a	high	energy	state.	The	free	energy	of	supercoiling	is	given	by	the	following	relationship	where	R	is	the	gas	constant,	T	is	the
temperature	in	degrees	Kelvin,	and	N	is	as	defined	above.	The	free	energy	of	supercoiling	can	be	used	to	locally	unpair	the	DNA	helix	and	drive	the	formation	of	alternative	DNA	structures	(see	below)	or	unwind	DNA	for	interaction	with	transcription	or	replication	proteins.In	vivo	most	DNA	is	negatively	supercoiled.	This	is	easily	understood	for
circular	molecules	such	as	plasmids	and	bacterial	chromosomes	in	which	the	free	rotation	of	DNA	strands	is	restrained.	Circular	bacterial	chromosomes	are	long	enough	to	be	additionally	subdivided	into	smaller	topological	domains.	In	fact,	the	2.9	Mb	E.	coli	chromosome	is	organized	into	about	45	independent	domains	in	vivo.23	For	linear	DNA	to
exist	in	a	supercoiled	state,	it	must	be	organized	into	one	or	more	topological	domains.	Eukaryotic	chromosomes	may	form	independent	loops	stabilized	by	the	interaction	of	specific	DNA	regions	with	proteins	attached	to	the	nuclear	matrix.	In	addition,	RNA	polymerase	can	define	topological	domains	in	eukaryotic	cells.24Linking	number	in	vivo	is
regulated	by	enzymes	called	topoisomerases	that	transiently	break	and	reseal	the	DNA	double	helix.	Type	I	topoisomerases	break	only	one	strand	of	the	DNA,	allowing	one	strand	to	rotate	around	the	other.	Type	II	topoisomerases	break	and	reseal	both	DNA	strands.	Correspondingly,	the	linking	number	changes	in	increments	of	1	and	2	for	type	I	and
type	II	topoisomerases,	respectively.	In	bacterial	cells	the	level	of	supercoiling	is	carefully	maintained	by	topoisomerase	I,	that	relaxes	supercoils,	and	topoisomerase	II	(gyrase),	that	introduces	negative	supercoils.	In	bacterial	cells	about	half	of	the	free	energy	from	DNA	supercoiling	(called	unrestrained	supercoiling)	is	available	for	biological
reactions,	while	the	other	half	is	presumably	restrained	by	virtue	of	stable	left-handed	toroidal	coiling	around	proteins.	On	average	in	bulk	eukaryotic	DNA,	supercoils	are	restrained	by	the	organization	into	nucleosomes.	However,	DNA	in	individual	genes	can	contain	unrestrained	negative	supercoiling.24-27	Transient	changes	in	the	level	of
supercoiling	can	be	caused	by	proteins	tracking	through	the	DNA.	In	particular,	the	movement	of	an	RNA	polymerase	during	transcription	generates	waves	of	negative	supercoiling	behind	and	positive	supercoiling	in	front	of	the	enzyme.28The	state	of	DNA	supercoiling	may	be	important	for	the	regulation	of	cell	functions	in	a	number	of	ways.	(i)	The
energy	from	DNA	supercoiling	can	be	used	to	facilitate	the	opening	of	the	promoter	or	origin	of	replication	regions	by	RNA	polymerase	or	replication	proteins.1	(ii)	DNA	supercoiling	may	facilitate	functional	enhancer-promoter	communication	over	a	large	distance,	probably	by	bringing	the	enhancer	and	promoter	in	the	plectonemically	wound	DNA
into	close	proximity.29	(iii)	The	supercoil-induced	formation	of	alternative	structures	in	the	regulatory	regions	may	also	influence	protein	binding.	One	particular	example,	albeit	an	artificially	created	system,	is	a	down-regulation	of	transcription	from	an	inverted	repeat-containing	promoter	where	the	cruciform	formation	possibly	prevents	an	assembly
of	transcription	machinery.30	An	example	of	transcriptional	up-regulation	is	a	likely	supercoil-driven	Z-DNA	formation	in	the	Rous	sarcoma	virus	promoter	that	prevents	nucleosome	formation	and	facilitates	access	of	transcription	proteins	to	the	gene	regulatory	regions.31While	DNA	mostly	has	a	seemingly	random	distribution	of	nucleobases	in	the
sequence,	defined	order	sequences	may	rather	frequently	occur.	These	include	inverted	repeats	that	can	form	cruciforms,	mirror	repeats	that	may	adopt	intramolecular	triplex	DNA	conformations,	and	direct	repeats,	that	can	form	slipped	mispaired	structures,	and	(GC)n	and	(GT)n	tracts	that	can	form	Z-DNA.An	inverted	repeat	or	a	palindrome	is	a
DNA	sequence	that	reads	the	same	from	the	5'	to	3'	in	either	strand.	For	example,	many	type	II	restriction	enzyme	sites	are	palindromic.	To	form	a	cruciform	the	interstrand	hydrogen	bonds	in	the	inverted	repeat	must	be	broken	and	intrastrand	hydrogen	bonds	then	established	between	complementary	bases	in	each	single	strand,	thus	forming	two
hairpin-like	arms	with	3-4	unpaired	bases	at	their	tips	(fig.	2A).	As	a	whole,	the	cruciform	consists	of	two	rather	long	duplex	DNA	arms,	and	two	comparatively	short	hairpin	arms	which	form	a	four-way	junction.	The	structure	of	the	four-way	junction	is	such	that	the	nucleobases	in	and	around	the	junction	are	fully	involved	in	base	pairing.32
Cruciforms	can	form	in	topologically	closed	molecules	where	they	use	energy	from	DNA	supercoiling	to	melt	the	center	of	the	inverted	repeat,	allowing	the	intrastrand	hairpin	nucleation.1,32	The	thermodynamic	stability	of	the	cruciform	comes	from	relaxation	of	one	negative	supercoil	per	10.5	bp	of	DNA	sequence	that	converts	into	the	cruciform.
The	propensity	for	cruciform	formation	increases	in	longer	inverted	repeats	that	relax	more	supercoils	than	shorter	ones.	It	also	depends	on	temperature	and	the	base	composition	of	the	inverted	repeat,	most	importantly,	in	its	center,	in	accordance	with	a	requirement	of	partial	DNA	melting	before	the	hairpin	base	pairing.	Although	schematically	the
cruciform	is	usually	shown	as	having	a	cross	shape	as	in	the	schematic	representation	in	Figure	2,	such	an	extended	structure	is	favored	only	under	the	low-salt	conditions,	where	electrostatic	repulsion	between	phosphates	pushes	all	four	cruciform	arms	apart	(fig.	2B).	Under	physiologically	relevant	salt	conditions,	where	the	phosphates	are	partially
shielded	and	repulsion	is	reduced,	the	cruciform	adopts	an	X-type	structure	with	unequal	inter-arm	angles	as	seen	in	the	AFM	image	in	Figure	2C.33	The	extended	cruciform	is	rather	stiff,	as	judged	from	little	fluctuation	of	the	inter-arm	angles,	whereas	the	X-type	cruciform	has	a	pronounced	mobility	of	the	hairpin	arms	observed	by	atomic	force
microscopy	in	liquid.33	The	distribution	of	inverted	repeats	in	eukaryotic	DNA	is	nonrandom	and	they	are	clustered	at	or	near	genetic	regulatory	regions,	which	suggests	that	they	are	important	biologically.34-36Left-handed	Z-DNA	has	been	mostly	found	in	alternating	purine-pyrimidine	sequences	(CG)n	and	(TG)n.37	Z-DNA	is	thinner	(18	Å)	than	B-
DNA	(20	Å),	the	bases	are	shifted	to	the	periphery	of	the	helix,	and	there	is	only	one	deep,	narrow	groove	equivalent	to	the	minor	groove	in	B-DNA.	In	contrast	to	B-DNA	where	a	repeating	unit	is	1	base	pair,	in	Z-DNA	the	repeating	unit	is	2	bp.	For	Z-DNA	in	(CG)n	sequences	the	twist	angle	for	a	CpG	step	is	9°,	whereas	it	is	51°	for	the	GpC	step,
totaling	60°	in	the	2	bp	repeating	unit.	The	helix	repeat	in	Z-DNA	is	12	bp/turn	and	an	average	rise	is	3.7	Å/bp,	compared	with	10.5	bp/turn	and	3.4	Å/bp	in	B-DNA.	The	backbone	follows	a	zigzag	path	as	opposed	to	a	smooth	path	in	B-DNA.	The	sugar	and	glycosidic	bond	conformations	alternate:	C2'	endo	in	anti	dC	or	dT	and	C3'	endo	in	syn	dG	or	dA.
Electrostatic	interactions	play	a	crucial	role	in	Z-DNA	formation.	Because	of	the	zigzag	backbone	path,	some	phosphate	groups	are	closer	and	electrostatic	repulsion	between	them	is	greater	than	in	B-DNA.	Therefore,	Z-DNA	is	stabilized	by	high	salt	concentrations	or	polyvalent	cations	that	shield	interphosphate	repulsion	better	than	monovalent
cations.	Other	factors	also	contribute	to	Z-DNA	stability.	If	an	alternating	purine-pyrimidine	sequence	occurs	in	a	circular	DNA	molecule,	DNA	supercoiling	is	a	major	driving	force	for	Z-DNA	formation.	Z-DNA	formation	unwinds	DNA	about	two	supercoils	per	12	bp	of	DNA.	The	junctions	between	the	B-	and	Z-DNA	in	supercoiled	DNA	span	several
base	pairs	in	which	nucleobases	behave	as	if	they	were	unpaired.	In	particular,	they	are	partially	reactive	to	single-strand	specific	chemicals.	A	computer	analysis	of	over	one	million	base	pairs	of	human	DNA,	containing	137	complete	genes	identified	329	potential	Z-DNA-forming	sequences.38	Like	inverted	repeats,	potential	Z-DNA-forming
sequences	have	a	distinctly	nonrandom	distribution	with	a	strong	bias	toward	locations	near	the	site	of	transcription	initiation.When	the	hydrogen	bonds	in	the	A•T	and	G•C	base	pairs	in	canonical	B-form	DNA	are	formed,	several	hydrogen	bond	donor	and	acceptor	groups	in	nucleobases	remain	unused.	Each	purine	base	has	two	such	groups	on	the
edges	that	are	exposed	in	the	major	groove.	These	groups	can	be	used	to	form	base	triads	that	are	unit	blocks	of	triple-stranded	(triplex)	DNA	that	consists	of	the	B-form	double	helix	and	the	third	strand	bound	in	the	major	groove.39-42	The	third	strand	bases	form	the	so-called	Hoogsteen-type	hydrogen	bonds	with	purines	in	the	B-form	duplex.
Energetically	favorable	triplexes	have	duplex	pyrimidines	(Py)	and	purines	(Pu)	segregated	in	complementary	strands	(Py•Pu	duplex).	For	a	snug	fit	in	the	duplex	major	groove,	the	third	strands	are	made	of	either	only	pyrimidines	(Py•Pu•Py	triplex),	or	mostly	purines	with	a	fraction	of	pyrimidines	(Py•Pu•Pu	triplex).	In	the	Py•Pu•Py	triplex,	the	usual
base	triads	are	T•A•T	and	C•G•C+	(cytosine	is	protonated	and	this	requires	pH	<	5).	In	the	Py•Pu•Pu	triplex	the	usual	triads	are	T•A•A	and	C•G•G,	and	less	frequently	T•A•T.	Triplex	DNA	may	form	intermolecularly,	between	a	duplex	target	and	a	third	oligonucleotide	strand.	It	may	also	form	intramolecularly	in	supercoiled	DNA	within	a	Py•Pu
sequence	of	mirror	repeat	symmetry.	For	this,	half	of	the	mirror	repeat	Py•Pu	sequence	unpairs	and	one	of	the	unpaired	strands	folds	back	and	binds	as	a	third	strand	to	purines	in	the	repeat's	double-stranded	half.	The	resulting	local	structure	contains	three	notable	features:	a	triple-stranded	region;	a	fourth,	unpaired	strand;	and	a	short	(3-4	nt)
stretch	of	unpaired	bases	in	the	fold-back	strand	(fig.	3A).	The	Py•Pu•Py	triplex/single	strand	combination	is	termed	H-DNA	to	reflect	the	necessity	of	cytosine	protonation	in	the	C•G•C+	triads.43	By	analogy,	the	Py•Pu•Pu	triplex/single	strand	combination	is	termed	H'-DNA.44	Similar	to	the	cruciform,	H	(H')-DNA	may	only	form	under	torsional
stress	in	a	topologically	closed	DNA	(fig.	3B).41,42	Among	other	factors	that	promote	H	(H')-DNA	are	longer	lengths	of	Py•Pu	mirror	repeats	and	the	presence	of	multivalent	cations.42,45	The	presence	of	single-stranded	regions	provides	the	DNA	molecule	with	local	increased	flexibility	akin	to	a	hinge,	which	is	incidentally	another	reason	for	calling
the	structure	H-DNA.	However,	the	angle	between	the	outgoing	duplex	arms	in	the	H-DNA	structure	fluctuates	over	a	smaller	range	than	in	the	X-type	cruciform.46	Analysis	of	the	genomic	databases	showed	that	in	eukaryotes	mirror	repeated	sequences	occur	more	frequently	than	statistically	expected.34,36	In	the	human	genome,	H-DNA-forming
sequences	may	occur	as	frequently	as	1	in	50,000	bp,	whereas	in	the	E.	coli	genome	they	are	not	abundant.34Numerous	attempts	have	been	undertaken	to	show	the	formation	of	supercoil-induced	alternative	DNA	structures	in	living	cells.	The	differential	chemical	susceptibility	of	double	and	single-stranded	DNA	regions	in	cruciforms	and	H-DNA	as
well	as	of	structural	junctions	in	Z-DNA	has	been	exploited	to	probe	for	the	formation	of	alternative	structures	in	vivo.	Using	OsO4	reactivity	with	unpaired	thymines,	the	cruciforms,47	Z-DNA48	and	H-DNA49	were	detected	in	supercoiled	plasmids	propagated	in	E.	coli	cells.	The	differences	in	photochemical	reactivity	of	TA	dinucleotides	with	psoralen
(reactive	in	double-stranded	DNA	but	not	in	single-stranded	DNA	or	in	the	junctions	between	the	B-	and	Z-DNA	regions)	were	used	to	show	the	formation	of	cruciforms,	Z-DNA,	and	H-DNA	in	E.	coli.50,51	H'-DNA	formation	in	E.	coli	was	also	detected	by	chloroacetaldehyde	reactivity	with	unpaired	adenines	and	cytosines.52	Elevated	plasmid
supercoiling	in	E.	coli	was	interpreted	as	a	combination	of	(i)	supercoil	relaxation	by	the	formation	of	Z-DNA	or	cruciforms	and	(ii)	a	compensatory	supercoiling	increase	by	DNA	gyrase.53,54	The	analysis	of	sites	differentially	susceptible	to	DNA	methylase	in	B-	and	Z-DNA	showed	that	(GC)n	sequences	in	plasmids	or	integrated	in	the	E.	coli
chromosome	form	Z-DNA	in	vivo.55,56	Monoclonal	antibodies	were	raised	that	recognize	structural	features	of	either	cruciforms,	Z-DNA,	or	triple-stranded	DNA.	These	were	then	used	to	probe	eukaryotic	chromosomal	DNA	for	the	structures	in	question.	Local	structural	transitions	into	cruciforms,57	Z-DNA58	and	triplex	DNA59	were	detected	by
immunofluorescence.	Thus,	several	lines	of	evidence	indicate	the	presence	of	alternative	DNA	structures	in	prokaryotic	and	eukaryotic	cells.	The	existence	of	proteins	that	specifically	bind	to	alternative	DNA	structures	also	supports	the	notion	of	H-,	Z-	and	cruciform	DNA	formation	in	vivo.An	integral	part	of	our	understanding	of	the	biological	roles	of
alternative	DNA	structures	comes	from	the	identification	of	proteins	that	specifically	interact	with	these	structures.	A	number	of	proteins	bind	to	different	structural	elements	in	cruciforms.35	They	include	HMG	proteins,	a	replication	initiation	protein	RepC,	the	cruciform	binding	protein	CBP,35	and	four-way	junction	resolvases.60,61	Among	the	Z-
DNA-binding	proteins	are	the	highly	specific	binders,	such	as	Zα	domain-contatining	proteins	ADAR1	and	ESL3,37,62	and	relatively	low	specific	proteins,	such	as	HMG	proteins,	zeta	crystalline	and	type	III	intermediate	filament	proteins.63	Proteins	that	bind	to	triple-stranded	DNA	have	been	identified	in	the	HeLa	cell	extracts	and	keratinocyte	cDNA
expression	library.64-66	In	addition,	several	proteins	that	bind	single-stranded	Py	or	Pu	sequences	have	been	partially	characterized.42,67-69Many	similar	biological	roles	for	alternative	DNA	structures	including	cruciforms,	Z-DNA,	and	H-DNA	have	been	proposed.1	This	is	perhaps	not	surprising	because	these	sequences	often	occur	in	the	regulatory
regions	of	genes	that	may	use	different	structures	for	the	same	purposes.	The	dependence	of	all	three	structures	on	DNA	supercoiling	as	well	as	the	preference	of	structures	to	form	in	certain	locations	of	topological	domains	also	add	to	the	apparent	similarity	in	their	functions.The	extent	of	supercoiling	is	known	to	affect	transcription,	recombination,
and	replication	such	that	an	optimum	DNA	topology	may	be	required	for	these	processes.1,70	The	formation	of	cruciforms,	Z-DNA	and	H-DNA	may	cause	partial	relaxation	of	excessive	superhelicity	in	a	topological	domain.	Specific	cases	of	DNA	replication	and	gene	expression	have	been	described	that	depend	on	superhelicity	changes	induced	by	the
formation	of	cruciforms,	Z-DNA	and	H-DNA.30,35,71DNA	wrapping	around	histones	in	nucleosomes	interferes	with	the	protein	binding	to	promoters	and	origins	of	replication.72	Nucleosome	formation,	on	the	one	hand,	and	the	formation	of	cruciforms,	Z-DNA	and	triplex	DNA,	on	the	other	hand,	are	mutually	exclusive.	31,73-75	Thus,	the	alternative
structure-forming	DNA	sequences	may	expose	nucleosome-free	DNA,	making	them	accessible	to	transcription,	replication	and	recombination	proteins.Supercoiled	DNA	at	physiological	ionic	strength	forms	a	plectonemic	superhelix	in	which	distant	parts	of	the	double	helix	are	intertwined.	The	slithering	motion	of	one	duplex	region	on	the	other
results	in	a	wide	distribution	of	distances	between	any	two	pre-selected	remote	sites.	Similar	to	strongly	bent	DNA,76	the	X-type	cruciforms	and	H-DNA	tend	to	occupy	the	apical	positions	in	plectonemic	DNA	structures33,46	and	therefore,	may	specifically	position	distant	DNA	sites.	This	was	first	realized	for	H-DNA	whose	fold-back	structure	seemed
suitable	for	bringing	remote	sequence	elements	into	close	proximity.	In	agreement	with	this	idea,	increased	recombination	rates	were	observed	when	homologous	sequences	were	separated	by	H-DNA-forming	elements.77,78	It	is	likely	that	the	X-type	cruciforms	may	also	position	DNA	elements	for	recombination	or	for	promoter-enhancer
interactions.	Moreover,	cruciform	transitions	between	the	X-type	and	extended	conformations	may	serve	to	switch	between	the	favorable	and	unfavorable	arrangements	of	interacting	DNA	sites.79Analyses	of	genomic	databases	show	that	sequences	capable	of	forming	cruciforms,	Z-	and	H-DNA	are	frequently	found	around	transcription	initiation
sites.34,36,38	The	formation	of	alternative	DNA	structures	in	these	sequences	may	influence	transcription	by	changing	the	supercoiling	levels	within	a	domain	thereby	changing	the	energy	cost	for	protein-DNA	binding.	The	formation	of	an	alternative	structure	may	also	alter	interactions	between	transcription	factors	bound	to	different	sites	due	to	a
change	in	their	spatial	positioning.	At	least	two	of	the	structures,	cruciforms	and	H-DNA,	may	spatially	organize	DNA	around	their	formation	sites	so	that	certain	DNA	segments	are	brought	into	close	proximity.33,46	Gene	expression	may	also	depend	on	protein	binding	to	unusual	DNA	structures.	For	example,	poly(ADP-ribose)	polymerase	(PARP)
may	bind	to	the	junction-containing	DNA	structures	such	as	cruciforms.80	Repressive	PARP	binding	to	potential	cruciforms	in	a	promoter	of	its	own	gene	and	dissociation	upon	DNA	strand	break-induced	autoribosylation	are	parts	of	the	mechanism	of	autoregulation	of	PARP	expression.80,81	In	another	example,	in	the	human	proenkephalin	gene
switching	of	a	region	of	DNA	between	the	linear	and	cruciform	form	provides	a	mechanism	of	gene	regulation.82	More	correlations	of	transcrption	with	the	formation	of	non-B-DNA	structures	are	discussed	in	detail	in	other	chapters	of	this	book.One	of	the	well-studied	effects	of	alternative	structures	on	replication	is	a	block	to	polymerases	due	to
template	folding,	which	was	shown	for	cruciforms/hairpins83,84	and	H-DNA.85-87	Unless	unwound	by	the	replication	accessory	proteins,	including	helicases,88	polymerization	blocks	may	result	in	genetic	mutations	that	lead	to	the	development	of	human	diseases,	such	as	polycystic	kidney	disease	and	Friedrich	ataxia.	Single-stranded	parts	of	the
cruciform	and	H-DNA	may	serve	as	recognition	elements	for	the	replication	initiation	proteins.35,89	Protein	binding	may	also	be	directed	to	the	four-way	junction	of	the	cruciform	to	initiate	replication	as	shown	for	CBP	in	HeLa	cells.35There	are	several	relationships	between	the	formation	of	alternative	structures	and	DNA	recombination.	Consistent
with	an	idea	of	sequence	positioning	by	a	fold-back	structure	of	H-DNA,	facilitated	recombination	was	observed	between	distant	elements	separated	by	the	Py•Pu	tract.77,78	Several	models	of	Z-DNA	assisted	recombination	have	been	proposed.90	DNA	strand	exchange	during	recombination	requires	initial	duplex-duplex	interaction.	For	this,	exposed
N7	and	C8	of	guanosines	in	one	Z-DNA	duplex	are	available	for	interaction	with	another	Z-DNA	duplex	so	as	to	initiate	recombination.	During	the	synapsis	step	in	homologous	recombination	a	paranemic	joint,	a	nascent	heteroduplex	where	strands	from	different	DNA	molecules	base	pair	without	breaking	them,	can	be	formed	from	the	alternating	left-
handed	and	right-handed	turns.If	a	region	of	DNA	contains	a	block	of	several	nucleotides	that	repeats	many	times,	there	are	multiple	opportunities	for	the	formation	of	base	pairs	in	an	out-of-register	or	“slipped”	fashion.	A	slipped-strand	DNA	(S-DNA)	structure	forms	when	a	section	of	the	repeating	duplex	unwinds	so	that	one	region	of	the	direct
repeat	forms	the	Watson-Crick	base	pairs	with	another	region	of	the	repetitive	sequence	forming	two	loop-out	regions	in	opposite	strands	(fig.	4A).1,91	The	likelihood	of	DNA	slippage	increases	with	increasing	length	of	the	repeats	and	increasing	potential	for	partial	base	pairing	in	the	looped-out	single	strand.	The	out-of-register	base	pairing	is	more
probable	in	the	GC-rich	repeats	because	they	have	a	better	propensity	for	nucleation	of	the	double-stranded	structure	than	the	average	50%	GC	flanking	sequences	if	the	DNA	strands	are	temporarily	separated	and	then	allowed	to	re-form	the	duplex.	Interruptions	in	the	direct	repeat	tracts	significantly	reduce	the	number	of	possible	out-of-register
configurations	and,	therefore,	the	probability	of	S-DNA	formation.S-DNA	has	been	of	considerable	interest	in	the	last	decade.	Fourteen	genetic	neurodegenerative	diseases	and	three	fragile	sites	have	been	associated	with	the	expansion	of	(CTG)n•(CAG)n,	(CGG)n•(CCG)n,	or	(GAA)n•(TTC)n	repeat	tracts.	Different	models	have	been	proposed	for	the
expansion	of	triplet	repeats,	most	of	which	presume	the	formation	of	alternative	DNA	structures	in	repeat	tracts.	One	of	the	most	likely	structures,	S-DNA,	can	stably	and	reproducibly	form	within	the	GC-rich	triplet	repeat	sequences,	(CTG)n•(CAG)n,	(CGG)n•(CCG)n.	In	fact,	given	that	the	loops	of	the	slipped	out	arms	are	complementary,	good
evidence	exists	that	there	is	a	further	conformational	transition	to	a	folded	slipped	strand	structure	(fig.4B),	as	formed	by	the	model	slipped	strand	structure	shown	in	Figure	4C.	S-DNA	may	be	involved	in	triplet	repeat	mutagenesis	in	several	ways,	such	as	a	simple	primer/template	misalignment	or	reiterative	synthesis,	involving	repetitive	slippage
events.	More	details	on	the	S-DNA	structure	and	its	role	in	the	triplet	repeat	mutagenesis	may	be	found	in	recent	reviews.91,92Slipped	misalignment	during	DNA	replication	is	very	important	in	spontaneous	frameshift	mutagenesis.	In	1966,	Streisinger	et	al	proposed	a	model	that	explained	frameshift	mutations	within	runs	of	a	single	base	by	a
slippage	of	the	nascent	DNA	strand	on	the	replication	template	strand.93	Since	the	genetic	code	is	read	as	triplets,	adding	or	deleting	a	single	base	shifts	the	reading	frame	of	all	bases	downstream	of	the	mutation.	As	a	result,	part	of	the	mRNA	encodes	amino	acids	that	are	different	from	those	in	the	wild-type	protein.	Further	work	has	shown	that
direct	repeats	and	more	complex	DNA	repeats	often	contribute	to	frameshift	mutagenesis.94-96	The	hairpin-forming	sequences	intervening	the	repeats	have	been	shown	to	stabilize	S-DNA	and	promote	mutations.DNA	unwinding	elements	(DUE)	have	been	identified	in	both	prokaryotic	and	eukaryotic	DNA	sequences	(see	ref.	1,	for	review).	DUEs	are
AT-rich	sequences	about	30-100	bp	long.	They	have	little	sequence	similarity	except	for	being	AT-rich.	Under	torsional	stress,	unwinding	of	the	double	helix	occurs	first	in	AT-rich	sequences,	therefore,	DUEs	can	be	maintained	as	unpaired	DNA	regions	in	the	presence	of	negative	supercoiling	(fig.	5A).	In	the	presence	of	Mg2+,	DUEs	tend	to	remain
double-stranded	and	other	regions	(such	as	inverted	repeats)	unwind	to	partially	relieve	superhelical	tension.	Thus,	the	ability	of	DUEs	to	form	denaturation	bubbles	may	be	dependent	on	the	level	of	unrestrained	supercoiling	and	the	local	ionic	environment	in	cells.DUEs	are	commonly	associated	with	replication	origins	and	chromosomal	matrix
attachment	regions.	DUEs	are	a	common	feature	of	DNA	replication	origins	in	E.	coli	and	yeast.97	Replication	from	the	yeast	origins	shows	a	correlation	between	the	extent	of	DNA	unwinding	and	the	proficiency	of	the	DUEs	as	replication	origins.	Similarly,	DNA	unwinding	is	also	required	at	the	E.	coli	origin	of	replication.	The	AT-rich	DUEs	are	also
found	in	at	least	some	mammalian	origins.98	Thus,	DUEs	seem	to	fulfill	a	primary	requirement	for	the	initiation	of	DNA	replication	in	all	systems,	which	is	the	formation	of	an	unpaired	region	in	DNA	where	the	replication	complex	assembles.	Recent	studies	showed	that	an	AT-rich	repetitive	sequence	(ATTCT)n•(AGAAT)n,	whose	spontaneous	length
expansion	has	been	associated	with	the	development	of	the	disease,	spinocerebellar	ataxia	type	10,	has	the	properties	of	DUE	(fig.	5B).99	Under	superhelical	stress,	the	repeating	sequence	preferentially	unpairs	and	may	potentially	bind	the	proteins	of	the	replication	complex.	Unscheduled	initiation	of	replication	from	the	false	origin	in	combination
with	a	possible	primer/template	slippage	in	the	repeated	sequence	may	produce	longer	than	expected	products	of	DNA	replication.	These	may	be	incorporated	into	the	repeat	tract	leading	to	the	expansion	of	repeat	length	and	eventually	to	the	development	of	the	disease.99Local	structural	transitions	from	the	common	B-DNA	conformation	into	other
DNA	forms	can	be	functionally	important.	Such	transitions	within	certain	sequence	elements	of	DNA	can	be	induced	by	changes	in	environmental	conditions,	protein	binding	and	superhelical	tension.	Several	lines	of	evidence	indicate	that	alternative	DNA	structures	may	exist	in	prokaryotic	and	eukaryotic	cells.	The	data	on	their	involvement	in
replication,	gene	expression,	recombination	and	mutagenesis	continues	to	accumulate.
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