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DNA	supercoiling	
In	the	context	of	chromatin,	where	the	rotation	of	DNA	is	constrained,	DNA	supercoiling	
(over-	and	under-twisting	and	writhe)	is	readily	generated.	TOP1	and	TOP1mt	remove	
supercoiling	by	DNA	untwisting,	acting	as	“swivelases”,	whereas	TOP2a	and	TOP2b	remove	
writhe,	acting	as	“writhases”	at	DNA	crossovers	(see	TOP2	section).	
Here	are	some	basic	facts	concerning	DNA	supercoiling	that	are	relevant	to	topoisomerase	
activity:		
• Positive	supercoiling	(Sc+)	tightens	the	DNA	helix	whereas	negative	supercoiling	(Sc-)	

facilitates	the	opening	of	the	duplex	and	the	generation	of	single-stranded	segments.	
• Nucleosome	formation	and	disassembly	absorbs	and	releases	Sc-,	respectively.	
• Polymerases	generate	Sc+	ahead	and	Sc-	behind	their	tracks.	
• Excess	of	Sc+	arrests	DNA	tracking	enzymes	(helicases	and	polymerases),	suppresses	

transcription	elongation	and	initiation,	and	destabilizes	nucleosomes.	
• Sc-	facilitates	DNA	melting	during	the	initiation	of	replication	and	transcription,	D-loop	

formation	and	homologous	recombination	and	nucleosome	formation.	
• Excess	of	Sc-	favors	the	formation	of	alternative	DNA	structures	(R-loops,	guanine	

quadruplexes,	right-handed	DNA	(Z-DNA),	plectonemic	structures),	which	then	absorb	
Sc-	upon	their	formation	and	attract	regulatory	proteins.	
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Ataxia
A medical condition that is 
characterized by a lack of 
coordination of voluntary 
muscle movements; it is often 
caused by inherited or 
acquired cerebellum diseases 
(cerebellar ataxia).

Areflexia
The absence of neurological 
reflexes.

Telangiectasias
Small dilated blood vessels in 
the outer layer of the skin or 
in mucosae. Usually a benign 
condition, which can be 
associated with serious genetic 
or acquired diseases.

Apraxia
A neurological motor disorder 
that is caused by partial brain 
damage; affected individuals 
experience difficulty with 
motor planning to carry out 
motor tasks or movements.

Dysarthria
A motor speech disorder 
characterized by poor 
articulation of phonemes. It is 
caused by injuries to the motor 
component of the motor−
speech system of the brain.

Microcephaly
A neurological condition in 
which affected individuals 
present with a smaller than 
normal head owing to defective 
brain development.

Micrognathia
A medical condition that is 
characterized by 
underdevelopment of the jaw. 

Proteasome
A protein complex that 
degrades unneeded or 
damaged proteins. Proteins are 
commonly marked for 
degradation by modification 
with polyubiquitin chains.

PARylation
A post-translational 
modification, also known as 
polyADP-ribosylation, by which 
polymers of ADP-ribose are 
attached to substrate proteins 
by poly(ADP-ribose) 
polymerases (PARPs).

Tyrosyl-DNA phosphodiesterase 1. If the catalytic cycle 
of TOP1 is inhibited by enzyme poisons or DNA distor-
tions, the enzyme becomes permanently trapped by a 
covalent attachment between its active site Tyr residue 
and the 3ʹ end of a SSB (FIG. 3a). TDP1 was discovered 
as a DNA repair factor in a screen that was designed 
to identify activities that were able to hydrolyse such 
phosphotyrosyl bonds26,27. TDP1 orthologues are pres-
ent in all eukaryotes, and loss of the enzyme results in 
hyper sensitivity to TOP1 enzyme poisons22. Intriguingly, 
TDP1 is not able to remove full-length TOP1 from DNA, 
but requires partial degradation of the enzyme by the 
 proteasome28–30. Upon hydrolysis of the phosphotyrosyl 
bond between the TOP1 fragment and the DNA, further 
processing of the lesion is also required. TDP1 produces 
3ʹ phosphate ends, which are incompatible with simple 
religation of the SSB. Thus, the bifunctional polynucleo-
tide kinase 3ʹ-phosphatase (PNKP) is required to remove 
the 3ʹ phosphate, while simultaneously phosphorylating 

the 5ʹ hydroxyl end. Subsequently, the canonical SSB 
repair machinery seals the remaining DNA nick31 (FIG. 3a). 
Interestingly, the activity of TDP1 is not restricted to 
phosphotyrosyl bonds, but it can also release various 
other non-proteinaceous adducts from 3ʹ DNA ends, 
such as those that result from oxidative damage22.

Repair by TDP1 is regulated by several post- 
translational modifications of its amino terminus, which  
modulate stability, affect localization of the enzyme 
or influence its ability to bind to interaction part-
ners (FIG. 3b). Recruitment to sites of DNA damage is 
modulated by sumoylation of TDP1 at Lys111 and by 
PARylation32,33. PARylation depends on a direct inter action 
between TDP1 and PARP1 and is also important to 
recruit downstream SSB repair factors such as X-ray repair 
cross-complementing protein 1 (XRCC1). Recruitment of 
XRCC1 is further promoted by phosphorylation of TDP1 
at Ser81 (REFS 34,35). Interestingly, this phosphoryl-
ation depends on ataxia telangiectasia mutated (ATM) 

$QZ���| DNA–protein crosslink repair pathways and human health

It is intriguing that germline mutations in almost all identified genes that encode components of the three main DNA–

protein crosslink (DPC) repair pathways result in human syndromes that are characterized by genome instability, cancer 

predisposition, premature ageing and/or neurological pathologies. Whether all of these phenotypes are directly related 

to a defect in DPC repair or to other cellular functions of these proteins, is not entirely clear in all cases. The MRN 

complex, for example, has crucial functions during repair of DSBs, which are clearly related to the radiosensitivity and 

immunodeficiency that are observed in patients with mutations in genes that encode MRN subunits. Below, we briefly 

discuss the main diseases that are associated with mutations in DPC repair proteins.

Repair by tyrosyl-DNA phosphodiesterases
Spinocerebellar ataxia, autosomal recessive, with axonal neuropathy (SCAN1; OMIM: 607250) was first identified in a 

large Saudi Arabian family (nine affected individuals) that had homozygous mutations in the tyrosyl-DNA 
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TDP1) gene, which map to chromosome 14q31–14q32 (REF. 91). Clinical features of SCAN1 include 

spinocerebellar ataxia (with late onset and slow progression) and areflexia, followed by signs of peripheral neuropathy, 

with the absence of non-neurological symptoms that are otherwise common in ataxia telangiectasia (telangiectasias, 

immunodeficiency, and cancer predisposition). Interestingly, the TDP1-H493R variant, which causes SCAN1, is not only 

catalytically compromised but also becomes covalently trapped in the process of repairing Top1 adducts92. However, 

despite this pathological gain-of-function of the TDP1-H493R variant, this form of SCAN1 is a recessive disorder, 
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Spinocerebellar ataxia, autosomal recessive 23 (SCAR23; OMIM: 616949) has been identified in three Irish brothers who 

were born to consanguineous parents, and in an unrelated Egyptian case. SCAR23 has been associated with a homozygous 

mutation in the TDP2 gene on chromosome 6p2 (REF. 40). Clinical features include progressive spinocerebellar ataxia, 

epilepsy and intellectual disabilities.

Repair by the MRN complex
Clinical features of ataxia telangiectasia-like disorder 1 (ATLD1; OMIM: 604391) include slowly progressive cerebellar 

degeneration that results in ataxia and oculomotor apraxia, and dysarthria, but without telangiectasia or major defects 
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homozygous or compound heterozygous mutations in the MRE11 gene on chromosome 11q21 (REFS 93,94).

Nijmegen breakage syndrome (NBS) ataxia telangiectasia variant V1 (OMIM: 251260) is caused by homozygous or 

compound heterozygous mutations in the NBS1 gene on chromosome 8q21. More than 90% of patients are homozygous 

for a five base pair deletion (657del5), which leads to a frameshift and truncation of the NBS1 protein95–98. There are no 

reliable estimates of worldwide prevalence, but it is likely to approximate to 1 in 100,000 live births (most common in the 

Slavic populations of Eastern Europe)99. Clinical features of this syndrome include microcephaly, growth retardation, 

immunodeficiency, predisposition to cancer (mainly non-Hodgkin lymphoma), and radiosensitivity; neither ataxia nor 

telangiectasia are present. Compound heterozygous mutations in the RAD50 gene (on chromosome 5q31.1) that give rise 

to low levels of RAD50 cause Nijmegen breakage syndrome-like disorder (NBSLD; OMIM 613078)100. Clinical features 

QH|0$5.&�KPENWFG�OKETQEGRJCN[��ITQYVJ�TGVCTFCVKQP��EJTQOQUQOG�KPUVCDKNKV[��TCFKQTGUKUVCPV�&0#�U[PVJGUKU��TCFKCVKQP�
hypersensitivity and slight, non-progressive ataxia; there are no signs of telangiectasia or immunodeficiency and 

PQ|GXKFGPEG�QH�ECPEGT�RTGFKURQUKVKQP100,101.

Repair by DPC proteases
Homozygous or compound heterozygous mutations in the SPRTN gene (on chromosome 1q42) cause Ruijs–Aalfs 

syndrome (RJALS; OMIM: 616200). Clinical features of RJALS include growth retardation, early-onset hepatocellular 

carcinomas, micrognathia, chromosomal instability and sensitivity to genotoxic agents68,69.
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