
Structural and Functional Studies on the LINE-1
Retrotransposon Endonuclease 

Structurele en functionele studies over LINE-1 
retrotransposon endonuclease

Thesis

to obtain the degree of Doctor from the
Erasmus University Rotterdam

by command of the
rector magnificus

Prof.dr. S.W.J. Lamberts

and in accordance with the decision of the Doctorate Board

The public defence shall be held on

Thursday 20 September  2007 at 9.00 hrs

by

Konstantinos Repanas

born in Kozani, Greece

CHAPTER 3.

	



Doctoral Committee

Promotor :

Prof.dr. T.K. Sixma

Other members:

Prof.dr. C.P. Verrijzer

Prof.dr. R. Kanaar

Dr. A.M.J.J Bonvin

Copromotor :

Dr. A. Perrakis

CHAPTER 3.

	



Table of Contents

Chapter 1.      5
Opening LINEs: General Introduction

Chapter 2.      25
Crystal structure of the targeting endonuclease of the human LINE-1 retrotransposon

Chapter 3.   43
Determinants for DNA target structure selectivity of the human LINE-1 retrotransposon endonucle-
ase 

Chapter 4.   65
To flip or not to flip: insight into the DNA cleavage mechanism of human LINE-1 retrotranposon en-
donuclease

Chapter 5.   89
LINE-1 endonuclease friends and family: Structural and functional connections in a family of  metal-
dependent phosphohydrolases

Summary   103

Samenvatting   105

Acknowledgements  107

List of Publications  109

CHAPTER 3.

	 3



CHAPTER 3.

	 4



Chapter 1

Opening LINEs: General Introduction

CHAPTER 3.

	 5



CHAPTER 3.

	 6



Opening LINEs : General Introduction

Historical Background: The discovery of 
mobile genetic elements

It is generally accepted that we owe the discov-
ery of mobile genetic elements to American scientist 
Barbara McClintock. However, others before her did 
indeed encounter transposons,  but without being able to 
recognize them. The early work of maize geneticist Em-
erson (Emerson, 1917) put him ahead of his peers be-
cause he managed to understand what others failed to; 
how an unstable mutation responsible for stripes of dark 
red pigmentation on the kernels of corn behaves within 
the Mendelian paradigm. He realized that a certain inhib-
iting factor was affecting the pigmentation gene, but 
could not exactly describe what this factor could be. This 
was followed up by Marcus Rhoades (Rhoades, 1945) 
who found out that a stable null mutation on the A locus 
of maize could be converted to an unstable one if com-
bined with a locus he named Dotted.
 It was this type of unstable mutation that Bar-
bara McClintock managed to explain by predicting the 
existence of jumping genes or mobile genetic elements. 
While studying chromosome breakage in corn,  she no-
ticed the repeated loss of a fragment of chromosome 9, 
and termed this breakage site the Dissociation (Ds) locus. 
She further observed that another locus was essential for 
chromosome breakage activation, the Activator (Ac) lo-
cus, and that chromosome breakage was linked to fre-
quency and timing of mutations leading to variegation of 
maize kernels. Her genetic experiments led to the realiza-
tion that Ds was indeed moving to a new location on 
chromosome 9 and she named such an element “Control-
ling element”.  Her “Controlling elements” were trans-
poson insertions disrupting certain genes, causing the 
type of unstable mutation that Emerson and Rhoades 
were trying to explain.

Barbara McClintock, in contrast to general be-
lief argued that transposition must have a more important 
function than to turn maize color genes on and off. She 
was the first to hypothesize that transposable elements 
provide a mechanism to rapidly reorganize the genome in 
response to environmental stress. In this sense mutations 
produced by mobile genetic elements would be seen as a 
source of variation to drive the evolutionary process. 
Current day large-scale sequencing projects, made possi-
ble by recent technological advances, come as an extra 
proof that Barbara McClintock was not really “…out of 
her mind” back in the 40’s; we cannot claim her ideas 

were very well received at the time. Compensation was 
of course offered in the form of a nobel prize in 1983, 
although she was often referring to it as being rather a 
“complication” (Fedoroff, 2001; McClintock, 1950; 
M c C l i n t o c k , 1 9 5 6 ; M c C l i n t o c k , 1 9 8 4 ;  
http://nobelprize.org).

Types and evolutionary origin of mobile ele-

ments

If the origins of life are in an “RNA world” 
which at some point was reverse transcribed into DNA, 
then the various mobile genetic elements must have an 
instrumental role in genome evolution. Mammalian ge-
nomes have been colonized in the course of evolution by 
transposable elements that now account for more than a 
half of the mass of the human genome. The estimations 
vary, but most researchers believe that it must be even 
more,  since ancient mobile elements that have been inac-
tivated, have diverged by mutation to the point where 
they are unidentifiable. Researchers involved in genome 
sequencing projects must be by now pretty well ac-
quainted with transposable elements,  since the latter 
over-flood the formers’  results (Brosius,  1991; Brosius, 
2005; Kazazian, 2004; Wessler, 2006).

The classic transposons that operate via a ‘cut 
and paste’ mechanism on DNA level are a minority 
among these ‘intragenomic parasites’  (Orgel & Crick, 
1980). The vast majority of mobile genetic elements are 
retrotransposons that propagate via an RNA intermediate 
and are still active in the human genome, constituting the 
most important transposable element class.  Retro-
elements are present in the genomes of virtually all 
eukaryotes and can be subdivided into two general struc-
tural classes. Long terminal repeat (LTR) retrotranspos-
ons, which resemble simple retroviruses, and non-LTR 
retrotransposons, that lack LTRs and generally terminate 
in a polyadenylic acid (polyA) tail. Non-LTR retrotrans-
posons can be further classified in autonomous or non-
autonomous elements; depending on whether they en-
code their own retrotransposition machinery, which in-
cludes reverse transcriptase (RT) and endonuclease (EN) 
activities or whether they rely on an external source for 
RT-EN. Non-LTR retrotransposons are thought to have a 
very long history of about 500-600 million years (Weiner 
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et al, 1986; Kazazian & Moran, 1998; Kazazian,  2004) 
(Table 1). 

DNA Transposons

DNA transposons are mobile sequences found 
mainly in bacteria,  but also in humans where their almost 
300.000 copies form 3% of our genome. Their propaga-
tion does not involve an RNA intermediate, since they 
jump from one genomic location to the other by a “cut 
and paste” mechanism. Typically 1-3 kilobases in length, 
they consist of a central transposase region that is flanked 
by Inverted Terminal Repeats (ITR). Integration specific-
ity only involves a few nucleotides, which means that 
insertions happen at many different sites. Most new in-
sertions though occur near the parental element, an ob-
servation called “local hopping” (Kazazian, 2004; Ba-
bushok & Kazazian, 2007).  

Excision and integration is driven by the en-
coded transposase; it binds the ITRs and the target DNA 
and by a breakage/joining reaction moves the element to 
a new site. Upon integration target site duplications are 
formed from the host DNA. The target site duplication 
remains in the genome as a transposon signature, when 
the transposon moves from one place to another. Repre-
sentative elements in humans include MER1-Charlie, 
MER2-Tigger and Mariner. The, by now famous,  pair of 
synthetic DNA transposons Sleeping Beauty and the Frog 
Prince able to transpose in humans, also belong to this 
category of elements and may prove invaluable tools for 
gene therapy (Fedoroff, 1989; Plasterk, 1996; Ivics et al, 
1997; Miskey et al, 2003; Ivics & Izsvák, 2006). 

Long Terminal Repeat Retrotransposons

 Mechanistically different from DNA transpos-
ons are the retrotransposons that are flanked by long ter-
minal repeats (LTRs). This class of elements makes up 
9% of the human genome with about 443.000 copies and 
includes retrotransposons and endogenous retroviruses 
like HERVK10, ERVL and MaLR. Full-length elements 
are typically 6-11 kb in length, but many of them are 
truncated, especially at the 5´ end  (Kazazian, 2004; Ban-
nert & Kurth, 2004; Babushok & Kazazian, 2007). 

During their propagation they transcribe an 
RNA intermediate, which then gets reverse transcribed 
and reintegrated, producing a complete double-stranded 
cDNA copy of the original retrotransposon. The final 
integration step is reminiscent of the action of trans-
posases that mobilise DNA transposons.   Based on se-
quence analysis it has been illustrated that LTR retro-
transposons have probably resulted from the combination 
of activities of an ancient non-LTR retrotransposon and 
an ancient DNA transposon (Malik & Eickbush, 2001). 

 LTR retrotransposons and retroviruses are very 
similar. They contain gag (group specific antigen),  pol 
(polymerase) and prt (protease) genes. Gag encodes the 
viral particle coat and pol includes reverse transcriptase 
(RT) activity for first and second strand DNA synthesis, 
ribonuclease H (RH) activity for cleavage of RNA in the 
RNA/DNA hybrid after first strand synthesis and inte-
grase (IN) activity that cleaves target DNA and ligates 
the retrovirus into the cleaved site. The basic difference is 

that retroviruses contain an env gene, making the enve-
lope protein that enables them to move from one cell to 
the other. On the contrary, LTR retrotransposons do not 
code for an envelope protein and they are bound to insert 
only to the genome of origin.  LTR elements share many 
features with the HIV (human immunodeficiency virus) 
and MLV (mouse leukaemia virus) (Bushman, 2003; Ka-
zazian, 2004). 

Autonomous non-LTR Retrotransposons

This type of mobile genetic elements lack long 
terminal repeats (LTRs) and their main and only active 
representative in the human genome is the Long Inter-
spersed Nuclear Element-1 (LINE-1) or L1 retrotrans-
poson. L1 elements have successfully populated and 
modified eukaryotic genomes for hundreds of millions of 
years and are currently actively propagating in the human 
genome, aiding in its expansion. It is estimated that al-
most a quarter of the mass of the human genome has re-
sulted from L1 retrotransposition and about one-third of 
mammalian genomes have been created directly or indi-
rectly by the same force  (Han & Boeke, 2005). Non-LTR 
retrotransposons propagate via an RNA intermediate,  and 
in humans the most common elements are the autono-
mous L1 elements and the non-autonomous primate-
specific Alu elements  (Kazazian & Moran, 1998; Ka-
zazian & Goodier, 2002).  

These genetic elements encode factors needed 
for autonomous movement via an RNA transcript, and 
the process by which they move to different genomic 
locations is termed target-primed reverse transcription 
(TPRT).  In the human genome, L1s have accumulated 
over time to hundreds of thousands of copies of various 
ages and structures, but most L1 elements are retrotrans-
position defective.  Nonetheless, there are approximately 
80-100 full-length elements capable of retrotransposition 
in the diploid genome. There are about 868.000 copies of 
this family in the human genome, accounting for an im-
pressive 21%  (Han & Boeke, 2005; Kazazian, 2004).

Most identified retrotransposons encode an en-
donuclease (EN) that is similar to apurinic/apyrimidinic 
(AP) DNA repair endonucleases. Based on phylogenetic 
studies APE-type non-LTR retrotransposons have been 
divided into four groups and eleven clades. The four 
groups, named after the first elements to be discovered, 
are L1, RTE, I and Jockey. Elements relevant for this 
work that are discussed in more detail are: L1 and Tx1L 
retrotransposons that belong to the L1 clade (L1 group); 
R1Bm and TRAS1 retrotransposons that belong to the R1 
clade (I group) (see also alignments in Chapter 2)  
(Lovsin et al, 2001; Zingler et al,  2005a; Eickbush & 
Malik, 2002). 
 

Non-autonomous retrotransposons in the human ge-
nome

Short interspersed nuclear elements (SINEs) and 
processed pseudogenes belong to this category of mobile 
elements.  The main mechanistic difference from other 
mobile elements is that these elements have no protein 
coding potential and hence need to proceed in hijacking 
the proteins from other elements,  like for instance the 
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ones from L1s, in order to retrotranspose to a new ge-
nomic location. The only nonautonomous retrotranspos-
ons in the human genome with evidence of current activ-
ity are the Alu elements and the SVA elements  (Ostertag 
et al, 2003).
 Elements of this class are normally 300bp to 
3000bp in length and the 1.558.000 SINE copies, the 
majority of which are Alu elements, account for 14% of 
the human genome. Representative elements include Alu 
and SVA (discussed in more detail later), and MIR.   A 
typical element is depicted in the shematic drawing (Fig. 
1); the element ends with the characteristic poly(A) tail 
and the A and B boxes contain sequences vital for RNA 
polymerase III-mediated transcription (Babushok & Ka-
zazian, 2007). 

Alu elements

Alus are approximately 300 bp in length, are cur-
rently active in the human genome and their name comes 
from a single recognition site for the restriction enzyme 
AluI located almost in the middle of the Alu element. 
Human chromosomes contain about 1,000,000 Alu cop-
ies, which account for 10% of the total genome. Alu ele-
ments are derived from the 7SL RNA gene that encodes 
the RNA component of the signal recognition particle 
(SRP), which labels proteins for export from the cell. An 
initial deletion of the central sequence was most likely 
followed by a duplication and at a final stage the ac-
quirement of a polyA stretch important for retrotransposi-
tion  (Mighell et al, 1997; Cordaux et al, 2006).

The biochemical characterisation and the crystal 
structure of an Alu RNA in complex with the SRP9/14 
heterodimeric protein, shed new light in the ways of Alu 
retrotransposition (Weichenrieder et al, 2000; Weichen-
rieder et al, 2001). The suggested dimeric Alu RNP retro-
transposition intermediate is likely to bind to the translat-
ing ribosome. This could enable Alu RNA to compete 
efficiently with L1 RNA for nascent EN-RT  and hijack 
the protein by providing an alternative polyA tail in the 
ribosomal neighbourhood. This way an Alu element can 
force the ORF2 protein to reverse transcribe and integrate 
its RNA and not the LINE-1 mRNA. This hypothesis 
could explain the retrotranspositional success of these 
‘parasites of parasites’  (Boeke, 1997). Further studies 
revealed that the poly-A stretch at the 3' end of Alus is 
essential for mobility, L1 elements are required for trans-
position and the rate of retrotransposition is 100-1000 
times higher for Alu transcripts than for control mRNAs. 
This high retrotransposition frequency could account for 
the high mutational activity of Alu elements in humans  
(Dewannieux et al, 2003).  

SVA elements

SVA is a composite retrotransposon named after 
its main components SINE-R element, variable-number-
tandem-repeats (VNTR) and Alu. It was Shen and co-
workers that used the term “SVA” (SINE-R, VNTR, and 
Alu) to describe this type of retrotransposon  (Shen et al, 
1994). Roughly 2000 to 5000 copies of this element type 
exist in the human genome.  Many characteristics of SVA 
insertions are reminiscent of L1 insertions.  Some of them 
are 5’  truncated, they end in poly(A) tails preceded by a 

poly(A) signal and they are flanked by TSDs similar in 
length to the ones of L1 elements. With an estimated age 
of 18 to 25 million years old, SVA represents the young-
est family of retrotransposons in the primate order. They 
are currently active in the human genome, mobilized in 
trans by active L1 elements and known to cause disease 
in humans  (Ostertag et al, 2003). At their 5′  ends, full-
length SVA elements have hexameric (CCCTCT) repeats. 
This region is followed by an antisense Alu sequence, a 
VNTR region containing multiple copies of a 35–50 bp 
repeat, a SINE-R sequence, and a polyadenylation signal 
and a poly A tail  (Ostertag et al, 2003).

Processed pseudogenes

This type of nonautonomous elements make up 
about 0.5% of the human chromosome 21 sequence  
(Hattori et al,  2000) and they resemble retrotransposed 
RNA polymerase II transcripts since they lack introns 
and promoters, end in poly(A) tail and are flanked by 
TSDs of variable length  (Vanin, 1985).  It is known that 
most processed pseudogenes are not expressed and repre-
sent dead genes; some of them however are expressed 
and are possibly functional in the human genome, as well 
as in the mouse and the rat genomes  (Brosius,  1999). In 
general, processed pseudogenes are not considered prod-
ucts of gene duplication  (Makałowski, 2001). 

The Gene structure of L1 elements

An active L1 element

L1s are 6.0 kiloBases long and contain a 5’ un-
translated region (UTR) that harbors an internal pro-
moter. They also contain two non-overlapping open read-
ing frames, ORF1 and ORF2, and a 3’ UTR ending in a 
characteristic poly(A) tail (Figure 1) (Dombroski et al, 
1991; McMillan & Singer, 1993). Biochemical studies 
revealed that ORF1 encodes a novel 40 kiloDalton RNA 
binding protein (ORF1p)  (Hohjoh & Singer, 1996) that 
seems to specifically bind L1-RNA. ORF2 on the other 
hand, encodes a multifunctional protein (ORF2p) of 150 
kiloDalton that contains endonuclease (EN) and reverse 
transcriptase (RT) domains and has a carboxy-terminal 
cysteine-rich domain (C) of unknown function  (Mathias 
et al, 1991; Feng et al, 1996). Another feature of L1s is 
that they are always flanked by variable-length target site 
duplications (TSD), which are considered as characteris-
tic hallmarks of the integration process  (Jurka, 1997).

ORF1p

Biochemical studies revealed that ORF1 en-
codes a 40 kDa RNA binding protein that specifically 
binds L1 RNA, since it appears to co-localise with L1 
RNA in cytoplasmic RNPs  (Hohjoh & Singer, 1996; 
Hohjoh & Singer,  1997). In addition, the protein is neces-
sary for the retrotransposition of unrelated mRNAs in 
processed pseudogene formation  (Esnault et al, 2000; 
Wei et al, 2001). Further studies indicate that ORF1p 
exhibits “nucleic acid chaperone” activity, reminiscent of 
retroviral gag proteins, facilitating strand exchange dur-
ing the retrotransposition process  (Martin & Bushman, 
2001).
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Figure 1. The primary structure of an active L1 element. Transcription starts from an internal promotor (arrow) and there are two 
non-overlapping open reading frames (grey and dark grey) with the known endonuclease (EN), reverse transcriptase (RT) and C-
terminal cysteine-rich (C) domain highlighted in silver.

 A point mutation in the mouse ORF1p that 
abolishes chaperone activity without affecting RNA or 
DNA binding,  also eradicates the retrotransposition proc-
ess  (Martin et al, 2005). In a similar manner, the same 
mutation in human L1 is able to stop retrotransposition, 
but not enough to hamper RNP formation  (Kulpa & Mo-
ran, 2005).

An interesting but also surprising finding was 
that the otherwise essential ORF1p could be spared when 
Alu elements hijack the L1 machinery, courtesy of 
ORF2p. A possible explanation could be that the SRP9/
14 protein can in that case take over the role of ORF1p  
(Dewannieux et al,  2003). A general bottleneck in the 
study of ORF1p is the fact that it lacks similarity to pro-
teins of known function, and the only useful outcome 
from sequence predictions was the presence of a long 
coiled-coil domain, which in human L1 contains a leu-
cine zipper motif,  typically associated with protein-
protein interactions  (Holmes et al,  1992). Finally, it has 
been proposed that the coiled-coil domain of both human 
and mouse proteins is responsible for the formation of 
ORF1p multimers, with trimer being the biologically 
relevant state in the mouse  (Martin et al,  2003). In sum-
mary ORF1p binds RNA strongly, forms RNPs with L1 
RNA, is a nucleic acid chaperone essential for retrotrans-
position and possibly engages in higher order complexes 
with ORF2p during TPRT. 

ORF2p

ORF2 encodes a multifunctional 150 kiloDalton 
protein that contains endonuclease (EN) and reverse tran-
scriptase (RT) activities and in addition has a carboxy-
terminal cysteine-rich domain (C) of unknown function  
(Mathias et al, 1991; Fanning & Singer, 1987; Feng et al, 
1996). 

Endonuclease domain

The EN domain of the L1 retrotransposon was the 
main focus of this work and is thoroughly discussed in 
chapters 2-5. The L1 endonuclease is responsible for 
more than 1.5 million retrotransposon integration events 
in the history of the human genome,  both direct L1 and 
L1-mediated SINE insertions. This enzyme belongs to 
the extended family of metal-dependent phosphohydro-

lases, together with AP-like retrotransposon ENs, AP 
DNA repair ENs, sphingomyelinases and polyphosphate 
phosphatases (Chapter 5). The isolated 28 kiloDalton EN 
domain has been expressed in E.coli and has been shown 
to cleave target-site DNA in vitro. The main function of 
L1-EN is to recognize and cleave its target substrate 
DNA sequence, during the beginning of the TPRT proc-
ess, priming the synthesis of a new LINE DNA strand by 
the L1 reverse transcriptase. L1-EN is AP-like but lacks 
preference for AP sites and is essential for active retro-
transposition  (Feng et al, 1996). 

Its crystal structure, the first of a retrotransposon-
encoded protein, is presented in Chapter 2. Biochemical 
studies show that L1-EN has moderate specificity for 
T+A rich targets and that DNA sequence and structural 
parameters like minor groove width are particularly im-
portant  (Cost & Boeke, 1998). The target selectivity of 
human L1-EN is apparently determined by factors both 
on the side of DNA substrate,  but also by certain residues 
or loops on the protein surface. Identification of such 
elements and how their manipulation can alter EN speci-
ficity is the topic of Chapter 3. It is thought that the nick-
ing specificity of the isolated EN domain, the EN behav-
ior in the context of the full-length ORF2p and finally the 
integration specificity of an active L1 element are clearly 
related but further work is needed for building a conclu-
sive model. What appears to be crucial for nicking speci-
ficity are surface loops that are also found in related ENs 
from other retrotransposons.  That issue, together with 
how L1-EN binds to a double-stranded DNA target, was 
addressed by a combination of experimental and compu-
tational methods in Chapter 4. On a more global scale 
however, and depending on the chromatin environment in 
vivo, it is believed that certain genomic locations might 
be more susceptible to L1 retrotransposition  (Cost et al, 
2001; Chen et al, 2005; Conley et al, 2005).

Reverse Transcriptase domain

In 1986, phylogenetic analyses indicated that 
ORF2p has homology to reverse transcriptase (RT)  (Hat-
tori et al, 1986; Loeb et al, 1986). Further analysis 
showed these RTs to be most similar to those encoded by 
non-LTR retrotransposons, hence representing a distinct 
lineage to RTs encoded by LTR-retrotransposons and 
retroviruses  (Xiong & Eickbush, 1990; Malik et al, 
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1999).  Conclusive studies illustrated that the human L1 
ORF2 protein is able to encode an active RT. This RT 
activity could in the presence of divalent ions extend 
homopolymer/oligonucleotide primer template com-
plexes  (Mathias et al, 1991; Dombroski et al, 1994).        

The closest sequence homologue to non-LTR 
retrotransposon-encoded RT is telomerase RT (TERT). 
TERT is known to form a stable functional RNP complex 
with telomerase RNA and there are likely mechanistic 
parallels between TPRT and the maintenance of chromo-
somal DNA ends via telomere elongation  (Lingner et al, 
1997; Nakamura et al, 1997). Clements and Singer 
(Clements & Singer, 1998) reported the expression of 
full-length ORF2p in yeast, observing that both the wild-
type protein and EN or C domain deletion variants retain 
RT activity. 

The reverse transcriptase activity of ORF2p has 
a remarkable cis-preference, in which case the nascent 
protein associates into a ribonucleoprotein particle (RNP) 
preferentially with the polyA tail of its own mRNA  
(Kimberland et al, 1999; Esnault et al, 2000). However, 
as biochemical activities owing to ORF2p have been dif-
ficult to detect in cells, it was not until very recently that 
L1 RNA, ORF1p and ORF2p were shown to co-localize 
for the first time in a putative RNP retrotransposition 
intermediate. In the same work it was further demon-
strated that ORF2p prefers using its encoding RNA as a 
template for reverse transcription, thus providing the first 
biochemical evidence for cis-preferential action of the 
L1-RT   (Kulpa & Moran, 2006). Finally, there are data 
demonstrating that RT from the human L1 element is a 
highly processive polymerase among RT enzymes, and 
that missing RNase H activity for the L1 ORF2 protein in 
vitro, is distinguishing L1 RT from retroviral RTs  (Pis-
kareva & Schmatchenko, 2006).

C domain

Lastly, the ORF2 protein contains at its carboxy 
terminus a conserved cysteine-histidine-rich domain  
(Fanning & Singer, 1987). It is termed domain C and its 
function is thus far unknown. When conserved histidine 
and cysteine residues within this domain are mutated, L1 
retrotransposition in cultured cells is reduced by two or-
ders of magnitude, without disturbing ORF2p-RT activity  
(Dombroski et al, 1994; Moran et al, 1996). The above 
observation led to the belief that the function of C do-
main is necessary for retrotransposition in a distinct way 
from EN and RT domains. There is increasing specula-
tion that conserved amino acids in the C domain function 
in ORF2p nucleic acid binding  (Moran & Gilbert, 2002).

L1-like retrotransposons (from other organ-

isms) that are target specific

L1-like elements exist in many other organisms, 
and many of them are distinct from L1s because they are 
highly specific for the target sequence they recognize and 
integrate. For instance, Tx1L, R1Bm and TRAS1 are all 
non-LTR elements that have very similar features to the 
L1 elements including sequence size, two open reading 
frames ORF1 and ORF2, and an EN-RT domain in the 

second ORF. It is interesting to note how these different 
endonucleases compare to each other and to L1-EN in 
terms of specificity, and also if this specificity can be 
manipulated to affect retrotransposon integration (discus-
sion follows in the next chapters).

Tx1L retrotransposon

Tx1L is a non-LTR retrotransposon found dis-
persed in the genome of the South African frog Xenopus 
laevis. These elements are highly similar to L1 retro-
transposons and are evolutionary classified as members 
of the L1 clade. All copies of Tx1L are always found 
inserted in specific sites within a family of DNA trans-
posons, the Tx1D family, indicating that Tx1L is a spe-
cific retro-element. Like in L1s, the ORF2 of Tx1L also 
encodes an active EN, but the behavior of the latter in 
vitro and the 10 base-pair minimal sequence that it rec-
ognizes do not seem enough to explain the highly spe-
cific nature of the elements’ integration. It is thought that 
in the context of the ORF2p in vivo, a longer sequence 
might be recognized or additional host factors might aid 
in ensuring specificity  (Christensen et al,  2000a; Chris-
tensen et al, 2000b; Garrett & Carroll, 1986; Garrett et al, 
1989).

R1Bm retrotransposon

With distinct evolutionary origins, R1Bm ele-
ments belong to the R1 clade of the I group of non-LTR 
retrotransposons. R1Bm is found inserted in the genome 
of the silkworm Bombyx mori, showing preference for a 
specific position in the 28S ribosomal DNA (rDNA) of 
the silkworm. An EN activity is contained in the ORF2p, 
able to make precise and paired nicks on target DNA in 
vitro. Bottom strand cleavage takes place before the top 
strand is nicked, in agreement with the TPRT model dis-
cussed in detail for L1, but there is speculation that 
R1Bm may be also using pre-formed double-stranded 
breaks in 28S rDNA for integration  (Xiong & Eickbush, 
1988; Feng et al, 1998; Anzai et al, 2005).

TRAS1 retrotransposon

The TRAS1 element is much closer, regarding evolution-
ary origins, to R1Bm since it also belongs to the R1 clade 
of group I. TRAS1 is a telomere-associated element and 
encodes a well characterized, highly specific EN that 
bears little sequence but considerable structural similarity 
to L1-EN. TRAS1-EN cleaves telomeric repeats at sites 
that are consistent with integration sites and like in 
R1Bm bottom strand cleavage happens first. Retrotrans-
position of TRAS1 in vivo has been illustrated experi-
mentally. Interestingly, the available data fuel speculation 
that elements like TRAS1 compensate repressed te-
lomerase activity, consequently playing an important role 
in telomere maintenance in the silkworm  (Okazaki et al, 
1995; Takahashi & Fujiwara, 1999; Anzai et al, 2001; 
Maita et al, 2004; Fujiwara et al, 2005). 
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Figure 2. The seven steps of L1 retrotransposition: 1.Transcription of an active L1 element results  in a bicistronic mRNA 2.The 
mRNA possibly undergoes  RNA processing and 3.exits the nucleus via a currently unknown pathway 4.In the cytoplasm, ORF2 and 
ORF1 proteins are translated and associate with the (cis) RNA that  transcribed them 5.A ribonucleoprotein  (RNP) complex is formed, 
consisting of one OFR2 molecule, one RNA molecule and one or more ORF1 molecules 6.This retrotransposition intermediate will 
then enter the nucleus and 7.the L1 RNA will  be reverse transcribed and inserted in a new location by a procedure termed target 
primed reverse transcription (TPRT), creating a copy of the original element flanked by target site duplications (TSD).

The L1 Retrotransposon Life Cycle

 The current model regarding the steps in the L1 
life cycle is a combination of studies on the L1 element 
structure, as well as understanding how similar retro-
transposons operate in other organisms. However, it bears 
repeating that despite the functional and cell-culture as-
says already established, there are still many aspects of 
the retrotransposition mechanism waiting their turn to be 
understood (Figure 2). 

Transcription

As indicated in the structure of the active L1 
element the 5’UTR has internal promoter activity,  inde-
pendent of upstream sequences  (Swergold, 1990). The 
life cycle of L1 begins with transcription of L1 DNA by 
either RNA polymerase II or RNA polymerase III and 
standard maturation into a bicistronic mRNA molecule. 
Conflicting data are available that make the question 
which machinery is transcribing L1 in vivo an unan-
swered one  (Kurose et al,  1995; Moran et al, 1996; 
Woodcock et al,  1996; Paule & White, 2000). The “inter-
nal promoter” idea makes sense from a retrotransposons 
point of view, since L1s have to take their promoters with 

them to be able to generate an active copy when they 
insert in new genomic locations  (Han & Boeke, 2005). 
Recently, various transcription factor-binding sites have 
been revealed: SRY-family-binding sites and a RUNX3-
binding site, important for activation and a YY-1-binding 
site directing accurate transcription initiation  (Tchénio et 
al, 2000; Yang et al, 2003; Athanikar et al, 2004) (Figure 
2, Step 1).

RNA Processing and Nuclear Export

Typical processing of RNA Polymerase II (Pol 
II) transcripts includes: a) cleavage and addition of 
poly(A) tail, b) addition of 7-methylguanosine cap and c) 
intron splicing  (Tollervey & Caceres, 2000). L1s contain 
a functional AATAAA poly(A) signal and possibly use 
cleavage and polyadenylation machinery of Pol II tran-
scripts. Often L1s bypass their own poly(A) signal and 
use a downstream one, which results in retrotransposition 
of genomic sequence 3’  of L1 in a process termed L1-
mediated 3’  transduction  (Moran et al,  1999; Ostertag & 
Kazazian, 2001a). It is currently unclear if further modi-
fications take place, but most likely the “intronless” L1 
does not require splicing. However our understanding of 
L1 life cycle initiation could very well change since new 
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theories continuously arise, like for instance with reports 
that claim L1s might indeed contain functional splice 
sites  (Belancio et al, 2006). 

The L1 mRNA then exits the nucleus and is 
transported into the cytoplasm via a currently unknown 
pathway. Normally, unspliced RNAs are retained in the 
nucleus,  denied exit by splicing factors termed commit-
ment factors  (Cullen,  2000). However, L1s have appar-
ently found a way to cross to the cytoplasm. This could 
either mean that they have developed cis-acting elements 
to facilitate export, similar to certain viruses or that they 
indeed undergo splicing and coupled export, in the case 
that they contain functional splice sites  (Ostertag & Ka-
zazian,  2001a; Belancio et al, 2006) (Figure 2, Steps 2 & 
3).

Translation

 After transcription and transport in the cyto-
plasm, the full-length ORF1 and ORF2 proteins have to 
be translated. L1 mRNAs are atypical of mammalian 
mRNAs because they are bicistronic. It is necessary that 
both ORF1p and ORF2p are encoded in cis for full activ-
ity. This generally means that the L1 proteins preferen-
tially associate with the RNA that transcribed them  
(Esnault et al, 2000; Wei et al,  2001) and recent bio-
chemical evidence support this cis-preference  (Kulpa & 
Moran, 2006). The mechanistic details of translation are 
another missing piece from the retrotransposition puzzle 
(Figure 2, Step 4). 

Posttranslational Modifications and Ribonucleopro-
tein Formation

While posttranslational modifications of the two 
L1 proteins constitute a mystery, it is believed that 
OFR2p, L1 RNA and one or more ORF1 molecules come 
together to form a ribonucleoprotein (RNP) particle that 
serves as a retrotransposition intermediate  (Martin, 
1991). Recent data confirm that RNP formation in L1 is 
important but not sufficient for retrotransposition and 
indicate that ORF1p may function at downstream steps in 
the L1 retrotransposition pathway  (Kulpa & Moran, 
2005). Work by the same people showed for the first time 
the co-localization of L1 RNA, ORF1p and ORF2p to a 
putative ribonucleoprotein retrotransposition intermediate  
(Kulpa & Moran, 2006). 

It is further believed that ORF1p is able to form 
higher order multimers, with the protein-protein interac-
tions mediated by its leucine zipper in humans   (Holmes 
et al, 1992; Hohjoh & Singer,  1996; Martin et al, 2003). 
The RNP particle is predominantly cytoplasmic but a part 
or subcomplex has to be transported in the nucleus  (Han 
& Boeke, 2005) (Figure 2, Step 5).

Entry into the Nucleus

The retrotransposition intermediate RNP comlex 
must somehow gain access into the nucleus for the final 
step of L1 retrotransposition. Transport to the nucleus 
could be facilitated by a functional nuclear/nucleolar 
localization signal (NLS) that was recently mapped to the 

EN domain of ORF2p  (Goodier et al, 2004). Data from 
the same study suggest that the EN-NLS is suppressed by 
interaction with the ORF2p C-terminus. When a C-
terminal fragment is deleted, ORF2p is able to move to 
the nucleolus. Passive diffusion through the nuclear pore 
can be ruled out as a transport method, since ORF2p 
alone is way over the ~60 kiloDalton limit  (Görlich & 
Kutay, 1999). What could happen in the case of active 
transport is that the NLS could be recognized by im-
portins that would aid in entering the nucleus. Alterna-
tively, entry could take place during nuclear membrane 
breakdown at mitosis or meiosis, especially since cell 
division appears to be a requirement for active L1 retro-
transposition in human cultured cells  (Shi et al, 2007) 
(Figure 2, Step 6).

L1 moves in mysterious ways: The process of  Target 
Primed Reverse Transcription 

In the final step of the L1 life cycle, elements 
are reverse transcribed and integrated into the host ge-
nome via a coupled reverse transcription/integration 
process termed target primed reverse transcription 
(TPRT).  TPRT was originally described for the related 
non-LTR retrotransposon R2 in Bombyx mori  (Luan et 
al, 1993; Yang et al, 1999). During this process the L1 
RNA will be reverse transcribed into DNA and inserted 
in a new genomic location, creating a copy of the original 
element flanked by target site duplications. Initial stages 
of TPRT have been successfully reconstituted in vitro  
(Cost et al, 2002) (Figure 2, Step 7).

Target selection is most likely driven by L1-EN 
since there is a good agreement in EN target sequences 
and L1 integration sites  (Berry et al,  2006). The endonu-
clease activity from the ORF2 protein is first in action, 
nicking the bottom DNA strand of the target sequence 
that is normally A+T rich (Figure 3).  At the target site, 
the sequence is usually similar to the consensus 
5’TTTTAA3’ and cleavage occurs between the T and A 
nucleotides; cleavage however is not restricted to that 
spot only, owing to the promiscuous nature of the L1-EN  
(Feng et al, 1996; Cost & Boeke, 1998).  The cleaved 
strand then dissociates and binds to the poly(A) tail of an 
L1 mRNA. A 3´ OH group of the DNA strand, freed as a 
result of the EN action, will then prime cDNA first strand 
synthesis by the coupled activity of L1-RT. Depicted in 
figure 5 is a schematic drawing of how ORF2p activities 
EN and RT could bind to each other, the target DNA and 
the L1 mRNA in order to start producing the first strand 
of the daughter element during TPRT. It is also thought 
that ORF1p might have a role for strand transfer during 
L1 reverse transcription  (Martin et al, 2005).

Cleavage of the second DNA strand is thought to 
occur 7-20 nucleotides downstream of the first cut and 
the free 3´ OH group generated by this event is used to 
prime the second strand synthesis of L1 cDNA. Depend-
ing on the relative positions of first and second strand 
nicks, target site duplications or target site deletions 
might occur  (Jensen et al, 1994).  However, the mecha-
nism of second strand cleavage and synthesis is not yet 
completely elucidated. The whole process ends by stable 
integration of a new double-stranded L1 DNA copy, in a 
novel position in the genome. It is interesting to note that 
the vast majority of L1 insertions in vivo are severely 5’ 
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Figure 3.  The process of Target-primed Reverse Transcription (TPRT) in four easy steps.

truncated or inverted and thus incapable of further retro-
transposition, making the average insertion length about 
1000 base pairs  (Boissinot et al,  2000; Lander et al, 
2001; Szak et al, 2002). This can be attributed to the 
rather non-processive nature of L1-RT, which is probably 
unable to finish copying the entire L1 RNA before disso-
ciating from it. 

At the moment three models have been pro-
posed for explaining the less well-understood aspects of 
L1 TPRT and integration. The “Twin priming” model 
suggests creating an element containing a 3’ direct region 
joined to a 5’ inverted region, involving two ORF2p 
molecules  (Ostertag & Kazazian, 2001b). Zingler and 
colleagues proposed a TPRT model for 5'-end attachment 
requiring microhomology-mediated end-joining  (Zingler 
et al, 2005b). And lastly the “Template jumping” model 
that tries to combine and explain all of the characteristic 
features of L1 retrotransposition  (Babushok et al, 2006). 
A common point that connects all three models is the 
belief that cellular enzymes need to be brought into play 
for final resolution and double-stranded nick repair. Very 
recently,  the DNA repair enzyme ataxia telangiectasia 
mutated (ATM) was reported as being essential for L1-
induced double-strand break repair and retrotransposition  
(Gasior et al, 2006) (Figure 4). 

Figure 4. Endonuclease (EN) and reverse transcriptase (RT) 
actions and interactions with target DNA and each other during 
the TPRT process.
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Impact of L1 and related elements on the 

host genome

The human genome is flooded by retrotranspos-
ons, most common of which are the autonomous L1 ele-
ments and the non-autonomous Alu elements.  Together, 
they presently occupy about 28% of the total genome. 
(Lander et al, 2001; Venter et al,  2001; Babushok & Ka-
zazian,  2007). The L1 retrotransposon is the major source 
of insertional mutagenesis and is able to maintain “ge-
nome fluidity”  (Kazazian, 2000). It is responsible for the 
formation of processed pseudogenes  (Esnault et al, 
2000), exon shuffling in a process called 3’ transduction  
(Moran et al, 1999) and the mobilization of Alu elements 
and other SINEs (Jurka, 1997; Dewannieux et al, 2003). 

In summary, L1 retrotransposons can drive ge-
nome evolution in both destructive and constructive ways 
(Biémont & Vieira, 2006). The first category includes 
cis-insertional mutagenesis by L1s, trans-insertional mu-
tagenesis by Alus/SVAs/processed pseudogenes, 
deletions/duplications due to unequal homologous re-
combination between Alus or L1s, deletions/inversions 
due to L1 rearrangements and finally duplications at new 
chromosomal sites. On the side of constructive mecha-
nisms, we find repair of double-strand breaks by EN-
independent L1 insertion, 3’  or 5’ transduction, formation 
of chimeric retrogenes like the U6/L1 chimera,  presence 
of L1/Alu sequences in protein-coding exons, gene ex-
pression 5’ of full-length L1s via an antisense promoter 
in L1 and lastly transcript termination at strong poly(A) 
signals in L1s  (Moran & Gilbert , 2002; Kazazian, 2004; 
Han & Boeke, 2005). 

Less than 5% of the human genome is protein-
coding sequence; in itself this fact alone represents a de-
cent defence against retrotransposons. Still,  cells have 
developed unclear mechanisms to suppress the poten-
tially hazardous effects of mobile elements. The cytosine 
methylation system might have evolved to repress L1 
expression and retrotransposition  (Yu et al, 2001; Yoder 
et al, 1997; Bestor, 2003; Bourc'his & Bestor, 2004), and 
additionally co-suppression mediated by natural siRNAs 
could also function as an RNAi pathway responsible for 
L1 control (Yang & Kazazian, 2006; Soifer & Rossi, 
2006). A final possibility is that the family of apolipopro-
tein B messenger RNA-editing enzyme catalytic 
(APOBEC) proteins, is also involved in retrotransposi-
tion control possibly via DNA/RNA deamination. Cur-
rent ambiguities should soon be clarified given the 
“hyper-activity” of researchers in trying to address this 
open question (Chen et al, 2006a; Esnault et al,  2006; 
Stenglein & Harris, 2006; Bogerd et al, 2006; Mucken-
fuss et al, 2006; Hulme et al, 2007), which very recently 
yielded the crystal structure of APOBEC2 protein  
(Prochnow et al, 2007).

L1 Retrotransposons are associated with causing hu-
man genetic disease

The very first retrotransposition events reported in 
mammals, were associated with human disease. Two 
cases of de novo L1 insertions were reported in 1988. 
The insertion of a truncated L1 element into exon 14 of 

the factor VIII gene was found in two unrelated patients 
with haemophilia A and the presence of the L1 element 
was shown to be causative of the disease  (Kazazian et al, 
1988). Since those initial reports,  a plethora of different 
examples of L1-mediated retrotranspositional events 
have been proven to be the cause of human disease. 
Around 40 of these events are termed simple, because 
they do not account for the loss of target gene material.  A  
further 10 cases involve genomic deletions. Curiously, 
the frequency of L1 retrotransposition events per individ-
ual has been estimated to be one insertion in every 2-30 
individuals, an estimation that makes us particularly vul-
nerable to this mobile element (Brouha et al, 2003). 

A total of 53 disease-causing insertions have been 
identified thus far, 17 of which are caused directly by L1, 
while the rest are L1-mediated: 29 involving Alu and 4 
involving SVA elements. The final 3 cases are also L1-
mediated insertions of simple poly(A) repeats. Recombi-
nation between L1s has caused Alport syndrome, phos-
phorylase kinase deficiency of liver and muscle, and 
ataxia-telangiectasia.  In addition L1-driven recombina-
tion between Alus is known to have caused diseases like 
familial hypercholesterolemia, a-thalassemia, type VI 
variant of Ehlers-Danlos syndrome and Tay Sachs dis-
ease  (Druker & Whitelaw, 2004; Chen et al, 2005; Chen 
et al, 2006b; Babushok & Kazazian, 2007; Ostertag & 
Kazazian, 2006). 

The most recent example of a large deletion trig-
gered by an L1 element was associated with erasing ex-
ons 3 to 9 of the pyruvate dehydrogenase complex com-
ponent X (PDHX) gene. The authors provide evidence of 
how an active L1 retrotransposon operates in the human 
genome by identifying a 46 kb genomic deletion in the 
PDHX gene, owing directly to the intronic insertion of a 
full-length L1 element in a patient with pyruvate dehy-
drogenase complex (PDHc) deficiency.  Within the gene, 
both bottom and top strand cleavage sites agree with the 
consensus L1-EN target sequence 5'-TTTT/A-3' and the 
full-length element ends in a 67-bp poly(A) tail  (Miné et 
al, 2007). 
 L1-mediated SINE mobilization is also known to 
be involved in disease causing cases.  An ancient SINE 
insertion causes Fukuyama-type congenital muscular 
dystrophy (FCMD), one of the most common genetic 
disorders in Japan. This was the first report comfirming 
that even ancient retrotransposons might be a source of 
disease  (Kobayashi et al, 1998). In another SINE case, 
point mutations or small inertions/deletions in the chro-
modomain helicase DNA-binding protein gene CHD7 are 
the main cause of CHARGE syndrome. For the first time, 
an Alu-mediated exonic deletion of CHD7 was found in a 
CHARGE syndrome patient  (Udaka et al, 2007).

L1 Retrotransposons and their role in cancer

Although L1s can be beneficial in shaping mam-
malian genomes, L1 retrotransposition is also involved in 
cancer either directly or by mobilizing the Alu elements. 
In many cancer cells an elevated expression of L1 and 
Alu RNAs has been reported,  possibly due to defects in 
the cytosine methylation or other suppressor systems  
(Sinnett et al, 1992; Singer et al, 1993; Thayer et al, 
1993). Three are the main indications that L1s might 
have a role in cancer cells: first L1 sequences become 
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hypomethylated, second proteins or transcripts can be 
detected and third retrotransposition occurs at sites of 
breakage and recombination. Up to now the most solid 
data exist for L1 hypomethylation that was detected in 
bladder cancer, prostate cancer, colon cancer,  gastric can-
cer, ovarian carcinoma and liver carcinoma  (Schulz, 
2006). L1 ORF1p is expressed in pediatric malignant 
germ cell tumor, where L1 retrotransposition is thought 
to be a common event but with unclear implications  (Su 
et al, 2007).

Also in healthy tissue both germline and somatic 
insertions might cause cancer  (Kazazian & Moran, 
1998). Documented cases are breast and colon cancer 
linked to the de novo insertion of an Alu sequence into 
the BRCA2 gene and an L1 sequence into the APC gene, 
respectively  (Miki et al, 1992; Miki et al, 1996). Finally, 
somatic recombination events have caused ALL1 rear-
rangement leukemias and BRCA1-associated familial 
breast cancer  (Deininger & Batzer, 1999).

Possible applications of L1 retrotransposons

Phylogenetic markers

L1s’ long history in colonizing genomes, com-
bined with the fact that some elements are still active, 
renders them good candidates for phylogenetic markers. 
Old insertions can be useful in phylogenetic studies be-
tween species  (Nikaido et al, 1999).  Recent polymorphic 
insertions on the other hand, are suitable for the study of 
human population dynamics  (Santos et al, 2000; Sheen 
et al, 2000; Konkel et al, 2007). Since Alu insertions 
have many similarities with L1, they can also be used to 
study human diversity  (Watkins et al, 2001). Recent ex-
amples from the literature include: the study of L1NE 
sequences to elucidate the evolutionary origin of the 
MHC class I genomic region in primates  (Fukami-
Kobayashi et al, 2005), L1/Alu insertion polymorphism 
markers for human cell line fingerprinting  (Ustyugova et 
al, 2005), investigating genetic affinities between Native 
American and East Asian populations using polymorphic 
Alu and L1 insertions  (Mateus Pereira et al, 2005). 

System for random mutagenesis

 L1 elements are not very specific for their target 
site integration, meaning that they move rather randomly 
within the genome without any bias against inserting into 
gene sequences  (Moran et al, 1999). Along those lines, 
an enhanced green fluorescent protein (EGFP)-based 
retrotransposition casette was developed for facilitating 
random mutagenesis systems  (Ostertag et al, 2000). Fi-
nally, ORFeus is a synthetic L1 retrotransposon, which is 
much more active than normal L1s introduced in mice 
and could be developed into a tool for in vivo mutagene-
sis  (Han & Boeke, 2004; An et al, 2006). 

Vectors for gene delivery

There is great interest for using L1 elements as 
gene delivery vectors. The characteristics of L1 that 
make it suitable for such an application are the ability for 
stable integration in the genome, the ability to mobilize 
sequences via 3’ transduction, and the absence of proteins 
that could be possibly immunogenic for the host. A big 
step towards this direction was taken with the creation of 
a hybrid L1/helper-dependent adenovirus vector. This 
vector mediates long-term gene expression by a two-
stage mechanism: first the helper-dependent adenovirus 
serves as a vehicle for efficient delivery and expression 
of its encoded L1/transgene cassette, and second the L1 
retro-element and its associated transgene permanently 
integrate into the genome of the adenovirus-transduced 
cells  (Soifer et al, 2001; Soifer & Kasahara, 2004).

Other relevant recent advances

 Very recently an L1 retrotransposon-based sys-
tem was developed that allows delivery of small interfer-
ing RNA (siRNA) and stable silencing in human cells. 
This system demonstrated long-term siRNA expression 
and reduction in exogenous and endogenous gene expres-
sion. Controlled retrotransposition ensured that only one 
RNA interference (RNAi)-cassette got integrated into the 
host genome, sufficient for strong interference. Such a 
system could achieve stable gene silencing, with poten-
tial applications for ex vivo and in vivo molecular ther-
apy  (Yang et al, 2005). RNAi techniques have been used 
to stably suppress L1 retrotransposon expression in A-
375 melanoma cell lines. Lower L1 expression resulted 
in lower proliferation rate, differentiated morphology and 
lower tumorigenicity when inoculated in nude mice, con-
firming that L1 silencing modulates gene expression  
(Oricchio et al, 2007). Yet another recent report combines 
microarray and biochemical techniques to indicate that 
modifying transcriptional activity of L1 retrotransposons 
in rat hearts may represent a novel anti-ischemic thera-
peutic strategy  (Lucchinetti et al, 2006). 
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Crystal structure of the targeting endonuclease of the 
human LINE-1 retrotransposon

Kostas Repanas*, Oliver Weichenrieder* and Anastassis Perrakis

ABSTRACT

The human L1 endonuclease (L1-EN) is encoded by 
the non-LTR retrotransposon LINE-1 (L1). L1 is re-
sponsible for more than 1.5 million retrotransposition 
events in the history of the human genome, contribut-
ing more than a quarter to human genomic DNA (L1 
and Alu elements). L1-EN is related to the well-
understood human DNA repair endonuclease APE1 
and its nicking specificity is a major determinant for 
retrotransposon integration site selection. The crystal 
structure of human L1 endonuclease is the first of a 
retrotransposon-encoded protein and a prototype for 
retrotransposon-encoded endonucleases involved in 
target-primed reverse transcription. Structure-based 
endonuclease alignments reveal a conserved threonine 
in addition to previously identified invariant residues 
and suggest DNA recognition to proceed via the ac-
commodation of an extra-helical nucleotide within a 
pocket of the enzyme. The present analysis will help to 
refine phylogenetic and functional relationships among 
metal-dependent phosphohydrolases and provides a 
basis for manipulating non-LTR retrotransposon inte-
gration site selection.

*These authors contributed equally to the work.

INTRODUCTION

The continuing insertion of ‘selfish’  retrotransposons has 
generated much of the so-called ‘junk DNA’ within 
eukaryotic genomes. This process is an important factor 
contributing to the ‘fluidity’ and evolution of genomes but 
it represents a major challenge for the respective species 
as it has both beneficial and disastrous consequences 
(Brosius, 2003; Eickbush and Malik,  2002). Retrotrans-
posons can damage genes by insertional mutagenesis, 
shuffle exons to new genomic locations, co-mobilize other 
retroelements and assist in pseudogene-formation (Os-
tertag and Kazazian, 2001). They can also cause genomic 
rearrangements either as a direct consequence of the inte-
gration process or,  indirectly, by offering sites for ho-
mologous recombination (Deininger et al., 2003).
 Retrotransposons - in contrast to DNA transpos-
ons - propagate via a ‘copy and paste’  mechanism. They 
give rise to an RNA intermediate that is used to generate a 
DNA copy with the help of an element-encoded reverse 

transcriptase.  Depending on the DNA integration mecha-
nism two classes of retrotransposons are distinguished. 
The first class contains long terminal repeat (LTR) retro-
transposons and retroviruses. These retroelements use an 
integrase that recognizes the LTRs of the double-stranded 
DNA copy. The second, much larger and more ancient 
class includes all non-LTR retrotransposons.  Those are 
thought to integrate via target-primed reverse transcription 
(TPRT),  a process in which reverse transcription and inte-
gration are coupled (Eickbush and Malik, 2002; Kazazian, 
2004). An endonuclease that is part of the same polypep-
tide chain as the reverse transcriptase nicks the genomic 
DNA and hands over the resulting ribose 3’-hydroxyl end 
as a primer for reverse transcription of associated template 
RNA (Cost et al., 2002; Luan et al., 1993).
 Most non-LTR retrotransposons encode an endo-
nuclease located N-terminally of the reverse transcriptase. 
This endonuclease bears similarity to the human DNA 
repair endonuclease APE1 that recognizes apurinic and 
apyrimidinic (AP) sites (Mol et al., 2000). A minority of 
non-LTR retrotransposons encodes an endonuclease that is 
located C-terminally of the reverse transcriptase and that 
is rather similar to certain restriction enzymes.  The APE-
type non-LTR retrotransposons have been subdivided into 
10-11 clades, based on a phylogenetic sequence analysis 
of their reverse transcriptases. Almost every eukaryotic 
genome contains at least one active element from at least 
one of these clades (Eickbush and Malik, 2002; Lovsin et 
al.,  2001; Malik et al., 1999). The impact of any given 
element on its host genome depends largely on its inser-
tion site specificity. High fidelity integration into repeti-
tive telomeric sequences or into or next to multi-copy 
genes is tolerated more easily by the host, because this has 
little or no impact on the rest of the genome. It is believed 
that such highly specific integration is not only governed 
by the nicking specificity of the endonuclease but also by 
other element or host-cell specific targeting factors. In 
contrast,  less specifically integrating elements can have 
more dramatic consequences for the host. They often lead 
to a significant increase in the amount of genomic DNA 
and are more likely to interfere with essential gene func-
tions, because they get interspersed throughout the ge-
nome (Zingler et al.).
 The human L1 element has been characterized as 
a long interspersed nuclear element (LINE). It is a mem-
ber of the L1 clade of APE-type non-LTR retrotranspos-
ons and integrates into the frequent consensus target se-
quence 5’TTTT-AA3’, where the dash represents the scis-
sile bond on the nicked strand (Gilbert et al., 2002; Jurka, 
1997; Symer et al., 2002)). The L1 element contains an 
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internal promoter and two open reading frames (ORFs). 
The first protein
Figure 1. Crystal  structure of  human L1 endonuclease (L1-
EN) and comparison to members of  the enzyme family of 
metal-dependent phosphohydrolases. Bars represent full-
length proteins containing phosphohydrolase domains at the 
colored positions. The respective structures are drawn as ribbon 
diagrams juxtaposed in the same orientation with the substrate-
binding surface on top. A common, central  β-sandwich is  sur-
rounded by individual α-helices and surface loops. For abbrevia-
tions and PDB codes see methods

(ORF1p) binds to L1 RNA in multiple copies,  forming 
large ribonucleoprotein particles (Hohjoh and Singer, 
1996). The second protein (ORF2p) is modular, consisting 
of an N-terminal AP-like endonuclease, a central reverse 
transcriptase and a C-terminal domain of unknown func-
tion (Cost and Boeke, 1998; Feng et al.,  1996; Ostertag 
and Kazazian, 2001). The human ORF2p is thought to 
recognize the L1 RNA primarily via the poly(A)-tail and it 
displays a remarkable cis-preference, i.e. it binds prefer-
entially to the RNA molecule from which it is being trans-
lated. This assures that only full-length L1 RNA encoding 
functional proteins participates in retrotransposition and it 
prevents other poly(A) containing RNAs in the cell from 
competing (Wei et al., 2001). Alu RNAs, however, that 
are part of Alu ribonucleoprotein particles (Weichenrieder 
et al., 2000),  seem to efficiently interfere with this cis-
preference of ORF2p. Alu particles are believed to recruit 

ORF2p as well primarily via their poly(A)-tail, because it 
is the only obvious component common to both L1 and 
Alu RNAs (Boeke, 1997; Dewannieux et al., 2003). Con-
sequently, the L1 endonuclease is responsible not only for 
approximately 520.000 L1 integrations, but also for more 
than 1.090.000 Alu integrations in the human genome, 
accounting for more than a quarter of its mass (The hu-
man genome sequencing consortium, 2001).
 L1-EN belongs to an enzyme family of metal-
dependent phosphohydrolases that share the same fold and 
active site residues and that cleave a large variety of phos-
phoester substrates (Dlakic, 2000; Hofmann et al., 2000). 
Next to the AP-like retrotransposon-encoded endonucle-
ases (Eickbush and Malik, 2002; Lovsin et al., 2001) there 
are a number of other subfamilies. These include nucle-
ases like the AP DNA repair endonucleases (Barzilay and 
Hickson, 1995), secreted DNases (Lara-Tejero and Galan, 
2000) and single-stranded RNA deadenylases (Dupressoir 
et al., 2001), but also other enzyme families like inositol 
polyphosphate phosphatases (Whisstock et al.,  2000) and 
sphingomyelinases (Goni and Alonso, 2002). Members of 
some subfamilies have been characterized on a molecular 
level, with crystal structures of enzyme-substrate com-
plexes yielding detailed insight into substrate recognition 
and clues on the catalytic mechanism (Mol et al.,  1995; 
Mol et al., 2000; Tsujishita et al., 2001; Weston et al., 
1992). Structural information on retrotransposon-encoded 
endonucleases, however, has been lacking so far, despite 
the fact that many of them are well characterized func-
tionally and biochemically (Zingler et al.).
 Here we report the first crystal structure of a 
retrotransposon-encoded protein,  the human L1 endonu-
clease. We generated a precise, structure-based alignment 
with the other structurally determined members of the 
phosphohydrolase enzyme family via multiple three-
dimensional superpositions. Additionally, we used our 
knowledge of the L1-EN structure in the alignment of 
representative endonuclease sequences that we retrieved 
or reconstructed from raw database entries and that com-
prise all known clades of APE-type non-LTR retrotrans-
posons. The analysis of the L1-EN crystal structure in the 
light of these alignments enables us to discuss the DNA 
nicking mechanism in the context of a newly identified 
conserved residue. Furthermore, the comparison to the 
structures of DNA complexes from other members of the 
phosphohydrolase enzyme family together with the bio-
chemical information on L1-EN allows us to speculate on 
the functions of elements that are involved in DNA sub-
strate recognition. This is particularly interesting with 
respect to the possibility of manipulating substrate speci-
ficity and with the goal of using non-LTR retrotranspos-
ons as a genetic tool (Soifer et al., 2001). Finally, we 
traced the conservation of structural elements and of par-
ticular side chains throughout the whole phosphohydro-
lase family,  thereby providing information for the refine-
ment of phylogenetic and functional relations.
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RESULTS AND DISCUSSION

Expression, characterization and structure solution

Recombinant human L1-EN (residues 1-239 of L1-
ORF2p) was expressed in Escherichia coli without tags. 
The apparent hydrodynamic radius of the purified protein 
indicates it to be monomeric at concentrations up to 10 
µM. Therefore, a possible dimerization of ORF2p as ob-
served for viral reverse transcriptases (Kohlstaedt et al., 
1992) does not seem to apply to the isolated endonuclease 
domain. In a plasmid-based nicking assay our untagged 
version of the protein behaves similarly to a previously 
characterized, tagged version (Feng et al.,  1996). The slow 
enzymatic turnover observed in both cases might be due 
to an inhibition of product release in the absence of RNA 
template and reverse transcriptase similar to the effect 
observed for the APE1 enzyme that is involved in DNA 
repair (Mol et al., 2000). This would indicate co-operation 
in the process of target-primed reverse transcription be-
tween the nicking activity of the endonuclease and subse-
quent enzymatic steps. Crystals of L1-EN diffracted up to 
1.8 Å resolution and the structure was solved by molecu-
lar replacement using the structure of APE1 as a search 
model. The final model of L1-EN was built automatically 
and refined to an R factor of 22.0 % (Table 1). Various 
attempts to co-crystallize L1-EN with substrate DNA were 
unsuccessful.

Description of the structure 

The crystal structure of L1-EN is the first represen-
tative of an endonuclease from a non-LTR retrotransposon 
and the fifth of a protein from the phosphohydrolase en-
zyme family. Like the other members of the enzyme fam-
ily, L1-EN is a two-layered α-β sandwich with, approxi-
mately,  two-fold internal symmetry (Figure 1). Figure 2 
shows details of the L1-EN structure and includes an ide-
alized, common topology for the enzyme family with the 
L1-EN sequence superimposed. In this idealized topology 
the two halves A and B of the enzyme face each other via 
the two six-stranded β-sheets, each of which is flanked by 
two α-helices on the outside. The N- and C- termini are 
always located between β-strands βA2 and βA3 of half A, 
but apart from that the individual members of the enzyme 
family deviate from this common double βββαβαββ to-
pology to various degrees. The connecting loops between 
these idealized secondary structure elements are quite 
variable. They occasionally contain additional strands or 
helices and define two surfaces on opposite sides of the 
molecule, one of which binds the substrate and contains 
the active site cleft.
The present model of L1-EN contains amino acids 3-238 
of L1-ORF2p. The β-strand βB6 from the idealized topol-
ogy is interrupted by an α-helix and the α-helix αA2 is 
replaced by a loop and a 3-10 helix. For convenience,  we 
nevertheless refer to these elements as βB6 and αA2. Fur-
thermore, loop βB6-βB5 adopts a particular and rigid 
hairpin structure that protrudes from the putative DNA 
binding surface of L1-EN. No metal ions were identified 
in the structure,  but there are several sulfate ions. One of 
them is coordinated by the side chains of H45 and N19 on 
the DNA binding surface and another one by Y115. 

Table I. Data collection and refinement statistics
Data collection

Resolution, Å 20-1.8
Cell dimensions, Å a=91.0, b=126.5, c=43.0
Space group P21212
Rmerge, % a 6.2  (44.2)
Completeness, % a 97.5  (90.2)
I/σ(I) a 17.2  (2.4)
No. of reflections
   Unique observed
   Total measured

45765
685558

Refinement

Rcryst, % 18.5
Rfree, % 21.9
Number  of 
   molecules per asymmetric 
unit
   atoms

2
4266

   ions 10
   glycerol molecules 2
   water molecules 454
Ramachandran plot 
  Most favored regions, %
  Allowed regions, %

90.1
9.9

R.m.s.d. from ideal geometry
   Bond lengths, Å
   Bond angles, °

0.016
1.68

Optical resolution, Å
(Vaguine et al., 1999)

1.5

a Values in parentheses correspond to those in the outer resolution shell 
(1.86-1.8 Å)

by a loop and a 3-10 helix. For convenience, we neverthe-
less refer to these elements as βB6 and αA2. Furthermore, 
loop βB6-βB5 adopts a particular and rigid hairpin struc-
ture that protrudes from the putative DNA binding surface 
of L1-EN. No metal ions were identified in the structure, 
but there are several sulfate ions. One of them is coordi-
nated by the side chains of H45 and N19 on the DNA 
binding surface and another one by Y115.  Quite likely, 
they occupy positions that can be taken by backbone 
phosphates of the DNA substrate.  These positions were 
used in the docking of an NMR model of substrate DNA 
(Stefl et al., 2004) to L1-EN (Figure 5).

Structure-based similarity search and alignments

To assign functional significance to elements within the 
L1-EN crystal structure we compared it in detail to related 
structures and complexes as well as to related sequences. 
This comparison was done on three levels: the level of the 
enzyme family of metal-dependent phosphohydrolases, 
the level of the subfamily of retrotransposon-encoded 
endonucleases and the level of closely related 
mammalian-type L1 endonucleases (from mammals and 
fish) that presumably nick the same DNA target sequence.
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Figure 2. Structural details and topology of L1-EN. A. Rib-
bon diagram of L1-EN with  the loops on the DNA binding side 
in  cyan and the loops on the opposite side in yellow (stereo, top 
view). Selected side chains are drawn as balls-and-sticks and 
colored as in (B). B. Idealized topology diagram of the phospho-
hydrolase enzyme family, adapted to L1-EN. The diagram em-
phasizes the pseudo two-fold symmetry relating the two halves 
A and B of the molecule. Structural  elements are labeled accord-
ing to the respective half, and consecutively  in space, not se-
quence. The prominent βB6-βB5 hairpin loop is  enlarged and 
connections to the N and C termini are indicated. Selected resi-
dues are drawn as circles at their approximate positions and 
color-coded. Red: Residues conserved among all phosphohydro-
lases, that are catalytically (filled) or structurally (half-filled) 
important; Green: Residues  proposed to recognize the extra-
helical nucleotide via the ribose (half-filled) and the base 
(filled); Blue: Putative peripheral  DNA binding residues; Or-
ange: Salt-bridge restricted to AP  DNA repair endonucleases and 
mammalian-type L1 endonucleases (half-filled).

First, a structure-based search (DALI, (Holm and 
Sander, 1993)) allowed us to retrieve four protein struc-
tures with significant (Z-score >2) similarity to L1-EN. 
Most similar are the human and bacterial (Escherichia 
coli) DNA repair endonucleases APE1 and ExoIII (Z-
scores 26.1 and 25.9, respectively) followed by bovine 
DNaseI and yeast inositolpolyphosphate-5-phosphatase 
(IPP5) (Z-scores 19.9 and 15.5, respectively). The pro-
teins belong to the phosphohydrolase enzyme family and 
function as isolated enzymes or in the co-ordinated con-
text of multi-domain proteins (Figure 1). An accurate, 
structure-based alignment was derived from the superpo-
sition of these five structures.  It reveals a minimal, com-
mon core of structural elements and of individual catalytic 
residues that are present in all five structures (Figure 3).

Second, a computer-assisted multiple sequence 
alignment of retrotransposon-encoded endonucleases was 
generated that covers all presently known clades of non-

LTR retrotransposons (Eickbush and Malik, 2002; Lovsin 
et al., 2001). It takes into account not only sequence in-
formation (Clustal W, (Thompson et al., 1994)), but also 
structural information from the first,  structure-based 
alignment alignment. In contrast to the first alignment all 
endonucleases within the present group are expected to be 
structurally adapted to participate in the mechanism of 
target-primed reverse transcription (Supplement).

Third, an alignment of a subset of closely related, 
mammalian-type L1 endonucleases was analyzed for con-
served features that are not present in the other two 
alignments and that might be connected to functions re-
stricted to this group of sequences only. Elements from 
this group presumably integrate into the same consensus 
DNA target site and, due to cis-preference in retrotranspo-
sition, their ORF2 protein is expected to bind the poly(A) 
tail of template RNA particularly tightly (Figure 3).

Conservation of the APE1-like active site and discus-
sion of the DNA nicking mechanism

L1-EN is closely related to APE1. In contrast to 
L1-EN, the DNA substrate and product complexes of 
APE1 have been structurally determined, and a detailed 
reaction mechanism for this enzyme has been described 
(Mol et al., 2000).  The nature and position of all the side 
chains in APE1 that are proposed to be involved in the 
orientation and cleavage of the scissile phosphoester bond 
are strictly conserved in L1-EN (Figure 4).  It is therefore 
likely that also the catalytic mechanism per se is con-
served between APE1 and L1-EN. In strict analogy to 
APE1, residue E43 in L1-EN (together with N14 and 
D229 (Beernink et al., 2001; Weston et al., 1992)) would 
be involved in the co-ordination of a magnesium ion that 
could stabilize the ribose 3’O leaving group while resi-
dues Y115, D145, N147, D205 and H230 would pre-
orient the scissile bond and generate the attacking nucleo-
phile. A role for N118 (N174 in APE1) in stabilizing the 
pentacovalent phosphate transition state remains possible 
in human L1-EN, but the residue is otherwise not con-
served among AP-like retrotransposon-encoded endonu-
cleases (Figure 3).  D205 (D283 in APE1) forms a hydro-
gen bond to H230 (H309 in APE1), elevating its pKa 
value. Therefore, this histidine was originally proposed to 
generate the attacking nucleophile (Gorman et al.,  1997; 
Mol et al., 1995). However, the geometry in the subse-
quently solved complex of APE1 and abasic DNA sug-
gested this role to rather be fulfilled by the equivalent of 
D145 (D210 in APE1, (Mol et al., 2000)). Finally, yet 
another mechanism was proposed for APE1, in which the 
attacking nucleophile is generated by a second metal ion 
that, in L1-EN, would be coordinated by residues D145, 
N147 and H230 (Beernink et al., 2001). It is still an open 
question which of these proposed mechanisms takes place 
and if they are necessarily mutually exclusive for all 
phosphohydrolases and for all their proposed functions. In 
this context, Y115 in L1-EN is particularly interesting. 
While all other catalytic residues are strictly conserved 
among the phosphohydrolase enzyme family, Y115 is 
conserved only among 

Figure 3. Sequence alignments. Top five sequences: Structure-based alignment of phosphohydrolases with known crystal  structures. 
Positions  are shaded according to whether they can be aligned and superimpose (black), whether they can be aligned but do not  super-
impose (dark grey) or whether they cannot be aligned (light grey) with positions from the human L1 endonuclease. Positions that can 
be aligned and superimpose in  all five sequences define the conserved core (boxed black). Bottom nine sequences: Automatic align-
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ment of retrotransposon-encoded endonucleases, with structure-assisted manual adjustments. Only the subset of mammalian-type L1 
endonucleases that nick the same DNA target sequence is shown, and, for comparison, APE1. Positions are shaded according to 
whether they, in the full alignment of retrotransposon-encoded endonucleases, can always be aligned automatically (black), whether 
they can always be aligned with manual adjustment (dark grey) or whether the alignment is not possible for all sequences (light grey). 
Residues in APE1 that lie on the DNA-binding surface and have no correspondence in L1-EN are highlighted (orange). Secondary 
structure elements are labeled according to the idealized phosphohydrolase topology (Figure 2). Horizontal bars mark the DNA-
binding, top surface (cyan) and the opposite, bottom surface (yellow) of the molecule. Selected positions are colour-boxed. Red: Resi-
dues conserved among all  phosphohydrolases, that  are catalytically  (filled or empty) or structurally (half-filled) important; Green: 
Residues proposed to recognize the extra-helical nucleotide via the ribose (half-filled) and the base (filled);  Blue:  Peripheral and  puta-
tive peripheral DNA binding residues (empty); Cyan: Residues that are part of a positively charged patch of molecular surface that is 
restricted to (certain) L1 endonucleases. Orange: Salt-bridge restricted  to AP  DNA repair endonucleases and mammalian-type L1 en-
donucleases (half-filled). Structurally important glycines and prolines (black triangles) and conserved surface residues that might be 
functionally important (magenta triangles) are indicated. Sequences are labeled according to clade, individual  name and organism 
(abbreviations and accession numbers see methods). α, alpha-helix; β, beta-strand; η, 3-10 helix; TT, beta-turn.
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AP-like retrotransposon-encoded endonucleases and AP 
DNA repair endonucleases and is otherwise replaced by 
histidine. This illustrates the phylogenetic proximity of 
those two enzyme subfamilies and points to a common, 
yet unidentified function shared exclusively by them (Fig-
ure 3, Supplement).  Unfortunately, due to the absence of 
substrate and metal ions in the present structure, the 
mechanistic details of DNA nicking by L1-EN cannot be 
resolved any further here.

Instead, we shall focus on the role of T192 in L1-
EN, which has not been identified as a highly conserved 
residue previously.  It plays an important structural role as 
a ‘cornerstone’ at the base of the aforementioned and 
prominent βB6-βB5 loop. This loop inserts into and par-
tially collides with the wide minor groove of the docked 
DNA substrate, and we presume it to bend or unwind the 
DNA downstream (3’) of the cleavage site (Figure 4, 5A). 
The backbone of T192 is fixed by multiple hydrogen 
bonds and the side chain oxygen receives weak hydrogen 
bonds from the main chain nitrogens of I204 and D205 at 
the other end of the βB6-βB5 loop. This anchors the bot-
tom of the loop with respect to the active site. Interest-
ingly however, the side chain oxygen of T192 also has the 
potential to donate a hydrogen bond to the same side 
chain oxygen of D205 that also receives the hydrogen 
bond from the catalytic H230 (Figure 4A, dotted red).  As 
the angle,  and hence the strength of this T192-D205 hy-
drogen bond varies considerably throughout the known 
crystal structures, one might speculate that the bond could 
be weakened by the transitory strain that the presence of 
uncleaved substrate DNA puts on the βB6-βB5 loop. A 
weakened bond between T192 and D205 would ultimately 
elevate the pKa of H230. This could trigger the subtraction 
of a proton from a water molecule, generating the nucleo-
philic hydroxyl ion and/or help in the orientation of the 
scissile phosphate (Figure 4A, dotted green and cyan). 
Although quite speculative, this potential mechano-
chemical coupling in addition to the structural role would 
neatly explain the conservation of T192 as a threonine or 
serine in all metal-dependent phosphohydrolases (Figure 
3, Supplement).

Comparison of L1-EN and APE1 regarding their po-
tential to recognize an extra-helical nucleotide

The DNA recognition specificity of the endonuclease is 
the major determinant for the selection of a new integra-
tion site by a human L1 retrotransposon. Biochemical data 
and statistical sequence analysis indicate L1-EN to nick 
DNA at a 5’  TTTT-AA 3’ consensus sequence that is 
found at the junction of two opposing A-tracts (Feng et 
al.,  1996; Jurka, 1997). In particular, L1-EN seems to rec-
ognize the special geometry of the A-tract upstream (5’) 
of the scissile bond, and access to the DNA minor groove 
is thought to be important for phosphodiester hydrolysis. 
The protein seems to sense the flexibility of the DNA at 
the T-A step, where base-stacking is minimal (Cost and 
Boeke,  1998; Mack et al., 2001; Stefl et al., 2004). This 
mode of DNA recognition is due to both central and pe-
ripheral residues on the DNA-binding surface of L1-EN. 
Their role and individual contributions can be partially 
understood from a comparison of the structure of L1-EN 
to the structures of the DNA complexes of APE1 and 

DNaseI.
The active site cleft of APE1 not only contains the 

catalytic residues but also a hydrophobic pocket that ac-
commodates the abasic ribose downstream (3’) of the 
scissile bond in an extra-helical conformation (Figure 4B). 
In the APE1-DNA complex the flipped, abasic ribose rests 
on the small L282 and is flanked and positioned by F266 
and W280. The bulky W280, together with residues from 
the βB4-αB2 loop, has the additional role of restricting 
the size of the hydrophobic pocket to fit only to an 
apurinic or an apyrimidinic residue. This prevents any 
flippable purine or pyrimidine nucleotide from entering 
and initiating unnecessary DNA repair.  In the L1-EN 
structure L282, F266 and W280 are replaced by I204, 
F193 and S202, respectively (Figure 3). Because the I204 
is small enough for a flipped ribose to be placed, and be-
cause the absence of the tryptophan at position 202 allows 
space for even a purine base, it is quite possible that L1-
EN accommodates an extra-helical adenine downstream 
(3’) of the scissile bond (Figure 4B, 4C, 5B).  This hy-
pothesis is supported by the exceptional mobility of the 
respective adenine, which results from very little stacking 
overlap at the junction of the two DNA A-tracts. Experi-
mental disruption of the adenine mobility at the T-A step 
reduces DNA hydrolysis, whereas a widening of the minor 
groove by DNA bending increases adenine mobility and 
DNA hydrolysis (Cost and Boeke, 1998; Cost et al., 
2001). It is likely that the extra-helical adenine is specifi-
cally recognized by L1-EN, compensating for the ener-
getic cost of breaking its Watson-Crick hydrogen bonds 
and its remaining stacking interactions. S202,  which is 
strictly conserved in the alignment of mammalian-type L1 
elements,  and R155 are likely residues to form hydrogen 
bonds with the extra-helical base (Figure 4C).

It seems that all retrotransposon-encoded endonu-
cleases are able to accommodate an extra-helical nucleo-
tide downstream (3’) of the scissile bond. This can be 
concluded from the fact that the respective ribose can al-
ways rest on a small hydrophobic residue located at the 
position corresponding to I204 in L1-EN. The respective 
base seems to have space in all cases,  although occasional 
exceptions might exist, where DNA target recognition 
proceeds without base-flipping. This would then be simi-
lar to the situation found in the DNaseI-DNA complex, 
where the downstream (3’) ribose cannot be flipped due to 
the presence of a bulky tyrosine in the place of I204. Im-
portantly however, the geometry of the proposed cleavage 
reaction is not affected by this, because the phosphate 
directly downstream (3’) of the scissile bond is still bound 
in the same orientation in both the APE1 and the DNaseI 
complexes. An extra-helical ribose downstream (3’) of the 
scissile bond is therefore no prerequisite for the cleavage 
mechanism to proceed. Nevertheless, the possibility to flip 
a base upon DNA bending and the subsequent recognition 
of the extra-helical ribose/base can contribute signifi-
cantly to the specificity of the cleavage reaction.

Comparison of L1-EN and APE1 with respect to the 
general mode of DNA binding

Judging from the conserved core of both L1-EN 
and APE1 one can conclude that both enzymes follow a 
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very similar mechanism of substrate binding and cleav-
age. The main reason why L1-EN does not show any 
cleavage preference for abasic sites is therefore probably 
that it recognizes its target in a much more restricted con-
text of DNA structure and sequence. Outside of the active 
site cleft many of the DNA binding residues in APE1 are 
not conserved in L1-EN or not even alignable (Figure 3). 
They are found in surface loops of individual structure 
and sequence, rendering a direct extrapolation towards 
DNA binding of L1-EN difficult. Nevertheless, some gen-
eral conclusions are possible, because the L1-EN protein 
structure is not expected to change significantly upon 
DNA binding (Mol et al., 2000; Weston et al.,  1992) and 
because the model of docked A-tract substrate DNA is of 
sufficient quality (Figure 5).

The regions of the L1-EN and APE1 proteins that 
anchor the intensively recognized DNA upstream (5’) of 
the scissile bond (loops βA3-αA1, βA4-αA2, βA6-βA5) 
are structurally more similar to each other than the regions 
of the proteins that fix the DNA downstream (3’) of the 
scissile bond (loops βB3-αB1, βB4-αB2, βB6-βB5). Fur-
thermore, the alignment of mammalian-type L1 endonu-
cleases that are believed to cleave the same 5’  TTTT-AA 
3’ consensus sequence shows several surface side-chains 
within that 5’ binding region to be conserved (Figure 6). 
K70/K71 correspond in position to the DNA binding resi-
dues G127/Y128 in APE1 and to Y76/K77 in DNaseI 
(Figure 3). H45 and N19 bind a sulfate ion (in all three 
available structures of L1-EN), which, extrapolating from 
the APE1-DNA structure,  could very well take the place 
of the DNA backbone phosphate four base-pairs upstream 
(5’) of the scissile bond, where the width of the narrow A-
tract DNA minor groove seems to be sensed by the protein 
(Cost and Boeke, 1998). APE1 and, in particular, ExoIII 
also possess general 3’exonuclease, 3’phosphodiesterase 
and RNaseH activities. The absence of a downstream (3’) 
DNA duplex in these cases re-illustrates the importance of 
upstream (5’) over downstream (3’) duplex binding. 
Retrotransposon-encoded endonucleases normally do not 
show any of these activities, although the present structure 
would not preclude them a priori (Figure 5).

With the upstream (5’) DNA locked onto the L1-
EN surface via the presumed K70/H45 contacts on one 
side and the active site contact on the other side the orien-
tation, bendability and minor groove width of the down-
stream (3’) DNA can be explored by the rest of the L1-EN 
DNA binding surface, in particular the loops βB3-αB1, 
βB4-αB2 and βB6-βB5. Loop βB3-αB1, which contacts 
the DNA from the side of the major groove and carries a 
functionally important arginine in APE1 is almost absent 
in L1-EN (Figure 5A, 5C).  This would allow the promi-
nent hairpin loop βB6-βB5 of L1-EN to push and bend 
the DNA from the side of the minor groove towards loop 
βB3-αB1 much more than in the case of APE1. Loop 
βB6-βB5 is rigidified by multiple internal hydrogen bonds 
and anchored within the active site cleft.  H198, located on 
the tip of this loop is conserved among mammalian-type 
L1 endonucleases and points toward the minor groove of 
the 3’ DNA duplex (Figure 2, 5A). The potential of the 
protein to bend the DNA at the junction of the two A-
tracts might be an important parameter for initial DNA 
recognition.

The direction of the bend towards the major groove 
would increase the mobility of the adenine downstream 

Figure 4. Active site comparison between AP-like 
retrotransposon-encoded endonucleases (L1-EN, blue) and AP 
DNA repair endonucleases (APE1, cyan). Selected side-chains 
are drawn as balls-and-sticks (red, oxygens; blue, nitrogens) and 
colored mandarine (involved in catalysis) or lemon (recognizing 
the extra-helical nucleotide). A. Superposition of L1-EN and 
APE1 including water molecules from L1-EN and the scissile 
phosphate of the APE1 DNA substrate. Upstream (5’, lime-
green) and downstream (3’, magenta) directions are indicated. 
Identity of catalytic residues between L1-EN and APE1 with 
respect to chemistry and position indicates a conserved mecha-
nism of phosphodiester hydrolysis. Hydrogen bonds relevant to 
the newly identified, conserved T192 are drawn as  dotted lines. 
B. Recognition of the extra-helical  abasic nucleotide by APE1. 
Upstream (5’) DNA is lime-green. Downstream (3’) DNA is 
magenta but  omitted for clarity apart from the extra-helical nu-
cleotide. C. Model for the accomodation and recognition of an 
extra-helical adenine by L1-EN. Compared to APE1, space for 
the base is not restricted and three hydrogen bonds are possible 
to residues S202 and R155.

 (3’) of the scissile bond, promoting it to flip and locally 
unwind the DNA duplex (Figure 5B). Finally, loop βB4-
αB2 is also smaller in L1-EN than it is in APE1. The N-
terminal half of loop βB4-αB2 is very similar in both 
proteins and fixed by the same salt bridge (D154-R182 
and D219-R254, respectively) (Figure 2). The C-terminal 
half of loop βB4-αB2 differs significantly between the 
two proteins, but it might fix bent or unwound down-
stream (3’) DNA also in L1-EN. Most importantly,  the 
smaller size of the loop in L1-EN liberates the space for 
the downstream (3’) adenine to flip. 
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Figure 5. Model for the recognition of A-tract 
DNA by L1-EN. A. Surface representation of 
L1-EN (colors as in Figure 2) with a docked 
NMR model of substrate DNA (Stefl  et al., 2004) 
represented as ribbons. The upstream (5’) and 
downstream (3’) duplexes are lime-green and 
magenta, respectively. Sulfate ions on the surface 
of L1-EN used to position backbone phosphates 
of the DNA are yellow, the scissile phosphate in 
the active site is cyan. Loop Bβ6-Bβ5 with  H198 
(asterisk) on its tip inserts into the wide minor 
groove at the TpA step. This likely bends or un-
winds downstream (3’) DNA, promoting the 
adenine to flip. Left:  view as in Figure 4;  Right: 
view as in Figure 2. B. Model including only 
upstream (5’) DNA and the flipped adenine 
downstream of the scissile bond (views and col-
ors as in A). C. APE1 bound to substrate DNA 
(style, views and colors as in A). Surface patches 
corresponding to residues that have no equivalent 
in  L1-EN and that  occlude the active site cleft 
are in orange.

The general principle of target DNA binding and 
bending seems conserved among all retrotransposon-
encoded endonucleases (Supplement). The putative DNA-
binding loops are quite variable in sequence, however, 
probably reflecting the sequence variability of the respec-
tive DNA targets. Compared to APE1, the three loops on 
the downstream (3’) side of the DNA are smaller in L1 
endonucleases, leaving the active site cleft relatively ex-
posed (Figure 3, 5A, 5C). Also this feature may be general 
for all retrotransposon-encoded endonucleases. It would 
allow easy access for RNA template and reverse transcrip-
tase in order for TPRT to proceed in a coordinated fash-
ion.

Phylogenetic and functional conclusions for AP-like 
retrotransposon-encoded endonucleases

With respect to structure, the overall architecture of 
L1-EN with its relatively accessible active site cleft is 
generally conserved among all AP-like retrotransposon-

encoded endonucleases. The elements of the conserved 
core as defined by the structural superpositions can be 
located in most sequences. The biggest variability, where 
sequences are not alignable or not present at all, is in the 
area of the molecule formed by the elements including 
loop βA4-αA2 to loop βA5-βA6 and β-strand βB1. In the 
most extreme case, the Sam3 element from the CR1 clade, 
loop βA4-αA2 is linked directly to β-strand βB6, com-
pletely deleting the elements in between. A similar situa-
tion is present in many sequences of the R1 clade,  albeit 
with slightly longer βA4-βA6 linkers. Another region of 
interesting architectural variability is loop βB2-αB2, 
against which the downstream (3’) DNA duplex is ex-
pected to lean. In most sequences of the L1 clade this loop 
is fixed by a salt bridge that is otherwise restricted to the 
subfamily of AP DNA repair endonucleases. In L1-EN, 
the bridge is formed between D154 in loop βB2-αB2 and 
R188 in a supporting α−helix that is interrupting strand 
βB6 (Figure 2). A similar stabilization might occur in the 
RTE clade, while in all other clades the supporting α-helix 
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Figure 6. Analysis of  conserved surface features among L1 
endonucleases. A. Conservation of surface residues. The surface 
of human L1-EN is color-ramped orange to white according to 
the conservation of residues among mammalian-type L1 endo-
nucleases. Left: view as in Figure 4 with H96 indicated by an 
asterisk; Right: view towards the conserved backside of loop 
Bβ6-Bβ5. B. Electrostatic surface potential (-15 kT (red) to +15 
kT (blue), GRASP) mapped onto the surface of L1-EN (views as 
in  A). The prominent patch of positive potential is restricted to 
mammalian-type L1 endonucleases.

seems to be deleted. In those cases loop βB2-αB2 either 
contains a structure around a conserved tryptophan (cur-
rently aligned with L153 of L1-EN) or, like in DNaseI and 
IPP5, a significant deletion that might even extend far into 
α−helix αB2. The structure around the conserved trypto-
phan is restricted to a subset of retrotransposon-encoded 
endonucleases, which, for reasons of parsimony, are likely 
to bear a common evolutionary origin (Figure 3, Supple-
ment).

Regarding other retrotransposon- or TPRT-related 
functions initial clues are provided mainly by the subset of 
mammalian-type L1 endonucleases. Their alignment al-
lows the identification of some additional conserved and 
exposed surface residues that are not obviously involved 
in DNA binding and cleavage (Figure 6A). These are H96 
and other residues clustering in and around the small loop 
βB1-βB2 and a group of aromatic side chains (Y191, 
F194,  Y201) at the backside of loop βB6-βB5. H96 is 
close to Y115 and might modulate access to the active site 
cleft. It is conserved as a charged residue with low vari-
ability throughout most retrotransposon-encoded endonu-
cleases and many phosphohydrolases. The group of aro-
matic side chains is restricted to mammalian-type L1 en-
donucleases. Interestingly, some of the respective ORF2 
proteins are thought to hold particularly tightly to their 
template RNA (a requirement for cis-preference in retro-
transposition) and aromatic side chain stacking has often 
been observed in single-stranded RNA binding (Mazza et 

al.,  2002). Additionally, mammalian-type L1 endonucle-
ases share a patch of highly positively charged molecular 
surface that is formed by the generally variable elements 
including loop βA4-αA2 to loop βA5-βA6 (Figure 6B). 
Also this basic patch could possibly be involved in some 
specialized nucleic acid-binding activity.

Summary and perspectives

The crystal structure of the human L1 endonucle-
ase (L1-EN) is a prototype for AP-like retrotransposon-
encoded endonucleases, which nick DNA with variable 
specificity and are responsible for millions of retrotrans-
poson insertions in eukaryotic genomes. The structure of 
L1-EN supports an AP-like catalytic mechanism and the 
recognition of an extra-helical nucleotide.  An extensive 
structure-assisted sequence alignment covers AP-like en-
donucleases from all known clades of non-LTR retro-
transposons and allows new sequences to be compared 
quickly. The crystal structure of L1-EN together with the 
present alignment will greatly facilitate attempts to modu-
late the sequence specificity of any given endonuclease, 
e.g. in order to convert the respective retrotransposon into 
a genetic tool with target-site specificity. Furthermore we 
have started to identify conserved features in L1-EN that 
might be involved in other TPRT or retrotransposition-
related functions. Combined with the existing powerful in 
vitro (Cost et al., 2002) and in vivo (Gilbert et al., 2002; 
Moran et al., 1996; Symer et al., 2002) assay systems the 
present structure will undoubtedly push the analysis and 
understanding of non-LTR  retrotransposition to a new 
level.
 

MATERIALS AND METHODS

Cloning, expression and purification of human L1 en-
donuclease (L1-EN)

A DNA fragment encoding residues 1-239 of hu-
man L1 ORF2p was PCR-amplified using primers NcoI-
L1O2-N1 (5’ aat ctg gaa acc atg gcg gga tca aat tca cac ata 
aca ata 3’) and XhoI-L1O2_C239 (5’ agc tag ctc gag tta tta 
aat cct gag ttc tag ttt gat tg 3’) on plasmid pJM130 con-
taining a subcloned, functional L1 element (L1.3, 
gi:307098,  (Sassaman et al., 1997)). The amplified frag-
ment was inserted into the expression plasmid pET-15b 
(Novagen) using the restriction sites NcoI and XhoI. L1-
EN was overexpressed in Escherichia coli 
BL21(DE3)pLysS (Novagen) after induction with 500 µM 
isopropylthiogalactoside at an optical density of OD600 = 
0.7.  Cells (2 l) were grown at 37 ºC for 2 h, harvested and 
lysed by sonication in buffer (20 mM HEPES (pH=7.5), 
20 mM EDTA, 10 mM β-mercaptoethanol), supplemented 
with 300 mM NaCl and 1 mM PMSF. The cleared lysate 
was applied to a Heparin column (HiTrap HP, 5 ml, Phar-
macia), and the protein was eluted at around 850 mM 
NaCl, diluted in buffer to 250 mM NaCl and loaded onto 
an ion exchange column (ResourceS, 6 ml, Pharmacia) 
from where it was eluted at around 500 mM NaCl. After 
gel filtration chromatography over a Superdex 75 column 
(HiLoad 26/60, Pharmacia) in buffer containing 300 mM 
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NaCl but no EDTA the protein was concentrated to 15 mg/
ml and stored at 4 ºC. 

Characterization and crystallization of human L1-EN

Analytical gel filtration was done on a calibrated 
Superdex 75 column (PC 3.2/30, SMART system, Phar-
macia). Nicking activity was tested as described in (Feng 
et al., 1996). Crystallization was achieved by vapor diffu-
sion using the hanging drop method. 1 µl of protein solu-
tion (15 mg/ml) was mixed with 1 µl of reservoir solution 
and equilibrated over 500 µl of reservoir solution at 20 ºC. 
A first crystal form (40 µm x 40 µm x 200 µm, space 
group P21212) was obtained in 2-5 days over a reservoir of 
0.2 M (NH4)2SO4, 28 % polyethylene glycol 5000 mono-
methyl ether, 5 mM MgCl2. A second crystal form (80 µm 
x 80 µm x 80 µm, space group C2221) was obtained over 
a reservoir of 0.2 M (NH4)2SO4, 30% polyethylene glycol 
1000, 5 mM MgCl2. Crystals of the first form were trans-
ferred to cryo-protectant (reservoir solution mixed 6.5 
plus 1.5 with 80% aqueous glycerol) and immediately 
flash-frozen in liquid nitrogen. Crystals of the second 
form were flash-frozen directly from the crystallization 
drop.

Data collection, structure solution and refinement

Data were collected at the European Synchrotron 
Radiation Facility (ESRF, Grenoble, France) beamline ID-
14 and at the European Molecular Biology Laboratory 
(EMBL, Hamburg, Germany) beamline BW7B. The two 
different crystallization conditions resulted in crystals that 
belong to two different but related space groups P21212 
and C2221. C2221 crystals contain one molecule of L1-EN 
in the asymmetric unit and diffract X-rays to 2.1 Å, while 
those of space group P21212 contain two molecules per 
asymmetric unit and their diffraction extends to 1.8 Å. 
Diffraction data were processed with programs MOSFLM 
(Leslie, 1992) and SCALA (Evans,  1997). A molecular 
replacement solution using the manually trimmed struc-
ture of the β-sandwich core of APE1 (APE1 has 23 % 
overall sequence identity) gave a molecular replacement 
solution using the program MOLREP (Vagin and 
Teplyakov, 1997), but only in the C2221 space group. Af-
ter a few cycles of refinement of that model with the pro-
gram REFMAC5 (Murshudov et al., 1997), the refined 
model was used to obtain a molecular replacement solu-
tion for the P21212 space group. That solution was used as 
input to the program ARP/wARP (Perrakis et al., 2001) 
for automated model building. The automatically built 
model was manually adjusted using the program O (Jones 
et al., 1991) and refined further using REFMAC5 to an R 
factor of 18.6 % and an Rfree factor of 22.0 %. Given the 
high resolution of the diffraction data NCS restraints were 
not employed at any stage of the refinement. Refinement 
of the structure in space group C2221 was not pursued due 
to the poor quality of the data (ice-rings and low com-
pleteness), but there are no major structural differences 
between the two space groups.  Figures were generated 
using the program PYMOL (DeLano, 2002).

Structure-based alignments

For the structure-based alignment of phosphohy-
drolases the four available structures were first superim-
posed onto the structure of L1-EN via the central β-
sandwich. Residues were classified into three groups by 
manual inspection. Group1: Residues that can be aligned 
and superimpose; Group2: Residues that can be aligned 
but do not superimpose; Group3: Residues that cannot be 
aligned. Positions in the alignment that only contain resi-
dues from group1 are classified as “conserved core”.

For the structure-assisted alignment of 
retrotransposon-encoded endonucleases protein sequences 
were directly retrieved from the nucleotide database en-
tries or other published sources or,  where necessary, 
manually reconstructed from the raw database entries (se-
lecting those with no or very few frameshifts, extending 
the N-terminal sequence beyond the first methionine, de-
riving consensus sequences, etc.).  The following se-
quences were initially (Zingler et al.) aligned in the given 
order with Clustal W (Thompson et al., 1994) using de-
fault parameters except for gap and pair-gap penalties 
(lowered to 5 and 1, respectively). APE1; L1-clade: 
L1(L1.3)-Hs, L1-Nc, L1(Tf5)-Mm, L1-Rn, L1-Cf, Sw1-
Ol, L1-Dr,  Tx1L-Xl, TRE5A-Dd, Zorro3-Ca,  Ylli-Yl; 
RTE1-clade: RTE1-Ce, SjR2-Sj, BovB-LINE-Va; Tad1-
clade: Tad1-Nc, Mgr583-Mg, CgT13-Cg; R1-clade: R1-
Bm, TRAS1-Bm, SART1-Bm; LOA-clade: LOA-Ds, 
Lian-Aa, bilbo-Ds; I-clade: I-Dm, MosquI-Aa, You-Dm; 
Ingi-clade: L1Tc-Tc, IngiTRS-Tb; Jockey-clade: Jockey-
Dm, TART-Dm, Juan-Dm; CR1-clade: CR1-Gg, BfCR1-
Bf, Q-Ag, Sam3-Ce, Pido-Sj, L2-clade: Maui-Fr. To test 
the stability of this multiple sequence alignment we then 
varied the order and number of sequences as well as the 
gap penalties and classified positions into three groups. 
Group1: Positions that can always be aligned automati-
cally (black); Group2: Positions that can always be 
aligned with manual adjustment; Group3: Positions where 
the alignment is not possible for all sequences.  The initial 
alignment was then adjusted manually, taking into account 
structural information. Subsequently the following pre-
aligned sequences were added manually. Rex1-clade: 
Rex1-Tn,  Rex1-Ol, Rex1-Cp; L2-clade: L2-Ol, L2-Sp, 
L2-Hs.  Basic illustration and secondary structure assign-
ments were done with ESPRIPT (Gouet et al.,  1999), the 
final rendering manually.

Accession numbers and PDB codes

Retrotransposon-encoded endonuclease sequences used 
for alignments are: L1(L1.3)-Hs, gi:307098; L1-Nc, 
gi:126296; L1(Tf5)-Mm, gi:3599318; L1-Rn, gi:1791242; 
L1-Cf, gi:2981630; Sw1-Ol, gi:3746497; Sw1-Cm, 
gi:3746505; Sw1-Dr, gi:21914808; Tx1L-Xl, gi:214844; 
TRE5A-Dd, gi:10938; Zorro3-Ca, gi:14286188; Ylli-Yl, 
gi:20513183; RTE1-Ce, gi:3283066; SjR2-Sj, 
gi:19067878; BovB-LINE-Va, gi:16076778; Tad1-Nc, 
gi:409759; Mgr583-Mg, gi:2454620; CgT13-Cg, 
gi:1237262; R1-Bm, gi:340687; TRAS1-Bm, gi:940388; 
SART1-Bm, gi:2055274; LOA-Ds, gi:9150; Lian-Aa, 
gi:2290211; bilbo-Ds, gi:2708264; I-Dm, gi:157749; 
MosquI-Aa, gi:6635953; You-Dm, gi:11323017; L1Tc-Tc, 
gi:602092; IngiTRS-Tb, gi:10554; Jockey-Dm, gi:17823; 
TART-Dm, gi:603662; Juan-Dm, gi:27368147; CR1-Gg, 
gi:2331057Q; BfCR1-Bf,  gi:17529693; Q-Ag, gi:432429; 
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Sam3-Ce, gi:1166577; Pido-Sj, gi:18091719; Rex1-Tn, 
(Volff et al., 2000); Rex1-Ol, gi:18157518; Rex1-Cp, 
12004981; Maui-Fr, gi:4378023; L2-Ol, gi:12313699; L2-
Sp,  gi:8289138; L2(MIR)-Hs, (Lovsin et al., 2001). Ab-
breviations are: Aa, Aedes aegypti; Ag, Anopheles gam-
biae; Bf, Branchiostoma floridae; Bm, Bombyx mori; Ca, 
Candida albicans; Ce,  Caenorhabditis elegans; Cf, Canis 
familiaris; Cg, Colletotrichum gloeosporioides; Cm, Cyp-
rinodon macularius; Cp,  Calliactis parasitica; Dd, Dicty-
ostelium discoideum; Dm, Drosophila melanogaster; Dr, 
Danio rerio; Ds (LOA),  Drosophila silvestris; Ds (Bilbo), 
Drosophila subobscura; Fr, Fugu rubripes; Gg,  Gallus 
gallus; Hs, Homo sapiens; Mg, Magnaporthe grisea; Mm, 
Mus musculus; Nc (L1), Nycticebus coucang; Nc (Tad1), 
Neurospora crassa;  Ol, Oryzias latipes; Rn, Rattus nor-
vegicus; Sj, Schistosoma japonicum; Sp, Strongylocentro-
tus purpuratus; Tb, Trypanosoma brucei; Tc, Trypano-
soma cruzi; Tn,  Tetraodon nigroviridis; Va, Vipera ammo-
dytes;  Xl, Xenopus laevis; Yl, Yarrowia lipolytica.
PDB accession codes for structures and sequences are: 
L1-EN (human L1 endonuclease), PDB-ID XXXX; APE1 
(human apurinic/apyrimidinic (AP) DNA repair endonu-
clease), PDB-ID 1dew; ExoIII (bacterial (Escherichia 
coli) AP DNA repair endonuclease), PDB-ID 1ako; 
DNaseI (bovine DNase I), PDB-ID 1dnk; IPP5 (yeast 
(Saccharomyces cerevisiae) inositol polyphosphate-5-
phosphatase), PDB-ID 1i9z; A-tract DNA, PDB-ID 1rvi. 
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ABSTRACT

The human LINE-1 endonuclease (L1-EN) is the tar-
geting endonuclease encoded by the human LINE-1 
(L1) retrotransposon. L1-EN guides the genomic inte-
gration of new L1 and Alu elements that presently 
account for ~28 % of the human genome. L1-EN 
bears considerable technological interest, because its 
target selectivity may ultimately be engineered to al-
low the site-specific integration of DNA into defined 
genomic locations. Based on the crystal structure, we 
generated L1-EN mutants to analyze and manipulate 
DNA target site recognition.  Crystal structures and 
their dynamic and functional analysis show entire 
loop grafts to be feasible, resulting in altered specific-
ity,  while individual point mutations do not change 
the nicking pattern of L1-EN. Structural parameters 
of the DNA target seem more important for recogni-
tion than the nucleotide sequence,  and nicking pro-
files on DNA oligonucleotides in vitro are less well de-
fined than the respective integration site consensus in 
vivo.  This suggests that additional factors other than 
the specificity of  L1-EN are required for the targeted 
integration of non-LTR retrotransposons.

INTRODUCTION

In the higher eukaryotes frequently more than 90 
% of the DNA does not code for functional proteins or 
RNA. Much of this DNA has originated from the action 
of mobile genetic elements,  mostly retrotransposons that 
propagate in a copy-and-paste mechanism via an RNA 
intermediate. While these elements can be viewed as 
molecular parasites that are in an evolutionary race with 
their host genome, they can also be regarded as essential 
genomic components for slowly reproducing species to 
adapt to a changing environment. They generate allelic 
heterogeneity and create new possibilities for genetic 
recombination, increasing genomic fluidity (Bestor, 
2003; Brosius, 2003; Eickbush and Malik, 2002; Han and 
Boeke, 2005; Kazazian, 2004). 

Mobile genetic elements integrate into new ge-
nomic locations in two fundamentally different ways. 
DNA transposons and retrotransposons with long termi-
nal repeats (LTR retrotransposons) use a transposase / 
integrase to insert a double-stranded DNA copy of the 
element at the target site. In this case no DNA synthesis 
takes place at the site of integration. In contrast, non-LTR 

retrotransposons use a mechanism called target-primed 
reverse transcription (Eickbush and Malik, 2002). This 
process is initiated by a targeting endonuclease, which 
specifically binds to the site of genomic integration. It 
nicks one strand of the DNA and creates a free 3’ hy-
droxyl end, which is then used as a primer for reverse 
transcription of the retrotransposon RNA at the site of 
integration. Endonuclease and reverse transcriptase are 
two domains of a single retrotransposon-encoded protein. 
They are thought to rely on the assistance of ‘host’-
encoded proteins to complete the integration process 
(Cost et al., 2002; Gasior et al., 2006; Luan et al., 1993).

Most non-LTR retrotransposons are APE-type 
non-LTR retrotransposons (Zingler et al.,  2005). Their 
targeting endonuclease belongs to a family of metal-
dependent phosphohydrolases that includes nucleases 
like DNaseI (PDB-ID: 1dnk), APE1 (PDB-ID: 1dew), 
Exo III (PDB-ID: 1ako) and CdtB (PDB-ID: 1sr4) but 
also sugar phosphatases like I5PP (PDB-ID: 1i9z) and 
phospholipases like SmcL (PDB-ID: 1zwx) and Bc-
SMase (PDB-ID: 2ddt). Members of this family share the 
same protein scaffold and the same catalytic residues, but 
a variation of the connecting surface loops has allowed 
them to develop quite diverse substrate specificities 
(Dlakic, 2000).

Under the pressure to survive in their respective 
host species non-LTR retrotransposons have evolved 
different strategies (Zingler et al.,  2005). Stringent ele-
ments like R1Bm from Bombyx mori (Xiong and Eick-
bush, 1988) and Tx1L from Xenopus laevis (Garrett et 
al.,  1989) encode highly specific targeting endonucleases 
(Christensen et al., 2000; Feng et al., 1998). They inte-
grate into unique genomic locations (a specific sequence 
within 28S rDNA for R1Bm or within the apparent DNA 
transposon Tx1D for Tx1L, respectively) where they do 
very little or no damage to the host. Promiscuous ele-
ments like the human LINE-1 (L1) element (Dombroski 
et al., 1991) may integrate into several hundred thousand 
genomic locations. They have a rather short integration-
site consensus (5’-TTTT/AA-3’  for L1 (Gilbert et al., 
2002; Symer et al., 2002; Szak et al.,  2002)) that is 
nicked by the respective targeting endonuclease (Cost 
and Boeke, 1998; Feng et al., 1996). The host limits the 
spread of such elements by transcriptional and post-
transcriptional silencing mechanisms that reduce activity 
to tolerable levels (Bogerd et al., 2006; Muckenfuss et 
al., 2006; Yang and Kazazian, 2006; Yoder et al., 1997).

Clearly, the respective endonucleases play a major 
role in target site selection (Christensen et al., 2000; Cost 
and Boeke, 1998; Feng et al., 1998; Takahashi and Fuji-
wara, 2002). The intriguing question of how different 
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targeting endonucleases recognize the DNA substrate and 
how easily new specificities can arise in the course of 
evolution remains open. There are indications that retro-
transposons can evolve back and forth between a strin-
gent and a promiscuous mode-of-action (Kojima and 
Fujiwara,  2003) and the ability to manipulate and design 
target specificity would be a crucial step in converting 
non-LTR retrotransposons into a genetic tool.

Previously, we described the crystal structure of 
the human L1 endonuclease (L1-EN) (Weichenrieder et 
al.,  2004). Based on structure comparisons and sequence 
alignments we suggested that the prominent βB6-βB5 
hairpin loop may insert into the DNA minor grove and 
may be particularly important for recognizing the DNA 
target.  Here, we combine a mutational approach (specific 
point mutants and entire loop grafts) with structural and 
dynamic analyses. We determine minimal size and struc-
tural features of the DNA target and we show that size 
and flexibility of the βB6-βB5 hairpin loop are crucial 
for activity. Variation of the loop sequence results in an 
altered DNA nicking profile including novel sites. This 
indicates that the engineering of novel specificities may 
ultimately be feasible.

RESULTS

The crystal structure of  L1-EN suggests elements im-
portant for DNA target recognition but not for cataly-
sis

We designed variants of L1-EN that fall into three 
categories (Figure 1). The first category includes point 
mutations (D145A, T192V, H230A) of catalytic and 
structurally important residues that are highly conserved 
within the entire enzyme family. The second category 
comprises point mutants (R155A, S202A, I204Y) of 
moderately conserved non-catalytic surface residues ex-
pected to affect the accommodation and recognition of 
the nucleotide downstream of the scissile bond (Figure 
1A, B).

In the third category of L1-EN variants we ma-
nipulated the βB6-βB5 hairpin loop, which is positioned 
to insert into the DNA minor groove with the possibility 
to read out both sequence and structural parameters 
(Weichenrieder et al., 2004). It is well suited for a loop-
grafting experiment because the anchoring residues T192 
and S202 on either side are well conserved among many 
metal-dependent phosphohydrolases.  Therefore,  we re-
placed the entire βB6-βB5 hairpin loop of L1-EN with 
the corresponding sequences from the R1Bm and Tx1L 
retrotransposons (Figure 1B). The resulting mutants LR1 
and LTx, respectively, were complemented by the loop 
deletion variant L3G, where we exchanged the entire 
loop (including S202) for a linker of three glycines.

L1-EN point mutations and loop grafts affect retro-
transposition in cell culture

Initially, the L1-EN variants were tested in the 
context of a functional, tagged L1 element in a well-

Figure 1: L1-EN point mutants and βB6-βB5 hairpin 
loop variants. A: Localization of the mutations on the crystal 
structure of L1-EN. The structure of L1-EN (Weichenrieder et 
al., 2004) is  drawn as ribbons with the backbone of the ex-
changed loop in orange and with individual point mutants  as 
balls-and-sticks. Yellow: conserved residues, orange: residues 
potentially contacting DNA, grey:  H198. B: Structure-based 
alignment of the βB5-βB6 hairpin  loop. For the chimeric endo-
nucleases LTx and LR1 the respective loop sequences (orange) 
of Tx1L-EN and R1Bm-EN were grafted onto the L1-EN scaf-
fold between the conserved anchoring residues T192 and S202. 
For L3G the loop was replaced by three glycines. The loop 
sequence of TRAS1-EN is shown for comparison. Numbering 
is  from L1-EN (top, PDB-ID: 1vyb) and TRAS1-EN (bottom, 
PDB-ID: 1wdu) and color-coding of endonucleases is main-
tained throughout the paper.

established cell culture assay (Moran et al., 1996; Wei et 
al.,  2000; Gilbert et al.,  2002). We scored successful 
retrotransposition events by the appearance of neomycin-
resistant HeLa cell colonies, subtracting background ac-
tivity caused by trans complementation or endonuclease-
independent retrotransposition.

All variants reduce the frequency of retrotranspo-
sition significantly, confirming the relevance of the mu-
tated elements (Table I). The strongest effects are seen 
with point mutants D145A, T192V, I204Y and H230A 
and with loop variants LR1 and L3G. To test whether this 
is directly related to the ability of the enzyme to recog-
nize and nick target DNA we purified the respective L1-
EN variants for assays in vitro.

The ability of L1-EN variants to nick plasmid DNA 
correlates well with the frequency of retrotransposi-
tion

Residues T192 and H230 are hydrogen-bonded 
via D205 (Weichenrieder et al., 2004). These interactions 
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are apparently essential for the structural integrity of L1-
EN as the respective mutants were inherently unstable, 
degraded easily or precipitated rapidly.  From the first 
category only the D145A mutant could be purified as a 
negative control for catalytic activity.

Figure 2: Plasmid nicking activity of L1-EN variants. Ex-
periments were done with wildtype L1-EN (wt), βB5-βB6 hair-
pin loop variants  (L3G, LTx, LR1) and point mutants  (S202A, 
R155A, I204Y, D145A). Supercoiled (sc) plasmid DNA 
(pBluescript) or relaxed closed circle DNA (cc) was converted 
into  the open circle form (oc) and into  linear DNA (lin). Closed 
circle DNA contains trace amounts of dimer, which runs like 
open circle DNA both on 1.4 % agarose gels (A, C) and 1.0  % 
gels (B). M: DNA size marker X (Roche). A: Relative activity 
of L1-EN mutants (32 nM) on supercoiled plasmid DNA (2 
nM). B: Preference of L1-EN for supercoiled target DNA. Su-
percoiled and closed circle DNA were nicked by increasing 
concentrations of L1-EN, either separately (2 nM) or in compe-
tition  (1 nM each). C: Titration of L1-EN hairpin loop variants 
and selectivity for sc DNA. LR1 and L3G are less  active than 
LTx and show no preference for supercoiled DNA.

The purified L1-EN variants were first analyzed in a 
plasmid DNA nicking assay (Feng et al., 1996), where 
supercoiled plasmid is converted into the open circle 
form that runs considerably slower on an agarose gel 
(Figure 2). Figure 2A shows a side-by-side comparison 
of the activities of all L1-EN mutants (32 nM) on 2 nM 
supercoiled plasmid. Under these conditions wild-type 
L1-EN converts more than 90 % of plasmid DNA into 
the open circle form. The three point mutants, R155A, 
S202A and I204Y, show strongly reduced activity, with 

S202A being affected the least and I204Y the most. The 
strong effect of I204Y suggests that L1-EN probably 
binds double-stranded DNA in an orientation that differs 
from the one seen in the complex with DNaseI (Suck et 
al.,  1988), because in DNaseI the tyrosine is present and 
tolerated at this position. This view is supported by the 
effects of S202A and R155A, which indicate that these 
moderately conserved amino acids are indeed involved in 
contacting the nucleotide(s) downstream of the scissile 
bond, either specifically or non-specifically. For a direct 
contact with R155A the downstream DNA would have to 
be distorted or even flipped as in the complex with APE1 
(Mol et al., 2000). Among the loop variants, LTx remains 
most active,  at levels similar to the S202A point mutant. 
In contrast, LR1 and L3G retain little but still detectable 
activity.

Table I: Comparison of  retrotransposition frequencies in 
vivo and plasmid nicking activities in vitro
L1-EN vari-
ant

Retro-transposition 
frequency a, %

Plasmid nicking 
activity b

wt 100 ± 17.1 +++
LTx 21 ± 2.4 ++
LR1 2 ± 2.3 +
L3G 0 ± 2.2 +
D145A   0  c o
R155A 12 ± 3.3 ++
T192V 5 ± 3.0 -
S202A 32 ± 7.8 ++
I204Y 1 ± 1.1 +
H230A 0 -
a corrected for background activity ( ≤5 %); for details see supplemen-
tary information
b scored with respect to L1-EN (wt) according to Figure 2A: (+++) 50-
100 %, (++) 10-50 %, (+) ≤10 %, (o) not detectable, (-) not analyzed
c as a D145A/N147A double mutant

The structural context of the DNA target is impor-
tant for its recognition by L1-EN (Cost and Boeke, 
1998). When presented with equal amounts of super-
coiled and of relaxed, closed circle pBluescript DNA, 
L1-EN nicks the supercoiled DNA much more efficiently 
(Figure 2B). Since the βB6-βB5 hairpin loop may well 
be involved in the recognition of an unusual DNA struc-
ture caused by supercoiling, we tested the L1-EN loop 
variants also in this respect (Figure 2C). While LTx still 
prefers supercoiled DNA, the very inefficient LR1 shows 
no detectable preference for supercoiled DNA anymore. 
The same observation holds true for L3G, where the loop 
is deleted. This experiment shows that the βB6-βB5 hair-
pin loop of L1-EN may be particularly important for 
reading out the structural context of a potential new retro-
transposon integration site.

Finally, there is a good correlation between the 
nicking activities in vitro and the retrotransposition fre-
quencies in vivo, indicating that the activity of the endo-
nuclease is limiting over a considerable range (Table I). 
Consequently, alterations in the nicking specificity of the 
endonuclease should lead to changes in integration speci-
ficity. To distinguish whether our mutations simply im-
pair catalysis or indeed alter target recognition we veri-
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fied in vitro if and how nicking specificities were af-
fected.

Efficient DNA nicking by L1-EN requires a minimum 
of five base-pairs upstream and three base-pairs 
downstream of the target site

Genomic L1 pre-integration sites have been ana-
lyzed statistically and a consensus sequence has been 
reconstructed. In the 5’ to 3’ direction the substrate strand 
consists of an upstream tract of four to five strongly con-
served thymidines (T-tract) followed downstream by two 
more moderately conserved adenines, with the integra-
tion occurring at the poly(T)-A junction (Gilbert et al., 
2002; Symer et al., 2002; Szak et al., 2002). In contrast to 
previous approaches (Cost and Boeke, 1998) we chose 
this type of asymmetric target for a DNA oligonucleotide 
nicking assay (Figure 3). 

We designed a DNA duplex consisting of 14 T-A 
pairs, followed by two A-T  pairs and a single clamp of 
four C-G pairs (Figure 3A (Cwt)). We find the 5’ labeled 
substrate strand (the bottom strand in all figures) to be 
nicked throughout the entire T-tract with very similar 
relative frequencies and only the first five thymidines are 
spared. Nicking at the poly(T)-A junction is enhanced not 
more than 4 to 5 fold (Fig. 3B (wt)). As shown previ-
ously (Cost and Boeke, 1998), the observed nicking pat-
terns result from multiple independent endonucleolytic 
nicking events and not from a cryptic 3’ to 5’ exonuclease 
activity of L1-EN.

For a closer analysis of the DNA structural pa-
rameters required for efficient nicking we manipulated 
the complementary DNA strand (upper strand in all fig-
ures). A mismatched adenine (A:C) in position (+1) im-
mediately downstream of the target site diminishes the 
preference for the poly(T)-A junction, reducing it to the 
levels observed for nicking within the T-tract (Figure 3A, 
C (Cim)). This suggests, that at least during the initial 
step of recognition of a poly(T)-A junction by L1-EN, 
this nucleotide position needs to be base-paired properly 
with an unobstructed minor groove. Mismatching the 
complete remainder of downstream DNA in addition to 
position (+1) does not cause any further reduction of 
nicking efficiency at the poly(T)-A junction (Figure 3A, 
C (C56m)). Next, we tested to which degree the comple-
mentary strand is required downstream of the target site 
by deleting an increasing number of nucleotides from the 
5’ end. The results show that the complementary strand 
needs to extend downstream by at least one nucleotide. 
However, for nicking at the poly(T)-A junction to be pre-
ferred over the adjacent T-tract, at least three downstream 
base-pairs are required (Figure 3A, C (C53-, C54-,  C55- 
and C56-)). Upstream of the target site, L1-EN prefers at 
least five nucleotides to be base-paired. If this is not the 
case nicking is significantly reduced (Figure 3A, C 
(C35-)). In summary (Figure 3D), our data suggest that 
preferential recognition of a poly(T)-A junction by L1-
EN requires five nucleotides upstream that should be 
base-paired at least close to the target site and three base-
pairs downstream which are just sufficient to form a short 
independent stem that does not need to stack on the up-

stream duplex for stability. Thus, the minor groove at the 
poly(T)-A junction would be flexible and could easily be 
widened by external strain on the DNA or simply by the 
insertion of the βB6-βB5 hairpin loop, pushing the 
downstream DNA into a position to be contacted by S202 
and R155. 

The protruding hairpin loop of L1-EN is crucial for 
recognition of the DNA target structure

The relative enzymatic activities of the three L1-
EN loop variants are similar in the plasmid DNA nicking 
and duplex DNA nicking assays with LTx being the most 
active and LR1 being the least active (Figure 2C, 3B). 
LTx still nicks T-tract DNA, but the specificity for the 
poly(T)-A junction has disappeared. We conclude that the 
βB6-βB5 loop of LTx is less well suited to recognize a 
poly(T)-A junction,  although it does functionally replace 
the βB6-βB5 loop of L1-EN to a large degree.  In sharp 
contrast,  LR1 and L3G do not show any significant en-
donucleolytic activity, even at the highest concentrations 
(Figure 3B).

To extend the analysis of the respective nicking 
profiles we designed long DNA oligonucleotides (Dwt 
and Dhy) with more sequence variation (Figure 4). Dwt 
contains the genomic target sequences of human L1-EN, 
Tx1L-EN and R1Bm-EN on a single DNA duplex. This 
design assures that the potential target sites are present at 
equal concentrations and compete for the respective en-
donuclease under identical conditions. Dhy is identical, 
except that the upstream sequences of the respective tar-
get sites have been replaced by T-tracts (Figure 4A). In 
addition to L1-EN, we also used wild-type Tx1L-EN 
(wTx) as a positive control in this assay (Christensen et 
al.,  2000). Figure 4B demonstrates the difference in nick-
ing specificity between the sequence-specific Tx1L-EN 
and the promiscuous L1-EN. Tx1L-EN nicks almost ex-
clusively at the expected target site, after nucleotide 29 
on Dwt and to a lesser extent on the corresponding hy-
brid site on Dhy. L1-EN nicks preferentially at the 
poly(T)-A junctions on Dwt or Dhy, but also within ex-
tended T-tracts and non-canonical sequences like after 
nucleotides 19 and 20. This gives rise to characteristic 
and reproducible nicking profiles (Figure 4C).

The nicking profile of the LTx chimera is different 
from both L1-EN and Tx1L-EN. LTx does not nick after 
nucleotide 29 on Dwt, the preferred site for Tx1L-EN. 
On Dhy there is no specific nicking at this position either, 
despite the upstream T-tract that was introduced and ex-
pected to fit the L1-EN scaffold (Figure 4B). This sug-
gests that one cannot simply combine and exchange up-
stream (L1-EN scaffold) and downstream (βB6-βB5 
loop) recognition elements in a modular fashion to gen-
erate a desired target specificity.

Nevertheless there are novel nicking sites for LTx. 
The most prominent of those is after nucleotide 23 on 
Dwt, a site that is nicked neither by L1-EN nor by Tx1L-
EN (Figure 4 A, B). The downstream sequence (5’ AGCT 
3’) of this novel site is very similar to the sequence (5’ 
AGTT  3’) downstream of nucleotide 29, the site nicked 
by Tx1L-EN. 
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Figure 3: Characterization of the DNA target of  L1-EN. A: DNA substrate duplexes containing mismatches or single-strand dele-
tions of the complementary (top) strand. Three base-pairs (magenta) downstream of the poly(T)-A junction (blue arrow) and five base-
pairs (lime) upstream are highlighted. Red Circle: 5’  end labeled. B:  Activity  and target recognition of L1-EN hairpin loop variants. 
DNA duplexes (Cwt, 180 nM) were titrated with increasing concentrations of L1-EN and L1-EN hairpin loop variants. Products were 
analyzed on autoradiographs of denaturing polyacrylamide gels. Blue arrow: poly(T)-A junction. C: Substrate requirements of L1-EN. 
L1-EN (160 nM) was  used to nick  substrates from (A). Lane (P-): Cwt without L1-EN protein. D: Model for DNA target recognition 
by  L1-EN. Top: Scheme of target  DNA including the consensus L1 integration sequence. Bottom: Three-dimensional model adapted 
from (Weichenrieder et al., 2004) with L1-EN represented as  in Figure 1. The upstream DNA duplex (T-tract  geometry, lime) is 
thought to be contacted by the L1-EN protein scaffold, while the orientation and flexibility of the downstream DNA duplex (magenta) 
is probed by the insertion of the βB5-βB6 hairpin loop (orange) into the widened minor groove at the poly(T)-A junction. 
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 The structural context upstream of nucleotide 23, 
however, is different and appears to be suited much better 
to support recognition and nicking by LTx. On Dhy the 
sequence downstream of nucleotide 23 is exchanged (5’ 
TTTT 3’) and nicking by LTx is negligible. Apparently, 
the LTx βB6-βB5 hairpin loop plays a dominant role for 
the recognition of downstream DNA. This interpretation 
is supported by the general nicking profile of LTx (Figure 
4C), suggesting that novel target sites can be engineered 
indeed.

In clear contrast to LTx the βB6-βB5 loop of LR1 
cannot functionally replace the βB6-βB5 loop of L1-EN, 
as replacement results in a low nicking activity.  With 
respect to specificity, LR1 rather seems to avoid T-tracts 
and produces a very distinct nicking pattern that is quite 
similar to the one from the loop deletion variant L3G 
(Figure 4B, Supplementary Figure 1). The prominent 
nick of LR1 on Dwt after nucleotide 14 (the preferred 
nicking site for R1Bm-EN (Feng et al., 1998)) does not 
seem to be specific, since it is present also with L3G (not 
shown), L1-EN (Figure 4B) and other variants (Supple-
mentary Figure 1). 

Loop grafting has thus produced chimeric endo-
nucleases with altered and novel nicking preferences. In 
contrast,  all analyzed point mutants display nicking pat-
terns that are identical to those of L1-EN (Supplementary 
Figure 1). They lose activity to various degrees, but 
maintain specificity. Contrary to the hairpin loop these 
residues seem to play a rather passive role in contacting 
an unusual or bendable DNA structure and they might 
need to be replaced simultaneously to cause any signifi-
cant effect on nicking specificity.

Requirements for genomic integration of L1 elements 
are more stringent than requirements to nick target 
DNA

To test whether the altered nicking specificity of 
the LTx endonuclease is reflected by an altered integra-
tion site preference of the respective L1 variant we de-
termined the genomic pre-integration sequences from 
several neomycin-resistant HeLa cell clones obtained in 
the cell culture assay (Gilbert et al., 2002). Comparison 
of the in vitro nicking profiles to the integration site con-
sensus sequences confirms that for the wildtype L1 ele-
ment, the nicking specificity of the endonuclease and 
integration site selection match. However,  in the case of 
LTx, they differ significantly. Like L1, the chimeric LTx 
element prefers to integrate into locations with a T-tract 
upstream of the nicking site and only a subset of nicking 
sites appears to be used for integration (Figure 4C, D). 
This points to additional requirements for targeting. 
These might be the rigidity of the T-tract that could play 
a more important role for target recognition or subse-
quent integration steps in vivo or rather also other con-
straints such as the need for base-pairing between the 3’ 
ends of retrotransposon RNA and target site DNA.

Loop grafting results in beta-hairpin loops of  similar 
orientation and does not perturb the rest of  the L1-
EN structure

The distinct effects of the exchanged βB6-βB5 
hairpin loop sequences on DNA target recognition and 
hence nicking specificity are intriguing and may largely 
relate to the respective structures (Figure 5). We therefore 
determined the crystal structures of LTx (Figure 5C, D) 
and LR1 (Figure 5E, F) at 2.3 Å and 1.8 Å resolution, 
respectively (Table II) and compared them to the existing 
structure of L1-EN (Figure 5A, B) (Weichenrieder et al., 
2004). According to an analysis with the program ES-
CET (Schneider, 2000),  the common scaffold and cata-
lytic center of the three enzyme variants are essentially 
unchanged (see also Figure 5G, H), despite some vari-
ance in the crystal packing. The exchanged βB6-βB5 
loop sequences are well-ordered in both variants, forming 
protruding beta-hairpins as in wildtype L1-EN, and their 
orientation is similar.

The backbone of the LR1 hairpin loop superim-
poses well onto the backbone of the L1-EN hairpin loop 
(Figure 5G, H). Since the βB6-βB5 hairpin loop of LR1 
is two amino acids shorter it lacks the tip (P197 and 
H198 of L1-EN) that bends towards the minor groove of 
a putative DNA substrate (Figure 3D). Furthermore, resi-
due T200 of L1-EN is replaced by a glycine in LR1, 
eliminating an additional possibility of LR1 to interact 
with the substrate and finally, the LR1 hairpin loop lacks 
the positive charges of the L1-EN and LTx hairpin loops 
that might mediate initial contacts with the negatively 
charged DNA backbone (Figure 5F). The backbone of the 
LTx hairpin loop is twisted slightly with respect to the 
βB6-βB5 hairpin loop of L1-EN, especially at the distal 
end (Figure 5G, H). There, the RDGH sequence of Tx1L-
EN (Figure 1B) replaces P197 and H198 of L1-EN, 
forming a more extended tip with side chains that could 
all make favorable DNA contacts (Figure 5D).
 The structure of the catalytic center is not per-
turbed by the exchange of the loop sequence, suggesting 
that the mechanism of phosphodiester hydrolysis is not 
affected directly. It therefore seems likely that certain 
properties of the βB6-βB5 hairpin loop itself are causing 
the observed differences in activity and specificity. As the 
largest structural differences between the three loop vari-
ants are at the tip of the loop, we created a point mutation 
(H198A) in this region of L1-EN. However, the mutation 
only reduces activity, but does not change target specific-
ity (Supplementary figure 1). Together with the observa-
tion that the chimeric LTx still nicks T-tract DNA despite 
an entirely different loop sequence this argues against the 
requirement of sequence-specific protein-DNA contacts. 
The initial affinity between L1-EN and its target may 
therefore be based on passive, non-specific contacts re-
sulting from simple complementarity between the shapes 
of the βB6-βB5 hairpin loop of the endonuclease and the 
minor groove of the DNA. According to this model, the 
LR1 hairpin loop is just too short to reach the minor 
groove properly, explaining why the nicking pattern re-
sembles that of L3G, where the loop is missing entirely.
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Figure 4: Target specificity of  L1-EN mutants. A: DNA multi-substrate duplexes. Dwt contains wild-type target  sites (arrows with 
seven flanking nucleotides  marked by horizontal lines) for L1-EN (blue), Tx1L-EN (dark green) and R1Bm-EN (purple). Dhy contains 
hybrid target sites designed for nicking  by LTx (dark green/blue) and LR1 (purple/blue), where seven upstream base pairs of the ideal 
target sites of Tx1L-EN and R1Bm-EN are replaced by a T-tract. Up/downstream base pairs important for recognition by scaffold and 
βB5-βB6 hairpin loop of L1-EN are lime and magenta, respectively. Nucleotides on the marked target  sites thought to be in the reach 
of the various βB5-βB6 hairpin loops are on an orange background. The major novel target  site of LTx on Dwt is marked by an orange 
arrow with the downstream nucleotides highlighted in orange. Red Circle: 5’  end labeled. B: Specificity of L1-EN βB5-βB6 hairpin 
loop  variants. DNA duplexes (180 nM) were nicked by the indicated amounts of endonuclease. Products  were analyzed on autoradio-
graphs of denaturing polyacrylamide gels. Colors and symbols as in (A). C: Sequence logos representing nicking profiles. (---), hypo-
thetical logo obtained by assuming random nicking of Dwt. D: Sequence logos representing genomic pre-integration site consensus 
sequences. Top, n = 35, from (Gilbert et al., 2002). Bottom, n = 14. For details see Supplementary Table I.
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Figure 5. Crystal  structures of  L1-EN βB5-βB6 hairpin loop variants. The structures of L1-EN and of the two chimeras LTx and 
LR1 are compared to each other and to the structure of TRAS1-EN. A, B: L1-EN (blue). C, D: LTx (dark green/blue). E, F: LR1 
(purple/blue). G, H: Superposition of (A), (B) and (C) illustrating differences in size and orientation of the βB5-βB6 hairpin  loop. I, J: 
TRAS1-EN (red). Structures are represented as tubes and seen from the side (A, C, E, G, I) or from the front (stereo) zooming in on 
the loop region (B, D, F, H, J). Side chains of the hairpin loops are shown as  balls-and-sticks  with carbons  in grey, oxygens in red and 
nitrogens in blue. In (H) side-chains are omitted apart from T192 and S202.
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Table II: Data collection and refinement statistics

Data Collection LTx LR1
Resolution, Å 2.3 1.8
Space group P212121 C2221

Cell dimensions, Å a=54.7, b=70.1, c=130.2 a=58.6, b=67.6, c=128.3
Rmerge, % a 11.2 (48.8) 7.8 (44.2)
Completeness, % a 99.8 (100.0) 96.4 (98.6)
I/σ(I) a 8.8 (2.3) 11.9 (2.7)
No. of reflections
      unique observed 22873 23062
      total measured 79345 88132

Refinement LTx LR1
Rcryst, % 21.6 18.5
Rfree, % 26.8 22.2
Number of
      molecules in asymmetric unit 2 1
      atoms 3948 2039
      ions 6 3
      glycerol molecules - 1
      water molecules 159 185
Ramachandran plot
      Most favored regions, % 88.5 91
      Allowed regions, % 10.2 8.5
      Generously allowed regions, % 1.4 0.5
R.m.s.d. from ideal geometry
      Bond lengths, Å 0.018 0.013
      Bond angles, ° 1.81 1.4
a Values in parentheses correspond to those in the outer resolution shell (1.89-1.8 Å and 2.4-2.3 Å for LR1 and LTx, respectively)

An additional property of the βB6-βB5 hairpin 
loop that may be relevant for target selectivity and that 
would not become obvious from a static crystal structure 
is its dynamic behavior in the course of the catalytic 
nicking cycle. In a crucial initiation step a flexible βB6-
βB5 hairpin loop may be needed to probe the dynamics 
of the minor groove at the junction of the two non-
stacking DNA stems.

Normal mode analysis indicates different flexibilities 
of the grafted hairpin loops

Normal Mode Analysis (NMA) is a powerful mo-
lecular modeling approach that is particularly suited for 
calculating slow, large-scale movements within proteins, 
which would be too expensive computationally for full-
scale molecular dynamics simulations. We used the web-
based server WEBnm@ (Hollup et al.,  2005) to analyze 
the C-alpha chains of L1-EN, LTx and LR1. As an addi-
tional reference we included TRAS1-EN, which is en-
coded by the telomere-specific APE-type retrotransposon 
TRAS1 from Bombyx mori.  Its structure (Figure 5I,  J) is 

characterized by a βB6-βB5 beta-hairpin loop that, like 
Tx1L-EN, contains eleven residues (Maita et al., 2004). 
We calculated the respective average deformation ener-
gies of the lowest vibrational mode and also plotted the 
normalized squared atomic displacements along the se-
quence of each protein (Supplementary Figure 2). 

Low deformation energies indicate that large re-
gions of the protein, possibly domains, can be displaced. 
For the relatively inactive LR1 we obtain the highest 
deformation energy (4345), which decreases with in-
creasing loop size via L1-EN (1290) to LTx (684) and 
TRAS1-EN (510). Furthermore, we clearly identify the 
βB6-βB5 hairpin loop as the most flexible region in each 
protein, with a big difference in the extent of the atomic 
displacement between LR1 and the other three proteins.

Taken together, these calculations suggest that an 
additional reason for the low activity and altered specific-
ity of LR1 in our assays is the missing flexibility of the 
hairpin loop that is potentially required during the cata-
lytic cycle to lock the DNA target in a suitable position 
for effective binding and subsequent hydrolysis of the 
phosphodiester bond.
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DISCUSSION

The structural context of the DNA target is highly 
important for efficient nicking by L1-EN

DNA target specificity of L1-EN has been studied 
before with plasmid DNA (Feng et al., 1996) and with 
special DNA duplexes that contained a symmetric junc-
tion of two T-tracts (Cost and Boeke, 1998). The present 
study confirms such junctions to be ideal nicking sub-
strates for L1-EN and corroborates the importance of the 
DNA structure for molecular recognition. We extend the 
previous analyses to asymmetric DNA targets and deter-
mine minimal substrate requirements for the flanking 
upstream and downstream sequences. Furthermore, we 
look at the nicking specificity of L1-EN on more general 
DNA substrates and compare it to the integration speci-
ficity of L1 elements in vivo.

We find that with unstrained duplex DNA, L1-EN 
requires a minimum of five base-pairs upstream and three 
base-pairs downstream of the target site for efficient tar-
get recognition. On the upstream duplex L1-EN recog-
nizes mainly the T-tract (A-tract) geometry (see also 
(Cost and Boeke, 1998)) that is primarily characterized 
by its very narrow minor groove (Stefl et al., 2004). 
Downstream, the three base-pairs are just enough to form 
an independent stem. In the case of a T-A junction fol-
lowing the T-tract (poly(T)-A junction),  the downstream 
adenine is not stacked on the upstream thymidine (Stefl 
et al., 2004) and thus, the downstream stem can more 
easily be bent away with an associated widening of the 
minor groove. Most likely,  this local flexibility is a fea-
ture that is recognized by L1-EN in addition to the nar-
row minor groove of the T-tract, leading to the enhanced 
nicking efficiency observed at the junction. On a strained 
substrate such as supercoiled plasmid DNA, the differ-
ence between cleaving T-tract DNA and a poly(T)-A 
junction would probably be even more pronounced. The 
torsional strain might widen the minor groove at the 
junction even further and facilitate the structural recogni-
tion of the DNA target. 

Although the structure of L1-EN would allow the 
accommodation of a flipped nucleotide at position (+1) 
downstream of the scissile bond (Weichenrieder et al., 
2004), we do not find any evidence for the base-specific 
recognition of such a nucleotide. At least for the initial 
target recognition the nucleotide needs to be part of a 
downstream stem. However,  this does not rule out the 
possibility that the flexibility (or ‘flippability’) of the 
nucleotide is required in consecutive steps of the integra-
tion process.

L1 integration specificity is influenced by additional 
factors

In conclusion, L1-EN recognizes structural fea-
tures of the DNA target rather than specific nucleotides in 
the sequence. The 5’ TTTT/AA 3’ integration site con-
sensus sequence may fulfill these structural requirements 
in an ideal way, but many alternative sequences seem to 
have similar structural features and are nicked in vitro. 
The requirements for integration seem stricter than the 
requirements for nicking, indicating that the endonucle-

ase may not be the only component determining integra-
tion site selection (Zingler et al.,  2005). Additional speci-
ficity factors could influence the choice of nicking site in 
the first place (co-targeting factors) or select among al-
ready nicked sites the ones that are suitable for integra-
tion (post-nicking factors). The latter possibility is fa-
vored by reports of endonuclease-independent retrotrans-
position (Morrish et al., 2002) and L1-induced chromo-
somal breaks (Gasior et al., 2006). 

Structure and dynamics of the βB6-βB5 beta-hairpin 
loop are more important for activity and specificity of 
L1-EN than sequence

During DNA target site recognition,  the conforma-
tional space available to the downstream DNA duplex is 
probed by the insertion of the βB6-βB5 beta-hairpin loop 
of L1-EN into the minor groove at a poly(T)-A junction, 
according to the presented model (Figure 3D). The pres-
ence of the loop is important for nicking activity and both 
nicking activity and target specificity are very sensitive 
to structural changes of the loop, especially at its tip. 
Similar to the situation in TRAS1-EN (Maita et al., 2004) 
a deletion of the tip (LR1) or of the entire loop (L3G) 
results in an altered specificity and much reduced activ-
ity. To examine the importance of the amino acid se-
quence we exchanged residue H198 in the tip of the loop, 
which had no impact on the nicking pattern. Even the 
substitution of the entire loop with a different sequence 
and an extended reverse turn (LTx) was tolerated rather 
well. This suggests that the conformational flexibility of 
the beta-hairpin loop probing the DNA minor groove 
may be much more important than its sequence, espe-
cially if target recognition proceeds via the structural 
flexibility of the DNA at the poly(T)-A junction.  This 
hypothesis is supported by the presented normal mode 
analysis. The βB6-βB5 hairpin loop of LTx may be able 
to functionally replace the βB6-βB5 hairpin loop of L1-
EN because it is flexible enough to insert partially into 
the minor groove of many L1-EN targets to probe the 
conformational space of the downstream duplex. The 
βB6-βB5 hairpin loop of LR1 may be too rigid for this 
function. In its natural context on R1Bm-EN (Feng et al., 
1998) it may only be required as a counter bearing for the 
target DNA, which would then be probed sequence-
specifically from the side of the major groove by an ex-
tension of surface loop βB4-αB2, that is unique to 
R1Bm-EN (see (Weichenrieder et al., 2004) for align-
ment).

Can novel integration specificities be engineered ?

The L1 retrotransposon bears considerable poten-
tial as a genetic tool (Ostertag and Kazazian, 2001). It 
can be delivered to cells by an adenovirus vector (Soifer 
and Kasahara, 2004) and its suitability for in vivo muta-
genesis has recently been demonstrated with a synthetic, 
highly active mouse L1 element called ORFeus (An et 
al.,  2006). The application of similar L1 retrotransposons 
for gene delivery into defined genomic locations requires 
engineering of the endonuclease target specificity as one 
of the most crucial steps. This appears feasible since 
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there are many natural APE-type non-LTR retrotrans-
poson endonucleases with distinct target specificities that 
all share the same protein scaffold and the same catalytic 
site (Weichenrieder et al., 2004; Zingler et al., 2005). 

Loop grafting experiments have been shown to 
mimic evolutionary processes (Aharoni et al., 2005), al-
lowing novel specificities to be engineered (Jones et al., 
1986; Park et al., 2006). The analysis of the presented 
L1-EN βB6-βB5 hairpin loop variants shows that the 
respective grafting experiments worked successfully 
from a structural point of view and that other surface 
loops may be manipulated in a similar way in the future. 
From a functional point of view, we could show that the 
DNA nicking profile of L1-EN is quite sensitive to struc-
tural changes of the studied loop and that novel specifici-
ties can indeed be acquired. For further improvements 
high-resolution structures of retrotransposon endonucle-
ases in complex with their respective DNA targets would 
be of great help.

Finally, the apparent existence of additional tar-
geting factors poses a further challenge for the engineer-
ing of novel integration specificities. One such factor 
may be the need for complementary bases between the 3’ 
end of retrotransposon RNA and the 3’ end of nicked 
genomic DNA. Tools like the LTx variant will allow us to 
investigate such requirements in the future.

MATERIALS AND METHODS

Preparation and purification of L1-EN variants
Point mutants and loop variants of L1-EN were 

generated in the context of the retrotransposition reporter 
plasmid pCEP4/L1.3/ColE1/mneoI400 (Gilbert et al., 
2002) as described in the supplementary information. For 
the overexpression in Escherichia coli Rosetta II cells 
(Novagen) of mutated L1-EN domains with N-terminal 
poly-histidine tags DNA corresponding to residues 1 – 
239 of wild-type L1-EN was PCR-amplified (Weichen-
rieder et al., 2004) and inserted into the NcoI/XhoI clon-
ing sites of expression plasmid pETM11 (Zou et al., 
2003). Proteins were purified over Ni-chelating chroma-
tography and heparin affinity columns and quantified 
spectroscopically or on denaturing SDS polyacrylamide 
gels. For Tx1L-EN protein (residues 1-239) DNA was 
amplified from plasmid pE1EN (Christensen et al., 2000) 
using primers Tx1L-EN-N1 and Tx1L-EN-C239. For 
crystallization the respective proteins were expressed and 
purified without tag as described in (Weichenrieder et al., 
2004). Purified protein (> 1 mg/ml) was stored frozen at 
-80 ºC at NaCl concentrations above 300 mM.

Retrotransposition reporter assay
Retrotransposition frequencies of wild-type and 

mutant L1 constructs were determined by applying the 
rapid,  quantitative transient L1 retrotransposition assay 
described previously (Wei et al., 2000).  HeLa cells (2 x 
105) were plated in each well of a six-well dish and 
grown to 50-80% confluency in DMEM. The following 
day, triplicate dishes were transfected using 6 µl Fugene-
6 transfection reagent (Roche) and 2 µg of a Qiagen 
plasmid DNA preparation per well. At 24 h post-
transfection, the transfection mixture was removed and 
replaced by DMEM. At 72 h post-transfection, the me-

dium was replaced with DMEM containing 400 µg/ml 
G418. After 10-14 days,  G418R colonies were stained 
with Giemsa solution and counted. The recovery of inte-
grated L1 elements for sequencing is described in (Gil-
bert et al., 2002).

Plasmid nicking
Supercoiled pBluescript plasmid DNA was pre-

pared from E. coli DH5α cells. Closed circle plasmid 
DNA was obtained by simultaneous digestion and re-
ligation of supercoiled DNA (15 µg/ml) with 5 U/ml 
Hind III and 900 U/ml T4 DNA ligase resulting in only 
trace amounts of dimeric product. DNA was quantified 
after linearization on agarose gels containing ethidium 
bromide. Nicking reactions (10 or 60 µl) were done in 
single tubes or 96-well trays in 20 mM Na-HEPES (pH = 
7.5), 100 mM NaCl, 10 mM MgCl2, 0.1 mg/ml bovine 
serum albumin and 4 mM dithiothreitol. Final concentra-
tions were 2 nM DNA (3.6 µg/ml) and 2 - 128 nM pro-
tein, which had been diluted in protein buffer (20 mM 
Na-HEPES (pH = 7.5), 300 mM NaCl, 10 mM MgCl2, 
0.3 mg/ml bovine serum albumin and 10 mM dithiothrei-
tol) before. After 30 minutes at 37 ºC reactions were 
stopped by the addition of DNA loading buffer contain-
ing EDTA (17 mM final). Reaction products were sepa-
rated on 1.0 or 1.4 % agarose gels (0.5 x TBE) containing 
0.5 µg/ml ethidium bromide and visualized by fluores-
cence.

Oligonucleotide nicking
Gel-purified synthetic oligonucleotides were la-

beled at the 5’ end with radioactive phosphate (32P) using 
[γ-32P]ATP and T4 polynucleotide kinase and were re-
purified on gel. Equimolar amounts (450 nM) of unla-
beled complementary and substrate strands were mixed 
with a trace amount of labeled substrate. The mixture 
was annealed in 5 mM Na-HEPES (pH = 7.5) by heating 
to 90 ºC and slow-cooled to room temperature. After test-
ing various pH and salt conditions nicking reactions (50 
µl) were done in 50 mM Na-HEPES (pH = 6.5), 150 mM 
NaCl, 10 mM MgCl2, 0.1 mg/ml bovine serum albumin 
and 1 mM dithiothreitol. Final concentrations were 180 
nM DNA (0.5-7.5 µg/ml) and 20 - 2000 nM protein, 
which had been diluted in protein buffer (5 mM Na-
HEPES (pH = 7.5), 300 mM NaCl, 10 mM MgCl2,  0.5 
mg/ml bovine serum albumin and 5 mM dithiothreitol) 
before.  After 30 minutes at 37 ºC reactions were stopped 
by the addition of 175 µl of 380 mM Na-acetate (pH = 
7.5), phenol extraction and ethanol precipitation. Reac-
tion products were separated on 10 % denaturing poly-
acrylamide gels and quantified in a phosphoimager to 
produce sequence logos.

Crystallization 
Untagged LTx (20 mM Na-HEPES (pH = 7.0), 

200 mM NaCl) was concentrated to 15 mg/ml. Sitting 
drops (200 nl protein plus 200 nl reservoir solution) were 
set up at room temperature using a Mosquito robot. Sin-
gle crystals appeared over night from a reservoir (75 µl) 
containing 160 mM MgCl2, 370 mM (NH4)2SO4 and 33.8 
% PEG 6000. Untagged LR1 (20 mM Na-HEPES (pH = 
7.0), 200 mM NaCl) was concentrated to 10 mg/ml. 
Hanging drops (2 µl protein plus 2 µl reservoir solution) 
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were set up manually at 4°C. Crystals appeared after sev-
eral days over a reservoir (500 µl) containing 10 mM 
MnSO4, 200 mM (NH4)2SO4 and 31% PEG 1000. Hair-
seeding improved reproducibility significantly. In both 
cases crystals were transferred to a cryo-solution contain-
ing 15 % glycerol (mixing reservoir and 80 % glycerol 
stock solution) and flash-frozen in liquid nitrogen.

Data collection and structure solution 
Diffraction data were collected at beamline ID23-

1 at the European Synchrotron Radiation Facility in Gre-
noble, France. Diffraction images were processed by 
MOSFLM (Leslie, 1992) and SCALA (Evans,  1997). 
The structures were solved by molecular replacement 
using MOLREP (Vagin and Teplyakov, 1997) with L1-
EN (PDB ID: 1vyb) as search model.  Automatic model 
building was done with ARP/wARP (Cohen et al., 2004) 
to a completeness of 90 % for LTx and 98 % of LR1. 
Models were completed manually and structures were 
refined using REFMAC (Murshudov et al., 1997) and 
COOT (Emsley and Cowtan, 2004) iteratively. 

Normal Mode Analysis
For normal mode analysis the PDB files of L1-

EN, LTx, LR1 and TRAS1-EN were provided to the 
web-based server WEBnm@ following the standard pro-
tocol to calculate and analyze the first six vibrational 
modes (Hollup et al., 2005: 

http://www.bioinfo.no/tools/normalmodes).
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Supplementary Information

Supplementary Figure 1

Supplementary figure 1: Specificity of L1-EN βB5-βB6 hairpin 
loop variants and point mutants. A: DNA multi-substrate duplex 

(Dhy). Dhy contains a wild-type target site (blue arrow with seven 
flanking nucleotides marked by horizontal lines) that is ideal for L1-

EN. Hybrid target sites are designed for nicking by LTx (dark green / 
blue) and LR1 (purple / blue), where the seven upstream base-pairs 

of the ideal target sites of Tx1L-EN and R1Bm-EN, respectively, are 
replaced by a T-tract. Upstream and downstream base-pairs impor-

tant for recognition by the scaffold and the βB5-βB6 hairpin loop of 
L1-EN are colored lime and magenta, respectively. Nucleotides on 

the marked target sites that are thought to be in the reach of the vari-
ous βB5-βB6 hairpin loops are on an orange background. Red Circle: 

5’ end (labeled) of the substrate strand.  B: DNA duplexes (Dhy, 180 
nM) were nicked by the indicated amounts of endonuclease. Prod-

ucts were analyzed on autoradiographs of denaturing polyacrylamide 
gels. Colors and symbols are as in (A).
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Supplementary Figure 2

Supplementary figure 2: Normal mode analy-
sis.  C-alpha chains of L1-EN (blue), LTx (dark 

green),  LR1 (purple) and TRAS1-EN (red) were 
analyzed on the WEBnm@ server (Hollup et al., 

2005). Values for the lowest vibrational mode 
(mode 7) are shown. Normalized squared atomic 

displacements are plotted against residue number 
and average deformation energies are indicated 

in the top left corner.
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Supplementary table I: Nicking sites and genomic pre-integration sites
Nicking sites and frequencies on Dwt Genomic pre-integration sites

Position
on Dwt

Sequence (5’ - 3’) Frequency, % Sequence (5’ - 3’) Sequence (5’ - 3’)

wTx a wt b LTx wt b,c LTx

------- ++++
7654321 1234

------- ++++
7654321 1234

------- ++++
7654321 1234

13 TAGGGAC AGTG 4 0 4 TACTTTT ATGA TTTGTTT AAAA

14 AGGGACA GTGG 4 1 1 ATTTTAT AAAG GAATTTC AAAT

15 GGGACAG TGGG 0 0 2 GACTTCT AAAA ATGTCTT CTTT

16 GGACAGT GGGA 0 0 1 TATTTTT ATGT AATTTTT AAGG

17 GACAGTG GGAA 0 0 2 GTTTCTT ATAC TTTTTCT AAGT

18 ACAGTGG GAAT 0 2 2 TTTTCTT ACTG TTTTCTT AGGT

19 CAGTGGG AATT 7 10 22 TTTTTTC ATAT AATTCTT CTAA

20 AGTGGGA ATTA 4 3 5 TATTTCT AATG ATTTTTT ATTT

21 GTGGGAA TTAG 0 1 1 GGTTTTC AAAT TTCTCTT CTTA

22 TGGGAAT TAGC 0 1 2 TATTCTT ACTA TTCTTTC AATC

23 GGGAATT AGCT 0 1 8 TTTTTTA ATTA CATTTGT CACA

24 GGAATTA GCTG 0 1 1 CATTTCT GCAT ATTTTCT GTGT

25 GAATTAG CTGA 0 0 1 AATTCTT AAGA AACTTTT AGAG

26 AATTAGC TGAA 0 1 3 GTTTTCT AAGA AAATTTT CAAA

27 ATTAGCT GAAG 2 2 1 ATGTCTT GTAA

28 TTAGCTG AAGT 9 3 3 TGATTTT AAAA

29 TAGCTGA AGTT 57 2 2 AAATTTT GAGG

30 AGCTGAA GTTA 8 1 1 CCTTTCT AAAA

31 GCTGAAG TTAC 0 0 1 TTTTTTT AACA

32 CTGAAGT TACC 0 1 5 CTTTTTC AAGA

33 TGAAGTT ACCT 0 2 9 TTTTTTT CACT

34 GAAGTTA CCTT 0 0 1 TCTTTTT GAGA

35 AAGTTAC CTTT 0 1 2 TTTTTTT GAGG

36 AGTTACC TTTT 0 2 9 TTTTTTT AAGA

37 GTTACCT TTTT 0 0 2 TTTTTTT GTTT

38 TTACCTT TTTT 0 0 1 ATTTTTT AAAA

39 TACCTTT TTTT 0 0 0 TATTTCT GTAT

40 ACCTTTT TTTT 0 1 1 TTTTTTT AAAA

41 CCTTTTT TTTT 0 1 1 ATTTCTT GCGG

42 CTTTTTT TTTT 0 1 0 GGATTTT GAAA

43 TTTTTTT TTTT 0 2 0 CAGTTTT AAAG

44 TTTTTTT TTTT 0 2 0 TTTTATT GAAA

45 TTTTTTT TTTA 0 3 0 CAGTTTT AAGG

46 TTTTTTT TTAA 0 6 1 TTTTTTT AAAC

47 TTTTTTT TAAC 0 12 1 TTTTTTT GAGA

48 TTTTTTT AACC 0 29 2

49 TTTTTTA ACCG 5 8 2

50 TTTTTAA CCGC 0 0 0
a Tx1L-EN
b L1-EN
c (Gilbert et al., 2002)
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Supplementary table II: DNA primers
Primer name Nucleotide sequence (5’ – 3’)

GS73 GGAAACCCATCTCACGTG

GS263 GTGTCGAGGAATGTATCC

GS313 GTCAATTTTGCCTCCTCCGGTATATTCTGTTGATTTG

GS314 ACAGAATATACCGGAGGAGGCAAAATTGACCACATAG

GS315 GAGAAACATGGCCATCTCTCACCCTGACATAGGTATATTCTGTTGATTTG

GS316 ATGTCAGGGTGAGAGATGGCCATGTTTCTCAATCCAAAATTGACCACATAG

GS317 TGGATTCTCCGTTCGCCGTACTGAAGGTATATTCTGTTGATTTG

GS318 ATACCTTCAGTACGGCGAACGGAGAATCCAAAATTGACCACATAG 

GS323 AATAATGGGCGCCTTTGCCACCCCACTGTCAACATTAG

GS324 CAGTGGGGTGGCAAAGGCGCCCATTATTAATGTGTGG

GS334 CCACACCACACCTATGCCAAAATTGACCACATAG

GS335 GTGGTCAATTTTGGCATAGGTGTGGTGTGGTGC

GS336 GTCAACATTAGACGCATCAACGAGACAGAAAGTC

GS337 TTCTGTCTCGTTGATGCGTCTAATGTTGACAGTGG

GS338 ATCAACAGAATATGTCTTTTTTTCAGCACCACAC

GS339 GGTGCTGAAAAAAAGACATATTCTGTTGATTTGGG

GS340 CACACCTATTCCAAATATGACCACATAGTTGGAAG

GS341 CAACTATGTGGTCATATTTGGAATAGGTGTGGTG

Tx1L-EN-N1 AATCTGGAAACCATGGCCTTGAGTATAAGCACACTTAATACTAATGGCTG

Tx1L-EN-C239 AGCTAGGGATCCTTATTAGATTGACATTCTCAGGGATACACAATTGTGGT

Oligonucleotides and retrotransposition reporter plasmids
In order to enable easy modification of the L1-EN domain in the context of retrotransposition reporter plasmids, 

the 3.7 kb NotI/BclI-fragment of pJM101/L1.3 (Moran et al.,  1999) was subcloned into pBluescript KS+ (Stratagene) to 
create plasmid pNZ01. pNZ01 was then used as a template for site-overlap extension (SOE-) PCR to generate the desired 
mutations. Inner primers introducing the mutations were used as indicated below. Outer primers (GS73 and GS263) in-
cluded the restriction sites PmlI and XbaI, which were used to reinsert the mutated SOE-PCR products back into pNZ01. 
From the resulting subclones, the mutated sequences were transferred into the plasmid rescue vector 
pCEP4/L1.3/ColE1/mneoI400 (Gilbert et al., 2002) using the restriction sites NotI and BclI. This resulted in the following 
reporter plasmids: pNZ74 (L3G) using primers GS313 and GS314, pNZ75 (LTx) using GS315 and GS316, pNZ76 (LR1) 
using GS317 and GS318, pColE1-S202A using GS334 and GS335, pColE1-R155A using GS336 and GS337, pColE1-
T192V using GS338 and GS339 and pColE1-I204Y using GS340 and GS341. For the negative control, pColE1-H230A, 
the respective NotI/BclI fragment of pTAMH230A/L1.3 (Morrish et al.,  2002) was directly transferred to 
pCEP4/L1.3/ColE1/mneoI400. For the βB6-βB5 hairpin loop mutants pNZ74 (L3G), pNZ75 (LTx) and pNZ76 (LR1) 
additional control plasmids (pNZ83, pNZ84 and pNZ85, respectively) were prepared by SOE-PCR as described above 
using the respective subclones as PCR templates and inner primers GS323 and GS324 to introduce a D145A/N147A 
double mutation in the active site. Primer sequences are listed in the supplementary table I.
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To flip or not to flip: insight into the DNA cleavage mecha-
nism of human LINE-1 retrotranposon endonuclease 

Kostas Repanas, Gloria Fuentes, Serge X. Cohen, Alexandre M.J.J. Bonvin, Oliver Wei-
chenrieder and Anastassis Perrakis

ABSTRACT
The human LINE-1 endonuclease (L1-EN) contrib-
utes in defining the genomic integration sites of L1 
and Alu elements that colonize more than a quarter of 
the human genome. Understanding how L1 recognizes 
DNA and facilitates nicking is the first step towards 
utilization of L1-EN retrotransposons as vehicles for 
gene delivery. We demonstrate that mutation of the 
catalytic aspartate (D145A) residue and the conserved 
isoleucine (I204Y), arginine (R155A) and serine 
(S202A) residues that may be responsible to accom-
modate a flipped out base during catalysis, all nega-
tively affect in vitro activity. The total loss of activity 
of the aspartate mutant supports its role in generating 
the nucleophile.  The crystal structures of three mu-
tants indicate a very robust catalytic scaffold with 
minor structural rearrangements.  Based on crystal 
structures and biochemical observations we con-
structed two computational models for DNA recogni-
tion: one involving a flipped-out nucleotide down-
stream the scissile phosphodiester; and one not.  Al-
though both models are feasible, the dramatically re-
duced activity of the isoleucine mutant can only be 
explained based on the flipped out nucleotide model; 
the activity of  the arginine and serine mutants are 
also compatible with this model.  Comparative mo-
lecular dynamics simulations however show that the 
arginine mutation is likely to destabilize the general 
DNA binding area and this could also explain the re-
duced activity of this variant, without assuming the 
flipped-out base mechanism. Collectively the dynam-
ics studies and the modeling suggest that DNA back-
bone cleavage likely but not necessarily proceeds 
through a flipped out nucleotide base.  L1-EN has a 
robust scaffold where the major flexible part is a pro-
truding loop, that we previously showed to be crucial 
for inferring sequence specificity,  and which together 
with additional surface elements facilitate DNA bind-
ing.

INTRODUCTION
L1 retrotransposons are mobile long interspersed 

nuclear elements (LINE-1) that lack retroviral-like long 
terminal repeats and are able to copy and paste them-

selves from one genomic location to the other with the 
help of an endonuclease-reverse transcriptase self-
encoded activity. They propagate via an RNA intermedi-
ate and have created more than 17% of the mass of the 
human genome  (Lander et al, 2001; Han & Boeke, 2005; 
Babushok & Kazazian, 2007). The Alu elements that 
likely propagate by hijacking the L1 retrotransposition 
mechanism, make up an additional 11% of the genome. 
L1 elements have a short loose genomic integration site 
consensus sequence 5’-TTTT/AA-3’  (Gilbert et al, 2002; 
Symer et al, 2002; Szak et al,  2002) that is nicked by 
their targeting endonuclease  (Feng et al, 1996; Cost & 
Boeke,  1998), to free a 3’ OH group and prime reverse 
transcription (Luan et al, 1993). Previously, we described 
the crystal structure of the human L1 endonuclease (L1-
EN)  (Weichenrieder et al, 2004), a member of the family 
of metal-dependent phosphohydrolases  (Dlakić,  2000). 
Based on structure comparisons and sequence alignments 
we suggested that L1-EN may accommodate a flipped-
out nucleotide, in a DNA cleavage intermediate similar to 
the one characterized for the human DNA repair enzyme 
apurinic/apyrimidinic endonuclease 1 (APE1)  (Mol et al, 
2000). 

The human LINE-1s are semi-specific for the target they 
recognize and integrate into, which differentiates them 
from elements of other organisms that exhibit higher 
specificity. Mobile elements like R1Bm from Bombyx 
mori  (Xiong & Eickbush,  1988) and Tx1L from Xenopus 
laevis  (Garrett et al,  1989) encode highly specific target-
ing endonucleases  (Feng et al, 1998; Christensen et al, 
2000). Each of these elements integrate into unique ge-
nomic locations, a specific sequence within 28S rDNA 
for R1Bm and within DNA transposon Tx1D for Tx1L 
(Zingler et al, 2005). The respective endonuclease largely 
determines the integration site. We previously exchanged 
the surface exposed βB6-βB5 hairpin loop of L1-EN for 
the ones of R1Bm and Tx1L endonucleases and deter-
mined the corresponding crystal structures (LR1 & LTx). 
Biochemical and structural analysis of the loop chimeras 
showed that the loop is indeed a major specificity ele-
ment. We thus proposed that the prominent βB6-βB5 
hairpin loop probably inserts into the DNA minor groove 
and may be a particularly important surface element in-
volved in DNA target recognition (Repanas et al, 2007).

In this manuscript we aim to promote our understanding 
of how L1-EN is recognizing target DNA. In the endur-
ing absence of an experimental L1-EN:DNA complex
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Figure 1. A:  Ribbon representation of L1 endonuclease with key residues discussed in the text shown as ball  and stick models. I204, 
R155 and S202 are thought to form a pocket for the accommodation of a flipped-out  nucleotide. Residues that have been mutated are 
color coded: D145A-magenta, R155A-orange, and I204Y-yellow. Same colored ribbons of the respective variant structures are super-
posed on wtL1-EN. Ribbons of loop exchange variants LTx (green) and LR1 (purple) are also superposed for comparison. T192 and 
S202 are the anchoring residues of loop βB6-βB5 that  also served as reference points in the loop exchange mutants (Table 2). Oxygen: 
red, Nitrogen: blue. B: Activity and target recognition of L1-EN point mutants. 20mer DNA substrate duplex containing the poly(T)-A 
junction. Red Circle: 5’  end (labeled) of the substrate strand. DNA duplex (180 nM) was titrated with increasing concentrations of L1-
EN and L1-EN variants. Products were analyzed on autoradiographs of denaturing polyacrylamide gels. Red arrow: poly(T)-A junc-
tion. Red dots: longer products downstream of the main nicking site.

structure, we employ the computational docking program 
HADDOCK (High Ambiguity Driven DOCKing)  (Dom-
inguez et al,  2003). HADDOCK can incorporate avail-
able information like experimental and bioinformatics 
data, in order to drive the docking process  (van Dijk et 
al, 2005). Its use in a variety of cases predicting 
protein:DNA or protein:RNA complexes has been previ-
ously reported  (Kalodimos et al, 2004; Kopke Salinas et 
al, 2005; Kamphuis et al, 2005; van Dijk et al,  2006). 
HADDOCK further allows for the introduction of protein 
flexibility, firstly on side-chains of the interface and then 
for both backbone and side-chains. 

To focus our understanding of how the L1-EN structure 
infers its functional properties and the role of site-
mutants that affect the actual catalysis step, we opted to 
also study the robustness and plasticity of the L1-EN 
catalytic scaffold. Flexibility in protein systems can con-
stitute a major component in creating their specificity and 
catalytic power, hence leading to the creation of a func-
tional entity. Molecular dynamics simulations can reveal 
the role of protein flexibility in structure and mechanism, 
especially when carried out at the atomic level. Catalytic 
processes in enzymes exploit the energy available from 
local and global molecular motions just as much as from 
the particular chemical environment  (Dodson & Verma, 
2006) Many different theoretical methods exist for the 
description of protein flexibility, but molecular dynamics 
(MD) is probably the most powerful (McCammon et al, 
1977; van Gunsteren et al, 1983). Since the very first 

applications to proteins in the late 1970s, MD has been 
successfully used to study the dynamic behavior of vari-
ous proteins  (Karplus & McCammon, 2002; Karplus & 
Kuriyan, 2005). It is generally believed that protein be-
havior during MD simulations most likely reflects physi-
cally meaningful processes  (Rueda et al, 2007). 

We follow a mutational approach combined with struc-
tural, docking, MD and biochemical studies. Specifically 
we aim to test the hypothesis of the occurrence of a 
flipped out base as an intermediate to DNA cleavage 
similar to the APE1 mechanism  (Mol et al, 2000) and to 
provide further insight to the dynamic properties of the 
DNA binding surface.

The structure of wild type L1-EN  (Weichenrieder et al, 
2004) comprises a rigid core that sculpts the surface of 
the likely DNA binding site,  and a prominent protruding 
loop (βB6-βB5, Figure 1A). We have speculated that 
catalysis may proceed with an APE1-like mechanism 
with a flipped out nucleotide. This was illustrated by a 
model constructed using the positions of two sulphate 
ions and the scissile phosphate position as anchor points 
for the placement of substrate DNA. This model together 
with sequence conservation indicated that R155, S202 
and I204 are forming a pocket that accommodates a 
flipped out adenine, and was used as a guide for the mu-
tagenesis experiments presented in this manuscript. In 
contrast to DNA repair enzymes APE-1 in humans (Mol 
et al, 2000) and Exonuclease III in Escherichia coli (Mol 
et al, 1995), L1-EN can provide sufficient space for a 

CHAPTER 4. 	

	 68



These observations confirm that D145 is absolutely re-
quired for the actual catalytic event  (Mol et al, 2000).

The isoleucine at position 204 was mutated to tyrosine to 
mimic the L1 homolog bovine pancreatic deoxyribonu-
clease I (DNaseI)  (Weston et al, 1992). DNAseI-like 
enzymes form a small group of metal-dependent phos-
phohydrolases that display conservation in this tyrosine, 
which is usually a small hydrophobic residue among 
other family members. DNAseI binds DNA in a non-
specific manner and has not been shown to involve rec-
ognition of an extra-helical nucleotide for catalysis to 
proceed, like APE1  (Mol et al,  2000). The isoleucine at 
position 204 provides enough space for accommodating 
the nucleotide adjacent to the scissile phosphate in a pos-
sible flip-out mechanism, similar to the model for APE1 
catalysis. Should the longer and bulkier tyrosine moiety 
assume a relative position similar to the one in DNAseI 
active site,  it should obscure activity. Indeed the I204Y 
mutation has a dramatic effect in catalysis although re-
sidual activity can still be detected, compared to the to-
tally inactive D145 mutation (Figure 1B). However, the 
overall structure is only moderately affected and the 
bulkier and more hydrophilic tyrosine is accommodated 
rather well in the L1-EN scaffold, (Figures 1A and 2; 
yellow model).  Since I204 is rather far from the actual 
catalytic residues and an isoleucine is totally unlikely to 
participate in actual catalysis, the only reasonable expla-
nation is that indeed the tyrosine is not tolerated due to 
steric hindrance upon DNA binding. Since wt L1-EN is 
only moderately specific demonstrating the characteristic 
laddering pattern in Figure 1B, it is totally unlikely that 
the I204Y mutation results in complete loss of specificity 
in our assay and subsequent loss of only apparent activ-
ity; that is further supported by cleavage of supercoiled 
plasmid DNA (data not shown).

Arginine 155 could hydrogen bond to an extra-helical 
nucleotide, should L1-EN follow the APE1 model and 
recognize a flipped out base. The structure of the R155A 
mutant remains virtually unaffected (Figures 1A and 2; 
orange model), while activity is reduced (Figure 1B). The 
R155A is significantly more active than the I204Y mu-
tant: that is compatible with the hypothesis that isoleu-
cine is absolutely crucial for allowing space for the 
flipped out nucleotide, while the arginine would only be 
needed to stabilize the base for more efficient catalysis.

That also explains why sequences with nucleotides other 
than adenine downstream of the scissile bond can be ac-
commodated during cleavage at that position, although 
less efficiently (Repanas et al, 2007); the lesser efficiency 
is likely due to less efficient fixation of the base by R155. 
Finally, the R155A mutation affects only nicking activity 
but has little apparent effect on specificity; if anything 
the observation of the slightly relatively more pro-
nounced longer cleavage products outside the A-tract are 
compatible with our hypothesis for its role. The activity 
of the S202A mutant is less affected (Figure 1B); that is 
consistent with a lesser role in fixing the flipped out nu-
cleotide: the hydrogen bond possibly contributed by 
S202 to fixing the flipped-out nucleotide can be suffi-
cient even if less efficient than that of R155 for fixing a 
flipped out base.  This also can explain why R155 is im-
portant but not strictly essential for catalysis to proceed.

flipped out nucleotide. The turned ribose could rest on 
I204 as in APE-1, while the semi-conserved R155 and 
S202 could do base specific hydrogen bonds with the 
nucleotide.  We have also shown two 'loop graft' mutants, 
LTx and LR1, where the βB6-βB5 loop was exchanged 
for that of the specific R1Bm and Tx1L retrotransposons 
(Figure 1A, magenta and green ribbons).  These indicated 
that loop grafting can alter the sequence specificity of 
L1-EN in vitro and of L1 integration specificity in cell 
cultures  (Repanas et al, 2007). The readout of the se-
quence appears to be 'indirect' and L1 most likely recog-
nizes structural features inferred by the sequence and not 
the sequence itself. 

Here we report the in vitro function and crystal structures 
of point mutants of EN-L1: D145A, the main catalytic 
residue that renders the protein inactive; I204Y that has 
implications to the accommodation of a speculated 
flipped-out DNA base during cleavage; and that of 
R155A and S202A that are in a position to fix the flipped 
out nucleotide. By comparing these structures and the 
conserved position of bound small molecule ligands 
among them, we construct two computational models for 
'normal' and 'flipped-out' DNA complexes and validate 
them using our mutant structures. Finally,  by studying the 
dynamic properties of various L1-EN structures via MD 
simulations (of wild type L1-EN, two L1-EN loop graft 
mutants LTx & LR1, the R155A mutant and that of 
retrotransposon-encoded TRAS1-EN  (Maita et al, 2004) 
we propose how the L1-EN activity is likely to be modu-
lated by dynamic structural properties. 

Table 1. Summary of mutants

Name Mutation 
type

New residues 3D

struc-
ture

Activity Affects 
specificity

D145 Point A + - n/a

R155 Point A + ** -

S202 Point A - *** -

I204 Point Y + * -

LTx Loop-
exchange

YVRVRDGH
VSQ

+ ** +

LR1 Loop-
exchange

FSTANGE + * +

L1-
EN

Wild-type n/a + ***** n/a

RESULTS AND DISCUSSION

Active site and peripheral L1-EN mutants affect 
cleavage activity but not specificity or structure

A summary of functional and structural data for all mu-
tants used in this study is available as Table 1. Structural 
comparisons are summarized in Supplementary Table 1 
(Theobald & Wuttke, 2006).

Aspartate 145 is a totally conserved residue in the family 
of metal-dependent phosphohydrolases. This mutation 
totally abolishes activity (Figure 1B) while no structural 
differences occur (Figure 1A and 2; purple model) de-
spite being situated at the heart of the L1 endonuclease. 
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spect to the wild type L1-EN structure, the structure of 
the I204Y variant is the one exhibiting the largest 
changes, besides the prominent substitution of isoleucine 
to tyrosine. It is not straightforward to explain these dif-
ferences since the tyrosine that replaces the isoleucine 
points away from the active site.

It is notable that Mg+2 ions were necessary for crystalli-
zation to proceed in all cases; but Mg+2 could not be 
identified in any of these structures, with the exception of 
LR1 (Repanas et al,  2007).  In the LR1 structure we con-
firmed the metal position by substituting Mg+2 for Mn+2 
and collecting anomalous X-ray diffraction data at 1.7 Å 
wavelength. The presence of a metal position was clearly 
confirmed, but despite extensive effort we were unable to 
model it accurately, due to dynamic or static disorder, 
that manifested itself as a 'double' anomalous peak. Due 
to this lack of conclusive data we are not discussing this 
specific structure and possible implications of the metal 
positioning in catalysis. Collectively, the superposition of 
the structures, with the various positions that residues can 
adopt, illustrates the plasticity of this region and hints to 
breathing motions while scanning and adapting the sur-
face depending on the DNA substrate.

Structures of L1-EN mutants provide a structurally 
robust scaffold with conserved binding features

Crystals of R155A diffracted X-rays to 2.0 Å, those of 
I204Y to 2.2 Å and the ones of D145A to 2.3 Å. All three 
crystals belong to space group P21, contain four copies of 
each protein in the asymmetric unit and are twinned (twin 
law -h,-k,l). Details for data collection, treatment for 
twinning and refinement statistics are summarized in 
Table 2. The structures were solved by molecular re-
placement using L1-EN as a search model; the mutated 
residues could be clearly confirmed and identified in the 
electron density maps.  The three new structures pre-
sented here, combined with the wild type L1-EN struc-
ture and those of the two hairpin variants LTx and LR1 
we have previously reported  (Repanas et al, 2007), en-
able us to take a much more detailed look in and around 
the active site of L1-EN. 

Looking at the active site regions of all structures collec-
tively (Figure 2),  most of the induced differences apart 
from the mutations themselves seem to concentrate on 
E43 and H230. The glutamate has been shown to coordi-
nate a Mg+2 ion essential for catalysis,  in many metal-
dependent phosphohydrolases. The histidine is likely to 
create the attacking nucleophile as show for APE-1 (Mol 
et al, 2000). Comparing the overall positioning with re-

  

   Table 2. Data collection and refinement statistics.

Data collection I204Y R155A D145A

Resolution, Å 2.2 2.0 2.4

Cell a,b,c (Å)
        α, β, γ (o)

42.6, 93.8, 126.6
90, 90, 90

43.1, 93.6, 125.9
90, 90, 90

43.2, 93.5, 125.7
90, 90, 90

Space group P21 P21 P21

Rmerge, % a 7.6 (48.2) 8.0 (55.3) 9.2 (43.7)

Completeness, % a 86.2 (88.6) 97.3 (96.5) 84.1 (87.0)

I/σ(I) a 6.8 (1.5) 12.1 (2.5) 9.3 (2.0)

No. of reflections
   Unique observed
   Total measured

46416
62476

65720
248082

37199
78085

Twinning

Operator -h, -k, l -h, -k, l -h, -k, l

Twin fraction 0.45 0.1 0.29

Refinement

Rcryst, % 14.2 17.5 17.3

Rfree, % 20.8 24.7 25.6

Number of :
 molecules in AU
  atoms
  ions
  water molecules

4
8198

6
435

4
8082

9
389

4
7930

4
430

Ramachandran plot
   Most favored regions, %
   Allowed regions, %
   Generously allowed, %

89.6
10.4

-

91.6
8.2
0.2

82.1
17.1
0.8

Rmsd.from ideal geometry
    Bond lengths, Å
     Bond angles, °

0.003
0.55

0.006
0.77

0.007
0.86
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Figure 2. Stereo views of the L1-
EN active site and of the five vari-
ants discussed in the text, as  well 
as superposition  of all six. Grey: 
L1-EN, purple: LR1, green: LTx, 
magenta: D145A, orange: R155A 
and yellow: I204Y. Color coding 
follows throughout the paper. 
Oxygen: red, Nitrogen: blue.
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Figure 3. Surface representation of L1-EN with all sulfate ions (as spheres) and glycerol (as sticks) from the six available crystal 
structures superimposed. The active site is marked with  a red circle. Blue asterisks indicate the narrow “channel” formed by N118 and 
F193 above the active site. The βB6-βB5 hairpin is labeled to aid orientation and front and side views of the protein are shown.

All crystallization conditions contained sulfate ions 
(ammonium sulphate was used together with Polyethyl-
ene glycol as a precipitant) and the cryo-protection me-
dium contained glycerol.   In the three mutant structures 
we present here, as well as in the previously solved struc-
tures of wtL1-EN, and the hairpin exchange variants LTx 
and LR1, both sulfate ions and glycerol molecules could 
be clearly located. After superimposition of all available 
structures (Figure 3),  it can be seen that many of these 
ligands occupy common sites.   The most frequently oc-
cupied position for a sulfate ion is between His45 and 
Asn19; all six available structures bind an ion at this po-
sition. Three structures (LTx, R155A and L1-EN) have a 
sulfate ion between the 'other' side of His45 and Tyr115. 
Other binding sites are clear but not consistent between 
structures. In LTx, Arg155 binds a sulfate ion that could 
indicate a stabilizing role contacting a DNA phosphate, 
or the extra-helical nucleotide in the flipped-out base 
model, that are both discussed later. In LTx we also find a 
sulfate ion in the active site of the protein,  coordinated by 
His230, Asp145, Glu43 and Tyr193 (that replaces the 
wild type Phe193 present in L1-EN). LR1 also binds a 
glycerol moiety, which is located straight in the active 
site; the glycerol hydrogen bonds to His230, Tyr115, 
Asp145, Asn147; it is also in contact with Glu43 via the 
bound - albeit not clearly modeled - metal ion. The glyc-
erol moiety superimposes well onto the DNA backbone 
phosphate of the APE1 complex and the LTx sulfate ion 
(Figures 2 and 3).

Collectively the analysis of all biochemical assays and 
structures - argue that the active site mutants presented 

here are in sharp contrast with the activity profile of the 
loop exchange variants LTx and LR1 we have previously 
described, and which affect the specificity of cleavage 
(Table 1).  The activity of the point mutants and their 
structures are compatible with the initial speculation that 
DNA cleavage might proceed via an extra-helical nucleo-
tide. We further our analysis,  by testing the hypothesis of 
the flip-out mechanism using computational modeling 
methods.

Computational docking of an A-tract DNA substrate 
on L1-EN driven by mutational data.

The L1 endonuclease could follow two main modes for 
binding and cleaving its DNA substrate. The first is that 
of DNaseI that appears to cleave DNA without the need 
to flip a nucleotide.  The second is that of APE1 which in 
order to repair an abasic site most likely flips out a nu-
cleotide. We have previously constructed such models 
manually based on the crystal structure of wild type L1  
(Weichenrieder et al, 2004). In the absence of an experi-
mentally determined structure of an L1-EN:DNA com-
plex, we decided to extend our docking studies and 
model the complex computationally, using the HAD-
DOCK software  (Dominguez et al,  2003) and suitable 
DNA substrates  (Stefl et al, 2004). Together with the 
mutant structures we attempt to extend our understanding 
and distinguish computationally, which of the two afore-
mentioned binding modes is the most favorable.
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Figure 4. A: Stereo view of 
“non-flipped” DNA (wild-type) 
docked to  L1-EN with HAD-
DOCK. The model depicted is 
the representative of the best 
cluster. The βB6-βB5 hairpin is 
seen inserting in the DNA mi-
nor groove. Red spheres repre-
sent sulfate ions from the LTx 
crystal structure. DNA cartoon 
is  shown in yellow, with the 
bases at  the TpA step targeted 
for cleavage in green, Gray: L1-
EN ribbon /Alternative repre-
sentation: L1-EN is drawn as a 
grey surface and is viewed from 
the top, so that  the βB6-βB5 
hairpin is pointing towards the 
reader. The double-stranded A-
tract DNA substrate is drawn as 
a yellow cartoon, with the TpA 
step that is  the supposed target 
for cleavage highlighted in 
green. A red colored surface 
indicates the position of active 
site residues of L1-EN involved 
in  catalysis.   B: Same as in A 
but with “flipped-out” DNA as 
substrate. C: Close-up of the 
“flipped-out” HADDOCK 
model to  illustrate the accom-
modation of adenine 7 by R155, 
S202 and I204. L1-EN is de-
picted as light-gray ribbon with 
the hairpin labelled and the 
DNA as dark-gray sticks. Oxy-
gen: red, Nitrogen:  blue, Phos-
phorus: orange. D: Alternative 
view of same model, illustrating 
the clash between I204Y mutant 
(superposed in  yellow) and 
adenine 7 of the TpA step, 
which are shown as ball and 
stick models. Coloring as in  C. 
E: Three surface representa-
tions of L1-EN with superposed 
DNA cartoons from “flipped-
out” HADDOCK (blue), APE1 
(yellow, pdb code: 1DE8) and 
DNAse I (magenta, pdb code: 
1DNK). The position of the 
I204Y mutation is marked as 
red surface

The first DNA target, dT4A4 (pdb id: 1RVI) resembles the 
preferred target substrate of the L1-EN, having a unique 
geometry that includes a narrow minor groove that wid-
ens at the TpA step, making it a good candidate for the 
docking study. To initiate the docking process we used 
our mutational data as well as residues shown to coordi-
nate bound ions in the six crystal structures discussed 
earlier. Hence, in the HADDOCK formalism, certain 
residues were defined as 'active', depending on the pre-
dicted level of involvement in the DNA binding interface, 
and their neighbors as 'passive' (Table 3). The docking 
partner, dT4A4, was annotated in a similar fashion, defin-
ing as active the adenine and thymine at the TpA step and 
the rest of the molecule as passive. Complexes were 
scored as described in the Supplementary Information 

sections and for simplicity a representative model ob-
tained with HADDOCK is illustrated in Figure 4A. The 
substrate DNA is docked on the predicted interface and 
the βB6-βB5 hairpin can be seen penetrating the wide 
minor groove. Major groove contacts are mediated by 
Asn118 and neighboring residues on the same small loop. 
Residues Asn118 and Phe193 form a narrow passage of 
less than 6.5 Å, where the DNA can be locked in position 
while catalysis of the phosphodiester bond takes place 
(Figure 3, blue asterisks). Four of the sulfate ions we 
previously described, coincide with backbone phosphates 
of the DNA. The docked substrate is placed on an orien-
tation suitable for cleavage, with the target phosphodies-
ter bond between Thy6 and Ade7 in the proximity of the 
active site. 

CHAPTER 4. 	

	 73



The second DNA model contains an extra-helical adenine 
at the T-A junction. To construct it we chose to use angles 
from two known structures that contain flipped out nu-
cleotides: that of APE1 bound to abasic DNA (pdb code: 
1DE9); and that of β-glucosyltransferase bound to a 13-
mer DNA (pdb code: 1SXP). The model of L1-EN com-
plex with this in silico “manipulated” DNA was created 
following exactly the same protocol and using identical 
restraints as above, to enable unbiased comparison of the 
two models. A number of complexes were selected for 
further inspection and the best resulting complex is 
shown in Figure 4B. The overall binding of this DNA 
appears similar to that of the wild type (illustrated in Fig-
ure 4A,B) but this time the extra-helical adenine at posi-
tion 7 is in hydrogen bonding distance from R155, S202 
and close to I204 that create a pocket for accommodating 
the flipped-out nucleotide (Figure 4C). Arginine 155 
makes a single hydrogen bond to N1 of the adenine base 
in this model; however one can easily imagine that a 
slight re-arrangement can result to R155 contacting both 
N1 and N6, while the hydroxyl of S202 (now hydrogen 
bonding N6) contacts N7 instead, as it was actually mod-
eled manually  (Weichenrieder et al, 2004). This rear-
rangement would imply a more important role of R155 
than S202 in catalysis,  consistent with the activity ex-
periments (Figure 1B). Similar to the non-flipped DNA 
docking, the bond to be cleaved at the TpA step is posi-
tioned near the active site, where direct or water medi-
ated contacts could take place. In the case of a nucleotide 
flipping-out, its Watson-Crick partner would need to be 
stabilized during catalysis in a way similar to that of 
APE1, which provides two loops contacting the orphan 
base from both minor and major DNA grooves. These 
contacts in L1-EN could be achieved by F193 of the 
main hairpin βB6-βB5 in the minor groove and the βB3-
αB1 loop containing N118 in the major groove, stabiliz-
ing the orphan thymidine in the HADDOCK model. 

When the I204Y variant structure is superposed on the 
“flipped-out” complex, there is a very obvious clash be-
tween the extra-helical adenine and Y204 that would be 
present in DNaseI (Figure 4D). That would argue in favor 
of the base-flipping mechanism, illustrating that the 
bulky tyrosine instead of an isoleucine is obstructing the 
recognition of the extra-helical nucleotide and thus ren-
dering the EN inactive. On the contrary,  superposition of 
the I204Y variant structure on the “non-flipped” 
EN:DNA complex does not seem to obstruct DNA bind-
ing in a major way. With the currently available models 
the behavior of this mutant is favoring the recognition of 
an extra-helical nucleotide during cleavage. Of course, 
given the available data,  we cannot rule out the possibil-
ity that the tyrosine can rotate and point to different di-
rections which would render any EN:DNA complex un-
stable or inactive, even in the case that base-flipping 
would not be required.  

Still,  it is not evident from the docking results alone, 
which mode of binding is preferred. DNA positioning 
appears similar independent of the base flipping. The 
non-flipped substrate is docked marginally better, and 
therefore placed 1-2Å closer to the active site and ions 
that could take the place of backbone phosphates. Both 
runs yield complexes that resemble to a greater extent the 
way DNA is bound on APE1 structures, rather than how 
DNaseI binds its target (Figure 4E); in the sense that a 

larger binding interface is required with the DNA sitting 
on both sides of the hairpin loop. This is in agreement 
with our mutational data. If DNA was bound as in 
DNAseI, we would expect no reduction in EN activity 
when I204 is mutated to tyrosine: our combined bio-
chemical results indicate that the tyrosine in the place of 
the isoleucine is not tolerated at all; only residual activity 
can be detected in three different assays (Figure 1B and 
Repanas et al, 2007).

Superposition of the inactive D145A variant structure on 
either of the docked complexes confirms that no major 
changes occur on the protein surface and that the DNA 
could still bind as before, although catalysis cannot pro-
ceed without the aspartate in place. One residue that is in 
favorable position to contact target DNA in all the 
HADDOCK models examined is Y115. This is in agree-
ment with observations in the crystal structures,  since it 
could be involved in ion co-ordination, and it is situated 
in the vicinity of the active site.  The above also agree 
with recent studies in DNA repair enzyme APE1, where 
this conserved tyrosine is thought to be directly involved 
in catalysis and binding/recognition of DNA  (Melo et al, 
2007).

When we superpose the structures of the previously re-
ported LTx and LR1 variants on this new docking mod-
els, there is a striking difference on the way the two ex-
changed hairpins could interact with the DNA substrate. 
The morphology and positioning of the loops is quite 
different: the Tx1L hairpin penetrates and pushes the 
minor groove; the shorter R1Bm hairpin barely reaches 
the DNA backbone. These structural differences could 
explain the reduced activity and altered specificity these 
variants exhibit as we initially suggested based on the 
apo- structures and biochemical data (Repanas et al, 
2007).

Table 3. Definition of the ambiguous interaction re-
straints (AIRs) for the two HADDOCK runs 

Residue number
L1-EN

Active

Passive
R155, F193,  S202, I204, N19, H45, K70, 
H198

N147, Q159, T157, H199, A196, R53, K71, 
T119, N118, P197, D229, N16, S20

DNA

 Active

 Passive

T6, A7

1-5, 8-24

Apart from the structural characteristics of the loops that 
penetrate the minor groove, the charge properties of the 
three different loop variants display some differences that 
further support and explain the modes of DNA binding. 
The active wt L1-EN protein has two histidines at the top 
of the loop that are positively charged at least at lower 
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pH; the less active LTx loop mutant harbors one posi-
tively charged histidine and a negatively charged gluta-
mate at the tip of the loop, while it offers two additional 
positive charges with two arginines positioned at the loop 
base; the very little active LR1 loop graft mutant offers 
no positive charges at the tip of the loop, and a negatively 
charged aspartate in the middle. The endonuclease from 
insect retrotransposon TRAS1 (Maita et al, 2004), 
TRAS1-EN, has a similar prominent loop. This exhibits 
three positively charged residues close to the tip of the 
loop, two arginines and a lysine.  Since the insertion of 
the loop to the minor groove according to both our mod-
els is essential, we conclude that positive charges mediate 
better placement of the DNA and subsequent cleavage. In 
such a model where the loop probes structural features of 
the DNA, while charges definitely have a role, the dy-
namic flexibility of the loop and the DNA binding inter-
face in general should be crucial for target recognition, 
DNA binding and efficient phosphodiester bond cleav-
age. Dynamic processes seem to play a significant role 
both for initial binding and subsequent nicking of the 
DNA substrate, which might proceed via a base flipping 
mechanism. Here we use a molecular dynamics approach 
to analyze further this flexibility hypothesis, which we 
initially demonstrated with a normal mode analysis  (Re-
panas et al, 2007).

Molecular dynamics simulations confirm a connection 
between flexibility and functionality 

To further understand the functional role of loop plastic-
ity and flexibility regarding its importance for target 
DNA recognition, binding and cleavage, and at the same 
time confirm that the L1-EN scaffold is rigid as sug-
gested by the mutant structures, we performed classical 
molecular dynamics simulations using GROMACS to 
approximate the obscure experimental representation of 
protein elasticity.  A total of five 10 nanosecond simula-
tions were performed on: wtL1-EN, LTx, LR1, R155A 
and finally for comparison on the L1-EN homolog 
TRAS1-EN, the sequence-specific APE-type non-LTR 
retrotransposon endonuclease that cleaves telomeric re-
peats of insects. 

Standard GROMACS analysis was performed for all 
trajectories for factors such as temperature, pressure and 
energy, to ensure that once the system reaches equilib-
rium after the first couple of nanoseconds, it remains 
stable along the trajectory. The average backbone root 
mean square fluctuation (RMSF) values during simula-
tion (a measure of the overall flexibility of the system) 
were calculated during the last 6 ns of the simulations. 
The RMSF plots of the atomic positions in the trajecto-
ries of LR1, R155A, LTx and L1-EN (Figure 6A) shows 
that certain regions are more flexible than others and that 
these regions coincide across the different structures. 
Focusing on the region of the β-hairpin (βB6-βB5), 
which lies roughly between residues 190-200, we ob-
serve that for the case of the relatively inactive LR1 this 
area is much more rigid compared to the flexible hairpins 
on L1-EN, LTx and R155A. For L1-EN and R155A the 
plots practically superimpose as expected; the residues in 
question are identical in both cases.  The detailed simula-
tions collectively confirm and quantify our hypothesis for 

the importance of loop flexibility for efficient cleavage of 
substrate DNA. 

Our simulations reveal additional regions that have an 
elevated degree of flexibility (Figure 5A and 5B).  The 
area around βA4-αA2 near E43 that is involved in ion 
coordination,  the area around K70-K71 (βA6-βA5) that 
possibly contacts DNA, and finally the small loop (βB3-
αB1) where N118 is situated that could be involved in 
major groove interactions. 

A clear variation in the different trajectories is in the 
R155A mutant trajectory: the loop (βB6-αB2) around the 
mutation is comparably more flexible. The salt-bridge 
between D154 and R182, adjacent to the R155A muta-
tion,  is conserved and restricted to AP DNA repair endo-
nucleases and mammalian-type L1 endonucleases  (Wei-
chenrieder et al,  2004). It could serve as an extra fixing 
point for this loop and is present for instance in L1-EN, 
APE1 and Tx1L-EN, but missing from DNaseI, R1Bm-
EN and TRAS1-EN. This salt bridge is disrupted in the 
R155A simulation (Figure 5C), along the timeline of the 
last five nanoseconds, whilst it is stable in L1-EN where 
the neighboring arginine is present. From that we con-
clude that the R155A mutation destabilizes the surround-
ing region and results in the salt bridge breaking. This 
possibly explains why the whole loop appears to be more 
flexible than the one in the wild type protein. If the role 
of this loop is to contact the DNA and fix it in a way for 
cleavage to occur, the absence of the arginine and the 
increased mobility could explain the reduced activity this 
mutant exhibits,  likely important during DNA binding in 
general, even if it is not directly responsible for binding 
the flipped out DNA base. 

The region around R155 in the L1-EN homolog TRAS1-
EN, is also of interest. R155 corresponds to K168 in 
TRAS1-EN. It is known that a mutation of K168 to al-
anine or even to an also positively charged arginine, 
which mimics human L1-EN, drastically reduces the ac-
tivity of this highly specific endonuclease  (Maita et al, 
2004). This loop is in a region of high mobility also in 
TRAS1-EN, looking at the rainbow matrix representation 
of root mean square deviation (RMSD) between dis-
tances of atoms during the trajectory (Figure 5D). The 
equivalent of the D154 - R182 salt-bridge that could pro-
vide extra stability to this loop is missing in the case of 
TRAS1-EN. This further suggest that this peripheral 
loop, almost 17 Å away from the protein’s active site, has 
an important role in aiding function and modulates activ-
ity, while having no apparent effect on protein specificity, 
as seen in both L1 and TRAS1 endonucleases. A small 
loop that includes D130 (N118 in L1-EN) also shows 
increased flexibility; this aspartate is known to retain 
activity but lose specificity for telomeric targets when 
mutated to alanine, possibly pointing towards major 
groove interactions  (Maita et al, 2004). 

Principal component analysis (PCA) reveals that in the 
trajectory of the R155A mutant, the βB3-αB1 loop of 
N118 also shows flexibility (Suppl. Figure 1). Since mo-
tions of the βB6-βB5 hairpin loop coincide on the same 
eigenvector with the βB3-αB1 loop, this could indicate 
that such motions are paired to each other. It would be an 
attractive idea to consider these regions moving in an 
anti-correlated fashion upon DNA binding and regulating 
the width of the “channel” they seem to create above the 
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Figure 5. A: RMS fluctuations calculated over the last  6 ns of the 10 ns MD simulations of L1-EN, LTx, LR1 and R155A. On the 
right, blow-up of the βB6-βB5 hairpin region. B: Cartoon representation of L1-EN colored  according to  RMSF (0.0-0.5) values of 
R155A trajectory as an example. Flexible areas are named and correspond to the ones in A. C: Behavior of the D154-R182 salt-bridge 
during the last  5 ns of the trajectory, in the L1-EN and R155A simulations. D: Root mean square Cα-Cα  distance fluctuation matrices 
for the R155A and TRAS1-EN trajectories. Flexible areas that coincide in the two proteins are boxed.
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active site of L1-EN (Figure 3,blue asterisks). This would 
also agree with all docking models, where the hairpin 
inserts into the minor groove of the DNA while the N118 
loop interacts from the other side with the DNA’s major 
groove. The two loops appear to lock the DNA in posi-
tion, which also agrees with our docking results. 

In the LTx trajectory the motions of the exchanged hair-
pin are indeed so strong that they dominate the first, as 
well as the second eigenvector, almost at the same levels. 
This observation most likely indicates that this loop has 
enhanced plasticity, which is probably necessary for spe-
cifically sensing the target DNA geometry and position-
ing the substrate for subsequent cleavage, in the context 
of the highly specific wt Tx1L endonuclease. The oppo-
site is true for LR1. This exchanged hairpin is much less 
flexible and even in the second eigenvector,  where the 
big motion of the K70-K71 loop is removed, it shows up 
but in no case reaching the fluctuation levels of L1-EN, 
LTx or R155A. This way, we rule out the possibility that 
we “miss” the motion of LR1 hairpin due to another, 
more dominant motion and we can conclude that a com-
bination of structural architecture and plasticity, or rather 
the lack of it, can explain why the LR1 variant is almost 
inactive in our biochemical assays. 

Summary and Perspectives
The three new crystal structures of L1 endonuclease 
point-mutants presented here help us better understand 
the catalytic mechanism of DNA cleavage and the roles 
crucial residues play in it. Two DNA binding models are 
constructed by computationally docking a “wt” and a 
“flipped-out” double-stranded nucleic acid on the surface 
of L1-EN. Both models point towards a DNA orientation 
similar to that seen in the APE1:DNA crystal structures, 
possibly requiring the recognition of an extra-helical nu-
cleotide in a pocket formed by R155, S202 and I204. All 
these residues reduce EN activity but not affect specific-
ity when mutated to A, A and Y respectively. Furthermore 
we performed MD simulations to pinpoint surface loops 
that together with the prominent hairpin βB6-βB5 are 
flexible and involved in DNA recognition/binding, in 
wtL1-EN, in L1-EN loop grafts LTx and LR1, and in the 
related highly specific TRAS1-EN. The presence of such 
loops on the DNA binding interface and their degree of 
plasticity could be a major factor in conferring EN cleav-
age specificity and thus drive the integration targeting of 
the respective retrotransposon. A clear understanding of 
the above factors would greatly aid efforts to engineer/
manipulate specificity of L1 and related endonucleases, 
hence enhancing our knowledge of retrotranspositional 
mechanisms and how retrotransposons could form the 
next generation of gene delivery vectors.    

Experimental Procedures
Preparation and purification of L1-EN variants

L1-EN variants were cloned, expressed and purified as 
described previous (Weichenrieder et al, 2004; Repanas 
et al, 2007).

Crystallization

The D145A mutant was concentrated to 15mg/ml and 
crystallized from 22% PEG4000, 0.2 M Ammonium Sul-
phate (AS) and 20mM MgCl2. The I204Y mutant was 
concentrated to 8mg/ml and crystallized from 25% 
PEG4000, 0.2 M Ammonium Sulphate (AS) and 20mM 
MgCl2. The R155A mutant was concentrated to 11mg/ml 
and crystallized from 34% PEG4000, 0.2 M Ammonium 
Sulphate (AS) and 20mM MgCl2.

Structure solution and refinement

Diffraction data were collected at beamline ID23-1 at the 
European Synchrotron Radiation Facility in Grenoble, 
France. Diffraction images were integrated by MOSFLM  
(Leslie, 2006) and scaled in SCALA (Evans, 2006). The 
structures were solved by molecular replacement using 
MOLREP (Vagin & Teplyakov, 2000) with L1-EN (PDB 
ID: 1VYB) as a search model. Automatic model building 
was done with ARP/wARP  (Cohen et al, 2004) and ini-
tial refinement was done using REFMAC5  (Murshudov 
et al, 1997) and COOT (Emsley & Cowtan, 2004) itera-
tively. Although electron density maps were of good 
quality, refinement statistics failed to converge, with free-
R ranging between 32.5% for the I204Y mutant, 30.9 % 
for the D145A mutant, and 27.3% for the R155A mutant. 
Examining the diffraction data with the program X-triage  
(Zwart et al, 2006) we detected significant indications for 
twining; possible in this apparently monoclinic but met-
rically close to orthorhombic space group.  We used the 
twin operator (-h, -k, l) to refine the twin fraction in the 
refinement program of the phenix package  (Afonine et 
al, 2005).  The twin fraction refined to values ranging 
between 0.45, 0.29, 0.1 (for I204Y, D145A, R155A re-
spectively) and in all cases resulted to considerably im-
proved free-R values (20.8%, 25.6%, 25.2% for the 
I204Y, D145A and R155A mutants respectively) and 
improved electron density maps.  All de-twinned maps 
were inspected and models were finalized and validated 
using the Molprobity server  (Lovell et al, 2003). 

Oligonucleotide nicking

Gel-purified synthetic oligonucleotides of a 20 base pair 
long A-T rich oligonucleotide that contains the preferred 
consensus L1-EN cleavage site 5’TTTT/AA 3’ were la-
beled at the 5’ end with radioactive phosphate (32P) using 
[g-32P]ATP and T4 polynucleotide kinase and were re-
purified on gel. Equimolar amounts (450 nM) of unla-
beled complementary and substrate strands were mixed 
with a trace amount of labeled substrate. The mixture 
was annealed in 5 mM Na-HEPES (pH = 7.5) by heating 
to 90 ºC and slow-cooled to room temperature. Nicking 
reactions (50 µl) were done in 50 mM Na-HEPES (pH = 
6.5), 150 mM NaCl, 10 mM MgCl2, 0.1 mg/ml bovine 
serum albumin and 1 mM dithiothreitol. Final concentra-
tions were 180 nM DNA (0.5-7.5 µg/ml) and 20 - 2000 
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nM protein, which had been diluted in protein buffer (5 
mM Na-HEPES (pH = 7.5), 300 mM NaCl,  10 mM 
MgCl2, 0.5 mg/ml bovine serum albumin and 5 mM 
dithiothreitol) before. After 30 minutes at 37 ºC reactions 
were stopped by the addition of 175 µl of 380 mM Na-
acetate (pH = 7.5), phenol extraction and ethanol precipi-
tation. Reaction products were separated on 10 % dena-
turing polyacrylamide gels.

Docking Protocol: HADDOCK

As starting structures for the protein partner we used our 
L1-EN crystal structure (pdb code: 1VYB), together with 
two available additional structures of alternative space-
group, in order to account for certain degree of flexibility 
within the protein. For the DNA partner we used an 
NMR ensemble consisting of nine structures (pdb code: 
1RVI). Ambiguous Interaction Restraints (AIRs) are 
shown in Table 3. As active residues, we choose those 
residues involved in the interaction interface using ex-
perimental information extracted from sequence, struc-
tural and mutational data; for all of them a relative sol-
vent accessibility of  >50% was required, defined with 
NACCESS  (Hubbard & Thornton, 1993). Neighbors of 
the active residues that could also be part of the interface 
are defined as passive residues and the same solvent ac-
cessibility criteria apply. 

The docking protocol consists of three steps: 1.rigid-body 
docking, 2.semi-flexible simulated annealing and 
3.refinement in explicit solvent. During the initial rigid-
body docking stage all combinations of different starting 
structures are used to create 1000 protein:DNA com-
plexes.  The best 200 of these in terms of intermolecular 
energy according to HADDOCK scores were selected for 
the simulated annealing step and the final water refine-
ment (as described in  Dominguez et al, 2003). Default 
HADDOCK (version 2.0) parameters were used and the 
top scoring complexes were further visually inspected for 
contacts between DNA bases and residues in the protein 
involved in both catalysis and DNA stabilization, as indi-
cated in the Supplementary Information section.  The 
HADDOCK package is freely available to academic us-
ers

 (http://www.nmr.chem.uu.nl/haddock). 

Molecular Dynamics Simulations

A total of five molecular dynamics (MD) simulations in 
explicit solvent were performed using the GROMACS 
3.0 package  (Lindahl et al, 2001; Van Der Spoel et al, 
2005) and the GROMOS96 force field  (Daura et al, 
1998). L1-EN (pdb code: 1VYB), LTx, LR1, R155A and 
TRAS1-EN (PDB CODE: 1WDU) crystal structures 
were used as starting models for the MD simulations. 
Structures were solvated in a cubic box of SPC water  
(Berendsen et al,  1981) using a minimum distance of 14 
Å between the protein and the box edges. After a steepest 
decent energy minimization step with positional re-
straints on the solute, negatively (Cl-) or positively (Na+) 
charged ions were introduced depending on the run, to 
obtain an electro-neutralized system. A second energy 
minimization was performed,  followed by five successive 
20 ps MD equilibration runs. During these, the position 
restraints force constant on the solute Kposre was de-
creased progressively (1000, 1000, 100, 10, 0 kJ mol-1 

nm-2).  After these equilibration stages, a 10 ns production 
run was performed.

Solute,  solvent and counterions were weakly coupled 
independently to reference temperature baths at 300 K (τ 
= 0.1 ps)  (Berendsen et al, 1984). The pressure was 
maintained by coupling the system weakly to an external 
pressure bath at one atmosphere (1atm=101,325 Pa).  The 
LINCS algorithm was used to constrain bond lengths, 
allowing an integration time step of 2 fs to be used  (Hess 
et al, 1997). The non-bonded interactions were calculated 
with a twin-range cut-off of 0.8 and 1.4 nm  (van Gun-
steren & Berendsen, 1990). The long-range electrostatic 
interactions beyond the 1.4 nm cut-off were treated with 
the generalized reaction field model, using a dielectric 
constant of 54  (Tironi et al, 1995). Trajectory coordi-
nates and energies were stored at 0.5 ps intervals. The 
analysis was performed routinely for the last 6 ns of each 
simulation, to allow for the system to start equilibrating, 
using the set of programs within GROMACS. Statistics 
for energy terms and RMSD are available in Supplemen-
tary Information. 

To identify smaller scale motions that were possibly 
overshadowed by more dominant ones and examine pos-
sible correlations, we analyzed the projections of each 
trajectory on the eigenvectors of its covariance matrix. 
The fast, free and flexible GROMACS package is avail-
able @

 http://www.gromacs.org/ . 

Hardware

The GROMACS computations were performed on a 
cluster of 5 Apple Xserve dual G5 processors at 2.3 GHz 
having 1GB of RAM memory each and using Lam-MPI 
over gigabit ethernet as a inter-node communication im-
plementation.

HADDOCK docking runs were performed on a Transtec 
(Tubingen, Germany) computer cluster operating with 
32, 2.0 GHz, 64 bit Opteron processors. 
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Supplementary Information

Supplementary Table 1: RMSD (in Å) of all structures after pairwise maximum likelihood superposition

L1-EN   L1_EN   LTx   LTx   LR1   R155   R155   R155   R155   D145   D145   D145   D145   I204   I204   I204   I204   
A B A B A A B C D A B C D A B C D

L1-
EN   

A    0.31 0.70 0.71 0.36 0.45 0.32 0.29 0.49 0.47 0.44 0.47 0.46 0.43 0.50 0.37 0.45

L1-
EN   

B 0.31   0.62 0.63 0.37 0.40 0.33 0.32 0.45 0.50 0.47 0.52 0.44 0.45 0.49 0.44 0.43

LTx   A 0.70 0.62   0.17 0.62 0.61 0.70 0.69 0.70 0.78 0.77 0.73 0.69 0.76 0.79 0.74 0.75
LTx   B 0.71 0.63 0.17   0.64 0.62 0.70 0.70 0.71 0.78 0.77 0.75 0.71 0.76 0.78 0.74 0.76
LR1   A 0.36 0.37 0.62 0.64   0.45 0.40 0.38 0.46 0.46 0.50 0.46 0.46 0.45 0.49 0.47 0.43
R155   A 0.45 0.40 0.61 0.62 0.45   0.38 0.36 0.31 0.53 0.53 0.53 0.46 0.53 0.50 0.48 0.51

R155   B 0.32 0.33 0.70 0.70 0.40 0.38   0.25 0.42 0.38 0.41 0.51 0.44 0.41 0.48 0.41 0.43

R155   C 0.29 0.32 0.69 0.70 0.38 0.36 0.25   0.41 0.40 0.41 0.49 0.41 0.40 0.47 0.40 0.41

R155  D 0.49 0.45 0.70 0.71 0.46 0.31 0.42 0.41   0.53 0.52 0.59 0.52 0.56 0.52 0.55 0.55

D145   A 0.47 0.50 0.78 0.78 0.46 0.53 0.38 0.40 0.53   0.46 0.47 0.49 0.52 0.61 0.48 0.53

D145   B 0.44 0.47 0.77 0.77 0.50 0.53 0.41 0.41 0.52 0.46   0.44 0.48 0.50 0.58 0.52 0.54

D145   C 0.47 0.52 0.73 0.75 0.46 0.53 0.51 0.49 0.59 0.47 0.44   0.43 0.57 0.59 0.58 0.53

D145   D 0.46 0.44 0.69 0.71 0.46 0.46 0.44 0.41 0.52 0.49 0.48 0.43   0.57 0.57 0.55 0.52

I204   A 0.43 0.45 0.76 0.76 0.45 0.53 0.41 0.40 0.56 0.52 0.50 0.57 0.57   0.43 0.41 0.44
I204   B 0.50 0.49 0.79 0.78 0.49 0.50 0.48 0.47 0.52 0.61 0.58 0.59 0.57 0.43   0.44 0.37

I204   C 0.37 0.44 0.74 0.74 0.47 0.48 0.41 0.40 0.55 0.48 0.52 0.58 0.55 0.41 0.44   0.41
I204   D 0.45 0.43 0.75 0.76 0.43 0.51 0.43 0.41 0.55 0.53 0.54 0.53 0.52 0.44 0.37 0.41   
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Supplementary Table 2: HADDOCK clusters characteristicsa

Run-type Cluster Nstr RMSD Score BSA [Å2]
Eair [kcal/

mol]

Flipped

1 35 0.6 ± 0.1 -12.8 ± 6.2 1256 ± 67 269 ± 7
2 31 0.7 ± 0.1 -38.7 ± 7.6 1767 ± 158 359 ± 24

3 24 0.8 ± 0.1 -56.3 ± 3.4 1863 ± 74 392 ± 19

Non-flipped

1 35 0.5 ± 0.2 -58.4 ± 6.0 1916 ± 65 268 ± 5
2 33 0.7 ± 0.1 -49.0 ± 6.0 1934 ± 107 269 ± 10

3 10 0.8 ± 0.1 -34.3 ± 9.2 1802 ± 177 285 ± 18

a: Nstr  , number of structures in cluster; RMSD, average root mean square positional deviation from 
the best score structure within each cluster; BSA , buried surface area; Score, HADDOCK score;
Bold designates clusters selected as best, as explained in the text.

The supplementary table depicts various characteristics and energy terms for the three best clusters (concerning number 
of structures) obtained after the two different HADDOCK runs with “flipped” and “non-flipped” (wild-type) DNA sub-
strates.  The docking solutions were clustered based on positional RMSD using a 4 Å cut-off; only clusters with at least 4 
members were analyzed, but not depicted in this table. Averages were calculated over the best 10 structures of each clus-
ter to remove differences originating from cluster size.

Final selection of the best cluster was based on a combination of factors such as: Haddock score, highly populated clus-
ters and geometrical positioning of DNA substrate to facilitate catalysis (as illustrated in supplementary figure 2). The 
geometrical requirements are getting additional weight in the final selection, in order to filter out solutions that score well 
but do not favor DNA nicking.
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Supplementary Figure 1

Supplementary Figure 1: Principal components analysis results for R155A, LTx and LR1 variants. Projection of the Cα 
atom fluctuation along the first three eigenvectors are plotted for each trajectory. Loop names as in Figure 5.
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Supplementary Figure 2

Supplementary Figure 2. Visualization of best HADDOCK resulting models. L1-EN is drawn as a grey surface repre-
sentation and is viewed from the top, so that the βB6-βB5 hairpin is pointing towards the reader.  The double-stranded A-
tract DNA substrate is drawn as a yellow cartoon, with the TpA step that is the supposed target for nicking highlighted in 
green. A red surface indicates the position of active site residues of L1-EN involved in catalysis. Bear in mind that these 
catalytic residues were not used in the definition of the ambiguous interaction restraints,  in order to avoid bias of the 
docking solutions. A: Run using “non-flipped” (wild-type) DNA substrate. Models depicted are the representatives of 
cluster 1 (1), cluster 2 (2) and cluster 3 (3), as numbered in Supplementary Table 2. The model from cluster 2 better satis-
fies the requirements for catalysis, since the targeted scissile phosphodiester bond (green), is favorably placed in the ac-
tive site of L1-EN (red).  B: Run using “flipped” DNA substrate. Models depicted are the representatives of cluster 1 (1), 
cluster 2 (2) and cluster 3 (3). The model from cluster 1 better satisfies the same requirements for catalysis as explained 
in A.
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Supplementary Table 3: MD simulations statistics

Structural and energya statistics for the five MD simulations (4-10 ns).

Average heavy 
atoms RMSDb 
with respect to 
the starting 
structure (nm)

Coulomb’s electrostatic energy (kJ/
mol)

Lennard-Jones (van der Waals) en-
ergy (kJ/mol)

intra-
protein

protein-
solvent

Total intra-
protein

protein-
solvent

Total

L1-EN 0.31 (0.01) -29072 
(1240)

-22531 
(1814)

-51603
(2197)

-8735 (88) -1486 (124) -10222 
(152)

R155A 0.31 (0.01) -27090 
(1563)

-25787 
(2688)

-52878 
(3109)

-8669 (88) -1527 (120) -10196 
(149)

LR1 0.19 (0.02) -25913 
(2170)

-29923 
(3479)

-55836 
(4100)

-8486 (81) -1390 (114) -9877 (140)

LTx 0.24 (0.02) -26908 
(1702)

-25421 
(2564)

-52330 
(3077)

-8782 (88) -1516 (120) -10298 
(149)

TRAS1-EN
(resi 68-245)*

0.26 (0.03)* -22885 
(1653)

-27581 
(2749)

-50465 
(3208)

-7698 (87) -1454 (113) -9152 (143)

aThe non-bonded energies were calculated with the GROMOS96 force field using a twin range cutoff of 0.8 
and 1.4 nm with a reaction field correction. The energies are the sum of short- (SR) and long-range (LR) 
terms; 1-4 terms have not been included. Standard deviations are indicated in parentheses.

bThe average heavy atom positional RMSD values were calculated with respect to the starting frame for each 
simulation after superposition on the backbone atoms.

*Only residues 68-245 were included in the analysis of the Tras1-EN trajectory to avoid bias due to a missing 
region in the original PDB file between residues 59-68.

Supplementary Figure 3

Supplementary Figure 3. Time evolution of the RMSD from the starting structure during the 10 ns simulations of L1-
EN, R155A, LTx and LR1. 
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Supplementary Figure 4

Supplementary Figure 4.  Evolution of the electrostatic (left panel) and Van der Waals (right panel) energy components 
during the five 10 ns simulations. Red curves indicate intra-protein energies and green curves indicate protein-solvent 
energies as listed in the Supplementary Table 3. 
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LINE-1 endonuclease friends and family: 
Structural and functional connections in a family of 

metal-dependent phosphohydrolases

Kostas Repanas, Oliver Weichenrieder and Anastassis Perrakis

Introduction
In this mini-review we discuss structural and 

functional relationships among proteins that belong to the 
extended enzyme family of metal-dependent phosphohy-
drolases. This is the family to which the endonuclease of 
the L1 retrotransposon belongs,  alongside many other 
diverse and functionally unrelated proteins. The focus is 
on ten family members for which a three-dimensional 
structure is available. 

This sundry group includes “founding” member 
bovine pancreatic deoxyribonuclease I (DNAseI), DNA 
repair apurinic/apyrimidinic (AP) endonucleases, sphin-
gomyelinases and retrotransposon-encoded AP-like en-
donucleases, alongside an inositol phosphatase, a bacte-
rial genotoxin and a nitrophorin from the saliva of blood-
sucking insects. Of course, the family encompasses many 
more proteins for which no structural information is 
available; for instance the yeast carbon catabolite re-
pressor protein (Ccr4p) and the vertebrate circadian-
clock-regulated protein nocturnin. It is quite striking that 
in general, although members of the family are responsi-
ble for truly unrelated functions and share less than 20% 
sequence identity, they still use the same set of catalytic 
residues (Figure 1)  (Dlakić, 2000).

All members of this extended family share a 
common DNaseI-like fold, which consists of a four-
layered α/β sandwich. A well-maintained core of oppos-
ing β-sheets is flanked by α-helices and topped on the 
substrate binding interface with surface loops, which 
direct protein function by varying in number, length and 
flexibility (Figure 2). Many of the key residues in and 
around the active site are conserved; still the enzymes 
cleave a variety of phosphoester substrates, or not, like 
for instance in the case of nitrophorin where it is actually 
not clear if the protein makes use of its preformed active 
site. 

Here we address all members initially individu-
ally, reporting the status of research for each protein thus 
far and later proceed to make comparisons regarding 
their structural fold, the existence of a conserved active 
site within a not-so-well-conserved protein sequence and 
the importance of metal ion(s) for protein function. A 
question that without doubt arises is whether the mem-
bers of this family all emerge from different ancestors 

that at a certain point in evolutionary time adopted a 
similar fold, or whether there once existed a common 
ancestor and due to evolutionary pressure certain differ-
ences started accumulating, to finally give rise to a vari-
ety of proteins with unique individual attributes  (Dlakić, 
2000; Ofran & Margalit, 2006).

Deoxyribonuclease I 

DNAseI is the founding member of this family 
and one of the first crystal structures to have been deter-
mined. This glycoprotein from bovine pancreas is an 
endonuclease that hydrolyzes the P-O3’  bond in various 
DNA substrates. The enzyme exhibits strong preference 
for double-stranded substrates and cleaves DNA with 
varying cutting rates, which indicates that it recognizes 
sequence-dependent structural discrepancies on the 
DNA. The cutting frequency of DNase I depends on both 
local and global helix parameters  (Suck et al, 1984; Suck 
& Oefner, 1986). 

A number of co-crystal structures with substrate 
have illustrated that the enzyme binds to the DNA in the 
minor groove and the sugar-phosphate backbones of both 
strands, thus forcing the minor groove to widen around 
3Å. The combination of biochemical and structural data 
confirmed that flexibility and minor groove geometry are 
crucial factors in determining DNase I activity. Contacts 
of the enzyme with the DNA duplex extend over a total 
of six base-pairs and enzyme activity is optimal in the 
presence of Ca 2+, Mg2+ or Mn 2+. There is speculation 
that a second active site exists, situated about 15Å away 
from the one initially identified. DNAseI has been stud-
ied extensively and now constitutes an established tool in 
the molecular biology laboratory  (Suck et al, 1988; 
Kabsch et al, 1990; Weston et al, 1992; Suck, 1994).

Base excision repair enzymes: APE1 and Exonucle-
aseIII 

The most common structural abnormality in 
cellular DNA is the breaking of the N-glycosylic bond 
that consequently results in production of AP sites.  Such 
damaged sites are created both spontaneously or by 
damage-specific DNA glycosylases, but can be repaired
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Figure 1. Structure based sequence alignment. The ten proteins were aligned using both sequence and structure information in the 
program T-Coffee (Expresso). Absolutely conserved residues are white and boxed with red shading. Semi-conserved residues are col-
ored red and boxed blue. Red box and magenta shading indicates the Y/H, part of the active site. All residues of the conserved active 
site are numbered as in L1-EN and dotted red.
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through the base excision repair (BER) pathway. Two 
well-studied enzymes, critical for initiation of BER, are 
the multifunctional exonuclease III (Exo III) in Escheri-
chia coli and the major human AP endonuclease 1 
(APE1)  (Barzilay & Hickson, 1995). 

These enzymes detect, recognize, and cleave the 
DNA phosphodiester backbone 5' of AP sites to create a 
free 3'-OH end for DNA polymerase repair synthesis. In 
humans, AP sites are processed by APE1, which is ho-
mologous to the E.coli enzyme Exo III. Exo III addition-
ally contains 3’-repair diesterase, 3’to 5’ exonuclease, 3’-
phosphomonoesterase and ribonuclease activities  (Dem-
ple & Harrison,  1994). APE1 is the best studied enzyme 
of the two and a number of high resolution crystal struc-
tures were reported of the protein in the apo- form and 
also in complex with DNA, both of a catalytic intermedi-
ate and of a product complex. APE1 binds abasic DNA in 
a pre-formed surface, inserts two loops in the minor and 
major grooves and in this way severely kinks the DNA 
helix in order to flip-out the AP site,  lock the substrate in 
position, cleave the sugar-phosphate backbone and prime 
DNA repair synthesis  (Mol et al, 2000). 

Currently three different mechanisms are pro-
posed as to how the nucleophilic attack might occur: first 
that H309 is the one generating the attacking nucleophile, 
facilitated by a metal ion (M1, Figure 3C)  (Mol et al, 
1995; Gorman et al, 1997), then the complex of APE1 
bound to abasic DNA suggests that D210 might actually 
play the histidine part, also aided by a single metal ion  
(Mol et al, 2000),  while a third mechanism dictates that a 
second metal ion (M2) coordinated by D210, N212 and 
H309 indeed creates the attacking nucleophile  (Beernink 
et al, 2001). Recently, a fourth possibility was added to 
the above, proposing that the phenolate of Y115 could be 
the nucleophile attacking the scissile phosphate  (Mundle 
et al, 2004; Melo et al, 2007).

AP-like retrotransposon-encoded endonucleases: L1-
Endonuclease and TRAS1-Endonuclease

The human L1 retrotransposon encodes ORF2p 
which contains both reverse-transcriptase and endonucle-
ase activities. It has been shown that the L1 endonuclease 
(L1-EN) has nuclease activity but is not an AP enzyme 
like APE1 or ExoIII. Furthermore, L1-EN is essential for 
retrotransposition in cultured cells and prefers the 5’ TT-
AAAA 3’ consensus target sequence that corresponds to 
sites of de novo L1 insertions in vivo  (Feng et al, 1996; 
Cost & Boeke, 1998; Cost et al, 2002). We have previ-
ously solved the crystal structure of L1-EN, that illus-
trates how a prominent β-hairpin on the DNA binding 
interface could sense the wide minor groove at the TpA 
step in TnAn sequences and enable the enzyme to orient 
and nick the target duplex possibly by accommodating an 
extra-helical nucleotide in a surface pocket. By mutating 
key active site or peripheral residues and exchanging 
prominent loops for others of related but highly specific 
endonucleases, we were able to identify ways to manipu-
late and direct the specificity of the L1 endonuclease and 

possibly of the whole retro-element,  although additional 
host factors might also play a role  (Weichenrieder et al, 
2004; Repanas submitted). By determining crystal struc-
tures of these mutants and performing computational 
studies we further showed that flexible loops on the sur-
face of the endonuclease could be major players in DNA 
recognition and nicking,  conferring stronger or looser 
specificity in different retrotransposon-encoded endonu-
cleases and possibly reflecting a pattern encountered 
throughout the whole family of phosphohydrolases (Re-
panas submitted).  
 In the silkworm Bombyx mori we find many telo-
meric repeat-specific retrotransposons, like TRAS1, 
TRAS3, TRAS4, TRASW and SART1. TRAS1 elements 
are abundantly transcribed and actively retrotransposed 
into TTAGG telomeric repeats in a highly sequence-
specific manner  (Okazaki et al, 1995). To ensure correct 
propagation, TRAS1 retrotransposon encodes an ultra 
specific endonuclease (TRAS1-EN) that is responsible 
for recognizing and digesting the target telomeric DNA. 
Biochemical experiments have confirmed that it is 
mainly the endonuclease domain that determines the 
target-site specificity of that retrotransposon, recognizing 
less than 10 base pairs around the initial cleavage site. 
Similar to L1-EN, the TRAS1 endonuclease creates a 
cleavage first at the bottom strand of the target, which is 
then followed by a subsequent nick at the top strand ac-
cording to the current target primed reverse transcription 
(TPRT) model  (Anzai et al,  2001; Maita et al, 2004; Fu-
jiwara et al, 2005). Both of these proteins share low se-
quence identity but high structural similarity with APE1 
and ExoIII. 

Neutral Sphingomyelinases: SmcL and Bc-SMase

 Members of the family of neutral sphingomyeli-
nases (N-SMases) are thought to be the major mediators 
for the stress-induced production of ceramide. Although a 
common link exists,  that of the need for phosphodiester 
bond cleavage, SMases are unique compared to other 
DNaseI family members.  Instead of targeting nucleic 
acids,  they are responsible for the hydrolysis of the 
membrane phospholipid sphingomyelin (SM) to cera-
mide and phosphocholine. The reaction catalyzed by N-
SMases resembles that of the phospholipases, where a 
phosphodiester bond is hydrolyzed, while removing a 
soluble molecule from the insoluble lipid. Apart from 
phospholipase C activity they also exhibit hemolytic ac-
tivity  (Matsuo et al, 1996). 
 The three-dimensional crystal structures of sphin-
gomyelinase C from Listeria ivanovii (SmcL) and from 
Bacillus cereus (Bc-SMase), confirm previous predic-
tions suggesting that they both belong to the DNaseI su-
perfamily of metal-dependent phosphohydrolases. Unfor-
tunately,  neither of the two structures contains the SM 
substrate bound to the protein, so details regarding ca-
talysis are still vague. An SM moiety though could be 
modeled in the active site, using information from a 
bound phosphate ion on SmcL and extrapolating from the
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Figure 2. Cartoon drawings  showing secondary structure elements in the ten members of the metal-dependent phosphohydrolases 
family presented here. Same orientation for all-substrate binding on top. Grey: L1-EN, Deeppurple: ExoIII, Dark green: APE1, Yel-
low: DNAseI, Magenta: TRAS1-EN, Olive: IPP5C, Chocolate: Nitroforin, Orange: SmcL, Green: Bc-SMase, Salmon: CdtB. Color 
coding follows throughout the paper.

APE1:DNA complex. In this way,  several key residues 
could be identified as catalytically essential and it was 
further shown biochemically that Mg2+ and Co2+ are fa-
voring activity, while Ca2+ is acting as an inhibitor. An-
other distinct feature of bacterial SMases is the presence 
of an elongated and highly hydrophobic β-hairpin, which 
together with other hydrophobic surface loops mediates 
docking to the cell membrane as well as properly orient-
ing SM in the active site cleft (Matsuo et al, 1996; Open-
shaw et al, 2005; Ago et al, 2006; Clarke et al, 2006). 

Inositol polyphosphate 5-phosphatase (IPP5C)

Inositol polyphosphate 5-phosphatases (IP5P) 
hydrolyze the phosphate at position number five in the 
inositol ring of several signaling molecules derived from 
phosphatidylinositol.  IP5Ps are central in the regulation 
of phosphoinositide signaling and in the pathogenesis of 
human diseases. Moreover, these proteins are involved in 
regulating cell growth, apoptosis,  cytoskeletal organiza-
tion,  intracellular calcium signaling,  and post-synaptic 
vesicular trafficking  (Majerus, 1992).

Four different groups of inositol polyphosphate 
5-phosphatases exist depending on substrate preference; 
the available crystal structure of Schizosaccharomyces 

pombe synaptojanin (SPsynaptojanin) belongs to group 
II,  catalyzing both soluble and lipid inositol phosphates 
and participating in synaptic vesicle trafficking. This type 
of enzyme has an N-terminal Sac1-like domain encoding 
polyphosphoinositide phosphatase activity, a central 5-
phosphatase domain recognizing mainly inositol (4,5)-
biphosphate targets, and finally a proline rich region at 
the C-terminus. The two structures crystallized are those 
of the apo- form of the protein, as well as that complexed 
with the reaction product inositol (1,4)-biphosphate  (Ma-
jerus et al, 1999; Whisstock et al, 2000). 

The crystal structure confirms previous predic-
tions that the fold and catalytic mechanism is conserved 
compared to DNAseI,  APE1, ExoIII and other family 
members. It further illustrates how the conserved 
DNAseI catalytic core has expanded to create a subfam-
ily of inositol polyphosphate enzymes. A great puzzle 
regarding inositol phosphatases is their site selectivity, 
the question being why for instance 5-phosphatases only 
dephosphorylate the 5 position of a substrate that might 
be phosphorylated at positions 3, 4, 5 and combinations. 
In the product complex, the 4-phosphate of Ins(1,4)P2  is 
misoriented by 4.6Å compared to the optimal reactive 
geometry observed in the APE1, explaining the dephos-
phorylation site selectivity of the 5-phosphatases, i.e. 
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why 5-phosphatases are not 4-phosphatases. A recent 
study illustrates that SPsynaptojanin might encompass 
much broader substrate specificity than previously appre-
ciated, suggesting that it most likely performs multiple 
roles in cell signaling and may regulate distinct pathways 
(Tsujishita et al, 2001; Chi et al, 2004).

Bacterial genotoxin (CdtB)

The cytolethal distending toxin (CDT) is a tri-
partite bacterial toxin that initiates a eukaryotic cell cycle 
block at the G2 stage prior to mitosis and is widely dis-
tributed among gram-negative bacteria including 
Escherichia coli, Campylobacter spp., enterohepatic 
Helicobacter spp., Actinobacillus actinomycetemcomi-
tans and Haemophilus ducreyi. Subunits CdtA and CdtC 
associate with nuclease CdtB forming a holotoxin,  which 
enables delivery of CdtB into the host cell where the en-
zyme creates DNA lesions acting as a genotoxin  (Lara-
Tejero & Galán, 2001; Ceelen et al, 2006). 

The crystal structure of CDT revealed that CdtB 
is a member of the DNaseI family and is bound to two 
ricin-like lectin domains, thus forming a ternary complex 
with three independent molecular interfaces. CdtA and 
CdtC create a deeply grooved, highly aromatic surface 
critical for toxicity. CdtB is the active subunit of the 
holotoxin, adopting the DNaseI-like fold and binding to 
the DNA. Once delivered inside the cell, CdtB enters the 
nucleus and exhibits endonuclease activity that results in 
DNA double-strand breaks. Moreover it has been shown 
that CdtB demonstrates nuclease activity in vitro and in 
vivo.  What the three-dimensional structure further re-
vealed was that the N terminus of subunit CdtC produced 
a steric block at the active site of CdtB, inhibiting its 
DNase activity. This could be a self-regulatory mecha-
nism for the holotoxin, possibly necessary to preclude 
random DNase activity  (Lara-Tejero & Galán, 2002; 
Nesić et al, 2004; Hu et al, 2006).

Nitrophorin from bloodsucking insects (cNP)

Nitrophorins are proteins found in the saliva of 
blood-feeding insects and are responsible for nitric oxide 
(NO) delivery, transport and storage. Delivery of the re-
active molecule NO while feeding is known to induce 
vasodilation and inhibit blood coagulation. The Cimex 
lectularius (the bedbug) nitrophorin (cNP) stores and 
releases NO in a pH-dependent manner by using a ferric 
heme protein but does so with a protein evolutionarily 
unrelated to the well studied Rhodnious prolixus (the 
kissing bug) nitrophorins  (Weichsel et al, 1998; Weichsel 
et al, 2000). Unlike the Rhodnius nitrophorins, the Cimex 
nitrophorin does not bind histamine, normally secreted 
by the victim as a response to the bite, but rather binds 
two molecules of NO reversibly, one to the heme and the 
other to the cysteine thiolate, which binds the heme when 
NO is absent  (Walker, 2005).

The crystal structure of cNP determined to 
1.75Å resolution confirmed the distant relationship be-

tween these two types of nitrophorins and further indi-
cated the high level of structural similarity with the 
DNaseI family of functionally unrelated proteins.  The 
protein fold is an extensive β sandwich motif, with the 
bound heme inserted into a distal hydrophobic pocket 
above one face of the sandwich. The structure of this 
protein also illustrates that the active site of nitrophorin, 
although similar to that of other members, does not par-
ticipate to the reversible metal-assisted S-nitroso forma-
tion by reduction of the heme iron. Instead, the hydro-
phobic “active” pocket that binds the ferric heme is 
around 17Å away from the literally “inactive” site  (Wei-
chsel et al, 2005). 

Structural comparison

All ten protein structures of family members 
discussed here, form a similar four-layered α/β sandwich, 
with the two β-sheets situated in the inside and flanked 
by a number of α-helices on the outside. The protein core 
formed by the two anti-parallel β-sheets is maintained 
among the different proteins, although the number and 
length of the β-strands might vary.  The biggest differ-
ences however, are observed regarding loop regions 
found at the substrate-binding surface,  which is always 
seen on the top in the current view to facilitate compari-
son (Figure 2).

The overall fold forms a long groove at one end 
of the α/β sandwich similar to DNaseI, but it is worth 
noting the differences on the surface loops, when differ-
ent substrates need to be targeted. For example, the big-
gest difference in ExoIII, APE1 and DNAseI is that in the 
case of the unspecific DNAseI the surface loops sur-
rounding the groove are missing. Proteins like the L1 and 
TRAS1 endonuclease on the other hand, need to target a 
similar T-A rich DNA substrate and seem to have devel-
oped a prominent hairpin in the middle of the top surface 
(Figure 2). This type of hairpin loop, together with 
smaller surface loops appear to be responsible for the 
specificity of the endonucleolytic cleavage.  Specific con-
tacts, but also overall structure and flexibility of such 
loops can direct the specificity of the respective endonu-
clease.

It is also noteworthy that when necessary, sur-
face loops have evolved in a different way in order to 
assist function. A similar, prominent hydrophobic loop is 
found on the surface of bacterial SMases. This loop is 
responsible for mediating binding to the cell membrane 
and is not found in other family members. It could be 
though similar to the loop of IPP5C that also needs to 
interact with the membrane, but this loop is not fully 
modeled due to disorder in the crystal structure. These 
similar enzymes have probably evolved on a common, 
suitably functional scaffold, while the variety of sur-
rounding loops direct the specificity of substrate selectiv-
ity, binding and catalysis.
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Figure 3. A: Stereo view 
of the active site of L1-
EN. Single views of the 
active sites of (B) ExoIII, 
(C) APE1, (D) DNAseI, 
(E) TRAS1-EN, (F) 
IPP5C, (G) Nitroforin, 
(H) SmcL, (I) Bc-SMase, 
and (J) CdtB. K: Stereo 
superposition of nine 
active sites on  that of L1-
EN. The same seven cor-
responding residues are 
always displayed as ball 
and stick models in the 
respective color. Oxygen 
red. Nitrogen blue. 
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Figure 4. A: Positions of metal ions bound on the different structures are mapped on zoomed-in surface of L1-EN. Colored spheres 
represent the metals from the respective crystal structure. Grey: L1-EN, Dark green: APE1, Pale green: Bc-SMase, Olive: IPP5C. The 
conserved glutamate responsible for metal ion co-ordination is shown as a ball and stick model  under the surface, together with a car-
toon of L1-EN. B: Same as A but full view with orientation as in Figure 2. 

Residue conservation in the active site

It is quite interesting to observe that in such a 
divergent group of functionally unrelated proteins, a 
number of key residues forming the active site cleft are 
conserved through different subfamilies and evolutionary 
stages. These highly conserved residues point towards a 
common or at least a very similar catalytic mechanism 
(Figure 3). L1-EN residues depicted in figure 3A include: 
N14, E43, Y115, D145, N147, D205, H230, that are to-
tally conserved apart from few exceptions (Figure 1). The 
tyrosine at position 115 for instance is maintained among 
the AP-like endonucleases (3A, B, C, E), but is otherwise 
substituted for a histidine (3D, F, H, I, J) or an arginine 
(3G) in the rest of the family members.
 Most of these residues are conserved even in the 
case of nitrophorin where the active site does not serve a 
purpose for the proteins’  function that is heme/NO bind-
ing. Nitrophorin is the only of these ten proteins where 
two of the conserved active site residues are exchanged 
for others, but still of similar properties. The residues in 
question are Y115, which is an arginine in nitrophorin 
and E43 that is missing in nitrophorin (G45, Figure 1). 
Although Q42 of L1-EN (Figure 1) is replaced in se-
quence for Q45 in nitrophorin (Figure 1 and 3G), in the 
structural superposition this glutamine is situated much 
closer to E43 of L1-EN, pointing towards the protein 
surface whilst Q42 of L1-EN is always buried between 
the two opposing β-sheets. The above portray an example 
of evolutionary relationships connecting sequence, struc-
ture and function, illustrating how residues that are nor-
mally conserved within a family, might be substituted for 
others when they are not anymore essential for a specific 
function.  

In general it is quite remarkable that the seven 
residues forming the active site are so well conserved 
among this diverse group of proteins that target a variety 
of substrates. The superposition (Figure 3K) of all nine 
active sites on that of L1-EN nicely illustrates the struc-
tural similarities within the family and enables us to ex-
tend speculations for those family members, for which a 
crystal structure is not yet available.

Importance of metal ion binding for the catalytic 
mechanism

A characteristic of this family of proteins is un-
doubtedly the necessity for metal ions, in order for the 
enzymes to properly function. It has been shown experi-
mentally that activity decreases or is abolished in the 
absence of Mg+2 or other metals.  A number of such metal 
ions have been found bound in different crystal struc-
tures, either in the presence or in the absence of substrate.    

The different positions of metal ions bound in 
the crystal structures,  can be seen projected on the sur-
face of L1-EN (Figure 4).  The main metal coordinating 
residue is always a glutamate (E43 in L1-EN), in all the 
different structures. This residue is totally conserved, but 
as mentioned previously not in the case of nitrophorin 
where it is replaced for a glycine since the protein does 
not appear to need the presence of a metal ion at that po-
sition for its function.

Apart from two structures, that of APE1 crystal-
lized at pH 7.5 and of Bc-SMase co-crystallized with 
cobalt (pH 6.5), binding two metal ions, in general only 
one metal ion is found bound in the active site of all pro-
teins. It is quite striking however that although the sec-
ond metal site in Bc-SMase and in APE1 is found in the 
proximity of the active site, it is not at the same position 
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in the two structures. APE1 residues that are coordinating 
the second metal ion are D210, N212, H309 and water 
mediated via Y171 (Figure 3C). On the other hand, the 
only direct hydrogen bond with the second metal in 
SMase is by H296 and two further water-mediated con-
tacts by D195 and N197 (Figure 3I). 

For Bc-SMase, three different crystal structures 
are available, each one with different type and number of 
metal ions bound: Bc-SMase + single Mg2+, Bc-SMase + 
single Ca2+ and Bc-SMase + double Co2+. It appears that 
differences in the binding mode of Mg2+, Co2+, Ca2+ in 
the active site of Bc-SMase are reflected in differences in 
its activity in vitro. This led to the belief that a water-
bridged double divalent ion in the active site of Bc-
SMase is the necessary architecture for activity. How-
ever, a distinction is yet to be made between one or two 
metal ion mechanisms for catalysis in the different en-
zymes. 

What is not clear is if the presence of the second 
metal ion in APE1 and Bc-SMase crystal structures can 
have a crucial role in the catalytic mechanism. It is worth 
noting that in both cases this second ion is bound in the 
absence of target substrate, DNA for APE1 or sphingo-
myelin for Bc-SMase. One factor that can be crucial for 
metal binding and physiological relevance is the pH level 
during the crystallization process. The second metal in 
APE1 appears only at pH 7.5 that is the optimal for pro-
tein function, but there is no available DNA complex at 
this pH, and all other complexes contain only one metal. 
For Bc-SMase, all crystallization was performed at pH 
6.5 and only co-crystals with cobalt bind two metals, 
while all activity assays for this protein are carried out at 
pH 7.5. 

With the currently available information it is not 
possible to conclude whether one or two metal ions are 
necessary for catalysis and one can only speculate about 
the existence of a common underlying catalytic mecha-
nism for the whole family of enzymes. However, the ne-
cessity for metal ions like magnesium that have strict 
geometrical requirements,  could enhance the specificity 
of the respective protein and help in distinct functions. 
The accumulation of data and the combination with exist-
ing knowledge about metal ion assisted catalysis in DNA 
and RNA polymerases (Yang et al, 2006) could enable us 
to draw firmer conclusions in the future. 

Concluding remarks

In the family of metal-dependent phosphohydro-
lases, although the sequence identity is quite low, the 
essential active site residues are very well maintained 
among the family members. This was confirmed by sev-
eral crystal structures that indeed showed a conserved 
architecture in the active site, which is situated in a 
common protein core.

It is believed that instead of adopting a similar 
fold after having originated from different ancestors, 
members of this family most likely did possess a com-
mon phosphoesterase fold. Such a fold was probably the 
type of scaffold these functionally diverse proteins used 

in order to conform to their catalytic mechanism. This 
common fold and structural scaffold, has most likely 
been subjected to many rounds of evolution in order to 
yield enzymes that serve a variety of functions and fulfill 
different requirements in the cell. 

Through evolution, the need to recognize and 
bind to an increasing number of varied substrates, 
brought about significant changes regarding the number, 
length and positioning of surface loops, while maintain-
ing the same protein core.  Hence,  those differences ob-
served in the surface loops seems to be what gives to 
each protein its unique characteristics and specific func-
tion.  Adaptation through evolution depending on the type 
of substrate and the requirement for strict distinction be-
tween targets could indeed be the force behind such dis-
similarity; for instance the need of APE1 to scan a DNA 
duplex looking for abasic sites to repair or the necessity 
of Bc-SMase to interact with the membrane. 
 More crystal structures of substrate complexes 
need to be determined, in order to enable us to conclude 
with certainty about common ways of catalysis and metal 
ion requirements, within this extended family of en-
zymes. 
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SUMMARY

The work described in this thesis is an attempt to enrich 
our knowledge regarding the biology of mobile genetic 
elements and in particular retrotransposons, that until 
recently were dismissively viewed as genetic parasites or 
“junk” DNA. The accumulating data however, of on-
going research and of many genome sequencing projects, 
are slowly but steadily changing the aforementioned 
views. Transposable elements are increasingly accepted 
as modulators of gene expression and drivers of genome 
evolution. 

The first chapter serves as a general introduction into the 
different types of mobile genetic elements, while putting 
the focus on the LINE-1 (L1) retrotransposons and the 
endonuclease they encode. The human L1 endonuclease 
(L1-EN), which is the main focus of this work, is the 
targeting endonuclease encoded by the L1 retrotrans-
poson. L1’s are responsible for more than 1.5 million 
retrotransposition events in the history of the human ge-
nome, contributing more than a quarter to human ge-
nomic DNA (L1 and Alu elements). An overview is given 
on the existing knowledge of L1 biology, highlighting 
unexplored areas and taking a look at how retrotranspos-
ons might affect our own and other genomes, in both 
negative -e.g disease- and positive -e.g gene expression 
regulation- ways.

In Chapter 2 we present the crystal structure of human L1 
endonuclease. This was the first structure of a 
retrotransposon-encoded protein at the time of publica-
tion and still constitutes a prototype for retrotransposon-
encoded endonucleases involved in target-primed reverse 
transcription.  L1-EN is related to the well-studied human 
DNA repair endonuclease APE1 and its nicking specific-
ity is a major determinant for retrotransposon integration 
site selection. Structure-based endonuclease alignments 
reveal a set of key conserved residues and suggest that 
DNA recognition may proceed via the accommodation of 
an extra-helical nucleotide within a pocket on the surface 
of the endonuclease. The present analysis will help to 
refine phylogenetic and functional relationships among 
metal-dependent phosphohydrolases and provides a basis 
for manipulating non-LTR retrotransposon integration 
site selection.

The main question addressed in Chapter 3 is what deter-
mines the target selectivity of L1-EN. This is especially 
intriguing since similar retrotransposable elements en-
code endonucleases that have different levels of specific-
ity; a fact that might subsequently be reflected in the in-

tegration specificity of the retrotransposon. Based on our 
crystal structure,  we designed and generated L1-EN vari-
ants in order to analyze and manipulate DNA target site 
recognition.  We determined two additional crystal struc-
tures, which confirm the fact that it is indeed possible to 
exchange the prominent hairpin of L1-EN with those of 
highly specific retrotransposon endonucleases. Bio-
chemical analysis shows that the hairpin grafts are func-
tional in vitro, resulting in altered specificity, while indi-
vidual point mutations do not change the nicking pattern 
of L1-EN. Structural parameters of the DNA target seem 
more important for recognition than the nucleotide se-
quence, and nicking profiles on DNA oligonucleotides in 
vitro are less well defined than the respective integration 
site consensus in vivo. This could be an indication that 
additional factors other than the specificity of L1-EN, or 
the respective endonuclease,  are required for the targeted 
integration of non-LTR retrotransposons.

Chapter 4 focuses in better understanding how L1-EN 
recognizes DNA and facilitates subsequent nicking. This 
is made possible by following a multidisciplinary ap-
proach that involves mutagenesis, X-ray crystallography, 
data driven computational docking and molecular dy-
namics simulations. We show that mutation of catalytic 
and peripheral residues that may be responsible to ac-
commodate a flipped out base during catalysis, all greatly 
reduce in vitro endonuclease activity. Three new crystal 
structures of point mutants indicate a very robust cata-
lytic scaffold with minor structural rearrangements. 
Combining all the available structures with our muta-
tional data, we construct computational models that ex-
plore different modes of DNA recognition, asking the 
question weather L1-EN flips out a nucleotide or not. 
Although we cannot exclude either mechanism, the rec-
ognition of an extra-helical nucleotide is a strong possi-
bility. Comparative molecular dynamics simulations 
show that flexibility of a prominent hairpin, strategically 
positioned over the active site, is likely a necessity for 
DNA recognition, positioning and nicking. The idea that 
additional surface loops are also flexible and possibly 
assist in DNA binding, both in L1-EN and in a related but 
highly specific insect retrotransposon endonuclease, is 
also explored. It is likely that differences in surface loops 
can confer different degrees of target DNA nicking speci-
ficity.

Finally, in Chapter 5 we set out to make a structural and 
functional comparison of all those members in the family 
of metal-dependent phosphohydrolases, for which a crys-
tal structure is available. By determining the structure of 
the L1-EN we confirmed previous suggestions that in-
deed this enzyme is a member of this extended family, 
the founding member of which is bovine pancreatic De-
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oxyribonuclease I. This chapter illustrates how all mem-
bers discussed conform to the characteristic DNAse I 
fold and that various enzymes responsible for diverse 
functions in the cell use a common, pre-formed active 
site located at the same position on the surface of each 
protein. It is likely that members originate from a com-
mon ancestor with the same fold that under evolutionary 
pressure diverged to result in similar proteins, but with 
unique roles. The core of each protein is highly similar, 
but large differences occur regarding surface loops lo-
cated both in the proximity of the active site and further 
spread over an extensive substrate binding area. Exactly 
those differences could be what gives to each of these 
proteins a characteristic function. The requirement for 
metal ions is also discussed, together with the possible 
existence of a common catalytic mechanism. 

In conclusion, the present work makes a contribution to 
our thus far incomplete understanding of L1 retrotrans-
poson biology and self-replication mechanism, and could 
be the first step towards utilization of L1 retrotranspos-
ons as vehicles for gene delivery. The L1 endonuclease 
bears considerable technological interest,  because its 
target selectivity may ultimately be engineered to allow 
the site-specific integration of DNA into defined genomic 
locations. Of course further research is needed in order to 
clarify issues such as the importance of additional host 
factors in the specificity of retrotransposon integration, as 
well as the possible synergistic relationship between en-
donuclease and reverse transcriptase activities that are 
encoded as one full-length protein. To take our current 
knowledge to the next level, it would be of great signifi-
cance to obtain structural information for both an 
endonuclease:DNA complex and a putative 
endonuclease:reverse transcriptase complex. 
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SAMENVATTING

Het werk beschreven in dit proefschrift is een poging om 
onze kennis te verrijken betreffend de biologie van de 
mobiele genetische elementen en specifiek de retrotrans-
posons, die tot dusver negatief worden gezien als ge-
netische parasieten of “junk” DNA. De accumulerende 
resultaten echter, van huidig onderzoek en van vele ge-
noom sequentie projecten, zijn langzaam maar ve-
randeren gestaag de bovengenoemde inzichten. Ver-
plaatsbare elementen worden snel geaccepteerd als 
modulatoren van genexpressie en het drijvend wiel van 
genoom evolutie.

Het eerste hoofdstuk dient als een algemene inleiding 
voor de verschillende types van mobiele genetische ele-
menten, terwijl de focus gezet wordt op de LINE-1 (L1) 
retrotransposons en de endonucleases die zij coderen. De 
humane L1 endonuclease (L1-EN), die het centrale on-
derwerp is van dit werk, is de aanleggende endonuclease 
gecodeerd door de L1 retrotransposon. L1’s zijn 
verantwoordelijk voor meer dan 1.5 miljoen retrotranspo-
sitie gebeurtenissen in de geschiedenis van het humane 
genoom, en daartoe dragen zij bij aan meer dan een kwart 
van het humane genomische DNA (L1 en Alu elemen-
ten).  Een overzicht is gegeven van de bestaande kennis 
over L1 biologie, nadruk leggend op niet-onderzochte 
gebieden en kijkend op hoe retrotransposons ons eigen en 
andere genomen in zowel negatieve – e.g. ziekte- als in 
positieve –e.g. genexpressie regulatie- manieren, zouden 
kunnen beïnvloeden.

In Hoofdstuk 2 presenteren wij de kristalstructuur van de 
humane L1 endonuclease. Dit was de eerste structuur van 
een retrotransposon-gecodeerd eiwit op het moment van 
publicatie en representeert nog steeds als een prototype 
voor retrotransposon-gecodeerde endonucleases, die 
betrokken zijn bij het doelwit geïnitieerde omgekeerde 
transcriptie. L1-EN is familie van de goed bestudeerde 
humane DNA herstel endonuclease APE1 en zijn ink-
erving specificiteit is een beslissende factor voor de 
plaats selectie van retrotransposon integratie. Op struc-
tuur gebaseerde endonuclease schikkingen onthullen een 
groep belangrijke geconserveerde residuen en suggereren 
dat DNA herkenning voort kan gaan door de beschik-
baarheid van een extra spiraalvormig nucleotide binnenin 
een buidel op de oppervlakte van de endonuclease. De 
huidige analyse zal de phylogenetische en functionele 
relaties tussen metaal-afhankelijke phosphohydrolases 
helpen verfijnen en een basis leveren voor het manip-
uleren van non-LTR plaats selectie van retrotransposon 
integratie. 

De hoofdvraag gericht in Hoofdstuk 3 is wat bepaalt de 
selectiviteit voor het mikpunt van L1-EN. Dit is vooral 
fascinerend aangezien soortgelijke retrotransposeerbare 
elementen coderen voor endonucleases die verschillende 
niveaus van specificiteit hebben; een feit die misschien 
vervolgens gereflecteerd kan worden op de integratie 
specificiteit van de retrotransposon. Gebaseerd op onze 
kristal structuur,  hebben we L1-EN varianten ontworpen 
en gemaakt om de plaats herkenning van DNA mikpunt 
te analyseren en te manipuleren. We hebben twee aanvul-
lende kristal structuren bepaald, die het feit bevestigen 
dat het inderdaad mogelijk is om de prominente haar-
speld van L1-EN uit te wisselen met die van zeer speci-
fieke retrotransposon endonucleases. Biochemische ana-
lyse laat zien dat de haarspeld transplantaties functioneel 
zijn in vitro, resulterend in een verandering in specific-
iteit,  terwijl individuele punt mutaties de inkerving pa-
troon van L1-EN niet veranderen. Structurele parameters 
van het DNA doelwit lijkt belangrijker te zijn voor de 
herkenning dan de nucleotide sequentie, en inkerving 
profielen op DNA oligonucleotiden in vitro zijn in 
mindere mate gedefinieerd dan de respectieve integraties 
plaats overeenstemmend in vivo.  Dit kan een indicatie 
zijn dat andere aanvullende factoren dan de specificiteit 
van L1-EN of de respectieve endonuclease, nodig zijn 
voor de doelgerichte integratie van non-LTR retrotrans-
posons. 

Hoofdstuk 4 richt zich op het beter begrijpen van hoe L1-
EN DNA herkent en de daaropvolgende inkerving bevor-
dert.  Dit is mogelijk gemaakt door een multidisciplinaire 
benadering te volgen bestaande uit mutagenese, röntgen-
straal kristallografie, met behulp van data gestuurde 
computer koppeling en moleculaire dynamische simula-
ties. We laten zien dat een mutatie in de katalytische en 
omliggende residuen, die verantwoordelijk kunnen zijn 
voor het toelaten van een uitgestoken base tijdens kata-
lyse,  allen in vitro de endonuclease activiteit in hoge 
mate verminderd. Drie nieuwe kristal structuren van punt 
mutanten duiden een erg robuust platform met kleine 
structurele veranderingen aan. Gecombineerd met alle 
beschikbare structuren met onze mutatie data, bouwen 
we computer modellen die de verschillende wijze van 
DNA herkenning, afvragend of L1-EN een nucleotide 
uitsteekt of niet. Alhoewel wij beide mechanismen niet 
kunnen uitsluiten,  is de herkenning van een extra spiraal-
vormige nucleotide een grote mogelijkheid. Vergelijk-
ende simulaties van moleculaire dynamiek laten zien dat 
flexibiliteit van een prominente haarspeld,  strategisch 
gepositioneerd over de actieve plaats, waarschijnlijk een 
noodzaak is voor het herkennen van DNA, het posi-
tioneren en het inkerven. Het idee dat extra lussen aan de 
oppervlakte ook flexibel zijn en misschien assisteren met 
het binden aan DNA, zowel in L1-EN als in een gerela-
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teerde maar uiterst specifiek insecten retrotransposon 
endonuclease, wordt ook onderzocht. Het is waarschijn-
lijk dat verschillen in lussen aan de oppervlakte verschil-
lende niveaus van specificiteit voor DNA doelwit ink-
erving.

Tenslotte in Hoofdstuk 5 zijn we begonnen met het 
maken van een structurele en functionele vergelijking 
van alle familieleden van metaal-afhankelijke phospho-
hydrolases, waarvan een kristal structuur beschikbaar is. 
Door de structuur van L1-EN te bepalen, bevestigen wij 
de eerdere suggesties dat dit enzym inderdaad lid is van 
deze uitgebreide familie,  wiens eerste lid de Deoxyribo-
nucleas I in de runderen alvleesklier is. Dit hoofdstuk 
illustreert hoe alle besproken leden zich aanpassen aan de 
karakteristieke vouw van DNAse I en dat verschillende 
enzymen die verantwoordelijk zijn voor de diverse func-
ties in de cel, een algemene van tevoren gevormde ac-
tieve plaats gebruiken die zich op dezelfde positie aan de 
oppervlakte van elke eiwit bevindt. Het is waarschijnlijk 
dat leden van een gemeenschappelijke voorouder af-
stammen met dezelfde vouw die door druk van evolutie 
afweek resulteren tot gelijke eiwitten met unieke func-
ties. De kern van elk eiwit lijkt heel erg op elkaar, maar 
grote verschillen komen voor wat betreft de lussen aan de 
oppervlakte gelegen in zowel in de buurt van de actieve 
plaats als verder verspreid over een uitgebreide substraat 
bindingsgebied. Precies die verschillen kunnen 
verantwoordelijk zijn dat elk van deze eiwitten een 
karakteristieke functie heeft. De behoefte aan metaal 
ionen wordt ook besproken, samen met het mogelijke 
bestaan van een algemene katalytische mechanisme.

Tenslotte,  het huidige werk levert een bijdrage aan ons 
tot dusver incomplete begrip van L1 retrotransposon bio-
logie en zelfreplicerend mechanisme, en het zou een eer-
ste stap kunnen zijn richting het gebruik maken van L1 
retrotransposons als transportmiddel voor gen overdracht. 
De L1 endonuclease levert een aanzienlijk technolo-
gische interesse op, omdat zijn doelwit selectiviteit uite-
indelijk omgebouwd zou kunnen worden om plaats 
specifieke integratie van DNA in bepaalde genomische 
locaties toe te staan. Natuurlijk is verder onderzoek nodig 
om zaken zoals de belang van extra gastheer factoren in 
de specificiteit van retrotransposon integratie en ook 
zoals de mogelijke overeenkomende relatie tussen endo-
nuclease en de omgekeerde transcriptase activiteiten die 
als een compleet eiwit gecodeerd zijn, op te helderen. 
Om ons huidige kennis naar de volgende niveau te tillen, 
zou het van groot belang zijn om structurele informatie 
van zowel een endonuclease:DNA complex als van een 
mogelijke endonuclease:omgekeerde transcriptase com-
plex te verkrijgen.
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Propositions

1. Mobile Genetic Elements are drivers of genome evolution. Increasing interest and extensive re-
search is slowly  but steadily changing public opinion about the elements formerly  known as “junk”. 
(Petsko 2003, Kazazian 2004, Han & Boeke 2005)

2. The crystal structure of human L1 endonuclease (L1-EN) is the first of a retrotransposon-encoded 
protein and a prototype for retrotransposon-encoded endonucleases involved in target-primed reverse 
transcription.

3. It is possible to manipulate the L1-EN target selectivity  and in this way direct DNA integration 
into novel genomic locations.

4. L1-EN turned out to be more promiscuous than we thought, but  still cautious enough not to be 
caught for a snapshot with her DNA partners.

5. Knowledge regarding L1-EN and related proteins could pave the way for utilising retrotranspos-
ons as vehicles for gene delivery in novel genetic therapies yet to come.

6. As a researcher, every day you learn something new. All this accumulating knowledge should help 
you realise that you know nothing. (Freely adapted from Hellenic Philosophy)

7.“You can’t always get  what you want" ... also in Experimental Science. (Rolling Stones, Let it 
Bleed, 1969)

8. The same scientific result can be interpreted in different ways by different people.

9. The end of crystallography as we know it is coming with the free electron laser being built in 
Hamburg, while I am writing these lines.

10. 99% of Biological Research in the whole world is restricted to 3% of the human genome se-
quence.

11. Since Prof. R. Plasterk - renounced for his contribution in the field of mobile genetic elements - 
is Minister of 'Education, Science and Culture' in the Netherlands, I feel the way is open for me to 
get that  Ministry in Greece - as soon as it evolves - either by means of natural selection or intelligent 
design - from Ministry of 'Educational and Religious affairs' to something sensible.

CHAPTER 3.
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