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ABSTRACT: L1 elements are polyA retrotransposons which inhabit the human genome. Recent work has
defined an endonuclease (L1 EN) encoded by the L1 element required for retrotransposition. We report
the sequence specificity of this nicking endonuclease and the physical basis of its DNA recognition. L1
endonuclease is specific for the unusual DNA structural features found at the TpA junction of 5′(dTn-
dAn)‚5′(dTn-dAn) tracts. Within the context of this sequence, substitutions which generate a pyrimidine-
purine junction are tolerated, whereas purine-pyrimidine junctions greatly reduce or eliminate nicking
activity. The A-tract conformation of the DNA substrate 5′ of the nicked site is required for L1 EN
nicking. Chemical or physical unwinding of the DNA helix enhances L1 endonuclease activity, while
disruption of the adenine mobility associated with TpA junctions reduces it. Akin to the protein-DNA
interactions of DNase I, L1 endonuclease DNA recognition is likely mediated by minor groove interactions.
Unlike several of its homologues, however, L1 EN exhibits no AP endonuclease activity. Finally, we
speculate on the implications of the specificity of the L1 endonuclease for the parasitic relationship between
retroelements and the human genome.

Despite diversity of organization, protein structure, and
mechanism of replication, retrotransposons can be divided
into two classes: those containing long terminal repeats
(LTRs), and those without LTRs, but with transcripts
containing polyadenylate tails (polyA, non-LTR). More than
one-third of the human genome consists of retroelement-
derived sequence (1). Nearly half of this total (15%)
corresponds to L1 elements, polyA retrotransposons present
in about 600 000 copies per haploid genome. The large
majority of L1 elements are variably 5′ truncated; of those
elements which are full length, all but 15-30 are retrotrans-
positionally inactive (2). L1 elements comprise a critical part
of the human genome: these few active retroelements have
the capacity to cause mutation, disease, genetic variation,
and polymorphism; their inactive brethren remain ideal
substrates for recombination and rearrangement (3-5).
Retroelements have been found within gene regulatory
regions and centromere heterochromatin and are likely to
help define large-scale genomic structure (6-9). As L1
endonuclease guides the process of retrotransposition, the
specificity of this enzyme has significantly influenced the
placement of a large fraction of human DNA. Understanding
the integration specificity of retrotransposons is essential for
understanding the current structure and evolutionary history
of the human genome. We describe here a major determinant
of this specificity, the DNA sequence preferences of the L1
endonuclease domain.

Up to six kilobases long, L1 elements are typically flanked
by a target site duplication of variable length. Full-length

elements contain both 5′ and 3′ UTRs [the 5′ UTR contains
an internal Pol II promoter (10)], and two nonoverlapping
open reading frames (Figure 1A). ORF1 has been shown to
code for an RNA binding protein specific for L1 RNA (11)
and to form ribonucleoprotein particles with L1 RNA in vivo
(12). ORF2 encodes endonuclease and reverse transcriptase
activities required for retrotransposition (13-15). The current
model of retrotransposition by polyA retrotransposons is
based primarily on the biochemical work of Luan and
Eickbush with the R2Bm element (Figure 1B) (16). In this
model, an element-encoded endonuclease nicks the target
DNA, generating an exposed 3′-hydroxyl which serves as a
primer for reverse transcription of the element’s RNA. The
mechanism of second strand synthesis and nick repair is
unknown. The proteins encoded by L1 elements are thought
to work only in cis, that is, only on the RNA from which
they were translated (17). Many other human retrotranspos-
able sequences are believed to plunder L1 proteins in order
to proliferate (1, 17).

Previous work has identified a nicking endonuclease
activity encoded in the first∼28 kDa of the L1.2A ORF2
protein (L1 EN) (13). L1 endonuclease belongs to a large
family of endonucleases sharing tertiary structure and
conserved catalytic residues. This family can be subdivided
teleologically into three classes: enzymes specific for repair
of lesions in DNA, nucleases involved in retroelement
replication, and digestive enzymes. Members of this family
therefore include enzymes of diverse function and specific-
ity: bovine pancreatic DNase I [a relatively nonspecific
endonuclease (18)], ExoIII [the major apurinic/apyrimidinic
(AP) endonuclease activity inE. coli (19)], human AP
endonuclease,D. melanogasterRrp1 [an enzyme with
exonuclease, AP endonuclease, and strand transfer activities
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(20)], R1Bm endonuclease [specific for a 14 bp sequence in
the rDNA (21, 22)], and the Tx1 element ofXenopus laeVis
[specific for another transposon (23)] as well as a multitude
of other retrotransposon endonucleases of unknown or
minimal specificity. Mutation of the conserved residues in
L1 endonuclease which are known to be in the active site in
similar nucleases abolishes catalytic activity, and eliminates
retrotransposition in cell culture. Assays used previously to
monitor L1 nicking endonuclease activity relied on conver-
sion of the supercoiled form of a plasmid into the relaxed,
open circle form (13). While convenient as a general measure
of enzyme activity, this type of analysis offers only rudi-
mentary resolution and is sensitive to contaminating nu-
cleases; we have therefore developed an oligonucleotide-
based system for examining the phosphodiesterase activity
of the L1 endonuclease domain. Oligonucleotides are ideal
substrates for such an assay because they allow precise
determination of target sequences, are available in high
concentration, and are easily synthesized to incorporate a
variety of base modifications. Among those endonucleases
which have been examined, no difference in specificity has
been observed between plasmid and oligo substrates, al-
though higher values ofkcat as well asKm are commonly
observed with oligonucleotides (24).

Analysis of L1 endo nicking sites on plasmid DNA,
nicking sites inferred from new L1 insertions that occurred
in cell culture, and from inspection of database sequences,
yielded the crude consensus of dTn-(nick)-dAn (13). An
independent study ofAlu termini inferred that Alu elements
insert into the sequence dT2-dA4 (25). Here this consensus

is refined experimentally; we show that L1 EN target site
selection has its basis in the recognition of the unusual
structural properties of these homopolymeric sequences and
the junction formed between them.

MATERIALS AND METHODS

Protein Expression and Purification. The L1 endonuclease
purified by Feng et al. contains 39 extra C-terminal amino
acids derived from the pET15b vector. To produce a protein
with a minimal amount of non-native sequence, pQF221 was
digested withNcoI andBlpI, and the sequence between these
two sites was replaced by the double-stranded oligonucleotide
created by annealing JB1325 (5′-CATGCATCACCACCAT-
CATCAC-3′) and JB1326 (5′-TCAGTGATGATGGTGGT-
GATG-3′). This construct, pGC6, encodes the first 239 amino
acids of L1.2A ORF2, 2 extraneous amino acids which are
artifacts of cloning (Ala-Met), followed by 6 histidine
residues. This protein has an anticipated molecular mass of
28.2 kDa and a predicted pI of 9.69. pGC6 was transformed
into E. coli strain BL21(DE3), grown to anA600 of 0.8 in 4
L of LB medium supplemented with 100µg/mL ampicillin,
and induced for 3 h with 1 mM IPTG. All subsequent steps
of the purification were performed at 0-4 °C. Cells were
pelleted and frozen in liquid nitrogen, then thawed on ice,
resuspended in 25 mL of sonication buffer (300 mM NaCl,
25 mM HEPES, pH 7.75) plus 1 mM PMSF, and sonicated.
The mixture was clarified by centrifugation and filtration
through a 0.45µm membrane, and then gently mixed with
3 mL of nickel agarose resin (Qiagen) for 1 h. The resin
was applied to a column and washed with 50 mL of
sonication buffer, 50 mL of wash buffer (300 mM NaCl, 25
mM HEPES, pH 7.75, 10% glycerol), 25 mL of wash buffer
plus 1 M NaCl, 50 mL of wash buffer plus 1.5 M NaCl, and
finally 50 mL of wash buffer plus 40 mM imidazole. The
protein was eluted in 10 mL of wash buffer plus 700 mM
NaCl plus 150 mM imidazole, and vacuum-dialyzed and
concentrated to 2 mL against dialysis buffer (1 M NaCl, 20
mM HEPES, pH 7.0, 20 mM EDTA, 5 mM DTT, 10%
glycerol). L1 endonuclease was then gel filtered through
Sephadex G-50 SuperFine resin in L1 endonuclease dialysis
buffer at a rate of 12.5 min/mL. Fractions containing only
L1 endonuclease (as determined by SDS-PAGE/silver
staining) were pooled and concentrated by ultrafiltration
(Amicon). L1 endonuclease containing an active site muta-
tion (D205G, pGC15) was cloned, expressed, and purified
identically.

Oligonucleotide and Topoisomer Substrates. In addition
to the sequence shown, all oligo substrates herein contain
six bases of 5′- and 3′-terminal sequence designed to facilitate
annealing in the correct register and to prevent hairpin
formation; the structure is therefore 5′-GCCCGG-Nn-GGC-
CCG-3′. For simplicity, the GC-rich terminal sequences are
not displayed when describing the substrates. Oligonucle-
otides (Operon) were first purified as single strands by
denaturing PAGE, visualized by UV shadowing, mash-
eluted, and precipitated. Oligos were end-labeled with T4
kinase and [γ-32P]ATP, the reaction mix was heat-inactivated,
and the complementary strand was annealed by incubation
at 90°C with gradual cooling to room temperature. Annealed
oligos were further purified by nondenaturing PAGE, mash-
eluted, and ethanol-precipitated. In all experiments, only one
strand is labeled. Oligos which underwent methylene blue

FIGURE 1: Overview of L1 element structure and model of
retrotransposition. (A) Components and structure of the human L1
element. EN, endonuclease domain; RT, reverse transcriptase
domain; Zn?, putative zinc finger domain; vTSD, variable target
site duplication. Adapted from Feng et al. (B) Proposed mechanism
of L1 retrotransposition based on the model of Luan and Eickbush.
The endonuclease domain nicks the target DNA, exposing a 3′OH
which is used to prime reverse trasncription of element RNA. The
consensus sequence for the endonuclease domain is shown in the
target DNA (see text).
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visualization during preannealing purification rather than UV
shadowing yielded identical results in nicking assays,
demonstrating that thymine dimer formation either is not
appreciable or does not affect the nicking ability or specificity
of L1 endonuclease.

Oligos with apurinic or apyrimidinic sites were generated
by using uracilN-glycosylase (UNG, Gibco-BRL) to remove
a uracil residue deliberately incorporated during synthesis.
UNG reactions were stopped by the addition of a 3-fold
molar excess of uracilN-glycosylase inhibitor, and then used
directly in the nicking reaction. Oligos without uracil
incorporated were treated identically. Generation of the
correct AP site was demonstrated by specific cleavage by 1
unit of Exo III for 1 h in abuffer which represses most of
its exonuclease activity (66 mM Tris, pH 8.0, 5 mM CaCl2)
(26).

Methylated oligonucleotides were produced by incubation
of 2 pmol of double-stranded, labeled oligonucleotide with
0-80µL of 100% DMS in buffer containing 50 mM sodium
cacodylate, 0.1 mM EDTA in a final volume of 200µL.
Methylation proceeded for 10 min, at which time the reaction
was stopped by addition of 40µL of 1 M â-mercaptoethanol,
1.5 M sodium acetate, pH 7.0. The DNA was then ethanol-
precipitated twice and resuspended in 10 mM Tris, pH 7.6,
1 mM EDTA.

Topoisomer distributions were made according to the
method of Bowater (27). Approximately 200 ng of a pBS
KS-topoisomer ladder covering a wide range of linking
numbers was incubated for 30 min with L1 EN at a final
concentration of approximately 7µM. The reaction was then
electrophoresed at 2 V/cm on a 25 cm 1% agarose gel for
20 h, and the gel was stained in 500µg/mL ethidium bromide
for 2 h.

Nicking Assay. Ingredients of the standard oligo nicking
assay are as follows: 400 nM oligonucleotide, 60 mM NaCl,
50 mM HEPES, pH 7.5, 5 mM MgCl2, and 3.5µM L1
endonuclease; these conditions were optimized using the
T6A6 substrate. Incubation was at 37°C for 1 h, after which
the reaction was stopped by addition of an equal volume of
95% formamide, 20 mM EDTA. Samples were heated to
100 °C for 2 min, then chilled on ice, and electrophoresed
through denaturing 20% polyacrylamide gels. The identity
of bands was assigned based on comparison to restriction
endonuclease digestions of many substrates. In some cases,
restriction digests or oligos synthesized to correspond to the
predicted products were mixed with the reaction and co-
electrophoresed in order to negate mobility differences based
on salt concentration and to conclusively identify the products
of the reaction. In all cases, the effect of differential salt
concentration on electrophoresis was found to be negligible.
Quantitation of band intensities was accomplished using a
Molecular Dynamics Storm PhosphorImager and Im-
ageQuant version 1.11 software.

Computational Analysis. Analysis of hexamer frequencies
was performed with the QuickBasic Version 4.0 program
Freq (source code available upon request). For analysis of
genomic DNA, approximately 62 MB of human genomic
DNA was used; this corresponds to the majority of human
DNA which has been sequenced to date, but it is restricted
in its scope to mostly chromosome seven. Analysis of
samples randomly selected from different chromosomes/
isochores yielded identical results. For analysis of coding

sequence L1 endo target site frequency, approximately 6×
105 nucleotides of nonredundant human cDNA sequence
were randomly selected from Genbank (release 103.0). This
sample of coding sequence is representative of cDNA as a
whole, as the codon usage frequencies within it are quite
close to those derived from inspection of the sequenced
coding genome (G.J.C. and J.D.B., data not shown) (28).
The bias in L1 endonuclease target site distribution is
displayed as the ratio between the frequency of occurrence
in bulk genomic DNA (Fg) and the frequency observed in
coding regions (Fc). Random hexamer distribution would
therefore yield a value of 1 for these ratios. The contribution
of the 3-5% coding sequence contained in the genomic
sequence was neglected; inspection of purely noncoding
sequence would only serve to enhance rather than reduce
the magnitude of the observed bias.

RESULTS

Expression, Purification, and Substrate Requirements of
the L1 Endonuclease Domain. To perform biochemical
analysis of the L1 endonuclease domain, the N terminal 28
kDa of L1.2A ORF2 was expressed and purified to apparent
homogeneity using metal affinity and gel filtration chroma-
tography (Figure 2A).

Prior experiments yielded clues as to the substrate require-
ments of L1 endonuclease. Based on these observations, we
devised a model oligonucleotide substrate: 5′(dT6-dA6)‚5′-
(dT6-dA6) (excluding the GC clamp described under Materi-
als and Methods), abbreviated as T6A6. Strong nicking
activity was detected when this substrate was incubated with
wild-type L1 endonuclease (Figure 2B), but not observed
with identically prepared active site missense mutant protein
(data not shown). Nicking of this substrate occurs primarily
at the junction of the T and A tracts and within the ApA
dinucleotide adjacent to the TpA. Activity on the reverse of
this idealized sequence (A6T6) is drastically reduced in
intensity at all positions and is essentially the inverse of what
is seen with T6A6 with respect to the pattern of specificity;
nicking increases with distance from the junction (Figure
2B). Thus, L1 endonuclease is capable of nicking double-
stranded oligonucleotides, DNA devoid of large-scale topo-
logical constraints and free from any long-distance cis
interactions.

Single-stranded DNA is thought to be generated during
retrotransposition, during reverse transcription. L1 EN could
in principle exhibit activity on targets which are single
stranded. To examine this possibility, L1 EN was incubated
with a single-stranded oligo containing a sequence known
to be nicked when present in double-stranded DNA. As no
nicking activity was detected on this substrate, we conclude
that L1 EN has no activity on single-stranded DNA (Figure
2C).

These results are also consistent with the activity of a
3′f5′ exonuclease incapable of breaking phosphodiester
bonds between thymidine residues [such as the exonuclease
activity of the relatedD. melanogasterRrp1p (29)]. This
pattern could derive from an exonuclease which processes
up the strand, cleaving bonds in succession, or could result
from the sequential action of many binding/cleaving events
of an enzyme limited to 3′-terminal nuclease activity. To
eliminate both possibilities, a kinetic analysis was performed;
the reaction was divided in two and electrophoresed under
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both denaturing and nondenaturing conditions. While the
band pattern of the denaturing gel was as shown, no bands
corresponding to any of the products predicted of the above
two exonuclease models were observed (data not shown).
The kinetics of the reaction are otherwise uninformative, with
all products generated at essentially the same rate (data not
shown). To rule out the possibility of an endonuclease-
created nick at an A-A junction followed by limited
exonuclease activity releasing a mono- or dinucleotide
species undetectable by PAGE, thin-layer chromatography
of nicking reactions was performed, and the separated
products were analyzed. No species compatible with this
hypothesis was observed (data not shown). In addition, 3′
end-labeled oligos yielded digestion patterns identical (but

reversed in polarity) to those shown here (data not shown).
We therefore find no evidence for exonuclease activity
present in this domain.

We then sought to determine the minimal 5′(dTn-dAn)‚5′-
(dTn-dAn) tract capable of supporting levels of nicking
activity equivalent to the T6A6 substrate. Oligos in whichn
) 9, 5, 4, or 3 (of constant overall length) were prepared
and reacted with L1 endonuclease. Potent nicking activity
was observed throughout the series (Figure 2D), declining
only when n ) 3 or 4, a reduction attributable to the
encroachment by the flanking sequence on the region likely
to be critical for DNA recognition by L1 endonuclease (see
Figure 3B, and Discussion). Thus, the nicking activity of
L1 EN is not affected by variation in the length of the TnAn

FIGURE 2: Purification, nicking activity, and minimal sequence requirements of L1 endonuclease. (A) Purification of L1 endonuclease. L1
endonuclease was purified as described under Materials and Methods and electrophoresed through 10% SDS-polyacrylamide after each
step of purification. The gels were silver stained and slightly overdeveloped to emphasize any contaminants. No other bands can be seen
in the lanes containing protein from the fractions which were pooled and concentrated. L1 endonuclease runs approximately 3 kDa larger
than expected, a phenomenon sometimes seen with highly basic proteins. (B) L1 endonuclease can nick oligonucleotides. Oligo substrate
T6A6 was incubated with eitherDraI (D), buffer only (- -), or wild-type L1 endonuclease protein (+). DraI cuts between the T and the
A on both strands. Mutant L1 EN protein (D205G) has no activity (data not shown). (C) L1 endonuclease has no activity on single-stranded
DNA. Single-stranded DNA was prepared and reacted with eitherDraI (D), buffer alone (- -), or L1 EN (+). Cn was used to maintain
the length of the oligos rather than the GC clamp described under Materials and Methods so as to avoid formation of the secondary
structure seen in 2D. (D) L1 endonuclease activity on TnAn tracts of varying length. Oligo substrates T9A9, T6A6, T5A5, T4A4, and T3A3
were each incubated with eitherDraI, buffer alone, or L1 endonuclease. Oligo length was held constant by addition of the appropriate
number of G‚C base pairs outside the constant six base pair 5′- and 3′-terminal sequences at both ends. Extension of the GC clamp on the
ends of the substrates resulted in the formation of an increasingly stable single-stranded secondary structure which made purification (and
end labeling) difficult whenn < 5. In no other cases is this structure predicted or seen. Some contamination by aberrantly synthesized
oligos can be observed, especially in theDraI digests.
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tract whenn > 4. The T6A6 sequence was chosen as the
basis for further investigation.

Nucleotide Sequence and DNA Structural Preferences of
L1 Endonuclease. Having determined the basic features
required of substrates for L1 endonuclease, we investigated
more detailed sequence preferences. We asked the following
question: When placed in an optimal context (replacing the
TpA junction of a TnAn stretch), which pairs of dinucleotides
allowed for nicking at the central N-N phosphodiester bond?
The results, summarized in Figure 3A and shown for 4
substrates in Figure 3B, indicate that for 12 out of the 16
possible dinucleotides, nicking is generally possible within

YpR dinucleotides, but not RpY dinucleotides (Y) pyri-
midine; R) purine).

Scanning substitution of the T6A6 sequence was performed
by single substitution of G‚C for T‚A base pairs and C‚G
for A‚T base pairs at all possible positions. All oligos in
which A‚T was replaced with C‚G yielded nicked products
which followed the above-mentioned pattern: generation of
an ApC dinucleotide severely repressed nicking at this site,
and generation of a CpA dinucleotide supported nicking
activity. The substitutions of G‚C for T‚A also gave
substrates which behaved predictably with respect to di-
nucleotide preferences at the site of substitution, yet displayed
a curious pattern (Figure 4A). While nicking adjacent to the
substitution was unaffected, cleavage between the third and
fourth bases after the substitution was attenuated more than
15-fold. Truncations of this sequence which move a G
residue adjacent to the T tract produced similar results (Figure
2D). Such a preference implies that DNA sequence or
structure at this position is important for L1 EN-DNA
interaction. Further evidence of contact 5′ of the nicking site
can be seen in Figure 3B. In the T5ATA5 substrate, L1
endonuclease is presented with two TpA junctions, one
flanked by T5 and the other by A5, each having intact
(continuous Y or R) 5′ and 3′ ends, respectively. The TpA
junction having intact 5′ T5 sequence is cleaved far more
strongly than its competitor, independently illustrating the
importance of favorable sequence 5′ of the nicking site.

The influence of various base substituents and substitutions
on A tract bending has been examined (30-32). In general,
major groove pyrimidine methyl groups are not required for
bending, and minor groove amino groups (such as those of
guanosine) destroy A tract structure. Most of the stability of
A tracts seems to arise from base stacking interactions;
purines rather than pyrimidines are therefore the dominant
structural unit. In addition, any disruption of the continuity
of the A tract (particularly disruption by a pyrimidine)
eliminates the A tract bending. The TnAn sequence preferred
by L1 EN is composed of two opposing A tracts, one on
each strand on either side of the TpA bond. The effects seen
when a G‚C base pair is substituted for a T‚A base pair at
position-4 may be the result of similar disruption of the A
tract DNA found 5′ of the nicking site. If this hypothesis is
correct, then substitution of an A‚T or I‚C (I, inosine; lacks
the minor groove amino group at position 2 which destroys
A tract bending, but is otherwise identical to guanosine) base
pair should have effects similar to the G‚C substitution, and
substitution of a C‚I but not a C‚G base pair would be
predicted to have no effect on nicking activity. The data
shown in Figure 4B confirm both of these predictions. The
G‚C, I‚C, and A‚T substitutions all show lessened nicking
activity at the TpA bond and quite similar patterns of nicking
overall (compare substrates 2, 3, and 4). Substitution with
C‚G changed the pattern of nicking activity substantially
(substrate 5), but when C‚I (but not I‚C) was substituted for
the T‚A base pair at position-4, the pattern of nicking
observed was identical to the unsubstituted sequence (Figure
4B, substrates 6). Thymidine methyl groups are not required
for A tract bending. These methyl groups are similarly not
relevant for DNA recognition and cleavage by L1 EN, as
equal nicking is observed on T6A6 and U6A6 (U ) uracil; T
) 5-methyluracil) (Figure 4C). The activity of L1 endonu-
clease therefore directly parallels the ability of the sequence

FIGURE 3: L1 endonuclease is sensitive to nucleotide composition
at the junction of 5′(dTn-dAn)‚5′(dTn-dAn) tracts. (A) Dinucleotide
preferences. Oligonucleotides were synthesized with the general
sequence T5N2A5 where N2 corresponds to each of the dinucleotides
shown. The ability of L1 endonuclease to nick the N-N bond is
indicated schematically. (B) Nicking of selected oligos from part
A. The direction of electrophoresis is from right to left.
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in question to attain the canonical A tract conformation.
There are two separate and distinct substrate requirements
for the region 5′ of the nicking site of L1 endonuclease: (i)
a Y‚R base pair at position-4 (or the dinucleotide pair
formed by the junction of this Y‚R base pair with the flanking
sequence) and (ii) an unobstructed minor groove at the-4
position. These two criteria are essentially a limited restate-
ment of the requirements for formation of A tract DNA. Both
requirements must be met for high-level nicking activity; in
vivo, this translates into a strong preference for continuous
T‚A base pairs (an A tract on the complementary strand) in
the region 5′ to the nicked phosphodiester.

EVidence That L1 Endonuclease Interacts with the DNA
Minor GrooVe. Interference of protein-DNA interaction by
covalent modification which is groove-specific or at a defined
position on the DNA can provide a high-resolution view of
protein contacts with the DNA surface. Other nucleolytic
enzymes in the family which includes L1 endonuclease have
been suggested or shown to contact DNA primarily via minor
groove interactions (33, 34). L1 endonuclease may therefore
recognize DNA in a comparable manner. Consistent with
this hypothesis, substitution of uracil in place of thymine
(5-methyluracil) at all positions along the T6A6 substrate had
no effect on the nicking ability or specificity of L1 endo-
nuclease (Figure 4C). Additionally, L1 endonuclease is
indifferent to major groove adenine methylation at positions
-3 and+3 (see below). When the T6A6 target DNA was
premethylated at adenine N3 (in the minor groove) by
treatment with dimethyl sulfate (DMS), nicking by L1 EN
was inhibited in a concentration-dependent manner, and was
nearly completely abolished at maximal methylation (Figure
5A).

Several ligands of DNA have been described which bind
exclusively in the minor groove, and preferentially in the

minor groove of AT-rich sequences (35). When the substrate
T6A6 was incubated with the AT-rich minor groove ligand
distamycin A before reaction with L1 endonuclease, inhibi-
tion of nicking activity was observed (Figure 5B). Ap-
proximately 118 nM distamycin A was required to reduce
nicking activity by 50% at the TA junction, a value quite
similar to theKd of a distamycin A-T5‚A5 complex (67 nM)
as determined by circular dichroism analysis under similar
buffer conditions (36). Distamycin A also appears to stabilize
the DNA helix, making it resistant to denaturation (Figure
5B). The banding pattern was unaffected by the addition of
10µm distamycin A after completion of the nicking reaction,
demonstrating that the inhibition observed is in fact repres-
sion of nicking activity rather than protection of the nicked
product from denaturation. Inhibition of nicking activity by
berenil (another minor groove binding molecule) was also
observed, although higher concentrations were required to
achieve equivalent inhibition (data not shown). Interestingly,
blockage of the TA junction region by distamycin A
redistributed a small amount of L1 EN nicking to the 3′
terminus of the oligo. Nicking at this secondary region was
itself eliminated at elevated distamycin A concentrations.
Thus, occlusion of the minor groove blocks nicking by L1
endonuclease.

Minor GrooVe and TpA Structural Parameters Are Rec-
ognized by L1 Endonuclease. Poly(dA) tracts have well-
defined structural features; excellent base stacking results
in a large propeller twist and, importantly, a narrow minor
groove (37-41). TnAn regions consist of convergent polyA
tracts, but at the TpA dinucleotide exhibit several structural
peculiarities unique to this junction. Base stacking at this
position is quite poor due to steric clash of the purine rings,
disrupting the continuity of the narrow poly(dA) minor
groove as manifest by an abrupt widening and concomitant

FIGURE 4: Disruption of the poly(dA) tract 5′ of the TpA junction interferes with nicking by L1 endonuclease. (A) Scanning substitution
of the T6A6 sequence. In the general sequence T6A6, G‚C was substituted for T‚A at all six possible positions. The effect of the substitutions
is manifest between the third and the fourth base 3′ of the replacement rather than at the position of the substitution itself. Nicking on the
complementary strand was affected only at the position of substitution. (B) A tract structure is important for L1 EN cleavage. All possible
substitutions were examined at the-4 position. Substrate 1, T6A6; 2, T2GT3A6; 3, T2IT3A6; 4, T2AT3A6; 5, T2(C‚G)T3A6; 6, T2(C‚I)T3A6.
D, DraI; (- -), buffer only; (+) L1 endonuclease. (C) Thymidine methyl groups are not important for L1 EN cleavage. All thymidines in
the T6A6 substrate were replaced with uracil and reacted with L1 EN.
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loss of an ordered array of bound water molecules (41-44).
The regions which are nicked by L1 endonuclease are
therefore also regions at which the width of the minor groove
changes from very narrow to very wide, and then back to
very narrow.

Dimethyl sulfoxide (DMSO) has been shown to dehydrate
and unwind the DNA helix, thereby widening the minor
groove (45). If minor groove width is crucial to binding/
cleavage by L1 endonuclease, modulation of the minor
groove width by DMSO should similarly alter the activity
of L1 endonuclease. As can be seen in Figure 6A, inclusion
of DMSO in the L1 nicking reaction dramatically increased
nicking activity on the T6A6 substrate in a dose-dependent
manner, to at least 7-fold over the reaction lacking DMSO
in this experiment (as measured by the decrease in substrate).
Higher levels of stimulation were often seen. Activity on
the A6T6 substrate was also increased, with increasing nicking
spreading inward from the termini [the region of A tracts
which naturally have the widest minor groove (42)], creating
a pattern of activity resembling the inverse of the T6A6

substrate, but diminished in intensity. Several other DNA
dehydrating agents gave similar results, in rough proportion
to their ability to unwind the DNA helix as reported by Lee
et al. (data not shown), suggesting that these cosolvents affect
the structural parameters of the target DNA helix rather than
the L1 endonuclease itself. These data indicate that L1
endonuclease is sensitive to the groove width of DNA, and
suggest either that L1 endonuclease recognizes DNA seg-
ments which are underwound and/or that DNA unwinding
is the rate-limiting step in binding/cleavage events.

These data are also consistent with the hypothesis that the
stimulation of nicking activity observed above, or the
specificity of L1 endonuclease in general, is determined by
the hydration of the DNA minor groove. In this model,
displacement of water from the minor groove is the rate-
limiting step for binding of L1 EN. DMSO would thus
stimulate activity by removing water from the minor groove,
and the general specificity of L1 endonuclease is a conse-
quence of the relatively disordered (and therefore readily
displaceable) water found naturally at the junction of TnAn

tracts. If dehydration were the sole determinant of L1 EN
specificity, disruption of the TnAn region by insertion of
guanosine should increase activity near the site of insertion
(but most likely block activity at the insertion point) via
disruption of minor groove hydration by the guanosine C2
amino group, and replacement by inosine should not. As
neither effect is observed (see Figure 4A,B), we conclude
that a disordered or dehydrated minor groove is not sufficient
for nicking by L1 endonuclease. However, as DNA hydration
and structural parameters are clearly dependent variables, it
is impossible to exclude from the overall stimulation of
activity a contribution from dehydration alone (although in
vivo, dehydration is likely to be secondary to unwinding).

Groove width is also increased when DNA is unwound
by negative supercoiling (46). To provide a means of
addressing the structural specificity of L1 endonuclease
reliant on purely physical (rather than chemical) methods,
the susceptibility of individual topoisomers to L1 EN was
examined. When a sample containing a wide distribution of
topoisomers was reacted with L1 endonuclease, plasmids
were depleted from the substrate pool in proportion to (the
absolute value of) their linking number (Figure 6B). More
relaxed DNA was nearly untouched even after most of the
other topoisomers were completely converted to the open
circle form. While it is possible that the rate enhancement
observed here could be due to contacts specific for super-
coiled DNA, we believe it more likely that the stimulation

FIGURE 5: Evidence that L1 endonuclease interacts with the DNA
minor groove. (A) DMS methylation of minor groove adenine N3
prevents L1 EN nicking. The T6A6 substrate was methylated with
0, 1, 5, 10, 20, 40, or 80µL of dimethyl sulfate, and then exposed
to L1 endonuclease (+) or buffer only (- -). DNA treated with
the maximal amount of DMS (80µL) but not L1 EN is indicated
as (++). (B) Inhibition of nicking activity by distamycin A. The
T6A6 substrate was incubated for 20 min with buffer only (- -)
or 2-fold dilutions of distamycin A (Sigma) ranging from 0.078 to
10 µM and then incubated with L1 endonuclease (+). Ten
micromolar distamycin A was also added after 1 h incubation with
L1 endonuclease (++).
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results from the increasingly widened minor groove found
in increasingly supercoiled plasmids.

NMR analysis of TpA junctions within TnAn tracts has
shown that the adenines at and near the TpA step are free to
sample unusual conformational states (38). The adenine bases
at this position are thought to oscillate about the glycosidic
bond some 30-50° at several thousand hertz (38). This
mobility is a signature of the DNA structural environment
found at and near TpA steps. N6-methylation of these adenine
residues destroys this conformational plasticity, eliminating
the diagnostic NMR line broadening of the adenine protons
at and near the TpA junction (40). As L1 endonuclease
cleaves near this junction, recognition of this unique struc-
tural feature may play a role in substrate selection. To test
this hypothesis, various methylated derivatives of the T6A6

substrate were synthesized, and the ability of L1 endonu-
clease to nick them was analyzed (Figure 6C). Methylation
of the TpA step (-1 and+1) adenines diminished nicking
at the TpA junction about 4-fold; methylation of the adjacent
(-2 and+2) adenines had a more modest negative effect,
while the nicking of the substrate with the third (-3 and
+3) adenines methylated was almost identical to the unm-
ethylated sequence. The extent of perturbation of nicking
activity directly correlated with the magnitude of adenine
mobility normally found (38) at the base modified.

It is formally possible that the moderation of nicking
observed in this experiment is a result of blockage of major
groove interactions near the TpA junction. In light of the
multiple lines of evidence supporting minor groove interac-
tions and because nicking activity seems to correlate with
adenine mobility, we consider this explanation unlikely, but
cannot exclude it.

Taken together, the preferences detailed above can be used
to assemble a consensus sequence favorable for nicking by
L1 endonuclease. L1 EN prefers poly(dT)‚poly(dA) (A tract)
DNA 5′ of its nicking site (especially 4 bp prior to the nicked
phosphodiester), greatly favors nicking at YR junctions, and
recognizes the peculiar conformation at the TpA junction
and one base thereafter. When compiled, these data indicate
that the sequence T4A2 would fulfill the requirements for
L1 EN nicking. This sequence is indeed capable of support-
ing the pattern of nicking activity seen with the T6A6

substrate, even when imbedded in a region of 100% GC
content. While the presence of the flanking 100% GC region
did not affect the pattern of activity, the absolute amount of
nicking of the T4A2 substrate was reduced when compared
to T6A6 (data not shown). This effect of flanking sequence
on activity is a property which might be expected for a
nuclease which is structurally (rather than sequence) specific,
as any single nucleotide influences DNA structural param-
eters over a several base pair window of sequence.

L1 Endonuclease Is Not an AP Endonuclease. Significant
amino acid sequence similarity exists between L1 endonu-
clease and nucleases which have apurinic/apyrimidinic
nuclease activity (33, 47, 48). Previous experiments have
shown that L1 endonuclease does not prefer plasmids with
AP sites to intact DNA (13). In the case of an enzyme which
has the ability to nick intact DNA, a plasmid-based assay is
an inherently poor system with which to assay this activity
because potential L1 endonuclease AP activity is masked
and competed by nicking at intact consensus sites also on
the plasmid. L1 EN may therefore exhibit AP endonuclease

FIGURE 6: L1 endonuclease recognizes TnAn structural parameters.
(A) DMSO enhances L1 endonuclease activity. L1 endonuclease
was incubated for 10 min with either the T6A6 or the A6T6 substrate
in the presence of 0-50% (v/v) dimethyl sulfoxide. (B) Highly
supercoiled topoisomers are preferentially substrates for L1 EN. A
distribution of topoisomers was generated and reacted with L1 EN.
(C) TpA structural features are recognized by L1 endonuclease.
Oligonucleotides withN6-methyladenine incorporated were reacted
with L1 EN.
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activity at a rate equal to or less than its general nicking
activity. To examine the ability of L1 endonuclease to
recognize specific abasic sites, double-stranded oligos con-
taining uracil were reacted with uracil DNA glycosylase to
create specific apurinic or apyrimidinic sites, and then
incubated with L1 endonuclease. In contrast to the strong
AP endonuclease activity ofE. coli exonuclease III, L1
endonuclease does not appreciably nick at the AP site (Figure
7). In addition, nicking between bases immediately 5′ and
3′ of the AP site is greatly reduced. Thus, L1 endonuclease
not only lacks AP endonuclease activity at abasic sites but
also is inhibited by the lack of bases near its cleavage site.

Repair of AP sites is a challenge faced by all organisms.
Enzymes responsible for this type of DNA repair are
consequently highly conserved across kingdoms. As a result,
APases are often functionally equivalent and therefore
interchangeable [see (48), for example]. Consistent with the
above biochemical data, expression of L1 endonuclease in
xth (Exo III deleted)E. coli andapn1(theS. cereVisiaeEndo
IV homologue) yeast does not complement either phenotype.
(Q. Feng and J.D.B., unpublished data). In light of these
results, we conclude that L1 EN is not an AP endonuclease.

L1 Target Sequences Are Nonrandomly Distributed in the
Human Genome. There is a strong selective pressure on
parasites to minimize damage done to the host organism.
We have therefore examined the biochemical properties of

L1 EN conscious of the parasitic relationship between L1
elements and the human genome. This principle of host-
parasite interaction predicts that these properties will have
been optimized to avoid deleterious insertions into human
coding or regulatory sequence. Analysis of database se-
quences indicates that approximately 40-50% ofAlu inser-
tions occur at the TpA or the adjacent ApA junction of the
sequence TTTTAA or one of the four possible T to C
substitutions of this sequence (25). The bulk of the remainder
occur primarily at the TT or AA junction, or the YA junction
of purinefpurine or pyrimidinefpyrimidine substitutions
of this sequence (25). If such insertions are indeed predis-
posed to be innocuous, then this sequence should be found
less frequently in coding sequence than in whole genomic
DNA. Investigation of this hypothesis reveals that there is
indeed a 3-fold greater frequency of optimal target sites in
genomic DNA than in coding DNA (Figure 8A). Assuming
that 95% of total DNA is noncoding, this moderate frequency
bias represents a large absolute overrepresentation of L1 EN
target sites in noncoding DNA. L1 elements are therefore
biased toward insertion into noncoding DNA.

Conceptual translation of these sequences is depicted in
Figure 8B. L1 endonuclease nicking sites in coding sequence
contain TTA-Leu [nearly the most rare codon in human

FIGURE 7: L1 endonuclease is not an AP endonuclease. (A) L1
endonuclease nicking at apurinic or apyrimidinic sites. Numbering
indicates the position of the radioactive label; D,DraI; E3,
exonuclease III; (- -)-, buffer only; (+) L1 endonuclease. The
asterisk indicates the position of the AP site and therefore the
position of nicking by Exo III, and the lack of nicking by L1 EN.
The exonuclease activity of exo III is not completely suppressed
by Ca2+, resulting in nicking at the abasic site followed by limited
(2-3 nt) 3′f5′ digestion. The smear observed in the buffer only
and L1 endonuclease lanes corresponds to the products of spontane-
ous hydrolysis of the phosphodiester backbone near the AP site
during electrophoresis.

FIGURE 8: L1 target sites are nonrandomly distributed within the
human genome. The frequency of the major L1 EN nicking/L1
element integration sites in whole genomic (Fg) and coding (Fc)
sequence. For clarity, the frequencies are displayed as percentage
× 103. An average hexamer will occurr at a frequency of 24.4 (1/
46). The values reported under “Nicks” are the absolute number of
insertions recovered by Jurka in which that particular target site
was used. The mean of theFg/Fc ratios was normalized indepen-
dently both by the frequency of each hexamer in the genome and
by its pattern of usage by L1 EN. Note that the hexamers most
overrepresented in whole genomic sequence are also those which
are used the most by L1 EN. The true bias is likely to be at least
3.52-fold, the sum of the unweighted mean and the enhancements
above this mean produced by both weighted averages.
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coding sequence (28)] in the +1 frame (4/5 times) and-2
frame (3/5 times), and stop codons in frames+2 (5/5 times)
and-1 (4/5 times). Thus, 16/30 reading frames correspond-
ing to potential L1 endo nicking sites are either rare in coding
DNA or already result in the termination of translation.
Further investigation revealed that these sequences (dicodons)
were not underrepresented within coding sequence itself
relative to the frequency of their component codons (data
not shown). Thus, L1 EN sites in coding sequence are likely
to occur at positions where the effects of L1 element
integration on gene function are not likely to be large.

DISCUSSION

The preferred DNA sequence for L1 EN activity (T4A2)
agrees quite well with the consensus sequence for L1
integration events inferred from database sequence (25),
suggesting that this assay faithfully mimics the behavior of
L1 endonuclease in vivo. The integration consensus reported
by Jurka is TTAAAA; as this was derived from inspection
of integrated elements in the database, it is the reverse
complement of the TTTTAA sequence which is preferred
by the endonuclease domain itself (see Figure 1B). This
consensus is consistent with the target-primed reverse
transcription (TPRT) model of Luan and Eickbush in which
the bottom strand (the strand which contains the complement
of the integrated element) is nicked first. In this model, the
endonuclease makes two nicks in genomic DNA. As the
position of the first nick severely constrains that of the
second, an exactingly specific nuclease might detrimentally
limit the spectrum of favorable integration sites. Thus, the
somewhat loose consensus obtained from our experiments
fits well into the TPRT model derived for the R2Bm element,
and is an important experimental corroboration of this model
as extended to L1 element retrotransposition. In addition,
the integration consensus culled from the database was built
from analysis ofAlu integration sites, with the assumption
thatAlu elements employ L1-encoded proteins for their own
replication [presumed, therefore, to also be mediated by
TPRT (25)]. Our data therefore provide the first empirical
support for this hypothesis as well.

Sequences found to be good substrates for nicking by L1
endonuclease contain A tract DNA 5′ of the nicked bond.
The A tract character of these sequences appears important
for their recognition, as base modifications and substitutions
which reduce A tract bending also reduce L1 EN nicking;
L1 EN is indifferent to modifications which do not change
A tract geometry. The physical peculiarities of A tract DNA
result in chromatin structure abnormalities when this DNA
is assembled onto nucleosomes. Long stretches of A tract
DNA are refractory to wrapping on nucleosomes [(49) and
references cited therein]. Shorter lengths of polyA containing
DNA are preferentially positioned at the end positions of
the core histone octamer; indeed, local placement of nucleo-
somes is thought to be strongly influenced by this sequence-
dependent factor (49). The integration specificity of L1
elements can be represented by either of two models: (i)
L1 integration might be actively targeted by an endonuclease
specific for TnAn regions, or (ii) integration specificity may
be passively determined by a nonspecific endonuclease
recognizing the face of the histone octamer where A tract
DNA is found, or recognizing DNA devoid of nucleosomes
(longer A tracts). Whereas database analysis is not sufficient

to distinguish between these mechanisms, the data presented
here (and in Feng et al.) favor active endonuclease-mediated
targeting of L1 elements. While the global choice of
integration sites may be determined by the accessibility of
DNA within chromatin, on a local scale the endonuclease
domain is likely to be the primary determinant of the
specificity of L1 element nicking and integration.

The structural significance of A tract DNA was first
realized when it was observed that phased A tracts exhibit
anomalous mobility during electrophoresis, a consequence
of the alignment of the bends produced by individual polyA
regions (50). It is therefore interesting to note that, whereas
the structure of the A tract DNA is important for L1 EN
recognition and cleavage, nicking actually occurs at segments
of DNA which are straight (in the absence of L1 EN); the
helix axis is straight despite the structural discontinuity
associated with the TpA step (40, 51). Nicking near the
intrinsic bend so characteristic of the A tract is actively
avoided by L1 EN; cleavage of the A6T6 substrate is minimal
where the bend at the 3′ end of the A tract is maximal.

The effects seen on L1 endonuclease nicking of single base
substitutions in the T6A6 oligo implicate A tract DNA
structure in L1 EN substrate selection because these substitu-
tions similarly affect A tract bending (30, 32). These
substitutions are capable of complete abrogation of A tract
curvature, yet disrupt nicking at only a single phosphodiester
bond (between the third and fourth bases 3′ to the base
substitution). A possible explanation for this is that L1 EN
senses DNA structure at a discrete position(s), and that the
substitutions made eliminate bending by one mechanism and
more subtle aspects of A tract structure by another. L1 EN
nicks at the end of the A tract opposite from the bend, and
A tract length is relatively unimportant for nicking (Figure
2D); bend recognition is therefore probably not crucial for
L1 EN recognition, but disruption of bending may happen
to correlate with (but not cause) disruption of an independent
structural parameter recognized by L1 EN.

While most nicking by L1 EN occurs at the TpA bond of
TnAn tracts, significant cleavage is also observed at the
flanking dinucleotides. Two models exist which explain this
cleavage pattern: (i) DNA recognition by L1 EN is quite
specific, but a flexible active site permits nicking between a
spectrum of nearby nucleotides; or (ii) L1 EN possesses an
active site which is immobile relative to the DNA binding
residues, and the DNA near the TpA junction is bound in
several discrete registers. Given the structural specificity of
L1 EN, the gradient distribution of DNA structural param-
eters such as minor groove width in A tract DNA, and the
homology of L1 EN to nucleases whose structures are
known, we predict that the second of these models is likely
to be the correct one.

We found that minor groove width is an important factor
for binding/cleavage by L1 EN. The TpA junction of TnAn

tracts normally has a wide minor groove, and is flanked by
unusually narrow minor grooves in the homopolymeric DNA
to the left and right. As regions of high GC content are
thought to have a wide minor groove (18), yet are resistant
to L1 endonuclease cleavage (G.J.C. and J.D.B., unpublished
data), a large minor groove width appears to be necessary
but not sufficient for cleavage by L1 endonuclease. Similar
suggestions correlating minor groove width with enzymatic
activity have been made regarding DNase I (18). In the case
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of L1 endonuclease, however, contacts specific for TA-rich
sequences (or the lack of contacts specific for GC-rich
sequences) might limit this nicking activity. Considering the
preference for A tract DNA structure 5′ of the cleavage site,
perhaps the specific transition of the minor groove from
narrow to wide is the structural feature most pertinent for
recognition. If for longer A tracts the magnitude of the minor
groove width change is independent of the length of the tract,
then the T9A9 substrate presents a relatively shallow gradient
of groove width change per base pair. In contrast to all other
substrates on which nicking is only observed at the first (and
to a much lesser extent, the second) thymidine dinucletode,
nicking of T9A9 (Figure 2D) between several thymidine
dinucleotides is seen. This suggests that L1 EN recognizes
and nicks DNA with a specific range of minor groove widths,
and explains the more widely spread nicking observed on
the T9A9 substrate compared to substrates with shorter A
tracts. A tract DNA recognition is also seen in the IHF-
DNA cocrystal structure: the narrow minor groove of a six
base pair A tract is recognized on a structural (rather than
sequence-specific) basis (52). Minor groove edges of bases
5′ of the nicked base interact with N74 and Y76 in the crystal
structure of DNase I in complex with DNA (34). Similarly,
the structural integrity of sequences 5′ of abasic sites was
found to be required for the AP endonuclease activity of
Exo III (26). These two residues are not well conserved
between L1 endonuclease, DNase I, and Exo III (47). We
propose that L1 endonuclease contacts DNA in an analogous
but more restrictive fashion, and that such interactions are
incompatible with the disruption of A tract DNA topology,
particularly 5′ of the nicking site. Consistent with this, we
note significant inhibitory effects of base substitutions 5′ of
the nicking site and no inhibitory effect of symmetrical
substitutions made 3′ of the nick site. As structural specificity
to some extent requires sequence specificity, particular
protein-DNA interactions which are in fact sequence-
specific may occur, but are unlikely to be sufficient to
mediate efficient binding/cleavage in the absence of an
overall favorable structural context. As a result, L1 endo-
nuclease is semispecific, positioned between extremely
discriminating homologues such as R2Bm, R1Bm, and Tx1
endonucleases and essentially nonspecific nucleases such as
DNase I. DNase I has found extensive use as a probe of
DNA structure and DNA-protein interactions. L1 endonu-
clease might be similarly useful with regard to more specific
questions of A tract DNA structure, and nucleosome or
chromatin organization.

The wide minor groove at the TpA junction of TnAn

regions is a consequence of local sequence-dependent
unwinding of the helix. When the substrate was further
unwound (chemically with DMSO and physically by super-
coiling), L1 endonuclease activity increased. This phenom-
enon may have relevance in vivo, as evidence suggests that
the genome is divided into nonrandom torsionally constrained
and differentially supercoiled segments [(53) and references
cited therein]. Although poorly characterized, these regions
may affect L1 element targeting by providing alternately
favorable or poor substrates for L1 EN. Supercoiling is also
altered by transcription (54) and perhaps DNA replication.
Although more localized, these processes may also influence
L1 targeting.

Removal of the unusual structure of the TpA dinucleotide
at the junction of TnAn tracts negatively influences nicking
by L1 endonuclease. As nicking activity is diminished but
not completely lost on these substrates, the TpA conforma-
tional dynamic must be significant but not essential for
recognition or cleavage of DNA by L1 endonuclease.
Additionally, the T5CGA5 substrate is nicked well at the CpG
bond; perhaps the CpG dinucleotide can exhibit similar
conformational fluctuations when at the center of a poly-
(dT)‚poly(dA) tract.

The type II restriction enzymeDraI recognizes the same
sequence as L1 EN and nicks both strands at the TpA bond.
Aside from this superficial similarity,DraI appears to
function quite differently from L1 endonuclease. N6-meth-
ylation of the T6A6 substrate inhibitedDraI substantially,
presumably through major groove contacts.DraI is naturally
inhibited byDraI methylase activity at adenines+3 and-3,
but shows>90% inhibition at both other positions (adenines
+1 and-1, and+2 and-2). In addition,DraI activity is
completely inhibited by 50% DMSO (G.J.C. and J.D.B.,
unpublished data), and is reduced when thymidine methyl
groups are removed, but is insensitive to the disruption of
A tract structure outside its recognition site at position-4.
Thus, L1 endonuclease andDraI represent two independent
and quite different solutions to similar nucleic acid recogni-
tion problems.

Not surprisingly, L1 endonuclease is not similar toDraI
on the protein sequence level. L1 EN is, however, similar
to other non-LTR retrotransposon endonucleases. While these
nucleases have many residues in common in addition to the
absolutely conserved catalytic core residues, a sufficient
number have diverged to preclude confident prediction of
their specificities based on this work. The endonuclease
domain of R1Bm, for example, is specific for a 14 bp
segment of mixed sequence in the insect rDNA (21). If the
evolutionary speculations outlined below have played a role
in determining the specificity of L1 endonuclease, then
perhaps similar results will emerge from investigation of
these nucleases, particularly in organisms whose genome
contains a high percentage of polyA sequences of retrotrans-
poson origin.

The L1 endonuclease studied here is derived from the
major subfamily of active L1 elements. Other minor sub-
families of L1 elements may have endonucleases of slightly
differing specificities. The retrotransposition activity of these
elements may account for some of theAlu and L1 insertions
that do not precisely conform to the consensus L1 EN
sequence. The nicking activity investigated here represents
the current specificity of L1 EN. Nicking by evolutionarily
more ancient versions of L1 EN may also explain some of
this apparently anomalous insertion specificity.

All DNA repair enzymes which are members of the family
containing L1 endonuclease display apurinic/apyrimidinic
endonuclease activity. The endonuclease domain of the
retrotransposon L1Tc has also been shown to possess APase
activity (48). A priori, one might expect site-specific ret-
rotransposon nucleases to have no need for such an activity,
whereas nonspecific or semispecific retroelement endonu-
cleases may or may not be APases (such a specificity might
be beneficial by recruiting DNA repair/synthesis machinery
useful for second-strand synthesis). We have found no
evidence for AP endonuclease activity associated with L1

L1 Endonuclease Targets a Specific DNA Structure Biochemistry, Vol. 37, No. 51, 199818091



EN. It is possible that a factor critical for APase activity
was absent from our assays; given the apparent absence of
regions of protein structure believed to mediate APase
activity, however (G.J.C. and J.D.B., unpublished data), we
believe it is more likely that L1 endonuclease is simply not
an AP endonuclease. Residual nicking activity was observed
at the abasic site and at positions flanking the abasic site in
the substrate analogous to T6A6. Rather than an APase
activity which nicks when the absence of a base is recog-
nized, we believe this low level of nicking resultsin spite
of the absence of a base. The activity may be lessened either
because of missing protein-DNA contacts or perhaps due
to the significant disruption of DNA structure which ac-
companies abasic sites in A tract DNA (55).

We found that sequences which are targets for L1
endonuclease are overrepresented in noncoding regions of
the human genome relative to coding regions. Much of this
bias is likely a result of comparison between generally AT-
rich noncoding sequence and coding DNA which has
disproportionately high GC content. Indeed, AnTn sequences
are similarly overrepresented in genomic DNA (data not
shown). However, the cause of the bias itself is relatively
unimportant; what is significant is that L1 EN has arrived at
a specificity which allows this bias to be exploited. Even
among AT-rich sequences, only the TnAn sequence has the
potential advantages illustrated in Figure 8B. Many L1 EN
hexamers are undoubtedly the remains of the 3′ polyA tails
of previous L1/Alu insertions (which are by definition not
in coding sequence). Indeed, L1 endonuclease nicks well at
the 3′ end of the recently transposed tPA intron 25Alu (data
not shown) (56). Retroelements may therefore provide target
sites for further insertions deleterious to neither the host nor
the target element. Other retroelements are specific to
repeated sequences (R2Bm, Ty1, R1Bm, DRE), and other
transposons in particular (Tx1). L1 elements may therefore
fit loosely into this category. While these observations may
in fact only be coincidental to the evolutionary biology of
L1 elements, it is intriguing to realize that few possible
specificities could achieve similar results. The semi-specific-
ity of L1 endonuclease therefore likely creates for L1
elements an optimal balance between integration efficiency
and host genomic damage.
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