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ABSTRACT

Long terminal repeat (LTR) retrotransposons and
DNA transposons are transposable elements (TEs)
that perform cleavage and transfer at precise DNA
positions. Here, we present statistical analyses of
sequences found at the termini of precise TEs in the
human genome. The results show that the terminal
di- and trinucleotides of these TEs are highly
conserved. 5TG...CA3" occurs most frequently
at the termini of LTR retrotransposons, while
5'CAG...CTG3’ occurs most frequently in DNA
transposons. Interestingly, these sequences are the
most flexible base pair steps in DNA. Both the
sequence preference and the degree of conserva-
tion of each position within the human LTR
dinucleotide termini are remarkably similar to those
experimentally demonstrated in transposable phage
Mu. We discuss the significance of these observa-
tions and their implication for the function of
terminal residues in the transposition of precise
TEs.

INTRODUCTION

In the post-genomic era, transposable elements (TEs) are
demanding attention by their abundant presence in all three
biological kingdoms (1). The proportion of TEs in different
genomes varies; from only several insertion sequences in
bacteria to more than 70% TEs in some plant genomes. For
instance, the genomic portion of TEs is 2% in worm, 3% in
yeast, 15% in fruit fly, 14-25% in rice (2), 45% in humans (3),
50-80% in maize and more than 70% in barley (2). TEs have
been labeled ‘selfish (or parasiticy DNA’ (4,5). Having
acquired the capacity to multiply, they continue to increase
their copy number in host genomes as long as the increased
genetic load is tolerated by the host. Co-evolution and co-
adaptation of TEs with their host genomes is essential for their
long-term survival, and many beneficial effects of this co-
existence are evident (6). Many if not most TEs in large

genomes are no longer active. This is also true for the human
genome (3), where there is little evidence of their continuing
mobility today (7). The importance of TEs in host genome
evolution is comprehensively discussed in recent reviews by
Kidwell and Lisch (1,2,6).

TEs are divided into two major classes based on whether
their transposition intermediate is RNA (class 1 or retro-
transposons) or DNA (class 2 or DNA transposons) (8) (Fig. 1).
Class 1 TEs can be divided into two sub-classes, long terminal
repeat (LTR) retrotransposons and non-LTR retrotransposons,
which are further divided into long interspersed nuclear
elements (LINEs) and short interspersed nuclear elements
(SINEs). While both LTR retrotransposons and DNA
transposons transpose via cleavage and transfer at precise
nucleotide positions (9), non-LTR retrotransposons move by
imprecise mechanisms such as ‘target-primed reverse tran-
scription’ (10). The latter elements have a random length of
poly(A) sequence at their 3’ end, and usually harbor
truncations at their 5° end due to the failure of reverse
transcription (11).

Transposable phage Mu has long served as a paradigm for
the study of TEs (12). Mu is a DNA transposon but,
interestingly, its transposition biochemistry is very similar to
that of LTR retrotransposons, such as HIV (13). Virtually all
retroviruses, many LTR retrotransposons, and some bacterial
DNA transposons including Mu, encode (harbor) the dinu-
cleotide 5'TG...CA3’ at their termini (this representation
denotes terminal nucleotides on the same DNA strand)
(14-20). Genetic and biochemical studies using mutants of
the terminal dinucleotide in both Mu and retroviruses have
shown that these two nucleotides play essential roles in
transposition (21-29). In the case of Mu, examination of the
activity of all 16 combinations of the dinucleotide sequence
showed a clear hierarchy of reactivity in both in vivo and
in vitro transposition (30). The +1 position (5'T...A3’) was
seen to be far more important than the +2 position (5’G...C3).
The substrate preference of the Mu transposase for dinucleo-
tides that retained the wild-type residue at the +1 position was
5'TG>TA >TT > TC (30). This decreasing order of reactivity
can be clearly superimposed on the decreasing flexibility of
their dinucleotide steps (30,31). The terminal nucleotides play
an early role in transposition, since all deviations from the
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Figure 1. Classes of TE-derived interspersed repeats, their copy number and fraction in the human genome (3). LTRs and IRs are indicated by shaded boxes.

wild-type sequence affect assembly of the active transposase
complex or transpososome (30,32-34). Given that trans-
pososome assembly is associated with melting of DNA around
the Mu ends (35,36), we have proposed that the terminal
5'TG...CA3’ sequence has been selected at Mu termini
primarily for its conformational flexibility, which assists in
DNA opening at the termini prior to initiation of transposition
chemistry (30). Strong support for this notion has come from
the finding that mismatched or unpaired termini are indifferent
to the sequence on the cleaved strand and are extremely
proficient in assembly and transposition (34). ‘Open termini’
formation is likely to be the rate-limiting event during
assembly, and the T residue on the bottom strand is the
primary determinant of transpososome stability (34). A role
for DNA deformation around the termini has also been
suggested for transposition in HIV (37) and in V(D)J
recombination systems (38,39).

To define the sequence conservation of terminal nucleotides
in precise TEs, we have availed ourselves of the large human
genome sequence database deposited in the public domain (3),
and analyzed the data using some statistical approaches. The
abundance of LTR retrotransposons and DNA transposons in
the human genome (~8 and ~3%, respectively; see Fig. 1) is
well suited to our studies. Our analysis reveals that a common
characteristic of precise TEs is the high conservation of their
terminal two to three nucleotides. These conserved nucleo-
tides are ends of inverted repeats (IRs) and LTRs in DNA
transposons and LTR retrotransposons, respectively (Fig. 1).
We have found that, similar to the observed hierarchy of
reactivity of dinucleotide sequences at Mu termini (30), the
most abundant species at the ends of LTR retrotransposons is
5'TG...CA3’ followed by 5'TA...TA3". For DNA trans-
posons, the most abundant species is 5’CAG...CTG3’. The
hallmark of these base pair steps is their greater conforma-
tional flexibility. The +1 position shows the highest degree of
sequence conservation, with the 42 and +3 positions showing
a decreasing gradient of conservation. In light of experimental
conclusions based on Mu as well as other transposons, these
data allow us to propose that the function of the +1 position is
a critical feature of the transposition machinery of precise
TEs, molecular interactions which influence a rate-limiting
event other than precise cleavage.

MATERIALS AND METHODS

Graphical representations of consensus sequence conservation
patterns of human TEs were generated by WebLogo (http://
www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi) using 243
human LTR elements (excluding internal sequences) and
113 human DNA transposon elements from Repbase Update,
which maintains a current listing of all reported repeat
sequences (version 8.17 released on December 2001; see
http://www.girinst.org/Repbase_Update.html) (40). The se-
quence of each element represents a consensus derived from
multiple repeats. For the human genome sequence, database
hg5 (frozen data set of October 2000) at UCSC (http://
genome.ucsc.edu) was used as the data source because of its
high degree of completion at the time we launched this project.
All human repeats detectable by the RepeatMasker program
(http://repeatmasker.genome.washington.edu) are collected in
MySQL tables of hg5. Our program for sequence extraction,
written in C++ language, was designed to search for repeat
sequences matching given parametric values of the table, read
information of its chromosomal position, and then extract a
designated number of nucleotides from the border region
between the repeat and its flanking genomic DNA at either 5
or 3’ ends. Terminal sequences for each element were
collected and analyzed separately because a large portion of
identified TEs have truncations at either termini. According to
our analysis, ~2.5% of extracted repeat sequences based on the
hg5 data set and clustered into several genomic regions, were
incorrect. These incorrectly masked genomic regions, corres-
ponding to ~3% of the entire human genome, were ignored
from input MySQL tables. This modification reduced the
fraction of incorrect sequence output down to <0.1%. The
UCSC bioinformatics group also estimates that ~5% of the
genome had coordinates of the repeats offset incorrectly, but
that this problem has been fixed after hg10, the frozen data set
of December 2001 (communication with Dr Jim Kent).
Various analyses of the collected sequences were performed
using scripts written in Perl.

The MySQL tables of hg5 contain 227 different LTR
elements (excluding internal sequences) and 115 different
DNA transposons elements. For sequence analysis, only those
with more than 20 (arbitrarily decided significant sample size)



extracted sequences for both ends (210 LTRs and 95 DNA
transposons) have been considered. Vectors with n dimensions
based on genomic sequence frequency of the terminal two to
three base pairs were generated for all TEs of interest, and then
subjected to the programs Cluster and TreeView (available
from http://rana.lbl.gov/EisenSoftware.htm), for hierarchical
clustering analysis (under average linkage clustering setting)
and its graphical display.

RESULTS

Analysis of terminal dinucleotides of human LTR
retrotransposons

243 LTR element consensus sequences covering all copies of
these elements in the human genome are compiled in the
Repbase Update (see Materials and Methods). A WebLogo
alignment of these sequences shows that the terminal two
bases are highly conserved among the entire class of human
LTRs (Fig. 2A, only the 5 end is shown). From an
evolutionary point of view, the degree of sequence conserva-
tion positively correlates with its functional importance,
implying that these two terminal base pairs play a critical
common role in transposition. Profiling TEs by genomic
frequencies of all possible terminal dinucleotide sequences for
both termini is a persuasive approach for developing new
biological notions in the study of TEs. The WebLogo
alignment shown in Figure 2A provides information on
relative frequency for each base position only, and does not
provide the relative order of dinucleotide frequencies.
Towards this end, therefore, we performed an aggregative
hierarchical clustering analysis designed for large sets of
objects (i.e. TEs) (41). This statistical analysis procedure
consists of several steps. First, measuring similarities in a
particular quantified property between individual objects (e.g.
frequencies of all possible terminal dinucleotide sequences).
Secondly, grouping of the most similar objects into clusters.
Thirdly, merging these clusters according to their similarities
until all are fused into one single cluster. With a suitable
graphical representation method, cluster analysis provides a
powerful tool for data mining. Similar approaches have been
successfully employed in the analysis of microarray gene
expression data (42).

All human repeats reported to the Repbase Update have
been identified and mapped by the RepeatMasker program and
maintained in MySQL tables (see Materials and Methods). For
calculation of genomic frequencies of all 16 possible terminal
dinucleotide sequences within a specific human LTR retro-
transposon, the necessary data set was collected by simply
using these informative tables and the corresponding genome
sequences. A program for data collection was designed to
identify human repeats satisfying given parametric values of
the tables, e.g. name of the element and the range of sequence
extraction. Eighty nucleotides were extracted at both the 5’
and 3’ ends from the border region between the element and its
flanking genomic DNA (i.e. 40 nt within the element and 40 nt
of the flanking DNA). During data collection, the internal
sequences of these retrotransposon elements were ignored
(Repbase Update maintains separate files of internal se-
quences and LTR ends). Using the collected raw sequence
data sets, we characterized individual human LTRs by a
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32-dimensional vector, in which each dimension corresponds
to the genomic frequency of one of 16 different kinds of
terminal dinucleotides at both 5" and 3’ termini. These
quantitative data were organized and graphically represented
using Cluster and TreeView programs (42). In illustrations
generated by these programs, TEs representing the most
similar patterns in terminal dinucleotide frequencies are
located next to each other.

Figure 2B shows the TreeView illustration of hierarchical
clustering of 210 different human LTR elements by their
genomic terminal dinucleotide frequency patterns. Six groups
(Groups 0-5) emerged from this analysis (Fig. 2C). The main
feature of this illustration is that most LTR elements (205 out
of 210 total analyzed; Groups 2-5) have 5'TG...CA3’ as the
most frequent terminal dinucleotide; a majority of these show
5'TA...TA3 as the second most frequent terminal dinucleo-
tide (elements in Groups 4 and 5; note that each element
represents a consensus of hundreds of repeats, see Materials
and Methods). All groups, with the exception of Groups 0 and
1, show a canonical inversion of the terminal dinucleotide
sequence consensus (Fig. 2C, shaded box). Members of Group
5, which includes the majority of human LTRs, show
5'TG...CA3’ (with a range of 80-100%) and 5'TA...TA3’
(with a range of 0-20%) as the consensus and the most
tolerated non-consensus terminal dinucleotide, respectively.

Finally, we looked at the degree of base conservation at
each of the two dinucleotide positions. As shown in Figure 2D,
all human LTRs show the highest degree of conservation of
the +1 position, irrespective of their terminal dinucleotide
sequence, with the exception of Group 3, which shows equal
conservation of the +1 and +2 positions.

Analysis of terminal trinucleotides of human DNA
transposons

The WebLogo alignment of all the human DNA transposon
element repeat sequences shows that three nucleotides at their
termini are highly conserved (Fig. 3A; only the 5" end is
shown). This suggests that, unlike human LTRs that have
conserved only two terminal base residues among the entire
class, three terminal base residues are functionally important
in human DNA transposons. Therefore, the same approaches
of data collection and statistical analysis as described for
dinucleotides, were used for the analysis of terminal
trinucleotides of human DNA transposons. For the analysis,
we generated a 128-dimensional vector, with 64 dimensions
for each terminus. Hierarchical clustering analysis resulted in
a far more complex illustration reflecting more divergent
sequence patterns for DNA transposon termini (Fig. 3B). This
is not just due to the larger number of dimensions in the vector
inasmuch as an analysis considering only the terminal
dinucleotide in these transposons also generated a much
more complicated tree view (data not shown).

Hierarchical clustering based on the genomic terminal
trinucleotide sequence frequency of human DNA transposons
produced 16 groups (Table 1). The majority group (Group 15;
71 out of 95 total elements belong to this group) has a
consensus sequence of 5’CAG...CTG3’ (with a range of 75—
90%; Table 1 and Fig. 3B). The second most frequent
trinucleotide for the same group is 5’CAA...TTG3’ (with a
range of 5-20%). We note that our classification of human
DNA transposon groups based on terminal trinucleotide



4534 Nucleic Acids Research, 2003, Vol. 31, No. 15

GATAGAHAAAATﬁAATTTAC?C[CgAﬂ
G GTTRTTATTTGGGTTCAATCCT
AIGAGﬁTCGQG(EGGGACCCGGITAQGG
s TCE, —cCGc CCCCAAGATGGGGT

-]
N O OO =MD O 0D
Ll e e e e K B K e K B K]

colc(
—ANTIN OO0 O e~
i

13!

S"TA 5'TG CAY TAY

HERL1E

MER11C -
MERL1D Group 0 [4]

MER11A

—Giroup 1 [1]

| Group 22
= Group 3 [1]

| Group 42

MER110A
LTR1SC

MERS4A

HER21B

HLT163 Group 5 [200]
LTRI3A

MLT2C1
LTRI7R

Grroup 0: St (97.9 %) 5'a (2 %) J
13" (995 %)
Group 1: $4a (67.2 %) S1g (32.8%)
cad (94.8 %) W3 (52 %)
Group 2: 5'1g (83,2 %) 542 (16.8 %)
cid' (59.5 %) apd' (26.8%)
s (712%) S'pt (28.8%)
" (100 %)
g (61,2 %) 51 (27.7 %) S'ga (9.8 %)
! (07.6%) 13 (2.3 %)
Group 5: S'lg (90.6 %) 5'a (9.0 %)
cad’ (M2 %) 183 (9.3 %)

D

120

40

20

Frequency of consensus base (%)

§end+1  5'end+2 3'end+2  3'end +1

Base position
—4—Growp 0 STG—TAY —8—Grow | STA—CAY . Growp 2 5TG—CAY
—#— Group 3 5TG—-CAS —e— Group 4 5TG—CA3" —— Group 5 5TG—CAY'




sequence patterns parallels their independent classification
into families by sequence homologies based on the full-length
element (see Table 1). This parallelism may reflect a specific
feature of the transposition machinery of each group (see
Discussion).

An interesting finding, similar to that observed with LTR
retrotransposons, is that, within each group, the highest degree
of base conservation is for the +1 position, irrespective of both
sequence and orientation of the terminal trinucleotide
(Fig. 3C). A significant sequence conservation is observed
for all three positions, although the degree of conservation
generally decreases at inner positions, with +1 > +2 > +3 for
both termini (exceptions include Groups 3, 4 and 6 which
show a reverse gradient of conservation between +2 and +3 at
both termini, and Group 8 which shows a slightly higher
conservation of +2 compared with + 1 at the 5" terminus).

Although the +1 position is the most highly conserved
within each group of human DNA transposons, the data
presented in Figure 3 show that these transposons can have
any of the four different bases at the +1 position, and that their
terminal trinucleotide sequences are not necessarily inverted.
There are three different patterns of terminal trinucleotide
sequence orientation (Table 1)—complete inversion (Groups
0,1,2,3,4,5, 6, 13, 14, 15), partial inversion (Groups 8§, 10,
11, 12) and non-inversion (Groups 7, 9). This observation
indicates that the different degrees of base conservation
between terminal nucleotide positions are not associated with
base specificity, but rather may be due to their differential
positional importance, i.e. molecular interactions at the +1
position are more important than those at the internal
positions.

DISCUSSION

Conservation of terminal dinucleotides in human LTR
retrotransposons: lessons from Mu

We have shown in this study that the terminal two base pairs
are highly conserved in human LTRs (Fig. 2). The remarkable
aspect of the conservation pattern is that out of 16 possible
dinucleotide combinations, 5'TG...CA3’ is the most frequent
dinucleotide and 5’TA...TA3’ is the most tolerated non-
consensus terminal dinucleotide in most of the LTRs. We will
first discuss these results in light of similar findings from
studies on the transposable phage Mu, and then extract general
principles that can be extended to the termini of DNA
transposons.

Experiments with phage Mu showed that only four
dinucleotide combinations were active in the presence of the
transposase MuA only (30). The most active of these was the
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wild-type 5'TG...CA3’, followed by 5'TA...TA3’, and then
5'TT...AA3’, with 5'TC...GA3’ being the least active. The
in vivo activity of 5'TA...TA3" was 0.4% of that of the wild-
type 5'TG...CA3’. The dinucleotide steps of these two most
active sequences are extremely flexible as revealed by
computational modeling studies or examination of crystal
structures in public databases (31,43-45). All of these studies
have classified all pyrimidine/purine steps, CA/TG, TA/TA,
CG/CG, as well as GG/CC, as flexible dinucleotide steps with
minor variations in the order of flexibility. However, the
conformational properties of a dinucleotide step are sensitive
to its immediate sequence context, and this context effect has
been examined in computer modeling approaches using
tetranucleotide steps, i.e. there is an additional base pair at
both ends of the dinucleotide step (46). According to this
examination, the flexibility of GG/CC and CG/CG steps has a
strong context dependency, i.e. their conformational proper-
ties vary depending on neighboring base pair steps. On the
other hand, CA/TG and TA/TA are either weakly dependent or
quite independent of neighboring base steps, respectively.
This context independence is probably crucial in maintaining
the deformability of the dinucleotide step during the nomadic
life of TEs in the host genome because nucleotide sequences
immediately flanking the outside region of TE termini keep
changing every time they transpose into new genomic
locations. Excluding GG/CC and CG/CG, the context-
dependent dinucleotide steps, CA/TG is more flexible than
TA/TA, and this order of flexibility follows the order of
preference of these dinucleotides in Mu transposition (30).
The strong preference in all human LTR retrotransposons for
the same two flexible base pair steps that are the most active at
the ends of Mu makes a compelling argument that, like Mu,
the human LTRs have evolved their terminal dinucleotide
sequence preferences through an intrinsic structural property
of the DNA itself. In this context, it is interesting to note that
Mu and LTR retrotransposons have a similar transposition
mechanism (47,48). In addition, X-ray crystallization studies
have shown that there is great structural similarity among the
catalytic domains of Mu transposase, HIV integrase and ASV
integrase (49-52).

In the study of Mu, while four dinucleotide combinations
were active when provided the MuA transposase alone,
transposition of the remaining 12 dinucleotide variants was
detected only upon inclusion of MuB protein, which stimu-
lates the activity of MuA (30). In contrast, the analysis of the
genome fossil record shows only two or three significantly
detectable dinucleotides at the termini of human LTRs
(Fig. 2C). This might be due to insufficient transposition
activity of less favorable dinucleotides in the case of LTRs, or
disappearance of low copy LTRs (because of the low

Figure 2. (Opposite) Analysis of terminal dinucleotide steps of human LTRs. (A) Display of pattern in aligned consensus sequences at 5" ends of human
LTRs. The illustration was generated by WebLogo using 243 human LTR consensus sequences from Repbase Update. (B) Display of hierarchical clustering
of human LTRs taken from MySQL tables (see Materials and Methods). The dendrogram and color image were generated as described in the text. Each
human LTR is represented by a single row, and each different terminal dinucleotide sequence is represented by a single column; of the 32 columns, the left
16 are for the 5" end and the right 16 for the 3" end. The brightness of the red color indicates the frequency of the given dinucleotide sequence in the multiple
copies of each element. Two major red columns are evident for each terminus. (C) Magnified image of the top part of (B) showing six different groups of
human LTRs based on patterns of terminal dinucleotide conservation. The number of elements belonging to each group is indicated in brackets. The two most
frequent patterns are indicated at the top. The average sequence frequencies of the conservation pattern in each group is indicated at the bottom, where 5" and
3’ ends of the highest frequency pattern are included in a shaded box. (D) Graph representing the degree of consensus sequence conservation for terminal

base positions in each group of human LTRs.
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Figure 3. Analysis of terminal trinucleotide steps of human DNA transposons. (A) WebLogo-generated pattern of aligned consensus sequences at 5" ends of
113 human DNA transposons. (B) Display of hierarchical clustering of human DNA transposons taken from MySQL tables (see Materials and Methods).
There are a total 128 columns, the left 64 columns for the 5" end and the right 64 for the 3" end. The two most frequent trinucleotide sequences for both
termini of the majority group (Group 15) are marked on the bottom. (C) Graph representing the degree of consensus sequence conservation for terminal base

positions in each group of human DNA transposons.

reactivity of their terminal dinucleotides) through sequence
erosion during evolutionary time.

The mechanisms responsible for maintenance, dispersion,
fixation and genomic clearance of TEs remain largely
unknown. While it is known that retrotransposons amplify
their genomes by converting RNA transcripts into DNA using
an error-prone polymerase, reverse transcriptase, and may be

expected to generate favorable mutations at a rapid rate to
improve their fertility, it is not possible to determine exactly
what percentage of the time they spend at RNA (high mutation
rate) versus passive host DNA replication (low mutation rate).
Many of the LTR elements have been around long before the
mammalian radiation, some have argued since early vertebrate
evolution; repeated horizontal acquisition of some families
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Table 1. Conservation patterns of terminal trinucleotides of human DNA transposons
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Charliela IZTT MER]_type NTCTACAN
Charliel b 17 MER| _type WTCTAGAN
Charlie2 3176 MER] type NTCTAGAN
Charlie3 735 MER] _type NTCTAGAN
Charlied 1272 MERI_type NTCTACAN
Charlieda 223 MER|_type NTCTAGAN
Charlie? 4437 MER] type NTCTAGAN
Charlied Ti60 MER| tvpe NTCTAGAN
Cheshine 742 MERI _tvpe NTCTAGAN
MERI0Za 1487 MER|_type NTCTAGAN
MERIN2E 2432 MER] _type NTCTAGAN
MERIIS 4236 MER] type WNTCTAGAN
MERIS IZB9  AcHobo ramiloi target
MERINT 4214 MER_type MTCTAGAN
MERIA ITH MER]_type NTCTAGAN
MERIB 4595 MER type WTCTAGAN
MERZ 10109 MERZ tvpe TA
MERX0 15692 MER|_type MTCTAGAN
MERZOB 3T MER_type NTCTAGAN
MERALD 4181 MER2 nype TA
MER4S 529 AcHobo random tnse
MER45A 3218 AcHobo remdom targst
MER45B 1124 AcHobs random target
MER4SC 961  AcHobo random target
MER43R. 268 AcHobo random inrger
MERASA 3223 MER2 type TA
MER46E 1923 MERZ_type TA
MERASC 2613 MER2_type TA
MER4TA 1525 MER2 tvpe TA
MERATE 664 MER2 type TA
MERSE 389 MER_fvpe MTCTAGAN
MERSEA 11764 MER]_type NTCTACGAN
MERSEE 6268 MER1 rvpe NTCTAGAN
MERSEC 1913 MERI_type NTCTAGAN
MERSED 249 MER1 _type MTCTAGAMN
MERSA 4T&50 MER1_type NTCTACAN
MERSE 13292 MERI_type NTCTAGAN
MERSC JZBE MER]_type NTCTAGAN
MERS 1026 MERZ type TA
MERS3 2708 MER]_type ramdom target
MER&IA 3208 MERI _tvpe random targes
MERSIB 1014 MER]_type randam target
MERSIC 815 MERI_tvpe random iargss
MERSD 4424 AcHobo ramdom target
MERS9A 1011 AcHobo rendom targes
MERSYE 428 AcHobo ramdom tanget
MERSA Bl6 MER2 type TA
MERSB &04 MER2 tvpe TA
MERTA 4508 MERZ_type TA
MERTC 548 MER2_type TA
MERS 1575 MER2 type TA
MERE2 2035 MER2 type TA
MER# 511 MERI_type random target
MERI1A 3379 MERI_type randon target
MERS1B 1472 MERI_type random targst
MERI1C 1252 MER]_type ramidom target
MER 1160 MER|_type random target
MERSSE 1983 MERI_type randor tanget
MERS % 44k MER _type random target
DRSL 1145 AcHobw ramdom tanget
Tiggerl 1551 MER2 type TA
Tigger2 4986 MERZ_| TA
Tigger2a 2925 MER2_type TA
Tigpesd 4453 MER2 tvpe TA
Tiggerih 4538 MER2 type TA
Tiggerd 1547 MERZ _tvpe TA
Tiggers 3579 MER2_type TA
Tigperha 626 MER2 type TA
Tigger? 4457 MER2 nype TA
Zaphod 1956 AcHobo randoin trgel

Ninety-five human DNA transposons are divided into 16 different groups (Groups 0-15) based on the conservation pattern of the terminal
trinucleotide. Copy no. indicates the total number of detectable copies of each DNA transposon in the entire human genome. Families are
adopted from Repbase Update. *Refers to a target site duplication which is not identical at the 5" and 3 ends, in contrast to the rest of the DNA
transposons. The trinucleotide sequences for each conserved pattern are presented in decreasing order of average frequency (in parentheses).
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also seems to have occurred during human evolution (53,54).
Whether the present LTRs originated from a single element in
the distant past, or whether they were acquired at different
times, their internal sequences are varied enough to classify
them into distinct elements and families. It is therefore striking
that the termini of half a million copies of these elements have
a bias for only two particular dinucleotide sequences. We
argue that the demand for flexibility may have acted as a major
selective pressure in the evolution of LTR retrotransposon
termini.

Conservation of terminal trinucleotides in human DNA
transposons

DNA transposons in the human genome have a conserved
trinucleotide at their termini (Fig. 3), the most frequent of
which is 5"CAG...CTG3’ found in the majority group (Group
15; Table 1 and Fig. 3). Because the currently available crystal
structure data set in the public domain used for the study of
dinucleotide step properties is not large enough for deriving a
trinucleotide step model, a much larger experimentally
generated data set has been employed to measure flexibility
of the trinucleotide step. One approach uses DNase I,
considered to be a good molecular probe of bendable (flexible)
sequence regions (55), because flexible sequences should be
more accessible to DNase I cleavage. Thus, DNase I cleavage
frequency on naked DNA can be interpreted as a quantitative
measure of flexibility. The other approach uses differential
preferences in positioning of DNA sequences in nucleosomes.
Because flexible sequences may occupy any position in
nucleosomes, they will show little positional preference (56).
Interestingly, both approaches determined CAG/CTG to be
the most highly flexible trinucleotide step. Thus, flexibility,
the same criterion as determined for dinucleotide steps at the
ends of LTRs, appears to be applicable to the trinucleotide step
at the ends of DNA transposons as well. This is a strong
indication that DNA transposons have also evolved terminal
sequence preferences through a structural property of the
DNA itself.

DNA transposons move via a mechanism that uses DNA as
an intermediate. They insert into new genomic locations by a
cut-and-paste mechanism. Although their transposition is not
replicative at the molecular level, they are still capable of
propagation in the genome by collaboration with the host
replication and recombination machinery (57). Interestingly,
our classification of human DNA transposon groups based on
their conserved terminal trinucleotide property was seen to
parallel an independent family classification based on full-
length sequence homology (Table 1; families are adopted from
Repbase Update). Given that consensus sequences of DNA
transposons represent their ancient forms, and that class 2
elements (DNA transposons) are much more diverse than class
1 elements (retrotransposons) in their transposition mechan-
ism (9), it is possible that the observed parallelism between
these two types of classification implies that each terminal
trinucleotide consensus signifies a specific feature of the
transposition machinery of each group. The prevalence of
the most flexible trinucleotide step 5'CAG...CTG3’ in a
large majority of human DNA transposon termini is
another indication of the beneficial effect of such steps for
transposition.

Gradient of base conservation in the terminal base pair
step of precise TEs

Another interesting observation from this work is the consist-
ently maximum degree of base conservation at the +1 position
in nearly all TEs analyzed (except Group 8 of DNA
transposons) (see Figs 2D and 3C). This coincides with the
previous observation that mutation of the +1 position is far
more severe than that of the +2 position in Mu transposition
(30) and in HIV integration (29). Putting together the
observations from biological and statistical analyses, we
infer that the base at the +1 position has evolved as a common
determinant of transposition in both LTR retrotransposons and
their cousin, transposable phage Mu, possibly by sharing
similar types of DNA—protein interactions.

A differential base conservation between +2 and +3
positions was also observed in the case of conserved terminal
trinucleotides, with a generally more conserved +2 position
(only Groups 3, 4 and 6 of DNA transposons show a reverse
gradient between +2 and +3 positions). The gradient of base
importance in terminal trinucleotide steps has been experi-
mentally demonstrated as well in Tn10 (58) and in the TE-
derived V(D)J recombination system (39). In both systems,
the first strand-nicking step is not inhibited by a mutation at
any of the three base pairs in the outside end of Tn10 and in the
recombination signal sequence end of the V(D)J system. In
contrast, the subsequent hairpin formation step is severely
defective with either a +1 or +2 base mutation, but much less
with a +3 base mutation. Interestingly, the steeper gradient of
functional importance between the +2 and +3 positions
observed for both Tnl0 and V(D)J systems, coincides with
the base conservation gradient pattern of the majority group of
human DNA transposons, Group 15 (Fig. 3). Taken together,
the above observations indicate a common feature among
precise TEs—a gradient of base conservation in the terminal
base pair step that has a peak at the +1 position and slopes
inside.

The +1 position and the importance of DNA flexibility at
termini of precise TEs

Precise TEs employ transposases or integrases encoding a
signature DDE motif to bring about movement (59). The DDE
motif comprises the catalytic pocket of both transposases and
integrases, and thus far, was the only widely shared feature
among these elements whose similar transposition chemistry
is in accordance with this shared DDE motif. Results from the
present statistical study of human TEs have identified a
flexible terminal base pair step as another hallmark of precise
TEs. Intuition would suggest that conservation of terminal
sequences in these elements is related to the chemistry of
cleavage and transfer at precise nucleotide positions.
However, experimental data with Mu and other precise
elements show otherwise.

DNA melting/distortion has been demonstrated around the
termini of both assembled and cleaved Mu transpososomes
(35,36,60), and around the terminal nucleotides in the Tn5 and
Tnl0 transpososomes (58,61). The crystal structure of the
cleaved Tn5 synaptic complex shows that the terminal two
base pairs are open, the phosphodiester backbone of the non-
cleaved strand is distorted, and the thymine residue at the +2
position of the non-cleaved strand is ‘flipped out’ (62). The



advantage of DNA deformation around TE-host junction
regions for transposition has also been experimentally derived
in other transposition model systems, such as HIV (37) and
V(D)J recombination (38,39). Assuming that this DNA
distortion is crucial for transposition, we may hypothesize
that the flexible terminal base pair step contributes to
transposition by facilitating DNA distortion at the junction
region. Indeed, pre-melted Mu termini are indifferent to the
sequence of the strand that undergoes chemistry (34), and in
both Tn10 (58) and V(D)J recombination systems (39), the
first strand-nicking step is not inhibited by a mutation at any of
the terminal three base pairs.

Molecular interactions between the terminal nucleotides of
a TE and amino acid residues of a transposase is seen in the
crystal structure of the cleaved Tn5 synaptic complex, where
the ‘flipped’ thymine residue at +2 on the non-cleaved strand
is held by multiple amino acid residues of the transposase (62).
In the case of Mu also, the +1 and +2 residues on the non-
cleaved strand likely contact the transposase, with the thymine
residue at +1 being important for stable assembly of the
transpososome (34). Considering the immediate proximity of
these conserved base pairs, one may imagine that they
collaborate through establishing an extended area to allow
multiple interactions with the transposase, achieving a DNA
distortion large enough to precisely deposit the cleavage site in
the catalytic pocket. One may ask why the +1 position is more
important than the next conserved position. DNA distortion at
the flexible base pair step is ‘permissive’, that is, distortion of
the flexible DNA region requires some kind of force, or the
local DNA structure remains unchanged (43). A reasonable
model is that the DNA deformation takes place gradually and
not simultaneously, with the rate-limiting step being applica-
tion of the initial force. Therefore, the checkpoint (base
specificity) for the first contact is most strict and this strictness
decreases as the energy barrier lowers, allowing some
sequence tolerance. Indeed, it has been experimentally
demonstrated with Mu that mismatches at the +1 position
are more proficient at transpososome assembly than those at
+2, and that mismatches at both positions are far more superior
than those at either one (34). Assuming that the first contact
occurs at the +1 position and subsequent contact points
gradually move inside, we can explain the observed gradient
pattern of base conservation (+1 > +2 > +3) at the termini of
both Mu and precise TEs.

In summary, conservation of the most flexible two to three
base pair steps at the termini of precise TEs implicates a
functional role for these sequences in structural transitions in
DNA. We propose that base pairs at the +1 position have the
highest degree of conservation because molecular interactions
occurring here are the rate-limiting step in this process.
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