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Abstract

We analyzed the integration specificity of thebotransposable element Bfosophila melanogasteOur results

indicate thahobois similar to other transposable elements in that it can integrate into a large number of sites, but
that some sites are preferred over others, with a few sites acting as integration hot spots. A comparison of DNA
sequences from 11fbbointegration sites identified a consensus sequence of NTNNNNAC, but this consensus was
insufficient to account for the observed integration specificity. To begin to define the parameters alffelsting
integration preferences, we analyzed sequences flanking a Hoboelement, as well as sequences flanking a
hobointegration hot spot for their relative influenceloobointegration specificity. We demonstrate experimentally

that sequences flankinghmbodonor element do not influence subsequent integration site preference, whereas,
sequences contained within 31 base pairs flanking an integration hot spot have a significant effect on the frequency
of integration into that site. However, sequence analysis of the DNA flanking several hot spots failed to identify
any common sequence motif shared by these sites. This lack of primary sequence information suggests that higher
order DNA structural characteristics of the DNA and/or chromatin may influence integration site selection by the
hoboelement.

Introduction frequency into one chromosomal site (Craig, 1996).
Unlike R2 or Tn7, Tn10and bacteriophaghu ex-
Transposable elements are discrete genetic entitieshibit very limited integration specificityTn10inserts
characterized by their mobility within genomes. Al- preferentially into sites conforming to the consensus
though the details of transposition mechanisms vary, sequence SNGCTNGACN-3 (Halling & Kleckner,
all transposable elements have the ability to integrate 1982), while Mu integration sites conform to the
into target DNA. An important feature of transpo- consensus NYG/CRN (Mizuuchi & Mizuuchi, 1993).
son integration is the specificity with which integ- However, bothMu and Tn10can insert into a large
ration sites are selected. The degree of integration number of sites, including those that conform poorly
specificity varies considerably and is a characteristic to the respective consensus integration site.
feature of each element (for a recent review see Craig,  Although our current understanding of transposon
1997). Some elements exhibit a high degree of integ- integration comes from the analysis of relatively few
ration specificity, while others display relatively little elements, a number of factors have been identified
preference. For example, tHR2 retrotransposon of  that influence integration site selection. Bender and
Bombyx morintegrates into a defined sequence within Kleckner (1992) found that mutations in sequences
ribosomal DNA (Xiong & Eickbush, 1988). Simi- immediately flanking a preferréth10integration site
larly, the bacterial transposom? integrates at high  significantly decreased the frequency of integration
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into that site. This effect was not attributable solely to
the primary sequence of the flanking DNA, suggesting
that higher order structural features of the DNA may
play a role in integration site selection by this ele-
ment (Bender & Kleckner, 1992). Similarly, although

TclandTc3 elements ofCaenorhabditis eleganal-

Narang, 1994; Warren, Atkinson & O’Brochta, 1995;
Coates et al., 1996; Handler & Gomez, 1996), nem-
atodes (Bigot, Auge-Gouillou & Periquet, 1996),
fungi (Kempken & Klueck, 1996; Colot, Haedens &
Rossignol, 1998), plants (Tsay et al., 1993; Grappin
et al., 1996), fish (Koga et al., 1996), and humans

ways insert at a TA dinucleotide, some TA sequences (Smit & Riggs, 1996). ThushAT elements comprise

are preferentially selected for integration over others,

indicating that, likeTn1Q additional characteristics
of the target influenc@&cl and Tc3 integration (van
Leunen & Plasterk, 1994). Interestingly, the distribu-
tion of integration sites within a defined target differed
for TclandTc3 indicating that these related elements
exhibit different integration preferences (van Leunen
& Plasterk, 1994). DNA structure can also influence
integration specificity of retroviruses (reviewed by
Craigie, 1992). Although retroviral integration occurs
at many different sites, the distribution of sites is dis-
tinctly non-random (Pryciak, Sil & Varmus, 1992),
and DNA bending induced by packaging of DNA into

a phylogenetically widespread family of transposable
elements.Hobo and otherhAT elements are mobile
when introduced into a wide range of host organisms
(Hehl & Baker, 1990; Atkinson, Warren & O'Brochta,
1993; Bancroft, Jones & Dean, 1993; Hehl, 1994;
O’Brochta et al., 1994; Sarkar et al., 1997; O’'Brochta
et al., 1996; Lozovskaya, et al., 1996). This wide
host range makeBAT elements particularly attract-
ive as genetic control agents for organisms of medical
and/or economic significance (O’Brochta & Atkinson,
1996). Thus, a thorough understanding of integra-
tion site selection by these elements will not only
increase our basic understanding of transposable ele-

nucleosomes enhances retroviral integration relative ment movement, but may also enhance our ability to

to the same site in naked DNA (Pryciak & Varmus,
1992).

The functional status of DNA can also influence
its targetability. For example, thB-element ofD.
melanogasteinserts preferentially into’Sregulatory

use these elements as tools for genome manipulation
and analysis. For example, modifying the integration
site specificity of an element may be desirable if that
element is to be used as a gene tagging or enhancer
trapping agent.

sequences rather than coding sequences (reviewed by There is little direct evidence regarding the mech-

Engels, 1996). In yeast, the LTR elememt3 in-

anism of hobo transposition. However, by analogy

serts specifically into sequences upstream of genesto Ac and other structurally similar elements, it is

transcribed by RNA Pol Il (Chalker & Sandemeyer,
1992), andTy1l exhibits a regional preference for Pol
Il transcription units (Devine & Boeke, 1996; Ji et al.,
1993). Conversely, théy5 element exhibits a prefer-

expected thahobo transposition occurs via a non-

replicative mechanism whereby the element is excised
from one chromosomal location and inserts into a
new location. Consistent with such a ‘cut and paste’

ence for non-transcribed regions of the genome (Zou mechanism aréobo excision footprints, which re-

et al., 1996). Finally, at least one element, Begi-1
element oD. melanogasteiis found predominantly at
one site within centromeric heterochromatin (Caizzi,
Caggese & Pimpinelli, 1993).

We have analyzed the integration specificity of
the hobo element of D. melanogaster Hobo is a

semble those generated By and Tam3 (Atkinson,
Warren & O’Brochta, 1993). These footprints suggest
thathobotransposition proceeds via double-stranded
DNA breaks between the inverted repeats and flank-
ing sequences. Also, integratéabbo elements are
flanked by eight base pair direct repeats, consistent

class Il transposable element (Finnegan, 1989) with with a staggered cut at the integration site during

12 base pair inverted DNA repeats flanking a trans-
posase gene (Streck, MacGaffey & Beckendorf, 1986;

Blackman et al., 1989)Hobo is a member of the
hAT family of transposable elements (Atkinson, War-
ren & O'Brochta, 1993) based on sequence simil-
arity betweenhobqg the Ac element ofZea mays
and Tam3of Antirrhinum majus(Calvi et al., 1991).
Additional hAT elements have been identified in di-
verse organisms including non-drosophilid insects
(Warren, Atkinson & O’Brochta, 1994; Devault &

transposition.

Several lines of evidence suggest tihato ex-
hibits some integration site specificity. First, Streck,
MacGaffey and Beckendorf (1986) observed thatho
integration sites recovered from tie melanogaster
genome tend to conform to a consensus sequence
of NNNNNNAC. O’Brochta et al. (1994) reported
a similar consensus sequence (NTNNNNAC) after
analyzing 25hobo integration sites recovered from
a plasmid-based transposition assay. Moreover, of
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38 independerthiobointegration events recovered by mid pBC:hobo:Kan (Donor A), the target plasmid
O’Brochta et al. (1994), 10 occurred at one position. pUC:SacRB (Target A), and the helper plasmid
This integration hot spot, with the sequence ATCCT- pK:hshobo are as described by O’Brochta et al.
CAC, conformed to the general consensus Hobo (1994). The donor plasmid pBC:hobo:Kan(Sac504)
integration sites, but it was unclear why this site was (Donor B) was constructed by subcloning into the
preferred over other sites that conformed equally well. cloning vector pBCKS- (Stratagene), aKan®-
Smith et al. (1993) also described a non-random dis- marked hobo element inserted into position 504
tribution of hobo integration sites. In this case, a of the SacRB gene (O’Brochta et al., 1994).
series of genomibobointegrations were generated in - This hobo:Karf element was released, along with
an enhancer trapping experiment and the integration flanking sequences frorBacRB by digestion with
distribution was analyzed bin situ hybridization to Nde | and Msc |. The resulting fragment was
polytene chromosomes. Not only was the distribution treated with Klenow DNA polymerase to create
of hobointegrations non-random, the distribution was blunt ends, and was subcloned inBma | diges-
significantly different from that oP-element integra-  ted pBCKSt using standard protocols (Sambrook,
tions. Similar results were reported by Ladee et al. Fritsch & Maniatis, 1989). To construct the trans-
(1994). These observations suggest that the use ofposition target plasmid pUC19: Sac1186-1224 (Tar-
hoboas an enhancer trapping and gene tagging agentget B), a synthetic oligonucleotide of the sequence:
in D. melanogastemay complement the use of tRe AGCTTCAACCATACGCTGAGAG ATCCTCATA
element and increase the number of genes amenable&CGTAGAAGATAAGAGCT was subcloned intddin
to such analyses (Smith et al., 1993; Lags¥ et al., Dlll-Sac | digested pUC19 plasmid DNA. Nucle-
1994). otides 6-44 of this oligonucleotide correspond to
The parameters responsible for the integration site sequences 1186-1224 of tiacRBgene. The se-
specificity exhibited byroboare unclear. Characterist- quences AGCTT and GAGCT were included at
ics of the target such as primary nucleotide sequencethe 5 and 3 termini, respectively, to creatélin
and higher order structural features of the DNA or DIIl and Sac | compatible ends for subcloning.
chromatin, the nature of the donor element and se- To construct the target plasmid pUC19:Sac(1203-
guences surrounding it, and specific properties of the 1210) (Target C), an oligonucleotide of the se-
hobotransposase may play a role in determining in- quence: AGCTATCCTCABGCT, which corres-
tegration site choice. Here, we have used a series ofponds toSacRBsequences 1203-1210, flanked by
plasmid-based transposition assays to expand the anaAGCT at both the 5and 3 ends, was subcloned
lysis of hobointegration site specificity with the aim  into Hin DIlI-Sac | digested pUC18. In both of the
of identifying the parameters that control integration oligonucleotides described above, the eight base pair
site selection by théoboelement. We demonstrate sequence defined as hobo integration hot spot is
that while the primary sequence of the integration site underlined.
may play some role in site selection, it is insuffi-
cient to account for the level of specificity observed. Transposition assays
We also demonstrate that one target site acts as an
integration hot spot in experiments using donor ele- Transposition assays were carried out as described by
ments flanked by different sequences, indicating that 0'Brochta et al. (1994), and are illustrated schematic-
sequences flanking the donor element do not signi- ally in Figure 2. For each assay a mixture of CsCl puri-
ficantly affect targeting ohoboto this site. Finally, fied plasmid DNA (0.5 mg/ml donor DNA: 0.5 mg/ml
we provide experimental evidence that the sequenceshelper DNA, and 1.0 mg/ml target DNA) suspended
flanking an integration hot spot play an essential role in embryo injection buffer (Spradling & Rubin, 1982),
in the selection of that site for integration. was injected into pre-blastoderBrosophilaembryos
using standard micro-injection techniques (Spradling
& Rubin, 1982). Embryos were collected from either
wild-type (Canton-S) oywf’23 stocks, both of which
Plasmids are devoid of functionatoboelements (Calvi & Gel-
bart, 1994). Following injection, embryos were al-
The plasmids used in this study are shown schem- lowed to develop for 16—24 h. Low molecular weight
atically in Figure 1. The transposition donor plas- DNA was then isolated from viable embryos following

Materials and methods
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Figure 1. Donor and target plasmids usedhabotransposition assays. In all plasmids, thin lines represent vector sequBooes.plasmids
Donor A and Donor B are identical except for sequences flankingdbeelement. The large arrowheads represeritosequences, including
the terminal inverted repeats and internal sequences. The open vertical bars represent eight base pair duplications devievattsdjtation.
Stippled regions represent sequences flanking the eight base pair r&@zedtsandKan® refer to chloramphenicol and kanamycin resistance
genes, respectively. In Donor A, the eight base pair duplication and flanking sequences (designated Dm94E) are derived from region 94E of
the Drosophilathird chromosome. In Donor B, the eight base pair duplication and flanking sequences (desBat®&1-504 andSacRB
497-725) are derived from the region flankingabointegration at position 504 of ttgacRBarget gene. Nucleotides 497-504 are duplicated.
Target plasmidsin Target A the open rectangle represents sequences 1-2000Sdi¢cRBgene subcloned into pUC19 (thin line). In targets
A and B, the cross-hatched rectangles represent sequences 1186-122&atRBgene. The small filled boxes within the cross-hatched
rectangles represents the eight base ppalrointegration hot spot, defined as sequences 1202—-12BadRB In target C the sequence of
nucleotides 1202—-1210 &acRBare shown.

the procedure of Hirt (1967). Recovered plasmid DNA colonies, plasmid mixtures isolated from injected em-
was introduced into electrocompetefit coli strain bryos were digested with the restriction enzyhen
DH10B (Gibco-BRL) by electroporation as described | prior to electroporation oE. coli. This treatment

by the supplier, and plated on LB agar containing the linearizes both the donor and helper plasmids, but not
following: For transposition assays using Target A, the target plasmid ortarget plasmids containimghbo
plates contained 100 ug/ml ampicillin, 50 ug/ml kana- integration, thereby minimizing false positives due to
mycin, and 10% sucrose. In these experiments only co-transformation of the helper and target plasmids.
hobo:KarR integrations that disrupt thBacRBgene Plasmids withhobointegrations within the defined tar-
allow colony growth. For experiments using targets B gets were initially identified by the expected combina-
and C, plates contained 100 ug/mlampicillin, 50 ug/ml tion of genetic markers. These plasmids were analyzed
kanamycin, and 40 ug/ml X-gal. Integrations within by restriction enzyme analysis and DNA sequencing
thelacZ gene of these targets results in dmpgarR, using hobospecific primers directed towards either
white colonies. Integrations outside tleeZ gene of the left or right junction betweehoboand flanking
these targets results in afhpkarf?, blue colonies. As  sequences. Plasmid preparations were done using the
co-transformation of the helper plasmid along with the alkaline lysis method as described (Sambrook, Fritsch
target plasmid could also result in afykarR, blue & Maniatis, 1989) or using commercial plasmid puri-
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Figure 2. A generalized scheme depicting the transposition assays used in this study. The left and right endshafélement are depicted

as large arrowheads. Donor plasmids consist of a kanamycin resiskan®){markedhoboelement, along with flanking sequences (solid and
stippled rectangles) subcloned into a plasmid carrying the gene for chloramphenicol resi€@mf¢. (Target plasmids consist of either the
completeSacRBgene or portions thereof (see Figure 1) cloned into a plasmid carrying the gene for ampicillin resiatapé® The helper
plasmid contains Aobotransposase gene, transcriptionally controlled byDhesophilaheat shock protein 7hép7Q promoter, cloned into

a plasmid carrying the gene for kanamycin resistat@nf). Recombinant plasmids resulting from transposition ofkae® -markedhobo
element into the target are identified Aamp®/Kan® plasmids inE. coli. See Materials and methods for further details regarding transposition
assays.

fication methods (Promega, Inc). DNA sequencing Results

was carried out using standard dideoxy chain termina-

tion method (Sanger, Nicklen & Coulson, 1977) using Previoushobotransposition assays identified a weak
the Sequenase DNA polymerase as described by theconsensus sequence sharedhbyo integration sites
manufacturer (United States Biochemical), or by using and identified ehobointegration hot spot within the
fluorescent-dye labeled dideoxy terminator sequen- Bacillus subtilis SacRBene (O’Brochta et al., 1994).
cing according to the manufacturer’s description (Ap- Here we used similar assays to expand our analysis of
plied Biosystems, Inc). Integration sites within each the mechanism diobotargeting. First, we generated a
target were determined by comparing the obtained larger set ohobointegrations within thé&sacRBarget
DNA sequence information to the known sequence of in order to further analyze the influence of the target
the target using DNA Strider version 1.0.1 (C. Marck). sequence on integration specificity. Second, we invest-
The integration position is defined as the nucleotide of igated the role of the donor element and its flanking
the target DNA sequence immediately precedingo sequences in directing integration to an integration hot
sequences in transpositional recombinant plasmids, spot. Third, we investigated the role of the DNA flank-
regardless of the orientation of the inserted element. ing an integration hot spot in conferring a preference
Nucleotide positions for th&acRBtarget follow the for that site.

numbering system of Gay et al. (1985), and the posi-

tions forlacZ are according to Norrander, Kempe and

Messing (1983).
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Figure 3. The distribution ofhobointegrations within theSacRBtarget gene. The x-axis represents nucleotides 1-2000 of the pUC:SacRB
gene as described by Gay et al. (1985). The y-axis represents the number of indepehdamnegrations at various positions within the target
gene.

Hobo exhibits a distinct integration specificity viously identified at position 1210 (O'Brochta et al.,
1994), were clearly preferred sites foobointegra-

Experiments using the pUC:SacRB target plasmid tion. Based on the Poisson distribution, the number of
(Target A in Figure 1) resulted in 74 new independent sites expected to be selected two times is 2.85, and the
integrations within theSacRBgene. The distribution ~ number of sites expected to be selected three times is
of these integrations combined with those reported by 0.06. Therefore, any site selected three times or more
O’'Brochta et al. (1994) is shown in Figure 3. In total, is clearly a preferred integration site. The observed
112 hobointegrations were recovered at 56 different number of sites selected twice was six, suggesting that
sites within the 2 KiSacRBtarget. Several character- some of these sites may also be preferred integration
istics of the integration distribution within this target sites. However, we have considered only those sites

are noteworthy. First, the integration bébois ran- selected three times or more as preferred sité®bb
dom relative to orientation of the target sequence. Of integration. A fourth characteristic of the distribution
the 112 integrations, 52 were oriented witbboleft of hobointegrations withirSacRHBs an apparent clus-

to right relative toSacRBand 60 were in the op- tering of integration sites. The most prominent cluster
posite orientation. This does not deviate significantly consists of 17 integration sites within a region of 167
from an expected ratio of 1:1 if integration orientation nucleotides surrounding the integration hot spot at po-
were randon{P > 0.05). This lack of an orientation  sition 1210. To determine if the apparent clustering of
preference suggests that target site recognition andintegration sites varies significantly from a distribution
transposon integration may occur as distinct steps dur- expected if integration were random, we divided the
ing transposition. Second, considering the 2000 basetarget into 200 base pair intervals centered on posi-
pairs comprising th&SacRBgene (Gay et al., 1985) tion 1210, and compared the observed proportion of
as the effective target size, along with a total of 112 integration sites within each interval to the expected
integrations, the distribution of integration sites differs proportion (0.1). Using the z-statistic as described by
significantly from the Poisson distribution (calculated Devore and Peck (1993), only the cluster surrounding
as described by Wardlaw, 1985) expected if integra- position 1210 varied significantly from the expected
tion site selection were rando@® < 0.001). Third, distribution(P < 0.001), suggesting that, in addition
several integration sites, including the hot spot pre- to containing a hot spot for integration, this interval
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may representa ‘hot region’ for integration of thabo the donor element and the target site before trans-

element. position can occur. There is also some evidence for
donor/target interactions durinfam3 transposition

The role of the target sequence in integration (Coen et al., 1989). Donor/target interaction would

specificity provide an opportunity for homologous sequence in-

teraction between the donor and the target DNA. To
test the role of sequences flanking the donor element
we used two different donor plasmids in the experi-
ments described above. The first donor (Donor A in

In an effort to determine the characteristics that de-
termine whether a sequence is pronehtibo integ-
ration we analyzed the eight base pair duplications
associated with the 56 integration sites represented inFigure 1) was the same donor used by O'Brochta et al
Figure 3 for any obvious sequence similarity. We first (1994). The sequences flankingboin this donor ori-
compared all 56 sites, then focused on those sites that . : ;
wereIO referred sites fdrobointegration. Comparison ginated from region 94E of thBrosophilagenome. :
pre S . 9 : P In the second donor (Donor B) the sequences flanking
of all 56 integration sites yielded a consensus sequence, v were derived from a region of tBacRBgene
OJ.NTNNNNAC’_;_A;:Fh 27 ofthe 56.5”.35 anf?rm'?]g to b that was selected for integration only once in previ-
this squJhenbce_. IS c_:onsgnsgfbls ' err:t_:cahto that ob- o experiments, and therefore is not a preferred site
serve aSto oll(nt;lgragorf\fsn(i:é r(?(sop()j '?clgérgo' d of hobointegration. If similarity between donor and
{somes_( recl ' ‘f"; afrey O’%C erklltor,t | 1)932 target sequences were responsible for integration site
N previous piasmid assays ( orochia et al., ): choice we would have expected to see less use of site
An mspectlon'of the preferred sites yielded the same 1210, the hot spot described above, and more use of
consensus, with six of the seven preferred S|t_e_s CoN- site 504, which corresponds to the sequences flanking
forming (Figure 4 , panel A). However, no additional

. . ._hoboin the new donor. Of the total integrations repres-
sequence information was apparent from the analysis

£ th torred sites. M h 47 ad ented in Figure 3, 55 were recovered using Donor B.
o these prelerred sites. Moreover, there are ad- of these, 15 (27.2%) had integrated at position 1210,
ditional sites within theSacRBgene which conform

0 th ; %:hile only one inserted at 504. These results indicate
0 IN€ CONSensus sequence, yet Were Never reCoverely, v e sequences flanking this donor element did not
as integration sites in these experiments. Thus, sites

that conf q I Il to th ; alter the propensity fonoboto integrate into position
atcontormed equally well {o the consensus Wer€ not 451 ¢ thjg target. Thus the preference observed in
equally preferred abobointegration sites. Taken to-

ther. th b i ndicate that th leotid these experiments fdmobo integration into this hot
gether, these observations indicate that the nucieot espot appears to be a property of the target DNA rather
sequence of the integration site may play a role in site

i X than the donor element and its flanking sequences.
selection, but that other factors must also be involved.
The role of sequences flanking the donor element The role of sequences flanking an integration hot spot

In addition to integration site analysis, the above ex- In order to determine where in the target the inform-
periments allowed us to analyze the role of the donor ation resides, that determines the attractiveness of a
element and its flanking sequences in integration site site forhobointegration, we constructed two new tar-
selection. A potential role of sequences flanking the get plasmids. Each of these targets consists of the
donor element was suggested by the observation thatintegration hot spot, with or withousacRBflanking

the eight base pair sequence flanking the original sequences, subcloned into the polylinker of a pUC
donor element used by O'Brochta et al. (1994) (Donor plasmid (Figure 1, Targets B and C). In both plasmids,
Ain Figure 2) was identical in seven of eight positions the target fragment was subcloned such that it did not
to the integration hot spot at position 12102dcRB disrupt thelacZ open reading frame and thus resulted
This near identity may be due to chance, it may be in blue colonies in the presence of X-gal. Integration
attributable to the preference bbbofor sequences  of hobointo the target sequence would result in white
conforming to the consensus, or it may reflect a role colonies due to the disruption ¢dcZ The first such

of donor/target interaction in determining where the target plasmid, Target B, contained the eight base pair
element will integrate. A precedent for donor/target hobohot spot along with a total of 31 nucleotides (17
interaction comes from studies of elements such as from the left side of the hot spot and 14 from the right
Tn3(Sherrat, 1989) and bacteriophdda (Mizuuchi, side) of flanking sequence fro®acRB The second
1992) in which there is a requisite interaction between target, Target C, contained only thmbo hot spot,
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nt position Sequence n
A._Target =pUCSacRB
819 GATGACAC 4
1084 CTTTGAAC 12
1099 CTCTACAC 5
1210 ATCCTCAC 25
1276 ATGGCTAC 3
1608 TTAGAAAC 3
1740 ATCACGAC 3
B. Target =pUC:Sac 1186-1224
134 TTAGGCAC 3
263 ATCCTCAC 25
324 GTCACGAC 4
663 GTGAAAAC 4
C._Target= pUC:Sac 1203-1210
17 ACGCAAAC 4
134 TTAGGCAC 3
148 CTTTACAC 3
204 TTTCACAC 4
585 TTACAGAC 7
630 GTGAAAAC 3
670 CTCGTGAT 5
D. _Consensus sequences Position: 1 2 3 4 5 6 7 8
G: 4 0 3 7 3 4 0 O
A: 5 1 4 2 8 4 180
T: 5 165 4 5 1 0 1
C: 4 1 6 5 2 9 0 17
Consensus 1: N N N N N N A C (17/18)
Consensus 2: N T N N N N A N (16/18)
Consensus 3: N T N N N N A C (15/18)

Figure 4. Preferrechobointegration sites identified in three different targets. Eighteen preflobdintegration sites recovered in transposition

assays using three different targets are comparaéfers to the number of integrations recovered at each site. Sequences in A, B, and C
correspond to the eight base pairs duplicated upaloo integration. As the orientation dfobo integration is random relative to the target,

both orientations of the eight base pair duplication were considered in each case, and the orientation which best conformed to the consensus
NNNNNNAC was used. For those cases in which both orientations fit this consensus (integrations 317, 656, and 623), the orientation was
chosen at random. Position 656 in target pUC:Sac 1186-1224 and position 623 in target pUC:Sac 1203-1210 correspond to the same site in the
pUC plasmid. Position 1210 of pUC:SacRB is the previously identtiigbintegration hot spot. Position 263 in target pUC:Sac 1186-1224 is

this hot spot subcloned into pUC19. Panel D compares the nucleotides found at each position in all of the preferred integration sites, and shows
three consensus sequences that can be derived from these data.

with no flanking sequences fro®acRB The results in Target B, but not Target C, strongly influence the
of transposition assays using Target B are summar- selection of this site for integration.

ized in Figure 5. Of 46hobo integrations into this The transposition assays using Targets B and C
target, 25 (54.3%) were inserted precisely into the po- resulted in a total of 125 newobointegrations into
sition defined previously as theobo integration hot 66 different sites. The distribution of these 66 integra-
spot. When Target C was used, 79 indepentebb tion sites revealed an integration pattern similar to that
integrations were generated, and none of these wereobserved amongst the collection of integrations into
inserted into the hot spot (Figure 6). These results SacRB That is, a large number of sites were selec-
clearly indicate that information contained in the 31 ted, but some sites were preferred over others, with
nucleotides flanking thobohot spot, and included the previously identified hot spot again being highly
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Figure 5. Distribution ofhobointegrations within the pUC:SacRB 1186-1224 target plasmid. The numbering of the x-axis corresponds with

the published pUC sequence (Norrander, Kempe and Messing, 1983). The stippled bar indicates the position of the lac operon sequences within
this target. The vertical black bar represents sequences corresponding to nucleotides 1186S&2R8wfich contains th@obointegration

hot spot. Here th&acRBsequences are numbered 239-277, and nucleotide 263 corresponds to the integration hot spot at position 1210 of
pUC:SacRB. Only integrations within the first 800 nucleotides of the target are shown. Additional integrations were obtained outside of this
region and were used for sequence analyses of integration sites (see text).

preferred. Visual inspection of the eight base pairs the method of Schneider and Stephens (1990) (Fig-
duplicated at each new integration site revealed that, ure 7A). Comparing all of théobointegration sites
of the 66 new sites, 30 conformed to the sequence and flanking DNA did not reveal any evidence of nuc-
NNNNNNAC and nine to the sequence NTNNNNAC. leotide sequence information in the sequences flanking
Also, 11 new preferred sites were identified and of the eight base pair integration site. Similarly, when
these, 10 conformed to the sequence NNNNNNAC, only the preferred integration sites reported in Figure 4
and eight to the sequence NTNNNNAC (Figure 4, were compared, there was no evidence of nucleotide
Panels B and C). Again, considering all preferred information in the flanking sequences. As expected
sites identified, no additional consensus information from visual inspection of these integration sites, this
could be derived by simple inspection of the sequences analysis revealed that nucleotide positions two, seven,
(Figure 4, Panel D). and eight of the integration site were important de-
The results of our experiments indicate that in- terminants of a site’s targetability. For comparison,
formation contained within 39 base pairs, which in- we conducted a similar analysis of the relate@T
clude the eight base pair integration site along with elementHermesbased on published integration site
31 base pairs of flanking sequence, is essential for adata (Figure 7B). When aHermesintegration sites
high frequency of integration into laobointegration were compared, we found the nucleotide information
hot spot. This is the smallest segment of DNA tested content of the integration site to be similar in quantity
that could be placed in a new sequence context without and distribution to that found fdnoba Specifically,
altering the site’s targetability bijgoba In an effort as was observed fdnobq positions two and seven
to identify primary nucleotide sequence information of the integration site contributed most significantly
common to the flanking sequencestajbo integra- to a site’s targetability. However, even when only
tion sites, we analyzed these sequences according topreferredHermesntegration sites were compared, po-
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Figure 6. Distribution ofhobointegration sites within the pUC:SacRB 1203-1210 target plasmid. The x-axis represents nucleotides 1-800 of
target plasmid pUC:SacRB 1203-1210. The stippled bar indicates the position of lac operon sequences. The vertical black bar indicates the
position of sequences 1203-1210S#cRB here re-numbered as nucleotides 244-251. Additional integrations were obtained outside of this
region and were used for sequence analyses of integration sites (see text).

sition eight did not appear to contribute significantly to Discussion

a site’s targetability as it does in preferredbointeg-

ration sites. When the sequences flankingmes  our experiments with theoboelement are similar in
integration sites were compared, little primary nuc- design to classical studies on targeting of the bacterial
leotide sequence information was detected. However, transposorn10(Halling & Kleckner, 1982; Bender
when flanking sequences from preferiéermessites g Kleckner, 1992), and have yielded similar res-
were compared there was some evidence for signific- yits. Tn10inserts preferentially into sites conforming
ant information content within the flanking sequences. g the consensus sequence NGCTNGACN, probably
Finally, we performed a similar analysis f&/Ds  reflecting sequence specific contact between the trans-
integration sites (Figure 7C). As flanking sequence in- posase and the bases at the integration site (reviewed
formation was not available for all of the published by Craig, 1997). Similarly, the majority dfobointeg-
AdDs integrations, we analyzed only the eight base ration sites, and almost all preferred sites, conform to
pairs of the integration site. Unlikeoboand Her- 3 consensus (NTNNNNAC), although this consensus
mes AdDs integration sites appear to contain no  contains less sequence information thantth&0con-
primary nucleotide sequence information. That is, the gensys. Also, DNA flanking the integration site plays
sequence information contained within sites chosen by 4 significant role in targeting of boffin10andhoba
AdDs did not differ significantly from that expected  However, in both cases, analysis of flanking sequences
from random integration. does not reveal any clear primary sequence informa-
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Figure 7. Sequence logo analysis ofAT element integration sites. The computer program Weblogo (http://www.bio.cam.ac.uk/cgi-bin/
seglogo/logo.cgi/) was used to analyze sequence information content within the integrations sites and corresponding flanking sequences for
the hAT elementshobo, HermesandAc/Ds All sites included in the analysis were given equal weight regardless of the number of times they
were selected for integration. The y-axis represents bits of information for each nucleotide position. The x-axis indicates the nucleatide positio
relative to the integration site. The height and order of each nucleotide reflects their relative contribution to the information content of that
site. The error bars reflect the variance based on the number of sequences analyzed. (A) The ahalysistefration sites generated in

our experiments using three plasmid targets. The upper panel includes all sites and the lower panel includes only preferred integration sites
as reported in Figure 4. (B) The analysis of ldkkrmesintegration sites and flanking DNA based on published data (Pinkerton, O’Brochta, &
Atkinson, 1997; Sarkar et al., 1997), with all sites included in the upper panel and preferred sites in the lower panel. (C) The aheDsis of

sites based on published data (Dooner et al., 1988; Coen et al., 1989; Federoff, 1989; Hehl & Baker, 1990; Peterson, 1990; Osborne et al.,
1991; Chen, Greenblatt & Dellaporta, 1992; Rommens et al., 1992; Bancroft, Jones & Dean, 1993; English, Harrison & Jones, 1993; Long
et al., 1993, Marion-Poll et al., 1993; Weil & Wessler, 1993; Schmidt-Rogge et al., 1994, Rudenko, Nijkamp & Hille, 1992; Sugimoto et al.,
1994).
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tion to account for the influence of these sequences ondegree of DNA bending based on increased sensitiv-
integration site selection. Thus, as seems to be the casaty to digestion by DNase | (Brukner et al., 1995).
with Tn1Q it is probably not the primary sequence, This observation suggests that DNA bending may play
but rather higher order structural characteristics of a role in integration site selection byarinerlike
the flanking DNA that affect®iobointegration pref- elements.
erences. Integration site selection by other elements  To determine if DNA bending might play a role
appears to be dependent on similar determinants. Forin hobotargeting we analyzed the sequences flanking
example, théfclandTc3 elements ofC. elegansl- hobointegration sites in an effort to identify nucleotide
ways insert at TA dinucleotides with some TA sites sequence motifs likely to adopt an intrinsic bent con-
preferred over others (van Luenen & Pasterk, 1994), formation or to confer flexibility to the DNA. First,
and sequences within four base pairs of a prefefd by visual inspection of sequences flanking ladlbo
integration site are sufficient to account for tfisl integration sites generated, we looked for periodic al-
integration preference (Ketting, Fischer & Plasterk, ternation of AT rich and GC rich sequences like those
1997). Thus, the emerging picture for transposable suggested to influence targeting [(8231A (Hallet
element targeting is that both the primary nucleotide et al., 1994). Next, we determined the frequency of all
sequence of integration sites and DNA structure at or possible trinucleotides within each of the flanking se-
near the integration site are somehow ‘sensed’ by eachquences and looked for a prevalence of trinucleotides
transposable element. However, the relative influence which confer increased DNase | sensitivity (Brukner
of the integration site and the flanking DNA appearsto et al., 1995). We were unable, by either of these cri-
be different for each element, and the mechanisms by teria, to identify any consistent sequence motifs within
which transposable elements distinguish these featuresthe flanking sequences. We then compared our dis-
of the target remain to be elucidated. tribution of hobointegrations within a pUC18 based
While recognition of the primary nucleotide se- target (Target C in Figure 1) with the distribution of
guence of an integration site is likely to involve base DNase | sensitive sites within pUC18 as reported by
specific contacts between the transposase and the tarBrukner et al. (1995). As was observed for Hienarl
get DNA, the mechanisms by which structural charac- elementdiscussed above, a correlation between DNase
teristics of flanking DNA are recognized is less clear. | sensitivity andhobointegration would suggest that
Thus, an important step in understanding the mech- hobointegrates preferentially into regions of bent (or
anisms of integration site selection by transposable flexible) DNA. The 50 nucleotide region described in
elements is to determine the structural characteristics the most detail by Brukner et al. (1995) corresponds
of the DNA flanking integration sites that distinguish to nucleotides 1711-1761 of our Target C. As shown
these sites from other regions of the DNA. There is in Figure 8, there were three distinct peaks of DNase |
some evidence that either intrinsic DNA bending, or sensitivity identified in this region. Intriguingly, we re-
DNA flexibility to facilitate protein induced bending, covered threéobointegrations at three separate sites
plays an important role in directing DNA integration. within this region. Two of the DNase sensitivity peaks
Hallet et al. (1994) suggest that sequences flanking were localized within an eight base pawbointegra-
preferred integration sites of the bacterial integration tion site, while the third peak was removed only five
elementS231Aconsist of alternating AT and GC rich  base pairs from the nearest integration site. Signific-
stretches that adopt an intrinsic S-curve conforma- antly, there were no othé@obointegrations within 448
tion, and that this curved DNA structure may play a nucleotides on one side and 73 nucleotides on the other
role in integration site selection by this class Il ele- side of this small cluster of integration sites. These
ment. Retroviral integration occurs preferentially into observations lead to the hypothesis that DNA bending
DNA which is bent as a consequence of its position plays a role inhobointegration specificity. We also
within nucleosomes (Pryciak & Varmus, 1992; Muller observed thahobo integration sites were clustered
& Varmus, 1994; Pruss, Bushman & Wolffe, 1994), within 167 nucleotides surrounding an integration hot
illustrating a role for protein induced DNA bending spot, suggesting a regional influence laobo integ-
in integration specificity. In another example, Lampe, ration specificity. Ifhobointegration were influenced
Grant and Robertson (1998) found that a preferred by DNA bending due to the packaging of the target
region of integration foHimarl (a mariner-like ele- DNA into nucleosomes, similar cluster sizes might be
ment isolated from the horn fly) corresponded to a expected. Further experiments need to be done to test
region of pUC18 previously shown to exhibit a high these hypotheses.



145

CATTGGTAAC TGTCAGAC CAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTC
| | |

1712 1721 1740

Figure 8. The juxtaposition of DNase | sensitive sites drabointegration sites suggests a role for DNA bendindnabointegration. Shown

are pUC18 sequences corresponding to nucleotides 1703-1761 of Target C (see Figure 1). The underlined sequenbebddetetfsation

sites. The open arrows denote positions of high DNase | sensitivity as described by Brukner et al. (1995). The TA dinucleotide shown in bold
corresponds to a preferred integration site ofrti@inerlike elementHimarl (Lampe, Grant & Robertson, 1998).
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