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ABSTRACT. The mobileLactococcus lactidl.LtrB group Il intron integrates into DNA target sites by a
mechanism in which the intron RNA reverse splices into one DNA strand while the intron-encoded protein
uses a C-terminal DNA endonuclease domain to cleave the opposite strand and then uses the'cleaved 3
end to prime reverse transcription of the inserted intron RNA. These reactions are mediated by an RNP
particle that contains the intron-encoded protein and the excised intron lariat RNA, with both the protein
and base pairing of the intron RNA used to recognize DNA target sequences. Here, computational analysis
indicates thaEscherichia colDNA target sequences that support LI.LtrB integration have greater predicted
bendability than do randori. coli genomic sequences, and atomic force microscopy shows that target
DNA is bent during the reaction with LI.LtrB RNPs. Time course and mutational analyses show that
DNA bending occurs after reverse splicing and requires subsequent interactions between the intron-encoded
protein and the '3exon, which lead to two progressively larger bend angles. Our results suggest a model
in which RNPs bend the target DNA by maintaining initial contacts with thexsn while engaging in
subsequent'&xon interactions that successively position the scissile phosphate for bottom-strand cleavage
at the DNA endonuclease active site and then reposition 'tlee@® of the cleaved bottom strand to the
reverse transcriptase active site for initiation of cDNA synthesis. Our findings indicate that bendability of
the DNA target site is a significant factor for LI.LtrB RNP integration.

Mobile group Il introns, which are found in bacterial and RNA reverse splices into one strand of the DNA and is
organelle genomes, are retroelements that integrate sitereverse transcribed by the IEP, yielding an intron cDNA that
specifically (“retrohome”) into DNA target sites at high is integrated into the recipient genome by host DNA
frequency and retrotranspose to ectopic sites that resemblgecombination or repair mechanisms (reviewed in Bxdisid
the normal homing site at low frequencies (reviewed in refs 4). Their very high integration frequencies and target
1-4). The integration reactions are mediated by a RNP specificity combined with the ability to program insertion
complex that is formed during RNA splicing and contains into different target sites by modifying the base pairing
the intron-encoded protein (IER)nd the excised intron lariat ~ sequences of the intron RNA have made it possible to
RNA (3, 4). RNPs initiate intron mobility by recognizing  develop mobile group Il introns into highly efficient bacterial
relatively long (30 to 35 bp) DNA target sites, with both the gene targeting vectors (“targetrons”) (reviewed in 9gf
IEP and base pairing of the intron RNA contributing to the ~ The Lactococcus lactid |.LtrB intron, which has been
recognition of DNA target sequencés8). Then, the intron studied as a model system, encodes a protein, denoted LtrA,

with four conserved domains: RT, corresponding to the
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5 exon region of the target site, including-23, G-21,

A L s Lun protein and A—20 (Figure 1B). These base interactions, bolstered

il e D BN by phosphate backbone and possibly minor-groove interac-

|1||2] |3| |4| |5”6”?| V//////_' tions between positions24 and—13, lead to local DNA
e

134 61 360 380 490 540 599 melting, enabling intron RNA sequences EBS2, EBS1, and
0 to base pair to sequences IBS2, IBS1, ahdespectively,
1l sigE“ between DNA target site positionsl2 and+3 (Figure 1B;
EBS and IBS denote the exon-binding site and the intron-
{AD/En binding site, respectively). After base pairing, the intron RNA

Hag reverse splices into the top DNA strand. Bottom-strand
cleavage occurs after a lag and requires additional interac-
tions between the IEP and &xon, the most critical of which

LtrA Protein ; Ve ] : -
is recognition of F5 in the region of the DNA target site
Intron RNA that becomes single-stranded after DNA meltiiigg).
dﬁ J _ Recently, we constructed a three-dimensional homology
asglensils del of the LtrA protein by threadi X |
5'...CCACACG‘TCGATCGTGAAC%%L.J&TCgﬁ%ﬂgE%?ATCAﬁTTMT.. 3 model of the Ltr prOte_m yt rea Ing on X-ray CrySta
3. GGTGTGCAGCTAGCACTTGTGTAGGTATTGGTATAGTAARARTTA 5 structures of HIV-1 RT dimersl(). Docking of target DNA
i I o i onto this three-dimensional model showed that the DNA
2 1IBS2, IBS1, 8" . . .
* T T > target sequence is too long for the LtrA protein to bind
IS CS . o . L )
5' Exon 3' Exon simultaneously to its interaction sites in the distak%on
FIGURE 1: LtrA protein encoded by the. lactis LI.LtrB group II and 3 exon regions unless the DNA is strongly bent in the

intron and DNA target site interactions of LL.LtrB RNPs. (A) LtrA  complex (7). These findings raised the possibility that
protein. The protein is shown as a rectangle with RT, X, D, and bendability of the DNA target site might significantly
En domains delineated and amino acid positions at the domaininfluence the efficiency of the integration reaction.

boundaries indicated below. The RT domain contains conserved o .
RT sequence motifs RT47, along with an upstream region (RT- Here, we analyzed the bendability of LI.LtrB target sites

0) characteristic of non-LTR-retroelement RT @nd references ~ computationally and by atomic force microscopy (AFM). The
therein). (B) DNA target site interactions for the LI.LtrB RNPs. former indicates that LI.LtrB DNA target sites have signifi-

The 45 bp target DNA sequence is shown in complex with the cantly higher predicted bendability than do rand&mcoli

lRNPS C?.'f‘tai”i”tg the '-tg;g;meig E’é%’l)ﬁa”d ier”)R_l'flhA (.Sttem DNA sequences, and the latter shows that the target DNA
oop motifs containing an equences). The intron . . 4
insertion site (IS) in the top DNA strand and the DNA endonuclease is bent at two progressively greater angles during the

cleavage site (CS) in the bottom strand are denoted with arrowheadsintegration of group Il intron RNPs. Together with previous
Critical target site nucleotide residues recognized by the LtrA findings, our results suggest a model in which RNPs bend

protein @) are highlighted in gray. the target DNA by maintaining initial IEP and base pairing
interactions with the 'sexon while engaging in subsequent
required for efficient reverse splicing into double-stranded interactions with the ‘3exon that successively position the
DNA and is thought to contribute to DNA target site scissile phosphate for bottom-strand cleavage at the En active
recognition, while the En domain carries out second-strand site and then reposition the 8nd of the cleaved bottom

cleavage to generate the primer for reverse transcription ofsirand to the RT active site for initiation of reverse transcrip-
the inserted intron RNA1(Q). In addition to the predominant  tjon.

En-dependent integration mechanism described above, the
LI.LtrB intron can also retrohome at lower frequencies by EXPERIMENTAL PROCEDURES
using an En-independent mechanism in which a nascent

strand at a DNA replication fork is used to prime reverse propensity of DNA (bendability) was calculated by using

transcription of the inserted intron RNAT). Additionally, ? . o . ’
both En-dependent and En-independent mechanisms are usetéle following algorithm based on the bendability of trinucle

for retrotransposition of the LI.LtrB intron to ectopic sites Gtides inferred from DNase | digestion data:
that resemble the normal homing site2). 4

A key experimental advantage of the LI.LtrB intron is the bendability= []p(a);
availability of an efficientEscherichia coliexpression system, =
which makes it possible to obtain large quantities of purified
IEP and RNPs reconstituted with purified IEP and in vitro- wherep(a); is the bending propensity of a trinucleotide at
synthesized intron RNALG, 14). The latter enabled detailed positioni (18). Two sets of test sequences were used for
biochemical studies of DNA target site recognition. Kinetic group Il intron integration sites. The first set consists of 66
analysis indicated that the LI.LtrB RNPs bind DNA non- retrohoming sites in thE. coligenome used by an LI.LtrB-
specifically and then search for target sites via a facilitated- AORF intron having randomized EBS2, EBS1, and
diffusion mechanism, analogous to those used by site-specificsequencesl@); the 66 sequences were culled from 88 total
DNA-binding proteins 15). DNA target site interactions of ~ sequences by excluding sites lackingtd; which may have
LI.LtrB RNPs have been dissected by mutational analysis, been utilized via En-independent retrohoming pathways. The
DNA footprinting, modification interference, and missing second set consists of 33 retrotransposition sites irEthe
base analysisy 7, 8, 16). These studies suggest that initial coli genome used by the wild-type LI.LtrB intron, again
DNA target site recognition involves major-groove interac- culled from a larger set by excluding sites lacking9 (12).
tions between the IEP and a few specific bases in the distalFor each test set, the average bendability was calculated for

Computational Analysis of DNA Bendabilifijhe bending
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positions—30 to+10 from the intron insertion site, using a products of the first PCR were gel-purified, mixed, and used
six-nucleotide sliding window with a shift increment of one, in a second PCR with the outside primers to yield 234 bp
and compared with that in control sets consisting of the sameDNA substrates containing the desired modifications.

number of 45 bp sequences selected randomly fronkthe To generate wild-type and mutaiti/+-15 DNA substrates
coligenome. To construct the control sets for the retrohoming containing a nick at the bottom-strand cleavage site, the top
gnd retrotransposition sites, tke coli genome was divided  gtrand was amplified by unidirectional PCR of pLHS and
into 66 and 33 equal segments, respectively, and one 45 bphe gel-purified+4/+15 DNA substrate, respectively, with
sequence was selected randomly from each segment by usingrimer KS-121 (see above). After extraction with phenol,
an algorithm that randomly selects a line from a fizd) chloroform, and isoamyl alcohol (25:24:1, phenol-CIA), the
~ The average bendabilities of each six-nucleotide segmentpjgirectional PCR products were annealed with a 10-fold
in the test and control sets were compared by using a testyg|ar excess of complementary gel-purified bottom-strand
statistic for the difference between two sample means, aSoligonucleotides (129 and 105 nucleotides) by heating to 90
follows: °C for 5 min and then slowly cooling to room temperature.
_ The resulting 234 bp double-stranded DNAs with a nick at
Z= X, — Xf slzlnl + 522/n2 the bottom-strand cleavage site were purified in a 1% agarose
gel.

Reconstitution of RNP&I.LtrB RNPs were reconstituted
with purified LtrA protein and in vitro-synthesized LI.LtrB-
AOREF lariat RNA. Wild-type and mutant LtrA proteins were
expressed irE. coli BL21(DE3), by using the intein-based
expression plasmid plmp-1P, and purified as described
previously @4). The LtrA mutant DD has the conserved
amino acid residues YADD in the RT active site changed to
YAAA (13), and mutant?AEn andAD/En have C-terminal
truncations at amino acid residues 547 and 490, respectively,
which delete the En domain and the D and En domains,
respectively 10). Protein concentrations were determined
with the Bradford assay2(l), using the LtrA protein whose
concentration had been determined by usig, as a
standard. The protein preparations wer88% pure, as

GAATTGTAATAGC). The resulting 234 bp double-stranded Juo:ged by Coomassie blue-stained SElyacrylamide
DNA contains the 45 bp E1E2 target sequence flanked by gels. ) o

5 and 3 sequences of 91 and 98 bp, respectively. Target _LI.LUB lariat RNA was generated by self-splicing of a
site L (240 bp) contains the 45 bp LI.LtrB target sequence 971-nucleotide LI.LtrB RNA (902-nucleotide LI.LtrB intron
at one end of the DNA oligonucleotide (positions 6 to 50) flanked by Sand 3 exon sequences of 32 and 37 nucleotides,
and was generated by PCR of pLHS with primers KS-35 respectively) transcribed froBarH|-linearized pJMORF
(5-CTTGCAACCCACGTCGATCGTG) and SK205 (3- with phage T7 RNA polymerase, using a MEGAScript kit
CTTCCGGCTCGTATGTTGTGTGG). Mutant DNA sub-  (Ambion, Austin, TX) @2). Self-splicing was carried out with
strates (234 bp) contain unfavorable non-wild-type nucleotide 24M LL.LtrB RNAin 1 mL of 0.5 M NH,Cl, 50 mM MgCb,
residues at target site position80 to—13, —12 to+3,+4  and 40 mM Tris-HCI (pH 7.5) at 30C. After the RNA had

to +15, and—30 to +15. The non-wild-type residues are P€en renatured by heating to S0 for 1 min and then slowly
those occurring at the lowest frequency at each position in €00ling to 30°C in 0.5 M NH,CI, 5 mM MgCl, and 40
the set of retrohoming sites in ti& coli genome obtained MM Tris-HCI (pH 7.5), self-splicing was initiated by adding
with an LI.LtrB intron with randomized target site recognition the remaining MgGl The reaction mixture was incubated
sequences (Figure 5 of ré). These mutant target DNAs ~ for 2 h at 37°C and the reaction terminated by extraction
were generated via two PCR steps. In the first step, two With phenol-CIA.

separate PCRs were conducted with outside primers1SR To reconstitute RNPs, the LtrA protein was incubated with
or KS-121 and overlapping internal primers, containing the the in vitro self-spliced lariat RNA in 15 mL of reaction
DNA target site mutations. The internal primers were-SK  medium containing 0.5 M NkCI, 5 mM MgCh, and 40 mM
30/~13 (B-GTAAGATAATGGTCCTGACACATCCAT- HEPES (pH 7.5). The RNA (3 nmol in 1 mL of reaction
AACCATATC) and KS-30/—13 (5-TGTGTCAGGAC- medium) was renatured by heating to 8D for 1 min and
CATTATCTTACTGCAATTATCCACTAG), SK—12H3 then slowly cooling to 30C. After LtrA protein had been
(5-TCGTGACTGAAGGTAAAAAATGATCATTTTTAA- added (9 nmol), the sample was diluted to 15 mL with
TTCTACG) and KS-12H-3 (5-CATTTTTTACCTTCAGT- reaction medium and incubated @ h at 30°C. RNPs were
CACGATCGACGTGGGTTG), SK-4/+15 (8-CGGCA- then pelleted by centrifugation in a Beckman Ti50.2 rotor
ATATATGTCTACGAATCTTTATACTGG) and KSt4/ (Beckman-Coulter, Fullerton, CA; 40 000 rpm fai8 h at
+15 (B-CGTAGACATATATTGCCGATGGTTATGGAT- 4 °C). The RNP pellet was dissolved in 3@Q of 10 mM
GTGTTCACGA), and SK-30H15 (B-TTTTTACCTTCAG- KCI, 10 mM MgChk, 40 mM HEPES (pH 7.5), and 50%
CAGGACCATTATCTTACTGCAAGGATCCACTAG) and glycerol, aliquoted, and stored below or-a20 °C. A typical
KS—30H-15 (B-GGTCCTGCTGAAGGTAAAAAATGCG- RNP preparation contained 88% lariat RNA, as judged by
GCAATATATGTCTACGAATCTTTATACTGGG). The electrophoresis in a denaturing 4% polyacrylamide gel.

wherex is an average bendability ovarsequences arglis
the standard deviation. The subscripts 1 and 2 denote
parameters for the randomly chosen sites and group Il intron
integration sites, respectively. For each test set, this com-
parison was repeated against 100 different control sets.

DNA SubstratesDNA substrates used for biochemical
assays and AFM experiments were generated by PCR of
pLHS, which contains a 70-nucleotide sequence of ligated
ItrB exons 1 and 2, extending from 35 nucleotides upstream
to 35 nucleotides downstream of the intron insertion site
(positions —35 to +35), cloned between thBanH| and
EcoRl sites of pBSKS- (Stratagene, La Jolla, CALB).

To generate the wild-type DNA substrate, the PCR was
carried out with primers S113 (3-CCCTCACTAAAGG-
GAACAAAAAGC) and KS-121 (53-CGACGGCCAGT-
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DNA Integration AssaysReactions were carried out by
incubating reconstituted RNPs (6 pmol) with gel-purified
DNA substrates (6 pmol) in 106L of 10 mM KCI, 10 mM
MgCl,, and 40 mM HEPES (pH 7.5)14). The reactions
were initiated by adding RNPs, the mixtures incubated for
5 or 30 min at 37C, and the reactions terminated by phenol-
CIA extraction and ethanol precipitation. The products were
analyzed in a denaturing 4% polyacrylamide gel, which was
scanned with a Phosphorlmager.

Atomic Force Microscopyror AFM, 6 pmol of RNPs was
incubated with 6 pmol of target DNA in 1Q4L of 10 mM
KCI, 10 mM MgCk, and 40 mM HEPES (pH 7.5) for 5 or
30 min at 37°C and then placed on ice. Samples were

adsorbed onto aminosilane-modified mica surfaces using a

slight modification of the procedure described in 24
Freshly cleaved mica was exposed to the vapor of 3-ami-
nopropyltriethoxysilane (98%; Sigma, St. Louis, MO) for 1
h and then baked fdl h at 100°C. After dilution of RNP-
DNA complexes to 650 pM in 10 mM KCI, 10 mM Mggl
and 40 mM HEPES (pH 7.5), a 20Q. aliquot was applied

to the treated mica slide, incubated on ice for 20 min, washed

once with 50QuL of buffer and twice with 50Q:L of water,
and air-dried. AFM imaging was done in tapping mode using

a MFP-3D scanning probe microscope (Asylum Research,

Santa Barbara, CA). Super Sharp Silicon 225tips (SSS-
NCLR or SSC-NCL, Nanoworld, Neuchatel, Switzerland)
with a 190 kHz frequency were used for imaging. We
discerned no difference in resolution with the different tips.
DNA bend angles were measured using Scion Image
software (Scion, Frederick, MD). Only complexes that were
completely visible and could be traced unambiguously were
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Ficure 2: Bendability profiles of LI.LtrB group Il intron integration
sites and randomly selecté&d coli DNA sequences. The profiles
show average bendability vs nucleotide position calculated for sets
of 66 previously identified LI.LtrB retrohoming sites (red line) and
33 LLLtrB retrotransposition sites (blue line). The bendability
profiles were compared to those for 100 control sets consisting of
the same number of randomly selectédcoli DNA sequences
(6600 and 3300 individual sequences, respectively). The profiles
for the 100 retrohoming control sets are colored light blue lines.
The profiles for the 100 retrotransposition control sets are similar
to those for the retrohoming control sets and are not shown to
simplify the figure. Bendability profiles were calculated over a 6
bp sliding window for positions—30 to +10 from the intron
insertion site by using an algorithm that employs a probabilistic
model based on DNase | susceptibility of different trinucleotides,
as described in Experimental Procedures. Dots mark the nucleotide
position at the 5end of 6 bp segments that are significantly more
bendable in the retrohoming or retrotransposition sites than in their
respective control sets, as determined by a statistical test for the
difference between two sample means using a 5% significance level.
The calculated bendability profile for the wild-type LI.LtrB intron

used for analysis. Selected images of single complexes werénsertion site (dashed line) is shown for comparison (note the

enlarged, and two tangential lines were drawn along the
center of the protruding DNA arms on both sides of the
globular RNP, to give the measured bend angle. The angle
were defined by manually determining the path of the DNA
segments exiting the RNP withinl5 nm on each side4).

For naked DNA, a circular mask approximately the size of
the RNP was placed over the center of the DNA, and the

difference in the scale on the right).

gutilized via En-independent pathways that do not require the

same IEP interactions with thé &on (see the introductory
section;11, 12). The average bendability profiles for the test
sets were then compared with those for 100 different control
sets, each consisting of the same number of randomly

DNA bend angle at this position was determined as describedS€!€Cted 45 biE. coli genomic sequences (a total of 6600

above. The angle apex was chosen as the point were theét

DNA path trajectories intersect. In each case, the DNA bend

angle was calculated from measurements of 100 molecules,

and the values are expressed as the meahe standard
deviation. By convention, the bend angle is defined as the
deviation from straight.

RESULTS

Computational Analysis of DNA Bendabilityo assess
the bending propensity (“bendability”) of LI.LtrB target sites,
we employed an algorithm that uses a probabilistic model
based on the bendability of trinucleotides deduced from

nd 3300 control sequences for the retrohoming and ret-
rotransposition sites, respectively; see Experimental Proce-
dures). We reasoned that a collection of target sites would
provide a better picture of bendability patterns than would
examination of individual target sites, including the wild-
type site, in which the influence of bendability might be
obscured by other features.

Figure 2 shows the bendability profiles for the retrohoming
sites (red), retrotransposition sites (blue), the wild-type
LI.LtrB target site (dashed line), and 100 control sets for
the retrohoming sites (light blue). The profiles were calcu-
lated for positions-30 to+10 from the intron insertion site,
using a 6 bpsliding window and a shift increment of 1. The

DNase | digestion data (see Experimental Procedures andcontrol sets for the retrotransposition sites are similar to those

ref 18). The algorithm was used to calculate an average
bendability profile for two sets of LI.LtrB insertion sites in
the E. coli genome, one consisting of 66 retrohoming sites
used by an LI.LtrBAORF intron having randomized target
site recognition sequence$9d] and the other consisting of
33 retrotransposition sites used by the wild-type LI.LtrB
intron (12). Both test sets were culled from larger sets of
sites by excluding those lackingt®, which may have been

for the retrohoming sites and were omitted to simplify the
plots. At a 5% significance level, both the retrohoming and
retrotransposition sites show several regions with bendability
significantly higher than that of the control sites, albeit at
somewhat different locations in the retrohoming and ret-
rotransposition sites (6 bp segments beginning at positions
—13 to—10 and—3 in the retrohoming sites and at positions
—20 to —18 and —6 in the retrotransposition sites). A
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Ficure 3: DNA integration assays with wild-type and mutant DNA substrates and RNPs. (A) Schematic of DNA substrates used in
biochemical and AFM experiments. Substrates-a240 bp double-stranded DNAs generated by PCR. The wild-type (WT) LI.LtrB DNA
target site (positions-30 to+15 from the intron insertion site) is shown as a gray rectangle, with black shading showing regions changed
in mutant DNA substrates. In DNA substrate L, the LI.LtrB target site is moved near the end of the DNA oligonucleotide. Arrowheads
above and below indicate the intron insertion site (IS) and bottom-strand cleavage site (CS), respectively. (B) DNA integration assays.
Wild-type or mutant LI.LtrB RNPs were incubated with internally labeled DNA substrates for 5 (lane 2) or 30 min (fab@sa8 37°C,

as described in Experimental Procedures, and the products were analyzed in a denaturing 4% polyacrylamide gel, which was dried and
scanned with a Phosphorimager. Lane 1 shows the WT DNA target site incubated in reaction medium for 30 M &itB3ut RNPs.

Positions of products resulting from partial and complete reverse splicing and bottom-strand cleavage are indicated to the left of the gel,
and the predicted size of each product (nucleotides) is given at the right. (C) Diagram showing products of full and partial reverse splicing
and bottom-strand cleavage reactions with the WT and L DNA substrates. Sizes of DNA segments and thAORE®Bitron RNA (not

drawn to scale) are indicated.

possible explanation for the different locations of the = DNA Integration Reactions with Wild-Type and Mutant
bendable regions is that the retrotransposition sites wereDNA Substrates and RNP&or AFM experiments, we
obtained with the wild-type LI.LtrBAORF intron while the constructed a series 61240 bp wild-type (WT) and mutant
retrohoming sites were obtained with an LI.LtrBORF DNA substrates with unfavorable, non-wild-type nucleotide
intron having randomized EBS2, EBS1, addsequences. residues in different regions of the LI.LtrB target site. Figure
Consequently, the retrotransposition sites are constrained ta3 shows experiments in which the DNA substrates were
have target sequences that base pair with a single introntested for their ability to support DNA integration reactions
(wild-type LI.LtrB), while the retrohoming sites are not of LL.LtrB RNPs. In these experiments, LI.LtrB RNPs were
similarly constrained, providing more latitude for the location reconstituted with in vitro-synthesized LI.LtrBORF lariat

of the bendable regions. This inference is supported by the RNA and purified LtrA protein and incubated with internally
finding that the bendability profile for the wild-type retro- labeled DNA substrates. The products of the reaction were
homing site (dashed line), which must also base pair with analyzed by electrophoresis in a denaturing 4% polyacryla-
the wild-type LI.LtrB intron, parallels that for the retrotrans- mide gel, which was dried and scanned with a Phosphorim-
position sites. Notably, the bendability peaks for the wild- ager.

type site have significantly higher amplitudes than do those  Lanes 2 and 3 of Figure 3B show reactions in which wild-
in the profiles calculated by averaging multiple retrohoming type LI.LtrB RNPs were incubated with the WT DNA
and retrotransposition sites (see the difference in scale onsubstrate for 5 and 30 min, respectively. As expected, the
the right). These higher amplitudes may reflect the impor- reactions yielded both high-molecular weight products,
tance of bendability in the selection of the wild-type target resulting from the first and second steps of reverse splicing
site. We conclude from the computational analysis that both (termed partial and complete reverse splicing, respectively;
retrohoming and retrotransposition sites have regions of see Figure 3C), and smaller products resulting from bottom-
predicted bendability higher than those of rand&mcoli strand cleavage (®ottom= 104 nucleotides and Bottom
DNA sequences. Additional computational comparisons of = 130 nucleotides). Previous time course experiments with
protein-induced deformability26), propeller twist 26), and the wild-type intron and target site showed that the reverse
stacking energy27) also showed significant differences in  splicing products appear first while the second-strand cleav-
the retrohoming and retrotransposition sites compared to theage products appear after a l&). In agreement with these
control sets, reinforcing the conclusion that LI.LtrB integra- findings, quantifying the gel showed that after 5 min, the
tion sites may have distinctive structural characteristics (datareverse splicing products comprise 28% of the total radio-
not shown). activity and bottom-strand cleavage products only 2%, while
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Ficure 4: AFM showing RNPs reacted with DNA substrates. Panels A and B show representative images of wild-type LI.LtrB RNPs
bound to DNA substrates in which the LI.LtrB target sequence is at the center (WT) or one end (L) of the DNA oligonucleotide, respectively
(see Figure 3). Images were taken in tapping mode over a single square micrometer.
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Ficure 5: AFM imaging of LI.LtrB RNPs. The figure shows a representative field of RNPs (left panel) imaged as in Figure 4, after

incubation in 10 mM KCI, 10 mM MgGl and 40 mM HEPES (pH 7.5) for 5 min at 3€. The center and right panels show diameter and
height measurements, respectively, for 100 imaged RNPs.

0 20

after 30 min, the reverse splicing products comprise 52% but were unable to carry out bottom-strand cleavage (lane
and the bottom-strand cleavage products 9%. 9).

The reactions with the remaining DNA substrates were ~ AFM with the WT and L DNA Substratddext, we used
conducted for 30 min. The L DNA substrate, which contains AFM to examine complexes formed between the RNPs and
the wild-type target site near one end of the DNA, reacted DNA substrates under the conditions of the DNA integration
as efficiently as the WT DNA substrate, with the shift of reactions. Figure 4 shows representative complexes formed
the site resulting in different sizes for the bottom-strand after incubating wild-type LI.LtrB RNPs with the WT and
cleavage products (bottom= 196 nucleotides; 3dottom L DNA substrates for 30 min at 37C. The samples were
= 44 nucleotides and run off the gel; Figure 3B, lane 5). air-dried and imaged in tapping mode. We were unable to
The —30/+15 substrate, which has unfavorable non-wild- image in buffer due to problems with RNP aggregation and
type target site nucleotide residues at all positions betweencomplex immobilization. Only well-separated complexes
residues—30 and+15, showed only a very low level of  with both DNA ends visible were used for analysis.
reverse splicing €1% of that of the WT substrate; lane 4), In the AFM images, the RNPs appear as a bright dot
which is likely due to inefficiently utilized cryptic sites (see located in the center or at the end of the WT or L DNA
ref 7). Mutant DNA substrates 30/—13 and—12/+3, which substrates, respectively. The shift in the position of the RNPs
have non-wild-type nucleotide residues in the distadon bound to the L substrate indicates that they specifically
and IBSH regions, also exhibitee 1% of the reverse splicing  recognize, bind, and react with the DNA target sequence and
activity of the WT substrate and no detectable bottom-strand also that the RNPDNA complexes are two-dimensionally
cleavage (lanes 6 and 7). These results are in agreement wittixed on the aminosilanized mica slide in their original
previous findings showing that mutations affecting either IEP position in the complex. On the basis of measurements of

interactions with the distal’5exon region or intron RNA

base pairing interactions with the IBSyYegion inhibit both

reverse splicing and bottom-strand cleavagesj.
Interactions between the IEP andeXon are not required

100 molecules, the wild-type target DNA in complex with
RNPs had a length of 8% 9 nm (mean#+ standard
deviation) compared to 8% 11 nm for the free DNA (see
below) and a calculated length of (3.3 A 234 bp) 77.2

for reverse spicing but are required for bottom-strand nm. The similar lengths of free and bound DNA indicate

cleavageT, 8). Accordingly, DNA substrate-4/+15, which
has non-wild-type nucleotide residues ate3on positions

that the DNA is not substantially wrapped around the RNP
in the complex.

recognized by the IEP, supported efficient reverse splicing At the resolution of the AFM, the RNPs bound to the DNA
but gave no detectable bottom-strand cleavage (Figure 3B,substrate appear roughly circular. On the basis of measure-

lane 8). Also in agreement with previous result§)( RNPs
containing a C-terminally truncated IEP lacking the D and
En domains AD/En) showed no detectable reverse splicing

ment of 100 molecules, RNPs bound to the wild-type DNA
substrate have a diameter of 201 nm and a height of 0.9
+ 0.2 nm, and the corresponding measurements for RNPs

or bottom-strand cleavage (lane 10), while RNPs lacking only bound to the L DNA substrate were #12 and 1.1+ 0.3

the En domain AEn) were still capable of reverse splicing

nm, respectively. The RNPs bound to the L DNA substrate
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in Figure 4 are among the larger RNPs (diameters of 11 and RNPs (5 min) B RNPs (30 min)

12 nm and heights of 1.1 and 1.4 nm). AFM measurements

of free RNPs under the same conditions gave a diameter of [P 1.5
11 +£ 1 nm and a height of 1.& 0.4 nm, similar to the 05 1.0
dimensions of the RNPs bound to the DNA (Figure 5). f 05
Although we cannot exclude damage to the RNPs during L 0E 0 E
sample preparation or imaging8), only active RNPs v 3 05
containing both the IEP and intron RNA can react with the = 02 05 302 S I
DNA substrate, and RNA and protein by themselves do not 10 - A5
bind DNA specifically 8). The relatively low height of the 0 02 04 02 04
RNPs may reflect compaction by the tip, interaction of the 20, e 20

Number

RNPs with the mica substrate, dehydration, capillary forces

during drying, or differences in compliance between the 159 _ 15
RNPs and mica substrate in tapping mo@8-32). It is 0 ém-
possible that the RNPs are inherently nonglobular and 3
flattened in one dimension, with this flattening enhanced by 51 51
dehydration, similar to the situation foE. coli small

ribosomal subunits imaged in air (1&2, and see Discussion). 0 e 27 45 80 g5 Ces 71 77 83 89 05

Distribution of Bend Angles at Different Stages of the Angle () Angle (*)
Reaction.The initial AFM imaging of complexes with the D
-30/+15

WT target site, done with samples incubated for 30 min at
37 °C, showed that the DNA is bent around the RNPs and
that the bend angles have a distinctly bimodal distribution
with peaks at-75° and~90°. To test whether the two DNA
bend angles might reflect different stages of the reactions,
we compared 100 complexes with the WT target site after
incubation for 5 and 30 min (Figure 6A,B). The histograms
show that the smaller bend angle predominates in the 5 min
samples [75E 6°, 83%; 88+ 3°, 17% (A)], while the greater ;
bend predominates in the 30 min samples {#2°, 49%; 0 ?"E 0.4

90 + 5° 51% (B)]. In the absence of RNPs, the same 20 207
position in the WT target DNA shows a wide distribution

of bend angles (Figure 6C). The distribution of bend angles 515 315'
in the naked wild-type DNA appears more skewed toward £, 210/
larger bend angles than is the case for#89H15 mutant = 2
DNA (Figure 6D), possibly reflecting that the wild-type DNA 5 5 1
target sequence has an increased propensity for bending eve o .

in the absence of RNPs (see Discussion).

AFM Imaging of Complexes with Mutant DNA Target
Sites.We were unable to detect complexes formed between E:GL%?BE Ig:N é’zgﬂnémgﬁzl% uogs(t?%fgpigﬁsiﬁzorfén:‘te% n\:\g;h ‘\Il'vrilg-;[iy%?e
W"d'type LI.LtrB RNPs and mutant .DNA ta_rget S'.tGBOI_ . shows partial field and expanded views of (A) wild-type (WT) IgNA
13, which h_as unfavor{ible nucleotide residues in th_e distal jncubated with LI.LtrB RNPs for 5 min at 37C, highlighting a
5' exon region recognized by the IEP, e112/+-3, which complex with a 78 DNA bend angle; (B) wild-type DNA incubated
has unfavorable nucleotide residues in the BSEgion with LI.LtrB RNPs for 30 min at 37°C, highlighting a complex
recognized by base pairing of the intron RNA (data not with a 90 DNA bend angle; and (C and D) wild-type and mutant

. . . . —30MH-15 DNA substrates in the absence of RNPs. The histograms
shown). These findings agree with previous DNA footprint- beneath the images show the distribution of DNA bend angles in

ing experiments, which showed that DNA substrates having 100 complexes or DNA molecules for each panel. Gray shaded
unfavorable nucleotide residues in the dista¢®on region bell curves show the bimodal distribution of DNA bend angles.
do not form stable complexes with the RNFj. ( interactions with the '3exon that lead to bottom-strand
We did detect complexes with DNA substratel/+15, cleavage or bottom-strand cleavage itself.
which has modifications in'3exon sequences that must be ~ AFM Imaging of Complexes with Mutant RNFSmilar
recognized by the IEP for bottom-strand cleavage (Figure conclusions were reached from AFM imaging of complexes
7A). Above, we showed that this DNA substrate could formed with mutant RNPs containing C-terminally truncated
support reverse splicing but not bottom-strand cleavage LtrA proteins. RNPs containing LtrA mutattD/En, which
(Figure 3B, lane 8). Imaging of 100 complexes formed with lacks both the D and En domains, gave no detectable
the +4/+15 DNA substrate showed RNPs bound at the complexes (not shown), again in agreement with DNA
correct position, but with a wide range of DNA bend angles, footprinting experiments showing that these RNPs do not
as found for naked DNA (Figure 7A). These findings indicate form stable complexes with the DNA substra8). (RNPs
that the initial DNA target site recognition and reverse containing LtrA mutanfAEn were shown above to be capable
splicing are not by themselves sufficient to induce DNA of reverse splicing but not second-strand cleavage (Figure
bending and that bending requires either additional IEP 3, lane 9). As expected, these RNPs gave stable complexes

0 30 60 90 120 150
Angle (%)

0 30 60 90 120 150
Angle (%)
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Ficure 7: AFM imaging of complexes formed with mutant DNA target sites and RNPs that affegb® interactions and bottom-strand
cleavage. (A) Wild-type LI.LtrB RNPs incubated with DNA substra#/+15, which has disfavored nucleotide residues &x®&n positions
+4 to +15 from the intron insertion site. (B) Wild-type DNA substrate incubated with RNPs containing a mutant LtrA protein lacking the
C-terminal En domainAEn). The incubations were conducted for 30 min af@7The histograms below the images show the distribution
of DNA bend angles in 100 complexes for each condition.
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Ficure 8: AFM imaging of complexes formed by wild-type LI.LtrB RNPs with DNA substrates containing a nick at the bottom-strand
cleavage site. (A and B) Wild-type LI.LtrB RNPs incubated with wild-type (WT) and mutaitt-15 DNA substrates, respectively, containing

a prepositioned nick at the bottom-strand cleavage site. The incubations were conducted for 30 nfi@.af 87 histograms below the
images show the distribution of DNA bend angles in 100 complexes for each nicked DNA substrate.

detected by AFM, and analysis of 100 such complexes againshowed the same two bend angles #72°, 50%; 89+ 2°,
showed RNPs bound at the correct position, but with a wide 50%) as those with the unnicked WT substrate (Figure 8A),
distribution of bend angles (Figure 7B), reflecting either loss while complexes formed with the nickedt4/+-15 DNA
of required interactions with the' @xon or bottom-strand  substrate still exhibited a wide distribution of bend angles
cleavage. (Figure 8B). These experiments show that the introduction
AFM Imaging of Complexes with DNA Substrates Con- of the bottom-strand nick is not by itself sufficient to cause
taining a Nick at the Bottom-Strand Clesge Site.To bending and together with the results for th&n mutant
distinguish whether DNA bending is caused by IEP interac- with the wild-type DNA substrate (Figure 7B) indicate that
tions with the 3 exon or by bottom-strand cleavage itself, bending requires interaction of the IEP with specific se-
we carried out AFM imaging of RNPs bound to DNA quences in the'3xon.
substrates with a prepositioned nick at the bottom-strand AFM Imaging of Complexes after Initiation of Rese
cleavage site. One nicked DNA substrate contained the wild- Transcription. The addition of dNTPs during the DNA
type DNA target sequence, and the other containedHdhe integration reaction allows LtrA to initiate target-primed
+15 mutations that block interaction of the IEP with tHe 3 reverse transcription using the cleaved bottom strand as a
exon. Figure 8 shows AFM imaging of complexes formed primer. By adding just three dNTPs (dATP, dTTP, and
after a 30 min incubation of RNPs with these prenicked dGTP) and omitting dCTP, we can make reverse transcription
DNAs. The complexes with the nicked WT DNA substrate stop opposite the first G-residue in the template RNA (17



12432 Biochemistry, Vol. 45, No. 41, 2006 Noah et al.
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Ficure 9: AFM imaging of complexes after initiation of reverse transcription. Panels A and B show wild-type LI.LtrB RNPs incubated
with wild-type DNA substrate at 37C in the presence of dATP, dTTP, and dCTP:{2 each) for 5 and 30 min, respectively. The
highlighted molecules illustrate the predominant bend angle at each tirhat B8min and 90 at 30 min. Panel C shows mutant DD
RNPs, with the YADD— YAAA mutation at the RT active site, incubated with wild-type DNA substrate in the presence of dATP, dTTP,
and dCTP (2«M each) for 30 min at 37C. The histograms beneath the images show the distribution of DNA bend angles in 100 complexes
for each condition.

nucleotides), resulting in uniform complexes arrested at the ~10 nm and a height of1 nm. The diameter of the LI.LtrB
same stage of the reaction. Panels A and B of Figure 9 showRNPs, which have a calculated MW of 0.45 MDa [0.9 kb
AFM imaging of complexes formed by incubating wild-type RNA + two molecules of 70 kDa LtrA proteinld)], is in
RNPs with the WT DNA substrate in the presence of the reasonable agreement with expectations based on the sizes
three dNTPs for 5 and 30 min, respectively. After 5 min, of E. colismall and large ribosomal subunits. The dimensions
the number of complexes with the two major bend angles of theE. colismall ribosomal subunit (0.85 MDa) determined
was roughly equal (7& 3°, 48%; 90+ 2°, 52%), whereas by cryoelectron microscopy or X-ray crystallography are 10
after 30 min, the proportion of molecules with the greater nm x 15 nm x 6 nm, and those for the large ribosomal
bend angle increased dramatically #3°, 16%; 90+ 4°, subunit (1.7 MDa) are 24 nm 24 nm x 15 nm 33—36).
84%). By contrast, after a 30 min incubation with WT DNA  The relatively low height measured for LI.LtrB RNPs may
under the same conditions, DDRNPs, which have the reflect compaction during air drying or imaging or compli-
YADD — YAAA mutation at the RT active sitel@3), gave ance differences in tapping mode (see Resusgoli small
predominantly complexes with the smaller bend angle (73 ribosomal subunits appear to be flattenedNB0% by AFM

+ 2°, 46%) and only a small number of complexes with the imaging in air versus AFM imaging in solutioB2). LI.LtrB
greater bend angle (98 2°, 11%). Together, these results RNPs~10 nm in diameter could potentially contact 30 bp
suggest that the greater bend angle is characteristic of RNP®f unbent DNA and>30 bp if the DNA is bent, in agreement
carrying out reverse transcription. The results for DRNPs with known distal contact points at positior23 and+10
may reflect the fact that the integrity of the RT active site is (8). DNase | footprinting, which may somewhat overestimate
required to achieve the greater bend angle, but we cannotthe size of the binding site, showed protection over-48
exclude the possibility that the RT active site mutations affect bp [positions—25 to+19 on the top strand and28 to+16

the structure elsewhere in the protein. on the bottom strandgj]. The AFM imaging emphasizes
the striking compaction of the 902-nucleotide intron RNA
DISCUSSION in RNPs, which appear as a small dot on the 234 bp double-

Here, computational analysis indicates that LI.LtrB inte- Stranded DNA substrate.

gration sites in thée. coli genome have regions of higher The computational analysis showing that both retrohoming
predicted bendability than do randomly seledie@oli DNA and retrotransposition sites have regions with predicted
sequences, and AFM shows that the target DNA is bent bendability higher than those of randof. coli DNA
during the RNP integration reaction. The length of the DNA sequences suggests that bendability was a significant pa-
in the complex as determined by non-deconvoluted AFM rameter in the use of these sites. Bendability does not
measurements is 8% 9 nm, in good agreement with the distinguish whether the RNPs preferentially recognize DNA
calculated length (77.2 nm) and close to that determined by target sites that were already bent or whether the flexibility

AFM measurements for free DNA substrate 8111 nm), of the target site increases the efficiency of the reaction, by
indicating that the DNA is not wrapped around the RNPs to decreasing the energy required to achieve the bend. AFM
an appreciable extent. comparison of bend angles at the same position in the wild-

By AFM imaging, the LI.LtrB RNPs bound to DNA  type and—30H-15 mutant DNA substrates in the absence
appear to be roughly circular with an average diameter of of RNPs showed higher bend angles for wild-type DNA
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(Figure 6C,D), consistent with the possibility that the wild- v
type target site contains a higher proportion of molecules A
prebent at the correct positions. Assuming that the DNA on
the surface represents a snapshot of the state of DNA bending
in solution, these AFM results agree with recent simulations
of the in-plane bending of short semiflexible polyme33)(

While polymers with a ratio t* of contour length to
persistence length ef2 can only probe bend angles up to
90° with significant probability, more flexible polymers that
have reduced persistence lengths probe larger bend angles.
Given that the persistence length of DNA is generally-40

45 nm @8) or approximately half the length of our DNA,

the distribution of bend angles in the30/4+-15 DNA shows

the predicted behavior fortaof 2, while the wild-type DNA
shows the behavior expected fot af >2 or much reduced
stiffness.

Both the retrohoming and retrotransposition sites contain
only a small number of nucleotide residues whose bases are
recognized directly by the IEP, and with the exception of
T+5, these are only moderately conserved in different sites
[e.g., T-23 (41%), G-21 (79%), and A-20 (61%) in the
66 retrohoming sites and-123 (15%), G-21 (48%), and
A—20 (33%) in the retrotransposition sitek2( 19)]. The
region of the retrohoming sites recognized by base pairing
of the intron RNA also has variable sequences, due to the
method by which the sites were selected (i.e., with an LI.LtrB
intron having randomized EBS2, EBS1, afidcequences).
Thus, it seems likely that bendability itself is a factor in the
selection of LILLtrB target sites, beyond the nucleotide
residues recognized directly by LI.LtrB RNPs. FiGURE 10: Model showing how RNP integration may cause DNA

Figure 10 summarizes our AFM results in the form of a bending. (A) RNPs bind DNA nonspecifically and search for target
model showing the degree of bending at different stages of ?ites- (%%lpr:iaéizgfgg;%ﬁt rseitt?orﬁzon%nEgsnein\g?:i\:]eséfﬁlienitg{g;

; ; ; e ; ions wi
the reaction. First, we find that the initial DNA target site  2XI% ¢ EBS? EBSL and Seguences o thepIBSZ?IBSL and
recognition and reverse splicing reaction do not by them- seq ences, respectively, between positiod anc+3 of the DNA
selves lead to DNA bending. A mutant DNA substrate with target site. These initial DNA target site interactions and reverse
alterations betweer 8xon positionst4 and+15 (+4/+15) splicing of the intron RNA into the intron insertion site (IS) in the
and mutant RNPs that lack the En domain carry out thesetop DNA strand do not lead to detectable DNA bending. (C)

o . . : - Subsequent IEP interactions with tHee8on lead to an initial DNA
initial steps with relatively high efficiency but are unable to bend angle of 75and bring the scissile phosphate at the bottom-

carry out bottom-strand cleavage. In both cases, AFM gyrand cleavage site (CS) to the En active site. (D) Shift of the 3
imaging shows complexes with RNPs bound at the correct end of the cleaved bottom strand from the En to RT active site for
position, but with a wide distribution of DNA bend angles, initiation of reverse transcription leads to a greater bend angle of
as found for uncomplexed DNA. 0.

A second conclusion is that DNA bending likely results ~ The two progressively greater bend angles seen in time
from the force generated by RNPs binding simultaneously course experiments presumably reflect sequential IEP inter-
to both the 5and 3 exon regions of the DNA target site. actions that are known to occur with theekXon. These are
Previous studies showed that all mutations or chemical recognition of F5 and other nucleotide residues for bottom-
modifications in the distal '5exon or IBSH region of the strand cleavage, binding of the scissile phosphate between
DNA target site that affect IEP interactions or base pairing 3' exon positions+9 and+10 at the En active site, and
of the intron RNA inhibit not only reverse splicing but also finally repositioning of the 3end of the cleaved bottom
bottom-strand cleavagé,(8). Although we cannot exclude strand to the RT active site. The latter is expected to require
the possibility that some’ ®xon interactions are weakened a significant conformational change in the complex. We find
or lost at later stages, a likely interpretation is that most if that the proportion of complexes containing the greater bend
not all of the initial RNP interactions with the &xon are angle increases after initiation of reverse transcription by
required along with 3exon interactions to position the IEP  wild-type LI.LtrB RNPs, while the smaller bend angle
for bottom-strand cleavage. Our experiments with nicked predominates in complexes formed with DBNPs, which
DNA substrates confirm that bending results from RNP have a mutation in the RT active site (Figure 9). X-ray crystal
interactions with the '3exon and not from bottom-strand structures of retroviral RTs with bound templagrimer
cleavage itself (Figure 8). As indicated previously, three- substrates typically exhibit a 4@end in the template strand
dimensional modeling predicted that the IEP could not near the polymerase active sit89(-41), and even greater
interact simultaneously with its target sequences in the 5 bend angles are seen for other polymerase$ f@0E. coli
and 3 exons unless the DNA is bent strongly in the complex RNA polymerase42) and 90 for human DNA polymerase
(27). S (43)]. The DNA bend angle seen here for reverse trans-

RT




12434 Biochemistry, Vol. 45, No. 41, 2006

cribing RNPs may reflect not only an analogous bend at the

RT

active site but also the fact that the RNPs maintain

contacts involved in DNA target site recognition during the
initial stages of reverse transcription. At present, we can only
imagine the acrobatics required to progressively unwind the
highly folded intron RNA through the RT active site, a

process that presumably requires disruption of the strong IEP

interactions that stabilized the folded RNA structure for RNA
splicing and reverse splicing, as well as IEP and intron RNA
contacts with the DNA target site.
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