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monomer to effect sequential cleavage via
conformational changes in the td homing site
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I-TevI, the intron-encoded endonuclease from the
thymidylate synthase (td) gene of bacteriophage T4,
binds its DNA substrate across the minor groove in a
sequence-tolerant fashion. We demonstrate here that
the 28 kDa I-TevI binds the extensive 37 bp td homing
site as a monomer and significantly distorts its sub-
strate. In situ cleavage assays and phasing analyses
indicate that upon nicking the bottom strand of the td
homing site, I-TevI induces a directed bend of 380
towards the major groove near the cleavage site.
Formation of the bent I-TevI-DNA complex is proposed
to promote top-strand cleavage of the homing site.
Furthermore, reductions in the degree of distortion and
in the efficiency of binding base-substitution variants of
the td homing site indicate that sequences flanking the
cleavage site contribute to the I-TevI-induced con-
formational change. These results, combined with
genetic, physical and computer-modeling studies, form
the basis of a model, wherein I-TevI acts as a hinged
monomer to induce a distortion that widens the minor
groove, facilitating access to the top-strand cleavage
site. The model is compatible with both unmodified
DNA and glucosylated hydroxymethylcytosine-con-
taining DNA, as exists in the T-even phages.
Keywords: DNA bending/double-strand intron endonuclease/
minor groove interaction/nicked substrate/phage T4

Introduction
The thymidylate synthase (td) intron of the bacteriophage
T4 is a mobile element by virtue of endonucleolytic
activity encoded within the intron. The endonuclease
I-TevI recognizes and cleaves a cognate intronless allele;
subsequent repair of the double-strand break results in
intron inheritance (reviewed in Belfort, 1990; Mueller
et al., 1993).

I-TevI interacts with a 35-37 bp region of the intronless
td allele (Bryk et al., 1995), referred to as the td homing
site, and cleaves its substrate 23 and 25 nucleotides
upstream of the intron insertion site (Bell-Pedersen et al.,
1990; Chu et al., 1990; Figure IA). Mutational analyses
indicate that I-TevI is extremely tolerant of base changes
within the td homing site. Although no single base pair
within the region of interaction is absolutely required
for I-Tevl activity, the endonuclease manifests sequence

preferences in distinct regions of the homing site. Two
domains of the homing site, DI and DII, which are located
downstream of the I-TevI cleavage site and intron insertion
site, respectively (Figure 2A), have been identified based
on the relative intolerance of I-TevI to mutations in these
regions. The endonuclease is also somewhat sensitive to
mutations in a third domain (DIII), which spans the intron
insertion site (Bryk et al., 1993; Figure 2A). In addition,
I-TevI exhibits sequence preferences at the remote cleavage
site. The endonuclease is able to reach and pull back to a
displaced cleavage site, suggesting that the DNA binding
and catalytic portions of I-TevI are tethered by a flexible
hinge (Bryk et al., 1995).

Chemical protection and interference studies indicate
that I-TevI contacts the td homing site predominantly
across the minor groove, in close proximity to the sugar-
phosphate backbone. The discontinuous regions of contact
superimpose the genetically defined homing-site domains
DI and DIII, while DII is partially contacted (Bryk et al.,
1993). Characteristics, that include the I-TevI interaction
across the minor groove where sequence discrimination
is limited, the sequence tolerance of I-TevI and the presence
of genetically implicated noncontacted sequences within
the td homing site, suggest that DNA features other
than base sequence play a role in I-TevI function (Bryk
et al., 1993).

Given the minor-groove nature of the interaction and
the distance over which the enzyme acts, it was of
interest to investigate the stoichiometry of the I-TevI-
DNA complex and to determine if the endonuclease alters
the structure of the td homing site upon binding. Thus we
have demonstrated that the 28 kDa I-TevI binds its lengthy
substrate as a monomer forming two distinct, catalytically
active complexes, one of which exhibits a distortion within
the DI domain near the I-TevI cleavage site. The distortion
includes a directed bend associated with nicking of the
bottom strand at the cleavage site and with sequences
flanking this site. A model of the I-TevI-homing site
interaction is presented, whereby formation of the nicked,
catalytic complex facilitates the double-strand cleavage
necessary to effect intron homing.

Results
I-Tevi binds the td homing site as a monomer
A gel retardation assay based on a Ferguson (1964)
analysis was used to determine the stoichiometry of the
I-TevI-DNA interaction, with a 37 bp fragment that
represents the minimal homing site for endonuclease
function (Bryk et al., 1995). The molecular weight of the
I-Tevl-homing site complex was determined by comparing
its electrophoretic mobility with that of known protein
standards on a series of nondenaturing gels of increasing
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Fig. 1. Stoichiometry of the I-TeAI-homing site interaction. (A) Sequence of DNA fragments. Fragments used to determine the stoichiometry of the
I-Tevl-DNA and BamHI-DNA (top strand) interactions are illustrated. BamHI site, introduced by a 10 bp insertion at the intron insertion site (IS), is
enlarged and bold. Open and filled arrowheads correspond to the insertion site and I-TevI cleavage site (CS), respectively. (B) Representative
mobility shift gel. DNA substrates were incubated in the absence (-) or presence (+) of I-TevI or BamHI and separated through a 10%
polyacrylamide gel, to reveal the presence of the endonuclease-DNA complexes in the '+' lanes. Protein standards were separated alongside the
complexes on gels ranging from 7 to I1% polyacrylamide (results not shown). (C) Representative Ferguson analysis. A logarithmic function of
mobility for each of the protein standards and endonuclease-DNA complexes was plotted against the polyacrylamide concentration and fitted to a

linear regression. Protein standards are indicated: a, a-lactalbumin (molecular weight 14.2 kDa); b, carbonic anhydrase (molecular weight 29.0 kDa);
c, chicken egg albumin (molecular weight 45.0 kDa); d and e, bovine serum albumin monomer (molecular weight 66.0 kDa) and dimer (molecular
weight 132.0 kDa), respectively. Endonuclease-DNA complexes, as indicated. (D) Representative plot of -K, versus molecular weight. -Kr values
for protein standards were derived by a Ferguson analysis and plotted as a function of molecular weight. Protein standards a-e are as indicated in
(C). Interpolations of -Kr values derived for the I-TevI-DNA complex and the BamHI-DNA complex (dashed lines) indicate molecular weights of
-51.06 and -76.56 kDa, respectively. (E) Summary of data. Average molecular weights (kDa) of protein-DNA complexes were derived from the
plots in (D). n, calculated stoichiometry of the reaction. Standard deviations for three independent trials are indicated in parenthesis.

polyacrylamide concentration (Figure 1). In this analysis,
as gel concentration increases, the decreased mobility of
each species is influenced solely by the size and shape of
the molecule, because ionic conditions within the gel
series are constant (Orchard and May, 1993). Therefore,
the molecular weight of an unknown species can be
determined by comparison of its electrophoretic mobility
with that of known protein standards. Relative mobilities

of the protein standards and the I-TevI-homing site com-

plex were determined and plotted as a function of gel
concentration (Figure lB and C). The slope of each line
represents the retardation coefficient (Kr) for that species
and is inversely related to its molecular weight (Figure
ID). Thus, by comparing the -Kr value of the I-TevI-
DNA complex with those of the protein standards, we

determined the molecular weight of the complex to be
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51.06 kDa (with a standard deviation of ±4.44, over three
trials). Taking into account the molecular weight of the
DNA substrate (theoretical molecular weight 24.01 kDa),
the molecular weight of the protein component of the
complex was determined to be 27.05 kDa, indicating that
I-TevI (theoretical molecular weight 28.22 kDa) binds the
td homing site as a monomer (Figure ID and E).
To confirm the accuracy of the analysis, we determined

the stoichiometry of restriction endonuclease BamHI com-
plexed to its target site. In this experiment, the DNA
substrate was of similar sequence to the I-TevI minimal
homing site, but with a 10 bp insertion that introduces a
BamHI recognition site into the fragment (Figure IA).
Using Ferguson analyses and -Kr comparisons (Figure
1B-E), the molecular weight of the BamHI component of
the protein-DNA complex was estimated to be 46.06 kDa
(+3.06, over three trials), indicating that the restriction
endonuclease, with a monomer molecular weight of
24.57 kDa, binds as a dimer, as demonstrated previously
(Strzelecka et al., 1995).
To verify independently that I-TevI binds its DNA

substrate as a monomer, mixed mobility shift experiments
(Hope and Struhl, 1987) were performed with wild-
type I-TevI (28.22 kDa) and a larger derivative of the
endonuclease (70.61 kDa) with I-TevI fused to maltose
binding protein (G.H.Silva, unpublished data). Complexes
formed with a mixture of the two I-TevI species exhibited
electrophoretic mobilities characteristic of each protein
individually. Similar results were obtained when wild-
type I-TevI and a truncated form of the endonuclease
(13.21 kDa) that retains DNA binding function
(V.Derbyshire, unpublished data) were used in mixing
mobility shift experiments. Because no intermediate-sized
complexes were detected (data not shown), the data
corroborate the Ferguson analysis, indicating that I-TevI
binds as a monomer.

Circular permutation studies: a distortion near the
cleavage site
Given that I-TevI binds its 37 bp target sequence as a
monomer, and considering that many minor-groove bind-
ing proteins bend their substrates (see Discussion), a
conformational analysis of the DNA in the complex was
undertaken. The anomalous electrophoretic mobility of
curved or bent DNA through nondenaturing polyacryl-
amide gels is related to the end-to-end distance of the
distorted molecule (Lerman and Frisch, 1982; Lumpkin
and Zimm, 1982). Thus, DNA fragments containing a
circularly permutated protein binding site can be used in
gel retardation assays to study the effects of protein
binding on DNA substrate conformation (Wu and Crothers,
1984). In these studies, as the protein binding site is
moved from the end to the middle of the DNA fragment,
if the helical axis of the substrate is distorted then the
end-to-end distance of the fragment decreases, as does its
electrophoretic mobility. It is worth noting that the
observed differences in mobility do not result necessarily
from DNA bending in a directed orientation, but may
reflect isotropic bending of the helical axis or other
structural alterations in the DNA or protein (Kerppola
and Curran, 1993; Avitahl and Calame, 1994; Kahn
et al., 1994).
A 50 bp insert containing the td homing site (Figure
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Fig. 2. Circular permutation analysis. (A) Sequence of the td homing
site. Larger letters represent the extent of the td homing site sequences
required for I-TevI cleavage (Bryk et al., 1995). Hypomutable domains
DI, DII and DIII are underlined. Open and filled arrowheads are as
explained in the legend to Figure 1. (*) Base pairs implicated in
homing site flexibility. (B) Circular permutation probes for td homing
site. Shaded boxes (El, exon 1; E2, exon 2) represent a 50 bp td
fragment, illustrated in (A), cloned into the pBend2 vector. Probes a-k
were generated by cleavage with the restriction enzymes BamHI, NruI,
StuI, SmaI, PvuII, EcoRV, DraI, XhoI, SpeI, NheI and MluI,
respectively. The numerical scale denotes the base pair positions of the
td homing site in the bending probes, such that base pairs upstream of
the insertion site are numbered from -1 and base pairs downstream of
the insertion site are numbered from + 1. (C) Gel mobility shift assay.
Lanes 1-4 contain A6-tract standards carrying two, three, four or five
A6 tracts, respectively (Thompson and Landy, 1988). Lanes a-k
contain bending probes a-k incubated with I-TevI and electrophoresed
through an 8% polyacrylamide gel. Us indicates the slower-migrating
upper complex. UF indicates the faster-migrating upper complex. UB
indicates unbound probe.

2A) was cloned into the pBend2 vector (Kim et al., 1989).
As shown in Figure 2B, restriction enzyme cleavage at
sites that flank the insert results in the circularly permutated
placement of the td homing site within the fragment. When
these bending probes (Figure 2B, a-k) were incubated
with I-Tevl in the absence of exogenous magnesium
and electrophoresed through polyacrylamide gels under
nondenaturing conditions, three td-related bands were
evident: the most rapidly migrating band corresponds
to unbound DNA (UB), whereas the two upper bands
correspond to I-TevI-complexed DNA (UF and Us). The
anomalous migration of I-TevI-DNA complexes indicates
that I-Tevl induces a significant distortion in its DNA
substrate within the slower-migrating complex (Us; Figure

5726



Endonuclease I-Tevi distorts its DNA substrate

A

0

0)
.-W

5,

.2

So

B

0

-o

E

k

0.75

0.65

a h
0.55 g9

0.45 ...
-60 -40 -20 0 20 40 60

Position of Midpoint

v v
CAACGCTCAGTAGATGTTTTCTTGGGTCTACCGTTTMTATTG 3'
A Di DIII DIl

0.5

0.4

0.3

0.2

0.1 1

0.
0 20 40 60 80 100

Angle (o)

Fig. 3. Localization and magnitude of the distortion. (A) Mapping of
the I-TevI-induced distortion. The relative mobility (1tr) of each of the
bending probes (a-k) was plotted as a function of the midpoint
position of the probe according to the scale in Figure 2B. The
minimum of the curve reflects the position of the center of the
distortion within the homing site. The average curve minimum for
nine independent experiments was mapped to -20.8 (black diagonal
line) + 0.8 bp (horizontal line). (B) Magnitude of the I-TevI-induced
distortion. The amplitude [I - (tMID/tEND)] for each of the A6-tract
standards (1-4) was plotted as a function of the estimated induced
angle (see text). The graph corresponds to data from the experiment
shown in Figure 2C, lanes 1-4. The dashed line represents the
interpolation of the amplitude for the Us complex from a best-fit
circular permutation function (see Materials and methods, Equation 1).

2C, lanes a-k). Bending probes with the I-TevI binding
site located near the center form complexes that migrate
substantially more slowly (Figure 2C, probes b and c,
lanes b and c, respectively) than those whose binding sites
are located near an end (Figure 2C, probe k, lane k). The
single bound complex shown in Figure 1B corresponds to
the situation in lane k, where the cleavage site is close to
the end of the fragment (note that the single upper
band in lane k corresponds to comigrating UF and Us
complexes).

Representative data from a circular permutation analysis
are displayed graphically in Figure 3A. The mobility of
each of the Us I-TevI complexes relative to the unbound
DNA was plotted as a function of the distance between
the insertion site and the fragment midpoint for each of
the bending probes. When the data from nine independent
experiments were fitted by a second-order polynomial, the
center of the I-TevI-induced distortion mapped to position

-20.8 + 0.8 bp on the td homing site. Similar results
(-20.2 ± 0.7 bp) were obtained when the data were
fitted to a trigonometrically derived, circular permutation
function (see Materials and methods, Equation 1; Kerppola
and Curran, 1993). Thus, the I-TevI-induced distortion
was mapped to the DI domain, proximal to the I-TevI
cleavage site.

In the circular permutation analyses, slightly anomalous
electrophoretic mobilities of the UB fragments and UF
complexes indicate that a subtle helical nonlinearity is
also associated with these species. A distortion of the UB
fragment, which becomes more apparent when separated
with a uniform size marker in each lane (data not shown),
was inferred previously from hydroxyl radical footprinting
of the naked homing site (Bryk et al., 1993). However,
the subtlety of these flexures precludes measurement of
the distortion.

The magnitude of the distortion
The magnitude of the I-TevI-induced distortion was
assessed by comparison with a set of bending standards
(Thompson and Landy, 1988) that was separated on the
mobility shift gels (Figure 2C, lanes 1-4) alongside the
circularly permuted, I-TevI-homing site complexes (lanes
a-k). Each pair of bending standards consists of DNA
fragments containing two to five A6 tracts located near
the end or middle of each fragment. When the A6 tracts
are located in the middle of the fragment, electrophoretic
mobility is reduced. Consistent with previous studies, we
have used a value of 180 as the bend angle generated by
each A6 tract (Koo et al., 1990). Thus, the difference
in electrophoretic mobilities between fragments can be
correlated to a corresponding bend angle. A representative
curve generated from the differential mobilities of the A6-
tract standards in Figure 2C is shown in Figure 3B. By
interpolating the amplitude of the circular permutation
function (Equation 1) for the I-TevI-td homing site Us
complex, we estimated an I-TevI-induced distortion magni-
tude of -94 + 10 from four independent trials. This result
is in agreement with estimates of 90 ± 10 generated when
the data were fitted to a cosine-related function describing
the circular permutation analysis (see Materials and
methods, Equation 2; Thompson and Landy, 1988;
Kerppola and Curran, 1993). The magnitude of the I-TevI-
induced distortion reflects the electrophoretic con-
sequences of a directed bend in the DNA substrate, other
structural anomalies within the Us complex, or both.

The orientation and magnitude of a directed
1-Tevi-induced bend
To determine if and to what extent the I-TevI-induced
distortion (Figures 2 and 3) resulted from a directed bend,
we performed a phasing analysis on the I-TevI-homing
site interaction (Zinkel and Crothers, 1987; Salvo and
Grindley, 1988; Kerppola and Curran, 1991a,b). Phasing
probes containing the td homing site were generated by
incrementally increasing, over a single helical turn, the
distance between the center of the I-TevI-induced distortion
(-21 bp) and the center of a known intrinsic bend,
consisting of three phased A5 tracts (Figure 4A). If I-TevI
binding causes a directed bend, then the end-to-end
distance of the probe and the electrophoretic mobility of
the complex will be at a minimum when the I-TevI-
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Fig. 4. Phasing analysis. (A) Schematic of phasing probes. Above
each phasing probe a-f is the center-to-center distance (bp) between
the I-TevI-induced distortion (V) and the center of an intrinsic A5-tract
bend (v). The circles provide a view down the helical axis of the
substrate, indicating the relative placement of the two bends. (B) Gel
mobility shift analysis of phasing probes. Lanes 1-4 contain A6-tract
standards carrying two, three, four or five A6 tracts, respectively.
Lanes a-f contain phasing probes a-f incubated with I-TevI and
electrophoresed through an 8% polyacrylamide gel. UB, UF and Us
are as in the legend to Figure 2. (0) Us; (0) UF. For phasing probe b
(lane b), the UF and Us complexes comigrate, as determined by in situ
cleavage analysis (data not shown).

induced bend and the intrinsic bend act cooperatively.
Similarly, the end-to-end distance of the fragment and the
electrophoretic mobility of the complex will be at a

maximum when the two bends counteract. Considering
that A5 tracts bend DNA towards the minor groove (Zinkel
and Crothers, 1987), in-phase cooperative bending and
decreased electrophoretic mobility would indicate an

I-TevI-induced compression of the minor groove, while in-
phase counteractive bending and increased electrophoretic
mobility would indicate compression of the major groove.

Phasing probes, with center-to-center distances of 27,
29, 31, 33, 35 and 37 bp between the I-TevI-induced bend
and the intrinsic A5-tract bend, were incubated with I-TevI
and separated using polyacrylamide gels (Figure 4B).
For the fragment in which the center-to-center distance
between the two bends was in phase (31 bp, assuming
10.5 bp per helical turn), the mobility of the Us complex

was fastest (Figure 4B, lane c). Conversely, the slowest
mobilities were observed when the center-to-center dis-
tances were out of phase (Figure 4B, lanes a, e and f,
representing separations of 27, 35 and 37 bp, respectively).
These results indicate that I-TevI bends the td homing
site in a directed fashion towards the major groove.
Interestingly, as seen in the circular permutation analysis,
the variation in the mobilities of the unbound probes and
the UF complexes during the phasing analysis underscores
the nonlinearity associated with the td homing site.
By fitting the data to a trigonometric phasing function

(see Materials and methods, Equations 3 and 4; Kerppola
and Curran, 1993), the magnitude of the I-Tevl-induced
directed bend was estimated at 38 ± 2° from three
independent trials. Differences between the observed dis-
tortion and the directed bending of the DNA target upon
I-TevI binding will be discussed.

A nick in the bottom strand is associated with the
bend
To examine further the structure of the distorted I-TevI-
td homing site intermediate, we generated, by PCR, 304 bp
bending probes that place the bend locus near the end and
at the middle of the respective fragments (Figure 5A,
probes m and n). Representative data of I-TevI binding to
fragments with the bend 10% from the end (probe m) and
in the middle (probe n) of the fragment are shown in
Figure SB. As with the pBend2 probes (Figure 2), the
position of the bend in the PCR-generated fragments had
little influence on the electrophoretic mobility of the UF
complex. However, positioning greatly affected mobility
of the Us complex, reflecting a distortion. Taking advant-
age of our ability to isolate catalytically active I-Tevl-
DNA complexes formed in the absence of divalent cations
from polyacrylamide gels (Bryk et al., 1995), we per-
formed in situ cleavage assays to evaluate the cleavage
status of the complexes generated with the two bending
probes. Thus, unbound DNA and complexes formed with
the two probes m and n (Figure SB, UB, UF and Us) were
treated within the gel with buffer containing either EDTA
or Mg2+, gel purified and re-electrophoresed through
denaturing polyacrylamide gels (Figure 6A). The data
indicate that in the faster-migrating, minimally distorted
complexes (UF), the DNA was largely intact, and that
cleavage occurred after incubation with Mg2+-containing
buffer (Figure 6A). However, in the slower-migrating,
distorted complexes (Us), the DNA was nicked on the
bottom strand at the cleavage site prior to the addition of
exogenous Mg2+. After incubation with the divalent cation,
cleavage of the top strand took place, producing a double-
strand break (more clearly evident in Figure 6A, END).
In experiments where only the bottom strand was labeled,
re-electrophoresis through denaturing gels indicated that
>95% of the DNA in the Us complex was nicked on the
bottom strand (data not shown). In situ cleavage assays
have been performed on a number of different td homing
site fragments. In all cases, irrespective of the position of
the bend, the slower-migrating bent complex (Us) was
associated with a nick in the bottom strand, whereas the
faster-migrating unbent complex (UF) was not (Bryk et al.,
1995; Figure 6A; data not shown).
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Fig. 5. Gel mobility shift analysis of PCR-generated I-TevI bending
probes. (A) I-TevI bending probes. Oligonucleotide primers
complementary to exon 1 (m'-p') and exon 2 (m"-p") of the tdAln
gene were used to generate, via PCR, two 304 bp fragments (probes m
and n) and two 100 bp fragments (probes o and p) which contain the
td homing site. The I-TevI-induced bend locus (stippled triangle) was

placed either near the upstream end (10%) (probes m and o) or in the
middle (50%) (probes n and p). (B) Representative mobility shift gel.
Labeled bending probes m (END) and n (MID) were incubated in the
absence (-) or presence (+) of I-TevI and electrophoresed through 8%
polyacrylamide gels. UB, UF and Us are as in Figure 2.

The role of the nick in bend formation
To examine the effect of a single nick on the structure of the
td homing site, we performed a two-step, non-denaturing
electrophoretic analysis (Figures 5B and 6B). In this
experiment, we isolated the nicked td homing site from
the slower-migrating I-TevI complex (Figure 5B, Us)
and re-electrophoresed the naked DNA through native
polyacrylamide gels. This was performed with DNA
fragments that carry the I-TevI cleavage site at the middle
and near the end of the molecule, thus producing a

permuted, nicked td homing site. Upon re-electrophoresis,
the migration of the nicked homing sites was similar to
that of the unnicked, intact counterparts (Figure 6B,
compare Us with UB). This suggests that while the bend
within the active I-TevI-DNA complex is associated with
a break in the sugar-phosphate backbone, the helical
distortion and altered mobility result directly from I-TevI
binding.

Additionally, DNA was isolated from the nicked Us

complex and used as the substrate for I-TevI binding.
After separation on a nondenaturing gel, the Us complex,
in which the homing site is distorted, was the predominant
form (Figure 6C). These experiments suggest that the nick
favors the formation of the bent complex.

The role of cleavage site sequences on distortion
of the td homing site DNA
Mutational analyses of the td homing site indicate that
sequences flanking the I-TevI cleavage site affect the
mobility of the nicked, catalytically active complexes
through nondenaturing gels (Bryk et al., 1995). In a study
in which the 6 bp encompassing the cleavage site (5'-
CAACGC-3') were changed individually to each other
possible base pair, it became apparent that base substitu-
tions at positions G:C-23 and C:G-27 led to anomalous
mobilities (Figure 2A, asterisks, and Table I). To examine
a possible role for these sequences in conformational
changes of the homing site, we performed gel mobility
shift assays on bending probes (Figure SA, probes o and
p) carrying these variant homing sites either near the end
or at the middle of each fragment. Of the six variants at
positions G:C-23 and C:G-27 tested, the G-23C and all
three C:G-27 (C-27A, C-27G and C-27T) mutants formed
Us complexes, albeit at greatly reduced efficiencies (<25%
of wild type; Bryk et al., 1995; Table I). Furthermore, the
relative mobilities of these variant Us complexes differed
by 3-7% from that of the wild type (Table I, iUR ranging
from 1.03 to 1.07), representing a decrease in magnitude
of the I-TevI-induced distortion of between 2.8 and 6.60
relative to wild type. This was in contrast to the control
mutant at position A:T-25, A-25C, which migrates like
the wild-type td homing site (Bryk et al., 1995; Table I).
Thus, mutations at two positions, G:C-23 and C:G-27,
which flank the sites of cleavage on the top and bottom
strands reduce both the formation and the degree of
distortion of the Us complex, indicating that these base
pairs act either directly or indirectly to influence the
conformation of the homing site in the presence of I-TevI.

Discussion
We have demonstrated that I-TevI endonuclease binds the
td homing site as a monomer, changing the conformation
of the site as it forms the nicked, catalytically active Us
complex. Remarkably, the 28 kDa endonuclease is able
to span over three turns of the helix to effect catalysis,
consistent with genetic and physical data suggesting that
I-TevI interacts with its substrate via a flexible hinge (Bryk
et al., 1995). Interestingly, the unbound td homing site
exhibits a small degree of helical nonlinearity (Figure
4B). This intrinsic structural feature might serve as a
recognition element for the endonuclease, which binds in
a sequence-tolerant fashion; alternatively, the structural
anomaly might predispose the helix to bending upon
contact with I-TevI. The pronounced distortion in the Us
catalytic complex is associated with a directed bend and
a sequence-dependent I-TevI-induced nick at the bottom-
strand cleavage site. The distortion near the cleavage site
maps to the DI domain (Figure 3A), which was shown
previously by mutational and physical analyses to be
important for the formation of the catalytically active
I-TevI complexes (Bryk et al., 1993, 1995). The data are
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Fig. 6. Re-electrophoresis of I-TevI-bending probe complexes. (A) Re-electrophoresis through denaturing polyacrylamide gels. Two individual
mobility shift assays were performed as in Figure SB with bend probes m (END) and n (MID). Gels were treated with either EDTA buffer or Mg2+
buffer. DNAs were eluted and re-electrophoresed through 8% polyacrylamide gels containing 8.3 M urea. A schematic representation of the homing
sites is illustrated above each gel. Filled arrowheads, UB, UF and Us are as detailed in the legend to Figure 2. UNCUT, uncut substrate. BOT and
TOP, labeled product resulting from I-TevI cleavage of the bottom and top strands, respectively. Predictably for MID, cleavage products of the two
strands comigrate. (B) Re-electrophoresis through native polyacrylamide gels. A mobility assay, as in Figure 5B, was performed. The gel was treated
with EDTA, and purified DNAs from the UB and Us bands were re-electrophoresed through 8% nondenaturing polyacrylamide gels. Labels are as in
Figure SB. (C) Gel mobility shift analysis of intact and nicked I-TevI substrates. A 100 bp td homing site fragment which contains the I-TevI-induced
distortion in the middle of the fragment (Figure SA, probe p) was incubated with I-TevI and electrophoresed through a native 12% polyacrylamide
gel. DNA from UB (intact) and Us (nicked) complexes was purified from the gel, re-incubated in the absence (-) or presence (+) of I-TevI and re-
electrophoresed through a native 12% polyacrylamide gel, as indicated.

Table I. The effect of variant td homing sites on I-TevI-induced flexure

Homing sitea Sequenceb Mobilityc Us complexd Re Change in distortion (o)f

Wild type 5'-CAACGC-3' normal + + 1.00 0.0
G-23A 5'-CAACAC-3' aberrant - NA NA
G-23C 5'-CAACCC-3' aberrant + 1.07 -6.6
G-23T 5'-CAACTC-3' aberrant - NA NA
C-27A 5'-AAACGC-3' aberrant + 1.07 -6.6
C-27G 5'-GAACGC-3' aberrant + 1.07 -6.6
C-27T 5'-TAACGC-3' aberrant + 1.03 -2.8
A-25C 5'-CACCGC-3' normal + + 1.00 0.0

aHoming sites analyzed were the wild-type and cleavage site variants listed (Bryk et al., 1995).
bBase substitutions are bold in the top strand of the variants (nucleotides -27 to -22, 5' to 3').
cMobility of the Us and UF complexes (Bryk et al., 1995).
dUS complex present in an amount similar to wild type (+ +), present in an amount substantially lower (<25%) than wild type (+), or not
detected (-).
eTwo 100 bp td homing site fragments which contain the I-TevI-induced bend near the end (Figure SA, probe o) or in the middle (Figure 5A, probe
p) of the fragment were incubated with I-TevI and electrophoresed through 12% polyacrylamide gels. tR represents the relative mobility of the
slower-migrating nicked complex (Us) for those fragments carrying the bend locus at the middle relative to fragments carrying the bend locus near
the end, normalized to that of wild type. NA, not applicable, applies to those variants for which no Us was detected.
fThe magnitude of the change in distortion values is calculated based on a wild-type value of 94°.
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Fig. 7. Model of the td homing site. (A) Directed bending of the td
homing site. The td homing site in the catalytically active nicked Us
complex was modeled from genetic and physical studies of the
interaction with I-TevI and the behavior of other minor-groove binding
proteins that bend their DNA substrates (see Materials and methods).
The model depicts a directed bend in the helical axis of the DNA of
-38°. Stippled base pairs represent G:C-23 and C:G-27, which have
been implicated in the distortion of the homing site. Other labels are
as in Figures 1 and 2. (B) Model of I-TevI-td homing site interactions.
Light shading represents I-TevI; dark shading indicates regions of
I-TevI-DNA contact across the minor groove (Bryk et al., 1993);
intermediate shading represents regions of inferred contact based on
functional assays (Bryk et al., 1995) and depicts the protein accessing
the top-strand cleavage site through the widened minor groove. The
model represents a hinged monomer with a flexible association of
I-TevI subdomains (Bryk et al., 1995). (C) Molecular modeling of the
cytosine-modified td homing site. DNA is shown in a ball-and-stick
configuration, with cytosines modified at the C5 positions and
glucosylated hydroxymethyl groups as space-filled molecules. The
lower duplex is a 180° rotation of the upper, exposing the opposite
face of the helix.

consistent with a role for DI in positioning the I-TevI-
induced bend, thus facilitating access to the top-strand
cleavage site via the minor groove (see below and
Figure 7).

The role of the nick in distorting the homing site
DNA
A number of studies have addressed how discontinuities
in the sugar-phosphate backbone affect DNA flexibility.
NMR and crystallographic analyses show that the structure
of a nicked DNA duplex is similar to that of canonical
B-DNA with minor perturbations flanking the break
(Pieters et al., 1989; Aymami et al., 1990). Similarly, gel
mobility analyses suggest no difference in helical rigidity
between intact and nicked duplexes (Mills et al., 1994).
However, other studies have demonstrated that a nick in

a 139 bp fragment of pBR322 DNA induces a bend of
-60°. The magnitude of the bend is enhanced further with
protein binding (Le Cam et al., 1994). Our results suggest
that although the nick in the bottom strand of the td
homing site has little effect on DNA conformation in the
absence of protein (Figure 6B), it does facilitate the
formation of the distorted complex by I-TevI (Figure 6C).
As indicated by phasing analyses, the nick in the bottom

strand of the Us complex increases the flexibility of the
bound substrate and allows I-TevI to direct a 380 bend in
the DNA towards the major groove (Figure 4). Interest-
ingly, the anomalous electrophoretic mobilities observed
during circular permutation studies reveal a distortion
which correlates to a bend angle of -94° (Figures 2 and
3). The difference between these two values indicates
that structural anomalies, such as changes in helical
conformation or local DNA melting, are present within
the Us complex, in addition to the directed bend.

Although I-TevI forms two distinct cleavage-competent
complexes (UF and Us) with its DNA substrate, only Us
is associated with the nick and the bend. The observed
activity of the intact UF complex in the presence of Mg2+
during in situ cleavage assays (Figure 6A) may result
from conformational changes that occur within the gel
matrix. Alternatively, UF and Us might represent two
different modes of cleavage by the endonuclease. Indeed,
in the case of restriction endonuclease EcoRV, the prefer-
ence for an either sequential or concerted cleavage mechan-
ism has been linked to divalent cation availability (Halford
and Goodall, 1988; Taylor and Halford, 1989). Similarly,
Mg2+ concentrations may influence the mechanism by
which I-TevI catalysis occurs.
A second phage T4 homing endonuclease I-TevII,

encoded by the sunY intron, interacts with its DNA
substrate across the minor groove, distorting the DNA
helix upon binding (Loizos et al., 1995). Interestingly, I-
TevII also forms two catalytically active complexes with
its DNA substrate. However, unlike I-TevI, both intact
and nicked complexes are associated with a measurable
distortion. It is unclear whether the observed distortion of
the intact I-TevII complex simply reflects the extent of a
structural anomaly that is more pronounced than in the
intact I-TevI complex, or whether it signifies fundamental
mechanistic differences between I-TevI and I-TevII
catalysis.

Sequences flanking the cleavage site influence
formation of the bent complex
The relative inefficiency with which I-TevI forms the Us
complex upon binding base substitution variants at homing
site positions -23 and -27 may result from altered protein-
DNA contacts, although none have been mapped directly
to these base pairs (Bryk et al., 1993, 1995; Table I).
Alternatively, changes at these positions may inhibit the
distortion directly by increasing the rigidity of the DNA
helix in the region of the cleavage site. Thus, by analogy
to the sequence-dependent bending of the lac promoter
by the Escherichia coli catabolite activator protein (Garten-
berg and Crothers, 1988), the flexibility of the td homing
site may be influenced by the nucleotide sequence.

Model of the I-Tevi-homing site interaction
Functional studies on modified substrates suggest that
I-TevI interactions at both insertion and cleavage sites
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occur via the minor groove (Bryk et al., 1993, 1995). A
number of studies investigating the interaction of minor-
groove binding proteins and their substrates point to
protein-induced DNA bending (Robertson and Nash, 1988;
Suck et al., 1988; Thompson and Landy, 1988; White
et al., 1989; Giese et al., 1992; Kim et al., 1993a,b; King
and Weiss, 1993; Loizos et al., 1995; Werner et al., 1995).
Structural (Suck et al., 1988; Giese et al., 1992; Kim
et al., 1993a,b; Feng et al., 1994; Werner et al., 1995)
and modeling (White et al., 1989) studies have indicated
that proteins such as DNase I, LEF-1, TBP, Hin recombi-
nase, IHF, HU and SRY distort their DNA substrates and
widen the minor groove at the bend locus. Similarly, our
results allow us to assign directionality to the I-TevI-
induced bend. Analogy to the above-mentioned minor-
groove binding proteins coupled with our experimental
data (Figures 1-6; Bryk et al., 1993, 1995) have led us
to propose a working model in which I-TevI binding across
the minor groove of the td homing site (Figure 7B,
dark shading) results in a distortion of the helical path
approaching the cleavage site. The depicted bend involves
major-groove compression accompanied by widening of
the minor groove, in a way that may increase accessibility
to the endonuclease to effect cleavage of the top strand
(Figure 7A and B, intermediate shading).
The conserved amino acid motif GIY-YIG has been

identified in I-TevI and fungal, mitochondrial intron open
reading frames, as well as in the bacteriophage T4 site-
specific endonuclease SegA (reviewed in Mueller et al.,
1993). This motif, which is proposed to be involved in
endonucleolytic activity, is predicted by secondary struc-
ture analyses to form part of a 13-ribbon at the N-terminus
of I-TevI (Bryk et al., 1993). Interestingly, TBP, HU and
Hin recombinase adopt a 1-structure which is implicated
in both DNA interactions across the minor groove and
DNA bending. In a similar manner, our model proposes
that I-TevI interacts across the minor groove and distorts
the td homing site upon nicking the bottom strand. The
contacts of I-TevI across the minor groove are depicted in
Figure 7B in two regions, flanking the intron insertion
site (DIII-DII) and approaching the cleavage site (DI), in
accordance with previous genetic and physical studies
(Bryk et al., 1993, 1995).
The model depicts I-TevI binding its DNA substrate as

a monomer with a flexible hinge, reminiscent of the
monomeric restriction endonuclease FokI which cleaves
its target nine and 13 nucleotides away from its recognition
site (Li et al., 1992; Li and Chandrasegaran, 1993). I-TevI
cleavage site displacement studies (Bryk et al., 1995),
together with the stoichiometric data presented here
(Figure 1), serve as the basis for the proposed flexible
tether between functional domains of the endonuclease.
Furthermore, biochemical analyses indicate that I-TevI
comprises separate DNA LBinding and catalytic domains
(V.Derbyshire, personal communication). Considering that
polypeptide linkers between functional domains can lack
secondary structure (Flick et al., 1994; Klemm et al.,
1994), a tether between the primary DNA binding and
endonucleolytic domains of I-TevI would provide this
28 kDa endonuclease with the necessary flexibility to
make contacts at the insertion site and to extend to DI
and cleavage site sequences to effect catalysis (Figure 7B).

Naturally occurring modifications in the major groove

of DNA are consistent with protein-induced distortions.
Transcription factor TFI from the bacteriophage SPOI,
which is related to the minor-groove binding proteins
HU and IHF (White et al., 1989), binds and bends
5-hydroxymethyluracil-containing DNA (Sayre and
Geiduschek, 1990; Schneider et al., 1991). Likewise, the
restriction enzyme SmaI bends both unmethylated and
C5-methylated substrates (Withers and Dunbar, 1993). A
dam methylation site introduced near the cleavage site of
the td homing site had no deleterious effects on I-TevI
binding or cleavage when either methylated or unmethyl-
ated (Bryk et al., 1995). Thus, the I-TevI-induced distortion
is not compromised by the presence of a methyl group
within the major groove (at the -22 bp position) near the
bend locus. Notably, bacteriophage T4 DNA contains
glucosylated 5-hydroxymethylcytosine that imparts upon
the DNA a wider, shallower major groove than canonical
B-DNA (Saenger, 1984). Considering that the substrates
used in our experimental system do not contain hydroxy-
methylcytosine, it remains unclear how the structural
differences of phage DNA might affect I-TevI binding and
bending of the td homing site. However, competition
studies indicate that I-TevI has similar binding affinities
for modified and unmodified substrates (data not shown).
Furthermore, from a preliminary molecular modeling
study, glucosylated hydroxymethyl groups at the C5 posi-
tion of cytosines are consistent with the I-TevI-induced
bend (Figure 7C). Minimization data indicate that major-
groove compression of the modified DNA is permitted
without atomic overlap. The compatibility of major-groove
compression with the modification of cytosine residues
within the td homing site implies that the endonuclease
functions on both natural and unmodified substrates in a
manner similar to that of other minor-groove binding
proteins.

Helical distortions, as observed with the I-TevI-td
homing site interaction, are energetically unfavorable (Liu-
Johnson et al., 1986; Zinkel and Crothers, 1991). Although
the presence of the nick and the flexibility of homing site
sequences contribute to the formation of the catalytically
active Us complex, free energy would still be required
and remain stored within the bent complex. The potential
role of this energy in the ensuing steps of the endonucleo-
lytic reaction, as, for example, in the cleavage of the top
strand or the release of bound I-TevI from cleaved substrate
to facilitate the homing process, remains a subject of
speculation.

Materials and methods
DNA fragments and bending standards
The DNA fragments used to determine the stoichiometries were generated
by PCR using end-labeled primers 5'-AACGCTCAGTAGATG-3' and
5'-TTAAACGGTAG-3'. Because the cleavage site is located at the
upstream end of the fragment, DNA distortion is of no consequence to
the mobility of the fragment (Figures 1-3) for the purposes of the
stoichiometric analysis. The I-TevI target site was synthesized from
template pBStdAIn (Bell-Pedersen et al., 1989), and the BamHI target
site was synthesized from template pSUtdAInOP21 (Clyman and
Belfort, 1992).

Bending probes containing wild-type or variant td homing sites were
generated by PCR in the presence of [a-32P]dCTP unless otherwise
stated. Primers complementary to sequences flanking the pBend2 cloning
site, a' (5'-CGGTGCCTGACTGCGTTAGC-3') and a" (5'-GGCGTAT-
CACGAGGCCC-3'), were used to amplify the 50 bp td homing site.
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PCR products were digested with the appropriate restriction enzymes to
generate bending probes a-k (Figure 2B), which were then purified
using 8% polyacrylamide gels. The 304 bp bending probes (Figure SA,
probes m and n) were generated using primers m' (5'-GGCTATTTGG-
ATTTGCAGTTG-3') and m" (5'-CTTTAGGCGTAAGTTTAAGAAC-
3'), and primers n' (5'-TATTGATCGTATTAAAAAACTGCC-3') and n"
(5'-ACATTTTTCTACGTGATTC-3'), respectively. The 100 bp bending
probes (Figure 5A, probes o and p) were generated using primers
o' (5'-TGCGTAATGGCTATTTGGATTTGCAGCTGTA-3') and o" (5'-
GAATAAGATTACACATCTTAGCTAC-3'), and primers p' (5'-CTAT-
CAGTTTAATGTGCGTAATGGC-3') and p" (5'-AGCATATGACGC-
AATATTAAACGG-3'), respectively. Primers o' and o" generated a
126 bp fragment and introduced a PvuII site (in italic in primer o',
variant nucleotides in bold) upstream of the I-Ted cleavage site.
Restriction with Pv'uII generated a 100 bp fragment. This design allowed
the synthesis of variant td homing sites (Table I) with a single set of
primers. The 304 and 100 bp wild-type probes were generated from the
template pBStdAln (Bell-Pedersen et al., 1989). Variant probes were
generated from plasmids containing the td homing site with single base
substitutions (Bryk et al., 1995).

Phasing substrates were generated by cloning the duplexes formed
with three different pairs of oligonucleotides [(i) 5'-TCGACCAACGC-
TCAGTAGATGTTTTCTTGGGTCTACCGTTTAATATTGCGTCATAT-
3' and 5'-CTAGATATGACGCAATATTAAACGGTAGACCCAAGAA-
AACATCTACTGAGCGTTGG-3'; (ii) 5'-TCGACGCGTCAACGCTC-
AGTAGATGTTTTCTTGGGTCTACCGTTTAATATTCATAT-3' and 5'-
CTAGATATGAATATTAAACGGTAGACCCAAGAAAACATCTAC-
TGAGCGTTGACGCG-3'; and (iii) 5'-TCGACGCGTCATACAACG-
CTCAGTAGATGTTTTCTTGGGTCTACCGTTTAATATTT-3' and 5'-
CTAGAAATATTAAACGGTAGACCCAAGAAAACATCTACTGAGC-
GTTGTATGACGCG-3'] into the XbaI-SalI site of pTK401-26 and
pTK401-28 (Kerppola and Curran, 1991b). Six plasmids were produced,
each carrying a 50 bp insert that contains the td homing site, with
spacing between the center of the I-TelT-induced distortion and the
center of a bend intrinsic to the vector increasing incrementally (Figure
4A). Primers a' and a" were used to amplify these plasmids in the
presence of [a-32P]dCTP. PCR products were then digested with BamHI
to generate the appropriate phasing probes.

Plasmids carrying the A6-tract bending standards (Thompson and
Landy, 1988) were cleaved with NheI or BamHI to position the bend
locus near the middle or end, respectively, of each fragment. Bending
standards were labeled with T4 DNA polymerase in the presence of
[a-32P]dCTP. All DNA fragments were purified from polyacrylamide
gels prior to mobility shift assays.

Stoichiometric analysis
Protein-DNA (32P-labeled) complexes were separated on a series of 7,
8, 9, 10 and 11I% polyacrylamide gels alongside 10 .g of nondenatured
protein molecular weight standards (Sigma). Gels were stained with
Coomassie blue, destained, dried and exposed to X-ray film. For
each species, l00[log(100g)] was determined and plotted against gel
concentration, where t is equal to the mobility of the species relative
to that of the bromophenol blue tracking dye. The negative slope or

retardation coefficient (-Kr) was then plotted as a function of molecular
weight for each protein standard (Figure 1D). The molecular weight of
the DNA, assuming that a single base pair has a molecular weight of
649 Da, was subtracted from the estimated molecular weight of the
protein-DNA complexes. This difference was then divided by the
molecular weight of a protein monomer to determine the number of
protein monomers bound to the DNA (n). Similar results were obtained
when 0.25X and 1.OOX TBE (90 mM Tris-borate, 2 mM EDTA, pH 8.0)
were used.

Gel retardation analyses
I-Ted was synthesized in vitro using wheat germ extracts, as described
previously (Bell-Pedersen et al., 1991). Mobility shift analyses were

performed according to Bryk et al. (1993). Unbound probe and I-Tevl-
DNA complexes were separated on 8 or 12% (29:1) polyacrylamide gels.

Circular permutation and phasing quantitation
Quantitative analyses for circular permutation and phasing studies have
been described previously (Kerppola and Curran, 1993). For circular
permutation analyses, data were fitted to a cosine function:

I = 1.tmax[(Acp/2)(cos([(D-CD)/Pcp] 2nt}-1) + 1], (1)

where 1 is the mobility of the I-Tev,I-DNA complex relative to the
unbound substrate, Itmax is the theoretical maximum mobility of the

complex, Acp is the amplitude of the cosine function, D is the distance,
in bp, between the insertion site and the nearest end of the probe, with
distances left of the insertion site given a negative (-) value, CD is the
center of distortion and Pcp is the period of the circular permutation
function.

The magnitude of the distortion was estimated from the cosine function:

ACp = -cos(kcsD/2), (2)
where OD is the magnitude of the distortion and k is the coefficient to

adjust for electrophoretic conditions. Under our conditions, the value of
k, derived from the electrophoretic mobilities of the A6-tract bending
standards, ranged from 1.1 1 to 1. 18.

For phasing analyses, data were fitted to a phasing function:

P =IAVE[(APH/2)cos{[(S-Sd)/PPH]2n) + 1], (3)
where ,t is the mobility of the I-Tevl-DNA complex relative to the
unbound substrate, RAVE is the theoretical average mobility of the
phasing complexes, APH is the amplitude of the phasing function, S is
the center-to-center distance between the I-TevI-induced distortion and
the intrinsic A5-tract bend, St is the center-to-center distance in which
the I-TevI-induced bend and the intrinsic A5-tract bend counteract to
maximize the end-to-end distance of the probe and PPH is the period of
the phasing function.
The magnitude of the directed bend angle was determined from the

trigonometric function:

tan(kC(B/2) = (APH/2)/tan(kac/2), (4)
where C(B is the magnitude of the I-TevI-induced bend and oct is the
magnitude of the intrinsic bend, consisting of three phased A5 tracts (540).

In situ cleavage assays
Following gel retardation analyses, gels were painted with either Mg>
buffer (50 mM Tris-HCl, pH 8.0, 10 mM MgCI2, 100 mM NaCl) or

EDTA buffer (50 mM Tris-HCl, pH 8.0, 30 mM EDTA) and allowed
to incubate at room temperature for 20 min. Excess buffer was removed
with absorbent paper, and gels were re-painted with EDTA buffer. After
5 min of incubation and the removal of excess buffer, gels were

exposed to X-ray film. Bands containing unbound DNA and I-Tevd-DNA
complexes were excised from the gel; DNAs were eluted, resuspended in
90% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05%
xylene cyanol and separated on 8% (19:1) polyacrylamide gels containing
8.3 M urea in I X TBE buffer.

Two-step electrophoretic analysis
Following gel retardation analyses, gels were soaked in EDTA buffer
for 20 min and exposed to X-ray film. DNAs from the appropriate bands
were eluted and re-electrophoresed through polyacrylamide gels in 1 X
TBE buffer at 4°C. Intact and nicked substrates were subjected to gel
retardation analyses as described above.

Molecular modeling
Molecular modeling images and data were generated on a Silicon
Graphics (SGI) workstation using Insight II software (Biosym Tech-
nologies Inc.) and modeled from data describing the interaction of I-Tevl
with its DNA substrate (Bryk et al., 1993, 1995; this work) as well as

studies involving other minor-groove binding proteins (Suck et al., 1988;
White et al., 1989; Kim et al., 1993a,b; Feng et al., 1994; Suzuki and
Yagi, 1995; Werner et al., 1995). Because chemical footprinting and
interference analyses (Bryk et al., 1993) and minimal homing site studies
(Bryk et al., 1995) indicate that sequences upstream of the I-TevI
cleavage site are not essential for I-TevI function, the model assumes

the simplest interpretation of the data, i.e. a single bend locus. The
unmodified and glucosylated hydroxymethylated td homing sites were

generated using the Biopolymer and Builder programs, with base pairs
T:A-21, C:G-22 and G:C-23 built into the td homing site with a twist
of -24° and base pair T:A-21 with a positive roll of 400. These changes
allowed us to generate a directed bend of 38° to widen the minor groove
of the DNA approaching the I-TevI-induced nick and top-strand cleavage
site, increasing the 04' to 04' distance from 6.9 to 10.5 A, and to

maintain the helical properties of canonical B-DNA through6ut the
remainder of the homing site. These changes were modeled after minor-

groove binding proteins that bend their DNA substrates, where structural
studies indicate that directed bends result from the introduction of a

positive base pair roll that is associated with an asymmetric unwinding
of the DNA in the region flanking the bend locus (Kim et al., 1993a,b;
Suzuki and Yagi, 1995; Werner et al., 1995). Minimization calculations
were performed using the Discovery program, as recommended by the
manufacturer.
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