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ABSTRACT. Studies of DNA bending by Fos and Jun using different methods have yielded contradictory
results. Whereas gel electrophoretic phasing analysis indicates that Fos and Jun bend DNA, results obtained
through X-ray crystallography and ligase-catalyzed cyclization suggest that they do not. To test the
assumptions underlying phasing analysis and to examine DNA bending by Fos and Jun, a multifactorial
phasing analysis approach based on the distinct electrophoretic mobilities of DNA fragments of diverse
shapes was developed. In this approach, the spacing between the bends, the length of sequences flanking
the bends, and the acrylamide concentration in the gel are varied. Two closely spaced intrinsic bends
with long flanking sequences had the same effect on electrophoretic mobility as a single bend corresponding
to the sum of the bends when they were arranged in phase, and the difference between the bends when
they were arranged out of phase. Based on the phase-dependent electrophoretic mobility variation of
fragments containing intrinsic DNA bends of different magnitudes, three criteria for determination whether
the phase-dependent mobility variation of proteDNA complexes is caused by DNA bending were
adopted. Complexes formed by the bZIP domains of Fos and Jun fulfilled each of these criteria. First,
the electrophoretic mobility variation induced by Fos and Jun was proportional to that caused by an intrinsic
bend over a broad range of acrylamide concentrations. Second, the mobility difference between fragments
containing in phase and out of phase bends was reduced by an increase in the separation between the
bends. The separation between the bends had the same effect on the electrophoretic mobility variation
caused by Fos and Jun as well as intrinsic bends on long DNA fragments at low acrylamide concentrations.
Third, on short DNA fragments analyzed at high acrylamide concentrations, two intrinsic bends separated
by long spacers caused a larger decrease in electrophoretic mobility when they were out of phase than
when they were in phase. This reversal of the phase dependence of the electrophoretic mobility variation
was also observed for complexes formed by truncated Fos and Jun. Thus, the phase-dependent mobility
variation of Fos and Jun complexes is due to DNA bending.

The quantitative analysis of protein induced DNA bending approaches, the gel electrophoretic methods have been most
is an important tool for determination of the path of the DNA widely employed, in part due to their ease of use and the
helix in multiprotein complexes involved in the regulation lack of a requirement for specialized equipment.
of transcription, replication, recombination, and DNA repair.  The mobility of a DNA fragment during polyacrylamide
Many approaches have been used to investigate DNA go| glectrophoresis is determined by the shape and size of
bending by sequence-specific DNA binding proteins. These the fragment in conjunction with gel composition and
include high-resolution structural studies employing X-ray electrophoresis conditions. The effect of DNA shape on
crystallography and nuclear magnetic resonance (Schultz etelectrophoretic mobility has been used to develop several

al., 1991, Lo.ve.et aI:, 1995), direct visualization .by electror) assays for DNA bending (Marini et al., 1982; Wu & Crothers,
spectroscopic imaging and electron a_nd atomic force mi- 1984; Hagerman, 1985; Zinkel & Crothers, 1987; Kerppola
croscopy (Bazett-Jones et al., 1994, Erie et al., 1994; Becker& Curran, 1991a,b). These assays have been applied to the

etal., 1995; G”.ff'th etal., 1995), tOP.OIOQ'CaI methods base_d study of both intrinsic as well as protein-induced DNA bends.
on the rate of ligase-catalyzed cyclization or the change in . .
The first such assay to be developed, known as circular

linking number (Kahn & Crothers, 1992; Lutter et al,, 1996), permutation analysis, is based on the lower electrophoretic

hydrodynamic measurement of rotational diffusion by tran- - -
sient electric birefringence or electric dichroism (Hagerman, (r;orgggetg \E)V::Irf‘ gﬁgAn}?arg‘:’nce?]T;agg;]?aﬁ i?lzn&:tstgﬁgegéiij
1984; Levene et al., 1986), spectroscopic techniques utilizin ! )

), P b y gat either end (Wu & Crothers, 1984). This method has

resonance energy transfer (Heyduk & Lee, 1992) and gel _ AN o
electrophoretic methods employing either circular permuta- allowed identification of sequences that cause intrinsic DNA

tion (Wu & Crothers, 1984) or phasing analysis (Zinkel & bending and localization of the center of such bends.

Crothers, 1987; Kerppola & Curran, 1991a,b). Among these HOwever, circular permutation analysis of proteDNA
complexes can produce erroneous results (Gartenberg et al.,

. 1990; Kerppola & Curran, 1991b, 1993; Kuprash et al.,
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3567. FAX: (313) 763-9323. E-mail: kerppola@umich.edu. -t y ) ) :

® Abstract published irAdvance ACS Abstract#yugust 15, 1997. the protein itself has different effects on the electrophoretic

S0006-2960(97)01119-7 CCC: $14.00 © 1997 American Chemical Society



DNA Bending by Fos-Jun and Phased A Tracts Biochemistry, Vol. 36, No. 36, 199710873

mobilities of the proteir- DNA complexes when bound to  crystal structure alters DNA bending by Fos and Jun
the center as opposed to the end of a DNA fragment. (Leonard et al., 1997). These results, in aggregate, strongly

To circumvent the limitations of circular permutation support the conclusion that Fos and Jun induce DNA bending
analysis and to obtain additional information about the at the AP-1 site.
structure of DNA bends, alternative gel electrophoresis To test the validity of the assumptions underlying phasing
strategies that are based on the phase-dependent interactioanalysis, the electrophoretic mobilities of DNA fragments
between two bends on the same DNA fragment have beencontaining two intrinsic DNA bends in different spatial
devised (Zinkel & Crothers, 1987; Kerppola & Curran, arrangements were determined under various electrophoresis
1991a,b). In phase-sensitive detection (Zinkel & Crothers, conditions. Based on the mobility variation of these frag-
1987), the bend to be examined is placed at different ments, three criteria were adopted for determination of
distances from a reference bend of known magnitude andwhether the phase-dependent mobility variation of pretein
direction. When the two bends are in phase, the fragmentDNA complexes is caused by DNA bending. Complexes
is predicted to assume the shape of the letter C, which isformed by truncated Fos and Jun had the same effect on the
thought to result in slower migration than when the bends electrophoretic mobility variation as intrinsic DNA bends
are out of phase, and the fragment is predicted to assumeunder a variety of conditions, fulfilling each of the criteria.
the shape of the letter S. Although the effect of a single The results demonstrate that Fos and Jun bend DNA and
contiguous bend on the mobility of a DNA fragment has show that multifactorial phasing analysis can be used to
been extensively investigated (Wu & Crothers, 1984; Th- determine whether phase-dependent variation in the electro-
ompson & Landy, 1988; Zinkel & Crothers, 1990), the effect phoretic mobilities of proteirDNA complexes is caused
of two separate DNA bends on fragment mobility is not well by DNA bending.
understood.

To reduce potential complications arising from the pres- EXPERIMENTAL PROCEDURES
ence of multiple bends on the DNA fragment, the reference  Preparation of DNA Fragments and Protein Purification
and test bends were placed immediately adjacent to eachDNA fragments containing two intrinsic bends, each consist-
other in phasing analysis (Kerppola & Curran, 1991a,b). ing of three phased A tracts, separated by spacers of different
Because of the close proximity of the two bends, it was lengths were prepared by polymerase chain reaction (PCR)
reasoned that their effects on electrophoretic mobility would amplification using plasmids pTK430-14 through pTK430-
be comparable to the effects of single DNA bends, corre- 61 as templates (Kerppola, 1996). To substitute one of the
sponding to the sum of the two bends when they were in bends on these fragments with a single A tract or an AP-1
phase, and the difference between the bends when they wersite, a two-stage PCR strategy was used. In the first stage,
out of phase. However, this fundamental assumption of the inside primers CTAGATGGCAAAAACGGGTCGCCG-
phasing analysis has not been directly tested. Furthermore GCGCCCCGGCTC and GGCGACCCGTTTTTGCCATCTA-
several proteins that cause a phase-dependent mobilityGAGGATCCCTCGAT or CTAGATGCTGACTCATTGT-
variation (Kerppola & Curran, 1991a,b; Wechsler & Dang, CGCCGGCGCCCCGGCTC and GGCGACAATGAGT-
1992; Fisher et al., 1992; Natesan & Gilman, 1993) do not CAGCATCTAG were used in separate reactions with the
bend DNA in crystals (Ferre-D’Amare et al., 1993, 1994; outside primers described previously (Kerppola & Curran,
Glover & Harrison, 1995; Houbaviy et al., 1996) and do not 1991a) to amplify fragments from these templates. In the
increase the rate of ligase-catalyzed cyclization (Sitlani & second stage, the purified products from the first stage were
Crothers, 1996; McCormick et al., 1996). It has therefore mixed and amplified using the outside primers. Thus, these
been suggested that protein structures unrelated to DNADNA fragments differ only at the underlined base pairs, at
bending can cause a variation in complex mobilities in which either an AP-1 site or an A tract centered at the same
phasing analysis. position was inserted. To prepare fragments with shorter

The phase-dependent mobility variation has been examinedflanking sequences, the PCR products were digested with
in greatest detail for complexes formed by Fos and Jun family Puull or Ncd. Fragments containing single DNA bends of
proteins (Kerppola & Curran, 1991a,b, 1993, 1997; Paolella different magnitudes were prepared by PCR amplification
et al., 1994; Leonard et al.,, 1997; Rajaram & Kerppola, using plasmids pJT170-2, -3, -5, -6, -7, -8, and -9 as
1997). Fos-Jun heterodimers and Jun homodimers cause templates (Thompson & Landy, 1988). To prepare fragments
electrophoretic mobility variations of opposite phase, con- with the bend located at the center or toward one end, the
sistent with opposite directions of DNA bending (Kerppola PCR products were digested witthd or BanHl, respec-

& Curran, 1991a,b). Heterodimers between proteins that tively. To prepare fragments with shorter flanking se-
induce equal bends of opposite directions cause no electro-quences, the PCR products were digested Witgl and
phoretic mobility variation (Kerppola & Curran, 1991b, Banl.

1997). Single amino acid substitutions alter the magni- Truncated and full-length Fos and Jun proteins were
tude of the DNA bend angle in direct proportion to the expressed as hexabhistidine fusionsEischerichia coliand
change in net charge (Leonard et al., 1997). Reversal ofpurified by nickel chelate affinity chromatography as de-
the orientation of heterodimer binding to the AP-1 site causes scribed (Kerppola & Curran, 1991a).

a shift in the phase of the mobility variation, indicating a  Determination of Electrophoretic MobilitiesHeterodimers
change in DNA bend direction (Leonard et al., 1997; Rajaram between Fos and Jun proteins were prepared by incubation
& Kerppola, 1997). Fos and Jun induce distinct DNA bends
when they bind to different AP-1 sites, and substitutions in _ * Abbreviations: bp, base pair(s); bZIP, basic and zipper regions;

; ; :~PCR, polymerase chain reaction; HEPES, 4-(2-hydroxyethyl)-1-pip-
flanking sequences have converse effects on bending Inerazineethanesulfonic acid; EDTA, (ethylenedinitrilo)tetraacetic acid;

opposite directions (Rajaram & Kerppola, 1997). Substitu- prr dithiothreitol; BSA, bovine serum albumin; Tris, tris(hydroxy-
tion of a single base pair that is not contacted in the X-ray methyl)aminomethane; RT, room temperature.
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of a 2-fold molar excess of Fos with Jun in 20 mM HEPES in the length of the spacer between the bends. The variables
(pH 7.6), 100 mM KCI, 1 mM EDTA, 5 mM DTT, 5% in the third term (sub-subscript S) were adjusted to fit the
glycerol, 0.1% NP-40, and 0.5 mg/ml BSA to ensure mobilities of fragments with a short separation between the
gquantitative heterodimerization. ProteiDNA complexes bends. The fourth term was used only for complexes with
were formed by incubating the proteins with the DNA a change in the phase of the mobility variation of fragments
fragments in the same buffer in the presence of 0.02 mg/with a long separation between the bends, and the variables
mL poly(dIdC) for 5 min at RT. The protein concentrations (sub-subscript L) were adjusted to account for this change.
were adjusted such that approximately 50% of the DNA Although this function contains nine independent variables,
probe was bound. The mobilities of the DNA fragments they are all well-defined because of the large number of data
and the proteir DNA complexes were analyzed in parallel points, and since only a subset of the variables were adjusted
by electrophoresis in 20 cnx 30 cm x 1.5 mm gels to fit different portions of the data.
containing the polyacrylamide [29:1 acrylamide:bis(acryla- The DNA bend angle induced by each complex was
mide) ratio] concentrations indicated in 25 mM Tris, 195 calculated based on the ratio between the amplitudes of the
mM glycine buffer at a field strength of 10 V/cm. The gels mobility variation induced by the complex and that caused
were run fo 1 h prior to loading, and the time of by the intrinsic A tract bend at a separation of 21 bp. When
electrophoresis was adjusted such that the DNA fragmentsthe centers of the bends are separated by 21 bp, designated
and proteinrrDNA complexes migrated a distance that the merge separation, the single A tract test bend and the
allowed accurate measurement of differences in their elec-reference bend consisting of three A tracts merge to form
trophoretic mobilities. one contiguous bend. Thus, the amplitude of the mobility
Quantitate Analysis of Electrophoretic MobilitiesThe variation of fragments containing two bends at merge
mobilities of fragments containing two intrinsic bends with separation is directly comparable to the mobilities of frag-
three A tracts each as well as fragments containing a singlements containing single bends of different magnitudes. The
bend were compared with the mobilities of 123 bp ladder merge separation depends on the magnitudes of the two
standards (Gibco-BRL) and witHadlll-digested pBR322, bends. For the fragments containing two intrinsic bends,
and the mobility anomaly was calculated from the ratio each consisting of three A tracts, the merge separation is 31
between the actual length of a fragment and its apparentbp. Since the magnitudes of the bends induced by the Fos
length based on its electrophoretic mobility. The mobilities and Jun proteins examined here are of the same order as
of the protei-DNA complexes as well as the DNA that induced by a single A tract, a merge separation of 21
fragments containing a single A tract bend were corrected bp was used for these complexes. The amplitude at merge
for differences in the mobilities of DNA fragments containing separation A1 or Agi) was calculated based on eq 1.
an AP-1 site and normalized to an average mobility of 1.  The mobility anomalies of DNA fragments containing a
The mobility anomalies and the relative complex mobilities single bend were plotted as a function of the number of A
were plotted as a function of the separation between thetracts. These mobility anomalies were fitted to the empiri-
centers of the intrinsic bends and the AP-1 site, respectively. cally derived function:
These mobilities were fitted to a harmonic oscillation
function with exponential decay, designated the damped |seq (1_ n° ) 2)

phasing function: . P

gel

sequencdge is the apparent length based on electrophoretic
s-s, mobility, n'is the number of A tracts, ana b, andc are
A, 2~ (SS12) CO'{Z.T[ L) (1) scalars. Since the relationship between DNA bend angle and
L P mobility anomaly for bends consisting of two to four A tracts
was nearly linear, the DNA bend angle was assumed to be
in which u is the observed relative mobility, is the relative directly proportional to the amplitude of the mobility
mobility at conceptual zero separation (in reality, the bends variation at merge separation. The maximum error intro-
cannot overlap, and thereforeis never equal tqu; this duced by this approximation within this range is a 2%
definition of uo is chosen to make the equation general for deviation in the DNA bend angle. The absolute DNA bend
DNA bends of different lengthsk is the average mobility  angle was therefore calculated from the ratio between the
change per base pair (used to adjust for the larger effect ofamplitude of the mobility variation induced by protein
the length of the DNA fragment on the absolute mobilities binding and that caused by an intrinsic A tract bend at merge
of the DNA fragments alone than on the protelDNA separation. The DNA bend angle induced by an A tract has
complexes)A, is the amplitude at conceptual zero separation, been estimated to be 1&ased on several independent
Sis the separation for DNA fragment analyz&iy is the methods [as referenced in Crothers and Drak (1992)]. The
separation that reduces the amplitude by half (damping absolute DNA bend angles calculated based on this ap-
coefficient), Sy is the separation that results in maximum proach depend on the accuracy of the estimated magni-
mobility (at this separation, the bends are perfectly out of tude of the A tract bend, and are subject to revision of this
phase), and is the helical periodicity of DNA separating value. However, the relative DNA bend angles are vir-
the bends. The first and second terms were adjusted totually unaffected by moderate changes in this estimate.
account for the phase-independent change in average mobilityQuantitation of the magnitude of DNA bending by phasing
with increasing separation. These phase-independent term&nalysis also depends on the assumption that intrinsic and
account for changes in mobility that are caused by the protein-induced DNA bends of the same magnitude have
differences in size of the complexes resulting from the changeidentical effects on electrophoretic mobility. Although this

S—5p, in which lseq is the length of the fragments based on its
= o+ kS+ Ay 27992 coq 27 +
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Ficure 1: Schematic diagram of representative DNA fragments
used in multifactorial phasing analysis. The DNA fragments
consisted of multiple combinations of the test bends shown to th
left of the dashed lines, and the spacers and reference bends shc C AAA/Nco |
on the right. The AP-1 site is shown as a solid rectangle, intrinsi
A tract bends are shown as open wedges, and spacers correspon(

to half a helical turn are shown as open rectangles. The sequenc |
of the AP-1 site and the A tract shown at the bottom represent tr
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Ficure 2: Effects of the separation between two intrinsic bends
and the length of flanking sequences on the mobility variation of
. . fragments containing two equivalent bends. The mobilities of DNA
premise has not been directly tested, the close correspondencgagments containing two bends, each consisting of three phased

between the electrophoretic mobility variations of DNA A tracts, were analyzed by electrophoresis in a 5% polyacrylamide
fragments containing intrinsic bends and the prot@iNA gel at RT. The separations between the centers of the bends are

complexes under a variety of conditions supports this indicated at the bottom of the figure. In cases where several
assumption fragments with the same separation, but different sequences

3 ) o ) separating the intrinsic bends were analyzed, they are differentiated
The direction of protein-induced DNA bending was by letters (Kerppola, 1996). The lengths of the flanking sequences

defined at the center of the AP-1 site relative to the direction were 151 bp (AAA), 58 bp (AAAPuull), and 25 bp (AAANCO).

of intrinsic DNA bending defined at the center of the A tract. Theb_}_'g;e f°f e'ﬁCtFOtpth;eSlS Wats adjusted suchblthato thle avetragf;e

H g H H : H . moDllity or each set of fTragments was comparanle. Only part o

The ch0|ce of the position at which l?end direction is defined the gels is shown to conserve space. The upper/lower edges of the

is arbitrary and does not necessarily correspond to a locusimages were 100/170 mm (A), 105/165 mm (B), and 90/150 mm

of bending or the center of the bend for either the A tract or (C) from the wells.

the bend induced by Fos and Jun. The DNA bend direction

was calculated from the difference between the separationd€Vel of accuracy. Thus, the directions of bending reported
that resulted in maximum mobility for the proteiDNA represent the differences in bend directions between the

complexes and for fragments containing an intrinsic A tract cOmplexes and the A tract when they are centered at the
bend ). This phase shift reflects the difference between S&me position.

the directions of bending induced by the complex and by RESULTS

the A tract. The difference in bend direction was expressed

as a torsion angle based on the 10.4 bp/turn periodiBity ( Phasing analysis is based on the phase dependent variation
determined for the sequence between the two bends. Positivén the electrophoretic mobilities of DNA fragments contain-
torsion angles were defined in a clockwise direction when ing two bends separated by spacers of different lengths
the DNA is viewed from the side opposite to the reference (Figure 1). When the two bends are placed on the fragment
bend. DNA bending by phased A tracts has been shown tosuch that they cooperate to increase the overall extent of
be directed toward the minor groove at a position displaced bending, they are said to be in phase, whereas when they
by a little less than half a base pair toward theBd of the counteract each other to reduce the net DNA bend they are
A tract (Crothers & Drak, 1992). Although a displacement said to be out of phase. DNA bends that are in phase are
of 0.3 bp would be consistent with DNA bending by Jun presumed to reduce the electrophoretic mobility, relative to
homodimers in a direction parallel to the major groeve the effect of either of the bends alone, whereas DNA bends
minor groove axis at the center of the AP-1 site based on that are out of phase are presumed to increase the electro-
the experiments presented here, the absolute direction ofphoretic mobility. Several experimental parameters, includ-
DNA bending was not calculated since the direction of A ing the separation between the DNA bends, the length of
tract bending has not been independently determined at thisflanking sequences, and the acrylamide concentration used

Separation

sequences are indicated. Although the fragments are drawn a
proximately to scale, they represent average conformations |
dynamic populations with broad distributions of bend angles.
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Ficure 3: Multifactorial phasing analysis of an intrinsic bend containing three phased A tracts. The mobility anomalies of DNA fragments
containing two intrinsic bends, each consisting of three phased A tracts, were plotted as a function of the separation between the centers
of the bends. The mobility anomaly is defined here as the ratio between the actual length of the fragment and its apparent length based on
its electrophoretic mobility, and was approximately proportional to the relative mobility used to plot complex mobilities in Figure 6. Thus,
fragments with a smaller mobility anomaly migrated slower relative to their size than fragments with a larger mobility anomaly. Some
fragments with out of phase bends were found to migrate slightly faster than standards of the same length. This may indicate that the
standards contain small DNA bends, or that differences in the base composition or the ends of the fragments cause slight differences in
electrophoretic mobility. The mobilities of fragments containing 151 bp (AAA, left column), 58 bp (R&AI, middle column), and 25

bp (AAA/Ncd, right column) flanking sequences were analyzed by electrophoresié@irtgels prepared using 12%, 8%, 5%, and 4%
acrylamide solutions (rows top to bottom). The best fit of a damped phasing function to each set of data is shown.

to prepare the gel, can influence the relative electrophoretic apparent length based on electrophoretic mobility was plotted
mobilities of DNA fragments containing in phase and out as a function of the separation between the centers of the
of phase bends. These parameters were systematicallyntrinsic bends (Figure 3). These mobility anomalies were
varied, and their effects on the electrophoretic mobility fitted to a harmonic oscillation function with exponential
variation caused by intrinsic and protein-induced DNA bends decay, called the damped phasing function. The period of
were compared. This approach is designated multifactorial this function was 10.4 bp under most conditions, reflecting
phasing analysis. the period of the DNA sequences inserted between the
Multifactorial Phasing Analysis of Intrinsic DNA Bending intrinsic bends. Thus, intrinsic bends cooperate in their
The quantitative interpretation of results from phasing effects on electrophoretic mobility when placed integral turns
analysis rests on the assumption that the effect of two DNA apart on DNA fragments with long flanking sequences.
bends on the electrophoretic mobility of a DNA fragmentis  The phase-dependent mobility variation of DNA fragments
equivalent to the effect of a single contiguous DNA bend, containing two intrinsic bends was markedly affected by the
corresponding to the sum of the bends when they are in phaseseparation between the bends, by the length of flanking
and the difference between the bends when they are out ofsequences, and also by the acrylamide concentration. When
phase. To test this assumption, and to develop a generathe separation between the bends was increased, the ampli-
method for determining whether the phase-dependent mobil-tude of the cyclic variation in their mobilities decreased.
ity variation of proteinr-DNA complexes is caused by DNA  Similarly, truncation of flanking sequences resulted in a
bending, the mobilities of fragments containing two equiva- decrease in the mobility variation. The combined effect of
lent intrinsic bends in different spatial arrangements (Figure increasing the separation between the bends and reducing
1: AAA) were determined under a variety of electrophoresis the length of flanking sequences was the complete loss of
conditions (Figure 2). The separation between the centersthe mobility variation. It is therefore clear that the previously
of the bends was varied from 39 to 86 bp. The bends werereported failure to detect a variation in the mobilities of
tested on DNA fragments of different lengths containing 151, complexes formed by Fos and Jun on phase-sensitive
58, and 25 bp flanking sequences. The mobilities of the detection probes with a separation of 65 bp between the AP-1
fragments were examined in gels prepared using 4%, 5%,site and the reference bend and 30 bp flanking sequences
8%, and 12% acrylamide solutions. A subset of the (Sitlani & Crothers, 1996) was due to the geometry of the
fragments was analyzed by gel electrophoresis both at roomprobes, and does not indicate a lack of DNA bending.
temperature as well as at°C. Comparison of the mobilities of fragments containing two
The mobilities of DNA fragments containing two intrinsic  bends (Figure 3) with those of fragments containing a single
bends were compared with those of size standards composedontiguous DNA bend (Figure 4) demonstrated that the
of mixed sequence DNA. The ratio between the known assumptions of quantitative phasing analysis are valid only
length of the fragments based on DNA sequence and theirfor DNA fragments in which the two bends are closely
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Ficure 4: Effects of the length of flanking sequences on the
electrophoretic mobilities of DNA fragments containing DNA bends
of different magnitudes. The mobilities of DNA fragments contain-
ing intrinsic bends consisting of different numbers of phased A
tracts were analyzed by electrophoresis in 5% polyacrylamide gels
(A and C). The number of A tracts in each fragment is indicated at
the bottom of each figure. DNA fragments with long flanking  Fgure 5: Comparison of the electrophoretic mobility variations
sequences (A and B) contained 160 bp on each side of the A tractsinduced by the binding of different complexes formed by truncated
whereas DNA fragments with short flanking sequences (C and D) Fos and Jun with that caused by an intrinsic A tract test bend. The
contained 40 bp on each side. To show the effect of the position of mopilities of DNA fragments containing an intrinsic bend (A) or
the intrinsic bend on electrophoretic mobility, fragments containing complexes formed by Fos139-200:Jun257-318 (B), Fos139-200:
the bends in the middle (M) were mixed with fragments containing jun241-334 (C), and Jun241-334 (D) at different distances from a
the bends near one end (E). Fragments lacking phased A tractseference bend were analyzed in a 4% polyacrylamide geP@t 4
were used as internal standards in each experiment. The mobility The separation between the center of the reference bend and the A
anomalies of the fragments were calculated from the ratio betweenyract test bend or the AP-1 site is indicated at the bottom of the
the length of the fragment and its apparent length based on itsfigure. All fragments contained 150 bp flanking sequences. Only
electrophoretic mobility relative to DNA size standards. part of the gels is shown to conserve space. The upper/lower edges
of the images were 80/125 mm (A) and 140/185 mm (B, C, and
spaced and have long flanking sequences. Two closelyD) from the wells.
spaced bends that are in phase caused a mobility anomaly
similar to that caused by a bend representing the sum of theare placed out of phase relative to one another do not cancel
bends on DNA fragments with long flanking sequences. the effects of each other on electrophoretic mobility when
However, when the separation between the bends wasseparated by a long spacer. Consequently, quantitative
increased, their effect on electrophoretic mobility decreased. phasing analysis should be performed using DNA fragments
Two bends that are in phase, but separated by a long spacetvith a short separation between the reference and test bends
therefore do not cooperate in their effects on electrophoretic and long flanking sequences.
mobility to the same extent as two closely juxtaposed bends. The effects of changes in the separation between the bends,
The electrophoretic mobilities of DNA fragments containing the length of flanking sequences, and the acrylamide
two out of phase bends of the same magnitude separated byoncentration on the electrophoretic mobilities of DNA
a short spacer were similar to those of fragments of the samefragments with intrinsic A tract bends were interdependent.
size lacking phased A tracts. In contrast, fragments with As expected based on the electrophoretic mobilities of DNA
out of phase bends separated by long spacers migrated sloweragments containing a single DNA bend (Thompson &
than predicted by their size. This is reflected in a decreaseLandy, 1988; Zinkel & Crothers, 1990), the mobility
in the mobility anomaly with increasing separation between variation of DNA fragments with closely spaced bends
out of phase bends, particularly at higher acrylamide increased with increasing acrylamide concentration. Surpris-
concentrations (Figure 3). Thus, two equivalent bends thatingly, the mobility variation of DNA fragments with a long
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Ficure 6: Comparison of an intrinsic bend and complexes formed by truncated Fos and Jun by multifactorial phasing analysis. The mobilities
of DNA fragments containing an intrinsic A tract bend (A) and complexes formed by FelBBJun257318 (B), Fos139-200:Jun241

334 (C), and Jun241334 (D) were normalized for differences in the mobilities of the AP-1 site probes alone, and were plotted as a
function of the separation between the centers of the reference bend and the A tract test bend or the AP-1 site. The mobilities of each set

separation between the bends decreased with increasingnultifactorial phasing analysis, the mobilities of DNA
acrylamide concentration (Figure 3). This decrease is duefragments containing a single A tract test bend at different
to the greater reduction in the mobility of fragments distances from the reference bend (Figure 1. A), were
containing out of phase bends at high acrylamide concentra-determined (Figure 5A). The amplitude of the mobility
tions. The differential retardation of the mobilities of variation for DNA fragments containing a single A tract test
fragments containing widely separated out of phase bendsbend was smaller than that of fragments containing a test
at high acrylamide concentrations was observed for all of bend with three A tracts under all conditions examined

the DNA bends examined here. (Figure 6A). The ratio between these amplitudes in gels with
Effects of Bend Magnitude on DNA Fragment Mobility in  different acrylamide concentrations was similar for DNA
Multifactorial Phasing Analysis The electrophoretic mobil-  fragments with a short separation between the bends and long

ity of DNA fragments containing a single contiguous bend flanking sequences. Differences in acrylamide concentration
is a function of the magnitude of the DNA bend angle therefore had comparable effects on the mobility variation
(Thompson & Landy, 1988; Zinkel & Crothers, 1990) caused by intrinsic bends of different magnitudes on DNA
(Figure 4). To investigate the effect of bend magnitude on fragments that satisfy the assumptions of phasing analysis.
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of complexes were determined on fragments containing 151 bp (A or AP-1, left columns), 58 bp (A oPAM;Ihiddle columns), and

25 bp (A or AP-1Ncd: right columns) flanking sequences in gels prepared using 12%, 8%, 5%, and 4% acrylamide solutions (rows top
to bottom). The mobilities of fragments with short flanking sequences were not analyzed at the lowest acrylamide concentrations because
of the low mobility variations under these conditions. The best fit of a damped phasing functions to each set of mobilities is shown.

The phase of the mobility variation of these fragments, intrinsic bends of different magnitudes. However, at low
reflecting the direction of DNA bending, was also constant acrylamide concentrations, an increase in the separation
under different electrophoresis conditions. Thus, the effect between the reference and test bends had similar effects on
of differences in acrylamide concentration on the electro- the mobility variations of fragments containing intrinsic A
phoretic mobility variation of DNA fragments with short tract bends of different magnitudes with long flanking
separations and long flanking sequences can be used as sequences (Table 1). The effect of the separation between
criterion to determine whether the phase-dependent mobilitybends on the electrophoretic mobility variation at low
variation induced by protein binding is caused by DNA acrylamide concentrations can therefore provide an additional
bending. Furthermore, the amplitude and phase of the criterion to determine whether the phase-dependent variation
mobility variation of these fragments can be used to calculate in the electrophoretic mobilities of protein complexes is due
the magnitude and direction of DNA bending. to DNA bending.

The mobility variation of fragments containing intrinsic The effect of reducing the length of sequences flanking
DNA bends was reduced by an increase in the separationintrinsic bends separated by long spacers was unexpected.
between the bends. Under most conditions, the effect of At high acrylamide concentrations, the phase of the mobility
increasing the separation between the bends was distinct fowvariation of such fragments was reversed. This reversal of
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Table 1: Analysis of DNA Bending under Different Electrophoresis
Conditions

acrylamide concentration
12% 8% 5% 4%

amplitudefg)? 1.91 1.31 0.91 0.73
half-separation$i)? 14 25 41 43

three A tracts

Kerppola

Fos and Jun proteins encompassing the bZIP dimerization
and DNA binding domains. The intrinsic A tract bend was
substituted by an AP-1 site (Figure 1. AP-1), and the
electrophoretic mobilities of homo- and heterodimeric com-
plexes formed by truncated Fos and Jun proteins were
determined in parallel with DNA fragments containing
intrinsic A tract test bends (Figure 5). The mobilities of the

Atract ﬁ;?fgéﬁiﬁéiim) 28'48 32'36 4g'25 45'22 complexes as well as fragments containing an A tract bend
. were normalized for differences in the mobilities of the AP-1
F139-200: amplitude Az1) 0.29 0.21 0.15 0.13 . . .
J257-318  bend angfe 11 1 11 1 site probes alone and plotted as a function of the separation
phase shift -02 -02 -03 -04 between the centers of the intrinsic bend and the AP-1 site.
bend directioh 352 352 351 345 Thus, the relative mobilities of the complexes can be
F139-200: amplitude A1) 0.17 015 0.09 0.07 compared directly to the relative mobilities of DNA frag-
J241-334  bend angle 6 7 6 6 ments containing an intrinsic bend (Figure 6).
phase shift -01 -01 -01 0.0 L . .
bend direction 358 358 357 359 The mobility variations induced by truncated Fos and Jun
1241334 amplitude £o.) 018 0416 010 0.9 at different acrylam|d_e concentrations were proportional to
bend angle 7 8 7 7 those caused by an intrinsic bend on fragments that satisfy
phase shift 4.9 5.0 4.9 48 the assumptions of phasing analysis. Thus, on DNA frag-
bend direction 169 172 170 164 ments with short spacers and long flanking sequences,
Fos-Jun amplitudeAzs,) 0.16 differences in acrylamide concentration had the same effect
bend angle 12 on the mobility variations caused by Fedun complexes
phase shift -0.1 L . . . .
bend direction 356 and intrinsic bends, consistent with the first criterion for DNA
Jun amplitudep) 022 bendmg. T.he. significance of the constant ratio betyveen the
bend angle 16 mobility variations of Fos-Jun complexes and intrinsic bend
phase shift 5.1 fragments over the wide range of acrylamide concentrations
bend direction 176 tested is amplified by the 10-fold variation in the absolute
Fos:J257-318 ampltidue £o1.) 0.34 mobilities of the complexes under these conditions. Potential
Sﬁggeagﬁi'f‘ta _341 artifacts caused by protein structure are highly unlikely to
bend direction 356 have the same effect as intrinsic DNA bends on the mobility
F139-200:Jun  amplitudefoy) 0.02 variation at different acrylamide concentrations. Thus,
bend angle 2 comparison of the electrophoretic mobility variation of
phase shift 2.4 protein~DNA complexes at different acrylamide concentra-
bend direction 82

aThe amplitude of the variation in the relative mobilities was
calculated at the separation where the two bends merge to form a

contiguous bend (31 bp for AAA and 21 bp for A and AP-4The

tions is a simple and powerful approach to determine if their
phase-dependent mobility variation is caused by DNA
bending.

An increase in the separation between the reference bend

half-separation (in bp) represents the increase in the separation that
results in a 50% decrease in the mobility variatidfihe bend angle ~ and the complexes formed by truncated Fos and Jun had

(in degrees) was calculated from the ratio between the amplitudes of distinct effects on the mobility variations of the different
the protein-induced and A tract bendShe phase shift (in bp)  complexes under most conditions. However, at low acryl-
represents the difference in phase between the protein-induced and Ay yije concentrations, the mobility variations caused by
tract mobility variation® The bend direction (in degrees) was calculated .” .~ ~.
from the phase shift and represents the difference in bend direction INtriNsic bends and complexes formed by Fos and Jun on
between the protein-induced and A tract bends defined at the centersDNA fragments with long flanking sequences were propor-
of the respective sequences. tional over the entire range of separations examined.
Similarly, differences in separation had distinct effects on
the phase of the mobility variation resulted from the the mobility variation caused by intrinsic bends of different
combined effects of a decrease in the mobilities of DNA magnitudes, with the exception of intrinsic bends with long
fragments containing out of phase bends relative to the flanking sequences analyzed at low acrylamide concentra-
mobilities of fragments containing in phase bends at high tions. Thus, under these conditions, differences in the
acrylamide concentrations, and an increase in the relativeseparation between the bends had identical effects on the
mobilities of fragments with in phase bends upon truncation mobility variations of both complexes formed by Fos and
of flanking sequences. The phase of the mobility variation Jun as well as intrinsic DNA bends of different magnitudes.
was reversed for DNA fragments with intrinsic bends of Therefore, all of the complexes formed by truncated Fos and
different magnitudes. However, the relative effects of Jun fulfill the second criterion for DNA bending. Conse-
acrylamide concentration and the length of flanking se- quently, under all conditions where intrinsic bends of
guences were distinct for different bends. Thus, a final different magnitudes had the same relative effects on the
criterion to determine whether the phase-dependent variationmobility variation, complexes formed by truncated Fos and
in electrophoretic mobility is caused by DNA bending is Jun also induced the same relative variation in electrophoretic
reversal of the phase of the mobility variation for DNA mobilities.
fragments with long separations and short flanking sequences A decrease in the length of flanking sequences had distinct
at high acrylamide concentrations. effects on the mobility variations caused by the various
Multifactorial Phasing Analysis of DNA Bending by Fos complexes formed by truncated Fos and Jun. However, for
and Jun The multifactorial phasing analysis approach was all complexes, the phase of the mobility variation was
tested using homo- and heterodimers formed by truncatedreversed at high acrylamide concentrations on DNA frag-
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ments with long separations and short flanking sequences
Thus, these complexes fulfill the third criterion for DNA A
bending. The relative effects of changes in the length of
flanking sequences on the mobilities of complexes with short
separations varied among the different complexes. Likewise
differences in the length of flanking sequences had quanti-
tatively distinct effects on the mobility variations caused by
intrinsic bends of different magnitudes. In addition to bend
magnitude, the effects of these parameters may be affecte B Jun
by differences in the geometry and dynamics of the DNA
bend. Consequently, the variation in the electrophoretic
mobilities of complexes formed by truncated Fos and Jun
under a wide variety of circumstances is consistent with DNA
bending.

Quantitation of DNA Bending by Truncated Fos and Jun
through Multifactorial Phasing AnalysisThe magnitudes
of the bends induced by the various truncated Fos and Jui
complexes were quantitated by comparison of the amplitudes
of the mobility variations induced by the complexes with
those caused by intrinsic A tract bends on DNA fragments Ficure 7: Effects of regions outside the bZIP domains of Fos and
with short separations and long flanking sequences (TableJun on the electrophoretic mobility variation. The mobilities of
1). The identical sequence of these DNA fragments with complexes formed by full length Fesruncated Jun heterodimers

. - h (A) and full-length Jun homodimers (B) were analyzed by elec-
the exception of the substitution of the AP-1 site for the A 4 5onoresis in a 5% polyacrylamide gel af@. The separations
tract and the parallel analysis of electrophoretic mobility petween the AP-1 site and the intrinsic bend are indicated at the
allows direct comparison of the mobility variations caused bottom of the figure. All fragments contained 151 bp flanking
by the proteir-DNA complexes and the intrinsic bends. The sequences. Only part of the gels is shown to conserve space. The
amplitudes of the mobility variations were compared at a ﬁ]pngego‘f"r’grrneﬁgee\fv eolflsthe images were 60/110 mm (A) and 45/95
separation of 21 bpA;.), the distance at which the single ® '

A tract test bend and the reference bend consisting of threements based on phase dependent variation in electrophoretic
A tracts merge to form a contiguous DNA bend. The mobility.

magnitudes of the bends were determined independently The directions of DNA bending induced by complexes
under different electrophoresis conditions. The deduced formed by Fos and Jun were rotated by 3%8139-200:

DNA bend angles were highly consistent for each complex J257318), 358 (F139-200:J241-334), and 169(J241
under all conditions examined (Table 1). 334) clockwise relative to the direction of A tract bending

The direction of protein-induced DNA bending was when viewed from the side opposite to the reference bend.
determined by comparison of the phase of the mobility DNA bending by phased A tracts is directed toward the
variation induced by the proteirDNA complex with that minor groove at a position shifted a little less than one-half
caused by an intrinsic A tract bend. This phase shift reflects base pair 3to the center of the A tract (Crothers & Drak,
the difference between the directions of bending induced by 1992). This shift agrees remarkably well with the°11
the complex and by the A tract. The difference in bend counterclockwise rotation of the direction of bending by Jun
direction was calculated based on the 10.4 bp/turn periodicity homodimers relative to the minor groevmajor groove axis
determined for the DNA separating the bends. Since the at the center of the AP-1 site. It is therefore likely that
AP-1 site and the A tract test bend were separated from thetruncated FosJun (F139-200:J257318) heterodimers as
reference bend by the same sequences, the helical repeat aofiell as Jun (J241334) homodimers bend DNA in opposite
the sequences separating the sites in the absence of proteidirections parallel to the major grooveninor groove axis
was the same. Protein-induced changes in the helicalat the center of the AP-1 site whereas the direction of DNA
periodicity between the AP-1 site and the reference bendbending by phased A tracts is rotated clockwise by ap-
will affect the direction of DNA bending both as measured proximately 12 relative to this axis at the center of the A
by phasing analysis as well as from the perspective of tract.
proteins bound on opposite sides of the binding site. Both Influence of Regions Outside the bZIP Domains on DNA
restriction fragment and oligonucleotide cyclization experi- Bending by Fos and JunThe variation in the electrophoretic
ments indicate that Fos and Jun do not cause significantmobilities of complexes formed by full length Fos and Jun
changes in helical periodicity upon binding to the AP-1 site on phasing analysis probes is larger than that of complexes
(Sitlani & Crothers, 1996; Kerppola, 1996). Thus, the formed by the truncated proteins (Kerppola & Curran,
directions of DNA bending induced by Fos and Jun are 1991a,b). To investigate if this greater mobility variation is
unlikely to be affected by protein-induced changes in helical caused by increased DNA bending, the electrophoretic
pitch. The directions of DNA bending determined under mobilities of complexes formed by homo- and heterodimers
different conditions were also highly consistent for each composed of various combinations of full-length and trun-
complex (Table 1). cated proteins at different distances from a reference bend

Since the mobility variations in gels with different acryl- were determined (Figure 7). Their mobility variations were
amide concentrations were determined independently, theanalyzed at low acrylamide concentrations on DNA frag-
consistent DNA bend angles and directions determined underments with long flanking sequences, conditions under which
different conditions attest to the reliability of bend measure- differences in separation had comparable effects on the
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08 Fos : Jun Jun mobility independent of other factors (Kerppola & Curran,
- :’z 1991a,b). However, the validity of results from phasing
= . analysis has been questioned based on the failure to observe
g 12 a mobility variation in phase-sensitive detection assays or a
o 08 Fos : Jun257-318 [ Fos139-200 : Jun change in the kinetics of ligase-catalyzed cyclization for
& ‘1’2 * several complexes that cause a mobility variation in phasing
c F\W analysis (Sitlani & Crothers, 1996; McCormick et al., 1996).
12 Furthermore, many proteins that bend DNA in phasing
2030 4050 60 70 8020 30 40 50 60 70 B0 analysis experiments do not cause bending in crystals (Ferre-
Separation D'Amare et al., 1993, 1994; Glover & Harrison, 1995;

Ficure 8: Effect of the distance between the reference bend and Houbaviy etal.,, 1996). It \_/va§ therefore necessary to develop
complexes formed by full-length and truncated Fos and Jun on the improved assays for protein-induced DNA bending to resolve
electrophoretic mobility variation. The electrophoretic mobilities the contradictions among these results.

of complexes formed by the proteins indicated above each graph The multifactorial phasing analysis approach presented

were normalized for differences in probe mobilities, and were ; ok
plotted as a function of the separation between the centers of thehere provides a general method for determination of whether

AP-1 site and the reference bend. All complexes were analyzed by € phase-dependent mobility variation of a protdNA
electrophoresis in a 5% polyacrylamide gel &Gtand contained ~ complex is caused by DNA bending. Three separate criteria
151 bp flanking sequences. The best fit of a damped phasing are identified to define a rigorous standard for determination
function to each set of mobilities is shown. of whether a complex causes DNA bending. These criteria
B o o ) were selected based on the electrophoretic mobility variation
mobility variations caused by intrinsic bends of different c5ysed by intrinsic bends of different magnitudes. They were
magnitudes as well as truncated Fos and Jun complexes. The s, gesigned to preclude erroneous identification of DNA
full-length Fos-Jun heterodimers and Jun homodimers pending complexes. Thus, failure to meet these criteria
caused a larger mobility variation than the truncated proteins. cannot be considered proof that a complex does not induce
Heterodimers containing full-length Fos and truncated Jun pNA pending. It may, however, indicate that factors other
caused a larger variation in complex mobilities than het- an DNA bending contribute to the phase-dependent mobil-
erodimers containing either both full-length or both truncated ity variation of a complex.
proteins regardless of spacer length. In contrast, het- ~myititactorial phasing analysis was used to examine DNA
erodimers containing full-length Jun and truncated Fos pending by several complexes formed by truncated Fos and
caused virtually no mobility variation on DNA fragments  jyn proteins. All of the criteria were fulfilled by each
with either short or long spacers. These results are consisten[:ommexy demonstrating that these complexes induce DNA
with the model that Fos and Jun bend DNA in opposité pending. Complexes formed by the full-length Fos and Jun
directions, that the full-length proteins induce larger bends proteins were also examined under a subset of the conditions,
than the truncated proteins, and that the two subunits of the g4 were found to satisfy the applicable criteria. It was not
heterodimer induce independent DNA bends (Kerppola & hossible to examine DNA bending by full-length Fos and
Curran, 1991b, 1997). The effect of differences in spacing jyn under all conditions of multifactorial phasing analysis
on the mobility variation of these complexes was similar 1o sjnce the complexes did not migrate sufficiently far into the
that observed for fragments containing intrinsic A tract bends gel at high acrylamide concentrations. Heterodimers formed
as well as complexes formed by truncated Fos and Junpy tryncated Jun and full-length Fos that induce no net DNA
(F.|gu.re 8). These cqmplexes therefore fqull! the second bending in phasing analysis (Kerppola & Curran, 1991b) also
criterion for DNA bending. Although DNA bending by these g not cause an electrophoretic mobility variation under any
complexes has not been examined based on the other criterigyt the conditions of multifactorial phasing analysis tested.
independent results indicate that they induce DNA bending Tpys, these complexes did not influence the phase-dependent
(Kerppola & Curran, 1997). Consequently, DNA bending mopility variation through mechanisms other than DNA
by a variety of complexes formed by Fos and Jun proteins penging. Indeed, although the methods presented here
has been confirmed by multifactorial phasing analysis, provide a means for identification of hypothetical complexes
demonstrating that this method provides a general approachy st induce a phase-dependent mobility variation by mech-
to determine whether the phase-dependent mobility variation gisms other than DNA bending, no such complex has yet
induced by protein binding is due to DNA bending. been identified. Therefore, these data also strengthen the
premise that phasing analysis is a reliable method for
DISCUSSION identification and quantitation of protein-induced DNA
The influence of molecular shape on the electrophoretic bends.
mobility of DNA fragments provides a powerful approach Quantitation of DNA bending by phasing analysis is based
for the analysis of DNA bending. However, many factors on the assumption that two in phase bends have the same
in addition to DNA bending affect the shape of a protein  effect on electrophoretic mobility as a single bend corre-
DNA complex, making it necessary to distinguish between sponding to the sum of the bends whereas two out of phase
effects of DNA bending and other influences. These effects bends have the same effects as a bend corresponding to the
cannot be distinguished by circular permutation analysis, anddifference between the bends. This premise was found to
many protein complexes that do not induce DNA bending be valid for closely spaced intrinsic bends with long flanking
cause a mobility variation in circular permutation assays sequences. Thus, phasing analysis should be performed
(Gartenberg et al., 1990; Kerppola & Curran, 1991b, 1993, using DNA fragments with a short separation between the
Kuprash et al., 1995). Phasing analysis was proposed tobends and long flanking sequences. Multifactorial phasing
discern the effect of DNA bending on electrophoretic analysis provides several independent estimates of the
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magnitude and direction of DNA bending for each complex. Ty
These estimates were consistent for all of the complexes / o
examined. The absolute magnitudes and directions of DNA />
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bending determined on the basis of multifactorial phasing
analysis differ slightly from previous estimates (Kerppola

& Curran, 1991b). These differences were mainly due to
the more accurate calibration of the relationship between
DNA bending and electrophoretic mobility variation derived

from multifactorial phasing analysis.

The finding that the mobility variation decreased with
increasing separation between the bends provides an expla-
nation for a systematic discrepancy between the electro- - : ~ . . .
phoretic mobilities of Fos and Jun complexes, and the bestFicure 9: Model for the migration of DNA fragments containing

fit of the phasing function. For virtually all complexes EI\'ATI‘IO bends separated Ey |0nt% SDE}CGF? durifngfgel electtrophto_re_sis.
; ; . The upper sequence shows the migration of a fragment containing
examined previously (Kerppola & Curran, 1991a,b, 1997; two widely separated bends in phase whereas the lower sequence

Leonard et al., 1997, Rajaram & Kerppola, 1997), the ghows migration of a fragment containing two out of phase bends.
mobility anomaly of the complex with the shortest separation The average conformations of the fragments prior to migration into
is larger whereas the mobility anomaly of the complex with the gel are shown on the left. The bends in the fragments are shown
the longest separation is smaller than predicted by the?aS thick arcs. The distortions required for the bends to pass through

: . h the acrylamide matrix are shown to occur exclusively in the DNA
undamped phasing function. Thus, the decrease in thehelix, although it is likely that the acrylamide matrix is distorted

mobility variation with increasing separation between the 45 well. The tubes enclosing the fragments indicate the path of DNA
bends appears to be universal for complexes formed by allmigration defined by the diffusion of the leading segment, and are
derivatives of Fos and Jun, consistent with DNA bending depicted to be of uniform cross section for simplicity. The dotted

by these complexes. portion of the tube ahead and behind the DNA fragment is shown

. - - for purposes of visualizing the motion of the fragment, and is not
The mobilities of fragments containing widely separated ;,ianded to indicate that the path of migration of the fragment is

out of phase bends were reduced at high acrylamide constrained prior to entry of the leading segment. In step 1, the
concentrations to a greater extent than the mobilities of leading segment of the fragment makes a random change in
fragments containing widely separated in phase bends. Thisdirection, generating a curve in the path of the helix. In step 2, the
differential retardation of the migration of fragments with fragment rotates to align the first bend with the direction of the
2 curve. Following passage of the first bend through the curve in
out of phase bends was observed both for intrinsic A tract step 3, the second bend on the fragment with two in phase bends
bends as well as for complexes formed by truncated Fos andcan pass through the curve in step 4 without further rotation.
Jun. In the case of DNA fragments with long separations However, the fragment with two out of phase bends must either

between the bends and short flanking sequences, it resultedotate about the helix axis as shown in steps-dar distort the

in reversal of the phase of the mobility variation. Neither second bend further in order for it to pass through the curve in the
. . ’ ) path. Thus, the fragment with two in phase bends can clear the
the selective retardation of fragments with out of phase bendsgrye in step 5 before the fragment containing two out of phase

nor the reversal of the phase of the mobility variation was pends.

anticipated by prior theories of the migration of bent DNA

fragments during polyacrylamide gel electrophoresis. The the effective diameter of the DNA helix, resulting in
anomalous electrophoretic mobility of bent DNA fragments increased friction. Two closely spaced bends increase the
was originally explained based on the shorter end-to-end effective diameter of the DNA helix when they are in phase,
distance of such fragments (Wu & Crothers, 1984; Thompson but reduce the diameter, relative to a fragment containing
& Landy, 1988). However, the conformation of the frag- only one bend, when they are out of phase. When the
ments during gel electrophoresis is distorted by passageseparation between the bends was increased, their influence
through the polyacrylamide matrix. Thus, the end-to-end on electrophoretic mobility was affected to a lesser extent
distance in solution is not an appropriate measure of theby their phasing. The separation required to reduce the
influence of a DNA bend on electrophoretic mobility interaction between the bends by half depended on the
(Hagerman, 1996). Indeed, the influence of the separationacrylamide concentration (Table 1). At higher acrylamide
between the bends and the length of flanking sequences orconcentrations, a shorter separation reduced the interaction
the electrophoretic mobility variation cannot be explained between the bends, suggesting that the smaller pore size in
based on differences in end-to-end distance. It is thereforesuch gels resulted in a narrower tube in which the effective
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likely that the effect of a DNA bend on electrophoretic
mobility is due to the need to deform the DNA helix or the
polyacrylamide matrix in order for the DNA fragment to pass
through the pores of the gel (Levene & Zimm, 1989).

A DNA fragment is thought to move through the gel
following a path determined by the electric field-biased

diameter of the helix was determined over a shorter segment
of DNA.

The differential retardation of DNA fragments containing
widely separated out of phase bends and the reversal of the
phase of the mobility variation at high acrylamide concentra-
tions indicate that DNA bends can cooperate in their effects

random diffusion of the leading segment (deGennes, 1971,0n electrophoretic mobility through mechanisms other than

1979; Doi & Edwards, 1978). The pores of the gel matrix

their concerted influence on the effective diameter of the

encompassing this path define a flexible tube through which DNA helix. One such mechanism may involve rotation of

the DNA helix must pass. The migration of the DNA

the DNA fragment about the helix axis to facilitate migration

fragment is counteracted by a friction force resulting from of bent DNA segments through random curves in the path
interactions between the DNA helix and the gel matrix. DNA defined by the biased diffusion of the leading segment
bending reduces the electrophoretic mobility by increasing (Figure 9). The migration of fragments containing two
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widely separated out of phase bends may be retarded moreBecker, J. C., Nikroo, A., Brabletz, T., & Reisfeld, R. A. (1995)

than the migration of fragments with in phase bends due to _ Proc. Natl. Acad. Sci. U.S.A. 99727-9731.

the need for more frequent rotation of the fragment to align C'0thers. D. M., & Drak, J. (1992)ethods Enzymol. 2126~

the bends with curves in the path. Protein binding is deGennes, P.-G. (1971) Chem. Phys. 5572-579.

predicted to impede rotation of the fragment, consistent with deGennes, P.-G. (197%caling Concepts in Polymer Physics

the more dramatic reversal of the phase dependence of the Cornell University Press, Ithaca, NY.

mobility variation of complexes formed by truncated Fos Doi. M., & Edwards, S. F. (1978). Chem. Soc., Faraday Trans.

and Jun. Thus, two bends on a DNA fragment can influence Dr§k7,£}j.,1<7§8%rothers, D. M. (1991proc. Natl. Acad. Sci. U.S.A.

the effects of each other on electrophoretic mobility through — gg' 3074-3078.

multiple mechanisms that display distinct phase dependencekrie, D. A., Yang, G., Schultz, H. C., & Bustamante, C. (1994)
A change in the phase of the electrophoretic mobility  Science 2661562-1566. _

variation of fragments containing two separate intrinsic bends Ferre-D’Amare, A., Prendergast, G. C., Ziff, E. B., & Burley, S.

was observed previously at high acrylamide conc_entrations Feﬁé%?iﬁ)q)ggfu&le S?%%z;gﬁéc, P., Roeder, R. G., & Burley, S.

(Drak & Crothers, 1991). This change was attributed to k. (1994) EMBO J 13, 180-189.

differential interactions of DNA fragments containing a left- Fisher, D. E., Parent, L. A., & Sharp, P. A. (199Rjoc. Natl.

hand versus a right-hand superhelical arrangement of the Acad. Sci. U.S.A. §911779-11783.

; ; ; ; Gartenberg, M. R., Ampe, C., Steitz, T. A., & Crothers, D. M.
bends with the acrylamide strands during rotation of the (1990) Proc. Natl. Acad. Soi, U.S.87, 6034-6038.

fragments through the gel matrix (Drak & Crothers, 1991). G 5ver 3. N., & Harrison, S. C. (199%)ature 373 257-261.

In the present experiments, no difference between the Griffith, J. D., Makhov, A., Zawel, L., & Reinberg, D. (1995)
mobilities of fragments with left-hand and right-hand su- Mol. Biol. 246 576-584.

perhelical arrangements of the bends was observed. TheHagerman, P. J. (1984roc. Natl. Acad. Sci. U.S.A. 88632~
][nost dra;matlc tcha'ngetln relatt|vefmﬁblhtyt;/vazopserveld for Hagerman, P. J. (198Biochemistry 247033-7037.

ragments containing two out of phase bends In a planar yagerman, P. J. (199&roc. Natl. Acad. Sci. U.S.A. 98993~
arrangement. Thus, although rotation of the DNA fragments  9996.

is likely to contribute to their migration through the gel, the Heyduk, T., & Lee, J. C. (1992iochemistry 315165-5171.
fragments examined here display no evidence for an effectHoubaviy, H. B., Usheva, A., Shenk, T., & Burley, S. K. (1996)

P ; ; : Proc. Natl. Acad. Sci. U.S.A. 933577 13582.
of the chirality of the DNA helix on their electrophoretic Kahn, J. D., & Crothers, D. M. (199roc. Nafl. Acad. Sci. U.S.A.

mobilities. 89, 6343-6347.

These studies of DNA bending by Fos and Jun by Kerppola, T. (1996proc. Natl. Acad. Sci. U.S.A. 980117-10122.
multifactorial phasing analysis confirm the validity of phasing Kerppola, T. K., & Curran, T. (1991&}ell 66, 317-326.
analysis as a quantitative tool for the study of protein-induced Kerppola, T. K., & Curran, T. (1991bcience 2541210-1214.
DNA bending. When probes with short spacers and long K€fPPola, T. K., & Curran, T. (1993tol. Cell. Biol. 13 5479~
flanking sequences were used, phasing analysis producederppola, T. K., & Curran, T. (1997EMBO J. 16 2907-2916.
consistent estimates of the DNA bend angle and direction Kuprash, D. V., Rice, N. R., & Nedospasov, S. A. (1998&)cleic
for several proteir DNA complexes under a variety of gel Acids Res. 23427-433.
electrophoresis conditions. Although a comprehensive theory-€onard, D. A, Rajaram, N., & Kerppola, T. K. (1997)oc. Natl.

- . ae Acad. Sci. U.S.A. 94913-4918.
for understanding the anomalous electrophoretic mobilities | o <" 5 b & Zimm, B. H. (1989%cience 245396399,

of bent DNA fragments is lacking, these studies provide a | evene, S. D., Wu, H. M., & Crothers, D. M. (198Bjochemistry
solid empirical foundation both for the appropriate applica- 25, 3988-3995.

tion of these methods for studies of additional protediNA Lo;e, é] E]iigléié;l(\i%ltc?zeé?é %1@?5? K., Grosschedl, R., & Wright,
complexes as well as for the development of such a theory., - = u — 1.

Quantitative analysis of the changes in DNA structure Lugieorl, 26%"6285/%%0”’ H. R., & Calladine, C. R. (199)Mol.
induced by protein binding is essential for understanding the Mmarini. J. C., Levene, S. D., Crothers, D. M., & Englund, P. T.
assembly of multiprotein complexes bound to separate sites (1982)Proc. Natl. Acad. Sci. U.S.A. 79664-7668.

on DNA. Multiple approaches, including phasing analysis, McCormick, R. J., Badalian, T., & Fisher, D. E. (1998)oc. Natl.

; ; ; bt Acad. Sci. U.S.A. 9314434-14439.
will be needed to determine the relative contributions of Natesan, S., & Gilman, M. Z. (19933enes De. 7, 2497-2509,

protein-induced DNA bending, DNA looping through protein  pagjelia'D. N., Palmer, C. R., & Schepartz, A. (198¢)ence 264
protein interactions and intrinsic DNA bending to the 1130-1133.
distortion of the DNA helix required for the assembly of Rajaram, N., & Kerppola, T. K. (199 MBO J. 16 2917-2926.

active transcription Comp|exes_ SChU'tZ, S.C., Shields, G.C.,& SteitZ, T. A. (1993£)ience 253
1001-1007.
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