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ABSTRACT

It is often desirable to estimate accurately the local
shape of DNA molecules. Such measurements are
useful in understanding the intrinsic contribution of
DNA sequence to curvature, as well as in assessing
the effects of chemical modifications. We have been
investigating the effects of asymmetric phosphate
neutralization on DNA shape using the well-
characterized ligation ladder approach developed by
Crothers and co-workers [D.M.Crothers and J.Drak
(1992) Meth. Enzymol. , 212, 46—71]. This technique is
remarkably sensitive to differences in DNA shape.
We now report a general quantitative assay of DNA
curvature that we have validated using a set of
phased A ; tract standards. This approach allows
simultaneous estimation of helix axis deflection
magnitude and direction when a test sequence is
monitored in at least three phasings relative to a
reference A 5 4 tract in short DNA duplexes. Analysis
using this improved approach confirms our
published data on DNA curvature due to electrostatic
effects.

INTRODUCTION

spooled complex with histone proteins. In this complex, a
persistence length of DNA is bent through almost two full
circles. In transcriptional control, information specified by the
patterns of protein occupancy of multiple DNA sequences is
sensed through protein—protein interactions among these
tethered factors. The properties of the intervening DNA are
expected to influence the mechanism by which this signal inte-
gration results in recruitment of RNA polymerase (3). DNA
shape has also been implicated as an important factor in
genetic recombination (4).

A diverse array of factors can induce DNA bending. Various
classes of proteins induce DNA bending (5), including
molecules such as ‘architectural proteins’ for which DNA
bending may be their primary function (6-8). In addition,
certain chemical cross-links (9,10) and artificial ligands
(11,12) have been shown to distort DNA.

Of particular interest in the present work are DNA modifications
(sequence changes, chemical adducts, etc.) that induce DNA
curvature, perhaps by mimicking the consequences of protein
binding. For example, we have studied DNA curvature
induced by alterations in the charge balance along the double
helix (13-17). There is growing interest in the physical basis
for both intrinsic DNA curvature, and for curvature induced by
chemical modifications. Recent proposals include the concept
that DNA electrostatics dominate intrinsic curvature, revealing
sequence-dependent heterogeneities in the counterion atmosphere
(18). Such reasoning has been applied to explain sequences

DNA curvature and bending play critical roles in biology. such as A stracts that appear to be strongly curved in solution

DNA curvature refers to changes in the helix axis that aréxperiments (19-22).

intrinsic to the DNA sequence in a given environment of DNA curvature and bending can be analyzed using a number
solvent and counterions. DNA bending involves changes in thef methods. High resolution approaches include X-ray diffraction

helix axis due to the binding of ligands such as drugs an@nd NMR spectroscopy. Both require relatively large amounts
proteins. The DNA double helix is rather rigid locally as meas-of material. There is concern that intrinsic DNA curvature may

ured by persistence length, a descriptor of the tendency dfe obscured in X-ray crystallography by solvent and ion conditions
segments within a polymer to remain aligned. The persistencand crystal packing forces (23). NMR spectroscopy is limited

length of DNA, P, is ~150 bp under physiological conditions in its ability to define the shape of elongated helices. Other

(1). Over DNA lengths on the order 82 (~75 bp), DNA can

spectroscopic tools such as FRET (24), LRET (25) and TEB

be modeled as a rigid rod with elastic resilience (2). Becaus€6) offer rich opportunities in analysis of DNA curvature,
many compact nucleoprotein complexes important for DNAbending and flexibility. Traditional hydrodynamic approaches
function involve interactions over this length range, factorssuch as analytical ultracentrifugation have also been applied.
that change DNA shape and/or flexibility have importantOther clever strategies have been devised to measure the shape

biological consequences.

of trace quantities of radiolabeled DNA using assays of

Perhaps the most obvious contexts in which DNA curvatur&nzyme-mediated cyclization (27,28), or differential protein
and bending are significant are packaging and transcription&inding to preformed minicircles (29-31).
regulation. The immense length of DNA in mammalian With respect to convenience, economy, simplicity and
genomes requires extreme volume compaction in the cefipeed, gel-based electrophoretic assays of DNA shape are
nucleus, a challenge met by packaging DNA in a highlyextremely attractive. Such methods (reviewed in 32) include
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circular permutation assays, phasing assays and ligation ladd@ased on data from experiments using a calibration standard
experiments. These approaches suffer from the absence ofndth two phased A 4 tracts, we now present such an approach
rigorous physical theory of native gel electrophoresis througland apply it to examples of our previous data. In all cases the
media such as polyacrylamide. However, through the use oksults of the refined analysis support our previous conclusions,
insightful calibrations and empirical quantitative relationshipsput in more quantitative detail.
DNA shape can be measured with remarkable sensitivity in
such assays.

The present paper involves the analysis of DNA curvaturclz\/lATERlALS AND METHODS
using ligation ladders, a semiquantitative technique pioneeredjigonucleotides
by Crothers and co-workers (reviewed in 32). This group
showed that an electrophoretic retardation anomaly typifies th
mobility of curved DNA sequences. It was further observe
that the anomaly increases as the square of the degree of curvatd:

Comparative electrophoresis experiments were shown to allo ; . . . .
estimation of the magnitude and direction of DNA bendstartridges. Oligonucleotide concentrations were determined at

induced by sequence, structure and/or chemical modificatior@0 NM USINg appropriate nearest neighbor molar extinction

(32). In this approach, DNA duplexes comprising two turns ofcC€fficients (Mt cnr) as described (38). In some cases oligo-
the double helix are chemically synthesized with cohesivducleotides were characterized by electrospray ionization mass

molecular termini for unidirectional ligation in the presence ofSPectrometry.

T4 I_DNA ligase. Each DNA duplex contains a rgference Shapﬁigation ladders

[typically one or more A gtracts that are intrinsically curved - . ) ] .
by ~18 in an orientation that has been established (32)]. Upoﬁurlfled oligonucleotides (400 pmol) were radiolabeled using

ligation the A 4 tracts in the resulting ligated multimers are Polynucleotide kinase ang-fP]JATP (10uCi, 3000 Ci/mmol)
aligned nearly in a plane. Thus, multimers of increasing lengt#l 10 pl reactions containing 8 U T4 polynucleotide kinase in
are increasingly curved and display corresponding lengththe buffer recommended by the manufacturer (New England
dependent mobility retardation anomalies in native polyacrylamidBiolabs). Incubation was for 45 min at37, followed by addition
gels. of unlabeled ATP to 4 mM and further incubation for 20 min.
The ligation ladder technique is limited in certain ways.E9ual amounts (169 pmol each) of labeled complementary
Ligation ladder experiments require synthetic DNA duplexe<!igomers were then mixed and adjusted topd@vith H,0,
susceptible to radiolabeling by T4 polynucleotide kinase, an@€ated to 80C and cooled gradually to°€. The annealed
that retain their activity as substrates for T4 DNA ligase. Inoligonucleotides (169 pmol) were then assembled into ligation
addition, DNA shape is measured under the solvent and dilutgactions (2@ul) containing 800 U T4 DNA ligase in the buffer
ionic conditions required for electrophoresis. In spite of thesé@commended by the manufacturer (New England Biolabs). A
limitations, ligation ladder experiments have been profitablysmall fraction of unligated duplex was retained as a marker for
applied to studies of curvature due to DNA sequence, unusuf! studies. Ligation reactions were incubated atClor
DNA structures such as bulges (33) and chemical cross-linkd0 min, and then terminated by addition of EDTA to a final
(9,10). DNA curvature induced by metal ions has also beefoncentration of 30 mM.
studied using this technique (34—3.6.).. The Iigatio_n_ Iaqd.GExonuclease treatment
approach offers unprecedented sensitivity and simplicity in its
ability to measure reproducible changes of DNA helix axis ofln cases where it was necessary to distinguish circular versus
afew degrees. linear ligation productBal31 exonuclease treatment was used
Our own work has utilized the ligation ladder technique tot0 eliminate linear products while sparing DNA circl&al31
measure changes in DNA shape upon alteration of DNA electrdteatment was performed by addingi®x Bal31 exonuclease
statics by neutralizing phosphates (13,16,17,37) or appendirigaction buffer and 1 WBal31 exonuclease (New England
ionic functions (14,15). After calibrating an empirical curvatureBiolabs) to 8pl ligation reaction, and incubating at 30 for
equation with A 4 tract standards, we estimated angles of30 min prior to electrophoresis.
induced curvature in three steps. First, helical repeat parameteé?,ectro horetic analvsis
were determined. Second, apparent relative curvatures were P y
assigned to each ligation ladder. Third, curvature induced bligation ladders were analyzed on 5% native polyacrylamide
the charge perturbation was estimated by simultaneousll:29 bisacrylamide:acrylamide) prepared in TBE buffer
fitting relative curvature data from three phasings to a crud€39). Electrophoresis was at 10 V/cm at°€2 Molecular
periodic function based on the assumption that curvature wasgeight markers were created by labeling a 100 bp ladder
proportional to the vector sum of projections of DNA segmentgGibco BRL) using T4 DNA polymerase (New England
perpendicular to the long axis of the ligated DNA oligomersBiolabs) and ¢->’P]JdATP as recommended by the ladder
(13). The physical basis for this assumption is not rigorous anthanufacturer. Gels were dried and exposed to storage phos-
the previous analysis only qualitatively assigned the directiophor screens for analysis using a Molecular Dynamics Storm
of DNA curvature. Thus, we have sought a rigorous andB40 phosphorimager. Curve fitting was performed using
general approach to deduce both the direction and magnitudéaleidagraph™ software running on a power Macintosh
of induced DNA curvature from ligation ladder experiments.computer.

ligonucleotides were prepared by standard phosphoramidite
emistry. All oligomers were purified by denaturing 20%
lyacrylamide gel electrophoresis, eluted overnight from
ced gel slices and desalted usingg Qeverse-phase
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RESULTS AND DISCUSSION A.
Experimental design 1 5’ -CGGCGGCGCGGCGIUNENICGG C
e o _ CCGCCGCCGCGCCGCHENENG-5-
We sought to optimize a method for estimating the magnitude
and direction of DNA curvature in short oligonucleotides using 2 ° ~CORMENRCCGCE cec (M)
. i : - CCcGe CGCGCINNENG-5 \_
a phasing approach in ligation ladder experiments. To validate
our analysis, we studied a test case in which both the reference 3 5’ -CCRR GCGCGCGCGG /‘\
curvature and the test curvature were caused pyracts, of ceoc¥¥Mcacceevv MG -5 -
which the curve magnitude and direction in solution are well
established (reviewed in 32). 4 5"CGGCGGCG cec M
; . . . . . olelelain 22 2 2lelelalaleleln 22 1 2 R EEANI
This analysis requires synthesis of oligonucleotide duplexes
with appropriate 3 extensions for unidirectional ligation. B
Duplexes for the test case are shown in Figure 1A and B. Such '
duplexes are typically designed to represent two helical turns 5 _cG GCGGCCENEmCCG M
of DNA, and hence will often require 21 nt oligomers. The 4 "ccoci¥w¥MIcGeccoeI® G5 ()
appropriate duplex length depends on accurate measurement of
the helical repeat, as described below. An oligonucleotide 5 5’—CGGCmGGCG CGG J*\
standard duplex with a sequence composition comparable to CCGCCCRERRECCCCERRREG-5" <)
the test sequence (e.g. dupléx Fig. 1A) was designed to . A
contain one A tract per two helical turns. This sequence 6 céggggggwgg o gc_;g »J
forms the polymer (&2G,CG,CGCGCGTC),. Other possible
standards include ligated duplexes that form the polymers C.
(GiCACG,CAL), (32) or (GCG,LCG,CGCGCGTy), (13). 5o .cocdtth. ..
Three experimental test duplexes are ultimately synthesized 7 .. .GELGCGE. . . -5
with Ag ¢ tracts phased at three distances from the curvature
locus of interest €is, ‘ orthd and ‘trans, e.g. duplexeg—6 in 5., AAAc;%r}r’p ..
Fig. 1B). However, a preliminary set of test duplexes (e.g. duplexes 8 ---TTTCAAA. . .-5¢
24, Fig. 1B) is first designed in lengths of 20, 21 and 22 bp for
helical repeat estimation. In these duplexes, the thact and g 5 . AAGGGGAAGTG. . .
test sequence are placed on the same helical face. Lengths are - - - TTCCCCIICAC. . . -5¢

changed by adding single base pairs to a single location to
preserve overall sequence composition as much as possible.
Typically, length changes are not made between thethact

; inA i i iqure 1. Experimental DNA duplexesA() Curvature standard (dupléy and
reference and the test sequence. However, this choice is wrelev%t%ﬂexe 2 (20 bp).3 (22 bp) ands (21 bp) used to establish the helical repeat

in duplexe2—4 (Fig. 1) where Atracts serve as both referenge of the test sequence s&acks are in black boxes. The center gftract curvature
and test sequences. These duplexes are then used to estim@terd the minor groove in a reference frame 0.5 bip2he center of the A
accurately the helical repeat of the sequence under study. tfact) is indicated by a white square. End views are shown at the right: if each

should be noted that even more precise estimates of the he“éiaplex is viewed from the right end, the black arrowhead indicates the dire€tion o
p Curvature due to the' A\ tract, and the gray arrowhead indicates the direction

repeat can be made, if necessary, by analysis of 30, 31, 32 aBtyrvature due to the' 3 tract. ®) Duplexes (21 bp) used to validate the

33 bp duplexes (40). analysis. Duplexed—6 correspond tais, ortho andtrans cases, respectively.
(C) Sequences representing previous experimental designs re-analyzed in this
Gel analysis work. Assigned centers of the test sequences are indicated by black squares. As

. . . . noted in the text, the assigned center of the test sequence does not necessarily

After electrophoresis as described in Materials and Methodsorrespond to the actual center of curvature. This discrepancy is reflected in
data such as those shown in Figure 2 (|anes ]__6) are obtainadrameterD. Sequence/ contains six methylphosphonate substitutions (dots)
The distances migrated are measured manually for all radiding the DNA minor groove as described (13). SequeBoeas studiedri

. . unmodified form, or with six appended propylamines or acetylated propylamines
|abe|e_d band; in standard and experimental lanes. An exponemé@[;osition 5 of the indicated thymine residues (15). Sequéncentainsa
equation is fit by a least-squares method to a plot of distancending site for transcription factor PU.1 and was studied in unmodified form,
migrated &) as a function of lengthL() for 100 bp ladder orwith methylphosphonate internucleoside substitutions at the positions indicate

markers (e.g. Fig. 2, lanes labeled M): by dots (17).
L = ae® 1

wherelL is length,x is distance migrated (typically measured

inmm), anda and B are fit parameters. Once determined,duplexes such as those shown in Figure 1A and B, circular
parameterst andp are fixed and substituted back into equationligation products may be observed. In extreme cases (e.g. Fig. 2,
1, and the resulting function is used to calculate the apparef@nes 4 and 5) such products may predominate and obscure the
length (,,) for all bands in experimental ligation ladders. linear products whose mobilities must be measured. To distin-
Electrophoresis of unligated samples allows assignment of thguish linear and circular ligation products, half of the ligation
monomer duplex band, and this allows assignment of an actuptoducts were treated witBal31 exonuclease to eliminate
length () to each gel band. Because of the sharp curvature dinear molecules (Fig. 2, compare lanes 1-6 with 7—12). After
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Table 1. Parameter definitions

Parameter  Definition Units
h helical repeat bp/turn
r relative curvature As_gtract equivalents per helical turn
r' curvature of test duplex degrees per two helical turns
s distance closer to the reference_#tract that the test sequence would need to be (in the experimental bp
ciscase) to achieve a ‘trueisgeometry
c curvature direction angle degrees
D discrepancy between the actual center of test sequence curvature and the center of curvature assighpgt

before the analysis

0 rotary angle between the assigned center of curvature at the test sequence and the reference framedegree%
of the A;_greference sequence

X actual spacing between the center of test sequence curvature as initially assigned, and the center obp
As gtract curvature in the experimentzb case

af D > 0, the true center of curvature of the test sequence is toward the minor groove in a referend2 fiasieser to the A gtract than initially assigned. D
>0, the true center of curvature of the test sequence is toward the minor groove in a referend® naufnether from the A ¢tract than initially assigned.
bArbitrarily set to O for the experimentais case

duplex 123456 123456 corresponding data are shown in Figure 3A. Duplgiength
Gaid TR - 21 bp) consistently displays the greatest electrophoretic retardation
| - anomaly, suggesting that thegAracts remain maximally
- ! ! aligned on one helical face for these molecules. To determine
"'i o el more accurately the helical repeat, data points corresponding to
.- three different multimers of each duplex length were replotted
=500 i T againstlL /2 as shown in Figure 3B. The data are fit to a
=400 S - Y W o parabolic function:
=300 & “- - e R = i(Laupef2P+ | (Laped2) + 3
w200 W~ - e = finding the best values farandj. The helical repeat) (bp/turn:
" see Table 1), is then given by:
w00 - - h = _Eji 4

- which corresponds to the value bof,./2 at the maximum of
the parabolic fit through the data. The valuehois typically
- near 10.5. Ihis closerto 10 or 11, then 20 bp or 22 bp, respectively,
M 1 3 § M7 _9 11 M test duplexes will be appropriate. Determination of helical
2 4 8 8 10 12 : o -
repeat is performed for all unmodified and modified sequences
before phasing studies are performed. In the case of demon-
Figure 2. Ligation ladders. Image obtained after native gel electrophorésis oStration duplexeg&—4 (Fig. 1), the electrophoretic data in lanes
100 bp marker ladders (M) or ligated duplexte$ without (lanes 36) orwith ~ 2—4 of Figure 2, and analysis in Figure 3 yield a helical repeat
(lanes 7—-12) exonuclease treatment to define circular molecules. Arrows to thestimate of 10.4 bp/helical turn (Table 2, column 4). Therefore,
left of lanes 1-6 indicate molecules containing nine duplexes ligated end-to-en%l bp phasing dupIexeS—G (Fig. 1) were synthesized.

Curvature analysis

R _values are calculated for all gel bands according to equation
circular products were identified, only linear products were2. A plot of these data againkis displayed in Figure 4A for
analyzed. Mobility differences are apparent: the bands indicatediplexesl—4. It is evident from inspection of the data that the
by arrows in lanes 1-6 of Figure 2 correspond to moleculeglectrophoretic mobility anomaly is as expected: the duplex

involving nine duplexes ligated end-to-end. with two A; tractsin cis (duplex4) displays a greater mobility
] o anomaly than thertho (duplex5) or trans (duplex6) cases.
Helical repeat determination Using the method of Crothers and co-workers (reviewed in
Relative mobility,R,, is defined as: 32), the data are then transformed & d- 1 is plotted versus
R =L /L 5 (L,ed? This result is shown in Figure 4B for duplexds6.
= LapdLact Crothers and co-workers demonstrated that this transformation

Values ofR, are then plotted versus,, for ligation ladders of allows fitting of plots to an empirical equation in terms of
20, 21 and 22 bp duplexes. For duplexed (Fig. 1A), the  (L,)? and (relative curvaturg)where relative curvature)is
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Table 2. DNA bending data

Test sequenée Experiment Reference  Helical repeh}?( Bend angle at test sequentg (Bend position D)"
46 Ag tract Thiswork  10.4 18.9 0
7 Six neutral phosphates (minor groove) (13) 10.5 17.8 0.77
8 Six propylamines (minor groove) (15) 10.5 9.6 0.2
21.# 0.43
0.5 0.18
9 Seven neutral phosphates simulating PU.1 a7 10.5 450 4.0
(major groove) 25% -5.19

aSee Figure 1.

bIn units of bp/helical turn; standard deviation <1% of value.

‘Degrees deflection of helix axis; standard deviation <5% of value.

dUnmodified.

eSix tethered propyl amines.

fSix tethered acetylated propyl amines.

9Seven methylphosphonates simulating PU.1.

hBase pair shift from the specified center of the test sequence toward the refetggitach, required to define the frame in which the test bend is directed toward
the minor groove; standard deviation <0.1 bp.

measured in units of Ag tract equivalents per helical turn of adding or subtracting 38Guch thath = 0 and —90 <c < 90.
DNA: The curve fit for the particular data set shown in Figure 4C
_ 2 gave the valuea = 25.88,b = -11.16,c = 202.63, which, after
R —1=(pL=0)() 5 the conversions described above, yielded25.88,b = 11.16,
Data are examined for ligated duplexes in the range 165 bpc=22.63. Because equati@rinvolves fitting a cosine function
L. < 189 bp (32). First, equatioh is used to obtain the best with three adjustable parameters to three data points, the fits
least-squares fits for paramet@randq, by settingr = 0.5 A; s  will be perfect in all cases. Where possible, therefore, it is
tract equivalents per helical turn (for the case of standardesirable to study more than three phasings to improve estimates
duplexl). In general, the value offor a standard duplex is the of the fitting parameters.
number of phased £Agtracts (one for dupleg) divided by the  The interpretation of Figure 4C is as follows. As the phasing
number of helical turns of DNA in the duplex (two for dupl&x  experiment alters the relationship of the two loci of curvature
Values forp andq are ~9.6x 10-°and 0.47, respectively, under in the test duplex fromcis to ortho to trans these loci
these electrophoresis conditions (32), but must be determine@ntribute to different overall test duplex curvature valugs (
in each experiment. measured in the electrophoretic experiments. When the cosine
Once values of andg have been determined using equationfunction reaches a maximum, this corresponds to the two loci
5and a standard duplex suchlaghese values fgp andq are  of curvature occurring in the same plane causing maximal
substituted back into equati@yand the resulting expression is electrophoretic retardation (the ‘trueis case). The value af
used to obtain least-squares estimatesr ftwr the cis, ortho  at its maximum (which occurs wheh= c) is given bya + b.
andtransduplexes (duplexe4-6, Fig. 4B). The curvature (in  This value also represents the linear sum of the angles of
degrees) of each test duplex (two helical turnsj:is curvature of the two independent loci of curvature. Because the
=36 g degree of curvature of the referencg Atract has a known

value of 18, the curvature of the test sequenteas simply:
The rotary angled) between the reference frame of the A

tract and the center of the test sequence is arbitrarily assigneda ~ t°=a+b—18& 8

value of zero for the DNA duplex representing this case  yhjle least-squares values@fndb allow determination of
(duplex_2, Fig. 1B). Vall_Jes 0P for the ortho andtran_scases t, the value ofc (converted to the range —90 &< 90 as
are assigned by counting the number of base pairs from thgsscribed above) provides information about the direction of

center of A ¢ tract curvature (0.5 bp'®f the center of the ¢ e test curvature. The value ofs first converted to base pair
tract) to the assigned center of the test sequence, and mulfjpiis <

plying this spacing by 36@h. A plot of test duplex curvature

(r") versus radial angledj is then prepared (Fig. 4C). These s=c-h/360 9
data are then fit by a least-squares method to a general cosimberes gives the number of base pairs closer to the reference
function: Ag g tract the test sequence would have to be (relative to the
experimentatis case) in order to obtain the ‘truels case. Ifs

> 5 bp, therh —scan be interpreted as the number of base pairs
If b<0 from the curve fit, 180is added to (or subtracted from) further from the reference 4 tract the test sequence would
cto invert the sign ob. The value ot can then be adjusted by have to be (relative to the experimentd case) in order to

r'=a+ bcos@ - c) 7



4140

Nucleic Acids Research, 1999, Vol. 27, No.

21

3.0 T T T T . 3.0 T T T T T
z A, A .
) ~.,
: o\o 25 | . i
B25 | ™~ 1 o =
[< 0\
p- ° 20 - " _
[ \ R . *
g L [ ]

2.0 ~ i . . x
g ° 1.5 - [} " * : X X -
= L *
g g 508 x "

15 L . - T 1.0 | T M . - L

40 60 80 100 120 140 0 50 100 150 200 250 300
distance migrated (mm) L (bp)
3.0 T T 1-4B i T -
B 1.2 | P 4
- /// -
25F . 1 1.0 - .
- 08 | e |
2.0} ™ o °* ¢ 1 R 0.6 - ‘//:/// i
R, . -
Y .//‘ -
sl . .. 04 ////fl P y i
. 4 — . I
FRUUPEREE I 02 | 8” M 1
" -, ¢ 0 X L I 1 L 1
1.0 a, Y 1 I ! ! EE——
0 50 100 150 200 250 300 o 15 20 25 30 35
L (bp) L” (x107)
40 T T T T T T

3.0 g C
ow3 L ° J
SEET )

251 i £Z 30| N\ /]
5@ AN /
oL \ /

20} . 3225 | \ /o

R, s< % /
| “a20 | AN 4 i
15 | PR RRPR RPN 1 L
ol X . , Y 0 60 120 180 240 300
98 10 102 104 106 108 11 11.2 6 ()

Lduplex /2

Figure 4. Curvature analysis for DNA duplexds6 containing two phased A
tracts. Q) Electrophoretic mobility data for standard dupl&xcrosses)cis

Figure 3. Helical repeat data analysisA) Fitting of equationl to uncurved ~ duplex4 (circles), ortho duplex5 (squares) antrans duplex 6 (diamonds).
mobility standard data.B) Electrophoretic anomaly as a function of duplex (B) Dataand curve fits to equati@for standard duple (crosses)cis duplex
length: circles, 20 bp; squares, 21 bp; diamonds, 22®pParabolic curve fits 4 (Circles),ortho duplex5 (squares) antfansduplex6 (diamonds). €) Fit of

through mobility anomaly data for molecules composed of 9 (lower curve)relative curvature data deduced from (B) to equaiion

10 (middle curve) or 11 (upper curve) ligated duplexes. Symbols are as in (B).

D >0, D gives the number of base pairs that the assigned center
of the test sequence must be moved closer to thetct in

obtain the ‘true’ciscase. At this point it is useful to change the der that the directi fth ) dthe mi
reference frame in order to express the true bend direction relai@c€" that the direction of the test curvature is toward the minor
oove in that reference frame.If < 0, the correct frame of

;[g g::i(?rﬁolﬁgﬁs dcggtgéf?r: itr:]; tfj;%i%?fgnigr;g;anSformatlrgeF}erence i bp further from the 4 ¢ tract. Note that curvature
’ toward the minor groove in a reference framebp from the
10 assigned center of the test sequence is equivalent to curvature
toward the major groov® + h/2 bp from the assigned center

wherehis the helical repeak is the actual spacing between the ¢ 6 tost sequence. Table 1 summarizes the definitions of the
assigned center of the test sequence and the center of curvatytfiaples described above.

of the Ag_gtract of thecisexperimental case, arsds as defined

in equation9. D is a useful parameter that refers to the testConfirmation with test duplexes

sequence independent of any particular molecular spacing if duplexes—6 (Fig. 1B) both loci of curvature are caused by
the cis, ortho or trans casesD describes the discrepancy (if A stracts, for which the magnitude and direction of curvature
any) between the actual center of bending of the test bend, atslknown. The resulting data (Table 2, row 1) therefore provide
the center of bending assigned for the analysis. In particular, & powerful confirmation of the validity of the quantitative

D=h-x+s
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approach described above. The average valuefrofin three  frame 0.15 bp (5rotation) 3 of the center of the sequence. The
experiments is 189 Table 2), in excellent agreement with the previous analysis deduced 8f curvature toward the minor
literature value of 1& 3° (32). The standard deviation bivas  groove at the center of the sequence under these conditions.
<5% of its value. Moreover, the average valuddirom three Data from our previous analysis of the electrostatic conse-
experiments is O (standard deviation <0.1 bp). Because thguences of PU.1 binding to its DNA site (dupl@xFig. 1) are
center of A tract curvature was assigned at the theoreticahlso shown in Table 2. The curvature of the unmodified
position (0.5 bp 3to the center of the Atract), this value for sequence had been reported to bé G#ard the major groove
D confirms that the assigned reference frame for curvaturéh a reference frame 1.5 bp Bom the center of the sequence
toward the minor groove agrees exactly with the experimentg|17). The improved analysis refines the magnitude of curvature
result. to 5., in similar reference frame 1.0 bp (3¢btation) 3 from the
center of the test sequence. Note that in this case the experimental
duplexes were constructed with; &acts upstream of the test
sequence, sb defines a correction in thée Hirection from the
The optimized curve-fitting approach described aboveassigned sequence center, and@halue of 4.0 bp 5from the
provides estimates of both the magnitude and direction a$equence center for curvature toward the minor groove (Table 2)
curvature. In our previous analyses (13-17,37), the direction aforresponds to curvature toward the major grobiz bp 3
curvature was only approximated by observing the ranking ofrom this location, or 1.25 bp (43rotation) 3 from the
the electrophoretic anomaly betweeis, ortho and trans  assigned center of the sequence. Consideration of data for the
cases. In light of the improved analysis, we selected threseutralized PU.1 test sequence yields a curvature of°25.5
previous data sets relevant to asymmetric charge neutralizatigpompared to the original estimate of 27.@.7)]. The least-
in DNA and subjected them to analysis. The examples are indicatedjuares estimate f@ris —5.1 (Table 2), demonstrating that the
as duplexe§-9 (Fig. 1), with corresponding data included in direction of curvature is toward the minor groove 5.1 bBp 3
Table 2. Duplex7 (Fig. 1C) refers to data obtained for DNA from the center of the test sequence. This corresponds to curvature
containing six racemic methylphosphonate substitutionsoward the major groovie/2 = 5.25 bp upstream of that position,
flanking the minor groove (13). Duple& (Fig. 1C) refers to i.e. 0.15 bp 5to the assigned center of the test sequence. This
the case of six propylammonium (cationic) or acetylatedeference frame is nearly identical to the previously estimated
propylamine (neutral) modifications at the five positions ofcurvature direction toward the major groove at exactly the
thymine bases flanking the minor groove (15). Dupl@x assigned center of the test sequence (17).
(Fig. 1C) depicts the case of seven racemic methylphosphonate
substitutions simulating the electrostatic consequences of tran;,
scription factor PU.1 binding to DNA (17). ConcLusion
Analysis of these prior data sets confirms the qualitative antlVe have presented an approach to quantitating DNA curvature
quantitative results previously reported while providing higherin ligation ladder experiments which we believe to be superior
accuracy and precise curvature direction information. In theo our previous adaptation (13) of the method of Crotletie.
case of the original study of asymmetric phosphate neutralizatiof@1). In our method, the magnitude of curvature was estimated
(duplex7, Table 2), the refined curvature magnitude is 7.8 based on the general concept that molecular cross-section
close to the originally reported value of 2(L3). The direction reflects the vector sum of projections of curved DNA segments
of curvature is now shown to be toward the minor groove in aorthogonal the end-to-end distance vector of a central segment.
reference frame ~0.8 bp (i.e. rotated <P3 from the assigned Though qualitatively correct, this relationship could not be
center of the neutralized face. This direction of curvature iglerived simply from first principles and was therefore approximate.
similar, but not identical, to that assumed in the original analysidn addition, the previous analysis did not allow us to estimate
providing a more detailed view of the manner in which thethe exact reference frame of the measured curvature. It was
double helix responds to the charge alteration. It is interestingecessary to assume that the curvature was directed toward the
that the bend direction induced at the neutralized surface is naenter of the test sequence.
toward the precise center of the modified sequence. BecauseThe improved approach described here is superior for
the methylphosphonate substitutions are positioned within aseveral reasons. The application of a cosine fitting function
asymmetric sequence, details of the local sequence contefdquation?) to deconvolute curvature data is superficially
must influence the overall direction of curvature. reminiscent of our previous approach (13). However, the
When data for modified pyrimidine bases is considered, th@resent function has a stronger theoretical basis. Moreover,
new conclusions again support previous interpretations, witdirections of curvature are directly estimated by this approach.
additional accuracy now possible. The unmodified testWe show thatwhen applied to a test sequence whose curvature
sequence appears slightly curved toward the minor groovis due to combinations of twoAracts, estimates for curvature
[9.6° versus 9 as originally calculated (15)], in a reference magnitudes and directions are consistent with established
frame 0.27 bp (9 rotation) from the center of the modified values. We further re-examine examples of our previous DNA
sequence. When six cationic groups are appended, the angleafrvature data obtained in studies of asymmetric charge
curvature increases (22.4ersus 17 as originally calculated) neutralization. We show that the modified method provides
and it is now possible to define the direction of curvature asuperior interpretation of these data. The revised data in Table 2
toward the minor groove 0.45 bp (1Botation) 3 of the center may be treated with greater confidence, but show qualitative
of the sequence. When the cationic groups were neutralized tand quantitative similarity to previous estimates. The degree of
acetylation, curvature was relaxed as previously observedorrespondence between the two methods is surprising in view
Curvature was 10%5toward the minor groove in a reference of the superior theoretical approach inherent in the new procedure.

Application of the optimized method to previous curvature
data
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Application of the analytical procedure described here will15.

provide improved structural information relevant to under-
standing DNA structure and its perturbation by sequence an
chemical modifications. This analysis is mathematically accessible

and complements the exquisite sensitivity of the ligation laddens.

technique.
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