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Sequence-Dependent Dynamics in Duplex DNA
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ABSTRACT The submicrosecond bending dynamics of duplex DNA were measured at a single site, using a site-specific
electron paramagnetic resonance active spin probe. The observed dynamics are interpreted in terms of the mean squared
amplitude of bending relative to the end-to-end vector defined by the weakly bending rod model. The bending dynamics
monitored at the single site varied when the length and position of a repeated AT sequence, distant from the spin probe, were
changed. As the distance between the probe and the AT sequence was increased, the mean squared amplitude of bending
seen by the probe due to that sequence decreased. A model for the sequence-dependent internal flexural motion of duplex
DNA, which casts the mean squared bending amplitudes in terms of sequence-dependent bending parameters, has been
developed. The best fit of the data to the model occurs when the (AT),, basepairs are assumed to be 20% more flexible than
the average of the basepairs within the control sequence. These findings provide a quantitative basis for interpreting the
kinetics of biological processes that depend on duplex DNA flexibility, such as protein recognition and chromatin packaging.

INTRODUCTION

The flexibility of duplex DNA is important for its function- while sequences containing AAA, AAT, and TA repeats
ality, particularly in the areas of protein-DNA binding bind well (Patikoglou and Burley, 1997). Hogan and Austin
(Hogan and Austin, 1987), interactions with architecturalexamined bacteriophage 434 repressor binding affinity for
transcription proteins (Wolffe, 1994; Grove et al., 1996a;DNA sequences (Hogan and Austin, 1987) and concluded
Nardulli et al., 1996), packaging DNA into chromatin that protein binding correlated with the basepair sequence
(Richmond et al., 1984; Patikoglou and Burley, 1997; Hag-central to the operator binding sites. It was suggested that
erman, 1988), strand exchange (Thompson et al., 1976), anginding was proportional to a sequence’s ability to twist or
deletion formation (Chedin et al., 1994). In 1988, Hagermarflex and that the observed variation in DNA stiffness was
(1988) concluded that little convincing evidence existed insequence dependent.
favor of the hypothesis that DNA flexibility is sequence \When there is a change in the dynamics due to a partic-
dependent. In 1994, Harrington and Winicov (1994) extenlar change in sequence in duplex DNA, it occurs for one of
sively reviewed the interactions between DNA and a num+wo reasons. The first could be a global change in the set of
ber of proteins in which “the relatively new concept of secondary structures induced by a specific sequence. An
sequence-directed structural softness or flexibility” is im-example of this was presented by Schurr and co-workers,
plicated as a physical basis for DNA-protein recognition. who studied the effect of a 16-bp (CGinsert in a linear
Until now, there have been no experiments quantitatively; 1-khp duplex DNA sequence. Their data implied that the
evaluating the sequence-dependent flexibility in dupleXnsert induced a large change in secondary structure
DNA. A number of specific sequences have been suggestafroughout the molecule (Kim et al., 1993). The second
as more flexible; in particular, the dinucleotide CA and TA rea50n for a change in dynamics is that a sequence has a
steps have been suggested as candidates for regions gty gifferent flexibility, which in the context of a large
increased fle?<|b|llty based on the results of g_el mobility saction of DNA may affect the dynamics of other bases
assays (Harrington and Winicov, 1994). Harrington Sug+hrqgh the internal collective modes. An example of a local
gests that sequence-dependent flexibility may account fog,ange in flexibility affecting dynamics or kinetics else-

unexplained differences in the gel mobilities betweenwr1ere in the DNA is the process by which inserts are
GGGCCC motifs and AAAAAA tracts in cyclization assays deleted between directing 18-bp repeats flanking the dele-

(Dlakic and Harrington, 1995). In the formation of chroma- tion segment (Chedin et al., 1994).

tin structures, long runs of homopolymers (dA)-(dT) and In ; : : . .

. . general, if an effect is local but is communicated via
(dG)—(dCE)larE excludeci fro_r(rjw.ttheDDNA—hlztc;_ne paCkiigIgsg,the DNA to other parts, then the effect should be charac-
presumably because of rigidity (Drew and Travers, )terized by a fall-off with distance. Fall-off of an effect with

distance is a characteristic of structural alterations or allos-
) — o terism. It is also a characteristic of internal dynamic twisting

;{gggwed for publication 9 September 1999 and in final form 17 JanuarycoI,I,(?Iati.onS (Schgrr and Fujimotg, manqscript submitted for
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by the presence of [Co(NPL]** and, presumably, varied H H

locally between B- and Z-form DNA. When the insert NG PN H

adopted an alternative right-handed structure, a severalfold NH----N" N
. . . d-sugar

enhancement in the cutting rate was observed for sites up to N={ N

50 bp from the cutting site. Even in the absence of
[Co(NH,)**, an enhancement in the cutting rate was ob-
served when the insert was placed up to 50 bp from the G----C
cutting site in linear DNA (Aloyo et al., 1993; Schurr et al.,

1997a; Ramsauer et al., 1997). The above example illus-

trates how long-range structural correlations can propagate %
over a finite domain and die off with distance.

In this paper we will show that the observed changes in Ho N
flexibility seen by an electron paramagnetic resonance \FJ‘\&H —
(EPR) active probe are quantitatively well explained by a d-sugj:r :<N" -—HN p—H
modified weakly bending rod model. This model supports N NH- - - Q>7_d<-lsugar

I

the ideas that 1) increased motion may be due to a local
change in the flexibility of the DNA molecule and 2) certain
sequences of DNA may have different propensities for 2AP----Q
bending. Examples of the consequences of local changes in

flexibility for structure or function will be discussed.

We have previously investigated DNA dynamics by EPR, H
using a nitroxide rigidly fused to a pyrimidine bas®, H N NH-—--O CH,
paired to 2-aminopurine (2AP) (Fig. 1) (Miller et al., 1995; ;‘T J 3 p {
Okonogi et al., 1999). It was shown that the Q-2AP basepair d-sugar X N===-HN H
reports the dynamics of the attached DNA and that the N_<H Oh&ugar

probe motion independent of the attached DNA was small

relative to the motion induced by the DNA. In particular,

this probe is primarily sensitive to bending dynamics and A---T

thus provides an excellent method for quantitatively deter-

mining the flexibility of DNA. In the following experi- FIGURE 1 Basepairs G-C, 2AR; and A-T. 2-Aminopurine (2APR is
ments, the probe is used in a site-specific manner by being modified adenosine-thymidine basepair. The guanosine-cytosine and
placed in a small region of duplex DNA whose sequence i@denosine-thymidine basepairs are shown for comparison.

kept fixed. The DNA is linear, relaxed, and nonstressed. At

well-defined distances from the probe, there is a test region

in which the basepair sequence is varied. The effect of thgamics of DNA. Its corresponding dynamic persistence
test region on the dynamics of the site-specific probe is{ength is Py, = 1500-2000 A (Okonogi et al., 1999;
interpreted as differences in the cou_plin_g of basepairs to ONRaimushin et al., 2000), and because of its considerable
another. The sources of the dynamics include 1) the overallityass it partially contributes to the equilibrium mean
tumbling of the DNA, 2) the internal collective modes of squared bending between basepairs, to the effective equi-

Lnotlon,ira?:d 3) Lhde nTOE‘I(t)r:] ?; thre n?r?be I('?Clzsi':'?]r;hmibrium bending rigidity of DNA and toP,,.. As discussed
asepair) independent of the macromolecular environme elsewhere (Schurr et al.,, 1997a,b; Okonogi et al., 1999;

T he eff f th llecti f i he ™. . . .
o test the effects of the collective modes of motion on t jwalmushln et al., 2000, apparently contains contribu-
i

probe, the following experiments were designed so that 1). tonly f d < bend f q dent
an 11-bp region containing the probe and 2) the overal ons notonly irom dynamic bends and sequence-dependen

length of the DNA remain constant throughout the eXperi_permanent bends, but also from slowly relaxing bends that

ments. These two constraints on the DNA ensure that thérise from fluctuations between distinct secondary confor-
overall tumbling and the length-independent motions of thénations with different intrinsic curvatures. Consequently,
probe are constant among the experiments. The interndi€ bending rigidity is time-dependent, relaxing from its
collective modes provide the only mechanism for motionsinitially stiff value characteristic 0Py, = 1500~2000 A to
in one region of the DNA to affect the probe. Preliminary @ value about half as great at long times. By themselves, the
results on the sequence-specific bending of duplex DNApPresent experiments provide no information about the vari-
obtained with a site-specific probe, have previously beergition of this slowly relaxing contribution to mean squared
reported (Okonogi et al., 1997, 1998, 1999). bending with DNA sequence. Thus any slowly relaxing
The present measurements pertain to the dynamic bendontributions to the equilibrium bending rigidity conceiv-
ing rigidity that governs the submicrosecond flexural dy-ably might behave differently.
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A MODIFIED WEAKLY BENDING ROD THEORY bending contributions plus a length-independent contribu-

tion, (BZ(=)), to the b ir at thieh position:
To investigate the sequence dependence of DNAerxibiIity,Ion (Bo()), to the basepair a position

we extend the theory developed by Schurr and co-workergB;(c)8,()) = {(Bo(®) Bo(2)) + {mi(22)1;(0)) + {6,()6;(>®))

for the elastic motion of the bending of duplex DNA (Wu et )

al., 1987: Song and Schurr, 1990; Schurr et al., 19910 More simply,

Okonogi et al.,, 1999). The weakly bending rod theory (BA()) = (BA()) + 2(m?()) (4)
assumes that the DNA is stiff enough that the twisting

modes of motion are uncoupled from those of bending. ThéAs has been shown elsewhere (Hustedt et al., 1993; Allison
DNA is assumed to behave like a flexible rod that has measgt al., 1982),

local cylindrical symmetry. The uniform rotational modes . 2

of motion are 1) rotation about the cylinder axis (the (B2(c)) :k;I'(N * 1).{ 3(2'(N+2)) }+ (BY))
direction) and 2) rotation about the and y axes. Each K 6 N+1

basepair is coupled to its neighbors by a harmonic bendingne mean squared amplitudes increase nearly in proportion
potential, which generates a torque to each basepair ang the length of the DNA. The mean squared amplitude of
thereby governs the extent of angular rotations due to bengnetion is the quantity that is obtained from the experiments.
ing. The internal potential is a quadratic function of the ;g may be compared to a related quantity: the mean

differences between the angular displacements of succeggyyared difference amplitude. This quantity is found from
sive bond vectors from the end-to-end vector. The forcgne grientation differencapg, = B.,, — B, from which it

constant between basepaiks,is taken to be the same for fgj1ows that (ABX)) = 2(KT/k), by Egs. 3 and 4. This
rotation aboutx andy, where and 6 are the angles of quantity describes the extent of bending relative to the
rotation abou andy, respectively. For the case where the nejghporing bases. The extent of bending of the difference
force constants between basepais,are independent of ampiitude is independent of DNA length and of position in
DNA composition, the internal potential is the duplex. This may be contrasted with the total amount of
bending,{B2()), reported by the probe, which increases in
)1 5 proportion to the length. This is an important distinction,
(M = m)" + 5 _E(Giﬂ —6) () which will become useful shortly.
=1 We now extend the weakly bending rod theory to con-
sider the possibility of different force constants between
different basepairs along the DNA molecule. In principle,
@) each nearest-neighbor basepair interaction can have its own
force constant. The bending force constants are still nearest
neighbor and the potential energy has only nearest-neighbor
interactions, but the value of the force constants may depend
upon sequences that may include many basepairs in the
1 -1 0 O - immediate vicinity. Letk represent the mean force constant
-1 2 -1 0 _ - (k = (IN) EJ-N:l K;)), and letr; be the ratio of/k. Then Eq.
A= 0 -1 2 -1 and 7= 5 2 can be written in the same form, as originally developed,
o o -1 1 - andk can be replaced byg. The A matrix is not as simple
as given in Eq. 3. Now the potential matri, is written in
The mean squared amplitudes of internal bending can bterms of the ratios of force constants. For the example of 4
found from this potential (Wu et al., 1987; Song and SchurrPp.

N
1
U—ZK.

Nk

This can be recast into a matrix form:

_1 “tpA” 1 AtAD
U =3knAn + 3 k0'A0
The A matrix is a second-order finite-difference matrix.
Explicitly, for the example of 4 bpA is

1990): L
1 1
- - —r, i r,  —r K;
- - Jo mexp Y TqytdgN KT A= v e 2 wherer, = —  (5)
(n()n'(*)) = " exp OFdy" =— QA Q! 3) r, r,+r; I3 Ik

K —I3 I3

wherek is Boltzmann'’s constant is the absolute temper- At present, we make some simplifying assumptions in the
ature, &y = dn,dn.dns. . .dny, andQ is the transforma- model. Rather than develop a set of force constants unique
tion matrix that diagonalize&. The matrixQA Q' = A~*  to each dinucleotide pair from’ %o 3, we have chosen to

is the pseudoinverse dk. A is the diagonal matrix that assume thaik(AT) = «(TA) and that all force constants
contains the eigenvalues &f. The uniform sheer mode outside the region of the test sequence are the average value.
eigenvalue oA is zero and is removed from the inverse, asin future papers, we will explore more elaborate models.

it is not one of the internal bending modes. The total mearior now the model admits nonunity force constant ratios
squared amplitude of bending@?(<)), is the sum of the two  between the A-to-T basepairs only in the region of the test

Biophysical Journal 78(5) 2560-2571
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sequence, while the control sequence of basepairs flankinthe difference betweenand 1:
the variable test sequences is controlled by a mean force 2 2 2 _
constant,k. The matrix in Eq. 5 is used in the following ABe(=2)) = (Bo(=N(r # 1) = (Bs(=2))r = 1)
way. The force constants between basepairs in the sample Fig. 2, the theoretical difference bending amplitude
molecule outside of the test sequence are set to a meax(B3 is shown as a function of, the ratio of force
value,k, orr; = 1 in this region. A test sequence insert canconstants, for various lengths of test sequences and lengths
have a set of ratios;;, that depend on the details of the of DNA. All test sequences started at positiip = 7, and
sequence. For the test sequence inserts presented here the difference mean squared bending amplitude was calcu-
will assume that there is only a single force constant belated at position 6. The difference mean squared amplitude
tween basepairg,’, which is different from the mean. Then is nearly linear with the inverse ratio of the force constants,
r = k'[k is the single ratio that describes the test sequence, and is nearly proportional to the length of the test se-
as having different forces between basepaingill be less  quencel.. From Eq. 5, if all bases are of flexibilitsi, then
than 1 for sequences that are more flexible than the averagi&(r) = rA(1). In this limit then A(n3) o (1/r — 1)A;(1). We
and greater than 1 for sequences more rigid than average. fimd that the following empirical functional form (Eqg. 8)
general, satisfactorily simulated the computations using Eq. 6 and

matrices of the form of Eq. 7. For the case whiere 6 and

KT N, =7,
(Bf(=)) = 2 — (A™; + (B3()) (6)
ks T r—1

A(BEe) = —2- =L () H{L—exp (UM
In nearly all cases, the probe is placed at positien 6 in K ' 8
the DNA. The experiment monitors the mean squared am- (8)
plitude of motion {B3(=)), due to the collective modes seen

by the probe at position 6. There ake+ 1 basepairs, of T :
which L are distinct in the sense that* 1, and they range 0.02 1 O 50-mer, L=5bp | g4
from position N, to N,. The length of the distinct test O 50-mer, L=10bp
sequence i4 = N, — N; + 1. There is a single distinct <] 50-mer, L=15bp
force constant ratia, for theL distinct basepairs in the test ¢ 50-mer, L=20bp
sequence. For this simple model, we can vary the length of  0.01F A 100-mer, L=20bp |] %73
the DNA, N + 1; the length of the insert,; the starting < 200-mer, L=20bp
posmor_LNl; and the force constant ratin, The matrixA is < ¢ 400-mer, L=20bp ~
a function ofN + 1, L, Nj, andr. As an example, for the £l 108
case where. = 3, N, = 3, andN + 1 = 8, &:o T2
a eon
1 _1 4‘- 4“
-1 2 -1 -0.01 - 1-5.73
-1 1+r -—r
-r 2r -r
Alr) = —r 14+r -1
-1 2 -1 -0.02+ 4 -8.1
-1 2 -1
-1 1
(7) -0.03 | 9.92
The mean squared amplitudes are explicitly a function, of \ . ‘ < . ; ; ;
(B(>))(r) = (B?()). With this simple model, we can 08 09 1 11 12 13 14 15
explore the effects of sequence variation at a site distant r

from the probe. Sequence variation is modeled by different _ , 5
. . . FIGURE 2 Mean squared bending amplitudas(83) (racf), and rms
value_s of the bgndlng constant ratioWhenr = 1, there is angular displacement®,,,s (deg), are shown as a function of the force
no difference in dynamics between the test and controfgnstant ratior, for DNAs of lengthN + 1 = 50, and test sequences of
sequences and no dependence on the length of the tastgthsL = 5 (0), 10 ), 15 ), and 20 ¢), and for DNAs with test
sequence or its distance from the probe. The DNA outsidé&equence lengths = 20 andN + 1 = 50 (©), 100 (+), 200 (), and 400
of the test sequence insert region will always havel and ~ (J) basepairs. All sequences begin at positip = 7, and the mean

. “ » squared bending amplitude is measured at positiok; Bk = 0.00272
for our purposes here will be referred to as “average DNA'racF, a typical value (Okonogi et al., 1999, = 70 bp. Estimates of

Whenr # 1 in the test sequence region, we measure thak (g2 values from Eq. 8 are plotted as lines and compared with the exact
change in flexibility as the difference in flexibility due to calculations (shown agons.

Biophysical Journal 78(5) 2560-2571
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N, is the length of the DNA at which\ (B3 becomes X 10°
independent oN and demonstrates that there is a limit to 12 ' ; i 6.28
the amount of DNA that can be added to enhance the
difference effect due to an insert of length,and ratio,r.

Fig. 2 compares this analytic form (Eq. 8) with the exact 10k
results. The difference mean squared amplitutigfs?),
depends approximately exponentially on the ratio of the
length of the DNA toNL,.

Fig. 3 demonstrates theoretically the effect that an insert
with force constant ratio can have on the internal ampli- <
tudes of bending seen by a nearby prabgg?) is plotted as g
a function of the total length of the DNA for a fixed insert . 6F

I

573

5.12

(deg)

>
S

> Extend Right
¢ Extend Both
<] Extend Left

N
ms

and a fixed distance between the insert and the probe.
Initially there is a 20-mer DNA with the probeQ, at
position 6,N; = 11 andN, = 20, and the test insert has  « 41
force constant ratio;. L = 10 bp is the length of the test
sequence insert. The extend left curtgafgles pointing
left) extends the initial 20-mer to the left of the initial DNA
with a region of average DNAr (= 1 in this region). Notice
that the difference drops off to nearly zero-a200 bp. The
extend right curve tfiangles pointing right extends the
original 20-mer to the right side of the test sequence, so that or
the test sequence is between the added average DNA and . . .
the probe. The difference increases with increasing length of 0 100 200 300 400
DNA and becomes independent of DNA length~at00 bp. Total Length (Base Pairs)
For the case where the DNA is extended in both directions,
the curve ¢iamond¥ demonstrates that the effect is an FIGURE 3 Plots of the difference in the mean squared amplitudes of
average of the effects due to the extension to the left and teending as a function dp (probe) and. (test sequence) placement in three
the right. Empirical functional forms, which satisfactorily Eg:;ﬂg'{vi?gogvg'(?_rﬂ;f'gi‘zfﬁys;‘::};itlioi?ﬂ Z SfiSilE";i%’Nc:z’e
model the computations, are given in the legend and argp, wherelL = 10 bp in length. The extend right curver) extends the
shown as solid lines in Fig. 2. original 20-mer towards the’3nd away fromQ andL. The extend left
These calculations provide insight into how the experi-curve ) extends the initial 20-mer to the left, ot 8f Q. The extend both
ments should be designed to best detect the effect of aftrve €©) extends the initia! 20-mer on bqth ends of‘the DNA simulta-
insert with a different inherent flexibility. The test insert Ne0USly and appears as a linear combination of the right and left, as seen
X . in the fitting formulas:
should be located between the spin probe and a long region
of average DNA. The region of average DNA enhances théxtend Left

p

difference in bending amplitudes observed by the probe up KT [r—1

to aboutN, = 70 bp; beyond that the increase in the Ar<B?(°°)>~*2'7‘< ; )

difference is negligible. Notice that the probe’s mean

squared amplitude of motion increases without bound, but - L+ 0.14- exp(— (N — L)/No] - ex —4KN)]

the difference in amplitudes due to the test sequence bgs, ..., Right

comes a constant value as the length of DNA goes to

infinity. It is interesting to note that, when the test region is ALBEER)) ~ 72,@. (E)
between the probe and the average DNA, the presence of ' K r
average DNA is beneficial in amplifying, and never over-
shadows, the motional effect of the test sequence on the
probe. In contrast, when the probe is between the averag‘@e equation for extending in both directions simultaneously is an average

DNA and the test insert. the average region can overshadoﬁ% the left and right equations, using 30% of the extend right curve and 70%
the effect of the test séquence of the extend left curve. All three curves depend exponentially on the

. . . length of the DNA, with a characteristic relaxation lengthNyf= 70 bp
We now consider how a sequence will affect the internalkng(ny = (N — 2)/2.

motion, when that sequence is moved further away from the

probe, which is part of the base where the bending ampli-

tudes are being monitored. In Fig. 4, the mean squaretios,r, whenN is held constant. According to the theory, the
amplitude is shown as a function of the test sequence’sitial amplitudesA(r; N, L), are dependent upadw, r, and
starting positionN,, for representative lengthg, and ra- L. The mean squared amplitude, seen at position 6, evolves

L-0.9-{1 — exgd —(N — LIN T} - exd —4/AN)]

Biophysical Journal 78(5) 2560-2571
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. ' 201 O N+1=50,r=93 |1
« N+1= 50,r=1.35
‘ ) . ) 15 1 1 1 1
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L (basepairs)

N1

) ) FIGURE 5 Correlation lengtkN) for different test sequence lengths

FIGURE 4 Plots of the mean squared amplitude of bending and rmgorce constant ratios, and DNA lengthsN + 1 obtained from fits to
angular displacements as a function of the starting positipfor L = 5 calculations similar to those shown in Fig. @) are calculated foN +

and 20 bp and = 0.8 and 1.35 for DNAs of lengtN + 1 = 50 bp forL = 1= 100 whenr = 0.93 () andr = 1.35 (+), N + 1 = 75 whenr = 0.93
20,r =08 (©);L=5r=08();L=57r=1350)andL =20, (O)andr = 1.35 (x), andN + 1 = 50 whenr = 0.93 () andr = 1.35
r = 1.35 (1). Data are fit to single-exponential functions lf (Eg. 9). (®). Mean correlation valueg§N)) and standard deviations:

N+1 r =093 r=135 {NY (N=-2)2
toward the average value of tie+ 1-mer (where alf = 50 O ® 23.2+0.5 235
1, as given, for example, by the NT sequence)Nasin- IS t X 358=0.5 36.0

creases to the length of the moleculg & N + 1). The rate 100 © hl 485+ 0.6 485

at which the effect of the test sequence falls off, however, jéll values were measured at position 6, the ppsition of _the probe'. Se-
independent of and L. This remarkable result was not Euenc:e_sLbe<g.31'\ln_iiali = 7 and went as far as logically possible to satisfy
obvious from the model and simplifies our interpretation of '
the effect of an insert on the motion seen at the probe. To
demonstrate the effect of increasddat constani, over- |  andk. Lengths of DNA up tdN + 1 = 200 were tested
laid on the mean squared amplitudes in Fig. 4 is an expofor (N) (not shown in Fig. 5). This effect can be qualitatively
nential function of the form understood in the following way. We note first that the
2 _ . —(N1—7)KN) . alteration of the bending potential in one region of the

(Be(>)) = At N, L) * exp TEONLD () molecule has no effect whatsoever on the equilibrium dis-
where A,(r; N, L) and By(r; N, L) are the least-squares tribution of bending angles between successive bond vec-
optimized fitting parametergN) is the correlation length in  tors, (ABZ()), or on the mean squared curvature, at any
basepairs and represents the extent to which the meaother point in the molecule. It is important to note that the
squared amplitude is affected by that insert. The overlay omean squared angular displacements under discussion,
a single exponential, in Fig. 4, shows that this model func-namely (8%(«)), are those of a given bond vector with
tion is a satisfactory approximation to the dependence of theespect to the end-to-end vector of the entire filament. When
mean squared amplitude o . viewed from the local frame of the probe, the effect of

Fig. 5 plots the correlation lengtkiNy, for differentL, r, increasing the flexibility of some distal region is to increase
and N + 1. The astoundingly simple result is that the the mean squared angular displacement of the end-to-end
correlation length is always approximately half the totalvector away from the bond vector of the probe. The end-
number of basepairgN) = (N — 2)/2.(N) is independent of to-end vector is a normalized sum of all of the bond vectors
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between neighboring bases in the DNA molecule. In theo be very flexible (Harrington and Winicov, 1994); and because (AT)
frame of the probe, all bond vectors from the end containingeduences have not been implicated in inducing allosteric transitions. The

the probe up to the site of increased ﬂexibility remain est sequence names descrlblng th(_e insert comp_05|t|on,_t‘est seque.nce length
. . L, test sequence base starting positignand stopping positioN,, all with
unChanged' and beyond the flexible region all bond Vecmr% at position 6, are listed in Table 1. For example, the sequence listed AT4

are rotated upon flexing. By placing the region of flexibility is
as close to the probe as possible, the maximum number

bond vectors are rotated, and the largest displacement of tt?’b,d[CCT CGQATC GT ATAT ATA

end-to-end vector relative to the probe bond vector occurs. TTC TTC GTG TCC GGA AA

As the flexible region is moved away from the probe,

flexing will rotate fewer bond vectors, and the effect falls G GTG GTG CGC ACT GG]
away.

where the unbolded sequence is the test sequence.

In addition to the poly-(AT) basepair test sequences, we inserted a
dipropylene linker moiety, DPL (®-(CH,);0-PG, -O—(CH,);0-3'), into
the NT control sequence. DPL is close in size to 2 bp, but is missing the

Th i t of a test th fi fth sugar and base. This linker is placed in both strands of the duplex DNA in
€ overall Impact of a test sequence on the motion o %complementary fashion but does not replace any of the 50 basepairs. Such

probe falls off exponentially with the increasing length of an 4 jinker was designed with the intention of showing the extent to which

intervening average sequence, when the total length of thePR spectra are sensitive to very weak coupling between the two segments,
DNA is kept fixed. The correlation length over which the which are the 11-mer sequence containing the dynamics probe and the
dynamical communication is maintained depends only or{emaining 39-mer sequence in the molecule. Furthermore, the DPL sample

. demonstrates the extent to which the dynamics of the two segments of the
the total length of the duplex DNA and |§(N + 1) DNA can be fully decoupled. Y g

Differences in the bending dynamics seen by the probe due q was prepared as previously described (Miller et al., 1995), using both
to a test sequence are enhanced by adding more averate naturally abundant{N,H, ] and the isotopically substituted®N,D, ,]
DNA. The difference in the internal bendim},{B?), for an nitroxides.Q was site-specifically attached at the sixth position of every
average sequence (for instance, NT) and for one that is mo -mer duplex DNA sampled. The duplexes were prepared using the

. . . enow polymerase filling technique (Maniatis et al., 1989). All oligomers
flexible (“ke that of an (AT) Sequence) InCreases exponen-, oo synthesized on an ABS 6800 or 392 DNA synthesizer and purified

tially with increasing length of the molecule up t670 bp,  ysing reverse-phase (trityl-on purification) high-performance liquid chro-
and this length is different fror%(N + 1). matography on a Dynamax 300-A column. 0.4 OD of the 11-mer primer
The result{N) = (N — 2)/2, is valid within the context of strand Comlaigin@hatztge OSiXthfpzSiﬁon (DNA 5d(CCTI cxR 0ATC GT)gI
; as annealed with 2.0 OD of the appropriate template 50-mer and com-
the. Weakly.bendmg rod m.OdeL Howev_er, there must be %,ined with 10 mM each of dATP, dC'FI)'FIJD, CE)GTP, andpdTTP, and 50 units of
point at WhICh the correlation IengtKN)' Is cut Oﬁ_c by the Klenow fragment or 20 units of Vent polymerase ix primer extension
total persistence length of the DNA, beyond which angulaufter or ThermoPol buffer. After incubation, the reaction mixture was
correlations are lost in any case. That is, when the contousurified by nondenaturing polyacrylamide gel electrophoresis. DNA was
length exceeds the persistence length, then the Corre|ati(ﬁxtract_ed from the ggl, using the crush-and-soak procedure (Mani‘at‘is etal.,
length must be limited by the persistence length. One ca 989) in duplex elution buffer. Extracted DNA was ethanol precipitated,

.. . . ... dried, and resuspended in 10 PNE buffer (10 mM phosphate (pH 7.0),
express this idea mathematically by assuming a form similag ;" "\ epTa ;nd 100 mI\J;I‘mNaCI). ( prosp G )

to that suggested for the addition of persistence lengths cw-epr spectra were digitally recorded on a spectrometer with a loop

CONCLUSIONS FROM THEORY

(Schellman and Harvey, 1995): gap resonator cavity (Mailer et al., 1991) and a commercial Bruker EMX
spectrometer with a TE102 cavity. Parameters employed for CW-EPR
1 2 2h measurements include a 10-kHz modulation frequency, 1.0-G modulation

WziN_z‘i‘%. (10)

TABLE 1 The names of the sequences made with the probe,
EXPERIMENTAL METHODS Q, at position 6, and the length of the test sequence, L, and

the start, N,, and stop, N,, positions of the test sequence

A series of duplex DNAs were constructed, all of which were 50 bp in
length. The spin probe bas®,(Fig. 1), is always at position 6 in the initial ~ Sequence name L N, N,
11-bp sequence, and the test sequences never begin before position 12. TheNT

control sequence (NT) is basepairs 1087 to 1136 finmsophila mela- DPL (2) 1_2 IZ
nogasterTATA-box binding protein TFIID gene: AT4 8 12 19
5'd[CCT CGQ ATC GTG CTC CTC ATC TTC AT i ’ o

GTG TCC GGA AAG GTG GTG CGC ACT GG] Nl » b >
The constructs that were tested contained the dinucleotide repeat. (AT) 2¥;22;i ig ;g 28

(AT), inserts were chosen because they lack retarded polyacrylamide gel
electrophoretic mobilities, indicating that these sequences do not contaiAll sequences are, in total, 50 bp in lenghth. = N, for DPL because the
permanent bends (Hagerman, 1990); because,(#8quences are thought linker separates basepairs 11 and 12, acting as a universal swivel joint.
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amplitude, 0.1 mW power, 1024 points, and 30°C regulated-@2°C, . . . .

well below T, for these molecules (Okonogi et al., 1999). Line samples of
1-2 OD (100—20QuM) duplex DNA were placed in either a 0.6 0.84 2000 F — — DPL50-mer ||
mm or 0.8 X 1.0 mm quartz capillary and stored at 4°C between EPR —— NT 50-mer
measurements. Known rigid lin andg tensors were obtained elsewhere NT 22-mer
(Reese, 1996), and the uniform mode correlation times were used to
simulate the spectra of the B-form 50-mers in PNE solution at 30°C. The 1500
change in spectral width arises from a rapid dynamics averaging @ the
tensor elements. The observed spectral width is proportional to the dynam-
ically averaged tensor elemef#,,), which is directly related to the order 1000
parameter,S;, and to the mean squared internal oscillation amplitude, 2>
(B3()), by the relation @
Q
(Az2 —a 3(cog6) -1 E 50
S Azz— a 2 @
2 0 b
3exgd—2(BA} + 1 3 »
A 1-X8) ()
L ) -500 !
wherea = ;trA and is independent of probe motion (Hustedt et al., 1993). \
{B3(=*)y was found by best fitting the outer components of the spectra. .
The correlation coefficientl, defined previously (Hustedt et al., 1993), L
exceeded 0.97 for all spectra reported. -1000 | | ]
\f
v
RESULTS -1500 : ’ : ' :
-60 -40 -20 0 20 40 60
The EPR spectra of NT and DPL are shown in Fig. 6. The Relative Field (Gauss)

distance between the outer spectral features is proportional
to the quantity(A,,). The decrease in the distance betweenFIGURE 6 The CW-EPR spectra of the 50-mer duplex DNA sequences
the outer spectral feature in the DPL spectrum with respedi‘T (control) and DPL (NT containing a dipropylene linker betweén 5

s e . . basepairs 11 and 12) and a 22-mer duplex sequence (NT-22, the first 22
tothe NT spectrum is indicative of a more flexible SequenceDasepairs of the NT sequence). All three sequences are spin labeled with

undergoing larger mean ?quared amplitudes of bending (S&g position 6 from the Send. Tensors used to simulate the EPR spectra of
Eq. 11). These spectra illustrate the range of spectral rane [14N,H, ] isotopic spin label aré = 6.58, 4.98, 34.23 Gauss, agd=

sponses expected when different test sequences are inser@&@p84, 2.0068, 2.0034 (simulations not shown). Thetensors for
into DNA with a fixed contour length of=170 A. If the  ["N.Dsz] label are those for'fN,H,| divided by 0.733.

DPL connection between basepairs 11 and 12 were to act as

a universal swivel joint, or in the context of the modet

0 (Eg. 6), then we could predict the dynamics of the 11-merthe value of a basepair in B-form duplex DNA f7° (this

A freely jointed hinge uncouples the internal collective corresponds to a persistence length of 500 A) (Kahn et al.,
modes of the 11-bp segment (containing the probe) from th&994).

rest of the DNA. The 11-bp segment then freely rotates as (B2 for the different DNAs listed in Table 1 have been
an independent object about the end connected to the reaeasured. The experiment@2) values are plotted against
maining 39-bp segment, rather than about the middle, whicltheir sequence start positions,, in Fig. 7. The theory

is basepair 25, of the full DNA. Rotation about the end of (calculated from Eq. 6 fo32)) is overlaid for the values of
the 11-mer is nearly equivalent to a 22-mer rotating freelyL, corresponding to the different lengths of the (AT)-
about its center. Therefore, Fig. 6 compares the EPR speserts. Note that all of the curves decay with a correlation
trum of DPL with that of a 22-bp-long duplex DNA (NT- length of ~25 bp, as shown in Figs. 4 and 5. A singlef

22), also labeled at position 6. The high degree of overlaf.81 = 0.02 was chosen by a best-fit criterion to simulate
between these two spectra supports the hypothesis that thiee (83) data for all of the (AT) inserts. A previously
DPL linker acts nearly as a universal hinge. Others haveletermined value df;T/k was used (Okonogi et al., 1999),
observed that freely jointed segments increase flexibility inbut the ratio is insensitive ta. The r parameter was
DNA. A single-stranded region of six bases will produce acalculated using dynamic bending persistence lengths rang-
result nearly equivalent to that of the DPL linker (Reese,ing from 1200 to 1500 A and did not vary. A single
1996). In cyclization assays, Crothers and co-workers delength-independent2) was added to the theoretical pre-
tected a hinge in duplex DNA composed of three unpairediictions of Eq. 6{82) andr are the only adjustable param-
bases in a row in 182-bp duplex DNA. The r.m.s. libration eters. The value df82), which was found by a least-squares
amplitude due to the hinge was66° (corresponding to a criterion, was the same, within experimental error, as that
local effective persistence length e85 A), as compared to measured previously (Okonogi et al., 1999).
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—————— L=30
0.1} - L=20 1 181
\ ——  L=15
0.098 - ———  L=8 1170
N (AT)15 O NT
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008 N < (AT)7As5 4 178
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. 0.094 A (AT)7A,s24 4 176 2
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0.09 - il \\\ 1 172
0.088 - E 4 17
NT
0.086 [ ! | | | | | | | I 0 es

10 15 20 25 30 35 40 45 50
N, (base pairs)

FIGURE 7 (B2 and§B,Values for the sequences given in Table 1. Overlaid is the theory of Egs. 6 and 7% 0181 = 0.02,k;T/k = 0.00272 rad,
which corresponds to a persistence length of 1250 A at 30°C, and the length independent contrijggonf (B2) = 0.0224+ 0.0006 rad. Experimental
errors are all less than or equal 10.0015 rad.

DISCUSSION or flexibility. The amplitudes of bending are a functionlLof

. . N, andr and depend on the position of the test sequence
The agreement of the theory with the experiments supports P postt st sequ

: : ith respect to the probe and the remaining average DNA;
the |(_jea_ that (Al sequences have a ben_dmg force constangut the correlation length is always approximately half the
that is different from the average basepair and that the eﬁe(fength of the DNA duplex. Small permanent (or static)

g#g?:kclzlsb:;;ggﬁoazd cbgni?oel O(bNS.SrV:;:;;e;hcf 62;? d th ends in _the DNA do not appreciably reduce the effects_ of
(AT),A inserts become smaller as the (AR)inserts are the coupling as seen throughout the molecule (Okonogi et

moved farther from the observing spin probe. The effect isal" 1997). In a ,ml‘_'Ch longer filament, this effect must be cut
not independent of position of the insert relative to theOff by the equilibrium total persistence length of the DNA,

probe. The agreement between the measured values of theot = 500 A,

amplitude,(82), for the inserts, (AT)As,, and those com- _ 1he fact that not all of the .experimenta,%) values
puted from the theory (Egs. 6 and 7) is remarkable in tha{mcludlr)g the|r.errors) in Fig. 7_ lie on the calculated decay
the fall-off of the effect of the inserts with distance from the CUrves is due in part to the simplicity of the model. The
probe is not an adjustable parameter of the model. Th&XPeriments presented herein do not allow a distinction
experiments (shown in Fig. 7) are designed to test both thBetween (AT) and (TA) steps, and the flexibility, parame-
dependence oh for fixed N, and onN, for fixed L. There  terized byr, must be considered a weighted average of the
is good agreement, using a single ratio parametéor both ~ (AT) and (TA) step flexibilities. Should (AT) and (TA)
sets of experiments. Given the simplicity of the model,steps have different flexibilities, the relative flexibility ra-
which contains only two adjustable parametersnd the tios can be defined agar) andr ). The ratio parameter
length-independent amplitudég?), the agreement of the we report,T, is the average of these two ratios, given by
calculations with the eight different types of test sequenced/l = 0.52 (1fa1)) + 0.48(1f,))). This average was
is excellent. The conclusion that (AT$equences are more determined using Egs. 6 and 7 modified to accept two
flexible than average sequences seems justified. different ratio parameters. More extensive experiments and
The correlation length of the effect depends only on theanalysis that allow for distinctions between basepairs
total length of the DNA, regardless of test sequence lengtliOkonogi et al., 1997, 1998) will be published elsewhere.
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Moreover, the motion may be highly anisotropic, and theduplex DNA at the TATA binding region, employing the
value reported here represents an average bending ampliA steps and TAAA sequence. The large bend angles are
tude and force constant. very likely a combination of a greater than normal flexing
It is not surprising that we find (AT)sequences more ability, phenylalanine residue insertion, and unwinding of
flexible than average. Others have observed qualitative difthe box toward the underside of the protein (Patikoglou and
ferences in binding and have attributed the differences t®urley, 1997). In addition to the structural motifs of TBP
increased local flexibility in duplex DNA associated with binding, there is thought to be an additional contribution
(AT)-rich sequences or regions. For example, any of ajue to increased flexibility of the resulting protein-DNA
number of permutations of an (AT)-rich sequence, next taccomplex. Thus the sequence-dependent flexibilities may
the GC box that binds the MIG1 zinc finger protein, wasalso play a significant part in the overall energetics of
found to be essential for high-affinity binding, even though pNA-protein recognition (Patikoglou and Burley, 1997).
no single base within this region was conserved (Lundin et \we find that DPL inserts that are 2 bp in length and
al., 1994). Lundin et al. (1994) concluded that "MIG1 gingle-strand bases are extremely flexible motifs and are far
recognizes the AT box directly, but in a way that requiresmore flexible than any duplex basepair step. This correlates
bendable DNA rather than a unique sequence motif.” It iSyej| with the results of Kahn et al. (1994), who used strings
now possible to assign a magnitude to the increased bending three unpaired bases (or loops) to induce local flexibility.
made possﬂale .by the presence of (AT)eps. Grove et al. have used regions of two unpaired bases con-
The bending in (AT) sequences increases by 10% for thegjgiing of 4Ts (called 4nT loops) to enhance the binding of
same amount of energy, and 20% less energy is required &1 (Grove et al., 1996b) and IHF and HMG1 (Grove et al.,
the same.amoun_t of bending, because the bending constaﬂs%a) to their respective DNAs. These binding experi-
for (ZAT)n is 0.8 times that for average DNA and because,o s tested the idea that DNA bending proteins may de-
(AB; (.°°)> = 2(KTk). At room temperature, the average pend on sequence-dependent flexibility of the DNA opera-
bending between base pairs+8°, and a 20% increase in tor. The binding experiments showed a high degree of

fleglgll|t¥h|gcarea§§ztg&eramdfaanofrecla:lv; b:n?h'zg] ‘Zg?r(eeatocorrelation between the predictions of sequence-dependent
N ssocl us urvature, ’ S‘ﬁ%xure, which assumed flexibility of the 4nT loops and the

il o he adiie of curvetu Sty st cobserved enhanced binding. They (Grove et o, 1996a.)
g€, g 9 y concluded that local DNA flexibility and not sequence

e o7 s compesoa it ra V0 a cental e i rcogiion of e DA by DNA
' y P ending proteins. They also demonstrated that the context

Hogan and Austin, who found the dynamic torsional andof the position of the flexible 4nT loops was very important
flexural rigidities of AT basepairs to be 0.5 times that for an posill X pS was very Imp
and that sequence-dependent flexure is tied to context.

average DNA. Their experiments differed from those pre-

sented here in that Hogan and Austin studied only hoherefore, a quantitative assessment of the extent of se-

mopolymers and heteropolymers and based their ConclLﬂuence-do_leper}dintS_efjt_]re would antr'bete to z:)clf)aredr_ un-
sions on percentage base pair composition and ndf€rstanding of the binding energetics of DNA by bending

sequence. In contrast to the findings of Hogan and AustinPToteins. _
Fujimoto and Schurr (1990) found virtually no variation in 1 ne decrease of an effect with length of DNA has been
the torsional rigidity with base composition for 0—66% AT, ©Pserved in another experiment. The process of insert de-
and we find a substantially smaller variation of the flexural l€tion in B. subtilishas been studied. Inserts are determined
rigidity with composition than that suggested by Hogan and?Y the presence of tandem 18-bp directed repeats, which
Austin. Nevertheless, when the induced bend is sufficientlylank the insert. The sequence that intervenes between the
great, this component of the total flexural rigidity makes atandem repeats is deleted. The rate at which the inserts are
significant contribution to the differences in the binding "*émoved has been studied as a function of insert length. It
energy of (AT)-containing sequences. was found that the rate decreased exponentially with in-
Nucleosomal reconstitution experiments have providedreasing insert length for insert lengths in excess of 300 bp.
qualitative but inconclusive evidence that (ATteps are The correlation length is around 500 A. This process was
more flexible than (AA) steps (Hagerman, 1988). More explained in terms of internal DNA flexibility (Chedin et
recent work suggests that DNA packaging around the hisal., 1994). This result exemplifies how flexibility can con-
tones involves a cooperative effect between static bends aritpl a biological process: When the rate-limiting step is
flexible sequences, and properly phased AAA sequencediffusion-controlled, it is possible for enhanced flexibility at
may orient the DNA minor groove to the protein surface,one site to affect the kinetics of a process taking place at
while AT repeats provide the local flexibility needed to another, distant site. In general, long-range dynamical cor-
accommodate the necessary radius of curvature of 45 Aelations have no effect on the kinetics or equilibria pro-
(Drew and Travers, 1985; Satchwell et al., 1986). Thecesses controlled by a transition state when those properties
TATA-box binding protein, TBP, induces a 90° bend in are determined by equilibrium statistical mechanics, except
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when an enhanced flexibility allows new tertiary contactsDrew, H. R., and A. A. Travers. 1985. DNA bending and its relation to
within the molecule nucleosome positioningl. Mol. Biol. 186:773-790.

Fujimoto, B. S., and J. M. Schurr. 1990. Dependence of the torsional

rigidity of DNA on base compositioriNature.344:175-177.

Grove, A., A. Galeone, L. Mayol, and E. P. Geiduschek. 1996a. Localized

CONCLUSIONS DNA flexibility contributes to target site selection by DNA-bending
Lo . ) ~ e Lo proteins.J. Mol. Biol. 260:120-125.

DNA bm(.jmg proteins for non Sequen?e Sp.e.CIfIC bmdmgGrove, A., A. Galeone, L. Mayol, and E. P. Geiduschek. 1996b. On the
may partially depenq _On_the sequence's ability to bend or ¢onnection between inherent DNA flexure and preferred binding of
flex. Increased flexibility in a region means thatp(«)), hydroxymethyluracil-containing DNA by the type Il DNA-binding pro-

or the mean squared flexing angle between neighboring t€in TF1.J. Mol. Biol. 260:196-206.

. . erman, P. J. 1988. Flexibility of DNAAnnu. Rev. Biophys. Biophys.
basepairs, increases from an average value. The sequencg ., 17265286,

d_e‘pe_nd_enC.e of the benqing rigidity may provide a basis Ofijagerman, P. J. 1990. Sequence directed curvature of DNAnnual
discrimination for protein binding to the extent that local Review of Biochemistry. D. M. Engelman, C. R. Cantor, and T. D.

bendability is sequence dependent and contributes to thePollard, editors. Annual Reviews, Palo Alto, CA. 755-781.

L . . . Harrington, R. E., and I. Winicov. 1994. New concepts in protein-DNA
binding energetics. Regions of DNA communicate dynam recognition: sequence-directed DNA bending and flexibilRyog. Nu-

ically with other regions of DNA through the internal nor-  cleic Acid Res. Mol. Biol47:195-270.
mal modes. The magnitude of the internal librations,Hogan, M. E., and R. H. Austin. 1987. Importance of DNA stiffness in
<Bi2(°°)>: can be augmented with additional DNA, while protein-DNA binding specificityNature.329:263—-266.
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2 . .
ecule, as measured H{()), decays with a correlation  gynamics using an EPR-active profiochemistry32:1774-1787.
length around half the length of the DNA molecule, up to akahn, J. D., E. Yun, and D. M. Crothers. 1994. Detection of localized DNA
persistence Iength_ flexibility. Nature.368:163-166.
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quantitative demonstratio_n _c_>f the existence of sit_e-specific long-range effects of a 16 base-pair (CG)8 sequence on secondary
sequence-dependent flexibility of duplex DNA. This type of  structure Biopolymers 33:1725-1745.
experiment clearly distinguishes between dynamic bendingundin, M., J. O. Niehlin, and H. Ronne. 1994. Importance of a flanking

. . AT-rich region in target site recognition by the GC box-binding zinc
and static or permanent bends. The development of this finger protein MIGL.Mol. Cell. Biol. 14:1979—1985.

model to describe the relative ﬂ_ex.ibi”ty of dir‘UC|eo'[ide Mailer, C., D. A. Haas, E. J. Hustedt, J. G. Gladden, and B. H. Robinson.
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