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The Curvature of dA Tracts Is Temperature Depentent
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ABSTRACT. The curvature of dA tracts has been proposed to be important in the recognition, packaging,
and regulation of DNA. The effects of dA tracts on the gel mobility, rate of cyclization, and other properties
of DNA have been extensively studied. The consensus value for the curvature induced by a single dA
tract is about 18 There are two main competing models for the origin of the curvature of dA tracts. One
model assigns the central role to sequence-dependent steric clashes and the other to sequence dependent
interactions with cations. The temperature dependence of the shape functions, the molecule specific part
of the diffusion coefficients, of a set of six DNAs has been examined here. The set contains DNAs with
dA tracts in or out of phase with respect to the helical repeat as well as those with scrambled dA-dT
regions. The results show that the curvature of dA tracts is highly temperature dependent and that the
curvature is largely melted out by 4C. The curvature melts out before there is significant premelting,

or breathing of the dA tracts or the scrambled dA-dT regions. The curvature does not appear to reach a
plateau value at low temperatures. A qualitative model for the melting of the curvature of dA tracts is
proposed.

The means used to recognize a wide range of DNA and other interactions between adjacent residues are the main
damage by repair and cell cycle checkpoint systems areforces that give rise to the sequence-dependent bending of
poorly understood. We have proposed that flexibility can be DNA (39). The competing model proposes that the variation
used as a global means of recognition of damaged DNA andin neutralization of the backbone phosphates due to sequence
have shown that damaged and mismatched sites can increasgependent interactions with cations is the prime determinant
the flexibility of DNA (1, 2). The comparison of the diffusion  of DNA curvature ¢0). Both approaches treat the curvature
properties of DNAs allows monitoring their relative flex- primarily as a sequence-dependent property and not as a
ibility (1, 2). The flexibility, or ease of bending, of DNAis  function of temperature.

also important in its packaging and its recognition by  pjffsion coefficientsD, of DNA can be measured to high
transcription factors and other proteins, as well as in its yacision and reproducibility by NMR methods under a wide
m_teractlons W'th I_|gands, including drug molecul_&s—@._?). range of experimental conditions, 2, 41). This methodol-
Since both flexibility and curvature effect the diffusion of ogy also has the potential to be applied to complexes of DNA

DNA, methods are needed to separate out the ContrIbUtlonSWith small molecule ligands, including cations, and proteins.

from each factor. _ ) ) For example, the effect of netropsin and similar molecules
The curvature of DNA is thought to be important in DNA (42—46) on the curvature of dA tract DNAs could be

packaging and in DNA-protein interactions2 3, 6, 7, 10, examined by this approach. Diffusion coefficients depend
15—38). This investigation aims to gain additional informa- on a Boltzmann factor and on the viscosity of the solution,

tion about the curvature and flexibility of DNAs containing e, is temperature dependent. Thus, diffusion coefficients
dA tracts and how these properties vary with changes in 56 ot the most suitable monitors of DNA flexibility and
temperature to eva_lluate the possible relevance of dA tract \\ature. The shape functio,= ;D/T with 7 the solvent
curvature in biological systems. The effects of temperature viscosity, does not have the viscosity and temperature

\c/>vn I}hehClr”V?tlrji;e C?n_lthlex:clf)llltty Off?ﬁ‘ tracrtj, ?arvennot dbteeg dependence of the diffusion coefficien®.(The temperature
ell characterized. The efiects of the curvature need to edependence of a shape function reports on the changes in

characterized before dA tracts can be used to determine thqhe curvature and flexibility of the DNA rather than on

cu_?;]ature or:‘ dgmag;e (:] and mlsmat(;rgi(\j S'teS[')NA . changes in the solvent viscosity or other nonspecific tem-
e mechanism of the curvature o tract S TEMAINS Ko rature effects. The DNAs with more compact structures

controversial 89, 40). One model proposes that steric clashes will have larger shape functions than those with more

extended structures. For example, a curved duplex DNA will
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Ficure 1: Proposed model for the effect of flexible sites, on the shape function of duplex DNA is depicted. At low temperatures the
intrinsic flexibility of the mismatched site accounts for the difference in shape functions while at intermediate temperatures the localized

melting of the mismatched site is dominant. At high enough temperature there is strand separation. The model is illustrated using the
data on a DNA with dA-dC mismatched sites that are in phase with respect to the helical repeat and the analogous fully complementary

duplex Q).

may have modest curvature and other damaged sites, sucfiexibility and curvature 8, 6, 21, 51). When dA tracts are
as thymine dimers or platinum adducts, may have significant separated by the helical repeat and are in phase, then the
curvature 1, 2). An increase in flexibility gives rise to  effects of the curvature of the dA tracts will be largely
structures that have, as an ensemble average, a more compaatiditive @, 21). When dA tracts are separated by the helical
structure. At high enough temperatures, there is localized repeat and are out of phase, then the effects of the curvature
melting of the duplex near the damaged or mismatched siteof the dA tracts will partially cancel ouB(21). The effects
and at even higher temperatures, the strands of the duplexof the flexibility of the dA tracts will be largely additive
DNA separate 4). The overall features of this qualitative whether the dA tracts are in or out of phase with respect to
model are depicted in Figure 1 for the case of mismatched the helical repeat3; 21). The six sequences used, shown in
sites. Figure 2, contain dA tracts that are in or out of phase with
To apply this methodology to curved DNA, the sequence respect to the helical repeat. The samples with the scrambled
element d(AAAAAT) has been used. The curvature of this d(ATATAT) sequence element are expected to have minimal
sequence element has been examined by the structuraturvature while exhibiting similar flexibility to the DNAs
methods of NMR 47) and crystallography4@, 49) as well with the d(AAAAAT) sequence element.
as by gel retardation, DNA cyclization, and many other  This solution state, NMR-based shape function approach
approaches3( 21, 28, 36, 50, 51). The consensus bending has advantages relative to the other approaches previously
angle is approximately F&or each d(AAAAAT) tract. used to monitor the curvature and flexibility of DNA. The
DNAs with a single dA tract as well as DNAs with a pair, shape function approach does not involve labeling of the
or more, of dA tracts at various phases relative to the helical DNAs or interactions of the DNAs with enzymes, gels, dyes,
repeat have been examined to separate the contributions fronor other agents that may have significant interactions that
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HPLC-based analysis of the samples showed no detectable

5
FARRAT 5 /\ impurities. The single-stranded DNAs were combined to

produce duplex DNAs using calculated extinction coef-
ficients. The proton NMR spectra of the resulting samples
were examined and additional titration carried out, as
necessary, until there was no detectable presence of single
strand material. Each of the duplex 29mer NMR samples
contained a total of 27 A260 of DNA in 5Qd_ of 100 mM

NaCl and 10 mM phosphate buffer at pH 7.0 that also
contained 50uM EDTA. One A260 is equivalent to an
optical density of 1 at 260 nm in 1 cm path-length cell.

NMR Experiments and Data Processingll of the

il TAAAAA~— x diffusion experiments were carried out using a Varian 400
MHz UnityPlus spectrometer and a Nalorac double-

ATATAT

AAAAAT. AAAAAT

resonance, pulsed field gradient, 5 mm probe. The gradient
strength calibration was initially performed as described in
the Nalorac probe manual. However, we have noted that the
strength of the gradient varied with the gradient duration
time. Therefore, the gradient strength as a function of gradient
on time was determined, and the results are presented in the

AAAAAT ATATAT.

ATATAT ATATAT Supporting Information. The diffusion experiments were
' ' _'S_S_ carried out using the PFG-STE, Pulsed Field Gradient
‘10 |zo Stimulated Echo, experiment with= 8 ms andA = 262
ms as described previousl@)( The strengths of the first

The dA tract samples are based on: and third gradient pulses were the same, and the experiment
5' -CCGGCGCGGCGCAARAATCGLGLGCLLCGG-3! was carried out with 27 different values of the variable
3'-GGCCGCELCOCETTTTTAGCGCOLEGOCC-5 gradient strength from 13.7 to 87.9 G/cm. The strength of
S represents the scrambled sequence: the gradient used to suppress transverse magnetization,
5'-ATATAT-3' applied at the middle of th& period, was 13.7 G/cm.

FiGUuRE 2: Six duplex DNAs used in this study are shown along During the initial experiments, we noticed that at lower
with a depiction of the relative phasing and positioning of the dA graQ|entlvaIues(3 between 13.7 ar)d_ 2.2 Gicm, Slgn‘?l frpm
tracts. The positions of the scrambled d(ATATAT) sequences are esidual*HO was present. To minimize the contribution
depicted by “S”. from the water protons to the integrated intensity of the
spectrum, we have incorporated a diffusion filter into the
depend on the DNA sequence, the temperature, the bufferexperiment as described in the Supporting Information.
Conditions or Other factors. The NMR'based Shape funCtion For each Spectrum, 5568 Comp'ex points were CO”eCted,

methods monitor the ensemble average of the properties ofjith 600 transients, from 10 to 5%. A spectral width of

the DNAs rather than being particularly sensitive to the 20 kHz and a delay timef® s were used. The free induction
statistically rare cases in which the ends of the DNA are decays were Gaussian weighted, Fourier transformed, base-
spatially close to one another which is the property measuredijine corrected, and then integrated. VNMR version 6.1B
in cyclization experiments. The probability of the rare events software was used to acquire and process the data. A line
is most sensitive to the tails of the potential energy functions proadening of 512 Hz was applied and integration was over
that control curvature. A particular advantage of the shape g| of the proton resonances of the DNAs.

function-based approach is its_ _applicability to the same The diffusion coefficientsD, were calculated from the

Satio of the intensity obtained with gradient stren@hlg,
to that obtained with no gradienty, by use oflg/lg =
exp[~Dyn20°G*(A — 0/3)]. Plots of In{c/lo) versusG? were
fit by nonlinear least squares, the correlation coefficients
'determined, and the results graphed using KaleidaGraph,
version 3.02, from Synergy Software as previously described
(2). Several independent determinations were made on the
same sample and the standard deviation of each was in the
range of 1-2%. The standard deviation for the determination
of a single data point at a particulég was found to be
between 1 and 2%. The correlation coefficients for all of
the fits of the diffusion coefficients were greater than 0.990.
Sample PreparationThe 29mers were obtained from Representative plots of Ilo) versusG? are included in
Integrated DNA Technologies Inc., Coralville, IA, and the the Supporting Information.
sequences are given in Figure 2. The DNA samples were The spectra of the imino protons were obtained using a
ethanol precipitated three times to remove salt, trace amounts/arian Inova 500 MHz spectrometer and are included in the
of protecting groups, and other contaminants. NMR and Supporting Information.

and elsewhere, in NMR based structural studies of curved
and damaged DNAs, including chemically fragile ones. In

addition, the shape function approach could be used for the
determination of the energies and mean values of the roll
tilt, and twist for free DNAs as was done using cyclization

data 60). However, the shape function approach could also
do this as a function of dye binding and as a function of
changes in solvent composition including variations in cation
concentration and composition.

MATERIALS AND METHODS
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tions was examined to determine if the curvature of the
¢ /\ 0o 5 DNAs melts out at temperatures below that of the localized
melting of the dA tracts. The DNAs with dA tracts and those

A 7~ ¢ 55 with scrambled sequences are expected to exhibit localized
melting, or breathing, as dA-dT rich regions melt at lower
temperatures than do dG-dC rich regions.

The shape functions for the six DNAs are plotted in Figure
3 as a function of temperature. A striking feature is that the
shape functions of the DNAs with dA traattecreasewith
increasing temperature from 10 to about°@ An increase
in flexibility would give rise to an increase in the shape
function. The shape function of the DNA with in phase dA
tracts exhibits the largest decrease. The shape function of
the DNA with a single, central dA tract is nearly the same
as that of the DNA with a single, central scrambled sequence
at 40°C. These results show that the average structures of
the DNAs with dA tracts becomdess compact as the
temperature is raised. The decreases in shape functions for
the dA tract DNAs, but not those with scrambled dA-dT
regions, show that the curvature of the dA tract DNAs
I l l I l decreasess the temperature is raised.
%0 T (OC)4° 80 The temperature dependence of the DNAs with one or two

) , . scrambled sequences is similar to those observed previously
Ficure 3: Shape functions of the six duplex DNAs are shown over for duplex DNA 2). The sh functi tiall
the temperature range 485 °C. The points are connected by lines 0" AUPIEX s {, 2). The shape functions are essentially

to aid visualization of the data and are not based on any model. constant over the temperature range o020 °C and then
The P denotes a “Poise” which is the unit of viscosity (g/s cm). rise with increasing temperature. The rise is attributed to

localized melting of the dA-dT regions and is more pro-
RESULTS AND DISCUSSION nounced for the DNA with two, scrambled dA-dT regions
i ) than for the DNA with a single, central dA-dT region.
The shape functions of each of the six DNAs were g pNAs with two dA-dT rich regions have larger shape
obtained at 10, 17, 25, 40, and 85 with the values plotted ¢, ¢tions then the DNAs with one dA-dT rich region at 55
in Figure 3. The shape functions at 10 are in the same  oc Thys, the DNA samples were divided into those with a
rank order as that observed in gel retardation experlmentssing|e dA tract or single scrambled sequence and those with
for analogous samples. The DNA with in phase dA tracts g Figure 4 contains plots of the ratios of the shape
has the largest shape function and would have the fastesfntions of these two groups. The temperature dependence
gel mobility. The DNA with a single dA tract in the middle ¢ e ratios of the shape functions approximates the melting

has the next largest shape function, then the DNA with out ot the cyrvature. These plots indicate that the melting of the
of phase dA tracts, then the DNA with one dA tract and one .,rature of the dA tracts is mostly complete by 4D At

scrambled sequence and then the two DNAs with scrambledgg °C, the shape function differences are primarily deter-

sequences. mined by the number of dA-dT rich regions and not whether
The difference between the shape function of the DNA these are dA tracts or scrambled sequences.

with the in phase dA tracts and the DNAs with scrambled The imino proton Spectra of these DNAs have been
sequences is about 15% at A0. This is comparable to the  optained from 10 to 55C with the results included in the
difference in shape function between an undamaged 25mersypporting Information. The examination of the resonances
duplex and the corresponding sample with a central dA-dC of the imino protons of these DNAs indicated that there is
mismatch ). The difference in the shape functions of the no appreciable difference in the line widths of the imino
DNAs with the dA tracts in and out of phase with respect to protons of dA-dT and dG-dC base pairs at’dfor any of
the helical repeat is approximately equal to the difference the six samples. The line widths of the dT iminos are only
in the shape functions of the DNAs with a central dA tract marginally greater than those of the dG iminos at°&5
and that with a central scrambled sequence. These resultsThis can be most clearly seen for the most upfield, all from
indicate that at 10C the dA tracts are curved since there is dG residuesl and most downfield resonances which are all
a significant difference between the shape functions of the from dT residues. These results indicate that there is little
DNAs with in and out of phase dA tracts. Similarly, the “preathing” or localized melting of the DNAs in the dA-dT
difference in the shape function between the DNA with a rich regions at 40C while the curvature is melted out at
central dA tract and the DNA with a central scrambled this temperature. This comparison indicates that the breathing
sequence indicates curvature. of the helix is a separate transition from the decrease in
The qualitative model depicted in Figure 1 is based on curvature of the dA tracts.
the data that showed that mismatched sites have more The shape function results also indicate that the curvatures
intrinsic flexibility than do undamaged siteg)( At inter- of the dA tract containing DNAs do not appear to reach
mediate temperatures, there is localized melting of the DNA plateau values as the temperature is decreased. The evidence
at the mismatched site which gives rise to increased indicates that there is a continuum of observed curvature of
flexibility. The temperature dependence of the shape func- dA tract DNA. The difference in shape functions between
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A model has been developed to account for these and prior
‘ experimental results on dA tract DNAs. At low temperatures,
shape function of ~™~ L.
1.08 - below about 30C, the dA tract containing DNAs are curved
divided by that of —g— and the extent of curvature increases with decreasing
temperature. At a temperature of 4C, there is little
curvature of the dA tract DNAs. By 58C, there is little
difference between the hydrodynamics of DNAs with dA
tracts and those with scrambled dA-dT regions.

There have been numerous studies on the effects of the
curvature of dA tract DNAs. Almost all of these have
considered the curvature of the DNAs to be a constant value.
Many of the techniques used to monitor the curvature of
DNA are limited to narrow ranges of temperature, buffer,

I and other environmental conditions. The curvature of DNA
observed by X-ray diffraction is fixed at the time of
N . crystallization. Gel retardation experiments are typically
limited to a narrow temperature range as the properties of
the gels are temperature dependent. Similarly, the rate of
Vs al DNA cyclization may depend on the temperature dependence
of the ligase as well as the properties of the DNA. The results
presented here show that dA tracts do not have an intrinsic,
temperature-independent curvature. Since dA tracts can adopt
a continuous range of average curvature depending on the
temperature, the curvature may be considered as a tendency
to curve that depends on the temperature as well as the
sequence.

There has been a prior proposal for the temperature
I I I I | dependence of the curvature of dA trac&,(53). The

10 20 30 T (o) 40 50 60 circular dichroism, heat capacity, and decay of the slowest
Ficure 4: Ratio of the shape function of the DNA with a single, .ele(?rlc zlrefrmgence componenté)f a f\Smer c:uplex contain-

central dA tract to that of the DNA with a single, central scrambled N0 five dAs tracts were compared to the results on a 45mer

sequence is shown as a function of temperature at the top. Theduplex containing a randomized sequence. The dA-dT base
ratios of the shape functions of the DNA with in or out of phase pairs were randomly distributed throughout the duplex rather

dA tracts to that of the DNA with two scrambled sequences is than having scrambled dA-dT regions as used here. On the

shown at the bottom. Also shown, is the ratio of the shape of the . : :
DNA with a dA tract and a scrambled sequence to that of the DNA hasis of the experimental results, it was proposed that the

with two scrambled sequences. The curves approximate the meltingcurvature of dA tracts is temperature dependent and that the
of the curvature of the dA tract DNAs. The points in both plots are transition from curved to straight dA tract has a midpoint of
connected by lines to aid visualization of the data and are not basedabout 30°C. The enthalpy of curvature was estimated to be
on any model. about 3.4 kcal/mol for each dA-dT base pair. Their descrip-
tion is largely in agreement with the model proposed here.

1.04 <

1.00 —

1.12

ratio of shape functions
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the DNAs with dA tracts and those with scrambled sequences ; o i
continues to increase as the temperature is decreased down There are two differences between the prior interpretation

to the lowest temperatures examined. This indicates that theBnd What is proposed here. One is that our model does not
curvature is not only temperature dependent but that the describe the curvature of dA tracts as two states but rather

curvature continues to increase as the tempera‘[ure is de.a-S a (?OT'.\tinUUm of curved structures. The second is that the
creased, perhaps until the sample freezes. Also, since th&lescription of the temperature dependence of the curvature,
effect of curvature on the shape functions decreases by almosgnd other properties of the dA tract DNAs, as determined
50% when the temperature of the sample is raised from 10 by eleqtrlc birefringence is somewhat different than that
to 25°C, the energy associated with curvature must be quite determined _h(_ere. The rotatlo_n time of the _random sequence
small, on the order of a few kilocalories or less. In addition, Sample exhibited an approximately 30% increase from 10
the curvature melts out over a wide temperature range,t© 50°C.(53). S_uchalarge change is difficult to understand.
indicating that there is not a cooperative transition between The origin of this temperature dependence was not ci&y (
curved and noncurved DNA. and this feature may have complicated the analysis. This
These shape function results do not distinguish betweentémperature dependence may partially be due to the very
the various models for the origin of the curvature of the dA 10w salt concentration, 1 mM Tris and 4 mM NaCl, used in
tract DNAs. The shape function results do not directly the birefringence experiments. Also, the electric birefringence
address whether the curvature is due to wedge or kink ordata was only collected on two DNAs. Nonetheless, the two
other type of bending. The shape function results report on models are overall in pretty good agreement.
the average curvature and flexibility of the DNAs and not  There are additional data that qualitatively supports the
whether the DNA is undergoing rapid, on the time scale of temperature dependence of the curvature of dA tracts
NMR experiments, averaging between different conforma- (54—59). For example, two recent reports have shown that
tional states. the anomalous gel migration of synthet®8| and natural
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occurring DNAs b7) attributed to curvature appears to 2.
decrease with increasing temperatures.

Summary and Prospect3hese results show that the j:
curvature of dA tracts in duplex DNA is highly temperature g
dependent. In light of these results the description of the
curvature of a dA tract as a specific value seems inappropri- 6.
ate. In contrast to these results, the flexibility induced by
the presence of mismatched sites is mostly independent of
temperature over the range that the curvature of dA tracts
melts out. Taken together these results suggest that flexibility
may be more important than curvature at physiological 9.
temperatures. It remains to be determined if the curvature
of other sequences, such as dG tracts, is also highly 10.
temperature dependent and if magnesium, or the other cations
found in cells, significantly stabilize the curvature of DNA. 14

The results also show that the examination of the shape
functions of DNAs with damaged sites in or out of phase 12:
with respect to dA tracts will allow determination of the 3
curvature of the damaged sites relative to that of a dA tract.
The quantitative analysis of the results to determine the 14
magnitude of the curvature as a function of temperature will
require detailed modeling of the hydrodynamics of the DNAs 15
and such an analysis will be undertaken. 16

The shape function approach can also be applied to the
examination of whether minor groove binders alter the 17.
curvature of dA tract DNA as well as to the controversial 18.
issue of whether cations control the curvature of dA tract
DNA. It may be the case that both the extent of curvature 19.
and the temperature dependence of the curvature of dA tract
DNA are sensitive to the nature of the counterions. Our
preliminary results indicate that magnesium increases the 21.

curvature of dA tracts as well as their thermal stability. 22.
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26.
SUPPORTING INFORMATION AVAILABLE
27.

Twenty-one additional figures. The first six contain the
plots of In(s/l,) as a function ofG? one for each of the 28.
DNAs, There is one figure comparing the use of peak 29.
intensity and integration on the plot of la(l,) as a function 0
of G?. Figure 8 is a plot of the shape function of water as a
function of temperature. Figure 9 is the pulse sequence 31
including the diffusion filter. Figure 10 shows the calibration
of the gradient strength as a function of the duration of the 32.
gradient on time. Figures 11 and 12 show results obtained
with and without the diffusion filter. Figure 13 contains plots
of the spectra obtained for different gradient strengths to
show that the spectral intensities in all regions are equally 34.
affected. Figures 1419 contain the imino spectra of the six ~ 35.
DNAs obtained at 1855 °C. Figure 20 contains the plots
of In(lg/lo) as a function ofG? for all six DNAs at 10°C
and Figure 21 contains a depiction of the modeling for the
melting of the curvature of dA tracts. 38.
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