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ABSTRACT. The flexibility and curvature of duplex DNAs containing mismatched sites have been monitored
as a function of temperature. The diffusion coefficients are dependent on the flexibility and the curvature
of the DNA, and these have been determined by NMR-based methods. The diffusion coeffl@ients,
depend on a Boltzmann term and the viscosity of the solvgnthich is also temperature dependent. To
analyze the temperature dependence of the diffusion results, the shape fuBctiayD/T, is used. The

shape functions do not have the viscosity and temperature dependence of the diffusion coefficients. The
presence of mismatched sites significantly enhances the shape function of duplex DNA at all temperatures
examined. The observed increases in the shape functions are attributed to the mismatched sites acting as
localized flexible joints. The results on the temperature dependence of the shape functions, the optical
absorbance, and the proton chemical shifts indicate that local melting at, and adjacent to, mismatched site
occurs at a lower temperature than the overall melting of the duplexes. The localized melting gives rise
to a considerable increase in the shape function. The contribution of the curvature of the mismatched
sites to the enhanced diffusion has been examined. A DNA with mismatches that are in phase with respect
to the helical repeat and a DNA which has the mismatches out of phase with respect to the helical repeat
have been examined. The results indicate that mismatched sites have modest curvature.

The biological and physical consequences of mismatched The presence of mismatched sites is thought to induce
sites in DNA have been extensively examined by many structural changes that are localized to the region within two
different approachesl{-14). It is known that mismatched residues of the mispai2( 3, 6-14, 22, 24. The presence
sites can lead to stable mutations and to errors in transcriptionof mismatched sites may also alter the flexibility and
(15, 18. The repair of mismatched sites has been studied, curvature of DNA and thus alter DNAprotein interactions,
and some cytotoxic anti-cancer agents disrupt mismatchincluding recognition 25—28). It has been shown that the
repair (15—19). There is also considerable information on affinity of a transcription factor for DNA increases in the
the effects of mismatched sites on the structure and thepresence of a mismatched site. The transcription factor bends
stability of duplex DNA (—14). We have recently proposed the DNA, and the increase in flexibility, due to the presence
that the flexibility of damaged DNA, including mismatched of the mismatched site, lowers the energy needed to adopt
sites, can be used as a global means of recognifioh ( the bound state and increases the binding coefficient

All possible mismatches can occur naturally. The dG-dU (25—27). Similarly, the assembly of nucleosomes depends
wobble pairing is perhaps the most common in vivo and on the flexibility and curvature of DNA29, 30. Flexible
arises from the spontaneous deamination of cytosine, andsites may also act as universal joints to allow contact between
the dG-dT wobble pairing can arise from misreplicatiam)( proteins bound at distant cis elemendd)(

Mismatched sites have been found to have a considerable e oyerall flexibility of DNAs containing a triple

range of effects on DNA structure(6-11, 13, 23 and  \igmaich has been studied by examining the rate of
stabilities (2—14, 23 of DNA. The smallest disruptions .y jization by ligation 82) and the mobility of the residues
appear to occur with the wobble, dG-dT/U, mispairs, and o q|ved in single mismatches by NMR-based methdJs (
the most destabilizing tend to be the sterically unfavorable 150 mismatches considerably enhance the rate of cycliza-
purine-purine mlsmatch.eM). The m|s_match repair system o, (32). This has been taken as evidence that triple mis-
can apparently recognize and repair all mismatched sites;aicheq sites increase the local flexibility of DN32]. The
(15-19). residues in dC-dC and in dC-dT mismatches have been found
to be locally mobile by NMR method9). We recently

" TLhi?_ resle?rc?tvzas SI;PHPOHEE- ?hpag%obyMGHrant G'\t/|-512?8 from examined the effects of the presence of single and triple
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ACAGGACCGCGATACGCCGGAACGA the diffusion rate will largely add together. When curved
TGTCCTGGCGCTATGCGGCCTTGCT elements are out of phase and separated by the helical repeat,
the curvature contributions will largely cancel out. Purely
af C"mgf;‘l’::‘ary flexible elements will have the same effect on diffusion
whether in or out of phase at any separation. The presence
ACA single mismatch of stable curvature due to the presence of dA tracts was

TAT

established by comparison of the gel mobilities of DNAs
with dA tracts in and out of phase with respect to the helical

ccc triple mismatch

TAT repeat 83, 35-38).
¢ ¢ in phase EXPERIMENTAL PROCEDURES
c A out of phase Sample PreparationThe 25mers, whose sequences are
A c given in Figure 1, were obtained from Integrated DNA
| | Technologies Inc., Coralville, IA. The 12mer, d(CGCGAAT-
8 18 TCGCG), was obtained from DNAgency, Melvern, PA. The

Ficure 1: Complementary and mismatched sequences used areDNA samples were ethanol precipitated 3 times to remove

depicted. The fully complementary 25mer sequence is shown at Salt, trace amounts of protecting groups, and other contami-
the top. Below it are shown the positions of the single and triple nants. NMR and HPLC-based analysis of the samples
mismatches as well as the positions of the mismatches which areshowed no detectable impurities.
in or out of phase with respect to the helical repeat. The single-stranded DNAs were combined to produce
duplex DNAs. Once the two strands were combined, the
samples were annealed by heating the sample &80 a
water bath and allowing the water to cool to room temper-
melting of the DNA near the mismatched site. Several ature. The one-dlm_en5|onal NMR. spectra O.f the res“'t'T‘Q
samples were examined, and additional titration was carried

features of this proposed model are tested here. ; .
. ; out until there was no detectable presence of single-strand
The temperature dependence is also needed in order to be aterial

able to estimate the energy associated with the curvature ancfn .
9y Each of the 25mer NMR samples contained &4, of

flexibility of mismatched DNAs. We h |
exibility of mismatched DNAs. We have recently proposed - o B 506 1 “of 140 mM NaCI, 20 mM perdeuterated

that much of the global recognition of damaged DNA can =, .
be based on the flexibility of the damaged DNAO), Tris buffer at pH 7.0. The 12mer NMR sample consisted of

25 Azs00f DNA in 500 «L of 100 mM NaCl, 10 mM NaP@

flexibility and curvature has been obtained and compared to
the overall melting of the DNA. The model put forth here is
that the increase in flexibility is primarily due to the localized

Recognition, in this model, is based on the ease with which . .
the DNA can be bent to form a suitable proteiDNA and 0.05 mM EDTA at pH 7.0. Ondygois equivalent to an
complex that may then interact with additional proteins. A OPtical density of 1 at 260 nmia 1 cmpath length cell.
significant portion of the recognition may be based on the  The samples for the optical melting curves contained 1

interaction with these additional proteins. This mode of action A2so Of DNA in 1 mL. The optical melting curves were
can be used for global recognition in cell cycle regulation, détermined using Hitachi U-2000 and Shimazdu UV-2401PC

in DNA repair, and in other biological systems. The model SPectrophotometers. The temperature of the sample was
requires that the free energy needed for the bending of most'@ised at T'C per minute, and the samples were equilibrated
damaged DNAs is sufficiently lower than that of normal for 5 min at gach temperature before the readings were taken.
DNA to allow for discrimination between them. Itis known 1hree readings of the absorbance were made at each
that duplex DNA can be bent by proteind3( 34 so the  emperature and averaged.
total energy needed to bend damaged DNA is accessible to NMR Experiments and Gradient CalibratioAll of the
biological systems. diffusion experiments were carried out using a Varian 400
The enhanced diffusion is proposed to be due to the MHz UnityPlus spectrometer and a Nalorac double-
localized flexibility of the mismatched site at low temper- resonance, pulsed field gradient, 5 mm probe. The gradient
atures and to melting at, and adjacent to, the mismatchedstrength calibration was conducted using a sgioho FID
sites at higher temperatures which occurs before the meltingon @ sealed, dopeti,O sample with the-axis gradient on
of the rest of the duplex. To test this proposal, the diffusion during the acquisition period. The calibration produces a
rates, the chemical shifts of the nonexchangeable protons Profile of the sample that is a function of sample height and
the linewidths of the imino protons, and the optical absor- gradient strength.
bance of many DNAs, with and without mismatched sites,  The diffusion coefficient ofHOH in 2H,0O was determined
have been obtained as a function of temperature. to validate the gradient calibration method. It was found that
Additional information is also needed to allow the estima- the diffusion of?HOH in 2H,O was 1.867x 107° cné/s at
tion of the relative contributions of curvature and flexibility 25 °C, which is in agreement with the literature value of
to the enhanced diffusion. To do this, the diffusion rates of 1.870 x 107> cnf/s (39). This small discrepancy may be
DNAs with mismatched sites separated by the helical repeatdue to the 400 MHz spectrometer being limited to a spectral
have been examined. In one sample, the mismatches are invidth of 100 000 Hz that is not sufficient to observe the
phase with respect to the helical repeat and out of phase inentire lineshape of the doped water resonance in the gradient
the other. The sequences to be studied are depicted in Figur&alibration procedure.
1. When curved elements are in phase and separated by the The diffusion experiments were carried out using the PFG-
helical repeat, the curvature contributions of the two sites to STE (pulsed field gradient stimulated echo) experiment with
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Table 1. Comparison of Diffusion Coefficients, in & with
Literature Valued

diffusion
diffusion coefficient  experimental
coefficient  convertedto  diffusion i
sample (cnéls) 2H,O value  coefficient .
2HOH in 2H,0 1.870x 10° 1.870x 105 1.867x 1075 ]
methanol in HO 1.580x 10°° 1.296x 105 1.347x 10°° 3 ]
ethanol in HO 1.230x 10° 1.071x 105 1.135x 10°°

single stranded

12mer (scattering) in PO 1.341x 106 1.010x 017 1.232x 1076
25mer DNA

12mer (NMR) in?H20 1.230x 10% 1.230x 106 1.232x 10°°

D (106 cm?2/sec)

a All values are at 28C. Some of the prior results were obtained in ] /
H.0, and theH,0 column contains the values adjusted for the viscosity 5 ]
difference between ¥D and ?H,O. The 12mer DNA is the self- 1
complementary d(CGCGAATTCGCG). ]

] complementary duplex
. . . ] 25mer DNA

0 =9 ms andA = 260 ms essentially as described previously 1
(20). The strengths of the first and third gradient pulses were 14 0
the same, and the experiment was carried out with 25 1 o
different values of gradient strength from 2.5 to 78.9 G/cm N
(20). The strength of the gradient used to suppress transverse 20 40 60 80
magnetization, applied at the middle of theperiod, was temperature (°C)
l',5 Glem. A ,tOtaI of 5568. complex points were collected, Ficure 2: Diffusion coefficients of the single-stranded 25mer DNA,
with 20 transients, at 18C intervals between 15 and 8€. d(ACAGGACCGCGATACGCCGGAACGA), and the double-

A spectral width of 6999.1 Hz and a delay time of 10 s were stranded DNA formed from this single strand and its complement
used. The free induction decays were Gaussian-weighted,are shown as a function of temperature.

Fourier-transformed, integrated, and base-line-corrected. -
VNMR version 6.1B software was used to acquire and tUbes &3, 44. The diffusion of the duplex formed by the

process the data. A line broadening of 50 Hz was applied to S€lf-complementary d(CGCGAATTCGCG) has been previ-
the spectra in order to average the intensity of all resonanceLusly determined by light scatteringg) and by NMR @9).
in the region selected. The region of the spectrum that The diffusion coefficients that were obtained in®Hiwere

contains resonances from the’H&id H2' protons, between converted, to take into account the difference in viscosity
1.8 and 3.0 ppm, was used to determine the diffusion between HO and’H,0, to allow comparison with the results

coefficients. The regions corresponding to aromatic and to ©Ptained here on samples 3H;0.
the H1/H5 protons were aIS(,)’ exe_1m|ned and found to give RESULTS AND DISCUSSION
the same results as the ¥H22''region.

The diffusion coefficientsD, were obtained from the ratio Isolation of the DNA-Specific Component of the Diffusion
of the intensity obtained with gradient strendg® Ig, to Coefficient. The focus of this study is the flexibility and
that obtained with no gradienty, by use of lg/lp = curvature induced by the presence of mismatched sites and

exp[—Dyzd?GHA — 6/3)] (40, 41). Plots of In(g/lg) versus how these depend on temperature. This cannot be readily
G? were fit by nonlinear least squares to obtain the diffusion deduced directly from the diffusion coefficients, alone, as
coefficientsD as described previousl2Q), and representa-  diffusion in water is a highly temperature-dependent process.
tive plots are included in the Supporting Information. The diffusion coefficient of a rigid molecule will increase
KaleidaGraph version 3.02, from Synergy Software, was usedabout 4-fold from 0 to 100°C due to the temperature
to graph the results, to carry out the nonlinear least-squaresdependence of the viscosity of water and a Boltzmann term.
fits, and to calculate the correlation coefficients as previously By way of contrast, the difference in diffusion coefficients
describedZ0). Seven independent determinations were made between single- and double-stranded 25mer DNAs is on the
of several diffusion coefficients, and the standard deviation order of 50%. The results in Figure 2 show that the diffusion
of each was in the range of2%. The standard deviation ~coefficients of both the single-stranded and duplex DNAs
for the determination of a single data point, a particlggr ~ increase considerably with increasing temperature. Plots of
was found to be on the order of-R2%. The plots of the  the diffusion coefficients of additional DNAs and of metha-
temperature dependence of the structure functions, discusse@ol, ethanol, and dAMP as a function of temperature are
below, also indicate the reproducibility of the experiments. included in the Supporting Information. In this mode of
All of the correlation coefficients20) for the fits of the presentation, it is difficult to ascertain how the difference in
diffusion coefficients were greater than 0.996. The Support- diffusion coefficients between the single-stranded and duplex
ing Information contains representative plots ofl i) DNAs changes with temperature.

versusG2. Thus, the temperature dependence of the diffusion coef-

The diffusion coefficients determined by this methodology ficients needs to be separated into the component that
are compared with those obtained previously by other depends on changes in the DNA from that common to all

approaches in Table 1. The diffusion coefficient2sfOH molecules. The standard, Einstein’s, equation for diffusion
in 2H,0O was determined by pulsed field gradient deuterium 'S
NMR (42), and those of ethanol and methanol igCHwere

determined by monitoring the diffusion in long capillary D = KT/,
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Ficure 3: Shape functions = #D/T, of methanol, ethanol, and
5'-AMP are shown as a function of temperature.

with D the diffusion coefficientk Boltzmann’s constanil
the absolute temperature, dipthe frictional coefficient. The
frictional coefficient depends on the solvent viscosity,

fo = nfs

with fs the shape coefficient. The viscosity of water is
temperature dependerg89):

logn = a+ [bl(c — T)]

For a 100% HO solution,a = —4.5318,b = —220.57, and
¢ = 149.39 andr is in kelvin. For a 100%6H-0 solution,a
= —4.2911,b = —164.97, andc = 174.24 B9). The

Marathias et al.

5.0
’/
/
/
/
single stranded _ J
o~ —— — — — o - ,' /
—~
bﬁ 4.5 !
Q
Q
ol ’
E triple mismatch ¥
~ .
= ;
Q 4 .
N 7
= v ;
s 4
O ’ :
y— ’ '3
~— ’ ,
,
A 40 w---w----V :
in phase
o— -0 \0/ ,
out of phase & J
— g — o .
single mismatch ‘
3.5 &
LR . complementary duplex
L B e e R B LN

40 60 80

temperature (°C)

Ficure 4: Shape functions of the complementary, mismatched, and
single-stranded DNAs are shown as a function of temperature. These
curves can be considered to be the shape function melting curves
of the DNAs.

increase between 15 and 86 as shown in Figure 4. The
melting curve of the shape function has the same general
shape as that of a more familiar optical melting curve. The
temperature dependence of the proton chemical shifts of this
DNA indicates that the DNA is not completely melted even
at 95°C, as the results in Figure 5 show. When the duplex
is completely melted, the proton NMR spectrum of the
duplex corresponds to the sum of the spectra of the two single

viscosity of water has only a modest dependence on saltstands. Figure 5 shows the spectra of the two single strands

concentration 9).

that make up the duplex as well as their sum. It is seen that

To remove the viscosity and Boltzmann term dependence,the spectrum of the duplex is not that of the sum of the

we have decided to use the shape functi&nwhich we
define asyD/T. The § of methanol, ethanol, and-BMP

are plotted as a function of temperature in Figure 3. It is
seen that theS of 5AMP, ethanol, and methanol are

spectra of the two single strands at 95. The results in
Figures 4 and 5 were obtained with the same sample of the
complementary duplex.

These results indicate that the melting of the shape function

constant, within a few percent, over the temperature rangeoccurs 15-20 °C, or more, below that of the separation of
shown. This is the expected result for molecules whose shapehe two strands that is monitored by the proton chemical

does not change. The temperature independence dfthe

shifts. These results are consistent with the proposed model

also shows that the field gradients and other experimentalin which the melting of the shape function occurs due to the
parameters are constant over the temperature range needddcalized melting, or breathing, of the duplex DNA. The

to study the DNAs containing mismatched sites.

The hydrodynamic properties of duplex DNA can be
modeled by a cylinder with a radius of 20 A and a length of
3.4 A per base pair39, 45-47). A 25mer duplex will have
a length-to-diameter ratio of 4.25, which is the axial ratio.
The diffusion of the DNA is dependent on the axial ratio
(39, 45-47), and the axial ratio will decrease as the flexibility
or curvature of the DNA increases. Increases in the flexibility
or curvature of a DNA will increase the shape function of
the DNA.

localized melting occurs at lower temperatures than does the
complete separation of the two strands. Localized melting
also increases the exchange rates of the imino protons with
water, and the exchange increases the linewidths of the imino
protons. The melting temperature of the shape functiafh

°C, is similar to that associated with the exchange broadening
of the imino protons which is alse75 °C. The imino proton
spectra of the fully complementary duplex DNA have been
obtained as a function of temperature and are included in
the Supporting Information.

Temperature Dependence of the Shape Function of a Fully Shape Function of Duplex DNAs with a Single Mismatch.

Complementary Duplex DNArhe shape function of the
25mer fully complementary DNA duplex exhibits a 45%

The shape function of the duplex DNA with a single
mismatch is about 10% larger than that of the fully
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ACAGGACCGCGATACGCCGGAACGA

complementary duplex

350C 95 oC

TGTCCTGACGCTATGCGCCCTTGCT

550C
95 oC
75°C
sum of single strand spectra
95 oC 95 oC
T T T T T T T T T 1 T T T T T T T T T 1
8.4 8.0 7.6 72 ppm 6.8 8.4 8.0 7.6 72 ppm 6.8

Ficure 5: Proton NMR spectra of the complementary duplex as a function of temperature are shown on the right. On the left, the proton
spectra of the indicated single strands obtained with the samples°& 85 well as the sum of these spectra are shown.

complementary duplex DNA at the lowest temperature ]
examined as the results in Figure 4 show. This indicates that 1.3
a DNA with a single mismatch site is more flexible than the
fully complementary DNA at temperatures as low as’C5 ] single stranded e
The shape function of the single mismatch site DNA is 123 ',}'8/,?
constant from about 15 to 40C as is that of the fully 2 7 SF
complementary duplex DNA. < 7 v ,‘/ triple mismatch
The melting curve of the shape function is largely 1] v g/
cooperative, and the melting temperature is between 65 and vo..v-wT W
70 °C as shown in Figure 4. The melting of this DNA as - 025 -;;g,i,
monitored by the proton chemical shifts is not complete at
95°C as the results in Figure 7 show. These results indicate ]
that the melting of the shape function occurs—3® °C o — —
below that of the separation of the two strands as monitored 20 40 60 80
by the proton chemical shifts. The melting of the imino temperature (°C)
protons, as measured by their linewidths, is close to that of Ficure 6: Optical melting curves of the complementary, mis-
the fully complementary duplex as the results in the Matched, and single-stranded DNAs are shown. The absorbance at
Supporting Information show. The imino proton spectra of 280 NM.Azo is plotted as a function of temperature.

these samples are not sufficiently resolved to detect the monitored by the proton chemical shifts and by optical
linewidth changes of individual imino protons. The use of zpsorbance. This is in agreement with prior resusg,
samples with strategically placed isotopic labels or 4-thio- 1214, 23. A single mismatched site does, however, have
uridine residues could allow monitoring of the breathing at 5 significant effect on the shape function at all temperatures.
selected individual sites. Over the temperature range of-180 °C, the presence of a
Similarly, the optical melting temperature of the fully single mismatched site increases the shape function by about
complementary DNA and that of the DNA with a single 10% over that of the fully complementary duplex, indicating
mismatch differ by only a few degrees as shown in Figure an increase in flexibility. The shape function of the single
6. The optical melting temperatures are much lower than mismatch DNA melts about 8 lower than that of the fully
those observed in the NMR experiments as the concentrationgomplementary duplex which is attributed, in part, to
of the DNAs are 54 times less in the optical experiments |ocalized melting at, and adjacent to, the mismatched site.
and the melting temperature of a duplex DNA is highly  Temperature Dependence of the Shape Function of a
concentration dependemnts). Triple Mismatch DNAThe same general pattern of results
Taken together, these results indicate that the presence ofs observed for the duplex with the triple mismatch as for
a single mismatched site has relatively small effects on the the single mismatch except that the effects are much larger.
melting temperature of the strand separation of the DNA as The duplex with a triple mismatch has a shape function that

out of phase
in phase

single mismatch

*¢ O ® O 4«

fully complementary
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single mismatch triple mismatch

350C
550C 550C
75°C 750oC
950oC 95 oC
T T T T T T T T T 1 T T T T T T T T T ]
8.4 8.0 7.6 72 ppm 6.8 8.4 8.0 7.6 7.2 ppm 638

Ficure 7: One-dimensional proton NMR spectra of the DNA with a single mismatch are shown on the left, and those of the DNA with
a triple mismatch are shown on the right. Both sets of spectra were obtained at the indicated temperatures. The spectra were obtained on
the same samples as those used to obtain the shape function data.

is almost midway between that of single-stranded and duplexshape functions which are about 15% greater than those of
DNA at low temperatures, and the shape function is nearly the fully complementary duplex DNA at low temperatures.
constant over the range of 435 °C. The melting temper-  The melting temperatures of their shape functions are about
ature of the triple mismatch DNA duplex is above 95 as 15 °C less than that of the fully complementary duplex as
monitored by the proton chemical shifts, as shown in Figure the results in Figure 4 show. The optical melting curves of
7. The melting temperature of the shape function is about the two DNAs with the mismatches separated by the helical
60°C, as shown in Figure 4. The optical melting temperature repeat are essentially the same, as the results in Figure 6
of the triple mismatch sample is about® lower than that ~ show. The temperature dependence of the chemical shifts
of the fully complementary duplex as the results in Figure 6 of their nonexchangeable protons is also essentially the same
show. The differences in optical and NMR melting temper- (data not shown). These results indicate that the presence of
atures cannot be directly compared as the concentrationtwo mismatched sites, separated by the helical repeat,
dependence of melting is a function of the enthalpy and introduces flexibility which is about halfway between that
entropy of duplex formation4@), both of which are likely of single and triple mismatch sites located at the center of
to be different for fully complementary and mismatched the DNA.
DNAs. The shape function of the DNA with in-phase mismatched
Taken together, these results indicate that a triple mismatchsites is larger than that of the DNA with the mismatched
has a modest effect on the temperature needed for thesites out of phase over the temperature range ef35°C.
separation of the two strands as monitored by the proton This indicates that the mismatched sites have some curvature.
chemical shifts and the optical melting. The triple mismatch Curvature effects will largely add together when the element
has a much larger effect on the shape function at all is in phase with the helical repeat and largely cancel when
temperatures. At low temperatures, the shape function isthe element is out of phase with respect to the helical repeat
about 20% greater than that of the fully complementary (33—37). Flexibility effects will largely add together whether
duplex DNA. The melting temperature of the shape function the element is in or out of phase with respect to the helical
is about 15°C lower than that of the fully complementary repeat 83—37). The observed difference between the two
DNA. These results indicate that a triple mismatch introduces shape functions, from 15 to 3%, is just under 3%, and the
considerable flexibility to the DNA at low temperatures and presence of a difference between the shape functions of the
that there is localized melting due to the triple mismatch two DNAs indicates that the dA-dC mismatches have some
site at temperatures below that of the strand separation ofcurvature. As the temperature is raised, the shape functions
the duplex. of the two DNAs become more similar. Additional studies
Shape Functions of Duplex DNAs with Mismatch Sites In are underway on dA tract DNAs of known curvature. These
or Out of Phase with Respect to the Helical Rep&dte studies will aid development of the methods to quantify the
general features of the DNAs with mismatch sites in or out extent of curvature from shape function data.
of phase with respect to the helical repeat are midway Temperature Dependence of the Shape Function of a
between those of the DNAs with single and triple mismatches Single-Stranded DNAThe shape function of the 25mer
as the results in Figures 4 through 7 show. The DNAs single-stranded DNA exhibits less than a 10% increase
containing in phase and out of phase mismatched sites havébetween 15 and 88C as shown in Figure 4. The shape
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function of the single-stranded DNA is almost 40% greater standards and of the DNAs as a function of temperature.
than that of the duplex DNA at the lowest temperatures There are five figures showing plots of I8{lo) as a function
examined. The temperature dependence of the chemical shifte®f G2, one for each of the DNAs. A figure containing the
of the single-stranded DNA indicates that the DNA has some imino proton spectra of the fully complementary DNA, the
structure at temperatures up to about°’@0as the results in  single mismatch, and the triple mismatch as a function of
Figure 5 show. The single-stranded DNA has several, shorttemperature is included. The final figure shows an expansion
self-complementary regions. The increase in the shapeof the comparison of the 98C spectrum of the fully
function of the single-stranded DNA occurs over the same complementary duplex and that of the sum of spectra of the
temperature range as does the complete melting of the singlesingle strands also obtained at5 (9 pages). This material
strand as monitored by the proton chemical shifts of the is available free of charge via the Internet at http://
sample. pubs.acs.org.

The optical absorbance of the single-stranded DNA shows
a small increase over this temperature range with the maximalREFERENCES
hypochromicity observed at 68C as shown in Figure 6. 1. McDowell, J. A., and Turner, D. H. (199®iochemistry 35
The melting of the shape function is more cooperative than 14077-14089.
that of the optical absorbance. Both melting processes are 2.Li, Y., Zon, G., and Wilson, W. D. (1991Biochemistry 30
essentially complete and so is the melting as monitored by 3 7566-7572.
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