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ABSTRACT. In DNA duplexes, pyrimidine-purine steps are believed to be flexible or conformationally
unstable. Indeed, several DNA crystal structures exhibit a multitude of conformations fef @pAteps.

The question arises of whether this structural flexibility is accompanied by dynamical flexibility, i.e., a
guestion pertaining to the energy barrier between conformations. Except for TpA steps, slow motions on
the microsecond-to-millisecond time scale have not been detected in duplexes until now. In the present
study, such slow motion was investigatedi; 13C, and'>N NMR relaxation measurements on a DNA
decamer d(CATTTGCATGY(GATGCAAATG). The DNA decamer was enriched with 159 and

98% 15N isotopes for each adenosine and guanosine residue. Three lines of evidence support the notion
of slow motion in the CAATTG moiety. Analysis of>N relaxation showed that the order parame®y,

of guanosine imino NH groups was about 0.8, similar to that of CH groups for this oligomer. The strong
temperature dependence of guanosineXkh the CAA-TTG sequence indicated the presence of a large-
amplitude motion. Signals of adenosine H8 protons in the AAG sequence were broadened in 2D
NOESY spectra, which also suggested the existence of slow motion. As well as being smaller than for
other adenine residues, tHe T, values exhibited a magnetic field strength dependence for all adenosine
H8 signals in the ATTTGCAAAT region, suggesting slow motions more pronounced at the first adenosine

in the CAA-TTG sequence but extending over the CAAATTTG region. This phenomenon was further
examined by the pulse field strength dependence oftthéC, and*N T,, values.!H and*3C Ty, values
showed a pulse field strength dependence '#ifTy, did not. Assuming a two-site exchange process, an
exchange time constant of 2800 us was estimated for the first adenosine in the CAA sequence. The
exact nature of this motion remains unknown.

Genetic information may be encoded within the DNA In this paper, we focus on the dynamics of two DNA
sequence using its base pairing hydrogen bonds, functionalsequences, which are known to have unique features of three-
groups, three-dimensional structure, and dynamics. DNA dimensional structure and dynamics: A-tracts and Qp&
structure depends on the sequence, and some speciadteps. A-tract is a run of three or more consecutive adenosine
sequences adopt unique conformations. On the other hand(or thymidine) nucleotides. Such sequences are found in
little is known about the sequence dependence of DNA many bent sequences and some stable nucleosomes; they are
dynamics, in particular, on the nanosecond-to-picosecondinvolved in the regulation of transcriptional activation and
time scale {—5). The millisecond-to-microsecond time scale termination. The three-dimensional structure of A-tracts has
motion has been extensively studied for the TpA s@p (  been extensively studied by many approaches, but the
12) but not for other sequences. The base pair lifetime is mechanism causing its curvature still is not known well (e.g.,
another indicator of DNA motion, but only two special for review see refl4). The nanosecond-to-picosecond time
conformations, A-tract and Z-DNA, have been found to have scale motion of a short A-tract is no different from that of
a base pair lifetime differing substantially from other DNA  other DNA sequence$(15). To date, the millisecond-to-
duplex conformations (for review see r&8). microsecond time scale motion of A-tracts has been only
reported for the JA, junctions 6—10, 16). The base pair
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been recognized as the most variable steps in BNWtein nz andnxy, respectively, were measured at¥following
complexes 20—22). These structural features suggest struc- the procedure reported f&iC (25). The pulse repetition delay
tural flexibility at the CpA step; however, no special motion time was 2.5 s. Each relaxation data set was recorded with
on either nanosecond-to-picosecond or millisecond-to- the following relaxation delay times: 50, 100, 150, 200, 250,
microsecond time scales has been previously reported.300, 350, 400, 500, 600, 700, and 800 msfix R;: 0, 16,
Detection of molecular motions on these time scales, of 32, 48, 64, 80, 96, 112, 128, 144, 160, and 176 ms3¥r
course, is an indication that the barrier between conforma- R,; 60, 90, and 120 ms fdéN #z; 30, 45, and 60 ms foN

tions is not too highrthere is not a large barrier to overcome 5, The5N{!H} heteronuclear NOE was derived from the

in converting from one conformation to another. intensity ratio measured with and withto® s proton
Here, the millisecond-to-microsecond time scale motion presaturation.
of a DNA oligomer, d(CATTTGCATCH(GATGCAAATG), The magnetic field strength dependence ®f T,

is analyzed on the basis of thé dulse field and magnetic a5 examined using the unlabeled sample at°@50n

field dependence ofH and**C transverse relaxation rates g xer DRX500, DRX600, and DRX800 NMR spectrom-
and the temperature dependence of sevehilrelaxation eters operating at 500, 600, and 800 MHH fre-
rates. For these experiments, every adenosine and guanosin&uency respectively. Thleii T de’Ita set was obtained using
was randomly fractionally enriched with 15%C and 98% CarlL'PurceII—Meiboom—GiII (CPMG) spin-echo se-
15N stable isotopes. This sequence has three CpA steps, ana;u ence, € tepuc— 180 —Tcpuc—)n (28, 29), Wherercpye =

Oggs@;og]dcoa;«. tg?elgi?g r?]fofilofwh(c)n[t C':A"Xag:é Tshl\J;it;]t I':n q 2.5 ms. The pulse repetition delay time was 15 s with the
pC mpare -P P and tollowing relaxation delay times: 0, 10, 20, 30, 40, 50, 100,
without the neighboring A-tract. Previously, the solution 150 and 200 ms

structure of this DNA duplex was well characterized, and . 1
its rotational correlation time and other model-free dynamics _ The effect of the chemical exchange term'eh *C, and
parameters have been determined for miest13C bonds 5N transverse relaxation rates for tHéC/*>N-enriched

in the purine residues3( 23—25). sample was investigated under the spin-locked fi8|B0,
31). 2D HSQC spectra were used for measufiHgand3C
EXPERIMENTAL PROCEDURES Ta,. Values for the spin-lock center frequency and pulse field

strength were varied at 3 for 'H and*3C and at 10, 20,
and 30°C for >N. The “like” spin Ty, was measured fdH
(31). Six, three, and one spin-lock offset frequenciestfr
13C, and™N, respectively, were used with one to seven pulse
field strengths as follows: 972, 1914, 4237, and 8143 Hz
for H at 6.19 ppm; 633, 1064, 2083, 4237, and 10 823 Hz
ffor 1H at 7.85 ppm; 471, 973, 1914, 3906, and 8143 Hz for

Sample PreparationA DNA duplex, d¢C2A3T4TST8G!-
CBATI0C)-d(MGIRA TGS CISA A TBA 19T 20G), containing
15% 13C- and 98%'N-enriched adenosine and guanosine
at each position, was prepared as described previoGsly (
The numbering system is shown on the left shoulder of the
sequence. An unlabeled DNA duplex with identical sequence
was prepared by annealing the equivalent concentrations o ;
each strand (purchased from Espec Oligo Service Co.,lH at 8.19 ppm; 543, 1073, 2174, 4237, and 8772 Hzifbr

; ; t 9.52 ppm; 4237 Hz folH at 11.19 and 14.52 ppm; 625,
Tsukuba, Japan). Counterions were exchanged by adding v i
M NaCl, and excess salts and single strands were removed’ 32; @nd 1190 Hz fofC at 127 ppm; 1190, 2272, and 4544

by gel filtration HPLC chromatography as describ@)( Hz for **C at 133 ppm; 625 Hz fot°C at 141 ppm; 625,
NMR samples had a duplex concentration of about 1 mM /81, 1042, 1471, 1923, 2778, and 3846 Hz i at 198

in 10 or 20 mM phosphate buffer (pH 6.8) with 100 mM  PPM- The pulse repetition delay times were 1.5, 1.5, and 2.5

NaCl and 0.1 mM EDTA. The solvents were 90%0410% s forH, 13C, and'®N, respectively. Each relaxation data set

D,O and 100% BO for the 13C/A5N-labeled and unlabeled ~Was obtained with the following relaxation delay times: 8,

NMR Measurementéll NMR measurements for thEC/ .’éz, ‘}I'Bh 61‘:_" E_SI_O' 96, }jlz' 12_8' 343 120' and 17d6 mslﬁm(;
15N-enriched sample were carried out on a Varian Inova- R+ 1he H Ti was determined by the reported procedure

600 NMR spectrometer operating at 600 MHtzfrequency. (3 With ?elay times of 40, 80, 120, 160, 200, 250, and 300
The N longitudinal relaxation rateR;, 15N transverse  MS: The'C T, values were taken from our previous report
relaxation rateR,, and °N{2H} heteronuclear NOE were (29- TheseT, values were used to estimate the off-resonance

measured at three temperatures, 10, 20, andG3Qusing  contribution to'H and*C Ry,.
standard 1D pulse sequence®7)( The transverse and NMR Data ProcessingAll NMR data were processed
longitudinal cross-correlated relaxation rates betw&ah on SUN SPARCstation 2, SGI Indigo R5000, or SGI 02
chemical shift anisotropy an®®N—'H dipolar interaction, R10000 workstations using the following software:
nmrPipe (NIH, BethesdaBp), SPARKY 3 @3) (see http://

1 Abbreviations: 1D, one dimensional; 2D, two dimensional; rf, radio WWW'Cgl'UCSf'edU/homE/Spark_y)_' and _FeIIX (M_Olecmar Simu-
frequencyT,, spin-lattice relaxation timeT,,, spin-lattice relaxation ~lation Inc.). Least-squares fitting with KaleidaGraph 3.0
time in the rotating frameT>, spin-spin relaxation time; NOESY,  (Abelbeck Software) was used to extract relaxation rates,

nuclear Overhauser enhancement spectroscopy; NOE, nuclear Over- ; ; ; :
hauser enhancemeiR;, spin—lattice relaxation rateRy,, spin—Ilattice assuming a monoexponential decay of peak heights with two

relaxation rate in the rotating framey, spin—spin relaxation ratesz, parametersy(= Ae ®). The model-free approach was used
longitudinal cross-correlated relaxation rate betwisrchemical shift for the relaxation rate analysis of the imiftd—!°N system

anisotropy and®N—!H dipolar interaction;nxy, transverse cross- ; ; ;
correlated relaxation rate betwe&N chemical shift anisotropy and foll;)w[ng prﬁwous I’e[l)?rtsﬁ( 34, 35). ':lor m.OSt Ca]!CUIatIOTS’
5N—1H dipolar interaction; HSQC, heteronuclear single-quantum INcluding the model-free approach, Microsoft Excel 98

coherence; CSA, chemical shift anisotropy. (Microsoft Corp.) was used with the solver add-in function.
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RESULTS Table 1: Observed IminéN Relaxation Rates and Model-Free

. . . . Parameters Derived from These Rates
5N Relaxation Studies of Guanosine Imino Groupise

15N relaxation rates of imino NH groups for G6 and G14 trg?igu()ecr)]o 1@? 1{’4 Zg 2104 3g 3104
residues were measured and subjected to the model-freeg sty 148 148 198 180 194 228
analysis at three temperatures: 10, 20, and@OFor the " (0.14) (0.05) (0.11) (0.12) (0.08) (0.07)
i i imi i Ro (s 957 776 6.09 498 474 440
terminal residues G11 and (|320i the |m|fno S|gnr?ls wer(.eh ©034) (021) (027) (013) (020 (0.14)
broadened and not observed clearly due to fast exchange withy o 0.62 064 079 078 059 059
bulk water, especially at higher temperatures, so they were (0.05) (0.03) (0.08) (0.07) (0.12) (0.03)
not studied here. Five relaxation parameters, measured as’z (™) (3(-)3298) (3(-)5244)
described in the Experimental Procedures section, are listed ,, (s 637 6.71
in Table 1. The overall correlation times (at three different (0.42) (0.50)
temperatures) were determined previously for this DNA o (nsP (g-gg) (g-gg) (8'(1)3)
duplex from*3C Ty/T, ratios @5). The experimental relax- ¢ 092 077 085 074 075 078
ation parameters were subjected to the model-free analysis (0.03) (0.02) (0.03) (0.02) (0.03) (0.02)
(34); results deduced for the order paraméfeand internal 7i (ps) 214 55 19 14 44 110

motion correlation time; are also listed in Table 1. When () (12 _ (_56)5 (1?) _ (159) ©9

the longitudinal and transverse cross-correlated relaxation, “% ® 12 anner 588 e N e e e eted
rates an_dnxy, respectlvgly) were included in the anaIyS|s' relaxation rates, respectively. NOE is #§8{‘H} heteronuclear NOE.
together W'th Ot_her relaxation parameters, the spectral densitys ;  andz are the generalized order parameter, overall correlation
ratio relationship)(0)/J(wn) = 0.75(2)xv/mz — 1) was used  time, and correlation time for the internal motion, respectively.

as input following a reported procedui2s]. Anisotropy in Experimental errors are shown in parentheses. Error§fandz; are

the overall molecular tumbling was not included in the evaluated by a Monte Carlo procedure using 100 synthetic data sets

. . (3). ® The overall correlation time is determined from #R& T,/T, ratio
model-free analysis, because effects of anisotropy have not(25

been detected for this oligomeB)( Also, the chemical

exchz_ang_e term was not included_in_ the analysis_, because itSeter can be described by a characteristic temperdtuos
contribution was found to be.negl|g|ble, as explained belgw. the dynamic process, using a relationship e(19/dT =
The data at 30C were subjected to model-free dynamics - 3/o1+) (39). The T* values for secondary structure elements,
analysis in two different combinations: including or exclud- the |oop, and the C-terminus BEcherichia colribonuclease
ing the observed cross-correlated relaxation ragendxy . HI were around 1000, 300, and 170 K, respectivedg)(
The results were almost identic&? vithin 0.01 andr; within For the G6 residue, tha* value is 336 K: thus its
1 ps). Since the transverse cross-correlated relaxation rate%emperature dependence of the order parameter is comparable
do not have the exchange term contribution intrinsicéy, (g that of the loop region of a protein. For G14, ffevalue
36), such a contribution to other relaxation parameters must o d not be determined quantitatively, but it is expected to
be negligiblg for our system (ptherwise, the results of the g fairly large since the derivative d( S/dT is nearly zero,
two calculations would be different). At the two lower  gimilar to secondary structure elements of a protein.
temperatures, cross-correlated relaxation rates were not pyoton Line Width in NOESY Spectta.aH 1D spectrum
measured. In general, the chemical exchange term decreasess the unlabeled DNA sample, certain H8 resonances are
with temperature, so data obtained at lower temperaturessomewhat broader than others. A NOESY spectrum previ-
should have a negligible contribution from exchange. ously acquired Z3) was carefully revisited to estimate the
The CSA value for 2deoxyguanosine N1 is required for 14 Jine width quantitatively. The purine H8 and H2 signals
the relaxation rate analysi8,(34, 35). The'™N CSA value  do not have protonprotonJ-couplings, so the apparent line
Ao = ou — (022 + 033)/2 = —120 ppm was recently  widths in thew, dimension in a NOESY spectrum are simply
determined using the principal values from a solid-state NMR related to their apparefi,. Each NOESY cross-peak was
study of 2-deoxyguanosinevi; = 54 ppm,oz; = 148 ppm,  individually line-fitted with the SPARKY software3@). The
andogz = 201 ppm 87). This value of=120 ppm is similar  range of the line width in the, dimension is 59 Hz; most
to the previously used value ef130 ppm 88). The chemical  signals are observed within a quite narrow range, i.e-, 7
shift tensor is not axially symmetric, and the symmetry axis Hz. Table 2 shows the average values for the purine H8
is not aligned to the NH bond vector, so systematic errors protons. The line widths of H8 protons in A16 and A17 are
are introduced to the determined model-free parameters.clearly increased compared to other residues. There is some
However, this effect is not great, because the dipolar hint that the H8 line width for the A18 residue is also
contribution to relaxation is much greater than that of CSA. somewhat larger but perhaps not significantly so. A similar
For example, the CSA contribution & andR; is about  trend was observed for the H8 line widths in the same
13% in our case (14.1 T, decamer duplex;-BD°C range).  NOESY spectrum processed with an exponential window
The observed®N R; rate increases arféh decreases with  function (data not shown).
temperature (Table 1); this can be explained by the temper- A similar analysis for the adenine H2 line widths was less
ature dependence of the overall correlation time. The conclusive, because only a small number of cross-peaks were
heteronucleat®N{'H} NOE has a maximum at 2C. The suitable for quantitative line fitting. Consequently, no further
temperature dependence of the determined order parameteanalysis of adenine H2 signals will be considered here.
is quite interesting, i.e., the order parameter of residue G14 The apparent line width has contributions from the intrinsic
is nearly constant but that of G6 rapidly decreases with line width, chemical exchange, and static magnetic field
temperature. A temperature dependence of the order paraminhomogeneity. The magnetic field inhomogeneity contribu-
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Table 2: Purine H8 Resonance Line Widths (Hz)

residue average d delte numbef
A2 6.9 0.21 -0.2 11
A8 6.5 0.24 —0.6 11
Al12 6.9 0.17 -0.2 11
Al6 8.2 0.23 1.1 8
Al7 7.8 0.27 0.7 6
Al8 7.1 0.26 0.0 9
adenine 7.1 0.61 56
G6 7.0 0.37 0.4 12
G1l1 6.2 0.34 —-0.4 7
G14 6.7 0.32 0.1 12
G20 6.1 0.28 —-0.5 8
guanine 6.6 0.48 39

aA NOESY spectrum was processed with a Gaussian window
function with zero-filling to a digital resolution of 2.15 Hz per data
point. Individual cross-peaks were fitted with a 2D Gaussian function
using SPARKY software33). The line width in thaw, dimension was
averaged for each nucleus or for a group of nu¢l&tandard deviation.
¢ Difference between the average line width for a particular nucleus
and the average for the corresponding grsldumber of cross-peaks.

tion is uniform for all signals. However, the intrinsic line
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Ficure 1: Magnetic field dependence of protdnfor all adenosine
H8 signals at 25C. Assignments and error bars are given in the
figure. Fitted lines were calculated from the relatiosr! O By?
(eq 4); To(dipole) andb/a were used as adjustable parameters.

found that it can be expressed by a scaling factordRe,/

width and the exchange contributions both depend on DNA Rex = adBy/Bp, a0 = d(In Rex)/d(In dw), where 0< o < 2
sequence. Thus the apparent broadening of H8 signalsfor pa >0.7. They concluded that quadratic scaling of the
observed for A16 and Al7 residues cannot be assigned aexchange terniRey is obtained only for the limit ofx = 2,

priori to the intrinsic or the exchange contribution. In fact,
this DNA molecule is kinked in the base pair step T5-G6
C15-A16 @4); this may change the intrinsic line width. For

which is very fast exchange; such an assumption is not
tenable for most cases. The quadratic dependence &the
term may be too strong; nevertheless, Bagterm always

unambiguous detection of an exchange process, other apincreases witlB, even in the case of an intermediate or slow
proaches are required. As described below, these otherexchange process, becausedhelue is positive. As shown
approaches could entail monitoring the pulse and magneticin eq 1, the apparefit, relaxation rate consists of the intrinsic

field strength dependence ®f, or T, for the baséH, 1°C,

and N nuclei, in particular, for the H8 and C8 signals.
Magnetic Field Dependence 8f T,. The static magnetic

field dependence of line widths or d% is one method to

dipolar relaxation contribution and the exchange contribution.
Generally, the dipolar relaxation rate decreases and the
exchange rate increases whgnincreases. If the exchange
term is negligible, the apparett T, value is nearly constant

detect millisecond-to-microsecond time scale motions. The or increases slightly withB,. If the exchange term is

measured or apparent transverse relaxationRale=1/T,)
can have a contribution from exchange. The t&ureflects

the contribution of chemical exchange effects to the trans-

verse relaxation rate:

R, = R,(dipole)+ R,, (1)

whereR(dipole) is the transverse relaxation rate due solely
to dipole—dipole relaxation, i.e., in the absence of chemical

exchange. Conformational fluctuations on the microsecond-

to-millisecond time scale are traditionally considered to be

significant, then the apparehi T, value decreases. Equation

1 consequently can be modified; the decrease of apparent
T, is related to the order of the magnetic field strength
dependencey, through the relation

T,(apparent)= 1/[R,(dipole)+ R,] = 1/[a+ bB,"] (3)

wherea andb are variable coefficients. The dipolar contribu-
tion is assumed to be independent Bf in the above
equation. In the case of very fast exchanges 2.

The apparentH T, values were determined at 2& for

chemical exchange. Assuming exchange between two sitesall adenosine H8 signals of the unlabeled sampléHat

A and B, the exchange terRy is expressed analytically as
(40)

Rox = (00)*paPeTed (1 + To ) )

where pa and pg are the populations of states A and B,
respectivelypw = wa — ws is the chemical shift difference
between the two sitesg is the time constant of the exchange
processwe = (w1? + Aw?)?is the effective fieldw; is the
spin-lock field strength¢ is the spin-lock rf frequencyyg
= (27 x resonance frequency); aftty = w — wy is the
reduced static field, i.e., is/2 x off-resonance frequency.
For on-resonance signals, the exchange ®gnncreases
quadratically with the magnetic field strenddhthrough the
(0w)? term (eq 2). Millet et al.41) have carefully analyzed
the magnetic field dependence of the exchange ®gand

frequencies of 500, 600, and 800 MHz. The experimental
error was 3% and less than 0.4 ms. Other proton signals
were not analyzed. In Figure 1, the apparéntalues are
plotted as a function of the static magnetic field strength.
The apparent, values of H8 signals for the A16 and A17
residues are significantly smaller than the others, and that
of A18 is somewhat smaller, at all three magnetic field
strengths. These results are consistent with our analysis of
IH line widths in the NOESY spectrum (Table 2). For two
residues, A8 and A12, th& values do not depend on the
magnetic field. For the other four residues (A2, A16, Al7,
and A18), the differences between the apparentalues
recorded at 500 and 800 MHz amount to-1B ms. The
magnitude of the apparef, value is different for each
residue, so the apparelRt = 1/T,(apparent) is preferred for
the comparison. The differences in apparBnat 500 and
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800 MHz were 1.1, 5.4, 4.5, and 2.1'dor A2, A16, Al7, not determined individually. Equations 2 and 5 are combined
and A18, respectively. For the A16 and Al7 residues, the as
observed differences are large, but for the other two residues,
they are comparatively small. These differences in the (R — R, cog 6)/sir® 6 =
apparentR, values can be confidently attributed to an P 2 2 2
exchange process manifest at H8 positions, although the R, + (00) PaPeTed (1 + 7 we) (6)
magnitude of the exchange differs somewhat for each residue.

From the static magnetic field strength dependence of the The we and 6 values were experimentally controlled by the
apparentH T,, the intrinsic dipolar relaxation contribution 1 and Aw values, i.e., by setting the pulse field strength

to the apparenfl, was estimated assumingex = bBy? and spin-lock rf frequency. Th&;, and R;, values were

(similar to eq 3), where the apparehit value is expressed determined for théH, 3C, and**N nuclei of the doubly

as labeled sample, as described in the Experimental Procedures
section, by fitting signal decays to exponentials. Finally, the

T,(apparentF 1/(R, + R,) = 1l/(a+ bBOZ) = experimental data were fitted to eq 6, usiRg (0w)?pape,

T.(dipole)/(1+ (b/a)B.2) (4 and ey as adjustable parameters.
Adipole)/( (D/2)Bq7) (4) The chemical shift difference between the imiAtN

The best-fit curve shown in Figure 1 was obtained for each Signals for G6 and G14 residues is less than 0.2 ppf®(
residue with a correlation coefficient greater than 0B9; ~ Hz at 600 MHz *H frequency), so the off-resonance
(dipole) andb/a were used as adjustable parameters. Under contribution to the*N Ry, was neglected. For other nuclei,
our simple assumptionT.(dipole) is independent of the the off-_resonance term was calculated from the valueof
magnetic field, and consequently it was determined as adetermined from the S0pulse lengthAw calculated from
limiting value atB, = 0. To(dipole) values were determined the frequency difference betwegn the instrument’s carrier
to be 118, 110, 111, 74, 79, and 109 ms for A2, A8, A12, frequency and the observed signal's frequency, &ad
A16, A17, and A18, respectively. Excepting A16 and A17 r'eclord'ed by mdependent experiments. Considering the
residues, the other four values are similar to each other; thislimitation wero < 1in eq 5, the range ab. values must be
might reflect the similarity of local structure and dynamics €SS than 100 kHz since the overall correlation time of our
for these residues. As mentioned above, the quadraticS@MPple is about35 ns. With our experimental conditions,
magnetic field strength dependence was not very reliable this limitation is satlsﬂeq, becaus® andAw are less than
theoretically 61). Actually, a quadratic dependence was not 11 and 45 kHz, respectively.
proven in our analysis either; a linear dependence can also For the *H Ry, measurements, six spin-lock offsets
explain our experimental data quite well, judging from the combined with four to five pulse field strengths were used
correlation coefficients. to detect the exchange tefRa, at 30°C. The off-resonance

rf Pulse Field Strength Dependence f, 1°C, and N contribution was corrected using eq 5 and the longitudinal
T1,- In our studies cited above, theN relaxation data from ~ relaxation ratek, determined by nonselective pulses. How-
the imino group of G6, proton line width values for H8 €ver, the longitudinal relaxation @H can be a multiexpo-
protons of A16 and A17 (and possibly A18), and magnetic Nential decay process unless a selective pulse is used. Our
field dependence of H8 proton transverse relaxation time Ry measurements used the spin-lock pulse with a wide
measurements for A16 and A17 (with a diminished depen- variety of pulse field strengths; under such conditions the
dence for A18) all indicate that there are some conforma- Ru contribution toR,, is not defined experimentally and
tional fluctuations (chemical exchange) in the millisecond- theoretically. That is, the appareRt differs from the true
to-microsecond time regime for the CAKTG moiety of R, which could be obtained using a selective pulse. Thus
the decamer duplex. However, the above data do not allowfor *H Ry, (eq 5), the off-resonance correctid® Cos 0) in
estimation of the time constant of the exchange process. Suctihe expression is potentially useful but is not very reliable.
millisecond-to-microsecond time scale motions can also be Here we used a limited set of tfiel Ry, values where the
studied by the pulse field strength dependencdf In off-resonance contrlbu_tlpn was small (Eds=< 0.1_5)_, since
principle, this can even yield quantitative exchange rates. the accuracy and precision of tRe value have big impacts

The observed relaxation raf, (=1/T;,) consists of an 0N theR; + Rexterm when the off-resonance contribution is

on-resonance ternR§ sir? 6), exchange termRey Sir? 0), large. In fact, when all data were used for the analysis, no
and off-resonance ternR( co& 6) (40, 42): clear relationship was obtained between the correBgd
values and the effective field strengths. For the final

Ry, = (R, + Ry sif 6 + R, cog 0 (5) analysis, two spin-lock offsets and three or four pulse field

strengths were used as follows: 1064, 2083, 4237, and

wheref = arctan {./Aw) is the angle between the directions 10 823 Hz at 7.85 ppm; 1914, 3906, and 8143 Hz at 8.19
of the static field and the effective field. (see definitions ppm. With these field strengths, the on-resonance condition
of we, w1, andAw in the previous section). In principle, any (cos 0 < 0.01) was satisfied for most proton signals. A
off-resonance contributions can be taken into account usingsystematic decrease of thel Ry, value with increasing
eq 5 with the assumptian.r, < 1, wherer, is the rotational effective field was observed for proton H8 of the A16 residue
correlation time of the molecule. Th& value increases with  as shown in Figure 2A. The dotted line shown is the best-fit
the off-resonance frequen®yw = w — wo. curve obtained using the parameted® 2 paps = (4 £ 9)

Practically, therex value can be quantitatively determined x 10° andzex = 18 + 16 us. Since th@aps term is always
from the relationship between the obserfggandwe, using smaller than 0.25)w is greater than 12398 = 197 Hz
egs 2 and 5, although the other ternisy, pa, andps, are (=0.3 ppm at 600 MHz). Although a systematic decrease is
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(A) 16A H8 Proton Hz = 0.4 ppm at 150 MHz). The systematic decrease is clear
here, and the decay is quite fast. The difference of the decay
rate betweert*C and!H Ry, leads to some discrepancy in
the time constants determined for the exchange procsgss,
(302 and 18us for carbon and proton, respectively). The
difference in thedw values is quite small on the chemical
........ shift scale of*3C and!H. Although the errors in values
................. % ] determined for §w)?paps andzex are undoubtedly substantial
............ i for both*C and'H (30—230%), it is clear nevertheless that
1 an exchange process occurs in this time regime and is

28

26

I I

24

22

LA N S B B S - S B

relaxation rate (s

i i localized to only part of the decamer, including at least the
20 - 7 C8H8 group of the A16 residue.
i 1 For the®™N R,, measurements, seven pulse field strengths
18 L ‘ ‘ L L were used at 10, 20, and 3C. TheRy, values determined
0 2 4 6 8 10 12 were independent of the pulse field strength (data not shown).
A small but systematic decrease and increasB;jnwere
effective field (kHz) measured at the weakest and strongest pulse field strength
of w,, respectively. Since the magnitude of this change is
16A C8 Carbon not very great, being found at the limiting field strengths
26 : : : only, these differences have not been analyzed further. This
: observation suggests the absence of a detectable exchange
J process on the millisecond-to-microsecond time scale, which
] affectsRy, values for'>N nuclei. An exchange process may
. be undetectable under any of the following conditions: the
time constant for the exchange processis too small; the
7 population of one conformation is too small; or the chemical
%} l ] shift difference is too small. Under such conditions there is

C:

24
22

20

no incentive to infer a second conformation exchanging on
i the millisecond-to-microsecond time scale, based oi®ie

\ 7 Ry, data, even though th& value of the imino nitrogen of

i G6 strongly suggests that there is some additional motion.

DISCUSSION

effective field (kHz) Slow Molecular Motion in the CAATG SequenceA
number of special features have been reported for the G6
FicUre 2: Pulse field dependence of the transverse relaxation rate residue within the CAATTG sequence. For example, the
for the H8 proton (A) and C8 carbon (B) of A16 at 3G. Error  ypy eychange rate at position 8 is faster than in other
bars represent fitting errors obtained in each relaxation rate . . L
determination. The dotted line is the best fit to the observed data residues §); the DNA, helix is kinked at the TpG §tep, and
assuming fast exchange between two sites (see text). two stable conformations were found for thendy dihedral
angles 24). In the present work, the G6 residue was found
evident, values for these parameters obviously have a largeto have a strong temperature dependence of the order
error since the experimental data points are scattered. Otheparametels for the imino NH group (Table 1). From the
H8 and H2 signals did not show such a systematic decreasecharacteristic temperature analysis, the temperature depen-
in their '*H Ry, values. dence of% is comparable to that of a protein loop region
For the °C Ry, measurements, three spin-lock offsets (39). Such a temperature dependence was found only for
combined with three pulse field strengths were used at 30the G6 residue but not for G14. The experimental data in
°C. The off-resonance contribution was corrected from eq 5 Table 1 show that this difference is manifest in thd T,
using the longitudinal relaxation raf. In contrast to'H, value, which leads to the diminished value®for G6. This
the °C longitudinal relaxation is a single-exponential process implies that a slow and presumably localized motion exists
for this sample §). Although theR; values were determined  at the G6 residue. Its time scale could not be determined
reliably, theRex value still could not be determined accurately from our data, because thé&C and?*N T,, values for this
when the chemical shift offset terw was large. Therefore, residue did not show any significant pulse field strength
only two spin-lock offsets were used for the analysis of C2 dependence. As mentioned aboVg, data may not neces-
and C8 signals as follows: 625, 735, and 1190 Hz for C8 at sarily reveal conformational exchange, if the exchange is too
127 ppm; 1190, 2272, and 4544 Hz for C2 and C8 at 133 fast, the population of one of the conformers is too small,
ppm; 625 Hz for C2 at 141 ppm. A systematic decrease in or the chemical shift difference between the conformers is
the3C Ry, for the C8 signal of the A16 residue was observed too small. In addition, thé3C Ry, R,, and NOE values of
when increasing the effective fielde (Figure 2B). Other the G6 residue at base C8H8 positions (2.35 $8.05 s+,
C8 and C2 signals did not show such a systematic decreaseand 0.94, respectively) are systematically smaller than the
The dotted line shown is the best fit obtained using the average values for other purine residues (2:35%8.90 s,
parametersdw)? paps = (38 £ 13) x 10° andzex = (3 &+ and 1.11, respectivelyB]; thus a small decrease in the
4) x 10 us. Thedw value is greater than 390 red! (=62 value induced by the exchange process may also be below

relaxation rate (s7)
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|

o
—
N
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detection. The temperature dependence of the order param-_,
eters has not been carried out in this work for base CH
groups; it is possible that they have a tendency similar to
that of the imino NH group for the G6 residue.

Chemical exchange, i.e., millisecond-to-microsecond time
scale motion, was indicated by the apparent H8 proton line
broadening for the two adenosine residues in the CAAS
sequence (Table 2). For the A16 residue, the first adenosine
in the CAA region, the time constant of the exchange process
was estimated to be 2800 us by the pulse field strength
dependence ofH and °C T,,. Taken alone, the apparent
line broadening for A17, the second adenosine in the CAA
region, could be explained by another factor, such as
structure-dependent variation of the intrinsic line width.
However, the strong static magnetic field dependencélof
T, supports the presence of the exchange process for A17
(Figure 1), and this residue does not have special features

dynamics 8, 24). Therefore, the detected apparent line
broadening for A17 must be due to the chemical exchange
process. Additionally, adenosine H8 NOE cross-peaks in the
CAAAT -ATTTG region are broader than in other residues
(Table 2), and these adenosine H8/alues are smaller than
others at all field strengths as well as decrease with increasing
magnetic field strength (Figure 1). Although the H8
relaxation time of the adjacent A2 residue exhibits a magnetic
field dependence as well as those of residues A16, A17, and
A18, its T, value is not as low as the sequential three. We
suggest that the slow motion is more pronounced at the first
adenosine in the CAATG sequence, but its effect extends
over the CAAATATTTG region. To confirm this conclu-  Ficure 3: The 23 conformations of CpA dinucleotide steps found

sion, pyrimidine residues need to be studied using a samplein crystal structures of 14 B-DNA duplexes lacking drugs or proteins

i i i 15N i (for a survey, see ret8). The following Nucleic Acid Database
with thesen residues enriched witfC and™N |§otopes. structures were utilized: BDJ008, BDJ017, BDJ019, BDJO51,
Comparison of the Three CpA/TpG Steps in the Decamer gp 327, BDIB43, BDJB44, BDLO06, BDLOO7, BDLO15, BDLO2S,

Duplex.The pyrimidine-purine dinucleotide step can have BDL029, and BDL038 46—56). (The Atlas of Nucleic Acid
many conformations compared to other sequences (forContaining Structures can be accessed at http://202.213.175.11/

example, see réf7). The CpA dinucleotide step in particular D'S'?Eé T&B&Lbﬁﬁg%esxb?tﬂ')b;zg ;gﬁgtUTfﬁZ)‘/’Vaerr: \fi:ev‘zrén;foonietﬂe
IS ve(y polymorphic, noF only in .free D.NA but. in DNA side (top figure) and along the helical éxis (bottom figure). The
protein complexes (see introduction). Figure 3 illustrates the pottom figure is obtained by a 9@otation of the top figure.

extent of conformational space found for CpA steps. Here,

23 conformations of the CpA step are shown which have on average, the solution CpA conformation is closer to the
been found in 14 B-DNA crystal structures without bound crystal CA™ than to the crystal CA conformation 44, 45).
drugs or proteins 18). In this figure, the AT pairs are  However, solution NMR structures represent time- and
superimposed and shown on the top or surface side.ensemble-averaged conformations; perhaps some of these
Comparing the top figure to the bottom, it is clear that the structures need to be revisited in light of evidence of
conformational space for the CpA steps is anisotropic. conformational fluctuations.

Specifically, the position of base pairs varies significantly  Our sequence has three CpA steps. If all CpA steps were
within the given base plane. In these structures, the helicalsimilar in dynamical flexibility, all three CpA steps would
parameter slide covers a wide range 287 A, and helical show common motional features. However, our results show
twist covers a range of 3149° (18). Clearly, CpA is flexible the presence of microsecond-to-millisecond motion only for
in the sense of possessing many different conformations inthe CAATTG sequence, i.e., for only one CpA stepot

the crystalline state. However, whether such structural the others. No slow motion has been reported for CpA steps
flexibility is reflected in local dynamics in solution has not in other sequences; our observation is the first of the kind.
been previously addressed. Of course, the exact nature ofThe CAA-TTG region is part of a larger CAAATTG

the slow motion observed in this work remains unknown; sequence in our oligomer, and it can be considered as a
its elucidation would require a different approach (see, e.g., junction between the CpA step and a short A-tract. R@x,T

ref 43). It also remains to be seen if conformations similar sequences, exchange broadening is greater for the TAA
to the crystal CA conformation are present in solution, at sequence than for any other XpTpApX sequendds Thus
least as a minor conformer. In general, solution and crystal some common mechanisms may exist for slow motion for
conformations of B-DNA are significantly differerd4). In both TpA and CpA steps at thé-&nd of A-tracts.

particular, high-resolution NMR structures do not show a In conclusion, our experimental results indicate the pres-
high level of conformational heterogeneity for the CpA steps; ence of motion in the microsecond-to-millisecond range in
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the CAA-TTG sequence of a DNA oligomer. Although each
has significant experimental error, there are three independent
lines of evidence for such motion. Slow motion in DNA
duplexes was found at the TpA step more than 15 years ago »¢.
(6—10, 16). Thus the CAATTG sequence is the second

example of slow motion. The TpA step and CANG
sequence both have the pyrimidingurine dinucleotide step
where the purine base is adenine. The pyrimieiperine

step is considered to be flexible or unstable, and our data

support such a notion for the CARTG sequence. This is

biologically important since both the TpA step and the GAA

TTG sequences are found in bent DNA segments implicated

in the regulation of transcription. In this report, we do not

discuss DNA bending mechanisms, but our results may very

well pertain to this problem.
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