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ABSTRACT. Phosphorus-spin longitudinal relaxation rates of the DNA duplex octamer [d(GGAATECC)]
have been measured from 0.1 to 17.6 T by means of conventional and new field-cycling NMR methods.
The high-resolution field-cycling method is identical to a conventional relaxation experiment, except that
after preparation the sample is moved pneumatically from its usual position at the center of the high-
resolution magnet upward to a lower field above its normal position and then returned to the center for
readout after it has relaxed for the programmed relaxation delay at the low field. This is the first
measurement of all longitudinal relaxation rakf a nuclear species in a macromolecule over virtually

the entire accessible magnetic field range. For detailed analysis, three magnetic field regions can be
delineated: (i) dipolar relaxation dominates at fields below 2 T, (ii) chemical shift anisotropy (CSA)
relaxation is roughly constant from 2 to 6 T, and (iii) a square-law increasing dependence is seen at fields
higher than~6 T due to internal motion CSA relaxation. The analysis provides a rotational correlation
time (z = 4.1+ 0.3 ns) for the duplex at both 1.5 and 0.25 mM concentrations (of duplex) &t .22or
comparison, extraction af in the conventional way from the ratio @t/T, at 14 T yields 3.2 ns. The
discrepancy disappears when we exclude the contribution of internal motion frdra ithéhe ratio. The
low-field dipolar relaxation provides a weighted inverse sixth power sum of the distances from the
phosphorus to the protons responsible for relaxation. This average is similar for all phosphates in the
octamer and similar to that in previous B-DNA structures (its inverse sixth root is about 2.40 A for two
different concentrations of octamer). The CSA relaxation at intermediate field provides an estimate of the
order parameter square&? for each phosphorus? is about 0.71, clearly different for different
phosphate linkages in the octamer duplex. The incredgirag high fields reflects CSA relaxation due to
internal motions, for which a correlation timey, can be approximately extracted with the aid of additional
measurements at 14.0 and 17.6 T. We concludetth&tlues are relatively large, in the range of about
150 ps. Insight into the motions leading to this correlation time was gained by a 28 ns molecular dynamics
simulation of the moleculeS* and s (corresponding tayns) predicted by this simulation were in good
agreement with the experimental values from the field-cycling data. Both the effecfofdvighe dynamic
parameters extracted frofP relaxation rates and the field dependence of relaxation rates for several
protons of the octamer were measured. High-resolution field cycling opens up the possibility of monitoring
residue-specific dipolar interactions and dynamics for the phosphorus nuclei of diverse oligonucleotides.

Determination of the structure and dynamics of DNA chains. A large number of NMR techniques have been
oligomers in solution has been a fertile area of NMR developed to assign protons to specific residues, and to
research. Oligomers can be constructed with sequences fomeasure interresidue interactions, to extract structural con-
interaction with specific proteins or to introduce bulges or straints (for examples, see refs-6).
loops. Understanding the conformational dynamics of these At the high fields critical for resolution ofH and 3'P
molecules can often provide direct insights for longer DNA resonances for each nucleotide in most experiments}fhe

nucleus has not been thought to be very informative because
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are thus difficult to obtain with previous high-resolution electromagnet, which produces a relatively homogeneous
techniques. The only previous study of this type known to field of up to about 1 T. Our method is a simplification of
us was by Lane et al7]. A large body of older work, on  this strategy in which we eliminate the electromagnet, as
short unpaired oligonucleotides and on long DNA duplexes, did Kerwood and BoltonZ6), and instead we use the fringe
has been reviewed elsewhei&-(0). Dynamics of small field above the center of the main magnet of a commercial
DNA duplexes have been studied usiig NMR by several instrument for the lower field. The lower fringe field, and
groups (for example, see refd—13). therefore the relaxation time, for this arrangement can vary

High-resolution field cycling has the potential to provide significantly over the 1.5 cm sample length, but this
such information for each resolvable phosphorus nucleus.disadvantage is unimportant f&#° as reported here, whose
Any conventional longitudinal relaxation experiment can be relaxation rate varies relatively slowly as a function of field.
converted, using our devicd4), to a field-cycling experi- ~ We have described our shuttling device and methods in detail
ment by replacing the delay, which we will call the elsewhere14) and will say little about them here.

‘relaxation delay”, between preparation and observation of  We have used these methods to measure the dependence
the nuclear spins by a relaxation delay at a very different, of 3P relaxation rates on magnetic field for a self-
usually lower, magnetic field. The pulse sequence must alsocomplementary DNA octamer, [d(GGAATTCG jjreviously
include fixed delays, before and after the relaxation delay, characterized by Connolly and EcksteiBl) using 1’O-
long enough for the field to be changed from the high |abeling. Analysis of the field dependence Rf provides
observation field (11.7 T in our case) to the low field, and estimates of the overall molecular rotational correlation time
back. 7, an effective distance from the phosphorus nucleus to
Studies of the field dependence of relaxation rates have anearby protons, and a CSA order parame®) for each
long and fruitful history {5—-21). For studies of macromol-  phosphate.
ecules, the field dependence is often studied conventionally e also observed an increasing relaxation rate at higher
in fixed field using two or more spectromete, as Wwe  fie|ds that we analyzed to deduce a time scale for high-
did in the present study at 11.7 T and above. For studies offrequency internal motions that affect all phosphorus nuclei.
nuclei such as'’O or deuterons having submillisecond gych a high-field effect has not been reported in other
relaxation times, a few laboratories maintain a combination macromolecules, to our knowledge, with the exception of
of conventional and/or tunable spectromet@3; @4) operat-  some studies of phosphates of phospholipids. As a result we
ing down to fields well below 1 T. A large number of very  performed a computer simulation of the octamer dynamics.
useful field-dependent relaxation studi@§{21) have been  Tyq ranges of correlation times were deduced from the
performed usingfield-switchedmagnets that are usually simylation, of which the longer ones were in excellent
copper coils without iron cores that must be efficiently cooled 5greement with our experimental values for the high-
to attain the highest possible preparation and readout fields,frequency internal motions. Measured and predicted CSA

so far possible only up to 2 T. Such systems are commercially 5rder parameters were also in general agreement.
available (STELAR), and they have the advantage that the Quantitative conclusions of this type for nucleic acid

’ Bsltob d M ful studi f been achieved, to our knowledge, beyond the early study
up to a'bout 10s " to be measured. Many usetul studies o by Lane et al. 7). The ability to measure the relaxation rates
dynamics have b_een per_formed W't.h th_ese_ m_struments oMot all the phosphorus nuclei over the entire field range for
macromolecules in solution, including in liquid crystals. one sample in 1 or 2 days is much more informative than

O(;ten tthe fast SHW|tch|ng tlcrpestof ghese t|_nstrur;1ents Iar((aj relaxation measurements at a few field strengths. A similar
advantageous. HOWwever, direct observation ot resolve analysis for other DNA or RNA oligomers could be a

macrqmolecule resonances 1s hot possible in the low §v§1|l— standard technique in characterizing the structure and
able fields of switched magnets because of low sensitivity dynamics of nucleic acids in solution

and poor homogeneity. Therefore, application of these '
instruments to macromolecules has been limited mainly to \yATERIALS AND METHODS
use of water and other small molecules as reporters of

binding sites. DNA PreparationThe DNA octamer, [d(GGAATTCC)]
A relatively small number of cycling experiments, includ- was obtained from Operon and purified by water-saturated
ing the present one, are basedfaid shuttling in which butanol extraction32). Low-conductivity BO (Wilmad) and

the sample or probe is moved from a high-quality observation H,O were used throughout, and glassware was acid-washed
field and back {4, 25—-30), allowing relaxation to be (33). The oligonucleotide was passed through a 10 mL spin
measured at the highest possible resolution (thus the termcolumn containing Bio-Rad P2 equilibrated in buffer con-
“high-resolution” in our title) and, equally important, with  taining NaCl and phosphate (or HEPES where noted) at pH
high sensitivity. A serious limitation of these shuttling 7, both diluted to give 50 mM for each in the final volume.
methods is that 0.050.5 s is required to move the sample, The solution was repeatedly lyophilized and redissolved in
or the probe, the required distance, limiting the fastest rates99.9% DO. For final sample preparation, the dried sample
that can be measured. Among the more recent shuttlers, onlywas dissolved in 99.9%4® and filtered by spinning through
those described by Wagner et &0) and Redfield {4) were Chelex contained in Bio-Rad 0.22n spin filters that were
designed for direct observation of complex molecules in preequilibrated with NMR buffer. Single-strand concentra-
solution, and these have many common features. Thetions, estimated fromf\s,, Were 3 or 0.5 mM, referred to
instrument described by Wagner et aBO) shuttles the below as 1.5 or 0.25 mM in duplex. One of the lots of DNA
sample down into a lower magnetic field produced by an was kindly analyzed by Kim Hamic, Brandeis University,
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using denaturing gel electrophoresis chromatography andincluding the high-frequency internal contribution to CSA
showed no significant impurity. THeél NMR spectra showed  relaxation:
resonances consistent with the composition of the duplex.
Mg2* was added as aqueous Mg(lJ(Alpha Puratronic) R, = R,(dipolar)+ R,(CSA) (1a)
diluted according to the supplier’s assay for MgSamples
were sealed as described] in 5 mm, or more often 8 mm,  R;(dipolar)= [R(0)/2,][0.1)(w — wp) + 0.3N(wp) +
diamete.r 12.5 cm long thin wall NMR tubes (Wilmad) that 0.6)(w,,+ wp)] (1b)
were acid-washed before use. Sample volumes of about 0.35
or 0.75 mL were required, respectively.

NMR MethodsAll lower field data were taken at 22C
in a Varian Unity Plus spectrometer using standard 5 and
10 mm probes supplied by Varian, coupled to our shuttler
device (L4). For each cycle of the pulse sequence, tHe
and®'P magnetizations were first purged with two long pulses
on each, shifted relatively 90and followed by a 23 s
recovery delay to achieve a reproducible state. Then dual
90° pulses with the first shifted by 0 or 18@etween cycles
were applied, to reverse or not reverseffemagnetization. i
These pulses were followed by the relaxation delay at low reflects the distances from the nearest protons to .the
field above the magnet center. The vacuum and pressureohosphorus' If thgre was only a single proton dominating
values used to move the sample were set at relatively low Fhe dlpolar relgxatlon of the phosphorus, at a distagem
values so that raising the sample took @50 ms and ' then this distance would be related (D) by
lowering it took about 150 ms. After the sample was returned
to the probe center, a free induction decay'®fat 11.7 T re’ = [T/RO)](ug/4m) (W27)*yp (2)
was recorded with proton decoupling. Runs were typically ) , ) e
0.5-6 h (depending on sample concentration and field), eachHeréh is Planck’s constaniyo is the permittivity of free
with six to eight programmed delay times. Noncycling SPace, and we are assuming a single rigid structure. In fact,
relaxation experiments were also carried out at 14.0 T on aSeveral protons may be close enough to the phosphorus
Varian INOVA 600 at Brandeis University and at 17.6 T nucleus to contribute to the r(_alaxat|on rate, and the variable
using a custom-built spectrometer at the Francis Bitter " has to be replaced by the inverse of the sixth root of the

Magnet LaboratoryR, values were measured at 11.7 and SUm of the inverse of the sixth powers of the distances to all
14.0 T using the CPMG method \iia 1 kHz repetition rate. of the protons; other complications (discussed below) arise
Proton R, rates were measured in a nonselective manner oM internal motion. Since our experiment does not yield

using the same nonselective field-cycling methods a&#Ryr these individual distances, we report the distancdefined

except that higher pressure and vacuum settings were usedf©m our fitby eq 2, and call it theffectie proton distance
to shorten the cycle time. Since the size of the CSA interaction is known from model

Measurement of nonselective NOE from protons@® solid-state studies, the coefficie@Gf provides an estimate
was performed by first pulse-purging both proton and ©Of the CSA order parameté&? for each phosphorus:
phosphorus magnetizations, followed by a2 s delay S 22
ending with the pair of pulses to alternately flip, or not flip, CL = (115)(1+ n3)o"§ 3
all the protons, similar to the methods described above. Then ) ] )
31p was purged once more, followed immediately by a field Where the symbolg and# are conventionally defined in
cycle to 1.5 T or less with a mix time of 0:D.2 s at low  terms of the principal elemends, < o, < 6, of the traceless
field. After the sample was returned to 11.7 T, the phosphorus CSA tensor for the phosphorus nuclei in the octamer=
signal was observed at 11.7 T, with data reversed by 180 1.9z andy = (0x — d,)/0.. Using average consensus values
in step with the proton pulse phase reversal earlier in the for the elements of the CSA tensor(34) comparable to
cycle. The mix time was chosen to be long compared to the the value for diethyl phosphat8%), we takeo = 160 ppm
relaxation time, long enough so that the maximum transfer obtain the order parameter for each. _
of magnetization from protons would occur and short enough ~ The additional term for high-frequency CSA relaxation,
that the resulting magnetization would not be dissipated by Which is represented by the last term in eq 1c, is often
phosphorus relaxation. assume_d to be of the same Lqrent2|an mathematlcal form

Data AnalysisSpectra were plotted, and intensities were as the first, low-frequency, term in that equation, with a short
measured by computer and/or manually (the latter often used|nternal_corr<.elat|on timer¢ replacing the_ overall rotational
with the cycling experiments while the computer analysis correlation timez; and (1 — S?) replacingS? (36). We
was used for fixed field relaxation rates). Calculation of Nneglect the ternme’z, in the denominator, 3 we?zie, of
relaxation rates and analysis of their field dependence asthat spectral density. This is justified for the valueszaf
described below were performed using KaleidaGraph soft- that we W|Illlater infer and the values of field H available to
ware. us, for which we?rh? < 1. We then can make the cor-

For 3P nuclei, the field dependence Bf was fit to a respondence
sum of terms, reflecting the expected dipolar relaxation > 5 5
contribution,Ry(dipolar), and the CSA contributioR,(CSA), Ch = (213" 0" (1 — &)y 4)

R(CSA)= CLwPZ‘J(wP) + CHH2 (1)

Here R(0) is the relaxation rate at zero field which we
estimate from repeated measurements at-0005 T; wy and
wp are the proton and'P gyromagnetic ratiogy and yp,
multiplied by the magnetic field. The functiak{w) is the
Fourier transform of expf|z|/z)) and equals the Lorentzian
form 2r/(1 + w?t?).

The zero-field dipolar relaxation terrR(0) primarily
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We use the values &, andS;? from the previous analysis  obtained with a long recovery delay and corrected for the
to obtain the internal correlation timg:. Here the correction ~ number of transients in each experiment.

for nonaxial symmetry is ignored since it would be similar ~ Molecular Dynamics Simulationdhe AMBER 7 suite

in size to the correction (+ #%3) in eq 3. That term is  of programs 87) together with the Cornell et al. all-atom
about 1.08, compared to 1 for no correction, or 8%, and is force field (38) were used to build an initial duplex structure
small compared to probable errors in our estimates,of for the DNA octamer [d(GGAATTCC)] and to run all
which are likely to be 25% or more. The resulting parameter simulations. The octamer was solvated in a truncated
Tht Which we report would be the correlation time of the high- octahedron TIP3P30) water box. The distance between the
frequency part of the CSA interaction implied by the data, wall of the box and the closest atom of the solute is 12.0 A,
if the autocorrelation function of that part of the CSA was a leading to a system with 3852 water molecules. Counterions
single exponential and if only the direction of the principal (Na') were added to maintain electroneutrality of the system.
axes of the interaction were to fluctuate during the high- The system was minimized by first 50 steepest descent steps
frequency internal motion and not the magnitudes of the followed by 950 steps using the conjugate gradient method.
instantaneous CSA tensor elements. The latter assumptioriThe particle mesh Ewald (PME) methodi0f was used to

is a rigid approximation analogous to the usual assumption treat long-range electrostatic interactions, and bond lengths
of a constant internuclear distance during fluctuations of the involving bonds to hydrogen atoms were constrained by
dipolar interaction. In fact, neither assumption is necessarily SHAKE (41).

correct, but the low-frequency part of the high-field CSA For all simulationsa 2 fstime step ad 9 A direct-space
relaxation is still expected to have the square-law depen-nonbonded cutoff were used. During the equilibration period,
dence, in field, of the last term of eq 1c above. Therefore, harmonic restraints with force constants of 10 kcal Thol
we fit to this simple form, and we report values of;, A-2 were applied to the DNA atoms, and the system was
inferred from values o€y andS? obtained from the fitand  heated from 100 to 300 K over 25 ps in the canonical
the use of eq 4, as convenient but tentative phenomenologicaknsemble (NVT); this was followed by 25 ps in the
descriptions of the internal motions. isothermal isobaric ensemble (NPT) simulation to adjust the

Fitting of data to these expressions was considerably solvent density under 1 atm of pressure. The harmonic
simplified by noting that the dipolar contribution, eq 1b, is restraints were then gradually reduced to zero with four
negligible above about 4 T, whegg?H?r,2 > 1, and the rounds of 25 ps NVT simulations. After an additional 50 ps
first term of eq 1c is nearly a constaf./z;, above the same  Of equilibration, 28 ns of “production” NVT simulation was
field. Therefore, as a first step, experimental points at fields obtained, with snapshots collected every 1 ps. The root-mean-
higher than this were fit to a constant Va|ue’ for the first Square deviation of the structure from an idealized B-form
term of eq 1c, plus a square-law term for the second term. helix remained less time2 A throughout the trajectory, with
In the second step the value R{0) was estimated directly @ slight underwinding being seen, typical of DNA simulations
from the relatively large number of data points at 0.1 T and Using this force field. o _
below, leaving only one variable parameterfor a computer The time-correlation function is defined 236}

fit.
C =[P t). + 1)]0 6
For protonR; data as a function of field, simple dipolar al7) 2ltta(®) (T + V)] ©)

relaxation was inadequate to fit the observed data, which here the unit vectqu describes the orientation of a selected
approached a constant low rate at high field. A good fit Of yector in a reference frame that is rigidly attached to the
the observed data used a Lorentzian term plus a constantyplecule, P, is the second Legendre polynomial, and the

field-independent rate: angular brackets indicate ensemble average. Here we report
. autocorrelationsg = b) of the vector pointing from each
R, =RO)/(1+ y,H7y) + ¢ 5) phosphorus atom to the midpoint of atoms O1P and O2P;

this is the symmetry axis direction of t§# CSA tensor if
The values OR(O),C, andry were determined by a computer it is approximated as an axial tensor. As discussed above,
fit of the field-dependenR; data. At the lowest field, the  the phosphorus CSA tensor is probably fairly nonaxial, with
large signal-to-noise ratio of the proton signals allows us to an asymmetry parametgrestimated to be about 0.5. Taking
take measurements of the long-time tail of the longitudinal this nonaxial character into account would lead to a more
relaxation to enable measurement of the highest rates. Thecomplicated analysis, but the general character of the results
upper end of the sample, which experiences the lowest valueshould be the same as those found here.
of the fringe field during the programmed relaxation delay, ~ The correlation times and order parameters were obtained
may have an appreciably shorter relaxation time than theby fitting the internal time-correlation functions to an
lower end. Thus the lower end may contribute predominately “extended” Lipari-Szabo model42):
to the signal, and signals from the rest of the sample may
decay much more during transit. As a crude compensationC(r) = S+ (1 — S%) exp(-/z)) +
for this systematic error, we recalculated the fields at a point (82f _ 32) exp(-1/t) (7)
one-fourth of the sample’s length (3.25 mm) lower than the

center of the sample and then used those fields in ourHereSis the general order parameter (reduction of the CSA

analysis. interaction by both fast and slow internal motional averag-
Proton—Phosphorus NOBNOE intensities are expressed ing), § is the fast order parameter, angandz; are the slow

as the percentage ratio of the NOE signal to the signal for aand fast correlation times, respectively. This double expo-

simple one-dimensional one-pulse phosphorus spectrumnential fit is necessary to describe the very fasiQ ps)
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FiGURE 1: 3P NMR spectrum (11.7 T) of the octamer [d(GpG- FiGURE2: Field dependence &; for two of the phosphorus nuclei

pAPAPTPTPCpC)} with identification of resonances as=CpC, in the octamer (1.5 mM in duplex):@) CpC; @) ApT/TpT. The
2= GpG, 3= GpA, 4= TpC, 5= ApA, and 6= ApT/TpT. The lines represent the best fits of eq 1 to these data.

octamer was 1.5 mM (in duplex) in 50 mM NaCl, 50 mM

phosphate, and DD, pH 7. The data shown in Figure 2 are typical of all our data and

can easily be seen to divide into three regions by magnetic

vibrational motion, as well as slower (ca. 100 ps) more field, corresponding more or less to appearances of different
collective motions. The “slow” mode in these fits corresponds "elaxation mechanisms. In the present article, the mechanisms

from the field-dependent curves, as described above. The three regions are, first, a very low field region with
relaxation approaching a definite zero-field val&()] and

RESULTS falling off with a roughly Lorentzian behavior (actually the
sum of three Lorentzians) around-2 T from thedipolar
Field Dependence 6P R, for [d(GGAATTCC)} in D,O. interaction between the phosphorus and one or more nearby
As shown in Figure 1, there are six resolvable resonancesprotons mediated by the overall rotational correlation time
for the DNA octamer at 11.7 T and 2Z, with assignments  of the molecule; second, a roughly constant region above
from Connelly and Eckstein3() listed in the caption. At abou 2 T due tolow-field CSArelaxation mediated by the
this field strength, all phosphorus nuclei have nearly the samesame correlation time in the high-field range, of the expected
Ry, 0.974 0.02 s. Ry is less uniform with smaller values  form ¢?S%yp?H%r/[1 + (y?H?r?)], the low-frequency dip
for phosphates near the ends of the dupRx= 11.1+ 0.1 in this prediction being obscured by the rising dipolar
s™1) and higher rates (14 0.2 s'?) for phosphates in the  relaxation at low fields; and thirch high-field CSAregion
center of the duplex. in which the lower end of CSA relaxation mediated by fast
High-resolution field cycling, coupled with conventional ~0.1 ns internal motion is readily seen, increasing as the
measurements d&; at high fields, can be used to monitor square of the field. The rather simple form of the low-field
R, over a wide range of magnetic fields. Sample dateRor  CSA relaxation contribution may be unfamiliar to some
from 0.18 to 17.6 T are shown in Figure 2 for the peak readers even though it is derived from the same relaxation
assigned to CpC and the combined peak of ApT and TpT. theory as the dipolar contribution. The high-field CSA part
An important feature of the data emerges immediately, can be considered as classic short-correlation-time relaxation,
namely, that there are fields where rates are different for but coming from an interaction increasing with field, or
different resonances. In view of the fact that, in addition to equally well as the low end of a curve identical in formal
direct overlap of the resonances of ApT and TpT, all of the mathematical form to the low-frequency CSA term, but
spectral lines are not well separated, one may ask: to whathaving a different~25-fold shorter correlation time (see the
extent are relaxation differences between different phos- Materials and Methods section above). We assume, mainly
phodiesters real, that we report and discuss below? It is likely for descriptive convenience, that this high-field CSA con-
that relaxation rates that we report are influenced to sometribution is (1— S2) times a Lorentzian expression like the
extent by spectrally neighboring resonances. NeverthelessJow-field CSA contribution, with a much shorter internaj
we feel that it is generally true that the larger differences replacing the overall rotational correlation timge
are qualitatively real, because the spectra plotted for different The S? values above are order parameters for the CSA
relaxation delays are qualitatively different, to an extent interactions. For the dipolar relaxation we assume that the
exceeding what might come from noise, for longer delays order parameter (already omitted in eq 1b) equals 1, mainly
compared to short ones. We have not attempted to decon-because we lack any way to determine it. Modification of
volute our data to reduce possible effects of overlap. This our analysis, using dipolar order parameters derived from
limitation can be considerably removed in cases where 2D the molecular dynamics simulation, will be discussed later.
observation is easy, as fiN relaxation measurements in An example of the deconvolution into dipolar, CSA, and
fully **N-labeled proteins. high-field internal motion CSA contributions is shown in
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Ficure 3: (A) Deconvolution of the relaxation behavior of CpC
into dipolar (), low-field CSA (— —), and high-field CSA (- - -)
components. (B) Deconvolution of the relaxation behavior of ApT/
TpT into dipolar ) and CSA ¢ —) components.

Table 1: Correlation Times and Order Parameters for Phosphorus
Nuclei in a 1.5 mM (in Duplex) Sample of the DNA Octamer
[d(GGAATTCC)], Extracted from the Field Dependence®® R,

dinucleoside

phosphate  R(0) 7, (ns) re (A) S? e (PS)
GpG 1.914+0.06 4.7+ 0.4 2.48 0.87 227
GpA 2.03+ 0.07 4.4+ 0.3 2.42 0.76 133
ApA 2.04+0.07 3.5£0.3 2.33 0.68 78
ApT/TpT 2.26+0.12 4.2+ 0.4 2.36 0.97 129
TpC 1.984+ 0.08 3.7+ 0.3 2.36 0.74 82
CpC 1.68+ 0.07 4.4+ 0.3 2.50 0.77 227

av 1.98+ 0.08 4.2+ 0.2 2.41+ 0.03 0.80+ 0.04 146+ 27

Roberts et al.

Table 2: Octamef'P T, Measurements at 11.7 and 14.0 T and
Estimation ofz. from T; and T, without and with Correction for the
High-Field CSA Term

11.7T 140T
dinucleoside 7 (NS) 7 (NS)
phosphate T,(s) 7 (ns) corr T2(s) 7 (ns) corr
GpG 0.081 3.3 3.7 0.064 3.0 35
GpA 0.091 4.3 3.7 0.052 3.4 4.2
ApA 0.068 3.4 3.8 0.054 3.3 3.8
ApT/TpT 0.067 4.3 3.7 0.048 3.6 3.7
TpC 0.069 3.7 3.8 0.055 3.3 3.8
CpC 0.090 3.4 4.0 0.065 2.8 3.7

av 3.8+0.2 3.8£0.1 3.2+0.1 3.8£0.1

The 7, value provided by analysis of our data at very low
field can be compared to the value extracted in the now-
traditional way from our measurementsRfR; at high fixed
fields [from w?z,? = 1.5/[(R/Ry) — 7/4]; see ref43]. At 11.7
T, this treatment yields;, = 3.8 & 0.2 ns (Table 2), similar
to, but smaller than, that extracted from the field-cycling
analysis. A similar calculation of, from Ri/R, obtained at
14.0 T gives an average value of 32.1 ns. The decreased
values forz; at the higher field from th&,/R; ratios reflect
the fact that the internal motion CSA contributes more
significantly to R, at 14.0 T. Both calculations should be
corrected withR; given by the observed?; minus the
contribution due to the internal motion (although the effect
at 11.7 T is relatively small). The reducéy leads to an
increasedr; (3.8 ns at both 11.7 and 14.0 T) that is equal,
within uncertainty of the error of measuremenfafat these
high fields, to the values in Table 1.

Our value for the rotational correlation time of 4.2 ns,
obtained at 22°C, can be compared to others recently
reported 11—13), for example, one recently determined by
Boishouvier et al.11), from 13C relaxation for the dodecamer
duplex [d(GCGCAATTGCGC}]at 35°C, of approximately
3.2 ns. This value is in good agreement with earlier
determinations¥2, 13). A rough correction for temperature
assuming that the correlation time is proportionali@,
wherey is the viscosity and' is the absolute temperature,
as predicted for a rigid sphere of constant size by Stokes’
formula, almost removes the difference between measure-
ments, but of course this correction ignores the difference
in length between the octamer and the dodecamer. A
theoretical correction for the size and shape difference
between molecules would presumably lead to the conclusion
that our value is somewhat higher than expected from the
prior dodecamer estimates, barely outside estimated errors
and uncertainties.

Once the correlation time is determined, the zero-field rate
R(0) then gives an effective distance between the phosphorus

Figure 3A for the CpC resonance. Using this procedure, and nearby protons (specifically the sixth root of thésum
parameters were extracted for each phosphorus resonanctor all protons). While this distance could vary between

in the 3 mM octamer (1.5 mM duplex) solution (Table 1).

different phosphodiesters because of possible small variations

For a molecule containing no large low-frequency internal in distances to protons for each linkage, it does not vary

motion, the rotational correlation time, which is reflected in
the width of the low-field portion of the curve, should be
the same for all peaks. The average experimentair this

much outside our experimental error (the range is 2.33
2.50 A with an average of 2.41 A). The effective distance
of 2.4 Ais in good agreement with the same average (kindly

sample was 4.2 0.3 ns, though in some cases the deviation provided by Dr. Jerome Boisbouvier) of 2.23 A for the NMR
from the average was large (as much as 20%), presumablystructure of the dodecamet4). In that estimate there were
because the dipolar contribution was more obscured by theapproximately equal contributions from oné#oton, the

CSA contribution.

3’ proton, and both 'Sprotons, all around 2.9 A from the
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phosphates, and we cannot say which protons of these four 2.5 1 T T T T T .
contribute most strongly, without further experiments on :
selectively deuterium-labeled samples.

To a first approximation, we ignored the effect of internal
motion on our estimates of the distances from phosphorus
to the surrounding protons derived from the cycling experi- R
ment. However, this can be addressed using results from the
molecular dynamics simulations. The molecular dynamics (s) I
simulation trajectories obtained as described above were used i1
to estimate dipolar order parametekg, which were in a i o .
range from 0.69 to 0.78 for the vectors connecting the — o “$
phosphorus atoms to all four protons. Using a mean value 05 [ ]
of 0.74 in the require®&y inserted on the left side of eq 2, [ ]
we estimate a decrease in the predicted effective distance,

from our combined data and simulation, of about 5% less ol : : : . ' :
than the preliminary average (Table 1),rer=2.29 A. The 0 1 2 3 4 5 6 7
simulation also provides a theoretical set of phospherus Field (T)

proton distances. They are slightly longer than in the NMR Figure 4: R, as a function of field for GpA®) and ApA @) in
structure (mean distances are 3.15, 2.87, 2.85, and 2.94 AH,0 vs DO (same symbols, but not filled). The solid line is the
for H2", H3, H5', and H3', respectively), and the effective  calculated fit as described in the text. Note that there is no
distancer. derived from these values is 2.32 A. (In the statistically significant difference for relaxation in the two solvents.

simulation, the effective distance for the GpG step is slightly

higher than the others, at 2.34 A; the remaining phosphatespho.Sp.horus angular nuclear resonance frequency, and only
have an average of 2.30 A.) In principle, both angle and their time-average moment would be sensed by the nuclei

distance fluctuations can influence, but the distance (45). They would contribute a relaxation vs field contribution

fluctuations in the simulation are small enough to make this of a for_m _simila_r_ to the low-field CSA relaxation, eq 1c.
correction negligible, ca. 0.01 A. Hence both the molecular Madnetic impurities would be most likely to produce the
dynamics simulation and the NMR structuré4) give largest errors at the intermediate fields amdnl and would
effective distance sums (2.32 and 2.23 A, respectively) thatSpurIOUSIy increase the CSA order Pparameters that we
are very close to the corrected value of 2.29 A that we calculate from our data .to be possbly 'greeter than 1.
extracted from the field-cycling data combined with the Reessur|ngly, we do not find any such |nd|cat|ens.
theoretical order parameters. Fleld Dependence GtP R, for [d(GGAATTCC)} in H,0.

The coefficientC, obtained from fitting the field depen- It is possible that solvent molecules are close enough to
dence ofR; to eq 1 provides an estimate of the CSA order contribute to the relaxation of the phosphorus nuclei in the
parameter that does not have to be the same as that for dipolaPNA backbone. This can be probed by compariigas a
relaxation. The CSA order paramete?, for different function of field for the octamer dissolved in,O versus
phosphates in this concentrated octamer sample vary betweefi20. If H20 plays a significant role in the relaxation of the
0.7 and 1 with low accuracy, but almost certainly reflecting Phosphorus nuclei, it should enhanB€). As shown in
a real variation among phosphodiester linkage dynamics, asFigure 4, there is little difference iR(0) for two such
previously reported?). For this concentration of octamer, ~Solutions at 1.5 mM duplex concentration (just the data for
the S2 is ~1 for the 3P resonance of the ApT and TpT GPA and ApA are shown). Using average Ci, and Cy
phosphorus nuclei, which are in the middle of the duplex, values,R(0) is 2.01+ 0.06 s* for GpA in H,O and 2.05&

as might be expected. 0.10 stin D,O. Similarly,R(0) is 2.144 0.08 s* for ApA
The h|gh_f|e|d CSA relaxation variation is the low- in H-,O and 2.27 0.10stin D,0. If one fits the data with

frequency tail of aw? curve with amplitude (1- S?). only fixed 7, andCy, theR(0) values are essentially the same.

Except for the ApT/TpT resonance, none of the ofiBrR; Thus, the protons responsible f&P relaxation in the octamer

profiles could be well fit by an expression that included only dissolved in low salt and no Mg conditions do not include
dipolar and low-frequency CSA terms. In fact, at 14.0 and Slowly exchanging (residence tintel ns) water close to
17.6 T, where the high-frequency contribution is a substantial the phosphates.
part of the relaxation rateR, values of all but the central Effect of M@" on 3P R, at Different Octamer Concentra-
ApT/TpT resonances have substantially increased. Althoughtions. Divalent cations bind strongly to nucleic acids and
there is significant error in extracting this parameter [since, can affect their structure. This binding is generally explained
for example, (1- S?) is not precisely known], the average as resulting from the strong interaction of the cations with
Thi IS 146 £+ 27 ps [with a range of 78227 ps (Table 1)] the polyelectrolyte polymer, as a charge cloud in the spirit
for the 1.5 mM duplex sample. of Debye-Huckel theory 46), possibly with some degree
The effect of possible magnetic ion impurities in the of chelation 47). In the presence of excess figwe find
analysis above cannot be completely ruled out. We took small chemical shift changes in a concentrated duplex
typical precautions33) to eliminate these impurities, and sample, although CpC is still well separated from the other
the consistency of the data between different samples arguephosphates, and the phosphates in the center of the duplex
against a large relaxation contribution from them. Over much are still likely to belong to the most upfield resonance. Since
of the low-field range that we study, magnetic moments of we could not assign resonances reliably in the presence of
ions have longitudinal relaxation rates fast compared to the Mg?*, we present only average behavior (Table 3).
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Table 3: Effect of M§™ on Average Parameters Derived from the Field Dependené®d?;

duplex Mg?*+

(mM) (mM) R(0) (s re (A) 7 (ns) s? ht (PS)
0.25 0 2.07£ 0.08 2.38+ 0.02 4.1+ 0.2 0.66+ 0.04 1353
0.25 5 2.06t 0.14 2.23+ 0.07 2.8+ 0.3 0.53+ 0.09 135
1.5 0 1.98+ 0.08 2.414+0.03 4.2+ 0.3 0.80+ 0.04 146+ 27
1.5 50 3.55+ 0.16 2.40+ 0.05 7.4+ 0.9 0.81+0.10 124+ 23

aBased on averag€y from analysis of 1.5 mM duplex Mg?*.

3

A

2.5

Field (T)

Field (T)

Ficure 5: Field dependence & for (A) CpC and (B) ApT/TpT
resonances (1.5 mM in duplex) in the absern® &nd presence
(O) of 50 mM Mg?*. The log of the field is plotted in (B) to
emphasize the increase R{0) and the decrease R, above 2 T
caused by the addition of the Migto the octamer.

The field dependence d&; for the 1.5 mM (in duplex)
octamer with 50 mM Mg" added shows a significantly

change (0.80 in the absence of Mgt this concentration
and 0.81 with M§" added). A likely explanation for the
increased;, is Mg?*-induced oligomerization of the duplex

at higher concentration due to increased electrostatic shield-
ing.

To estimate whether aggregation of the octamer duplex is
contributing tor;, we examined the field dependenceRaf
for a 6-fold diluted sample of the octamer, 0.25 mM in
duplex (Figure 6). Since we did not have datafRpat 14.0
and 17.6 T and since Mg had no significant effect ony,
we used the average value (for the 1.5 mM duptekg?")
of 135 ps for oy in the fitting of the observed field
dependence oR; for the more dilute samples. As can be
seen in Table 3, the averageextracted for all six resonances
in the dilute sample without Mg was 4.1 ns, essentially
the same as for the Mg-free 1.5 mM duplex sample.
Therefore, the octamer is not aggregating noticeably in the
absence of M. The averag&? was slightly lower (0.66
£ 0.04) than in the more concentrated sample. Data were
also acquired for the dilute octamer sample in the presence
of excess Mg" (5 mM). Under these conditions, there was
no longer an increase in induced by Mg". Rather,z;
decreased significantly (compare Tables 1 and 2) to about
2.8 ns. This is easily seen in Figure 6 at fiekl2 T where
R; for phosphates with added Migis uniformly higher than
that in the absence of M. A comparison of th&? values
for the dilute octamer in the absence and presence éf Mg
suggests that there is positional ordering in the duplex with
the Mg?" present (Figure 7). For phosphates in the middle
of the octamer&? extracted from these data for dilute duplex
in the presence of excess Rgwvas significantly greater than
that for the duplex without Mg at the same concentration.
These results suggest that Mgroduces some aggregation
at the higher concentration of the octamer but that at 6-fold
lower concentration there is little or no aggregation, and
Mg?" condenses and orders the center of the molecule
slightly.

Field Dependence of Proton;Ror [d(GGAATTCC)} in
D,0. High-resolution field cycling can also be used to
measure protorr; values at different field strengths. We
have measured protdR, in the octamer duplex (Figure 8)

different profile than that for the octamer in the absence of fOr @ variety of protons (assignments from 48 and found
divalent cation (as an example, see Figure 5 for the effect "apidly increasing relaxation rates at lower fields as expected,
of Mg?* on CpCRy). The relaxation rate in the midrange Consistent with simple single- or dual-spin-flip dipolar
(~3 T) of the field decreased in amplitude, the high relaxation by nearby protons. Because of the high signal-
frequency increase was still observable, &(@) was higher ~ to-noise ratio, this relaxation can be estimated for fields
than R(0) for the octamer without Mg. According to our ~ Where the rate is relatively high, even 30',swhere spin
analysis, the rotational correlation time increased to an diffusion cross-relaxation is relatively small. Such measure-
average of 7.4 0.9 ns, compared to an average value of Ments are useful in evaluating proton-sourced NOE'’s but
4.2 ns without M§*. The average value of; was essentially ~ May also be useful in themselves for study of dynamics.
the same as for the octamer in the absence cf'Naverage It is well-known that proton relaxation in macromolecules
Tht = 1244 23 ps). The average CS&? also showed little at high field (many tesla) is usually dominated by cross-
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FIGURE 7: S? for 0.25 mM (in duplex) octamer solutions in the
absence of My (®) compared td32 for the sample with added

field (T) Mg?" ().
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FiGURE 6: Field dependence 8P R; values for (A) CpC and (B) ~ FIGURE 8: Field dependence 8H R, for selected protons of the
GpG in the octamer (0.25 mM in duplex) in the abser@ gnd octamer (1.5 mM duplex): &) adenine GH; (M) cytidine GH;

presencem) of 5 mM Mg2*. Error bars are shown for the relaxation () thymidine CH; (+) CsH; (O) average of the £H resonances.
rates determined in the presence ofVig

this behavior is seen in Figure 8. However, the recovery
relaxation between neighboring spins and diffusion of behavior is not simple theoretically. Coupled relaxation
magnetization throughout many protons. Magnetization is equations for the proton magnetizations could be written and
generally assumed to be dissipated by the most rapidly solved on a computer. Other experiments than simple
relaxing spins, but because of spin diffusion the entire set relaxation could be performed, such as an NOE experiment.
(or large groups) of protons appear, in nonselective experi- Such an experiment was already performed long ago by
ments such as ours, to relax at a low average #8e QOur Kerwood and BoltonZ6), and the expected reversal of NOE
proton data at high field are consistent with this picture, with at low field was reported by them. Here we simply wished
high-field rates in the range of 0:®.9 s'*. Since the proton  to exhibit the field dependence of the proton relaxation time,
cross-relaxation rate with mutual opposite proton flips and we chose to fit the relaxation runs to simple exponential
requires no energy, it is field independent, and this picture decays and treat the data as if there was only one simple
is expected to be valid down to fields where the so-called relaxation spectrum with a single Lorentzian spectral density
single- and double-quantum rates (that is, the single-flip and characterized by a single correlation time which we denote
two-proton same-direction flip rates) start to become com- by 7, (see the Materials and Methods section).
parable to the field-independent zero-quantum (opposite two- At low fields, dipolar relaxation for each proton should
proton flip or spin diffusion) rates. At these low fields, below reflect the number and distance of nearby protons (Figure
about 4 T, individual protons or pairs of protons start to relax 8), as it does foEP. The relaxation rat®(0) extrapolated
at individual rates, with protons that are nearest to other to zero field is the smallest for the adeningHG, as expected
protons showing the most distinctly increasing rates. Again, since these protons are relatively isolated from others, and
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the rate is the largest for the riboseHl; protons.R(0) for 1 I I
other base or sugar protons and for the thymine methyl d(GGAATTCC),

proteins are between those extreme values, depending as r 1
expected on proximity of other protons. The observation that
different protons relax at different rates at low fields is in 0.9
striking contrast to the high-field behavior where spin

diffusion equalizes apparef’s.

After subtraction of the high-field constant rate, we can N
get a fairly good fit to a single apparent correlation time 508
for all of the spins. Using the fit to a single Lorentzian and
a constant term, the averageis 4.2 ns, the same value as
the rotational correlation time, of 4.2 ns derived more
rigorously from the®'P data. Other protons display similar 0.7
values. The parametery; is expected to be approximately
the same as the rotational correlation time, but at this point
it is simply a phenomenological parameter that we will not
attempt to interpret further. 06, ! * '

. . .. . 0.2 0.4 0.6 0.8
Proton—proton NOE experiments with mixing intervals < (ns)

at low field could be uniquely interesting because they would Figre 9: Time correlation functions from the MD simulation for
have properties such as rotating-frame NOE experiments,the vector between P and the midpoint of O1P, O2P. Plots are given
but they may possibly be more useful than the rotating-frame for just one of the two strands, but results from the other strand
method for observation of cross-relaxation over long dis- are similar.

tances.

Proton—Phosphorus Nuclear @rhauser Effect.The not definable for a short octamer, or at least they are absorbed
heteronuclear NOE is due to terms in the Solomon equationsinto the rotational diffusion that we consider in most of this
(50), which couple proton magnetization kinetically to the Paper. The writhing motions would probably have longer
phosphorus magnetization. These terms are essentially th&orrelation times than the internal motions we deduce in the
same in magnitude as the first and third terms of the right- O¢tamer. Presumably th€P relaxation rates we feature
hand side of eq 1b, but they have opposite sign. In the case€rein would all be decreased appreciably by the longer

of proton—proton NOE these terms cancel at a certain field rotational correlation times in this older research, compared
leading to the well-known null in NOE in this cas@]. to our short octamer, or, in the case of the high-field CSA

Because these kinetic terms increase at low fields, it is mechanism, reduced by the low fields used in the older work.

tempting to look for heteronuclear NOE using field cycling These mechanisms would thus compete with any NOE
to increase the size of these terms relative to the competingb“'ldUp to a lesser extent than in the octamer. The transition
relaxation terms including CSA relaxation. This remains an "ates for zero- and double-quantum rates probably did not
interesting possibility to apply t&°C or 1°F, for example. cancel to such a Ie}rge extent pecause of the Iow_fleld gsed.
Unfortunately, uniquely in the case of proton%® NOE, Finally, the NOE is also easier to observe at.flxgd f|e_ld
the cancellation between these terms is nearly completebecause the protqns can be steadily saturated in fixed field
(within 10%) for all high fields because (i) the field is high SO that the effect is not decreased by the short prdicas
enough so that the denominator termg € yp)?H2r,2and 1t is for our method.
(yn + yp)®H?r%, are much greater than one, and (ii) these Molecular Dynamics Simulatio.he experimental relax-
terms are nearly equal and opposite in sign for all such high ation rates are linear combinations of Fourier transforms of
fields. Being skeptical as always of formal relaxation theory, correlation functions of the appropriate interactios2)( In
we did look for NOE at higher fields but found them only particular, the last term of eq 1c, with the substitution eq 4,
below about 1.5 T. At these fields the two terms above (zero comes from the assumption of an exponential correlation time
and double guantum) become relatively different theoreti- of the CSA interaction. The molecular dynamics simulation
cally, and we did find a small NOE of2% (see the was performed to test this assumption and to try to
Materials and Methods section). The effect is extremely small understand the experimentally determined correlation times
because the proton relaxation rates are considerably shorteand order parameters.
than the'P dipolar rates in general, including rates of those  Figure 9 shows the correlation functions (after removing
protons that would be most active in determining the NOE the overall rotation) for the vectors formed from the
amplitude. The part of the proton magnetization labeled with phosphorus nucleu8P to the middle point between O1P
the aid of phase cycling decays at a rate of around20 s and O2P. For each curve, there is a rapidQ ps) decay,
(see Figure 8) during the NOE mixing time and also is lost followed by a slow decay, reaching a plateau at times less
to an appreciable extent during passage from the high field.than 0.5 ns, which is short compared to the 4 ns overall
In view of this disappointment it is interesting to contem- tumbling motion. Broadly similar behavior has been found
plate the extensive earlier relaxation and NOE measurementdor amide®>N relaxation in proteinsg2), but generally only
performed on longer duplex DNA fragments at fields in the very mobile regions in loops show the slow decays seen here,
range & 2 T or less [reviewed by Jame®)( see also ref  especially near the ends. The correlation times and order
51]. Those reported NOE's are presumably produced by what parameters are shown in Table 4. Since we have two identical
we term internal motions, including especially dynamic sequences, the data shown in the table are the averaged values
curving motions (writhing and twisting). These motions are for the two chains.
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Table 4: Order Parameters and Internal Decay Times (ps) from the 210~ Cr T T T T T T
MD Simulation L — D&
dinucleoside < Ts S? T 180=
GpG 0.61 244 0.76 9.5 E ol
GpA 0.70 244 0.78 10.0 ) |
ApA 0.77 33 0.87 2.7 5 |
ApT 0.83 25 0.90 1.6 7120 |
TpT 0.82 61 0.87 3.2 g T I
TpC 0.76 83 0.84 4.7 g o I
CpC 0.65 160 0.78 8.4 g
av 0.73 121 0.83 5.7 & o .
30— -
The fast correlation times; are less than 10 ps, which L 1
reflect mostly local vibrational motion. The slow correlation L B ey LR e

timests are in the range of 25244 ps, which reflect other
internal motion such as torsional librations and more

extended motions. These correlation times are shorter in the

middle of the octamer and become longer toward the ends.
We can also see higher order parameters in the middle of
the octamer, becoming lower toward the ends. These
parameters indicate that the middle part of the octamer is
somewhat more rigid than are the ends, as expected.
Compared with the field-cycling NMR data shown in
Table 1, we see good agreement for the avet@gend s
values. The molecular dynamics results show higher order
parameters and shorter time constants in the middle of the
helix compared to the ends, as expected; this is broadly the
trend seen in the data extracted from the NMR data for the
1.5 mM duplex as well. In the NMR experiment, the
resonance peaks of ApT and TpT are overlapped, but the
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simulation results predict that the corresponding time cor- (@)

Ficure 10: (Top) Time dependence of the sugar pucker fer G

relation functions are very similar. o e o) S only. (Bottorss Aut o
; :1nshowing the first two nanoseconds only. (Bottom) Autocorrelation
Although the order parameters extracted using eq 7 prO\lldefunction for the top time series, computed for the full 28 ns

a good description of the computed time-correlation func- trajectory. The smooth line shows a fit to a short exponential, not
tions, there is some uncertainty involved in comparing these related to our discussion, and a longer exponential with a time
to theS2 values in Table 1. This is because we do not know constant of 99 ps. The slow fluctuations giving rise to this feature
the value ofc? that is appropriate in the absence of any ¢an be seen, for example, in the regions near 0.8 ns, and 1.7 ns, in
motional averaging. The solid-state value we have used (160the top plot

ppm) presumably incorporates some of the same reduction .
(from its zero-motion limit) due to local vibrational averaging values foro, B, y, 9, €, and; are about-60°, 180', 60",

that is seen at very short times in the computed correlation 110, 1801’( an?]—QOr‘]’, rlespectl;fely.é (.Wh'(?h ;sptgﬁéhe
functions in Figure 9. An analogous situation is well-known sugar pucker) has the largest fluctuation, fro '

for dipolar couplings§3), but we do not know a priori how and the time constants for decay of fluctuations imack to
great this local vibrational reduction is in the solid-state 2verage values are on the order oF8M0 ps; even longer
experiments. Analysis of protein simulations suggests that Values are seen for the sugar pucker pseudorotation angle
these intrinsic vibrational corrections (which are assumed tS€lf, especially near the ends of the chain. By contrast, time
to be the same in model solid-state peptides and in proteins)decay constants for other backbone torsions are shorter. This
lead to decays with time constants of less than 1 ps. OurSuggests that the slower motions picked u#yrelaxation
computed time-correlation functions for all phosphates decay are related to fluctuations in the sugar pucker pseudorotation.
to 0.92+ 0.01 atr = 1 ps, suggesting that this decay is an Note the fluctuations involved here are not primarily between
intrinsic local feature of the phosphodiester group. If this the C2 endo and C3endo (or “north” and “south”) local
motion is also present in the solid-state experiment, then it Minima; rather they are within the general south category
should be removed from the computed order parameters(or B-form DNA) sugar pucker region between about 120
when making comparisons t&2. In this simple model  and 180. For example, Figure 10 (top) shows the first two
(which needs to be tested with further experiments and nanoseconds of the time course of the sugar pucker angle
calculations), one should compag# with the computed  for the G nucleotide. Even within the B-form sugar pucker
values 0f$4/0.92; such a correction would make the average region, there are large and relatively slow fluctuations. The
computed order parameter be 0.79, which is close to the field-time decay of these fluctuations is closely fit by an
cycling result from Table 1. exponential with a time constant of 99 ps (Figure 10, bottom).
To further look at the internal motion, we calculated time The mean decay time for fluctuations in pseudorotation
series of the six torsion angles of the backbone of the pucker for all sugars is 75 ps. Other analyses can be used to
octamer. In the middle of the backbone, the time-averaged help to identify collective motions that contribute to particular
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relaxation processe$4), and these will be pursued else- Mg?" concentration used in these experiments as well as high

where. DNA concentration clearly causes some degree of aggrega-
tion.
DISCUSSION The CSAS? extracted for eacPtP from our field-cycling

experiments is not easily obtained by other methods. The
ability to measure this parameter, and to monitor changes
when different solutes or ligands are added, should have a
wide range of uses in physical biochemistry. In the case of
the dilute DNA octamer under conditions where aggregation
of the DNA does not occui&? was significantly increased

in the middle of the molecule when Mgwas added into

the system. Similar extrapolategl’® values, but for DNA
duplexes where there are specific interactions with small
molecules (intercalators, groove binders, etc.) or where there
are base mismatches, could be very useful in characterizing

Field-cycling NMR dates back to R. V. Pound’s experi-
ments in 1952, hand-shuttling a sample to nearly zero field
(15), which raised questions for the first time about nuclear
spin thermodynamics. Field-cycling studies of water relax-
ation has been used to study solvent interactions in a wide
variety of systems [for example, see work by Dr. R. G.
Bryant and co-workers3Q, 55, 56)]. The present version of
this experiment uses sample shuttling to change the field for
evolution of the spin system but also utilizes the signal at
high field for readout to obtain high-resolution information.

It is particularly useful for nuclei without nearby protons nucleic acid dynamics
vv_hose _relaxati_on Is do_minz_ated by. mechanisms other than One of the surpriseé in the initial data set for the DNA
dipolar interactions at high fields. Since phosphate Qsters_ ar€ctamer was the need to include a high-field internal motion
key components of many macromolecules (nucleic aC|ds,CSA component for all but the ApT/TpT resonance. Al-
phosphoproteins, phospholipids) and small biological mol- though a precise understanding of this parameter in terms
ecule_s (e.g., sugar phosphate_s, ATP, glycerol thSpﬁme.)’ of specific motions is not yet available, it is a second time
nucle| are good targets for f"?'d pycllng. Analysis at .h'.gh constant that can be used to characterize phosphate dynamics
field provides the chemical shift dispersion (and sensitivity)

ded to follow distinct phosphates i lecul under a wide variety of conditions. For example, it remains
needed 1o Toflow distinct pnosphates in Macromolecules.  pe geen iftys values ~100—200 ps occur for other

The previous proton anttP study of a DNA dodecamer  phosphodiesters as well as for the phosphates in DNA. The
by Lane et al. 7) reached conclusions in excellent agreement mqjecular dynamics simulation shows an average time scale
with ours, considering that measu_remgnts at only t_wo fields for motion of the phosphate internal motion of 121 ps and
were used by them. The correlation time was estimated t0 o, average corrected squared order parameter of 0.79, in good
be 3.8 ns, and the effective distance from protons t0 agreement with parameters extracted from the high-resolution
phosphorus was 2.2 A. CSA order parameters were foundcycling observations. The simulation also indicates that the
to differ between linkages and were in approximately the jniernal motion reported by the relaxation at high field is
same range as ours. The high-field CSA relaxation was not 5355qciated mainly with dynamics of changes in sugar
elucidated. Even if it had been deduced by measurements ahuckering.
multiple hig'h fields, a precise and convincing de(_juction.of If the underlying biophysical phenomena are still of
the relaxation parameters would have been impossiblejnterest, it would be worth returning to measurements on
without lower field data. longer DNA duplex samples9) using field cycling. The

Using a standard theoretical framework for interpreting longer DNA duplexes differ from the octamer in that a part
the field dependence 8P Ry, we can extract several useful  of the internal motion should have a much longer correlation
descriptive parameterst;, the molecular correlation time;  time than the~0.1 ns internal correlation time that dominates
re, the effective distance of nearby protons to the phosphorus;our study, whereas the overall rotational correlation time will
&7, the chemical shift anisotropy order parameter; amca be longer than that of the octamer. These longer DNAs could,
correlation time for faster motions. Analysis of the field therefore, have interesting dispersion in their relaxation rate
dependence OR; over a large field range may sometimes curves below the range of 0.05 T. In our ongoing study of
be superior to other methods for estimating rotational 31p relaxation in phospholipid vesicles (M. F. Roberts and
correlation times because it is based on observations at many\, G. Redfield, unpublished results), we have indeed seen
frequencies, rather than an analysis of rate ratios such as anmow-frequency dispersions below 0.05 T, presumably as-
Ri/R; ratio that could be affected by exchange of the nuclei sociated with processes such as overall tumbling of vesicles
between different environments, and other unknowns. The and micelles at rates of the orderé191. We will present
value ofr, can almost be directly read from the inverse of these results elsewhere.
the half-width of the low-frequency bump in tii& plot in We hope that observations such as these, on more
our data. The geometrical distance avenagbat we extract  interesting nucleic acids, can be useful in interpreting the
from our data agrees with the same average from the dynamics of their parts in mechanistically useful ways.
published dodecamer structurd4 within 3%, after we  QObservation of cross-correlation effects between dipolar and
corrected our analysis slightly using protophosphorus  CSA relaxation orR; is another exciting possibility to be
order parameters extracted from the simulation. explored (3). At arourd 2 T the rate for conversion of

The increased, for the concentrated octamer solution in double- to single-quantum conversion is increased by an
the presence of Mg is consistent with aggregation of this increase in the relevant spectral densit3)( and the
species under these conditions. Theories and experimentsompeting totaR; rates for phosphorus and protons remain
have shown that counterion-induced aggregation of longerlow (data herein), possibly facilitating such measurements.
DNA molecules forms condensed rodlike structurgs).( High-resolution field cycling should also be informative
While there is little in the literature with reference to cation- for certain3C nuclei. Field-dependent phenomena similar
induced aggregation of smaller oligonucleotides, the high to what we have seen wifP should be observable f&iC’
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(carboxyl, carbonyl**C nuclei) which have no attached
protons, especially in highly deuterated proteins. In particular,
observation of an NOE at higher fields, where the longer
protonT; will facilitate selective NOE, may be possible for

13C'

spins which do not have the annoying near cancellation

of NOE rates for opposite mutual flips compared to same-
direction flips, which3'P has at higher field, as discussed
earlier.
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