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ABSTRACT:

Backbone dynamics in the [5/,5”-2H,]2’-deoxythymidine labeled duplex dodecamer [d-

(CGCGAAT*T*CGCG)]; have been investigated by solid-state °’H NMR. Quadrupolar echo line shapes,
spin-lattice relaxation, and quadrupolar echo decay times were obtained over hydration levels ranging from
W = 0.0 to 25.2 (moles of H,0/mole of nucleotide). Variation of the line shape with changing hydration
level was analyzed by using models employed in previous investigations of dodecamer base and sugar dynamics.
Both fast local motions and a slower helix motion were present within the oligonucleotide. The fast motion
was modeled as a four-site libration whose amplitude increased with hydration level. The root mean square
amplitude of this librational model was 2—6° larger than the amplitude observed in either the furanose ring
or base labeled material for the entire range of hydration levels investigated. The observed line shape was
inconsistent with a rapid three-site trans—gauche isomerization. A slow motion about the helix axis was
observed at low water levels and increased in rate and amplitude with hydration. This motional model is

in agreement with previous oligonucleotide studies.

’Ee static structure and dynamic properties of DNA may
prove useful in understanding the mechanism of its biological
function. There have been numerous investigations into the
internal dynamics of polynucleotides in recent years, including
a number of 'H, *'P, and *C high-resolution NMR relaxation
studies of backbone and base dynamics (Bolton & James,
1979, 1980a,b; Hogan & Jardetzky, 1979, 1980; Opella et al.,
1981). In many of these studies the relaxation was assumed
to be dominanted by fast localized internal motions, with no
significant contributions from collective deformations. For
instance, a 3P NMR relaxation study by Hogan and Jardetzky
modeled the backbone dynamics in DNA as a simple two-state
jump and concluded that all three P-H vectors (P-HS5’, P-
H5”, and P-H3’) fluctuate with an amplitude of ~=£20° or
a later revised value of £27° (Hogan & Jardetzky, 1979,
1980). Allison et al. (1982) have evaluated the contribution
of torsional deformational modes to the 3P NMR relaxation
in DNA and reexamined the data of Hogan and Jardetzky.
Allowing contributions from collective torsional modes, the
total root mean squared (rms) amplitude of motion was not
significantly different than the amplitude reported for a
two-state model, but the relaxation was dominated by collective
torsional deformations, not local internal motions.
Characterization of internal dynamics in DNA has typically
involved fragments consisting of 100 base pairs or more.
Unfortunately the relaxation mechanisms for longer DNA
fragments can be quite complex. The relative contributions
of collective torsional and bending motions versus local con-
formational fluctuations are still not fully understood. Re-
laxation in shorter DNA fragments is expected to have smaller
contributions from collective motions, suggesting that inves-
tigation of synthetic oligonucleotides may allow separation of
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local fluctuations from collective dynamics. The solution study
of oligonucleotides has received renewed interest with the
improvement of synthetic protocols. Investigation of base
dynamics in poly(dA-dT)-poly(dA-dT) (53 £ 15 base pairs)
suggests that the angular displacement may be as large as
£32° (Assu-Munt et al., 1984). Similar studies of poly(dG-
dC)-poly(dG-dC) (60 £ 10 base pairs) suggest a large out-
of-plane motion of approximately 30-40° in the nanosecond
range (Mirau et al., 1985). Recent studies on the synthetic
oligonucleotides [d(CG),], and [d(CG)g], using depolarized
dynamic light scattering and NMR relaxation experiments
modeled the internal base motion as diffusion in a cone with
an amplitude of 29° or an over-damped libration of amplitude
18° (Eimer et al., 1990).

The use of the anisotropic spin interactions in solid-state
NMR allows one to probe both the rate and amplitude of
internal motions from analysis of line shapes and spin-lattice
relaxation. Dynamics of the phosphate group in DNA fibers
and powder samples have been studied by 3P NMR (Mai et
al., 1983; Fujiwara & Shindo, 1985). These investigations
attribute the averaging of the line shape to diffusion about the
long helix axis or a superposition of local and collective motions
with a total angular fluctuation of £30°, There have also been
numerous investigations of internal base dynamics in nucleic
acids utilizing solid-state 2H NMR (DiVerdi & Opella, 1981;
Bendel et al., 1983; Vold et al., 1986; Brandes & Kearns, 1986;
Brandes et al., 1988; Shindo et al., 1987).

In this paper, we report the first solid-state 2H NMR in-
vestigation of backbone dynamics in DNA. The variation in
quadrupolar echo line shape, spin-lattice relaxation (T}, and
quadrupolar echo decay times (T, ) as a function of hydration
for the [5,5-2H,]2’-deoxythymidine labeled dodecamer [d-
(CGCGAAT*T*CGCG)], allows the development of a
motional model to describe the dynamics of the sugar back-
bone. This self-complementary dodecamer contains the EcoR1
endonuclease restriction site and has been the focus of nu-
merous solution and solid-state investigations. For instance,
this sequence was the first oligonucleotide single crystal in-
vestigated containing a complete turn of double-helical B-form
DNA (Wing et al., 1980) and has been the subject of several
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X-ray diffraction investigations (Dickerson & Drew, 1981;
Kopka et al., 1985; Pjura et al., 1987). In addition, infor-
mation on the dynamics and local mobility within the dode-
camer crystal has been obtained from a rigid segment analysis
(Holbrook & Kim, 1984).

The sequence has also been investigated by using high-
resolution 2D NMR, from which a distance geometry solution
structure has been obtained (Nerdal et al., 1989). Solid-state
?H NMR has been used to study the internal dynamics of the
bases (Kintanar et al., 1989), the methyl groups of dT7 and
dT8 (Alam & Drobny, 1990a,b), and the furanose rings of
dAS and dA6 in the dodecanucleotide (Huang et al., 1990).
In this paper, these solid-state 2H NMR investigations are
extended to include the dynamics of the 5’,5”-deuterons of dT7
and dT8, allowing a comparison of motions between different
regions of the double helix. The Theoretical Background
section gives a brief review of solid-state 2H NMR and the
effects of motion on the observed line shape. The supple-
mentary material presents an improved synthetic protocol for
the incorporation of the deuterium label into the backbone.
The Results section presents a solid-state 2H NMR study of
the [5”,5”-2H,]2’-deoxythymidine monomer and provides a
basis for the remaining sections, which develop and evaluate
different backbone motional models for the labeled dodecamer.

THEORETICAL BACKGROUND

To understand the line-shape analysis, a brief review of
solid-state 2H NMR is presented. For an isolated deuteron
in a solid, the NMR frequency is given by

w0 = wy % wg (1)
The angular dependent quadrupolar frequency is given by
wq = 37/4(e*qQ/h)(3 cos? © — 1 + 7 sin? © cos 28) (2)

where (¢2qQ/h) is the quadrupolar coupling constant (QCC)
and 7 is the asymmetry parameter describing deviation from
cylindrical symmetry of the electrical field gradient (EFG)
tensor about the g,, axis in the principal axis system (PAS).
The polar angles © and & describe the orientation of the
magnetic field By in the PAS of the EFG tensor. In general
the diagonal elements of the EFG tensor are defined |V,,| <
[Vl |Vl and 9 = (Vo = V) /V;, such that 0 < ¢ < 1
(Abragam, 1961).

Internal dynamics and molecular motion can modulate the
quadrupolar frequencies, producing changes in the line shape.
If the motion is slow on the time scale of wQ", the observable
effects on the quadrupolar echo line shape are minimal.
Spectra in this limit are usually referred to as static line shapes
and allow the determination of QCCy,. and ng,g.. If the
motion occurs within the intermediate exchange region (~
wQ"), it becomes necessary to simulate the modulation effect
of these molecular motions on the quadrupolar frequencies.
For short pulses, use of exchange-modified Bloch equations
allows the line shapes to be determined for various motional
models. The equation of motion for the complex transverse
magnetization vector is given by

doy/dt = [iQ4 + R]o, 3)

where ¢, corresponds to the single transition raising operators
[1,(12) + il (12)] or [I(23) + iI,(23)]. The indices i,j in
I, (ij) label the eigenstates of the isolated deuteron where |-1)
=11),J0) =|2) and |[+1) =|3). The frequency domain spectra
for the transitions are mirror images, requiring calculation of
only one transition. The term Q is a diagonal matrix con-
taining the Larmor precession frequencies wq, while the ex-
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change operator R can be represented by R = DV? for dif-
fusion or a jump kinetic matrix R;; for discrete motions. All
quadrupolar echo line-shape simulations in this paper employ
the discrete jump kinetic matrix approach, which has been
discussed in detail elsewhere (Greenfield et al., 1987; Wittebort
et al., 1987). If the molecular motion is fast on the time scale
of wg™, the line shape is defined by using QCCey and 7y, the
effective coupling constant and the effective asymmetry pa-
rameter of the averaged electrical field gradient tensor, such
that the resonant frequency is given by

wq = 37 /4(e?qQ/ h)esr[3 cos? © — 1 + negr sin? © cos 28)
(4)

Analysis of different models to describe rapid exchange will
involve comparison of QCC,y and 74 with experimental values.
The formalism for this correlation time-dependent analysis has
been described previously (Wittebort et al., 1987). Expressions
for three specific discrete motional models are developed in
the Appendix.

EXPERIMENTAL PROCEDURES

Solid-State NMR Spectroscopy. Solid-state 2H NMR
spectra were obtained at 76.75 MHz with quadrature phase
detection and a uVaxII controlled home-built spectrometer.
An eight-step phase-cycled quadrupolar echo sequence,
7/2,~7—m/24,-7y-acq, was used with x/2 pulses less than 3
us (Griffin, 1981). The pulse spacing 7, was varied from 50
to 200 us, with the data acquisition being initiated prior to
the echo by adjustment of r,. The recycle delay was at least
5 times T;. The time domain signal was left-shifted prior to
Fourier transformation. Lorentzian line broadening of
15003000 Hz was applied to experimental spectra to obtain
an adequate signal-to-noise ratio.

Deuterium spin-lattice relaxation times were obtained by
using an inversion—recovery pulse sequence. The magnetiza-
tion recovery was determined from the quadrupolar echo
height maximum, commonly referred to as a “powder average”
and denoted as (7T,). A nonlinear least-squares analysis
(DeFontaine et al., 1975) was used to fit the magnetization
recovery to the exponential

S(1) = S(=)[1 - 2¢7/7] &)

The irreverible loss of phase memory as a function of pulse
spacing, referred to as (7T,.), was also fit to an exponential
recovery curve. Correlation times () were calculated from
the corresponding T, values according to the formalism
presented by Torchia and Szabo (1982).

Line-Shape Simulations. Simulations of the 2H NMR line
shapes were obtained with the program MXQET, which can
accommodate multisite, multiaxis motional models including
corrections for finite pulse power, exchange during the pulse,
and virtual FID effects. This program has been describe in
extensive detail elsewhere (Greenfield et al., 1987). Effective
values of the quadrupolar coupling constant (QCC,4) and
asymmetry parameter (nyr) were determined from simulation
of experimental line shapes, assuming no motional models.

RESULTS

The solid-state 2H NMR spectrum of [5/,5”-2H,]2’-
deoxythymidine at 76.75 MHz is shown in Figure 1, along with
a rigid-lattice simulation. This simulation yields the effective
values of the quadrupolar coupling constant and asymmetry
parameter, QCC.y = 164 kHz and 5 = 0.07. The spin-
lattice relaxation recovery curve for the monomer was found
to be highly nonexponential. The fast component relaxed with
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Table I: Line-Shape Parameters and Relaxation Rates of [d(CGCGAAT*T*CGCG)],*

RH% w RI OCCen (kHz) Mot (1)) (ms) (T2) (us)
dry 0.0 1.00 164 % 1 0.06 505 = 51 165 % 17
66 4.8 0.94 164 % 1 0.06 206 + 21 123 % 12
75 10.5 0.18 15242 0.06 59 £ 10 125 & 24
80 119 0.28 150 % 2 0.06 41 £ 10 130 £ 13
88 16.3 0.48 143 %2 0.00 40 £ 10 101 % 10
90 20.5 143 % 4
92 25.2 ~0? ~0?

aT* refers to the labeled [5,5”-2H,]2’-deoxythymidine. ®Moles of H,O/mole of nucleotide. ¢Relative echo intensity with respect to dry.

4Qbserved only the isotropic component.

-200 0 200
kHz
FIGURE 1: Experimental (—) and simulated (---) 76.75-MHz sol-
id-state deuterium quadrupole echo spectra of [5/,5"-2H,]2’-deoxy-
thymidine at 298 K. A 50-mg sample required 12000 scans with a
recycle time of 15 s to ensure thermal equilibrium. The #/2 pulse
length was 2.3 us, and the delay between pulses was 50 us. The

simulated spectrum was calculated by assuming a rigid-lattice model
with QCC,¢ = 164 kHz and n = 0.07.

a {T,) of ~184 ms, while the slower component recovered
with (T,) of ~1.18 s. The quadrupolar decay time (7,) for
the [5/,5”-2H,)2’-deoxythymidine monomer was 150 us.

Solid-state 2H NMR spectra, spin—lattice relaxation times
{T;), and quadrupolar echo decay times (7,,) were obtained
for [5,57-*H,)2’-deoxythymidine labeled ([d-
(CGCGAAT*T*CGCG)), as a function of relative humidity
(RH) and water content W (moles of H,O/mole of nucleotide)
ranging from dry (W = 0.0) to 92% RH (W = 25.2). Effective
quadrupolar coupling constants QCCy;, effective asymmetry
parameters 7y, relative intensities (RI), (T), and (T, ) are
presented in Table I. Representative line shapes as a function
of hydration for the backbone labeled dodecamer are shown
in Figure 2.

No significant changes in the line shape were observed for
the increase in relative humidity from dry (W = 0.0) to 66%
RH (W = 4.8, Figure 2A). There was a 12-kHz reduction
of QCC, on hydrating to 75% RH (W = 10.5) plus an ad-
ditional 2-kHz reduction on hydration to 80% RH (W = 11.9,
Figure 2B). Between 80% RH (W = 11.9) and 88% RH (W
= 16.3, Figure 2C), there was an additional 7-kHz reduction
in QCC,; resulting in the final value of 143 kHz. At 90% RH
(W = 20.5, Figure 2D) the signal-to-noise ratio was reduced,
with the spectrum being dominated by a central isotropic
component, but a splitting corresponding to an approximate
QCC, of 143 kHz was observed. At 92% RH (W = 25.2)
only a central isotropic component was observed. Other
line-shape characteristics included a nearly constant effective
asymmetry parameter gy of ~0.06 through 80% RH (W =
11.9), along with a distinct loss of center intensity on increasing
hydration from 66% RH (W = 4.8) through 88% RH (W =
16.3). A decrease of relative intensity with increasing water
content was observed with the exception of 88% RH (W =

A C

-200 0 200 -200 0 200
kHz kHz

FIGURE 2; Experimental (—) and simulated (---) 76.75-MHz deu-
terium quadrupole echo spectra of [57,5-2H,]2’-deoxythymidine
labeled [d(CGCGAATTCGCG)], for various levels of water content
W (moles of H,O/mole of nucleotide). The simulated spectra were
calculated as described in the text, ignoring the central isotropic
component. With a pulse delay of 50 us and /2 pulse lengths varying
from 2.3 to 3.0 us, spectra were obtained for (A) 66% RH, W = 4.8,
60000 scans, (B) 80% RH, W =119, 116 750 scans, (C) 88% RH,
W = 16.3, 144000 scans, and (D) 90% RH, W = 20.5, 288 000 scans.

16.3) where the RI increased from that at 80% RH (W =
11.9). The variable behavior of (T,,) with increasing water
content is presented in Table 1.

Spin-lattice relaxation recovery curves for the dodecamer
were defined by a single exponential. For the dry (W = 0.0)
dodecamer, the (T,) was 505 ms, half the value observed in
the dry monomer. Increasing the relative humidity to 66%
RH (W = 4.8) produced an additional 2-fold decrease in the
relaxation time (Table I). The (7)) relaxation decreased by
an additional factor of 4 on hydration to 75% RH (W = 10.5)
and remained essentially unchanged (~40-50 ms) through
88% RH (W = 16.3). Spin—lattice relaxation and echo decay
times were not determined for 90% RH (W = 20.5) and higher
hydration levels due to the dominance of the isotropic peak.

DISCUSSION

Internal Dynamics of the 5-Methylene Group. The solid-
state ZH NMR spectrum of [5’,5”-?H,]2’-deoxythymidine has
been reported previously (Kintanar et al., 1988). This in-
vestigation presents a superior synthetic protocol for prepa-
ration of the material, allowing increased sample size, purity,
and improved signal-to-noise spectra. The effective values of
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QCC,s = 164 £ 1 kHz and 7.4 = 0.07 £ 0.01 are slightly
different than reported previously, but the line shape is still
consistent with the absence of fast large-amplitude motions.
The assumption of equivalent quadrupolar coupling constants
for the 5’- and 5”-labeled positions has been addressed pre-
viously (Kintanar et al., 1988). The observed QCC was
somewhat smaller than that reported for aliphatic systems
(Rinne & Depireux, 1974), and the observation of a nonzero
asymmetry parameter is also unexpected. If the observed
asymmetry parameter is assumed to result entirely from
motions (i.e., Ngaic =0, nesr > 0), a model utilizing discrete
jumps between two orientations with a half angle of 6, = £12°
and QCC,,,; of 175 £ 1 kHz gives the observed 5. This
value of QCC,,,;. is consistent with the value reported pre-
viously for the monomer (Kintanar et al., 1988) but is high
in the range reported for other methylene groups (Rinne &
Depireux, 1974). The question arises, How unique are the
solutions for 6; and QCCg,.? Inspection of eq A6 reveals that
for small displacements there is only one solution for the
amplitude 8, for an observed 54 The uniqueness of QCCyy;c
is easily seen by rearrangement of eqs A6 and A7 to yield

QCCaic = (1 + 1) QCC (6)

Within the frame work of a two-site jump and small dis-
placements there is only one possible solution for QCCy, for
an observed value of 5. and QCC,y. The value of QCC,ic
= 175 kHz will be utilized for all further motional analysis
of backbone dynamics within the dodecamer. When the T
relaxation expressions for a two-site jump and a libration
amplitude of 12° are used, the (T) of 1.18 s corresponds to
a correlation time of 15 ps or 0.1 us, but the line shape is
inconsistent with the larger correlation time. In the previous
monomer investigation (Kintanar et al.,, 1988), the larger
correlation time was chosen on the basis of a low center in-
tensity in the observed spectrum. The increased signal-to-noise
ratio of the present sample (see Figure 1) reveals this obser-
vation was incorrect.

Backbone  Dynamics in  Hydrated [d-
(CGCGAATTCGCG)],. Analysis of variation in the solid-
state 2H NMR line shape provides insight into the internal
dynamics of the backbone. These studies rely on comparison
of simulated line shapes for a given model to experiment.
Line-shape analysis can never prove a model represents what
is physically occurring within the system, but it can help
dismiss certain models. Model-free approaches have been used
in the interpretation of NMR relaxation in macromolecules
(Lipari & Szabo, 1982). This approach utilizes a generalized
order parameter S and an effective correlation time 7, to
describe the rate of motion. While this approach has utility
for motions in the extreme narrowing limit, the previous ob-
servation in hydrated oligonucleotide samples of highly an-
isotropic multiaxis motions, ranging from intermediate to fast
exchange time scales, invalidates a model-free analysis for the
present 2H NMR investigation.

There are several aspects of the line shape that need to be
addressed. One of the primary changes is the reduction in
QCC,y;, coupled with the observation of a nearly constant 5.
with increasing hydration. In modeling the local dynamics
of the backbone, the possibility of large conformational changes
over a range of interconversion rates was considered. In
methylene chain polymers a crankshaft motion is often used
to describe the molecular motions, and a similar model was
applied to the dodecamer, involving fluctuations of ¢ between
the backbone conformations gauche—gauche (+sc), gauche-
trans (ap), and the trans—gauche (—sc) (Saenger, 1984) with
unequal site probabilities. Conformational energy surfaces
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FIGURE 3: Figure of motional models. (A) Three-site trans—gauche
isomerization, (B) a two-site libration with an amplitude defined by
the half angle 6y, and (C) a four-site libration with the amplitudes
defined by the half-angles 6, and ¢,.

for 5’-nucleotides have been computed for rotation about the
exocyclic C4-C5’ bond. The +sc conformation corresponds
to the global minimum while the energy of the ap and -sc
conformations were found to be only 1 kcal/mol (Saran et al.,
1972) or 2 and 1.3 kcal/mol, respectively (Yathindra &
Sundaralingam, 1973) above the minimum. Yathindra and
co-workers calculated the populations for the various con-
formations and reported values of 78% for +sc, 4% for ap, and
10% for —sc.! Line-shape simulations utilizing a discrete
three-site trans—gauche isomerization with equilibrium site
populations [p.4(i)] of 85%, 5%, and 10% were initially in-
vestigated. The jump matrix R;; used in these simulations must
satisfy microreversibility, k;pe(i) = k;ipeq(f), With k;; being
the negative sum of all rates depleting site /. The first model
involves isomerization about the C4'-C5’ bond (see Figure
3A), which is the C; symmetry axis for the tetrahedral carbon.
Variation of the line shape as a function of the jump rate k;;
is shown in Figure 4A. For large jump rates (fast exchange)
the line shape undergoes significant averaging, leading to
increased values of the effective asymmetry parameter (n.4
> 0.2), while at intermediate exchange rates distinct line
shapes result, note particularly the disappearance of shoulder
intensity. An extension of this motional model was to restrict
the motion to a two-site isomerization. Simulations using
unequal site populations [p(i)] of 90% and 10% as a function
of the jump rate k;; are illustrated in Figure 4B. The dif-
ferences between these simulations and experiment support
the conclusion that large-amplitude trans—gauche intercon-
versions between conformations of substantial equilibrium
probability do not occur in the oligonucleotide backbone at

! The percent probability of occurrence for different conformations
was determined with the expression

P(x.¢) = 100 X exP[-V(x,lP)/RTl/Z%I exp[-¥(x.¥)/RT]
X

where V(x,¥) is the potential energy as a function of rotation about the
C(1’)-N(9) (x) and the C(4’)~C(5’) () bonds. The surface was cal-
culated at 10° intervals of ¥ and x, resulting in percent totals less than
100% for the three discrete trans—gauche conformers used in the *H
line-shape simulations.
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FIGURE 4: Simulations of backbone conformational conversions for
a pulse delay of 50 us as a function of jump rate k;;. (A) Intercon-
version between gauche-gauche (+sc), gauche~trans (ap), and
trans—gauche (-sc) with populations of 0.85 (site 1), 0.05 (site 2),
and 0.10 (site 3), respectively. The site-to-site jump rates k,,, ki3,
and k,; were assumed to be equal. (B) Two-site diamond lattice jump
with site population of 0.8 and 0.2 for differing jump rates k;,.

rates above k;; ~ 10%s™'. Figure 4A,B reveals the insensitivity
of quadrupolar echo line shapes analysis to conformational
changes occurring at rates slower that ~10° s7'.

Information for the entire range of equilibrium populations
in the fast exchange limit are easily obtained by using eq A9
for a three-site trans—gauche isomerization, to produce surfaces
of the ratio (e2qQ/h)ess/(€2qQ/ h)qaic(A) and the effective
asymmetry parameter n;. Figure 5 shows a contour plot of
the overlap between these two surfaces as a function of the
equilibrium population p.(i) and the relative ratio the site
populations between the two remaining sites. The region
plotted is for the experimentally relevant range (nq; = 0-0.08
and A = 1.0-0.82).

If QCCyppic is assumed to be 175 kHz and 5y, = 0, the
line shape observed for the dry dodecamer corresponds to A
~ 0.94 and 5.y =0.06. Inspection of Figure 5 reveals that
a rapid three-site trans—gauche isomerization with an equi-
librium population of pe(1) = 0.94, py(2) = 0.05, and p,(3)
= 0.01 (or equivalently pe(2) = 0.01 and pey(3) = 0.05) will
produce these averaged line-shape parameters. The contour
surface in Figure 5 also reveals the lack of possible solutions
for averaged line shapes with 74 = 0.06 and A < 0.89. Since
the line shape observed at 75% RH (W = 10.5) corresponds
to A = 0.87, a rapid three-site trans—gauche isomerization is
unable to simulate this or higher hydration levels. The lack
of a rapid trans—gauche isomerization within the backbone was
not unexpected on the basis of previous molecular mechanics
studies (Kollman et al., 1982) and molecular dynamics sim-
ulations (Levitt, 1983; Singh et al., 1985) in which the torsional
angle ¢ was found to be the least flexible. In the molecular
dynamics simulations of the dodecamer [d-
(CGCGAATTCGCG)], and other oligonucleotides, trans—
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FIGURE 5: Variation in the effective asymmetry parameter 5. and
the reduction factor A for a three site jump as a function of the
equilibrium population p(i) and the relative ratio of the remaining
fractions [peq(/)-Peqg(k)] ﬂp,qU) + pe(k)]. Contours are shown for
specific values of 54 0.02 (---), 0.0? (), 0.06 (—+—), 0.08 (—),
0.10 (---), and A (straight vertical contours); 0.96 (—), 0.94 (—-—),
0.92 (-), 0.90 (---), 0.88 (—). The solution (®,) corresponds to the
dry and 66% RH line shapes, the remaining hydration levels have
no possible solutions.

gauche conformational changes were not observed except in
terminal nucleotides. Small variations in the torsional angle
were observed during the 80~90-ps simulations with rms
fluctuations of 7° (Levitt, 1983) and 9-10° (Singh et al,,
1985). A recent 100-ps molecular dynamics simulation of
[d(CGCGAATTCGCG)], contrasted to these earlier inves-
tigations with the observations of correlated trans—gauche
isomerization at many different positions within the dodecamer
(Srinivasan et al., 1990). These correlated motions may av-
erage the 2H NMR line shape, but such effects were not
observed. Due to the inability of this three—site trans—gauche
isomerization model to explain the observed variation of the
line shape with increasing hydration, except for the limiting
case of the dry dodecamer, this motional model was not
pursued further.

The variation in QCC.y and 5y has been simulated by
various librational models in previous sugar and base inves-
tigations of the dodecamer. Since the static asymmetry pa-
rameter is assumed to be zero, the orientation of a librational
plane with respect to a molecular or crystal frame is only
possible from measurements on aligned samples. If the rate
of internal libration is rapid, anisotropic librations can produce
a nonzero effective asymmetry parameter 5. If additional
motions occur within the sample (see later discussion) the
orientation of these secondary motions can be described relative
to the librationally averaged EFG tensor, but absolute orien-
tation in a molecular or crystal frame will still require in-
vestigation of an aligned sample. While use of these models
involves arbitrary orientations, consideration of the molecular
or crystal environment may suggest preferred librational di-
rections.

The simplest model considered is a two-site libration of the
individual C-D bond (see Figure 3B). This model has been
used to describe the base and methylene dynamics in the
2’-deoxythymidine monomer (Kintanar et al., 1988) and the
sugar dynamics in 2’-deoxyadenosine (Huang et al., 1990)
along with the base dynamics in the labeled dodecamer
(Kintanar et al., 1989; Alam & Drobny, 1990a,b). Assuming
QCCyuic = 175 kHz and ng,;. =0.0, the reduction in QCC.4
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FIGURE 6: Variation in the effective asymmetry parameter ny and
the reduction factor A for a four-site libration as a function of the
half-angles 8, and ¢o. Contours are shown for specific values of ny;
0.06 (—), and A; 0.94 (—.—), 0.87 (-~), 0.86 (---), 0.82 (—).
Solutions for the different hydration levels are shown; dry and W =
4.3 (@,), W=10.5 (@), W=11.9(®;), W=16.3,and W = 20.5
(®;). Note that solution (@) is for nes = 0.0, which corresponds to
the graph diagonal.

for dry (W = 0.0) and 66% RH (W = 4.8) can be accounted
for by including a libration of 8, = 11.5 & 1° using eqs A6
and A7. The amplitude of this libration is similar to the rms
fluctuations observed in the molecular dynamics simulations
discussed above. When the relaxation expressions for a two-
site libration are used, the (7) of 505 ms for the dry (W =
0.0) dodecamer corresponds to a correlation time of 32 ps or
0.05 us, while at 66% RH (W = 4.8) the (T;) of 206 ms
corresponds to a correlation time of 85 ps or 0.02 us. As
observed in the monomer, the line shape is inconsistent with
the longer correlation times. Attempts to extend this libra-
tional model to account for the 12-kHz reduction in QCC
upon hydration to 75% RH (W = 10.5) were unsuccessful.
The large librational angle required to produce the motional
averaging results in an increased effective asymmetry param-
eter 7y (easily seen from inspection of eq A7), a trend not
observed experimentally.

Another possible model to describe the internal dynamics
in the DNA backbone is a biaxial four-site libration (see Figure
3QC), consisting of displacement in two perpendicular planes
(Brandes et al., 1988; Shindo et al., 1987; Kintanar et al., 1989;
Alam & Drobny, 1990a). The biaxial model was defined by
using 6, to describe librations parallel to the long helix axis
of the dodecamer and ¢, to describe librations in the plane
perpendicular to the helix axis. The variation in QCCygy; and
e With increasing relative humidity can be explained by
changes in 8y and ¢, using eq A8 and is presented as a contour
overlay in Figure 6. The value QCCyic = 175 kHz and 5y,
= 0.0 were used, and the line shape of the dry (W = 0.0) and
66% RH (W = 4.8) sample were simulated the 8, = 16 & 2°
and ¢y = 4 £ 2°. At 75% RH (W = 10.5) the librational
angles increased to 6, = 20.5 £ 4° and ¢y = 13.5 £ 4°, while
at 80% RH (W = 11.9) the angles were 6, = 22 £ 4° and ¢,
=15 % 4° At 88% RH (W = 16.3) 6, = 20.5 = 3° and ¢,
= 20.5 * 3°, which remained unchanged for 90% RH (W =
20.5). It should be noted that in the line-shape analysis the
angles were restricted to 6, = ¢, to fulfill the requirement 7
= 0. Inspection of Figure 6 reveals that for a given A and
e Only symmetry-related solutions (i.c., amplitudes of 6, and
¢, interchanged) are possible within the range investigated.

Alam et al.

Table II: RMS Deviation of Biaxial Libration with Relative
Humidity

sample?
RH% A B? ct D? E
dry 8x1° 5° 9° 12£2°
66 8§ 1° 7° 10° 10° 12 % 2°
75 11 %2° 17 £ 4°
80 11 % 2° 9° 12° 14° 19 % 4°
88 18 %+ 2° 5° 16° 21 £ 3°

%A = [methyl-*H]2'-deoxythymidine, [d(CGCGAAT*T*CGCQG)],;
B = [H8-?H)2'-purine, [d(CG*CG*A*A*TTCG*CG*)],; C = [H6-
2H]2’-deoxythymidine, [d(CGCGAAT*TCGCG)],; D = [2”-2H]2-
deoxyadenosine, [d(CGCGA*A*TTCGCG)]y; E = [5,5”7-2H,]2"-
deoxythymidine, [{(CGCGAAT*T*CGCG)],. ?Relative errors for li-
bration angles were not reported for these samples but are assumed to
be similar to the errors obtained for the methyl- and 5/,5"-labeled do-
decamer.

It is interesting to compare the root mean square (rms)
amplitude of the backbone deuterons obtained from this
four-site libration model to the rms amplitude observed in
previous ZH NMR investigations of the dodecamer. The rms
amplitude for the four-site jump is defined as

b2 + &p?

rms(6o,¢0) = > @)

The results through 88% RH (W = 15) are shown in Table
II. While the dynamic amplitude of the backbone deuterons
is always greater than that observed for the base or sugar
positions by 2—6°, it never greatly exceeds the amplitude of
base and sugar libration at any hydration level. Rill et al.
(1983) observed the effects of intermolecular interactions on
internal dynamics in the '3C NMR investigation of sponta-
neous ordering of DNA (147, 234, and 437 base pairs). At
concentrations as low as 6.5 mg mL™!, motions of the C5" were
slowed, while the dynamics of the C2’ remained rapid even
in the oriented phase. The concentration of the [5,5”-2H,]-
2’-deoxythymidine labeled dodecamer sample hydrated at 90%
RH (W = 25.5) was 940 mg mL™!. Due to the high con-
centration levels present, intermolecular interactions may
account for the similarity between the observed rms amplitude
of the backbone dynamics and the rms amplitude of the base
or sugar 2”.

Characterization of the local mobility in nucleic acids from
crystallographic data using a segmented rigid body model
found that the phosphate backbone has the largest rms am-
plitude in comparison to other groups of the nucleotide
(Holbrook & Kim, 1984). The eignevector clusters for the
librational matrix were determined for the dodecamer. The
rms amplitudes of the phosphate librations? were found to be
approximately 29° and 20°, while the librations of the ribose
were 32° and 22° and the base librations were 14°, 17°, and
18°. The magnitude of these librations is significantly larger
than those obtained from *H line-shape analysis using a
four-site librational model. These differences may be model
dependent or reflect conformational disorder and rigid body
librational disorder within the crystal.

The rate of these fast internal librations cannot be deter-
mined from analysis of quadrupolar echo line shapes alone
except for a lower limit on the rate. While the fast librations
have been modeled as a four-site jump, the exact nature of
the motion including the possibility of contributions from

2 The orientation of the librational eigenvectors is discussed in Hol-
brook and Kim (1984).
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FIGURE 7: 2H spin-lattice relaxation { 7)) as a function of hydration
level W (moles of H,0/mole of nucleotide) for various labeled positions
in the dodecamer. (@) [5,5”-2H;]2’-deoxythymidine labeled [d-
(CGCGAAT*T*CGCG)],, (m) [8-2H]gurine labeled [d-
(CG*CG*A*A*TTCG*CG*),], (O) [methyl-*H]2’-deoxythymidine
labeled [d(CGCGAAT*T*CGCG),], and (O) [2”-*H]2'-deoxy-
adenosine labeled [d(CGCGA*A*TTCGCG)],.

collective motions cannot be determined from analysis of line
shapes. A detailed investigation of spin—lattice relaxation at
various magnetic field strengths, along with separation of the
various spectral densities, would allow this problem to be
addressed. A recent study by Brandes et al. (1990), which
determined the spectral densities J,(wq) and J5(2w,) for or-
iented purine base labeled calf thymus fibers, hints at the
complexity of motions occurring in DNA. They found that
the large value of the J,/J, ratio ruled out the possibility that
in-plane torsional motions were the dominant factor in the
relaxation mechanism. It was also noted that at higher hy-
dration levels such torsional motions may have increasing
contributions. While such detailed analysis is not possible with
the present [,5-2H,)2’-deoxythymidine labeled dodecamer,
comparison of trends in the spin-lattice relaxation for various
positions of the nucleotide is possible. Brandes et al. (1986)
noted that the ratio between the IP relaxation obtained by
Mai et al. (1983) for the backbone, and the 2H relaxation of
the purine bases in calf thymus DNA was approximately
constant through hydration levels of W = 20. Similar trends
were noted by Huang et al. (1990) between the 2H relaxation
of the sugar 2” and the purine base (Kintanar et al., 1989)
within the dodecamer [d(CGCGAATTCGCG)],. These
trends suggest that the backbone, sugar, and base motions are
coupled. Similar comparisons can be made between all the
2H-labeled sites of the dodecamer. Spin—lattice relaxation time
as a function of hydration is shown in Figure 7. The variation
in relaxation for the various positions is similar from 66% RH
(W = 4.8) through 88% RH (# = 16.3) with the notable
exception of the methyl-labeled position. This last observation
is not surprising in that the relaxation of the methyl group is
strongly influenced by the rapid (10~50 ps) motion about the
C, symmetry axis. The trend in the relaxation of the re-
maining labeled positions suggests that, within the 12 base pair
oligonucieotide, the motions of the backbone, the sugar 27,
and the purine bases are similar. Analysis of *!P relaxation
within the dodecamer is presently being pursued in our lab-
oratory.
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While the fast four-site biaxial libration model describes the
reduction in QCC. ¢ and 7., it does not explain all the observed
variations in the line shape. Only the dry (W = 0.0) exper-
imental line shape was adequately simulated by using a fast
librational model alone. The invariance of fast exchange line
shapes to the quadrupole echo sequence pulse spacing is in-
consistent with the observed spectra of the dodecamer sample
at hydration levels above 66% RH (W = 4.8), which reveal
a loss of center intensity with pulse spacing. Similar changes
have been noted in previous investigations of 2H-labeled do-
decamers (Kintanar et al., 1989; Alam & Drobny, 1990a,b)
and are characteristic of anisotropic motions in the slow and
intermediate exchange regime.

The possibility of slow motion about the long helix axis in
addition to fast four-site internal librations was the next model
investigated. We have utilized a model of &V site nearest
neighbor jumps to portray restricted diffusion about the helix
axis described by the equilibrium

o Kk, Ko,
SITSPK-"T:S;: (®)
where S; represents the ith site and k;; is the jump rate between
sites 7 and j (Fujiwara & Shindo, 1985; Shindo et al., 1987;
Kintanar et al., 1989; Alam & Drobny, 1990a). If equal site
populations are assumed a global jump rate k can be used to
define a diffusion coefficient

Dy = koijz/z &)

where §; is the arc angle between successive sites. The effects
of the number of sites N and the jump size §; on the ZH NMR
line shape have been discussed previously (Wittebort et al.,
1987; Alam & Drobny, 1990a). In the present investigation
only a six-site jump model was used to simulate motion about
the helix axis, primarily to reduce computational time.

To model the effects of helix rotation on the line shape of
the [5%,5-2H,])2’-deoxythymidine labeled dodecamer, the
orientation of the EFG tensor with respect to the helix axis
needs to be considered. Assuming model B-form DNA, the
5’ and 5 C-D bond forms angles of approximately 38° and
71° to the helix axis. The orientation of the biaxial libration
was defined with displacements parallel to the helix rotation
axis being defined as §,. Different orientations of the biaxial
librations produced effects on the simulated line shape that
were small compared to the detail obtainable from the low
signal-to-noise ratio samples. The line shape at 66% RH (W
= 4.8) was simulated by including a slow six-site helix axis
motion at k = 1 kHz, 6; = 5°, corresponding to Dy = 3.8 5!
(Figure 2A). At 75% RH (W = 10.4) and 80% RH (W =
11.9) this helix motion increased to k = 6 kHz, §; = 5°, and
Dy = 22.8 57! (Figure 2B). At 88% (W = 16.3) the simulation
yields k = 10 kHz, 6;; = 20°, and Dy = 609 s~! (Figure 2C).
Even though the signal-to-noise ratio is highly reduced, the
line shape at 90% RH (W = 20.5) is consistent with k = 100
kHz, 8; = 20°, and Dy = 6092 s~! (Figure 2D).

The values for the rate and amplitude of helix motion were
quite similar to those observed in previous sugar and base
investigations of the dodecamer through 88% RH (W = 16.3).
The fact that for hydration levels through W = 20 the model
of fast librations combined with a slow helix motion can explain
the observed line shapes for all 2H-labeled dodecamers exam-
ined to date suggests that it is indeed a reasonable, while
perhaps not unique, model of dynamics in hydrated oligo-
nucleotides.

The high hydration level of 90% RH (W = 20.5) could not
be simulated with the values (k = 400 kHz, 8; = 60°) obtained
for the methyl-labeled dodecamer at 90% RH (W = 21.2),
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since these values produced a line shape with greater motional
averaging than observed experimentally. This hydration level
was not investigated for either the sugar-labeled dodecamer
(Huang et al., 1990), or the base-labeled dodecamer (Kintanar
et al., 1989). In the investigation of the methyl- and 2”-labeled
dodecamer at hydration levels of W > 20, contributions from
diffusion about an axis perpendicular to the long helix axis
were also employed to explain finer aspects of the experimental
data. The poor signal-to-noise ratio observed for the [5/,5”-
2H,]2’-deoxythymidine labeled dodecamer does not warrant
such a detailed analysis and was not considered further. This
inability to obtain rates that are consistent for the methyl- and
backbone-labeled dodecamer at 90% RH may reflect subtle
differences between the samples (i.e., hydration levels) or a
weakness of the simplistic six-site jump to describe helix
diffusion at higher hydrations.

CONCLUSIONS

In summary, the variation of the 2H NMR spectra for the
[57,5""-2H,] 2’-deoxythymidine labeled dodecamer [d-
(CGCGAAT*T*CGCG)], was studied as a function of hy-
dration level. With higher hydration levels there is a steady
increase in the librational amplitude modeled by using a
four-site jump model. The rms amplitude of this libration was
only slightly larger than the motional amplitude observed in
the sugar 2”- or base-labeled investigations. A quantitative
comparison of the base, sugar, and backbone relaxation re-
vealed similar trends as a function of hydration, suggesting
a similarity in the internal motions. At higher hydration levels,
slow motion about the helix axis must be included to account
for the observed experimental line shapes and is consistent with
previous 2H NMR studies involving the internal dynamics in
synthetic oligonucleotides. Investigations of the phosphorus
backbone using *'P NMR as a function of hydration and
oligonucleotide length are presently being pursued. Further
investigations involving [2”7-2H]2’-deoxycytidine and labeled
oligonucleotides are in progress.
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APPENDIX

Fast Exchange. If the motion is rapid on comparison to
wq !, the eigenvalues of the motionally averaged or quasistatic
EFG tensor PiAS replace the principal components of the static
VEAS, The equilibrium distribution P(Q) determines the
weighting for motionally averaging of the EFG tensor. For
the discrete processes considered here (Wittebort et al., 1987)

Vi = )7_,31’(9,-) V() (A1)

Expressions for the EFG tensor at a given site j are obtained
by using the orthogonal transformation

V(Q) = r'(Q)VPASK(Q) (A2)

If the EFG tensor is axially symmetric (5, = 0), it is de-

scribed in the PAS by
00
10 (A3)
o -2

vPAs _ _e
2

OO
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requiring only two Euler angles ¢, = (8,¢)) in the transfor-
mation to describe V(Q)).

V@) = _% X

1-3cos’ ¢;sin®6; /2 sin 2¢; sin” 6
3/2 sin 2¢; sin” §;
3/2 cos ¢; sin 26;

3/2 cos ¢; sin 26;
1-3sin? o sin® 8; -~3/2sin ¢ sin 20;
-3/2sin¢;5in 20; 1-3cos 6;

(A4)

The averaged EFG tensor resulting from a two-site libration
or a two-site flip with a half angle of 6, is obtained by using
eqs Al and A4 and is given by

_ e [ 13 sin?8, 0 E{y(3/2)sin 26,
Ve-—|0 10 (A5)
E12(3/25in 20, 0 1-3cos®g,

where the sum or difference of equilbrium site populations is
defined as S,f = [peg(¥) £ peg(/)]. With diagonalization of the
matrix shown in eq AS and use of the definition |V,,| < |V,
< V.l and 5 = (Vi = V,,)/ V.., expressions for a two-site
libration are easily obtained and are similar to expressions
previously reported (Pratum & Klein, 1989). For small angles
of libration, 0° < 8, < 35.3°, the reduction in the effective
quadrupolar coupling constant and the effective asymmetry
parameter are given by

A = (€29Q/ h)esi/ (€2Q/ M)suaiic = Pa(cos 8g)  (A6)
Negr = [1 — Py(cos 6y)] / Py(cos bp) (A7)

where the ratio of the averaged over the static coupling con-
stants are denoted as A. Expressions for a four-site libration
with displacement in two perpendicular planes were obtained
in a similar manner. For displacements of %8, (sites 1 and
2) and ¢, (sites 3 and 4) the averaged EFG tensor is

- eq

= —— X

B3y + Elp(1-3sin%6) 0 E72(3/2) 8in 6,

0 Bl + E34(1 -3 sin? dp) —E34(3/2) sin 249

€12(3/2) sin 26, —E34(3/2) 8in 2¢¢ EiH1-3 cos? 6p) +
E34(1 - 3 cos? ¢p)

(A8)

Diagonalization of this matrix allows determination of QCC,y
and 7 for a given range of 8, and ¢,. A contour of solutions
of A and 7. is presented in Figure 6.

A three-site trans—gauche isomerization defined by the
angles ¢, = 0°, ¢, = 120°, ¢3 = 240°, and § and the popu-
lations pey(1) = 1 ~ £3; results in the averaged EFG tensor

V=-—x
2
Peq(1X1-34in?8) + -E33(3V3/4)sin?6  Peq(1X3/2)sin 20
31— 3/46in?8) —£$x3/4 ) sin 20
~E54(3V3/4) sin? @ Peq(1) + —E35(3V3/4) sin 20
E3x1 - (9/4) sin 2 0)
Peq(1X3/2) sin 26 ~Ey(3V3/4)8in20 1-3cos’ @
—£35(3/4) sin 20

(A9)

A contour plot for solutions of A and 7. is presented in Figure
5.
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SUPPLEMENTARY MATERIAL AVAILABLE
A description of the procedures used in the synthesis of
2H-labeled deoxythymidine derivatives and in the synthesis
and purification of the DNA dodecamer (2 pages). Ordering
information is given on any current masthead page.
Registry No. d(CGCGAATTCGCG),, 77889-82-8.
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