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Summary

In order to examine the internal dynamic processes of the dodecamer d(CGCAAATTTGCG),, the “C-
enriched oligonucleotide has been synthesized. The three central thymines were selectively “C-labeled
at the C1' position and their spin-lattice relaxation parameters R(C,), R(Cyy), R(H,—C,), R(2ZH,C,),
R(ZH;Cy ) and R(HS) were measured. Density functions were computed for two models of internal
motions. Comparisons of the experimental data were made with the spin-lattice relaxation rates rather
than with the density functions, whose values were altered by accurmulation of the uncertainties of each
relaxation rate measurement. The spin-latlice relaxation rates were computed with respect to the motions
of the sugar around the C1'-N1 bond. A two-stale jump model between the anti- and syn-conformations
with Planti)/P(syn) = 91/9 or a restricted rotation model with Ay = 28° and an internal diffusion coeffi-
cient of 30 x 10" s™' gave a good fit with the experimental data. Twist, tilt or roll base motions have little
effect on “C1' NMR relaxation. Simulation of spin-rclaxation rates with the data obtainad at several
temperatures between 7 and 32 °C, where the dodecamer is double stranded, shows that the internal
motion amplitude is independent of the temperature within this range, as expected for internal motion.
Using the strong correlation which cxists in a B-DNA structure between the ¢ and & angle, we suggest
that the change in the glycosidic angle value should be indicative of a sugar puckering between the CI'-

exo and C2'-endo conformations.

Introduction

Several studies have shown that DNA exhibits poly-
morphism and is commonly involved in a conformational
equilibrium in solution. NMR relaxation experiments can,
as a rule, provide a detailed description of nucleic acid
dynamics. This is often accomplished using T,, T,, and
NOF experiments which are related to the spectral density
functions describing such motions at a number of frequen-
cies. These data depend on the global and internal dyna-
mics of the macromolceule, as well as the distance between
the mucleus under study and its surroundings. Several
attempts to describe internal motions of the backbone
(Hogan and Jardetzky, 1979,1980; Keepers and James,
1982), of sugar repuckering (Keepers and James, 1982;
Borer et al., 1994) or of base-pair opening (leroy et al.,
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1985; Gueron et al., 1987; Briki et al., 1991) have been
published to date. Precise conclusions were, however, dif-
ficult to deduce from these studics because several mo-
tions imply a change in orientation and distances which
must be simultanecusly taken into account to reflect the
experimental data. In order to facilitate determination of
dynamics, a pair of nuclei having a fixed distance must be
selected, such as H2'-H2" for the sugars or H5-H6 for the
bases. Due to the rotation of the methyl group around
the C-C bond of the thymine, the choice of the H6-CH,
vector is more tedious. Moreover, the analysis of these
data is greatly facilitated if only one neighbouring nucleus
is involved in the relaxation process. Therefore, “C-'H
NMR is the best choice to investigate the dynamic pro-
cess. In order to increase the low natural abundance of
the isotope, selectively "*C-labeled molecules are required.
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We present here an NMR investigation of the C1-H1'
dynamic processes in the oligonucleotide d(CGCAAA-
TTTGCG),. Several studies have been devoted to the
crystallographic structure of the oligonuclectide alone
(Edwards ¢t al., 1992) or complexed with drugs (Coll et
al., 1987; Brown et al., 1992; Tabernero ¢t al., 1993; Vega
et al., 1994). Its crystallographic structure has been solved
1o 2.2 A resolution (Edwards et al., 1992} and the helix
was described as a right-handed B-DNA type. This con-
clusion is in agreement with the results of NMR studies
of the oligonucleotide alone in solution (Gaudin, F. and
Lancelot, G., unpublished data) or complexed with dista-
mycin (Pelton and Wemmer, 1989). In order to investi-
gate some aspects of the internal dynamics of B-DNA,
the oligonucleotide d(CGCAAATTTGCQG),, selectively
3C-labeled on the three central thymine residues, was syn-
thesized and rates of the six relaxation parameters were
measured. We present models of internal motion which
support the experimental data.

Materials and Methods

The natural oligonucleotide d{(CGCAAATTTGCG)
was purchased from Eurogentec (Seraing, Belgium) and
purified by HPLC methods. The [1'-C]-dT was prepared
by N-glycosylation in a Vorbriiggen-type procedure (tri-
methylsilyl-trifluoromethanesulfonate as a promoter, 1,2-
dichloroethane as solvent) of the silylated nucleobases
with [1'-”C]-phenylsulfinyl-2,3,5-iri-O-benzoyl-3-D-ribo-
furanoside, available in four steps (77% overall yield)
from commercial [1-"C]-D-ribosc (99% "“C-enriched,
Centre d’Etudes Nucléaires, Saclay). The required 1-""C-
labeled oligodeoxynucleotide was prepared on a Pharma-
cia automatic synthesizer via phosphoramidite chemistry
using the classical unlabeled or [1'-"C]-labeled deoxynu-
cleotide 5'-O-dimethoxytrity!l-3"- O-(B-cyanoethyl-N, N-di-
isopropylphosphoramidite) building block (Vorbriiggen et
al., 1981; Robins et al., 1983; Sinha et al., 1983; Chante-
loup and Beau, 1992). After deprotection, the oligodeoxy-
nucleotide was purified by anion exchange chromatogra-
phy on a mono Q-column (Pharmacia) and analyzed by
reversed-phase HPLC.

NMR samples

Oligonucleotide solutions were passed through a
chelex-100 column to remove paramagnetic impurities
and adjusted to pH 7.0, then lyophilized {rom D,0 and
dissolved in 1,0 containing 0.1 M NaCl. The NMR
samples {3 mM) werc degased and were kept in sealed
tubes.

IMR spectroscopy
NMR. experiments were performed between 7 and 42
°C on a Bruker AMX=500 spectromeier and processed on
an X32 computer. All data sets were recorded as 256 x

1024 real matrices. For each t, value, 64 scans were col-
lected with a relaxation delay of 1.8 s between transients,
¢xeept for R(H,—C;) measurements where the relaxation
delay was 5 s. The matrix was zero-filled along the t, axis
and multiplied in the F2 direction by a Gaussian function
and in the F1 direction by a sinus [unction, shifted by
/4. The Fourier-transformed spectra were baseline cor-
rected in both dimensions with a second-order poly-
nomial. The cross-peak volumes were calculated with the
integration routines of the UXNMR software package on
the Bruker Aspect X32 worksiation.

Relaxation vate measuremeitts

The rclaxation rates of R(C,), R{(Cyy), R(H,—=C,),
R(2H,C,), R(2ZH,Cy y) and R(HY) were measured follow-
ing the pulse sequences described before (Kay et al., 1992;
Peng and Wagner, 1992). Heteronuclear spin-lock and
proton irradiation during the relaxation period were used
in order to decouple the cross-relaxation pathways during
the relaxation experiments, and to approach monoex-
ponential behaviour as closely as possible (Bovd et al.,
1990; Palmer et al., 1991; Peng and Wagner, 1992). T,
and T, curves were fitted as described in Fig. 1. In order
to estimate accurately the heteronuclear NOE value,
R(H,—C;} was measured for cross-relaxation delays of
800, 1200, 1600 and 2000 ms. The R(2H,C;) value was
fitted with 13 data points at 0, 20, 40, &0, 80, 100, 110,
140, 170, 200, 300, 400 and 600 ms The R(ZH,C, )
value was fitted with 13 data points at 0, 0.52, 2.6, 13, 26,
39, 52, 65, 78, 91, 104, 130 and 156 ms. The R(HS) value
was fitted with 13 data points at 0, 10, 50, 100, 150, 200,
250, 300, 350, 400, 500, 600 and 800 ms.

Curve fitting was performed using a least-squares pro-
gram (Lancelot, 1977) to minimize the value of ¥’, given
by:

X = ZwTa)-10f

In this equation, I, and I, are the experimental and
calculated values at time t,, w, is the weight of the data
and n is the number of time points recorded. w, is in
theory equal to 1/c?, where o; is the uncertainty in the
experimental data point i. By repeating the same experi-
ment several hundred times, ¢, can be computed. Since
this test is not practically feasible, we have cstimated ¢
following two methods. First, w; was taken equal Lo one
for each data point. 6 was then estimated for each ex-
perimental data point from the smaller ¥* computed, and
w; taken as |L/I (1) ~1,()f". Uncertainties in the optimized
parameters were obtained from the covariance matrix of
the optimized model. By taking w, = 1 for all i, the relax-
ation time uncertainties were overestimated, thus the
optimized w, led to an underestimation of uncertainties.
This procedure has the advantage of restricling errors.
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Fig. 1. Examples of relaxation curves resulting frem T, (a) and T,, (b) experiments at 22 °C. {a) T, fit consisting of 14 points at 0, 50, 100, 200,
300, 400, 500, 600, 700, 800, 1000, 1200, 1400 and 1600 ms. The T, fitted valuc was 462 + 20 ms in a 90% confidence interval; (b) T,, fit consisting

of 12 points at 0, 2.6, 6.5, 13, 26, 39, 52, 65, 78, 91, 104 and 136 ms. The T, fitted value was 49 £ 5.2 ms in a 90% confidence interval.

The second way to estimate w, is to test the distribu-
tion of (i) — T.(i} by running several experiments. A 300
data point set was examined and the distribution of errors
¢stablished. Then, for typical valucs of the parameters I,
I, and T, 500 data sets were generated by adding simu-
lated errors F, to theoretical points: 1(t) = 1, + 1e™". E,
values were chosen al random [rom the experimental
distribution using Monte Carlo simulation. The statistical
propertics of the rclaxation paramcters were assurmed to
be equal to the properties of the experimental distribu-
tion. The computed uncertainty in the T, value was then
given on a 90% confidence interval.

Typically, the adjustment of w; leads to an uncertainty
in the range 12-20 ms for a T, valuc of 462 ms; the
Monte Carlo simulation gives uncertainties ol £13, £20
and +34 ms for confidence intervals of 75, 90 and 93%,
respectively (Fig. 1). The high uncertainty value obtained
at 95% (as comparcd to 90%) was induced by the small
number of experimental data points (300) used to test the
experimental error distribution.

Theory

The density function can be expressed as follows
(Abragam, 1961):

I () =2 f G (Wedr (1)

where the correlation function G(1) is given by:

Gy() = (L) p(€2;€2,,7) F(Q)) F(L2,) @

The functions F(€2) are related to the spherical harmonic
Y! by:

f16
Ky
FE - iV/ % v (3)

F&E - + Egﬁyﬂ
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p(€3,) is the probability to find the internuclear vector
in the Q, direction at time t and p(£2,,Q2,,7) is the condi-
lional probability to find the internuclear vector in the €2,
direction at time t + 1 if it was in the Q, direction at time t.
The spherical harmonic Y7(€,) is related to Y7(Q,) by:

-1

Y = X Y Q) Dy, (efiy) )

m'=—]

where D!, (0,B,y) are the Wigner matrix elements with
the Euler angles «, B, v (Rose, 1957) and Q are the angu-
lar coordinates (6,¢).

Combination of Egs. 1-4 gives the relation:

1 (o) = 2K, J' P, P(,;0,7)
4]

+2 +2
z E qum(ﬂl) qum' (Qg) ¢ e dT Y[m(gl) Ylm(S22)

m==2 m'=—2

()

with K, = 16n/5, K, = 8n/15 and K, = 32n/15.

When the internal motion is not correlated to the
global tumbling motion of the cylinder, the expression of
the density function can be written as the sum of the
relaxation processes generated by the global and internat
motions. In one of our models, the internuclear vector
can jump between two sites inside a rigid cylinder. The
densily functions can then be written as follows:
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where (Q,) and (€,) represent the Euler angles which
describe the two positions of the vector versus a frame
fixed to the molecule.

When the overall motion can be modeled as the aniso-
tropic motion of a cylinder,

T,p=6D +n°(D—D) -

nl"rn0+?"'

D, and D are the longitudinal and transversal diffusion
coefficients.

The conditional probabilities have been computed by
the method of Wiltebort and Szabo (1978) using the
velocity matrix [K]. For a two-state jump model:

p{L&1,00| _ p(1,51,0)
L%z,t;l,m} = [K] L, (thoj ®
with

K, +K,
4K, K,

and ¢, = kK /(k, + k), ¢y = -kyfk, + k), pit = kot lk, + k),
pt=k/k, + k) and A = k, + k.
p5® and p5? represent the equilibrium populations of the
two sites and c,,, ¢, and A are the eigenvectors and the
eigenvalues of the velocity matrix [K| which describes the
transition between the two states, Q, and Q, arc then the
azimuthal angles 8 of the vector *CI'-'H1' in the two
conformations; for example, in the syn and anti confor-
mations of the base, 8, = 65° and 0, = 123°, respectively.
The second model is related to a restricted diffusion of
a veclor between the angle 8 + AO. The expressions of
p(Q,,Q,,7) published by Wittebort and Szabo (1978) were
used. J(w) was computed from:

I =K z Y3 Er]n(e A6)—— (9)
n-—2
% =6D, +n?(D,- D)+ D (10)
. D,n*n’ an
A

where D, is the internal diffusion coefficient of the vector
between the angle 8 and 8 + AO. The series expression
I',(0,A8) converges rapidly and only the first 10 terms
were required. Its expression is given by relation 3.12 in
the paper of Wittehort and Szabo (1978).

Results

BC spin-fattice relaxation raie measurements

The expanded "H1'-“C1' region of the HSQC spectrum
of the "C-labeled oligonucleotide shows three strong PC-
'"H connectivities, corresponding to the “C-labeled central
thymines (not shown). Their assignments were made using
the already assigned H1' resonances and verified in an
HMQC-NOESY spectrum (Lancelot et al., 1993). In
order to obtain information on the presence of internal
motion of the vectors C1'-HI', the spectral density func-
tions of rotational motions can be mapped as proposed
by Peng and Wagner (1992).

The relaxation rates R(C;), R(Cy ) and R(H,—C,)
are a linear combination of five density functions. In
order to compute them in this uader-dimensioned sys-
tem, J(wy — ©c) and J(wy + ) can be approximated as
Hoy). The resulting computed density fumctions are
given in Table 1, Another way to compute the density
functions is to measure three more relaxation rates:
R(2H,C;), R(2H,Cx+) and R(HE) (Peng and Wagner,
1992). In principle, the six relaxation rates can be ex-
pressed as a system of linear equations with six un-
known parameters: J(0), o), Hoyg), J(og - o), J(ay
+ wp) and pyc™. The last term represents the spin-lattice
relaxation rate of the H1' proten duc to other protons.
It consists of spectral density functions J which describe
the motion ol vectors joining the various H-H proton
spin pairs. For the HI1' proton, these vectors can be
approximated by HI-H2", whose length (2.3 A) is
almost independent of the conformation of the sugar
and which is shorter than the other proton—proton dis-
tances (HI-H6 = 3.6-3.8 A, H1-H2' =3.1 A, HI'-H3' =
3.8 A, HI-H4' = 3.1 A). The relaxation of the nonequi-
librium HY magnetization can then be approximated by
an exponential decay to vield R(HS). The corresponding
computed density functions are given in Table 1. Unfor-
tunately, uncertainties in the relaxation rates induce
large absolute errors in the different density functions.
For example, J(m;) is computed from a combination of
five relaxation rates:



J(w,) = I

In this expression R(Cy ()} and R(2H,Cy ) are in the
range 20 £ 1.9 s”', with an uncertainty much larger than
the resulting value of 12.d.J{wy) which is 0.58 s (d = 6 x
10° 572 for 1o, = 1.07 A and Jw,) = 0.008 x 107 s from
Table 1). Thus, an important uncertainty alfects the J
value, as shown in Table I: J(my) = 0.022 + 0.075 x 107
s. Consequently, although mapping the spectral density
functions gives information about the presence of internal
motion for a given vector and the time scale on which
this motion occurs, it cannot be used here to describe the
motion that occurs. Another way to test the internal
motions model is to compute directly the relaxation rates
and to compare them with the experimental values. This
method avoids the accumulation of uncertainties of the
different experimental relaxation rates.

The relaxation rates computed with a global correla-
tion time of 4.80 ns, an effective correlation time less than
or equal to 16 ps and a parameter order of 0.831 are in
better agreement with the experimental data than the
computed values using the fumbling rigid sphere model
(Table 2). Although this Lipari-Szabo rclation (Lipari
and Szabo, 1982a,b) was model independent and the
global tumbling motion could be described by only one
carrelation time, the computed parameters give evidence
of rapid internal motion. A more realistic model has to
take into account the cylindric global shape of the dode-
camer. Tt can be modeled by a ¢ylinder with a length of
12 times 3.4 A (L = 40.8 A) and a diameter D of 20.5 A
(Eimer et al., 1990). Then, the simulated NMR cross-

%1 (-R(C)+ 2R (Cyy)~ 2RQILL

whn
[#%)

o)+ RILCH+ R(HZ) (12)

relaxation monitors the reorientation of a cylindrical
molecule aboul its long and short molecular symmetry
axes. Tirado and Garcia de la Torre {1979,1980) gave the
expression for the translational Dy and rotational D, dif-
fusion coefficients of rod-like molecules for 2 £ L/D < 30.
We have used these relations to compute D|/D, = 2.2 and
the final diffusion coefficient values were adjusted to give
the best fit with the experimental data. Three correlation
times contribute to the simulated effective correlation time
for a vector (sec Eq. 7) whose orienlation is determined
by its azimuthal 6 angle with the long axis of the cylinder
(Table 2).

Maodels of relaxation processes

A careful computation of the spin-latiice relaxation
rates of C1' must consider all possible orientations of the
vector C1'-H1'. These motions are the result of correlated
motions of the base and of the motion of the sugar rela-
tive to the base. First, we computed spin-lattice relaxation
rates by taking into account the rotation of the sugar
with respect to the C1'-N1 bond.

Crystallographic (Saenger, 1984) and NMR data
(Wiithrich, 1986) indicate that in oligonucleotides, two
stable conformations, anti and syn, are present. Further-
more, Drew et al. (1981) reported that in many cases, the
deoxyribose ring appears to be rocking about the CI'-N
bond. Consequently, the internal dynamic effect of the
C1'-H1' vector was simulated using two internal motion
models. The first one describes the effect of a jump be-

TABLE 1
EXPERIMENTAL AND THEORETICAL DETERMINATION OF SPECTRAL DENSITY FUNCTIONS
JHO) Ho,) Jwg - o) J(an) Ty + ) puc”

Experimental

(a) 1.45 +0.18 0.110 £ 0.005 (.0038 0.0038 0.0038

() 1.48 £0.20 0.082 + 0.012 0.047 + 0.019 0.022 £ 0.075 0.011 £ 0.003 19+13
Theoretical

(©) 1.44 0,160 0.020 0011 0.0070

(d) 1.54 0.160 0.019 0.011 0.0070

(e) 1.60 0.106 0.013 0.008 0.0056

iy 1.38 0.100 0.013 0.008 0.0053 3.03

() 1.59 0.105 0.013 0.008 0.0052 3.03

The experimental J(w} were calculated (in 107 s) using:

(a) The spin relaxation rates R(Cyy), R(C;) and R(H,—C;) and the apprommatlon Joy, —
the uncertaintics in J(wy — o), J(oo,) and J(wy + ®.) are not indicated.

(b) The six spin relaxation rates.

o) = J(w,) = I(m, + ). Due to this approximation

The theoretical J(w0) were calculated, using the relation J{w) = 2/5 #/(1 + w*t™):

(¢) For a tumbling rigid sphere, T = 3.61 ns.
(d) For a tumbling rigid ¢ylinder: DH =6.69 x 107 57";

0 =25 (1 + @*%); 1)'= 6Dy =D, + 5D ; 1,'= 41‘)” +2D..

() By the Lipari-Szabo expression: 1, = 4.80 ns; 1, = 16 ps; S =0.831; J(w) =
{f) For a jump belween two states inside & tumbling ovlmder Dy=35.09%10s"

(g) For a restricted rotation model: Dy = 4.79 x 107 5
The chemical shift anisotropy = —40 ppm for all models

=3.04 x 10757, 0 = 65° J(w) = 1/4 (3c0s* 6 — 1)i(t,) + 30570 sin 2Bj(1,) + 34 sin® 6 j(1,);

2/5(Stl(1+m2'c?)+{l— 1)’6/(1-0—0)’[‘
;D =231 %1078 k =09 ps7; k, =9.1 ps’; 9, = 65% 6, = 125°.

D =218 x 10" s 13»._30><101 LAy = 28°.
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TABLE 2

EXPERIMENTAL AND COMPUTED SPIN-LATTICE RELAXATION RATES

Relaxation rates (s™') R(Cxy) R(C.) R(H,—C,) R(H,Cyy)  R(ZHCY R(HY)
Experimental 204+1.9 2.16+0.09 0.119+0.017 231419 4.96+0.2 4.16£0.4
Rigid sphere (a) 204 3.20 0.139 233 6.16 3.65
Rigid cylinder (b) 20.4 3.18 0.137 23.0 591 347
Lipari-Szabo (c} 20.4 2.16 .11 23.1 4.86 3.12
Tump between two sites (d) 204 2.18 0.110 233 510 3.46
Restricted rotation madel (e) 20.4 2.17 0.110 233 5.09 346
Contribution of CSA (f) 0.4 0.03 0 0.4 0.03 0

The measured C relaxation rates and NOEs were the same for the three thymines T,, Ty, T, within experimental error. Averages at 22 °C were:
T, =49:52 ms, T, = 462£20 mg NOE = 1.220.], R72H,Cyy) = 4334 3.6 ms, R(2H,C,) = 201 =8 ms, R™(TLY) = 240 £ 23 ms. Small
variations from the average, within experimental uncertainty, were detected for the three thymines. T,, was measured with a *C radio frequency
offset lower than 20 Hz. When the “C carrier frequency differed from the *C1' frequency by more than | ppm the accuracy of R(Cyy) was

improved by correcting the effective spin-lock field using Eq. 19 of the paper by Peng et al. (1991).

The computations were made using:
(a) The model of a tumbling rigid sphere with 1, = 3.61 ns.

(b) A tumbling rigid cylinder with I, = 6.69 x 107 s7; D, =3.04 ¥ 107 s,
{c) The Lipati-Szabo approximation with 7, = 4.80+0.01 us; 7, = 16 ps; 5* = 0.831 £0.008.
(d) A two-state jump model inside a rod-like cylinder; 6, = 63°, 8, = 125° with D =506 x W s D =231x 10757 k, =09 ps™; k, = 9.7 ps.

{c) A restricted ratation model with Dy =479 x 107 575 D, = 2.18 % 10757; D; = 30 x 107 57

Ay = 28°.

(f) The “CI' chemicai shift anisotropy has been taken as —40 ppm, in agreement with known values for ethanol Ac =-28.5 ppm (Pines et al., 1972),

dicthyl ether Ac = —45.5 ppm (Pines et al., 1972), L-threonine Ac =

—26.95 ppm (Janes, 1983), L-serine Ag = —35.5 ppm (Naito, 1983). The

contribution to the CSA of the varicus relaxation times is given for the two-state jump model with the parameters (d) ar for the restricted rotation

model with the paramciers (e).
For all models, g,c? = 3.85 7

tween two stable conformations. The second model allows
a restricted diffusion around the glycosidic bond of the
CI'-H1' vector between the angles ¥y + Ax. In the jump
model, one of the two states 8, was fixed using the direc-
tion of the vector C1'-HI" in a canonical B-type structure
of the dodecamer. The spin-lattice relaxation rates com-
puted for an anti population and a 0, value of 125°,
corresponding to a syn conformation of the torsional
glycosidic angle, are given in Table 2. The best fit for
R{Cxy), R(C;) and R(H,—C;) was estimated for an anti
population of 91% (Table 2). The computed R(2I1;Cy ),
R(ZH,C,) values were also found to be in agreement with
the experimental data. The computed R(HS) value (3.31
s) was found to lie outside the experimental range of
3.76-4.56 s7'. This discrepancy is explained by the fact
that the experimental R(HS) value was deduced from a
monoexponential analysis of the data curve, whereas this
relaxation process is highly multiexponential due to the
number of protons surrounding the H1' proton.

Using the restricted rotation model, the best fit was
obtained for a variation of the glycosidic angle Ay of 28°
(Table 2). The relative contribution of chemical shift
anisotropy to the various relaxation times was less than
2% (Table 2).

Influence of voll, tilt and twist motions of the bases on spin
relaxation rates

The influence of roll, tilt and twist motions of the
bases on CY' spin-latiice relaxation rates was invesii-
gated using a iwo-restricted rotation model. The first
restricted rotation describes the local motion of the bases
around the suitable diffusion axis. This axis was taken
perpendicular to the base plane for twist motions, or in
the basc plane for roll (C6(dT)-C8(dA)) or tilt (pseudo-
dyad axis) motions. The second restricted rotation
describes the motion of the CI'-H1' vector around the
glycosidic bond. The resulting spin-lattice relaxation rates
were computed for several amplitudes and diffusion coef-

TABLE 3
CONTRIBUTION OF TWIST, TILT AND ROLL BASE MOTIONS TO SPIN-LATTICE RELAXATION RATES

A8 R(Cyy) R(C,) R(H—=Cp) REH;Cxv) R(ZHCy) R(HZ)
Twist £5° 20.29 2.15 0.108 23.22 5.09 3.47
(a) +10° 19.86 2.09 0.106 279 5.04 346
Tilt or roll £5° 20.29 2.15 0.108 2322 5.10 3.48
(b) *10° 19.85 2.12 0.106 218 5.06 347
© 20.40 2.17 0.110 233 5.11 348

A@ is the amplitude of the motion,

(a) Twist motion (A8} and restricted rotation around the CI1-N bond with Ay = 28°,
(b) Tilt or roll motion and restricted rotation around the CI'-N bond with Ay = 28°.
(c) Best fit of spin-lattice relaxation rafes computed with a restricted rotation model; twist £5°, tilt £ 5°, roll £5°, Ay =25°, D, = 30 x 107 <™.



ficients of the base motion (Table 3). A comparison with
the results of Table 1, which take into account only the
rotation about the glycosidic bond, shows that small
amplitudes (5-10%) of roll, tilt or twist motions induce
weak variations in the spin-lattice relaxation rates. More-
over, for these amplitudes the computed rates were almost
insensitive to the diffusion coefficient in the range ol
0.3-300 x 10" s

Effect of temperature on internal motions

Under our cxperimental conditions, the T, of the
dodecamer was measured to be 55 °C. The observed
variation of base proton chemical shifts showed that more
than 95% of the strands were self-associated below 32 °C.
Tn order to examine the temperature effect on internal
motions, the spin-lattice relaxation rates were measured
at several temperatures. Raising the temperature from 7
to 32 °C decreased the R(Cyy) value by 68% and
increased the R(C,) value by 149%. The internal motion
parameters obtained at 32 °C fitted well the experimental
data obtained at 7 °C using the two-state jump model or
the restricted rotation model (Table 4) when the D, and
D>, values were increased by 196%. This demonstrates
that fowering the temperature has the well-known effect
of increasing the viscosity of the DNA solution, but the
amplitude of the internal motions is not aflected by this
25 °C change. The diffusion coefficient of these motions
is equal to about 10 times the global diffusion coefficient
of the oligonucleotide. These data are in agreement with
the expected low energy barriers for internal motions and
represent a good test for the wvalidity of our models.
Above 32 °C, the two strands of the oligonucleotide were

TABLE 4
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not completely associated and fitting data with the inter-
nal motion model inside a cylinder failed, as shown in
Table 4.

Mapping of spectral density functions using relaxation
Measirements

When models of internal motions are available, a com-
parison of computed spin-lattice relaxation rates with the
cxperimental data is the best way to test the validity of
the assumptions. Unfortunately, internal dynamics can be
the result of numerous internal motions and the map of
spectral density functions can then be very useful for
obtaining information on internal motions, despite the
complexity of the physical system.

On the one hand, the approximation J(wy) = J(wg T
) is based on the fact that J{wy,) slowly varies with the
frequency. In fact, our data (Table 1) show that J{wy —
) is 1.5 times higher than J(wy) and that J(wy) is also
about 1.5 times higher than J{wy + «). Consequently, the
computed J(my) and J(o; + @) values are underestimated
by this assumption.

On the other hand, the I{(w,) values deduced from the
six refaxation rates contain errors as a result of the analy-
sis of R(HS) data. Their decrease with the relaxation
period was analyzed as monoexponential behaviour, but
several protons participate in the H1'—H magnetization
transfer. Although the H1'>H2" transfer is more efficient,
nmumerous other ways exist, such as HI'—-HS§, HI'—=H?2',
H1'—H3' and H1'>H4' transfers. Fitting of the R(H)
data, using a combination of several exponentials, failed
beeause good fits were obtained with different parame-
ters. Consequently, the computed R(HS) value was over-

EXPERIMENTAL (1) AND SIMULATED VALUES OI' SPIN-LATTICE RELAXATION RATES FOR THE TWO-STATE JUMP
MODEL (b) AND THE RESTRICTED ROTATION MODEL (c) AT SEVERAL TEMPERATURFES

T Model D, b, k, (ps™')* k;, (ps”')* R(Cy+) R(Cx) R(Hz—=Cp
(107 5™ (107 s™) ar D, (1075 or Ay " s ™

7 (a) 38.0+35 1.06+0.04 0.074 40,010
(b) 2 .40 1.09 12 8.8 38.0 1.06 0.068
©) 2.38 1.08 30 30 38.0 1.14 0.071

12 (a) 20027 1.54 £0.06 0.081£0.011
) 348 1.57 0.9 9.1 29.0 1.56 0.082
(©) 3.27 149 30 28 29.0 1.55 (.082

22 (a) 204119 2.16+0.00 0.119+0.017
(b) 5.09 2.31 0.9 9.1 204 2.18 0.110
() 479 2.18 30 28 20.4 2.17 0.110

32 @) 142+1.3 2.64x0.11 0.152£0.021
(b) 710 3.23 1.2 8.8 14.2 271 0.145
(c) 7.07 3.21 30 30 14.2 2.88 0.154

42 {(a) 121=1.1 294012 0.159+0.022
(b} 8.14 3.70 1.4 8.6 12.1 2.38 0.16t
(c) 7.90 1.59 30 34 12.1 297 0.178

(a} = experimental; (b) = jump between Lwo sites; (c) restricted rotation model.

" k, and k, arc cxchange rates for the two-state jump model {b).

> Ay, and D are the angular fuctuation around the CI-N bond and the internal diffusion coefficient for the restricted rotation model (©),

respectively,
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estimated and the resulting J(wy,), J(®, = o.) values as
weil.

To minimize the systematic errors introduced by the
two methods, we propose, when internal motion models
are not available, to evaluate J(m,) by averaging the two
computed sets of data. When the models can be used,
measurements of the three relaxation rates R(Cy ), R(C;)
and R(H,—C,) are sufficicat to investigate the internal
dynamic process.

Discussion

A pood fit of the R(Cy,}, R(Cp), R(H,—C,),
R(2H,Cy v} and R(2ZH;C;) values has been obtained using
a two-state jump model between the anti and syn confor-
mations, with P{anti)/P(syn) = 91/9 and an internal ¢orre-
lation time of 10 ps, or a restricted rotation model
around the glycosidic bond with Ay = 28° and a diffusion
coefficient of 30 x 107 ', The ‘eflective internal correla-
tion time’ in the range of 10 ps is in agreement with the
value estimated by Borer et al. (1994) for sugar and base
(30-300 ps) and with the value computed by Briki and
Genest (1993) for the Ci'-N1 vector (1 = 17.4 ps). The
amplitudes of the motiens are in agreement with the
generalized order parameters (87 = 0.92 for H5-H6 and §°
= 0.90 for H6-H1") calculated from molecular dynamics
simulations on the DNA octamer d(GCGTTGCG)-
d(CGCAACGC) (Koning et al., 1991) and with the daia
of Withka et al. (1992) who computed a +18° azimuthal
angle change of the H6-H1' vector around an average anti
conformation for the dC, residue using a 200 ps dynamics
trajectory for the dodecamer d(CGCGAATTCGCG),.
Similarly, Briki (1993) computed a total variation of the
¥ angle in the range 30-40° around an average anti con-
formation for the different residues of the octamer
d(CTGATCAG).. More recently, McConnell et al. (1594)
reported a 1 ns MD run on the d{CGCGAATTCGCG),
duplex, complexed to the restriction enzyme EcoRI
endonuclease. They reported that the oligonucleotide
undergoces a distinct transition to a new form after 300 ps.
A fast (1.5 ps) reversible base-pair opening event was
observed at the dT, step. On the basis on these short
dynamics lrajectorics, we cannot rule out that a restricted
rotation around an anti conformation of the CI'-HI'
bond and a jump between two conformations coexist in
DNA. In principle, the Ho-HI' NOE, whose distance 1s
a function of the y glycosidic angle value, should dis-
criminate a jump between the anti and syn conformations
from a restricted diffusion around a glycosidic bond.
Unfortunately, this NOE depends on the orientation of
the interproton vector azimuthal angle. Drew et al. (1981)
reported a 50° dispersion of the ¢ angle along the
sequence of the dodecamer, A variation of the glycosidic
angle from 30° to 50° induces a 6 to 12% variation of the
He-H1' NOE. Using the two-slate jump model between

an anti conformation (t{(H6-H1") = 3.7 A) and a syn con-
formation {r(H6-H1") = 3.0 A) and the cxchange rates
determined in Table 2, we have computed a 15% decrease
of the H6-HI' NOE. Comparing the NOE changes
obtained for different orientations or different fluctua-
tions of the interproton vector orientation, we conclude
that the H6-H1' NOE variations cannot be used to dis-
criminate between the two-state jump model and the
restricted rotation model. Attempts to decide between the
two proposced internal motion models are hazardous at
this time. A combination of these two types of motions
could be taken into consideration.

Local motions of bases can change the value of the
computed dynamic parameters. The amplitude of the base
plane motions has been measured using different spectro-
scopic methods. By analyzing experimental data of fluor-
escence polarization of ethidium bromide-DNA com-
plexes, Genest and Wahl {1978) reported that the base
motions have a correlation time smalier than 1 ns and an
amplitude of 10.5° at 20 °C. Combining these data with
molecular dynamics studies, Briki and Genest (1993)
analyzed the data in terms of rotational motions of the
bases leading to a base-pair opening process, and not in
terms of tilt or roll of the bases. From fluorescence polar-
ization anisotropy and reduced linear dichroism data,
Schurr and Fujimoto (1988) estimated the local internal
motion of ethidium dye in DNA to be 6.9°-8° They
analyzed the NMR relaxation data reported by Early and
Kearns (1979) for imino protons and estimated an ampli-
tude of local base motions of 12°. Hogan and Jardetzky
(1979,1980) computed a local motion of bases of +20°
with an internal correlation time of 1 ns by analyzing T,
NOE and line width data of *C8 and “Cé resonances in
a 260-base pair DNA fragment.

Running a 140 ps dynamics trajectory for
d(CGCGAATTCGCG),, Swaminathan et al. {1991) re-
ported amplitudes of roll and tilt of about +£5° around the
average values. On the basis of all these data, we esti-
mated the angular fluctuation of the base at about £5°. A
restricted rotation model indicated that such amplitudes
of twist, roll or tilt motions induce a 1% NOE value vari-
ation in the H3-H6 NOE of cytosines. Conjugated
motions such as twist, roll and tilt, each at +53° amplitude
and with restricted rotation around the glycosidic bond,
were computed using a restricted rotation model. The best
fit of the spin-lattice relaxation rates was obtained for a
restricted rotation around a glycosidic bond of £25° and
a diffusion coefficient of 30 x 107 s™.

Such a fluctuation of the glycosidic angle induces
coupled motions of the backbone and sugar. Fratini et al,
(1982) have shown that the most fundamental aspects of
B-DNA structure are the strong correlation between the
glycosidic C1'-N angle ¥ and the main-chain torsion angle
& (C5'-C4'-C3'-03") and the relationship between the latter
angle and the sugar ring pucker. This correlation has



been reproduced in MD simulations on the duplex
d(GTATAATG)*d(CATTATAC) (Schmitz et al., 1992).
Using the relation 6 = 309° + 1.59y,, obtained from cry-
stallographic data on the oligonucleotide d(CGCGAATT-
BCGCG),. a change of ¥ equal to +20° will induce a £32°
change of §. This variation corresponds roughly to a
transition between the Cl'-exo and the C2-endo conlor-
mations. We suggest that the rotation around the CI'-N
bond should reflect the fluctuation of the sugar pucker-
ing.

Conclusions

Experimental spin-lattice relaxation rates could be
simulated well by computing the effect of lacal motions
of the vector C1-H1' on the density functions. Assuming
no correlation between the global and internal motions of
DNA, we have presented straightforward models for the
internal mobility of the base pairs and of the sugars rela-
tive to the bases in DNA. These models fit the experi-
mental data well and elucidate important relationships
between the magnetic flucluations detected by NMR on
the CI' nucleus and the motional fluctuations. Motional
models which entail DNA base tilt, roll and twist have
little effect (less than 10%) on 'H-'II NOE values.
Although the models support experimental data at several
temperatures, the correlation ¢ffects between the internal
motions and bending of the global shape of DNA cannot
be excluded. Moreover, the spin-lattice relaxation rates
are a function of the azimuthal angle of the CI-HT'
vector or, in other words, of the average structure (tilt,
propeller twist, buckle, roll, % angle) of each nucleotide
along the sequence. The small variations of spin-lattice
relaxation rates between the three central thymines may
reflect these correlated motions. In order to completc our
analysis, a careful study of these varialions in each
nucleotide in a labeled non-selfcomplementary undecamer
is presently being carried out in our laboratory.
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