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The 2’Na relaxation in isotropic and anisotropic aqueous, salt-free DNA fragment (500 A) solutions is investigated.
The temperature dependence of the coupling constants and correlation times are reported. Premelting effects
occur in the isotropic phase, whereas this is not observed in the anisotropic solution. Slow dynamic processes
in the frequency range 200-9000 Hz are absent in both phases.

Introduction

Persistence length (500 A) DNA fragment solutions undergo
aseries of phase transitions as the concentrationis raised. Several
studies regarding the influence of temperature and added low
molecular weight salt on the phase behavior have been
performed.!- Polarized light microscopy as well as 3/Pand 2*Na
NMR relaxation experiments are the most commonly used
techniques to study this behavior. 2Na NMR relaxation
experiments are also very useful to study the dynamical processes
in these solutions. For the isotropic phase, this has been reported
a few years ago.’ Premelting effects were observed and local
concentrical diffusion of the counterions around the DNA
molecules as well as the internal motions of the DNA helices
were concluded to be the most likely causes of relaxation.

Above a certain concentration, persistence length DNA
fragment solutions become cholesteric. In a cholesteric liquid
crystal the DNA molecules arrange parallel to each other in a
plane. Theaveragedirection of the ordered molecules isindicated
by the direction. In each consecutive plane, the director is tilted
over a certain angle, so macroscopically a cholesteric structure
appears. The pitch of this helix is of the order the wavelength
of visible light. To see if this tremendous change in solution
structure is of any influence on the dynamical processes that
drive nuclear relaxation, the dynamic behavior of both the isotropic
and the anisotropic phase has presently been investigated in the
temperature range from 278 to 303 K.

Coupling constants and correlation times of both solutions are
presented and several dynamical processes that occur in the
isotropic and the anisotropic phase are discussed. The premelting
behavior in both phases is compared.

Theory

The spin dynamics of a spin 3/, nucleus (e.g., 2*Na) is sensitive
to the interaction of the electric quadrupole moment with electric
field gradients generated by the surrounding medium. The
average value of the electric field gradient causes a quadrupole
splitting of the magnetic resonance, whereas the fluctuations
induce relaxation.

In an isotropic solution, the average value of the electric field
gradient equals zero. Inananisotropically ordered medium,e.g.,
a liquid crystal, a static electric field gradient may cause a splitting
of the NMR frequency spectrum. Apart from this splitting, the
presence of a nonzero electric field gradient has a profound
influence on the spin 3/, relaxation behavior. Therefore, both
cases will be described separately.

Under motional averaging conditions and zero average electric
field gradient, the spin 3/, relaxation behavior has been detailed
many years ago by Hubbard.S In this isotropic case the relation
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between the measured longitudinal relaxationrate and the spectral
densities is given by

M () - My = M{[0.2 exp(-R,¢t) + 0.8 exp(—R,1)] 1)

with

Ry = 2[5,?]211(%), R, = z[ihg]sz(zwo) @)

For the transverse relaxation, this relation reads
M, (t) = M[0.6 exp(-Ryet) + 0.4 exp(-Ry)]  (3)

with

Ry = [ 1@ + Jy w0,
Ry =[] () + 2091 @)

Outside the extreme narrowing limit, both the longitudinal
and the transverse relaxation rates are biexponential and
characterized by a fast (Ryy, Rys) and a slow (Ry,, R,) relaxation
rate. Intheseequations M, isthe magnetization along the external
magnetic field axis, My, is the magnetization perpendicular to
this axis, and My is the equilibrium magnetization. The spectral
density at m times the Larmor frequency wgis denoted by J,,,(mwo)
and will be detailed below. The other symbols have their usual
meanings.

In theabsence of a staticquadrupole splitting, the low-frequency
behavior of the spectral density can be investigated using the
multiple-pulse (7/2), - [T/2 - (%/2) /2 = T/2]4 quadrupole
echo experiment.” If the signal is sampled between the (7/2)
pulses, the relaxation is given by

M (?) = 0.8 exp(-Ret) + 0.2 exp(-Ry,7) (5)

with
Ry= [5'?]’[0.75120(7) + Jy(wg) + 0.257,(2w0y)] (6)

R = [2] 171600 + 1y200)] ™

in which Rq contains the spectral density Jao(7). This spectral
density depends on the cycle time 7, provided the time scale of
the fluctuating interaction is of the same order of magnitude. If
the spectral density does not show a dispersion in the corresponding
frequency range, Jy(7) equals the spectral density at zero
frequency Jo(0). For a full description of Jyo(T), the reader is
referred to ref 7.
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In an anisotropic liquid-crystalline sample, the 2*Na resonance
shows a quadrupole splitting due to the static quadrupole
Hamiltonian:

Hy ="/}~ I) ®)

Here, wq is the static quadrupole interaction parameter and the
other symbols have their usual meanings. The conventional
sodium spectrum consists of a central peak at the resonance
frequency wy, flanked by two satellites at frequencies wo £ wq.
As a result of this splitting, one can determine the relaxation
rates of both the central peak and the satellites.! Provided wq
is much larger than the line widths, for the longitudinal relaxation
of the central peak (superscript ¢), one has

MS(1) - MG = M[0.5 exp(-Ript) + 0.5 exp(-Ri;1)] 9)
with

= 2[%?] K i(wo), RY, = Z[Esz] 2"2(2%) (10)

The corresponding transverse magnetization relaxes according
to

M;, (1) = Mg exp(-R31) (11)
with
RS = [EhQ]’[Jl(wo) +J,(20,)] (12)

The longitudinal relaxation rate of the satellite peaks (superscript
s) is given by

M;(1) - My = Mg exp(-R}+2) (13)
with
2
R =2[£2]"7,200) (14)
and for the corresponding transverse relaxation, one has
M;, (1) = Mg exp(-R3:1) (15)
with

R = [fﬂz[Jo(O) +J(wg) + J,209)]  (16)

The latter rate contains the spectral density at zero frequency
and, hence, is sensitive to slow motion.
The spectral density at m times the Larmor frequency reads

Tn(mag) =/, f (Fy* O F5(t- 7)) -
(Fyn*)?] exp(imwyr) dr (17)

The spectral density is the Fourier transform of the time correlation
function of the electric field gradient (efg) tensor F, in the
laboratory frame minus the square of its mean value. This tensor
is defined according to Fag = !/3V;s, Fasy = F(Vir % iV,,) V6
and Faup = (Vix — Vyy & 2iV4) /2V6.

In the isotropic case the average value of the efg is zero, so the
second term of the integral vanishes. Moreover, in this situation
the efg correlation function is isotropic with respect to the
laboratory frame, and, hence, independent of the index m. Inan
anisotropic medium, the second term in eq 17 is nonzero. This
resulting static electric field gradient is the cause of the quadrupole
splitting of the 2*Na signal. Now, in a macroscopically oriented
sample, the correlation function may depend on the spatial
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orientation of the efg tensor with respect to the magnetic field.
However, in the present work, there is no indication of this effect
and, thus, it will be neglected.

In the case of a single-exponential decay of the correlation
function, the reduced spectral density will be of Lorentzian form

27
1+ w?r?

J(w) = (18)

This reduced spectral density is related to the aforementioned
spectral density by

0] _ 2 ( a0\ ~ _ 2 s

[£9] se) = A [ )3 =200 7@) 19)

where (x?) is the mean-square quadrupole coupling constant.
If several independent processes i contribute to the loss of

correlation, the spectral density can be written as a sum of
Lorentzians:

2
[ 5 = T3 20

A possible distribution of the static quadrupolar coupling
constant can be investigated using the quadrupolar echo pulse
sequence.’ The main feature of this experiment is the delayed
acquisition of the fid after the (x/2) pulse pair. Due to this
delayed acquisition, satellite signals appear at w; = 0 in the F(w))-
dimension (i.e., the Fourier transform with respect to the evolution
time).! As detailed in ref 9, these signals are essentially free of
line broadening due to an inhomogeneous wg and their widths are
given by R8/w, with R,* given by eq 16.

Experimental Section

DNA fragments were obtained by a micrococcal nuclease
digestion of chicken erythrocyte nucleosome core DNA, following
the procedure described by Shindo et al.!l After precipitation
in ethanol the material was dried in a vacuum oven (293 K, p =
150 Pa). The DNA was brought to the salt free sodium form by
dissolving it ina NaCl solution (0.1 M NaCl,0.015 M nucleotides/
L) and extensive dialysis against pure water. Care was taken
that the DNA concentration did not reach values below 0.003 M
nucleotides/I.. Water was deionized and filtered by a Millipore
water purification system (Millipore Co.) and its conductivity
did not exceed 1 X 106 Q- cm-!, The final product was freeze-
dried and stored at 255 K. '

Todetermine the DNA fragment molecular weight distribution,
gel permeation chromatography has been performed.!? Some
low molecular weight material was present, but at least 80% of
the DNA bhad a M,/M, ratio smaller than 1.1 and was
characterized by a M, of 96.500 (146 base pairs). The ratio of
the optical absorbances Ae/ A2 is 1.80, indicating that the
material was essentially free of protein.!3 Hyperchromic effects
were always greater than 30%, which is commonly taken to
indicate that the DNA fragments were not denatured during the
dialysis. This does not mean that the DNA is flawless in the
sense of a complete absence of partial premelting effects. In
previous work,® indications for premelting were found in the whole
temperature range from 278 to 338 K. With the use of atomic
absorption spectroscopy, the sodium ion content of the DNA was
determined to be 98%.

NMR tubes (5 mm diameter) were heated in NaHCO; and
EDTA solutions toremove ionic impurities. Afterwards the tubes
were extensively rinsed with water and dried in a vacuum oven.
Quartz tubes were used to minimize small ion contamination due
to leakage from the glass.

Samples were prepared by dissolving sodium DNA in water
without adding extra low molecular weight salt. Concentrations
were determined by weight. For this purpose, the water content
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of the freeze dried material was determined by IR spectroscopy.
The concentration of sample 1 was 44 mg/mL (i.e., 0.13 mol
nucleotides/L), whereas the concentration of sample 2 amounted
to 153 mg/mL (0.46 mol nucleotides/L). For multiple-pulse
quadrupole echo experiments, a third sample was prepared with
a concentration of 13 mg/mL (0.039 mol nucleotides/L).
Samples 1 and 3 are transparent and isotropic. Sample 2 is
birefringent and clearly liquid crystalline. These samples will be
referred to as isotropic and anisotropic, respectively.

Longitudinal and transverse relaxation measurements were
performed on three different spectrometers, i.c., two homebuilt
and one Bruker MSL-400. Inecach experiment, 128 points were
taken. The applied magnetic field strengths were 2.1, 6.3, and
9.3 T, respectively. These field strengths correspond to sodium
Larmor frequencies of 23.7, 71.4, and 105.8 MHz. To check for
a possible distribution in static quadrupole splitting, two-
dimensional quadrupole echo experiments were performed on
the MSL-400 and the homebuilt 6.3 T spectrometer. Further-
more, for sample 3 the low-frequency behavior of the spectral
density was investigated using the multiple-pulse quadrupole echo
method on the MSL-400.

The superconducting 6.3 and 9.3 T magnets have their field
aligned along the sample tube, whereas the direction of the 2.1
T electromagnet field is perpendicular to the tube. In the latter
case, the temperature was calibrated using a thermometer which
could be inserted directly at the sample position and controlled
by a fluid thermostat using fluorinert FC-43 (3M Co.). In this
way, the accuracy of the temperature was within £0.2 K. Inthe
former case, the temperature was measured using the temperature-
sensitive shift of tetramethylammonium ina H,O/D,O mixture.!4
In this configuration, the temperature was controlled by a gas
thermostat (Bruker BVT 1000) within £0.5 K.

Longitudinal and transverse relaxation rates were measured
at temperatures varying from 278 to 303 K with increments of
5 K. To investigate the melting behavior in both samples,
relaxation rates were measured up to 363 K at a field strength
of 6.3 T. Quadrupole echo experiments were performed at 278,
283,298,and 303 K onthe MSL-400. Onthe 6.3 T spectrometer,
these experiments were performed at 293 and 298 K. The
multiple-pulse relaxation rates were determined at 283 and 298
K. In these experiments, the x/2 pulse duration was 15 us and
the pulse cycle time was varied from 115 to 3015 us and from
115 to 5015 us, respectively.

Longitudinal relaxation rates have been determined using the
pulse-alternated inversion-recovery method.!s Transverse re-
laxation rates have been measured by the spin-echo method,
employing exorcycle phase cycling.!é Two-dimensional quad-
rupole echo experiments are detailed in ref 9 and for multiple-
pulse quadrupole echo experiments the reader is referred to ref

Inthe case of the isotropic samples, free induction decays (fids)
were sampled in the time domain and the relaxation curves were
fitted with a sum of two exponentials with fixed fractions (see
Theorysection). Duetoa nonzeroaverage electric field gradient,
in the liquid-crystalline solution the sodium spectrum shows a
resolved static quadrupole splitting. Therefore, the relaxation
behavior of both the central and the satellite peaks can be
evaluated. Fids were Fourier transformed with respect to the
detection time (F(w,) domain) to separate the different peaks.
Toconstruct T-relaxation curves each peak was integrated. The
obtained curves were fitted with either one or two exponentials,
according to the theoretical equations mentioned before. To
determine the transverse relaxation rates of sample 2, the data
were Fourier transformed with respect to both the detection time
as well as the spin-echo evolution time (F(w;) domain). On
resonance, a two-dimensional plot of the spectrum shows the
central peak in the middle and the two satellites on the diagonal
symmetrically located about the central line. The signals can be
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fitted with a single Lorentzian in the F(w); domain. The
characteristic width of this Lorentzian times x equals the
transverse relaxation rate.

The data treatment of the quadrupole echo experiment is exactly
similar to the transverse relaxation experiment. In the F(w;)-
domain satellite peaks appear not only at their usual position but
also at the resonance frequency. The characteristic width of the
latter peaks is insensitive to a distribution in quadrupole splitting.

All fits were performed using a non-linear least-squares
procedure.!” Each experiment was carried out several times
depending on the signal-to-noise ratio, but at least in duplo. This
resulted in an estimated reproducibility in rates within 5%. This
accuracy applies to duplicate measurements on the same sample
and to different samples of the same DNA preparation.

The estimated error margin in the calculated spectral densities
is about =8 s-! and in the quadrupole splittings about 2%. The
errors in the correlation times and coupling constants were
evaluated by error propagation using multivariate error analysis!’
and are given in Table 4, a and b.

Results and Discussion

All relaxation rates of the isotropic and the anisotropic sample
at three different field strengths in the temperature range 278 to
303 K are collected in Table 1, parts a and b, respectively. In
both phases the relaxation was out of the extreme narrowing
limit. Moreover, in the anisotropic sample the sodium resonance
showed a quadrupole splitting. The integrated intensity of the
central peak relates to that of the satellites as 3:4, indicating that
the sample was completely liquid-crystalline.

All relaxation rates decrease with increasing temperature as
has been reported before for similar DNA fragment solutions.25
In the work of van Dijk et al.,’ relaxation measurements were
performed on salt free, isotropic solutions of similar DNA
fragments, but at a lower concentration (0.07 M). The reported
relaxation rates were somewhat lower compared to those in the
present work.

Figure 1, a and b, shows the logarithm of the relaxation rates
of both the isotropic and the anisotropic sample, respectively, vs
the inverse temperature at a field strength of 6.3 T, corresponding
to a sodium resonance frequency of 71.4 MHz. It is known that
the relaxation rates decrease rapidly if the DNA starts to melt.’
The spectral density function is analyzed in the temperature
interval 278 to 303 K. In this interval the sharp decrease of the
relaxation rates which is characteristic for melting is not observed.
The relaxation rates decrease smoothly with increasing temper-
ature and eventually approach the extreme narrowing limit, i.e.,
Jo(0) = J1(wo) = J2(2wp). Thissmooth decrease of the relaxation
rates before the actual melting range is interpreted as premelting.’
These global features are the sameat the other two field strengths.
Polarized light microscopy showed no change in texture in this
temperature interval,

In the isotropic sample, the melting traject starts at about 338
K, whereas in the liquid crystal the onset of melting seems to be
at a somewhat lower temperature, say 328 K. However, at this
temperature the satellites are no longer clearly resolved from the
central peak and, accordingly, global averaged R, and R; values
are obtained. Observing the melting ranges, it can be concluded
that the actual melting temperature probably does not substan-
tially change in the present concentrationrange. Similar behavior
has been observed by infrared spectroscopy experiments.!® Here,
the melting traject of a 100 mg/mL calf thymus DNA solution
in D,O with 0.15 M KCI has been compared with the melting
traject of a 0.04 mg/mL DNA solution in H,O (0.15 M NaCl,
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TABLE 1: (a) Relaxation Rates (s-!) of the Isotropic
Sample (a) and Anisotropic Sample (b) at Different
Temperatures and Larmor Frequencies*

- 23.7MH: 71.4 MHz 105.8 MHz
(a) Isotropic Sample

278K Ryt 356 210 130

Ry 218 146 105

Ryt 593 359 176

Ry, 225 176 149

283K Ry¢ 296 189 143

Ry, 184 129 98

Ry 504 297 273

Ry 206 i61 136

288K Ry¢ 226 166 140

Ry 161 115 82

Ry 423 240 229

Ry 181 144 134

293K Ry¢ 194 137 126

Ry, 134 103 81

Ry 322 193 229

Ry 152 126 100

298 K Ry¢ 198 124 110

Ry 111 93 72

Ry 233 165 148

Ry 142 110 100

303K Ryt 141 103 109

Ry 93 85 69

Ry 163 143 161

Ry 117 95 87

(b) Anisotropic Sample

278K % 348 217 166

¢ 174 124

] 290 172 129

R; 319 209 161

R 552 464 337

283K o 291 190 163

RS, 156 103

: 262 154 112

R 269 183 150

R, 448 382 277

288K S 241 168 153

RS, 142 94

: 232 139 105

R 235 162 144

R 392 312 241

293K o 205 149 136

o 127 89

: 201 126 97

R 194 143 114

R 319 276 213

298 K © 176 134 128
If

S 109 82

] 177 112 88

R; 167 129 114

R 265 221 184

303K RS, 147 115 118

R‘l" 102 78

: 151 102 81

R 143 118 104

R; 265 192 162

2 The estimated error is about 5%.

0.015 M sodium citrate), as monitored by the ultraviolet method.
In this concentration range, no substantial difference in melting
traject and actual melting temperature was found.

In the isotropic solution, both the longitudinal and transverse
relaxations are biexponential. Usingeqs 14 thespectral densities
werecalculated. Fourdifferent relaxationrates per field strength
resulted in 12 dependent equations with 7 unknown spectral density
functions. These spectral densities include the values at zero
frequency, the Larmor frequency, and twice the Larmor frequency
at all three different field strengths. The calculated spectral
densities are shown in Table 2a.
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Figure 1. (a, top) Temperature dependence of the relaxation rates in the
isotropic sample: (Q) Rig; (+) Ris; (©) Ry (A) Ry (b, bottom)
Temperature dependence of the relaxation rates in the anisotropic
sample: (O) Rfy; (+) Ri; (O} R3; (4) R}; (O) Ry (V) Ri; (A) Ry

TABLE 2: Spectral Densities (s-!) at Different Frequencies
(MHz) of the Isotropic Sample (a) and Anisotropic Sample
(b) at Different Temperatures*

TK) JO) J(24) J(48) J(71) J(106) J(143) J(212)
(a) Isotropic Sample

278 304 168 99 105 70 73 58
283 254 142 87 95 74 65 51
288 208 111 78 84 74 58 45
293 172 95 65 69 63 52 40
298 110 97 53 62 56 47 38
303 97 71 47 52 54 43 34
(b) Anisotropic Sample
278 223 189 145 111 86 88 65
283 171 149 131 97 84 79 55
288 140 122 116 85 80 71 51
293 118 99 101 76 68 64 46
298 89 83 89 68 65 56 43
303 75 70 75 59 60 52 40

¢ The estimated error margin is about £8 s-!.

Figure 2a shows the spectral density function at a number of
temperatures in the isotropic case. From the multiple-pulse
experiments (eqs 5-7; data not shown), it is concluded that there
areno additional slow relaxation processesina 13 mg/mL isotropic
solution in the frequency range 200-9000 Hz. At both 283 and
298 K, the spectral density J3o(7) did not vary with the pulse
cycle time (see experimental section). Moreover, J,0(T) equaled
Jo(0), thelatter being determined from longitudinal and transverse
relaxation measurements. These results, together with the fact
that all spectral densities show smooth behavior at low frequencies
(Figure 2a), lead to the conclusion that, also in the 44 mg/mL
isotropic solution, no additional slow dynamical processes in the
frequency range 200-9000 Hz are present at all temperatures.
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Figure 2. (a, top) Effect of temperature on the spectral density in the

isotropicsample. (b, bottom) Effect of temperature on the spectral density
in the anisotropic sample.

TABLE 3: Temperature Dependence of the Quadrupole
Splitting at Different Larmor Frequencies*

wq (Hz) wq (Hz) wq (Hz)
T (K) wp =24 MHz wp =71 MHz wp = 106 MHz
278 859 872 772
283 755 791 706
288 664 684 645
293 596 619 580
298 572 - 516 514
303 459 439 459

@ The estimated error is about 2%.

In the anisotropic solution, the sodium resonance showed a
quadrupole splitting. In Table 3, the temperature and field
dependence of the quadrupole splitting is listed. This splitting
decreases linearly with increasing temperature and shows noclear
magnetic field dependence in the range from 2.1t06.3T. Ina
cholesteric liquid-crystalline DN A solution, the DNA fragments
tend to align perpendicular to the external magnetic field. Ata
field strength of 2.1 T the magnetic field was perpendicular to
the NMR tube axis, whereas for the other field strengths the field
was directed parallel to this axis. No difference in quadrupole
splitting was observed.

The quadrupole splitting shows a similar temperature depen-
dence as has been reported by Strzelecka et al.2 If we extrapolate
their data toa concentration of about 1 50 mg/mL, the quadrupole
splitting is somewhat lower than in our case (about 25% at 293
K). However, they observed no quadrupole splitting at all at
concentrations below 180 mg/mL. At about 150 mg/mL they
characterized the phase of the solution to consist of an isotropic
and a precholesteric part. It should be noted, though, that their
solutions contained about 0.01 M excess low molecular weight
salt. Moreover, Wanget al./%investigated sait-free DNA solutions
with a concentration up to 182 mg/mL by smali-angle X-ray
scattering and observed no indication of anisotropy. The
observation of a single broad peak with no evidence of multiple
peaks was the main reason for this conclusion. However, even
in a visibly birefringent liquid-crystalline solution of DNA
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fragments (about 285 mg/mL), only one broad peak is observed
ina g range from 0.02t00.22 A-! (small-angle neutron scattering
results, Groot et al., to be published).

To check this difference in phase behavior, the sample
preparation was repeated four times and no change of results was
observed. As mentioned before, the solutions of Strzelecka et
al.2 contained about 0.01 M excess low molecular weight salt.
Both Strzelecka et al.2 and Wang et al.!? used calf thymus DNA,
whereas in the present work chicken erythrocyte nucleosome core
DNA was used. This, together with a possible difference in
molecular weight distribution, is the most likely cause of the
difference in phase behavior.

In the liquid-crystalline solution, the quadrupole splitting
appeared to be homogeneous throughout the sample. Satellite
signals at w; = 0 in the F(w;) domain, obtained using the
quadrupolar echo sequence,? have the same width as the usual
satellites, observed in transverse relaxation experiments (data
not shown). Since the former satellite signals are essentially free
of line-broadening effects due to an inhomogeneous wg, it is
concluded that the quadrupole splitting is uniform.

Since in the anisotropic sample the sodium resonance shows
a substantial quadrupolar splitting (wq exceeds at least 5 times
the characteristic line width), relaxation rates of both the central
peak and the satellites could be determined. Except at a field
strength of 2.1 T, the longitudinal relaxation of the central peak
could be fitted to a sum of two exponentials. Using eqs 9-16 the
spectral densities were calculated. This resulted in 14 different
equations with the aforementioned 7 unknown spectral densities.
The results are collected in Table 2b.

In Figure 2b, the spectral density in the anisotropic sample at
a number of temperatures is shown. Similar to the isotropic
case, in the low-frequency range the spectral density is a smooth
function. Accordingly, itis concluded that, alsoin the anisotropic
phase, there are no slowly fluctuating processes that drive the
relaxation in the microsecond time scale, like, for instance, director
fluctuations.

Thespatial orientation dependence of the electric field gradient
correlation function (i.e., the dependence on the index m in eq
17) can be checked by comparing the spectral densities J;(w) and
J2(2w’) under the condition @ = 2«’. This can be realized by
performing experiments at two magnetic field strengths which
differ exactlya factor of 2. Unfortunately, in the present situation
this condition is never fulfilled (By =2.1,6.3,and 9.3 T). However,
the anisotropic sample spectral densities show a relatively smooth
behavior with respect to the frequency (Figure 2b) and this
behavior is similar to the situation in an isotropic sample (Figure
2a). Accordingly, any spatial orientation dependence of the
electric field gradient tensor correlation function is beyond
observation and, hence, will be neglected.

For both the isotropic and the anisotropic cases, the resulting
spectral densities can be fitted to a sum of a Lorentzian and a
constant:

[£9]) sy = —s + 5 @1

1+ w2112

where 7, denotes the correlation time for the slow relaxation
process. The constant A comprises the corresponding coupling
constant x;, according to 4 = (#2/5)(x,?). The constant B may
be identified with a second Lorentzian with a very short
characteristic correlation time with respect to the inverse Larmor
frequency: B = (w2/5){x2?)72.

The sodium ion relaxation behavior is caused by interaction
of the nuclear electric quadrupole moment with fluctuating electric
field gradients generated by the surrounding medium. The
negatively charged phosphates on the DNA backbone and the
water molecules are the most likely candidates to produce such
field gradients. Since in general the water dynamics is (much)
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TABLE 4: Temperature Dependence of the Correlation

Times and Coupling Constants of the Isotropic Sample (a)
and Anisotropic Sample (b)
T (X) 71 (ns) (x12)'/? (kHz) {x2%) 72 (Hz)
‘ (a) Isotropic Sample
278 7.5£09 126+ 8 333
283 7.7 1.1 112£9 323
288 86138 9310 30+£3
293 8516 85%9 26%3
298 45%1.4 89 £ 15 21%3
303 6.5+2.0 65 %11 212
(b) Anisotropic Sample
278 33£03 157+ 8 313
283 2504 155+ 12 264
288 2.1+04 148 £ 17 235
293 20£0.5 136 £ 20 215
298 1.2+04 164 £ 33 13+ 8
303 1004 164 + 48 11+11

faster than the macromolecule dynamics, the sow process is most
likely concerned with the interaction between the sodium
counterions and the DNA. The low field dispersion could be a
direct electrostatic effect of the counterion-DNA interaction and/
or a solvent-mediated effect due to the disturbance of the
counterion solvation sheath.: The fast process is most likely due
to the influence of the relatively fast water dynamics.

Table 4, a and b, contains the coupling constants and correlation
times for the isotropic and the anisotropic sample, respectively,
at various temperatures. On comparing the correlation times
and the coupling constants of the slow relaxation process in both
phases, several remarkable differences are observed. In the
isotropic phase, no clear temperature dependence beyond the
estimated error is observed with respect to the correlation time
of the slow process 7;. The corresponding coupling constant
{x12)"/2 decreases with increasing temperature. The anisotropic
samples show more or less the opposite temperature behavior
regarding the slow process. Here, the coupling constant seems
to be unaffected by temperature and the correlation time 7,
decreases with increasing temperature. In both phases the fast
process contribution decreases while raising the temperature.

Apart from the temperature behavior, the values of the various
parameters in both phases may be compared. For the isotropic
sample, the correlation time 7, is larger than is observed for the
anisotropic sample. The coupling constant (x;2)!/? is somewhat
larger in the anisotropic case. In the isotropic situation, the
contribution of the fast process { x22) 7, seems to be systematically
higher than in the anisotropic case, although the difference is of
the order of the estimated error margins.

The results obtained in the isotropic sample can be compared
to previously reported results on a less concentrated solution (0.07
vs 0.13 M). Van Dijk et al.5 observed similar coupling constants.
The correlation times 7, were somewhat smaller and decreased
with increasing temperature. In the latter work, however, the
estimated error margins in 7, are significantly smaller. This is
due to the fact that in van Dijk’s work more data in the low
frequency range (4~16 MHz) were collected. Accordingly, in
the present contribution a similar decrease in 7; would be beyond
observation. Thedifferencein correlationtime magnitudeis most
likely related to the difference in concentration.

In the isotropic phase, (x;2)!/2 decreases relatively sharply
withincreasing temperature, whereas no substantial temperature
dependence is observed in the temperature interval 278-303 K
intheanisotropic solution. According tothe condensation concept
of Manning?® and Oosawa,?! a fraction of 1 — &1 (£ being the
linear charge density parameter) of counterions will condense.
For the present DNA solutions, this fraction is about 0.76. If
only the effect of temperature is included, this fraction will
decrease about 2% on raising the temperature from 278 to 303
K. Obviously, this effect cannot fully explain the observed
decrease of (x;2)1/2 on raising the temperature. It has been

Groot et al.

reported before’ that a decrease of the coupling constant with
increasing temperature indicates premelting of the DNA. If
premelting occurs, the charge density on the DNA backbone
decreases and, as a consequence, the direct interaction between
the counterions and the DNA diminishes, resulting in a smaller
coupling constant. Apparently,the DNA isstabilized in a liquid-
crystalline phase, because here (x;2)!/2 takes larger values and
shows no substantial temperature dependence. This may be due
to increased screening of the electrostatic repulsion of the
phosphate groups induced by the higher ionic strength.

The behavior of the correlation time 7, in both phases is
consistent with the tentative explanation of the different temp-
erature dependencies of the coupling constant {x;2)!/2. Due to
premelting the DNA molecule is no longer a rigid rod producing
a cylindrically symmetric electric field gradient which is easily
averaged locally. Some parts of the DNA helix may be flawed,
so in general the counterion has to diffuse a longer time near the
DNA molecule to average out the experienced electric field
gradient. The latter time may be identified with the correlation
time 7,. Accordingly, in the isotropic phase larger values for 7
are observed, since in the latter system premelting effects are
more manifested.

Apart from premelting effects, the correlation time 7, may be
sensitive to the counterion diffusion. Accordingly, in the
anisotropic phase (where no premelting effects were observed)
the observed temperature dependence of 7, is probably related
to a temperature-dependent sodium diffusion. In the isotropic
solution, no temperature dependence in 7, could be observed. As
stated before, here a possible temperature effect (as reported in
previous workS®) can easily escape observation due to the substantial
error margins. Anotherexplanation s the fact thatin theisotropic
phase the effect of a temperature-dependent counterion diffusion
is compensated by premelting effects.

The effect of the concentration and/or phase of the DNA
solutions on the self-diffusion coefficient of the sodium ion is not
very large. In the isotropic phase this coefficient is 7 X 106
cm?/s, whereas the corresponding value in the anisotropic phase
equals 6 X 10~ cm?/s (unpublished results). Accordingly, the
estimated root mean square displacement of a counterion within
the typical values of the correlation time 7, is of the order of 5
nm in both phases. Since the cholesteric pitch is 3 orders of
magnitude larger, possible changes in the macroscopic organi-
zation are not expected to have a large effect on the spin relaxation.
Changes in the local (molecular) structure, however, may have
a profound influence on the relaxation behavior.

In previous work, the long correlation time was interpreted
using the simple model by vander Klink et al.22 Using this model,
the influence of the concentration difference in the isotropic and
anisotropic systems on the correlation time may be estimated.
This effect turns out to be very small, i.e., of the order of 5% and
therefore can not account for the present observations.

Conclusions

In the present work, a salt-free 153 mg/mL DNA solution
appeared to be fully liquid-crystalline, whereas in previous work19
solutions of that concentration were found to be isotropic and /or
precholesteric. This indicates that the phase behavior of per-
sistence length DNA fragment solutions may depend substantially
on the origin and/or the molecular weight distribution of the
DNA fragments, in addition to the presence of supporting
electrolyte.

In the anisotropic phase, the sodium resonance shows a
quadrupolar splitting. The splitting is homogeneous throughout
the sample, indicating that the director is uniformly oriented
perpendicular to the magnetic field. The orientation distribution
of individual DNA fragments with respect to the director has
been investigated using SANS and will be published elsewhere.
The substantial splittings allow for the determination of relaxation
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rates of both the central transition and the satellites from which
the dynamic information is derived.

The relaxation behavior of the sodium counterions in isotropic
and anisotropic, liquid-crystalline DNA solutions is caused by,
at least, two processes on different time scales. One relatively
fast process is most likely due to the fast water dynamics in the
solutions. The (inseparable) product of the squared coupling
constant and the correlation time, (x2%) 75, is of the order of 15—
30 Hz for both phases. The other process occurs on a much
larger time scale and is presumably caused by diffusion of the
counterions near the DNA. The correlation time 7, is of the
order of 7 ns in the isotropic solution and about 2 ns in the
anisotropic situation. The corresponding value of the coupling
constant (x;2)"/2is of the order of 95 or 150 kHz for the isotropic
and anisotropic sample, respectively. No additional slowly
fluctuating processes in the frequency range 200-9000 Hz were
observed.

The values of the slow process coupling constants and correlation
times, together with their respective temperature behavior, indicate
premelting in the isotropic solution. In the liquid-crystalline
solutions, this effect has not been observed. These results confirm
that spin relaxation is more or less dominated by local effects on
the molecular distance scale. Apart from the effects on the
molecular structure, the macroscopic organization does not have
a large influence on the counterion relaxation rates. This can be
assessed on the fact that the root mean square displacement of
an ion within the typical values of the correlation time 7, is of
the order of 5 nm, three orders of magnitude smaller than the
cholesteric pitch. Moreover, polarized light microscopy shows
no change in texture in the present temperature interval.

The fact that the quite similar decrease of the relaxation rates
with increasing temperatures in both phases has different origins
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(i.e., the decrease of the coupling constant in the isotropic phase
and the decrease of the correlation time in the anisotropic phase)
emphasizes the importance of field-dependent measurements.
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