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The hydration effect on the intrinsic magnetism of natural salmon double-strand DNA was explored using
electron magnetic resonance (EMR) spectroscopy and superconducting quantum interference device (SQUID)
magnetic measurements. Welearned from this study that the magnetic propertiesof DNA areroughly classified
into two distinct groups depending on their water content: One group is of higher water content in the range of
2.6-24 water molecules per nucleotide (wpn), where al the EMR parameters and SQUID susceptibilities are
dominated by spin species experiencing quasi one-dimensional diffusive motion and are independent of the
water content. The other group isof lower water content in the range of 1.4-0.5 wpn. Inthisgroup, the magnetic
properties are most probably dominated by cyclotron motion of spin species aong the helical z-way, whichis
possible when the momentum scattering time (zi) is long enough not only to satisfy the cyclotron resonance
condition (a7 > 1) but @ so to induce a constructive interference between the neighboring double helices. The
sameeffect isreflected in the S-shaped magneti zation-magnetic field strength (M-H) curves superimposed with
thelinear background obtained by SQUID measurements, which leadsto larger susceptibilitiesat 1000 G when
compared with the values at 10,000 G. In particular, we propose that the spin-orbital coupling and Faraday's
mutual inductive effect can be utilized to interpret the dimensional crossover of spin motionsfrom quasi 1D in
the hydrate state to 3D in the dry state of dsSDNA.
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Introduction

Traditionally, deoxyribonucleic acid (DNA) isregarded as
the treasury of hereditary information and has been the
center of contemporary biological science and technologies.
On the other hand, scientific interest in the physico-chemica
properties of DNA and modified DNA asaclass of naturally
occurring polymers is growing rapidly. Especialy, its func-
tional properties such as charge transport,* optical proper-
ties,>® and magnetic properties™ are attracting a growing
interest closely related to nanoscience and nanotechnol ogy.
Use of DNA as templates™*° in the preparation of metallic
nano particles and nanowires is another important advance
in this area of research. Most of the specific and often
unexpected observations made on the properties of natural
and modified DNA can be ascribed to their unique structural
features: double stranded helical structures and the stacking
planes of the congtitutive base pairs.

In the late 1950's and early 1960's there were several
reports that describe EMR signals in unirradiated DNA
samples. Bliumenfeld and coworkers’ were the first to report
the EMR signals for unirradiated DNA. Earlier, the EMR
signas for irradiated DNA were described by Shields and
Gordy,®® as well as Sheng and coworkers® Milller and
coworkers® also observed the appearance of a broad EMR
spectrum in highly purified phage E. coli T1. The origins of
the peaks were the subject of heated discussions and contro-
versies among the scientists at that time. There were two

schools with different opinions: one believed that the EMR
signals were from magnetic impurities such as iron com-
pounds, and the others insisted that the signas are from the
intrinsic structural characteristics of the DNA. The contro-
versid views, however, were not clearly resolved and the
discussion on the origin of the EMR signals of DNA de-
clined without clear resolution.

Another important point to be emphasized here liesin the
fact that most of the earlier discussions dealt with the EMR
spectra of g-value of ca. 4 and 2. The report by Miller et
al.?? is unique in that their EMR spectrum for phage T1
shows the very broad peak at a low magnetic field, whose
shape and position are very similar to the curve (c) in Figure
2 of the present study.

Blois et al.”® made a thorough EMR study of DNA
samples treated in many different ways, and they mentioned
that there are four characteristic components to the DNA
EMR spectraand one of themwas*“ ... acomponent centering
near or a zero field with a tail which sometimes stretches
several thousand gauss.” They, however, did not closely
examine this particular component, which we believeisvery
important in regard to magnetic susceptibility of DNA,
especidly in dry A-state. They dso concluded that the origins
of the EMR signasfrom DNA are magnetic contaminations.

Recently, we showed for the firgt time, via EMR spectro-
scopy and SQUID measurements, that the double stranded
natural salmon testes DNA in a dry state, or A-DNA, ex-
hibits an intrinsic magnetism.’* In this context, the broad
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EMR line of the g-value greater than 10 (g >10) was attri-
buted to a possible mesoscopic ring current in ordered
regions of the DNA that was responsible for the S-shaped
magnetization in the magnetization-magnetic field strength
(M-H) curve measured by SQUID. Whereas, the relatively
sharp EMR peak of the g-value of about 2 (g~2) was
ascribed to the Pauli spins existing in disordered amorphous
regions producing linear magnetization. In particular, we
conjectured that in anon-zero magnetic field the mesoscopic
ring current might be driven by a circular motion of charge
carriers along the hdlical z-ways including up to afew tens
of paralel double stranded DNA (dsDNA) in the coherent
tunneling regime. Surprisingly, we also learned that the
broad EMR signal and the S-shaped magnetization behavior
disappeared when the DNA samples were wet enough to be
in the B-form.

Although the magnetism of A-DNA was aready studied
for the fully hydrated B-form in water solution by a French
group®? led by Nakamae, the total magnetization in this case
contains al the contributions from possible magnetic sources
including the water solution and dissolved oxygen. Surpri-
singly, they claimed the A-DNA samples in the wet B-form
exhibited an unexpected paramagnetic upturn below 20 K,
which disappeared when the samples were dried. Mizoguchi
et al.?* of Japan, however, argued that the paramagnetic
results reported for A-DNA in the B-state by the French
group®® might have been derived from oxygen molecules
adsorbed by the DNA samples. In fact, the Japanese group?
could even reproduce the French group's data by using the
quartz wool containing adsorbed oxygen molecules. None-
theless, we believe that the concept of the mesoscopic orbital
paramagnetism put forward by the French group is worth
further, close examination. In order to further examine the
conflicting reports and controversies as well asto systemati-
caly investigate the hydration dependence of magnetization
of dsDNA, it is necessary to prepare samples by methods
capable of ruling out the contribution from buffer compo-
nents and oxygen. Therefore, in this work we further extend
our investigation to study the dependence of magnetic
properties of dsDNA on the degree of hydration via EMR
spectroscopy and SQUID measurements.

Experimental Details

The salmon dsDNA consisting of 2000 base pairs was
obtained from the Sigma & Aldrich Chemicals (U. S. A.)
and was utilized without any other treatment. We prepared
different DNA samples at varying relative humidity by using
the saturated salt method, which was used in the discovery
of the helical structure of DNA by X-ray diffraction.?® In
order to obtain DNA samples with different water contents,
they were first kept in a chamber for 4 weeks under varying
humidity controlled via saturated salt solutions.?®%" Then,
each dsDNA sample was placed in the gap between two
separate polystyrene straws (Quantum Design Co., U. S. A),
then loaded into 5 mm diameter quartz tubes (Wilmad glass,
U. S. A)). Each DNA sample tube was dipped into liquid

Young-Wan Kwon et al.

nitrogen, evacuated, and kept a 5 x 107 Torr for 10 minutes.
The DNA sample tube was then filled with helium gas after
being warmed to room temperature and kept under a stream
of helium for 5 minutes. This freeze-thaw cycle was repest-
ed twice more. Finally, each DNA sample was dipped into
liquid nitrogen for 5 minutes and the DNA sample tube was
then sealed under 5 x 107 Torr. The Absence of oxygen
molecules in the samples was confirmed by their EMR
spectra a room temperature. The most thoroughly dried
sample was prepared as explained in the caption of Figure 2.
For every EMR spectra we made corrections for the back-
ground signd.

EMR spectroscopy and SQUID magnetization measure-
ments were employed to investigate the magnetic properties
of the DNA samples, SQUID measures abulk magnetization
that is interpreted at the macroscopic level, whereas the
EMR spectroscopic data can be analyzed at the molecular
level. EMR spectroscopy was performed using a Jeol JES-
FA 200 X-band spectrometer (9.1-9.5 GHz; Jeol, Japan). The
DC magnetic field was swept from 0 to 10000 G and the AC
magnetic field modulation was applied at 5 G amplitude
with 100 kHz. The receiver gain used was 5x 10% The
experimental procedure was the same as in our previous
study.* The spin numbers for each EMR signals were esti-
mated as described earlier, utilizing CuSO4-5H,0 as the
reference.

SQUID (mpms 7, Quantum Design. Co., U. S. A.) mag-
netization data were collected at increasing temperatures.
After all measurements were completed, we took each DNA
sample from the quartz tube and then immediately perform-
ed a thermogravimetric analysis (TGA) to determine the
water content.® The mass difference was determined from
the stepwise TGA thermogram by taking the mass at 170 °C
as a basdline. The baseline was obtained from the first hest-
ing (heating rate: 5 °C/min) run under a continuous flow of
N2 gas using a Mettler Toledo DSC 821e (Germany) differ-
ential scanning calorimeter.

Results

The EMR signals observed for the DNA samples did not
originate from the absorbed oxygen molecules. The para
magnetic resonance lines in the range of 5000-10000 G of
oxygen molecules disappeared (see Figure 1) when the
samples were treated by vacuum, as described in the Experi-
mental Details section. The oxygen resonance peaks over
5000-10000 G are known to be induced by coupling bet-
ween the rotationa degree of freedom and spins (S=1) of
molecular oxygen.?>*

Therefore, it islogical to assume that the EMR signals are
associated only with inherent spin structures introduced to
DNA molecules™ under physiological conditions, during
handling such asisolation and purification, or by the sample
history such as exposure to different radiation sources (e.g.,
UV NVislight).33* Although the most thoroughly dried sample
was found to contain 28.7 ppm Fe, this impurity leve is so
low that EMR signals for Fe would not be observed at room
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Figure 1. Comparison of EMR spectra obtained from a dsDNA
sample in the absence or presence of oxygen molecules. The EMR
peaks caused by molecular oxygen are observed as very complex
signals over the magnetic field range of 5000-10000 G
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Figure 2. Dependence of typical EMR lineshapes on the sample
history. The EMR spectrum (&) was obtained immediately after a
dsDNA sample was taken from a fresh reagent bottle (Aldrich &
Sigma). After the sample was kept for 2 months at 5 x 107 Torr,
the EMR spectrum (a) changed to spectrum (c). However, the
signal (c) changed to spectrum (b) when the sample was reexposed
to ambient humidity for 1 min.

temperature.

In order to exclude the possibility that EMR signals at
g~ 2.0 are not derived from the iron impurities, we inten-
tionally added external Fe(l11) into our DNA samples. But,
no change in the signa shape and intensities were observed.
This observation together with other researcher's reported
results®*3 imply that the signals at g ~ 2.0 are not originat-
ed from iron impurities.

Figure 2 shows typica EMR spectra as obtained at room
temperature from a dsDNA sample that was exposed to
varying relative humidity. The uppermost EMR signal (curve
a) was obtained in the dry He-gas atmosphere for the DNA
sample when freshly taken from the reagent bottle. The
medium amplitude of the very broad EMR signal of g > 10,
whose minimum appears at about 1500 G, was followed by
another one of g ~ 2.0 and 2.1, whose minimum is located at
about 3500 G and possesses a peak-to-peak distance or
linewidth of AHp, ~500 G, where AH, stands for the di-
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stance between the peak maximum and minimum positions
of the differentiadl EMR spectrum. When the sample was
quickly evacuated down to 5 x 107 Torr and seded in an
EMR quartz tube (3 mm in diameter), significant variation in
the EMR spectrum was not observed. However, the signa
size of the two peaks was enhanced, as shown by the bottom
spectrum (curve ¢) in Figure 2, when the sample was kept in
the sealed sample tube for 2 months. Furthermore, the very
broad EMR line of g>10 became significantly stronger
when compared to the curve a shown in Figure 2. Interest-
ingly enough, the two signds did not change over one and
half years. When the dry sample was exposed to ambient
humidity for 1 min, the signa ¢ changed to the curve b,
whichisvery similar to the curve a. The sample b and c were
found to contain 1.2 and 0.5 water molecules per nucleotide
unit (wpn), respectively.

It is important to note that the EMR signals observed for
the dry samples are derived from spin species already exist-
ing within the dsDNA samples themselves and, in addition,
their shapes and intensities do not change at room temper-
ature. Moreover, the EMR lines do not exhibit any hyperfine
structure, which is different from what would be expected
for the spins localized at the atoms in the nucleotides.¥%
This spectra feature is completely different from the EMR
results reported earlier by others®*>3 for DNA samples
whose spin species were intentional ly generated by exposing
them to radiation pulses, X-ray, and UV/Vis light, either in
solution or in solid form at low temperature. Notably, Sevilla
and coworkers® pioneered the hole and eectron transfer
processin DNA after y-irradiation at low temperature.

Shown in Figure 3is astack plot of EMR signals obtained
for dsDNA containing varying amounts of water. All the
spectra were normalized by their mass after being corrected
for the quality-factor (Q-factor)® of the microwave cavity.
First of al, the most dramatic variation in EMR signals
observed is for the broad line of g>10. This peak is very
strong when a DNA sample contains less than 1.0 water
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Figure 3. Schematic stack plots of the EMR signals obtained from
dsDNA samples of varying water content. The inset shows the
difference spectrum obtained from the spectra of DNA samples
with 1.4 and 4.1 wpn. It aso shows the deconvolution into two
components.
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molecule per nucleotide unit (wpn) (see Figure 3d). It be-
comes much weaker (Figure 3b) for an A-DNA sample
containing 1.2 wpn, and completely vanishes (Figure 3c)
when the DNA sample contains higher than ca. 2 wpn
despite the fact that the DNA samples are expected to be in
the dry A-form at these levels of water of hydration. Need-
less to say, the B-DNA samples of higher water content do
not show this peak.

If we closely inspect the lineshape of the EMR signasin
Figure 3, the spectra can be largely divided into three groups.
The first group (Figure 3a) contains the EMR spectrum
obtained for the most thoroughly dried A-DNA, which is
composed of an extremely broad and large EMR line of
g > 10 appearing at ca. 1500 G and another with arelatively
narrow linewidth of g~2.1 (Figure 3a) appearing at ca.
3300 G on which a very small peak of g~2.0 is super-
imposed. The second group (Figure 3b) includes for the A-
DNA samples containing limited amounts of water (1.2-2.0
wpn) revealing a broad EMR line of g~ 10 with signifi-
cantly reduced intensity together with two split lines of
g~2.0 and 2.1 with dightly different linewidths (AHp, =
390 and 890 G) but appearing at quite close resonance fields,
3350 and 3200 G The third group (Figure 3c) contains the
A-DNA samples containing higher amounts of water (2.6
wpn) and wet B-DNA samples that show a single narrow
EMR signal of g ~ 2.0 with the broad peak of g > 10 dmost
completely depressed or disappeared. Another peak of g ~
2.1 isbarely discernible in this group, most probably due to
extreme line broadening.

For the EMR peaks of the high water DNA samples (2.6
24 wpn, Figure 3c), the single Lorentzian function was used
to fit each EMR signal, since they were of very similar line-
shapes and aso showed only a single peak of g~2.0. The
lines were reasonably well fitted especialy at the center of
resonance. Accordingly, we carried out a simple double
integration on each spectrum from group (c) in Figure 3 and
obtained amost the same average EMR parameters of g =
2.011 (+0.004), AHswnm = 618 + 38) G, and 3.2 (+0.3 x 10%
spins per gram nucleotide (sping/(g-nuclectide)) independent
of their water content, where AHswnm Signifies the full width
of the signals at haf-maximum. This means that the EMR
spin dynamics observed here are not governed by either
dynamic fluctuations caused by the structural (i.e., confor-
mational) degrees of freedom of the duplex DNA or by the
environmental factors including water molecules. However,
these dynamics are dominated by an intrinsic motion of the
spins themselves. It should be cautioned here that the
number of spins estimated for the peak of g ~ 2.0 correspond
to Curie spins. We can draw a better picture if we could
estimated the number of Pauli spins.*? Unfortunately, the
density of states at the Fermi energy level of DNA is not
known, which does not allow for us to convert the EMR
peak intensity to the Pauli spins. The temperature-indepen-
dent magnetic susceptibilities (Figure 7) of the DNA samples
measured by SQUID strongly implies that the spins of the
g~ 2.0 peak in our samples are of the character of Pauli
spins. It is expected that the number of Pauli spins signifi-
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cantly exceed the number of Curie spins.

On the contrary, for the samples below ca. 2.0 wpn (i.e,
those of 1.4 and 1.2 wpn) the EMR lineshape shows differ-
ent patterns with a higher complexity; an additiona two
EMR peaks simultaneously appear at g~2.1 and g>10
together with the existing EMR signa of g~ 2.0 with a
much reduced relative intensity. Assuming that the EMR
signals of g ~ 2.0 show the same lineshape but have different
relative intensities, we tried to resolve al the EMR signals
into the line of g ~ 2.0 and the two others by subtracting the
EMR spectrum [g factor = 2.014 (£0.002, AHwwm = 577
(£19) G] of the 4.1 wpn DNA sample, taken as arepresenta
tive quas 1-D component, from the total spectrum of the
DNA sample containing 1.4 wpn. The lineshape of the
separated difference spectrum (DS) (inset in Figure 3) close-
ly resembles that of the EMR spectrum of 1.2 wpn, and the
two peaks of g > 10 and g ~ 2.1 were well deconvoluted into
two Lorentzian functions.

The spectral parameters thus obtained are compared in
Figure 4. Figure 4a shows the dependence of the linewidth
of the three peaks of g> 10, 2.1 and 2.0 on the content of
water in the DNA samples. The first peak of g > 10 greatly
broadens with increasing water content, whereas the line-
width of the peak of g~ 2.0 remains dmost constant. The
pesk of g~ 2.1 tends to decrease dightly in linewidth with
increasing water content. Figure 4b compares the magnetic
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Figure 4. The dependence of linewidth (a) and susceptibility (b) of
the EMR signals on water content at room temperature.
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susceptibility dependence of the three peaks on the water
content. The susceptibility values were obtained by double
integration of resolved peaks. The magnetic susceptibility,
thus the g-value of the peak of g> 10, diminishes sharply
with increasing water content, whereas those of g~ 2.1 and
2.0 exhibit much less dependence on water content. The spin
numbers estimated for the peak of g > 10 for the most dry
sample (Figure 3c) is 4 x 10 sping/g-nucleotide, while those
for the combined peak of g~ 2.1 and 2.0 ranged from about
2 x 10" to 1 x 10" sping/g-nucleotide.

It should be noted that natural dsSDNA samples are known
to show awide range of conformational phases according to
their water content?®24344: the hydrated B-form results
above 20 wpn, a mixture of phases consisting of the A- and
B-forms a 8-20 wpn, the A-form with a certain degree of
conformational freedom at 4-8 wpn, and the dry A-form
without much conformational freedom below 4 wpn.

In order to further understand how such morphological
changes would influence the result of our study, we tried to
relate the EMR lineshapes to motional dimension of the
spins involved. In the case of low motiona spins (w-z >>
1, w: resonance angular frequency, 7.: characteristic corre-
lation time), the EMR lineshape is expected to be of pure
Gaussian by the central limit theorem. On the contrary, in the
limit of fast motional regime (w-z << 1), the lineshape is
satisfactorily described by the Lorentzian function due to the
three-dimensiona isotropic motional average effect. How-
ever, if the spin species in the fast motional regime are
confined within a reduced dimension, the motiona average
would lead to the EMR lineshape satisfying the Lorentzian
function at the central resonance part but would lead to the
Gaussian-like lineshape in the tail part far away from the
central resonance point (refer to the inset in Figure 5).°
Accordingly, as in organic conducting polymers or low
dimensional magnetic systems, the motiona dimension of
carriers or spins can be anadyzed smply by plotting ((H-
Hres)/AH12)? Vs | (Hres)/I (H), where H and H,es are applied and
resonance magnetic fields, AHy» the haf width at the half
maximum, and I(H.e) and I(H) indicate amplitudes at the
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Figure 5. The motiona dimension analyses of spins via [(H-Hres)/
AH12]? vs. |(Hres)/I (H) plots.
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resonance point and applied magnetic field, respectively.

Figure 5 demonstrates such plots for the EMR peaks
containing both g-values of 2.1 and 2.0. It is apparent that
the plots for wet DNA samples (4.1 and 24 wpn), which
show mainly the peak of g~ 2.0, are occupying a centrd
region between the Gaussian and Lorentzian predictions
implying that charge carriers are involved in quasi one di-
mensional (1-D) motions. As aresult, we conjecture that the
spins experience quasi 1-D diffusive motion along the long
axis of the double helix when the water content lies in the
range of the 2.6-24 wpn. This is compatible with a number
of experimental reports by several research groups,34®
including Barton et al.**° who pioneered the charge trans-
fer/transport in B-form DNA. The research groups of Giese,*
Saito,* Schuster,**>* and Lewis and Wasidlewski®>*® also
made important contributions to the understanding of long-
range charge transport mostly in B-DNA samples.

From the same dimensional analysis for the peak of g~
2.1 of the DNA samplewith 1.2 wpn, we know that the spins
of this peak are well described by athree-dimensiond (3-D)
motion because the |(Hre)/I(H) Vs ((H-Hre)/AH12)? plots
show a straight line (i.e., the line for the DNA sample of 1.2
wpn and 1.4 wpn in Figure 5) perfectly matching Lorentzian
behavior. Asaresult, it is safe to say that the charge carriers
are likely to move along single DNA double strands with
relatively high water content, but that the spin motion either
gradually or abruptly becomes three-dimensiona (i.e., from
quasi 1-D to 3-D) with decreasing water content. In short,
the two EMR lines of g~ 2.1 and g~ 2.0 have Lorentzian
and mid-Lorentzian-Gaussian lineshapes reflecting the three-
and quas one-dimensiona mation of spin species, respec-
tively. Recently, Mizoguchi and coworkers’ aso made
similar observation on the dimensional dependence of mag-
netic properties of Mn-DNA samples on water content.

It should again be pointed out that the samples revealing a
broad signal of g> 10 are aways accompanied by the peak
of g~2.1 in addition to the pesk of g~2.0 with much
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Figure 6. The magnetization-magnetic field strength (M-H) curves
obtained at room temperature for the dsDNA samples with
different water contents. The inset shows the magnified centra S-
shaped portions of the M-H curves.
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reduced intensity. As described above, the latter appears for
all the samples regardless of the water content. In our earlier
report, we overlooked the fact that the peak at about 3500 G
consists of two separate peaks of g-values of ca. 2.0 and 2.1.

The magnetization-magnetic field (M-H) curves (Figure
6) for DNA samples containing different levels of water
were obtained via SQUID magnetic measurements. It is
noted that the DNA samples containing 2.6-24 wpn and
exhibiting mainly the EMR signal of g ~ 2.0 show linear dia-
magnetic M-H lines over the whole range of the magnetic
field studied. Whereas those containing less water (1.4 wpn)
and showing simultaneoudy the EMR signals of g> 10,
g~2.1 and g ~ 2.0 exhibit both an S-shaped magnetization
behavior in the low field region and a linear dependence of
magnetization outside this region.

The inset in Figure 6 clearly demonstrates that the ampli-
tude (i.e., the difference between the maximum and mini-
mum points) of the S-shaped part of the M-H curve continu-
oudly diminishes as the water content in the DNA samples
increases. Eventualy, the S-shape completely disappears at
the water content of ca. 2.6 wpn. It should be noted that the
S-shaped portion of M-H curves consists of the paramag-
netic ascending part followed by the diamagnetic descend-
ing part.

The magnetic susceptibility-temperature (¥-T) curves
measured at 1000 and 10000 G are given in Figure 7. We
corrected the raw data by subtracting the diamagnetic contri-
bution™ (-2.71 x 10 emu/G-moal nucleotide) by the DNA
moleculeitself and aso the same (=0.72 x 107° emu/G-g) by
water.%® The diamagnetic contribution of DNA was estimat-
ed by the so-caled Pasca's constants of each element and
chemical bonds.*®

The two magnetic fields were specifically chosen because
they each correspond to the para- and diamagnetic regions of
the S-shaped portion of the M-H curves given in Figure 6.
The #-T curves shown in Figure 7 reveal several important
generdlities: 1) All the magnetic susceptibility (%) values are
positively indicating that the electronic structure of DNA
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Figure 7. Molar susceptibilities vs. temperature (¥-T) curves
observed at (a) 1000 G and (b) 10000 G. The data for a sample
with 3.8 wpn containing oxygen molecules (2 ppm) are compared
with those for a deoxygenated sample.
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resultsin an inherent paramagnetism. 2) The magnitude of ¥
vaue increases steadily as the water content in DNA samples
decreases. The ¥ value (7.8 x 10 emu/G-mol nucleotide) at
1000 G of the DNA sample containing 0.5 wpn is about four
timesthe value (2.1 x 10~ emu/G-mol nucleotide) of the wet
DNA in the B-form (24 wpn). 3) The ¥ value changes very
little from room temperature to 50 K. 4) All the composi-
tions exhibit an upturn in the ¥ value around 5 K, most
probably due to the presence of a small amount of magnetic
impurities such as iron. 5) The ¥ values a 1000 G are
significantly higher than the corresponding values at 10000
G

Needless to say, the presence of oxygen molecules in a
sample will result in higher magnetization or magnetic
susceptibility values as shown by the curves given in Figure
7. As one can see from Figure 7, the magnetic susceptibility
value of the particular DNA sample containing 3.8 wpn
(H20) and 1.9 x 10° molecules of oxygen (O,) in the sample
tube of 1.4 x 10° m®isca. 2.5 x 10™* emu/G-mol nucleotide
at 10000 G and ca. 6 x 10™* emuw/G-mol nucleotide at 1000
G which is gignificantly higher than those for the deoxy-
genated wet sample (3.8 wpn). This was part of the recent
controversial point between the French'®® and Japanese
groups.*

Discussion

The dependence of the EMR spectrum at room temper-
ature on the water content, shown in Figure 3, clearly
demongtrates that the EMR lines of g-values of 2.0, 2.1 and
greater than 10 did not originate from impurities. Earlier, we
argued that only at low temperatures could we observe the
appearance of the EMR peaks for Fe(l11), whose content in
the dry sample was about 30 ppm.** One may ascribe the
hydration effect to the presence of ferromagneticaly inter-
acting impurities. These impurities can be separated by
water molecules resulting in a superparamagnetic behavior.
This possibility is excluded in the present case by the fact
that the average distance between iron impurities is estimat-
ed to be 20 nm, which istoo far a distance for ferromagnetic
coupling between the impurities to occur.®

Mesoscopic understanding of carrier's interduplex
tunneling. As presented earlier,* we again propose that the
broad EMR line of g>10 and the S-shaped M-H curve
observed for oxygen-free A-DNA are attributed to the meso-
scopic ring current induced by an external magnetic field. If
this is indeed the case, the intensity of the peak of g> 10
should corrélate to the magnitude of the induced mesoscopic
ring current.®® As described in the previous section, the
broad EMR line and the S-shaped magnetization of the DNA
samples rapidly decrease with increasing water content. In
fact, even a very low water content (greater than only 2.6
wpn) almost completely suppresses the broad EMR line of
g > 10 and the S-shape in the middle of the M-H curve. This
strongly implies that the water molecules efficiently disturb
the mesoscopic ring current. Such an S-shaped behavior is
generaly observed for so-called type Il superconductors. We
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are not yet sure if there exists any correlation between this
observation and the claim by Kasumov et al.®* that DNA
may be a proximity superconductor.

Consistent with present observations, our proposed picture
for the difference between the carrier's transport in dry (A-
DNA) and wet DNA (B-DNA) samples is that the dsDNA
samples in a dry state experience mesoscopic ring currents
in the ordered regions, as conjectured earlier by us. This
implies that there is a hdlical transport aong the stacked- 7z,
of the hdical structure as well as perpendicular coherent
transport achievable only by efficient latera tunneling
resulting in the formation of ring current. In this case, the
induced magnetization can be strongly enhanced owing to
their pogtive interference effect. However, if the coherence
and hdlicity of the charge transport were disrupted by a
certain external agent or disturbance resulting in diffusive
transport, the induced magnetization would diminish. In this
connection, Tagami et al.®* theoretically demonstrated that
electronic transport of benzothiophene-based chira mole-
cular wires can beinterpreted not only by taking the polymer
chains as molecular solenoids but aso by the applicability of
the current-induced magnetic field to such molecular sole-
noids.

In other words, in order to account for the three-dimen-
sional motion of spinsin addition to their quasi one-dimen-
siona motion, interduplex spin migration mechanisms such
as tunneling or magnetically induced interduplex synchroni-
zed motions have to be adopted. In fact, the possibility of
interduplex tunneling has been discussed by Sevilla et al.%

One convincing example for this picture can be found in
carbon nanotubes® with helical current around their tube
axis under non-zero magnetic fields. Some of the earlier
studies on carbon nanotubes experimentally showed the
appearance of broad EMR signd's, similar to ours, aswell as
the externally induced magnetization comparable to 10 uB,
where uB stands for the Bohr magneton. The nanotubes,
however, do not show any S-shaped magnetization behavior
because no latera tunneling is possible between the nearest
carbon nanotubes. In the case of dsDNA, the stacked-7z,
orbitals are expected to play an important role in the afore-
mentioned coherent helical charge transport. In addition, one
of possible mechanisms is that dsDNA in the ordered
regions allows a coherent lateral interduplex tunneling to
occur throughout the elementary fibrilsthat have dimensions
of ca. 60 nm** and show liquid crystalline birefringence on a
cross-polarizing microscope (Figure 8). Formation of liquid
crystaline (LC) phases by DNA was thoroughly reviewed
by Livolant and Leforestier,®® and recently Smalyukh et al .
discussed L C pattern formation in drying droplets of DNA.
Lorman et al.*” and Manna et al.*® aso recently reported
many new crystalline and non-conventional phases of DNA.
We believe that the water content is expected to control
much of the liquid crystalline morphology of DNA, which,
in turn, would influence the magnetic properties. Therefore,
and exact understanding of the molecular order under differ-
ent hydration environment can be useful and important. This
aspect requires further studies.
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Figure 8. Birefringence of a DNA fibril observed through a cross
polarizing optical microscope at room temperature (magnification
200X).

Therefore, the intensity of the broad EMR line should be
proportional to the number of duplexes experiencing cohe-
rent lateral transport and be reflected in the S-shaped M-H
curves obtained by SQUID measurements. Based on this
conjecture, one can envisage that diminution in the coherent
lateral tunneling between duplexes may be responsible for
the weakened broad EMR lines and the S-shaped magneti-
zation for the DNA samples containing water molecules. In
other words, although each dsDNA can experience a helica
current flow, if the helical currents do not laterally couple
coherently in phase, the broad EMR line and the S-shaped
M-H curve weaken and finally disappear due to destructive
interference by water molecules. The water molecules pre-
sent in dsDNA are expected to play the role of effective
scattering centers for spin mations. Since the higher water
content leads to an increased number of scattering centers,
the EMR linewidth may be broadened and finally the peak
of g > 10 will disappear with increasing water content, as we
observed in the present study. Sevilla and coworkers® also
concluded earlier, via EMR studies of y-irradiated DNA
samples, that the DNA hydration layer can separate the
duplexes and thus retard interduplex transfer of charge
carriers. On the other hand, Kornyshev et al.®® claimed from
X-ray diffraction studies that strong azimuthally dependent
interactions between neighboring DNA molecules persist to
ca. 20 A surface-to-surface separations.

However, pure tunneling alone is not enough to explain
the mesoscopic ring current occurring over 60 nm* of the
lateral size of dsDNA fibrills since the tunneling probability
diminishes exponentialy with distance. Moreover, a phase-
coherent transport must occur with difficult throughout the
regime. In order to overcome this complicated situation, we
propose a cyclotron motion aong the inherent helical z-way
of dsDNA in the non-zero magnetic field. This concept,
however, requires further tests, such as the measurement of
the dependence of carriers transport on the frequency of an
externa field. In this context, the discussion by Mesquita et
al.”® on large-scale quantum effects in biological systems
appears to be an important theoretical contribution to the
understanding of this proposition. They are paying attention
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Figure 9. An idealized picture of the cyclotron motion of spin
carriers in an elementary fibril of dsDNA. The inner small circles
designate the solenoidal motions along dsDNA.

to the possible large-scale coherent process, which would
allow long-distance transport of signals in nonequibilium
biopolymer systems. In particular, they rely on the so-called
Frohlich effect. The view expressed recently by Sension™ on
the quantum path to photosynthesis aso emphasizes the
importance of coherence energy transfer or electronic cohe-
rencesin complex biologica systems.

From molecule to mesoscopic phase. In the presence of a
magnetic field the Lorentz force causes the electrons to
move along circular or helical paths. Such a periodic motion
iscaled cyclotron motion. If there are free charge carriersin
the stacked- 7z, orbital, then they experience cyclotron motion
along the dsDNA's inherent helical z-way including the
stacked-7, orbita. The cyclotron radius increases with
increasingly applied magnetic field and finally matches the
radii of helical 7-way of dsDNA. The cyclotron resonance
(CR)"?™ is expected to occur when the cyclotron frequency
Uc a the matching magnetic field becomes the same as the
external angular frequency (w) and thus observable in the
limit of wni>1(7; momentum scattering time).

From the resonance condition of w=w.=vi/r = eH,/mc
for a single A-dsDNA (where r is the radius of A-dsDNA
and w the EMR spectrometer frequency), one can calculate
the circumferential velocity of vi =rw=1.32x 10'cm x 27
x 9.45 x 10° st = 8 x 10° cm/s. Also, the longitudinal velo-
city dong the helical axis of vj = 3 x 10° cm/s is obtained
because the spin carriers have to go through one helical pitch
of 28.2 A for A-DNA during the same period of time T=1/v
(v=945x10°s?) ~ 1.06 x 10° s, These values are of the
same order of magnitude as those reported for typical semi-
conductors.”"" It also should be noted that the values of v
and v are of the same order.

The coherent helical motion (Figure 9) of spin carriers at
very low levels of water content can exert amutual inductive
effect on to neighboring DNA helices according to Faraday's
law™ in electromagnetism. As a consequence, a carier
motion can crossover from a quasi one-dimensional regime
to a coherent three-dimensional regime, which would event-
udly redlize a large lateral loop current throughout ordered
regions.

Conclusion

We explored the hydration effect on the magnetic proper-
ties of dsDNA by relying on EMR spectroscopy and SQUID
magnetometer measurement. As the water content was
lowered, the magnetic properties showed a transition-like
behavior below ca. 2 wpn. For the higher water content (2.6-
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24 wpn), the EMR spectrum resulting from a Zeeman transi-
tion shows mainly asingle peak of g ~ 2.0 that is describable
in terms of the quasi one-dimensional motion of spins.

Correspondingly, the SQUID magnetization measurement
also displays linear diamagnetic M-H réelations, for example,
with ¥ ~ 1.1 x (+0.5)10* emu/G-(mole nucleotide) for dsDNA
containing 24 wpn. On the contrary, below 2 wpn, the EMR
spectra are composed of a newly appeared broad peak of
g> 10 and a relatively sharp, additional Zeeman transition
peak of g~ 2.1 together with the much suppressed EMR
signal of g~ 2.0 also observed for the samples containing
higher levels of water. The broad EMR lines of g> 10 are
due to the cyclotron resonance absorption associated with an
electric dipole transition of spins with charge, and these can
be mediated by an interaction between the charge carriers
and oscillating microwave magnetic field via so-called spin-
orbital coupling along the helica z-way of dsDNA under
non-zero magnetic fields. When the peak of g > 10 appears
together with the peak of g~ 2.1, the latter can be under-
stood in terms of Zeeman transition of spin species experi-
encing cyclotron motion. Accordingly, we can conclude that
the spins of g~2.1 are located in ordered regions partici-
pating in the spin-orbital coupling. On the other hand the
spins of g~ 2.0 undergoing Zeeman transition are confined
in the disordered region excluded from the spin-orbitd
interactions.

Moreover, the increasing S-shaped component of the M-H
curves in SQUID measurements with decreasing water con-
tent can be ascribed to Faraday's mutual magnetic induction
between the nearest neighbor's dsDNA. This picture allows
us to assume a few tens of nanometers of mesoscopic ring
currents occur, which is essential in our interpretation of the
magnetic properties of A-dsDNA. The sengitivity of DNA's
magnetic properties to water content also must be related to
structural changes caused by the water molecules even at
low hydration levels.

All the observations discussed above on the influence of
water on the magnetic properties of DNA warn us that
whenever we study the magnetic properties of natura as
well as modified DNA, we should control the water content
in the samples. In addition, we learned during this investi-
gation that the DNA samples can be more readily contami-
nated with dissolved oxygen when they are wet than when
they are dry.

Consequently, the present investigation enables us not
only to clarify the cause of the magnetism attributed to the
structural characteristics of dsDNA, but also to the under-
standing of magnetic properties of hydrated DNA.
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