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ABSTRACT

Utilizing Fourier transform infrared spectroscopy
we have investigated the vibrational spectrum of
thin dsDNA films in order to track the struc-
tural changes upon addition of magnesium ions.
In the range of low magnesium concentration
(Imagnesium]/[phosphate] = [Mg]/[P] < 0.5), both
the red shift and the intensity of asymmetric PO,
stretching band decrease, indicating an increase of
magnesium-phosphate binding in the backbone re-
gion. Vibration characteristics of the A conformation
of the dsDNA vanish, whereas those characterizing
the B conformation become fully stabilized. In the
crossover range with comparable Mg and intrinsic
Na DNA ions ([Mg]/[P] ~ 1) B conformation remains
stable; vibrational spectra show moderate intensity
changes and a prominent blue shift, indicating a re-
inforcement of the bonds and binding in both the
phosphate and the base regions. The obtained re-
sults reflect the modified screening and local charge
neutralization of the dsDNA backbone charge, thus
consistently demonstrating that the added Mg ions
interact with DNA via long-range electrostatic forces.
At high Mg contents ([Mg]/[P] > 10), the vibrational
spectra broaden and show a striking intensity rise,
while the base stacking remains unaffected. We ar-
gue that at these extreme conditions, where a charge
compensation by vicinal counterions reaches 92-
94%, DNA may undergo a structural transition into
a more compact form.

INTRODUCTION

Negatively charged (bio)polymers, such as double stranded
deoxyribonucleic acid (dsDNA), are among the fundamen-
tal components of the biological milieu and their charge-

derived properties are in direct relation to their structural
properties and biological functions (1). Major experimental
and theoretical studies consistently show that inter-polyion
forces depend on polymer length and concentration, added
salt concentration and the nature of the mobile ions, intrin-
sic or provided by the added salt. It is important to note
that the cations in particular play a critical role in deter-
mining the details of the polyion-polyion interactions: in
the presence of weakly electrostatically coupled monova-
lent and divalent cations, the dominant interaction is repul-
sive, modified by partial neutralization of the polyion neg-
ative charge and Debye screening. Higher valency cations
act altogether differently, and can engender attractive in-
teractions between nominally equally charged polyions due
to the strong electrostatic coupling effects (2). In the weak
coupling scenario, one distinguishes two screening limits
yielding two basically different results: in the low screen-
ing limit, the polymers remain stretched and statistically as-
sume an extended, rod-like configuration, whereas in the
high screening limit they persist in an ideal polymer con-
figuration, best described as either a self-avoiding walk or
a ideally random walk (3-6). These results, strictly valid for
the bulk remain however valid also for adsorbed DNA (7)
and by analogy can be presumed to hold also for surface
deposited DNA solutions. In the strong coupling scenario,
the correlation effect of the polyvalent counterions strongly
reduces the rigidity of charged polymers which then further
collapse into highly compact states (8,9), with distinct mor-
phology as is the case of dsDNA toroids (10).

dsDNA presents a prominent example of a complex solu-
tion behavior due to its stiffness and in particular the strong
electrostatic interactions: in aqueous solutions in vitro, it
assumes the conformation of an extended statistical coil,
whereas in vivo long genomic DNA is folded into dense
and compact states to fit within the micron-sized nucleus
of eukaryotic cells or even smaller nano-scale viral cap-
sids (11,12). To a large degree the behavior seen in vivo can
be closely reproduced in vitro either by tuning the DNA
concentration via an applied osmotic stress, by varying the
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amount of added salt, and/or by increasing the valency of
the cations. It is well known that the conformational prop-
erties of cellular components play a key role in determin-
ing their functional behavior and over the years much effort
has been invested to improve a description and understand-
ing of DNA structural features in diverse environments. De-
spite numerous experimental and theoretical studies by X-
ray crystallography, nuclear magnetic resonance, infrared
spectroscopy, intensive all atom or coarse grained molec-
ular simulations and quantum chemical calculations, the
base pairing and stacking interactions, responsible for the
dsDNA structure, are still not understood in all the relevant
details (11,13-19).

The role of cation-mediated interactions is another open
issue. Investigations over many years by various techniques
including circular dichroism spectroscopy, UV-visible spec-
trophotometry, sedimentation equilibrium measurements,
Raman and infrared spectroscopy (20-24) identified main
interaction sites at the phosphate groups, and at the
electron-donor groups of the bases such as carbonyl groups
and nitrogen atoms, and showed that the interactions be-
tween the cations and the DNA helix strongly depend on
the nature of the cation, its concentration and its hydration
state. Distinct binding mechanisms were suggested, involv-
ing not only electrostatic but also direct site-specific inter-
actions pending on the hydration and charge of the cation
(23). Some divalent cations, such as alkaline-earth Mg>*
and Ca®*, were suggested to interact purely electrostatically
with negatively charged phosphates, rather than with spe-
cific nitrogen base sites, and consequently locally neutralize
the negative dSDNA backbone charge and in this way sta-
bilize the double-helix secondary structure (25). However,
conflicting interpretations were suggested involving either
non-specific (23,26), or site-specific (21) long-range electro-
static interactions, or site-specific chemical binding envi-
sioned even as a direct covalent binding (27). Importantly,
recent theoretical studies give strong evidence suggesting
minor if any site specific binding (28,29). On the other hand,
divalent cations like transition-metal Mn?* and Zn>* were
shown to bind preferably to base sites in a direct covalent-
like manner, inducing conformational changes of the native
structure related to their binding. However, these apparent
differences between different cations may also be due to the
fact that most of the studies were conducted at different
conditions, including several orders of magnitude different
DNA concentrations, as well as differing cation concentra-
tion ranges.

In order to address how the behavior of DNA evolves
upon progressive addition of Mg?* cations, we have per-
formed an extensive investigation of infrared vibrational
properties of dsDNA in a broad range of added magne-
sium chloride salt concentration with cation/phosphate ra-
tio between 0.0067 and 30. To be able to make relevant
comparisons with previous reports, we have studied native
surface deposited DNA using a Fourier transform infrared
spectroscopy, widely recognized as a non-destructive and
powerful technique to probe vibrational features of DNA
that are tightly connected to its structural properties. Our
results demonstrate that going from the low to the high
magnesium content, cation—-DNA interaction changes in
strength due to enhanced screening, present in the both the
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backbone as well as the base regions. Whereas lower Mg?*
salt concentrations stabilize the double-helix B conforma-
tion of dsDNA, extremely high non-physiological contents,
larger than 150 mM, induce fundamental modifications of
the secondary structure. Possible interpretations of the ob-
served behavior are discussed and the arguments are pro-
vided that an electrostatic interaction/binding is the most
relevant mechanism for the observed interaction of magne-
sium ions with DNA. At extremely large Mg?* contents, a
possibility of Mg-induced DNA transition into a compact
form is discussed.

MATERIALS AND METHODS

Salmon testes lyophilized Na-DNA threads were purchased
from Sigma-Aldrich. Previous gel electrophoresis measure-
ments showed that the majority fragments were in the 2—
20 kbp range, implying the contour length between 0.7
and 7 pwm; so that the estimated average DNA fragments
were 4 wm long (30). Low protein content was declared
and verified by our UV spectrophotometry measurements
as Ang0/ Azgo = 1.8-2.0. Ultrapure MilliQ water (labeled as
pure water throughout the paper) with declared conductiv-
ity 0.056 .S/cm was used in all experiments.

Dry Na—-DNA threads were dissolved in pure water for 48
h at 4 °C with occasional stirring to ensure the formation of
homogeneous solution. The solutions of MgCl, were pre-
pared in pure water and added dropwise to the DNA solu-
tions to attain desired cation/phosphate r = [Mg]/[P] molar
concentration ratio: 0.0067, 0.01, 0.02, 0.07, 0.15, 0.3, 0.5,
0.67,1,1.5,2,3.3,5, 10, 20 and 30, at a final DNA concen-
tration of 7.5 mM. In addition, pure water Na—-DNA solu-
tion with molar concentration of 7.5 mM was prepared as
a reference. For comparison, we have also prepared DNA
solution in 10 mM NaCl. Reference solutions pH was 7,
while for all other solutions prepared with different ratios
r = [Mg]/[P], pH was 6.0 £ 0.5. In order to avoid compli-
cations arising in the presence of ions of different size and
charge (31), and to conduct FTIR measurements in well de-
fined conditions with only intrinsic sodium DNA and added
magnesium cations present, no buffers were added.

UV spectrophotometry measurements of the DNA ab-
sorbance intensity at 260 nm were done in order to verify
the nominal DNA concentration. The concentration was
determined assuming double-stranded conformation, using
the extinction coefficient at 260 nm equal to 20 L/gcm. Ap-
proximately 80% of the wei ght is associated with DNA and
the remaining 20% is due to water and intrinsic counterions
(32). Throughout the paper, we will refer to these measured
concentrations as the ‘DNA concentrations’. We have also
used UV spectrophotometry in order to verify the stability
of the double-stranded conformation (dSDNA) of samples
studied by FTIR. The results showed, consistently with pre-
vious reports (32-34), the absence of denaturating changes
for all samples studied by FTIR which were prepared from
solutions whose DNA concentration (i.e. concentration of
intrinsic DNA counterions) was 0.15 mM or larger.

In order to obtain thin films, 30 wL of the respective DNA
stock solutions with final DNA molar concentrations of 7.5
mM were deposited on optical grade silicon transmission
windows and dried in a desiccator for 10 min using rotary
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Figure 1. FTIR spectra of Na—-DNA thin film in the region 800-1800 cm™~!
measured at about 85% r.h. Labels identify bands assigned to the specific
base and backbone (sugar and phosphate) vibrations (see main text).

vacuum pump. Reference film was obtained from pure wa-
ter Na—DNA solution with molar concentration of 7.5 mM.
Throughout the paper, this reference spectrum will be re-
ferred to as Na-DNA. For comparison, we also prepared
thin films of DNA in 10 mM NaCl in the same manner. Es-
timated relative humidity of prepared thin films, Na-DNA,
as well as those with added salt, was close to 8§5% r.h. (35).

Fourier transform infrared spectroscopy (FTIR) spectra
of thin films were recorded on PerkinElmer Spectrum GX
spectrometer equipped with nitrogen cooled MCT detector
and KBr beam splitter. The current experimental setup is
adapted for DNA thin film experiments in order to avoid
problems with water subtraction, especially in the base re-
gion. The spectra were taken within 30 minutes after obtain-
ing a thin film, once we verified that essentially the same re-
sult was obtained after 120 and 240 min. Spectra were mea-
sured at 25 °C and recorded in transmission mode with 4
cm ™! resolution and 64 co-added scans and later processed
in Kinetics add on for Matlab 2010. Raw data were baseline-
corrected and normalized using the band at 966 cm™! (de-
oxyribose C-C stretching mode) as internal reference be-
cause it showed negligible spectral changes in position or
intensity upon cation complexation (26,36,37). The spectra
were measured as a function of [Mg]/[P] ratio with repro-
ducibility of +0.1%.

RESULTS
Na-DNA

The reference thin film vibrational spectrum of Na-DNA,
measured in the spectral range between 800 and 1800 cm ™',
is presented in Figure 1. Besides vibrations due to DNA
base-pair interaction in the range 1300-1800 cm~!, we ob-
serve also characteristic features of the sugar and phosphate

DNA backbone vibrations in the range 800-1300 cm™~" (17).

Our results are fully consistent with previous FTIR mea-
surements on films (25,38-40), as well as on aqueous solu-
tions (26,36,41).

In particular, the main absorption bands associated with
DNA bases are the carbonyl C=0 and C=N in-plane
stretching modes. The former vibrations, commonly con-
sidered to originate in guanine bases (C6=06) and thymine
bases (C2=02), are centred at 1704 cm™!, while vibrations
in thymine bases (C4=04) are centred at 1661 cm~!. The
latter vibrations, considered to originate in adenine bases
(C8=NT7), are centred at 1608 cm~', and those originating
in the cytosine bases (C4=N3) and guanine bases (C8=N7)
are centred at 1487 cm™! (13,15,42,43). The most promi-
nent phosphate and sugar stretching vibrations are asym-
metric and symmetric PO, stretching modes at 1234 and at
1089 cm™~!, respectively, sugar-phosphate stretching bands
at 1069 and at 893 cm~!, and deoxyribose stretching mode
at 966 cm~'. A deoxyribose-thymine band can be also rec-
ognized as a high-frequency shoulder at 1280 cm~!. The
sugar-phosphate bands, considered as the most important
markers pertaining to B and A conformations of dsDNA,
are visible at 836 and 860 cm ™', respectively (14). A compar-
ison of the integrated absorptions of these bands Ag3¢/(As36
+ Aggo) (44.,45) gives the fraction of B form of about 54%. A
possible signature of the A form is identified at 1069 cm™!
thus hindering a 1055 cm™! band, a fingerprint of the B
form DNA. Therefore, our spectra shown in Figure 1 in-
dicate a modified B form dsDNA structure, leaning toward
the A form dsDNA (26). Two additional spectral features
would corroborate this interpretation: the guanine band
found at 1704 cm~', instead at 1717 cm~!, and the asym-
metric PO, stretching mode at 1234 cm™!, usually found in
the range at 12201225 cm~!. Our findings are in accord
with the previous FTIR studies which showed these changes
in Na-DNA even for relative humidity levels as high as 90%
r.h. (35,38,40). Furthermore, as we will show in the next
section, spectral signatures of the A form diminish with in-
creasing magnesium content » = [Mg]/[P], and eventually
completely disappear for r ~ 0.5. The position of asymmet-
ric PO, concurrently shifts to lower values down to 1229
cm™~!; a slightly higher frequency is due to an initially lower
salinity of Na-DNA films in our work (46).

DNA in MgCl,

In what follows, we present results of the infrared response
performed on thin films of dSDNA containing magnesium
ions. The spectra were taken as a function of r = [Mg]/[P]
ratio in the range 0.0067 < r < 30. We can identify three
regions with different levels of Mg content characterized
by distinct spectral changes: the region of low Mg content,
0.0067 < r < 0.5, medium Mg content 0.5 <r < 5(r~1),
and high Mg content r > 5-10. The representative spectra
for the regions of low, medium and high Mg content are
displayed in Figures 2 and 3. These spectra show that in the
presence of magnesium ions, the DNA infrared signatures
are perturbed extensively, in particular for the case of high
Mg content.

First, we address the case of low and medium Mg con-
tent (Figure 2). In the 0.0067 < r < 0.5 the most notice-
able changes are found in the backbone region and con-
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Figure 2. FTIR spectra of DNA thin films in the region 800-1800 cm~!
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Figure 3. FTIR spectra of DNA thin films in the region 800—1800 cm~!
measured at about 85% r.h. for representative Mg content r = [Mg]/[P]: 5
(b—Dblack, dotted), 10 (c—orange), 20 (d—purple) and 30 (e—red). Labels
(dashed lines and numbers) identify bands undergoing prominent changes
for r = 30. Reference spectrum of Na-DNA is shown for comparison
(a—Dblue): vibrational bands, assigned to the base and backbone vibra-
tions, are marked by arrows.

cern a major drop in intensity of asymmetric PO, stretching
band at 1234 cm~! (Figure 4, upper panel), of the symmetric
PO, stretching band at 1089 cm~', as well as of the sugar-
phosphate stretching band at 1069 cm~!, considered as a
fingerprint of the A form (see Figure 2). The observed inten-
sity changes happen concomitantly with a red shift of asym-
metric PO, stretching band from 1234 to 1229 cm~! (Figure
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Figure 4. Intensity (upper panel) and frequency position (lower panel) of
the asymmetric PO, stretching band, centred at 1234 cm~! for Na-DNA,
as a function of Mg content » = [Mg]/[P]. Data point for r = 10° corre-
sponds to Na—DNA. Full lines are guides for the eye.

4, lower panel), which indicates an increasing magnesium-
phosphate binding upon addition of Mg ions. Another im-
portant effect of increasing Mg content in this region oc-
curs at sugar-phosphate bands at 836 cm~! (B marker) and
at 860 cm~! (A marker). Remarkably, the intensities of A
and B markers concurrently change in opposite directions
(Figure 5); the B form becomes fully stabilized for » &~ 0.5
(calculated B form fraction from the integrated intensities
is ~95%), as testified by an almost complete disappearance
of the A form marker at 860 cm~!, and by a significant de-
crease of the band at 1069 cm~!, accompanied by an ap-
pearance of a shoulder at 1055 cm™! associated with the
sugar vibration characteristic of B form (Figure 2). In the
base region, spectral changes include a small decrease in
intensity of bands due to C=0 in-plane stretching modes
at 1704 and 1661 cm™!, while the effect is barely detectable
for the C=N bands at 1608 and 1487 cm™~!. Importantly,
no major shift in the frequency position is found, except
for the C=N vibration at 1487 cm~!. These changes indi-
cate the appearance of a weak association between Mg ions
and nitrogen bases, that nevertheless remains of minor im-
portance as compared to the overwhelming Mg localization
in the vicinity of the backbone phosphates, due to unspe-
cific electrostatic interactions (27). Overall changes at low
contents (0.0067 < r < 0.5) thus indicate that Mg is prefer-
ably localized in the vicinity of the phosphate groups, locally
screening their charge and in this way inducing increased
base stacking interactions which furthermore stabilize the B
form of dsDNA. Our results are in pleasing agreement also
with previously obtained FTIR (25) and Raman (27) exper-
iments and extend their validity throughout the low range



8460 Nucleic Acids Research, 2016, Vol. 44, No. 17

e
o

Intensity (a.u.)
(=)
N

0.2
10°
[Mg]/[P]
ﬁ/‘_""r""l_'_""""“_'_w
—IE 864 _l’;""'l R I R AL |
0.3 ¢ 860 S J
- 860 ¢ 0% ¢,
2 S0 [ o]
< g IS
;0 2 ~ 5856 _'l,llml Lo toet soued 1o by
= & 10° 100 10
2 1 o=
201 .
L 3
00 _/IA FETTTTT EETETERTTT BTN K W BRI
10 0% 10" 10° 10" 10°
[Mgl/[P]

Figure 5. Intensity and the frequency position (insets) of the B marker at
836 cm~! for Na—-DNA and of the A marker at 860 cm~! as a function of
Mg content r = [Mg]/[P] are shown in upper and lower panel, respectively.
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of the Mg content. Finally, concerning a direct Mg-N7 gua-
nine specific, ‘chemical’ binding, observed by FTIR mea-
surements in solution (26), and suggested to occur on the
basis of spectral changes observed at very low Mg contents
(r=0.0125), we note that a direct cation-nitrogen base spe-
cific chemical binding is expected for transition metal ions
with partially filled d-orbitals, but it would be difficult to ra-
tionalize for divalent Mg ions. In any case, we consider that
the perturbation on the N7 guanine site in the presence of
alkaline-earth metal ions, if any, should be weaker and only
indirect in nature (27,28).

In the medium range, 0.5 < r < 5, the B conformation
continues to be stable. However, new important spectral
changes occur in the base region, indicating the incipient
magnesium binding in the base region. Namely, the modes
associated with the C=N vibrations (centred at 1608 cm™!
in Na—DNA) and with the C=0 vibrations (centred at 1704
cm~! in Na-DNA) show minor intensity increase accompa-
nied by a strong blue shift from 1608 and 1704 cm~! to 1616
and 1713 cm™!, respectively (Figure 6). On the other hand,
the C=0 band centred at 1661 cm~! in Na-DNA gains in-
tensity but shows also no displacement in frequency, while
C=N band centred at 1487 cm~! in Na-DNA shows a ma-
jor frequency shift from 1487 to 1494 cm~!, but with no in-
tensity change. It is noteworthy that these effects occur con-
comitantly with the blue shift of bands in the backbone re-
gion. The B marker shows a small shift to higher frequencies
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Figure 6. Intensity (upper panel) and frequency position (lower panel) of
the most important vibrations bands in the base region for Na-DNA as a
function of Mg content r = [Mg]/[P]. The C=0 band at 1704 cm™! (open
red squares) and at 1661 cm~! (full red squares); the C=N band at 1608
cm~! (full blue circles) and at 1487 cm~! (open blue circles). For details of
assignments, see main text. Data point for r = 10~ corresponds to Na—
DNA. Full lines are guides for the eye.

and saturates at 840 cm™! for r &~ 5 (Figure 5). The asym-
metric PO, stretching mode at 1234 cm~! also shows a shift
to higher frequencies, which is accompanied by widening of
the band and further, more pronounced, intensity decrease
(Figure 4). It is noteworthy that the observed shift to higher
frequency is commonly attributed to a decreasing hydrogen
bonding of water and taken as a sign of lower hydration
level (35), the effect which is excluded here since the hydra-
tion level of all our films is always the same. Rather, as we
will discuss in the next section, this shift reflects the interac-
tion between Mg ions and DNA upon further addition of
Mg ions. The shape of this band also suggests 3 major con-
tributions centred at 1280, 1242 cm~! and at 1226 cm™! (not
indicated in Figure 2). Another observed change concerns
the deoxyribose-thymine band visible as a shoulder at 1280
cm™!, which shows a large intensity increase for r = 1, but
no frequency shift (Figure 2). As we will argue later, the ob-
served frequency shifts indicate that a stronger magnesium-—
DNA interaction develops as compared to the one at low
Mg?* contents.

Further addition of Mg?* ions (r > 5-10) then leads
to abrupt changes: the C=0 and C=N bands in the base
region 15501800 cm™!, as well as the asymmetric PO,
stretching band in the backbone region present striking
jumps in intensity and a significant broadening (Figures 3
and 4 upper panel, Figure 6). We also note the appearance
of a band at 1560 cm~! and a prominent intensity rise of
the deoxyribose-thymine band at 1280 cm~!. On the other
hand, in the region of the symmetric PO, stretching origi-
nally centred at 1089 cm™!, spectral changes which started



to develop for the low and medium Mg?* content, become
only more pronounced with further addition of magnesium
ions. Likewise, the deoxyribose stretching mode originally
centred at 966 cm™! continuously shifts to 971 cm~! with
increasing Mg”* content, therefore indicating only mod-
est structural changes in the region of the sugar-phosphate
backbone. Finally, important spectral changes concerning
the B and A markers of the DNA conformation should be
noted (Figure 5) as for highest Mg contents (r = 20 and
30), a prominent intensity jump occurs for both, the B as
well as for the A marker. The overall spectral changes in
the presence of these high Mg contents thus indicate that
magnesium interaction with both, the DNA backbone and
the base regions is at the origin of significant changes of
the DNA conformation at these non-physiological salinity
conditions and, as we will argue later, may be responsible
for Mg-induced transition into a more compact form.

DISCUSSION

We first summarize the main results of infrared measure-
ments and discuss the related structural changes which in-
dicate the nature of interaction between Mg ions and ds-
DNA. In the range of low Mg content ([Mg]/[P] < 0.5)
our data are in a good agreement with previously obtained
results (23,25,26). There are a number of spectral changes
which happen simultaneously. The intensity decrease of the
asymmetric and the symmetric PO, stretching bands, ac-
companied by a red shift, are due to pronounced Mg in-
teraction with the backbone phosphates; the magnitude of
these changes is relatively small, pointing to a non-specific
electrostatic nature of this interaction, rather than a direct,
site-specific binding. In the base region, C=0 bands show
a small intensity drop, while C=N bands show only a mi-
nor blue shift. Vibrations at 860 and 1069 cm~! character-
istic of the A conformation of the dSDNA vanish, whereas
those characteristic of the B conformation, such as the
sugar-phosphate vibration at 836 and 1055 cm™!, become
fully stabilized. These findings consistently indicate that the
binding of magnesium ions in this concentration regime oc-
curs mostly in the region of phosphate groups without any
significant perturbation of the DNA bases. Importantly,
such predominantly electrostatic interaction/binding gives
rise to a decreased effective charge density, as evidenced by
the observed shift to lower frequencies of the asymmetric
PO; stretching mode, and thus results in a stronger base-
stacking interaction and double-helix stability. This is con-
firmed also by the observed decrease of intensities of the
C=0 vibrations in the base region. The implied decrease
of the effective charge density through Mg?* concentration-
dependent charge compensation is consistent also with the
Manning counterion condensation theory in an environ-
ment containing two species of cations (47) (see Figure
7 and the related discussion at the end of this section).
Namely, while for the one-cation case the Manning theory
of the counterion condensation predicts that about 76% and
88% of DNA charge is neutralized by monovalent and diva-
lent cations, respectively (4,47), the outcome of the compe-
tition between two different cations is determined not only
by the valences, but by their concentrations as well.
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of bound Na™ and Mg?" counterions, respectively. Dotted lines designate
expected compensated phosphate charge when only one species of cations
is present: O, ~ 0.76 and Oy ~ 0.88. Dashed line designates (O, +
20Mmg) ~ 0.90 when the DNA collapse may occur.

On further addition of Mg ions in the medium range
0.5 < r < 5, the B conformation continues to be stable.
The intensity of asymmetric PO, stretching band now de-
creases at a much faster pace, in the whole interval all
the way to r ~ 5. Concomitantly, the previously observed
trend in the frequency shift is reversed, indicating a stronger
Mg-phosphate binding that gradually sets in. The observed
spectral changes reveal a higher force constant indicating
a steeper potential, reinforcing the vibration of the bonds
upon the addition of Mg ions. Prominent blue shifts ap-
pear also in the base region and are accompanied with an
intensity increase of the C=0 band centred at 1704 cm~! in
Na-DNA and the C=N band at 1608 cm~!. These changes
indicate that the range of the magnesium-DNA interaction
increases at these higher Mg?* contents. On the other hand,
the C=0 vibrations centred at 1661 cm~! and C=N vibra-
tions at 1487 cm~! seem to be ruled out from the bind-
ing due to missing frequency and intensity changes, respec-
tively. The task then, is to distinguish between the C=0
and C=N bonds in the DNA bases, whose excitations in-
duce frequency and intensity changes as a function of Mg?*
content, and those which remain silent under infrared irra-
diation. Based on the previous FTIR studies (see section
"Na-DNA’), we assign the C=N vibrational modes occur-
ring at 1608 cm~! to either C8=N7 bonds in adenine bases
or to C6=C5 bonds in thymine bases, while those occurring
at 1487 cm™! are assigned to the C4=N3 and the C8=N7
bonds in cytosine and guanine bases, respectively. Remark-
ably, only the former mode, with contributions situated in
the proximity of the sugar-phosphate backbone, is affected
by addition of Mg?*. On the other hand, the latter mode,
resulting from the vibrations in the proximity of the back-
bone, as well as from vibrations in the interior of cytosine-
guanine base pair, is at most blue-shifted, but does not show
any intensity change. Likewise, the vibrational mode at 1661
cm~!' commonly assigned for the most part to the interior
C4=04 stretches in the thymine bases, shows only an in-
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tensity rise, but does not show any frequency shift. Finally,
the vibrational mode at 1704 cm~!, which is blue-shifted
and shows an intensity rise, may be assigned to C2=02
stretches close to thymine N1 site, where the base is linked to
the sugar-phosphate backbone. All these spectral changes
demonstrate that Mg?* binding occurs at the level of the
DNA backbone and that the Mg?* ions do not penetrate
into the interior of the base-pairs. Therefore, any significant
influence on the intra-base pairing can be safely excluded.

The overall spectral changes, observed at low and
medium Mg contents, reveal that the interaction of magne-
sium ions with DNA is determined by electrostatic forces,
renormalized by the ion atmosphere (48), with their inher-
ent and long-range character. Namely, on increase of the
Mg?* ions with r > 0.5, when the Mg>* ions prevail over
the intrinsic Na!* counterions, the Debye screening length
starts to decrease strongly (Figure 7). An additional piece
of evidence, which suggests that the localized site-specific
Mg>*~-DNA binding may be safely excluded, is the fact that
the vicinal Mg?* ions retain their hydration state and mo-
bility over a wide concentration range (29,48,49).

Finally, in the high Mg content region with r > 5-10, the
vibrational spectra are strongly perturbed: a striking inten-
sity rise and significant broadening is found for the asym-
metric PO, stretching vibrations, as well as for the C=0
guanine and thymine, and C=N adenine modes. The in-
tensity changes of B and A markers at 836 and 860 cm™!
for highest Mg content indicate that the secondary struc-
ture of DNA is strongly modified, suggesting a transition
to some intermediate conformation which differs from the
common B form geometry. Importantly, only minor addi-
tional blue frequency shifts, as compared to the ones found
for 0.5 < r < 5, are detected in this regime, and are primar-
ily observed for the asymmetric PO, stretching and C2=02
thymine stretching, amounting at most to 1 cm~!. This find-
ing suggests that an almost complete DNA charge com-
pensation as a result of vicinal counterions occurs for r ~
5. Similar drastic increase of the intensities of vibrations
in the base and phosphate regions for divalent and triva-
lent cations such as Cu?*, Pb?*, La** have been interpreted
by some authors as a signature of the DNA denaturation
(50,51). In these cases, the intensity changes were accom-
panied by red shifts of the base vibrations and blue shifts
of the sugar-phosphate backbone band at 1055 cm™!, indi-
cating the creation of new binding sites at these cation con-
centrations. However, these effects were not found in our
work. Therefore, although a considerable increase of inten-
sity might point to a double-helix destabilization and base
pair openings, our data rule out a major unwinding of the
dsDNA as a relevant scenario at high Mg contents. The ad-
ditional support for this claim comes from the UV measure-
ments, which show a small but clear decrease of the absorp-
tion upon addition of Mg ions, indicating stabilization of
the dsDNA structure at these extremely high Mg contents
(52). We can therefore only reiterate our previous conclu-
sion that for all studied Mg?* contents, any kind of direct,
site-specific coordination, known to destabilize intra base-
pair hydrogen bonds and base stacking, can be definitively
ruled out.

In what follows, we discuss the possibility of a Mg-
induced dsDNA transition into a compact form, which

sets in once the magnesium/phosphate ratio becomes larger
than 10 (r > 10). The phase transition interpretation is sug-
gested by the observed highly discrete changes in the inten-
sity of vibration modes and their significant broadening, im-
plying the presence of non-equivalent components. It has
been already proposed by various authors before, that di-
valent cations such as Mg?* at high concentrations of sev-
eral hundred mM and/or confined in reduced spatial di-
mensions, could be effective in changing the DNA struc-
ture and even induce DNA compactification with different
morphologies related to the detailed cation binding position
to dsDNA (22,53-55). At extremely high Mg?" concentra-
tions, larger than 150 mM (r > 10), a crossover from re-
pulsive to attractive electrostatic interactions between DNA
segments may happen, driven by the strong coupling corre-
lation effect (56), even if the Mg?* ions do not directly lead
to DNA condensation in the bulk (57). Indeed, structural
studies using electron microscopy indicate that Mg”* ions
facilitate the close approach of DNA segments, even if they
do not explicitly condense it (58). One should however note,
that divalent counterions are at the boundary of the strong
coupling electrostatics and do not as a rule exhibit the same
features as the more highly charged DNA condensing coun-
terions (59). Apart from the strong coupling electrostatics,
one should note also the role of hydration forces, associ-
ated with the perturbed vicinal water structure, that have
been hypothesized to turn from repulsive to attractive, de-
pending on the compensatory nature of the hydration shell
of dsDNA and Mg”* ions (22,57). Even a combination of
the two effects, water structuring coupled to electrostatic in-
teractions, could just as well lead to water-mediated attrac-
tive electrostatic interactions that would show pronounced
cation specificity (60).

Finally, we have applied the approximate two-variable
Manning approach for a mixture of two types of cations
to our DNA system (47,61-63) noting that it corresponds
almost quantitatively to a separation of 2 nm away from
the surface of DNA if compared to the ‘exact’” MD simu-
lation predictions (see Figure 3D in (29)). Note that as the
concentration of Mg ions increases, so does the charge neu-
tralization by condensed counterions. Recent experiments
(31) make it clear that in the case of two different cations in
the ionic atmosphere, the higher charge of divalent cations
relative to that of monovalent ones, is expected to favor
cation association over anion exclusion in DNA neutraliza-
tion. Thus, we interpret the rising charge neutralization with
added Mg in terms of an increase in the number of bound
Mg?* ions, and a decrease in the number of bound Na™* ions
in the ion atmosphere (28). It is gratifying to find that for
approximately equal concentrations of Na*™ and Mg?* ions
(r & 1) the DNA charge is neutralized at the level of 0.88,
implying that nearly all of the accumulated bound counteri-
ons are divalent Mg”" ions (48). Last but not least, previous
calculations based on the Manning approach for a mixture
of two cations of different valencies, and invoked in the con-
text of light scattering, UV and FTIR data, have indicated
that the DNA collapse can occur when about 90% of DNA
charge is neutralized by the vicinal (condensed) counteri-
ons (62,63). Remarkably, in our experiments, the 90% lo-
cal charge compensation has been achieved for added Mg>*
concentration of ~150 mM (r = 10) (Figure 7), right at the



threshold, above which intriguing spectral changes, indicat-
ing an alternation in the DNA structure, make their appear-
ance.

CONCLUSIONS

We have investigated vibrational spectra of thin DNA films
at 85% r.h. using infrared vibrational spectroscopy (800—
1800 cm™!) in order to investigate structural changes upon
addition of magnesium ions in the wide range of 0.0067
< r = [Mg]/[P] < 30. Three vibrational bands were iden-
tified to undergo the most prominent spectral changes in
this range of r, revealing the Mg-DNA interactions: the
asymmetric PO, stretching mode (1234), the carbonyl C=0
(1704) and the C=N (1608) in-plane stretching mode. In
the range of low Mg content ([Mg]/[P] < 0.5), vibrational
spectra remain almost unchanged in the nitrogen base re-
gion, except for a minor intensity drop and a blue shift of
the C=N stretching bands. In the phosphate backbone re-
gion, the red shift and the intensity decrease of the asym-
metric PO, stretching band can be attributed to a progres-
sive Mg localization in the vicinity of the oppositely charged
phosphates that increases also the base stacking interac-
tions. Concomitantly, vibrations at 860 and 1069 cm~!, a
characteristic of the A form of the dsDNA, progressively
disappear, whereas those characteristic of the B form, such
as the sugar-phosphate vibration at 836 and 1055 cm™!, be-
come fully stabilized. In the crossover range with compara-
ble added Mg and intrinsic DNA ions ([Mg]/[P] & 1), the
B form of dsDNA remains completely stable; spectra of the
asymmetric PO, stretching mode (1234), the carbonyl C=0
(1704) and the C=N (1608) in-plane stretching mode show
a moderate intensity change as well as a prominent blue
shift, indicating a stiffer interaction potential in the back-
bone and the nitrogen base regions due purely to a modi-
fied Debye screening when monovalent ions are substituted
by divalent ones. Once non-physiological conditions at high
added salt limit ((Mg]/[P] > 10) are established, vibrational
spectra are strongly perturbed and show a striking inten-
sity rise. These results consistently demonstrate that mod-
est amounts of added magnesium ions interact with DNA
prevalently via long-range but non-specific electrostatic in-
teraction, first at the level of the phosphate groups and then
also in the base region, and in this way stabilize the dssDNA
in the B conformation. Conversely, in the presence of ex-
tremely high magnesium content that lead to overwhelm-
ing Debye screening, and with strongly perturbed hydra-
tion shell water, the secondary structure of dsDNA becomes
severely modified. These results demonstrate that an inter-
play of the long-range electrostatic and short-range hydra-
tion forces may be of the primary importance in determi-
nation of the secondary structure of the dsDNA double
helix. We argue that the observed effects at high [Mg] ex-
treme conditions can be rationalized by invoking a struc-
tural phase transition of DNA into a compact form. Ex-
periments such as atomic force microscopy, light scattering
and circular dichroism combined with first principles den-
sity functional and molecular dynamics calculations are en-
visaged as desirable tools to elucidate our proposal.
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