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Abstract: The interaction of natural calf thymus DNA with Cr’* ions was studied at room
temperature by means of vibrational CD (VCD) and infrared absorption (ir) spectroscopy, and
atomic force microscopy (AFM). Cr’* ion binding mainly to N, (G) and to phosphate groups was
demonstrated. J-Type VCD spectra resembling electronic CD (ECD) spectra, which appear during
Y-type DNA condensation, were observed. These spectra are characterized mainly by an anoma-
lous, severalfold increase of VCD intensity. Such anomalous VCD spectra were assigned to DNA
condensation with formation of large and dense particles of a size comparable to the wavelength of
the probing ir beam and possessing large-scale helicity. Atomic force microscopy confirmed DNA
condensation by Cr’ ™ ions and the formation of tight DNA particles responsible for the Y-type VCD
spectra. Upon increasing the Cr’ ™" ion concentration the shape of the condensates changed from
loose flower-like structures to highly packed dense spheres. No DNA denaturation was seen even at
the highest concentration of Cr’* ions studied. The secondary structure of DNA remained in a
B-form before and after the condensation. VCD and ir as well as AFM proved to be an effective
combination for investigating DNA condensation. In addition to the ability of VCD to determine
DNA condensation, VCD and ir can in the same experiment provide unambiguous information about
the secondary structure of DNA contained in the condensed particles. ~© 2002 Wiley Periodicals,
Inc. Biopolymers 61: 243-260, 2002

Keywords: DNA condensation; metal ions;, CD; vibrational CD spectroscopy; infrared spectros-
copy, atomic force microscopy

INTRODUCTION

DNA condensation is a process of great interest,
which plays an important role in DNA packing in a
living cell. DNA condensation is also a very impor-
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tant step in the process of gene delivery for gene
therapy.

The length of DNA may exceed 10° times the
length of the cell.! At the same time, DNA must fit
into a very small space inside a cell nucleus, occupy-
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ing 10*-10° times less volume than it does when free
in solution.? In order to achieve such a high level of
compaction, a DNA molecule transforms (or several
molecules assemble) into higher ordered three-dimen-
sional structures. This process is called DNA conden-
sation.”

DNA condensation can be induced by the addition
of various condensing agents or combinations thereof.
These can be naturally occurring polyamines (sperm-
ine and spermidine), cobalt hexamine,?® trivalent (or
higher valence) metal ions,>"~'” protamine,'" polyly-
sine,'? neutral polymers (e.g., polyethylene oxide)
along with high concentrations of monovalent salt
(e.g., NaCl) (the latter one produces so-called
-DNA, where ¢ is the acronym for Polymer-and-
Salt-Induced)’® and even positively charged sur-
faces,'* and cationic phospholipid bilayers.'?

Based on calculations with the counterion conden-
sation theory developed by Manning,'® condensation
of a polymer can become thermodynamically favor-
able when solvent—-DNA interactions become less fa-
vorable than DNA-DNA interactions. This condition
is achieved when a sufficient degree of negative DNA
phosphate charges is neutralized.'” Wilson and
Bloomfield have calculated this degree of neutraliza-
tion to be 89-90%.'" According to Manning’s
theory,'® only trivalent (or higher valence) ions are
able to induce this degree of phosphate charge neu-
tralization in aqueous solutions at room temperature.
However, the DNA condensation process cannot be
described only by electrostatic effects employed in the
counterion condensation theory.* Site-specific inter-
actions of metal ions with DNA and formation of
condensing agent-mediated cross-links between dif-
ferent parts of the DNA molecule (molecules) may
also be important in the DNA condensation pro-
CCSS.&IO’IS_ZI

DNA condensation has been studied by different
techniques, including ultraviolet (uv) and electronic CD
(ECD) spectroscopy,®**~” light scattering,>'"192% ir
spectroscopy,”'* fluorescence microscopy,™ electron
microscopy,”'?'*? and recently atomic force micros-
copy (AEM),!-12:33-35

One of the most pronounced spectroscopic mani-
festations of DNA condensation, first noticed for
Y-type condensation, is an enormously large ECD
spectrum. CD intensity increases up to several
orders of magnitude compared to normal ECD of
B-DNA.?>%°2¢ Later it was found that i-type ECD
spectra can be obtained not only in polymer-and-salt
induced DNA condensation but also with other con-
densing agents (including trivalent metal ions) and at
different DNA concentrations.®** y-Type ECD spec-
tra can be obtained for DNA with molecular weight

ranging from 1.5 X 10° to 3.3 X 10° Da (~230 to
~5000 base pairs, respectively).”* The anomalous
ECD signals are observed not only in proper experi-
mental conditions in vitro, but also in the condensed
chromatin of various systems in vivo.*’

The rather sharp melting transition of the y-form
(within 5-10°C) strongly suggests an ordered struc-
ture of condensed particles.”® Size and shape of the
particles varies depending on the experimental condi-
tions (e.g., concentration of DNA and condensing
agent). In very dilute aqueous solutions (~1 pg/mL),
DNA usually condenses with formation of toroids and
rods with very similar morphology and size.** At
higher DNA concentrations irregular globular struc-
tures, flower-like structures and amorphous shapes are
formed."'?27-% The particle size varies from 80—100
nm to 30 wm or more, depending on the condi-
tions.>**°

In addition to the anomalous intensity, y-type
ECD spectra possess other characteristic features,
such as long “tails” in nonabsorbing regions due to
light scattered by condensed particles.****** While
the shape of the spectra is relatively reproducible for
the same system, the magnitude varies from prepara-
tion to preparation,*” indicating that the y-type spec-
tra are dependent on the supramolecular structure of
the condensed particles rather than on any intrinsic
property of the constituent materials.?”

Different theoretical approaches have been pro-
posed attempting to explain the anomalous ECD spec-
tra.?>?%4%4! The most complete theory’”*** ex-
plains light interaction with large aggregates and
anomalously large CD spectra by long-range coupling
of chromophores. In order for such a long-range cou-
pling to take place, three criteria should be satisfied:
(a) the size of a particle should be at least one-quarter
the wavelength at the absorption maximum; (b) par-
ticle density should be higher than a certain limiting
value; and (c) a particle should have more or less
three-dimensional packing arrangement.** An addi-
tional, forth criterion should be satisfied in order to
induce anomalously large CD spectra, i.e., a particle
should have a large-scale chiral structure, which could
interact differently with right and left circularly po-
larized light. When the dimensions of a chiral object
are similar to the wavelength of the incident light, the
large-scale handedness of the object will have a much
greater effect in enhancing or suppressing the absorp-
tion of circularly polarized light than when the chiral
object is small compared to the wavelength.?’

X-ray and Raman data suggest that the secondary
structure of condensed DNA resembles most closely
the B-conformation.***" It is important to note that it
is the tertiary helical ordering of the DNA molecules



that produces the large CD values. Any random pack-
ing of nucleic acids will not cause any changes in CD
except those resulting from changes in secondary
structure, which are significantly smaller in ampli-
tude.?® Furthermore, any changes in ECD that might
occur as a result of changes in the secondary structure
of DNA in the condensed state will be obscured by
much stronger ECD arising from a suprahelical struc-
ture.*® This makes it difficult to monitor the DNA
secondary structure inside the condensed particles by
ECD and uv. In order to obtain this information,
additional techniques like x-ray or Raman spectros-
copy are required.**** Since different techniques usu-
ally need different experimental conditions, the con-
densation process can be significantly altered in the
different measurements.>”*°

The present work uses VCD and AFM to study
DNA condensation induced by Cr’" ions. VCD is a
relatively new technique, which was used success-
fully in various investigations of nucleic acids.*®™°
While possessing the advantages of ECD, VCD pro-
vides all the benefits of ir over conventional uv. For
example, ir can be used to determine unambiguously
nucleic acid conformations.”’° One of the aims of
the present study was to determine whether VCD can
detect DNA condensation analogously to ECD by the
appearance of anomalous VCD spectra. If successful,
VCD could emerge as a tool able to monitor DNA
condensation while determining simultaneously the
secondary structure, thereby resolving the problem of
different experimental conditions.

AFM is a complementary technique, which has an
advantage over electron microscopy for observing
DNA in the liquid phase under near-physiological
conditions with three-dimensional resolution. AFM
was used in the present study in order to confirm the
formation of condensed DNA particles, visualize the
condensation process, and determine the morpholo-
gies of the particles formed.

MATERIALS AND METHODS

Sodium cacodylate and CrCl; X 6H,O salts and D,O
(99.9%) were purchased from Sigma Chemicals. Sodium
salt of ultrapure calf thymus DNA was obtained from Prof.
D. Lando, Institute of Bio-organic Chemistry, Belarus Na-
tional Academy of Sciences, Belarus (protein content
< 0.08%, RNA content < 0.1%, ratio A,qy/A,go = 1.84 and
average molecular weight 2.5 X 107 Da) and used without
further purification.®® Double-distilled water was used in all
experiments.

All solutions were prepared in 10~ >M cacodylic buffer
with the pH adjusted to 6.5 = 0.5. DNA was fragmentized
by ultrasonication to reduce its size to an average length of
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850 base pairs (molecular weight 5.6 X 10° Da) as deter-
mined by gel electrophoresis. Initial stock solutions of DNA
and metal ions were prepared in aqueous cacodylic buffer.
Complete deuterium exchange was achieved by lyophilizing
and redissolving all solutions three times in D,O. The
concentration of the DNA stock solutions after final disso-
lution in D,O was determined from uv absorption at 260
nm.

DNA samples for spectroscopy were contained in a
demountable cell (International Crystal Laboratories, Inc.)
composed of two BaF, windows separated by a 50 pum
Teflon spacer. The DNA stock solution (30 wL) was depos-
ited directly on the bottom cell window. Metal ion solution
(15 uL) of appropriate concentration was added to the DNA
dropwise with continuous stirring and then covered with the
top window. The final concentration of DNA in the cell was
30 mg/mL, or 0.1M DNA phosphate ([P]). Cr>* concentra-
tion was varied from O to 0.3M, or O to 3 [Cr]/[P] (ratio of
the molar concentrations of metal ion and DNA phos-
phates). The temperature was 23 * 1°C controlled with a
copper-constantan thermocouple (Omega Technology Com-
pany, Inc.).

All VCD and absorption spectra were measured in the
range of 1800—750 cm ™' in D,O with the VCD spectrom-
eter described elsewhere.®' For the VCD spectra, 7500 ac
scans were accumulated (1 h, 40 min) and ratioed against
500 dc scans all at 8 cm™ ' resolution. For the absorption
spectra, 500 dc scans were collected at the same resolution.
The VCD spectra were corrected for polarization artifacts
by subtracting the spectra of the solvent obtained at the
same conditions. Absorption and VCD spectra were inter-
polated with a 4-point cubic spline algorithm (interpolation
factor 8) supplied with the Lab Calc package (Lab Calc,
1992). The wavenumber interval between 1150 and 1450
cm™ ' was cut out from the plots of the spectra. This interval
contains a strong absorption arising from deformation mode
of D,O and overlapping all DNA features.

The relative or normalized intensity of the absorption
peaks or VCD couplets in arbitrary units (R or N, respec-
tively) vs Cr*" concentration were plotted as

R = I/1,,

N = (Il - Imin)/(lmax - Imin),

where /; is the intensity of an absorption peak or VCD
couplet for nucleic acid at the ith metal ion concentration, I,
is the same without metal ions, /;, is the minimum inten-
sity of an absorption peak or VCD couplet encountered in
the whole metal ion concentration range, and /., is the
corresponding maximum intensity. The metal ion concen-
tration in the plots is shown in molar concentration (bottom
axis) and as the [Cr]/[P] ratio (top axis).

AFM is a surface imaging technique with lateral resolu-
tion in units of nm and normal resolution in A. It measures
the forces acting between a probe and a sample. The instru-
ment was operated in the magnetic A/C mode (MAC),

where the magnetically coated probe oscillates near its
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resonant frequency driven by an alternating magnetic field.
In this mode, changes in height and phase shift are measured
during the scan.®>%* This technique has proven to be ad-
vantageous for measuring soft samples in liquid media. All
images were taken using a Pico SPM microscope with an
AFMS-165 scanner (Molecular Imaging Inc., Phoenix, AZ).
Au—Cr coated Maclevers were used for MAC mode imaging
(Molecular Imaging Inc., Phoenix, AZ, 85 um length, 0.5—
0.7 N/m force constant, 20—40 kHz resonant frequency in
the liquid phase). The standard MAC mode fluid cell (Mo-
lecular Imaging) was used throughout. The scanning speed
was 2-3 lines/s/. Samples for AFM imaging were prepared
by applying DNA solutions (850 and 3000 base pairs) with
or without Cr’* on modified or unmodified scratch-free
ruby mica, freshly cleaved, ASTMV-2 quality (Asheville-
Schoonmaker Mica Co., VA). The calf thymus DNA with
850 base pairs, fragmentized by ultrasonication, was the
same as for the VCD experiments. The linearized DNA with
3000 base pairs from Escherichia coli was obtained from
Dr. S. P. Lees-Miller, Department of Biochemistry, Univer-
sity of Calgary. DNA concentration was 80 wg/mL or 2.5
X 10~*M in phosphate buffer. Tris EDTA (TE) buffer (25
mM Tris HCL, 0.5 mM EDTA, and 50 mM NaCl, pH 7.6)
and distilled ultrapure (Nanopure) water were used for sam-
ple preparation. DNA molecules were adsorbed onto pure
mica by adding MgCl, to the solution, or mica modified by
poly-L-lysine (PLL) or 3-aminoethyl-3-ethoxosilane
(APTES). To adsorb complexes, mica modified by PLL was
used. After a controlled time period, the mica was gently
rinsed with ultrapure water. The excess of DNA was rinsed
away and the surface was imaged under water in the liquid
cell.

RESULTS AND DISCUSSION

VCD Spectroscopy

VCD Spectrum of Calf Thymus DNA. The ir and
VCD spectra of calf thymus DNA (Figure 1) are both
characteristic for the B-conformation.”’>%¢*~%® The
assignments for the absorptions (Table I) appear to be
well established for DNA. Since there is less detailed
information about the VCD spectra of DNA, the most
prominent VCD features are discussed below.

The absorption at 1693 cm ™' appearing as a shoul-
der (Figure 1) has been assigned to C,—=O stretching
of thymine (T), and the absorption at 1682 cm '
mostly to C=0 stretching of guanine (G) coupled
with C,~O(T) and C,=~ O stretching of cytosine (C).
The corresponding strong VCD feature at 1698(—)/
1665(+) cm ™' can be interpreted as a superposition
of several couplets arising from all these C=0 vibra-
tions possibly explaining the appearance of the slight
negative shoulder at ~1689 cm™'. The intensity of
the positive VCD peak at 1665 cm ™' is significantly
higher than that of the positive peak at 1638 cm™'. In
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FIGURE 1 Absorption (bottom) and VCD (center) spec-
tra of calf thymus DNA, and noise estimate for VCD spec-
trum (top).

poly(dA) + poly(dT) and poly(dA-dT) - poly(dA-dT)
both these features have about the same intensities,®®
supporting a superposition of couplets for DNA aris-
ing from carbonyl stretching modes of G, T, and C.
Although it was noted that intensity of the positive
C,~O(T) VCD peak is increased compared to one at
lower wavenumber for the A-form of poly(dA-dT) -
poly(dA-dT),%® it cannot be assumed that the DNA
existed in the A-form, because the absorption markers
at 898, 865, and 810 cm ! were absent while the
absorption markers for the B-form at 938, 894 and
836 cm~ ! were clearly evident.’>®* A weak negative
couplet arising from C,~O(T) also contributes to the
1698(—)/1665(+) cm ! feature.53-%¢

The absorption band at 1647 cm™ ' has been as-
signed to overlapping absorptions mostly from
C,—0(C) coupled with C,=—O(T) and C~0(G).
The 1623 cm™ ' absorption band likely consists of
contributions from ring modes mostly of adenine (A)
and also of T and C.°” The ring mode of A gives a
distinct positive VCD couplet at 1635(—)/1625(+)
cm ' in poly(rA) - poly(rU).*- °! The VCD spectra of
poly(dA)  poly(dT) and poly(dA-dT) - poly(dA-dT)
show ring modes of A and T as a combined negative
couplet at 1640(+)/1625(—) cm™'.°” The ring mode
of T in d(CGCGTGCQG) - d(CGCGTGCG) appears as
a distinctive negative couplet at 1645(+)/1633(—)
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Table I Infrared Absorption and VCD Bands of Calf Thymus DNA and Calf Thymus DNA

with 0.3M Cr** (3 [Cr]/[P])

DNA DNA with 3 [Cr)/[P]
Absorption Absorption
(em™ Y VCD (cm™ ) (cm™ Y VCD (cm™ 1Y) Assignments*6->7-59:64-66.80

1693 1698(—) 1691 1702(—) C, =0 (D

1682 1698(—)/1665(+) 1667 1689(—)/1663(+) Mostly C, = O (G),
coupled with C, = O
(C)and C, = O (T)

1647 1638(+) ? 1647 1637(+) ? Mostly C, = O (C); C,
= O (T), coupled with
Cq = O(G)

1623 1619(—) 1619 — Mostly ring modes of A

1573 — 1573 1565(+) ? C = Nring (G,A)

1499 — 1500 1492(+) ? C = Nring (C)

1086 1089(—)/1068(+) 1085 1090(—)/1069(+) PO,~ symmetric

1053 1060(+) 1053 1056(—)/1040(+) C—O sugar

1021 1029(—) ? 1017 1013(+) ? Deoxyribose ring

969 971(—)/957(+) 970 976(—)/963(+) C—C sugar stretches

938 — 940 929(+) ? Sugar

895 920(—)/895(+) ? 896 893(+)/878(—) ? Sugar, B-form marker

836 — 836 — Sugar, B-form marker

cm ™ '.%® The positive VCD peak at 1638 cm ' in
DNA (Figure 1) can therefore be ascribed to a com-
bination of the negative couplet due to a ring mode of
T at higher wavenumber, and a positive couplet due to
the ring mode of A at a lower wavenumber.

The broad absorption at 1573 cm ™' has been as-
signed to a superposition of several bands arising
from ring vibrations of G and A involving mainly the
C=N bonds, while the 1499 cm ! absorption has
been assigned to a mode of C that also contains C=N
stretching. Neither of these two absorptions have
clearly corresponding VCD features, although the lat-
ter in particular gives rise to a distinctive couplet in
oligomers with high GC content that appears consis-
tently near 1502(+)/1498(—) cm ™! in the B-form and
reverses signs in the Z-form >*%6%

In the sugar—phosphate region the prominent ab-
sorption at 1086 cm ™' with its corresponding strong
positive VCD couplet at 1089(—)/1068(+) cm ™' has
been assigned to symmetric P—O stretching of the
phosphate groups.’’~° The absorption at 1053 cm ™'
is due to a C—O sugar ring vibration. The low wave-
number component of the broad positive VCD lobe
between 1070 and 1060 cm™ ' may arise partly from
this mode.®® The absorption at 1021 cm ™' has also
been assigned to deoxyribose ring vibrations. The
negative VCD peak at 1029 cm ™' may possibly be
ascribed to this mode.®” The 969 cm™' absorption
assigned to C—C sugar stretching vibrations yields

either the negative VCD peak at 971 cm™ ', or the
positive couplet at 971(—)/957(+) cm ™~ '. C—O sugar
vibrations have been assigned to the absorptions at
938, 895, and 836 cm™ .

Cr’* Binding to DNA. The absorption and VCD
spectra of DNA with Cr’™" ions at 0.6 and 3 [Cr]/[P]
are shown in Figures 2 and 3, respectively. The ab-
sorption and VCD spectra for several key concentra-
tions of Cr’" are displayed in Figures 4 and 5, re-
spectively. The changes in position and intensity of
absorption band and changes of the corresponding
VCD couplet are plotted in Figure 6 for the carbonyl
mode and in Figure 7 for the symmetric phosphate
vibration. To emphasize the differences of the
changes in absorption and VCD, the intensity changes
from Figure 6 are presented on one scale without
normalization in Figure 8.

Upon adding Cr’* ions to DNA up to 0.036M Cr**
(0.36 [Cr])/[P], spectra not shown), the absorption and
VCD spectra undergo some changes in intensity (Il
and A, respectively, in Figure 6) and peak position (@
in Figure 6, absorption only). The main intensity
changes of the VCD couplets largely follow those of
the corresponding absorptions in this range of metal
ion concentration. Further increasing Cr** concentra-
tion affects the VCD spectra extensively, while
changes in the absorption spectra, manifested mostly
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FIGURE 2 Absorption (bottom) and VCD (top) spectra
of DNA + 0.06M Cr** (0.6 [Cr]/[P]). The solid and doted

lines correspond to the spectra taken 1 h 40 min and 3 h 20
min, respectively, after preparing the sample.

in peak position and intensities, are not so pro-
nounced. The peak position of the main carbonyl
absorption shifts from 1682 to ~1672 cm ™! and fur-
ther to 1667 cm™ ' as Cr’* concentration reaches 0.36
and 3 [Cr]/[P], respectively (Figures 4 and 6). The
peak intensities of the carbonyl and the symmetric
phosphate absorptions decrease up to ~0.1 [Cr]/[P] at
first and then sharply increase with increasing Cr’*
concentration up to 0.25 [Cr]/[P] (Figures 6 and 7).
The decrease of the absorption bands at low Cr’*
concentrations can be ascribed to metal ions binding
mainly to phosphate groups. This will effectively neu-
tralize the negative charge on the phosphates and
stabilize the double-helical structure as reflected in
increased hypochromicity for ir absorptions in the
base region compared to low salt conditions.”’® How-
ever, the downward shift of the 1682 cm ™! absorption
signals direct metal binding to the bases to some
extent.”'%7% The significant sharp intensity increase
of the base and phosphate absorptions upon increasing
Cr*" concentration from 0.12 to 0.25 [Cr]/[P] indi-
cates direct metal binding to the phosphate groups and
the bases.'” Changes of the 1682 c¢cm ™' absorption
might be connected with Cr’" binding to carbonyl
groups of G, C, and T since they all contribute to this
vibration. However, significant direct metal binding to
carbonyl groups involved in Watson—Crick hydrogen
bonding may be excluded because it should be ac-

companied by hydrogen-bond disruption.”® No evi-
dences of DNA denaturation to any extent even at the
highest Cr’* concentration can be found in either
absorption or the VCD (Figures 2 and 3). Moreover,
the main changes in the 1700-1600 cm ™' range were
connected with metal binding to N,(G).”'*79~"2 Ex-
perimental results and ab initio calculations show that
direct metal ion binding to N, (G) may reenforce
Watson—Crick hydrogen bonding by charge redistri-
bution, thus inducing the main changes in this re-
gion.”>” In addition, examination of other absorp-
tions of C and T residues rules out direct Cr** binding
to these bases. Metal ion binding to C gives an ab-
sorption band around 1550 cm™',”*75 which is absent
in our spectra (Figures 2 and 3). Cr’" binding to
C==0,(T) can also be excluded because no significant
wavenumber shift of the 1693 cm™' absorption is
observed up to 3 [Cr]/[P]. Therefore, all spectral
changes at Cr’" concentration up to 0.25 [Cr]/[P] are
most likely induced by direct metal ion binding to
N-(G) and to phosphate groups. This conclusion is
further supported by the fact that Cr’* ions have been
shown to bind preferably to GC-rich DNA.”®"” How-
ever, indirect Cr° " binding to AT base pairs via water
molecules cannot be excluded.'® Noteworthy is the
sharp increase of the 1682 cm™ ' absorption within a
relatively narrow metal ion concentration range,
which suggests a high cooperativity of the binding
process. Similar highly cooperative processes of di-
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FIGURE 3 Absorption (bottom) and VCD (top) spectra
of DNA + 0.3M Cr*" (3 [Cr]/[P]).
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FIGURE 4 Absorption spectra of DNA and DNA with Cr*" jons at different [Cr]/[P] ratios. All

spectra are plotted in the same scale.

valent metal ion binding to DNA have been described
before.” 707879

Cr’*-Induced DNA Condensation. Raising the Cr**
ion concentration above 0.36 [Cr]/[P] sharply de-
creases absorption intensities in the nitrogen base and
sugar—phosphate regions (Figures 6 and 7). This in-
tensity decrease is accompanied by a further shift of
the carbonyl absorption (Figure 6), indicating con-
tinuing Cr>* binding to N, (G). However, the most
dramatic changes happen in VCD (Figures 2 and 5).
The anomalous almost fourfold increase in amplitude
occurs for the main VCD couplets in both the nitrogen
base and sugar—phosphate regions, whereas the cor-
responding absorption intensities decrease by about
30% (Figures 4, 5, and 8). The shape of the VCD
couplets also changes, most prominently displayed by
the apparent significant increase of the positive VCD
peaks at 1635 and 1048 cm ' (Figures 2 and 5).

These two peaks, being much less intense compared
to the 1665 and 1068 cm ™' counterparts in the VCD
spectrum of DNA without Cr°" ions (Figure 1), be-
came at 0.6 [Cr]/[P] considerably more intense than
those at 1665 and 1068 cm ™. It should be noted that
all these changes, namely in the amplitude of the
VCD couplets as well as in the intensity redistribution
between the positive VCD peaks at 1660 vs. 1635
cm ! as well as 1071 vs 1048 ¢cm ™', became more
pronounced after repeating the measurements in about
1 hour and 40 minutes (Figure 2). Repeating the
measurements at a later time did not show significant
spectral changes any further (spectra not shown).
Within the context of the existing theory,?”***3 the
enormously increased amplitudes of VCD couplets
observed at experimental conditions favoring DNA
condensation can be attributed to y-type VCD spec-
tra. In addition, “tails” are seen in the VCD spectra at
wavenumbers higher than 1700 cm ! (Figure 5), i.e.,
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FIGURE 5 VCD spectra of DNA and DNA with Cr** jons at different [Cr]/[P] ratios. All spectra

are plotted in the same scale.

in a region where no absorption occurs. According to
the theory, Y-type CD spectra can be produced within
the spectral region of an absorption band when the
size of a particle (molecular aggregate) is comparable
to the wavelength of the incident light. The particle
must be three-dimensional with sufficiently high den-
sity and a large-scale chirality. Therefore, the VCD
spectra suggest that the condensates of DNA pro-
duced by Cr** ions in the experimental conditions
employed in the present study are chiral particles with
regular arrangements of DNA double helices within
them. The particles are relatively dense and large. The
size of the particles is of the order of ~2-10 wm
estimated from the range of wavelengths of the ab-
sorptions where the anomalous VCD occurs.

It was shown that DNA condensation reduces the
intensity of the ir bands of DNA in the regions of
nitrogen base and phosphate absorptions.”' A similar
sharp intensity decrease of the carbonyl and symmet-

ric phosphate absorption bands can be seen in Figures
6 and 7. This represents an additional confirmation of
the DNA condensation that occurs at Cr’ " concentra-
tions higher than 0.6 [Cr]/[P] in the present study.
Cr’"-induced DNA condensation examined by elec-
tron microscopy indicated that the condensation pro-
cess occurs for [Cr]/[P] ratio between 0.5 and 3.7 A
similar [Cr]/[P] concentration range for DNA conden-
sation was obtained in a recent Fourier transform
infrared (FTIR) investigation.'® Since the DNA con-
centration, molecular weight, and other experimental
conditions in both studies were different from the
present work, some differences may exist in the [Cr]/
[P] ratio at which DNA condensation occurred in the
three studies.

Increasing Cr®" concentration to 1 [Cr]/[P] and
further to 2 [Cr]/[P] produces similarly shaped VCD
spectra as in the case of 0.6 [Cr]/[P] (Figure 5).
However, the amplitude of both main VCD couplets
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absorption peak; (®) absorption peak position; (A) amplitude of VCD couplet.

is significantly lower and only slightly increased
(about 1.5 fold) compared to the DNA without metal
ions (Figures 5-7). The intensity of the positive VCD
peaks at 1638 and 1048 cm ™' approaches that of the
1661 and 1070 cm ™' peaks, respectively. Repeating
of the measurements with 1 [Cr]/[P] and 2 [Cr]/[P]
(spectra not shown) in about 1 hour and 40 minutes
produces slightly increased intensity and changes in
shape of the VCD couplets similar to those obtained at
0.6 [Cr]/[P]. The changes of the spectra with time
toward those characteristic for {-type VCD spectra at
0.6, 1, and 2 [Cr]/[P] show relatively slow kinetics of
the DNA condensation (within 30 min to several
hours), which is in agreement with the data of other
authors.” Further increasing Cr>* concentration up to
3 [Cr)/[P] returns the intensity of both main VCD
couplets to the values obtained for DNA without Cr**
ions (Figures 3 and 5-7). However, the shape of the
VCD features, particularly in the base region, is no-
ticeably altered compared to the shape of the VCD
signal of DNA without metal ions. The negative

shoulder at 1689 cm ™' becomes more pronounced.
The positive lobe of the carbonyl couplet appears at
1663 cm ™~ '. The positive peak at 1637 cm ™' is still
quite intense and comparable to the one at 1663 cm ™',
similar to its appearance at 1 and 2 [Cr]/[P]. In con-
trast to those spectra, the 1048 cm ™' positive peak in
the phosphate region completely disappears at 3 [Cr]/
[P]. The downshift of the positive part of the carbonyl
couplet to 1663 cm ! is reminiscent of the downward
shift of the corresponding carbonyl absorption band to
1667 cm™ ' (Figure 3). Due to the shift of this car-
bonyl band, the absorption shoulder at 1691 cm ™'
assigned to C,—~ O mode of T becomes clearly visible
as a separate peak. Concurrent with these changes, the
shift of the VCD couplet corresponding to the 1667
cm ™! absorption to 1689(—)/1663(+) cm ™' clearly
separates this couplet from the contribution of the
negative VCD peak at 1702 cm™'. A large number of
fairly strong VCD features can be noted in the sugar—
phosphate region (Figure 3). This multitude of VCD
features compared to the spectrum of DNA without
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couplet.

metal ions might be attributed to a greater variety of
the phosphate orientations fixed by bound Cr*" ions.

Comparison of the VCD spectra at different Cr**
concentrations in Figure 5 shows that {;-type VCD
spectra possess another characteristic feature in addi-
tion to the increased amplitude of the main VCD
couplets—namely the relative intensity redistribution
between the positive peaks at 1660 and 1635 cm ™' in
the base region, and between the positive peaks at
1071 and 1048 cm ™! in the sugar—phosphate region.
During this redistribution the intensity of the 1635 and
1048 cm ™! peaks becomes much higher relative to the
1660 and 1071 cm™ ' peaks (Figure 5) compared to
the normal (not y-type) VCD spectra of DNA.

The wavenumber of the carbonyl absorption peak
continues to shift downward to 1667 cm™' without
any signs of slope leveling of as Cr’" concentration
increased up to 3 [Cr]/[P] (Figures 4 and 6). This
indicates the continuing Cr’" binding to N sites of
guanine. The intensity of the carbonyl and symmetric
phosphate absorptions remains mostly unchanged be-

tween 0.6 and 2 [Cr]/[P] (Figures 6 and 7). At higher
Cr’™" concentration, the intensity of the carbonyl band
starts to increase, while that of the symmetric phos-
phate band does not change significantly. This behav-
ior might possibly be connected to the saturation of
the phosphate binding sites and continuing binding of
the metal ions to the base sites even at the highest
Cr*" concentration studied. Between 0.6 and 2 [Cr]/
[P] the increase of the absorption bands due to crt
binding is probably compensated by the absorption
intensity decrease due to DNA condensation, hence
the overall absorption intensity does not change sig-
nificantly.

The highest amplitude of the main VCD couplets
corresponds to that Cr** jon concentration (0.6 [Cr]/
[P]) at which the peak intensity of the corresponding
absorption bands drops sharply (Figures 6 and 7), thus
connecting these two phenomena. This reconfirms the
conclusion that both spectroscopic changes corre-
spond to the DNA condensation process. Further in-
crease of metal ion concentration reduces the extent of
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of VCD couplet.

Y-type VCD features in both regions up to the point
when they mostly disappear (3 [Cr]/[P]). Some vari-
ations in the intensity of the VCD couplets can be
attributed to a sensitivity of the )-type CD intensity to
sample preparations.>” However, the gradual decrease
and eventual disappearance of the {-type VCD most
probably come about because of the increasing size of
the condensed particles. As the particle size grows,
their dimensions become significantly larger than the
wavelengths of light at the absorption bands, and the
favorable conditions of strong interaction of the in-
frared radiation with the condensed particles in the
region of interest fades away.>”***3 It should be also
noted at this point that the condensation process may
actually start at much lower Cr*" concentrations than
0.6 [Cr]/[P]. But, it cannot be monitored by ir or VCD
due to small particle size or to insufficient particle
density. All the changes in the VCD spectrum at 3

[Cr])/[P] compared to the spectrum of DNA without
metal ions can therefore be attributed to DNA struc-
tural changes that result from extensive Cr’* ion
binding at these relatively high metal ion concentra-
tions. The VCD features in both nitrogen base and
sugar—phosphate regions together with the continuous
shift of the 1682 cm ' carbonyl absorption band
confirm the proposed model of Cr>* ion binding to
N,(G) and PO, groups.'’

Secondary Structure of DNA Molecules Before and
After Condensation. IR absorption spectra indicate
that DNA secondary structure both before and after
the condensation remains within the B-form family
(Figures 1-4). This conclusion can be drawn from the
presence of the B-form marker bands at 836, 896, and
938 cm ! (Refs. 59, 64, and 80) in absorption for all
Cr’" concentrations studied. Neither A-form marker



254 Andrushchenko et al.

bands at 810, 865, and 898 cm™ ! nor Z-form marker
band at 800 cm ™! (Refs. 10, 59, 64, and 80) can be
found in the absorption spectra, signifying that no
transition to one of these forms has taken place. Thus,
it is confirmed unambiguously that the DNA second-
ary structure of the y-type condensates corresponds to
the B-form family, as was reported in other stud-
168.24’44’45

Additionally, there was no noticeable DNA dena-
turation. The carbonyl absorption band at 1682 cm ™'
shifts down to 1667 cm ™' at the highest Cr’" con-
centration. A similar downward shift of this band is
characteristic for DNA denaturation or strand separa-
tion.”®#! A slight peak intensity increase of the 1682
cm ! band can be noted at 3 [Cr]/[P] (Figures 4 and
6). A major intensity increase of this band occurs
during DNA denaturation due to increased hyperchro-
micity.”®’® These two features may indicate the pos-
sibility of DNA denaturation. However, the other
features of absorption spectra that are characteristic
for DNA denaturation are not present. One of the
reliable absorption indicators of DNA denaturation is
the shift of the sugar band at 1053 cm™ ' to 1064
cm ' 38597080 Ugually, a significant decrease in in-
tensity of the symmetric phosphate absorption band
accompanies the shift of 1053 cm™' band during
DNA denaturation.”®* Neither of these changes oc-
cur in the absorption spectra of DNA even at the
highest Cr’* concentration (Figures 3, 4, and 7). In
general, VCD can provide unambiguous information
about DNA denaturation. The helix—coil transition of
DNA will result in partial or complete obliteration of
VCD signals in both sugar—phosphate and nitrogen
base regions.*>®* Figure 5 clearly shows that the
intensity of the VCD couplets of DNA with all Cr**
concentration studied does not become any lower than
in the VCD spectrum of DNA alone in both spectro-
scopic regions. Therefore, both wavenumber shift of
the absorption band at 1682 cm ™' and its intensity
increase at the highest Cr’* concentration are due to
metal ion binding to the bases, particularly to N,(G).

In conclusion, it should be pointed out that the
demonstrated ability of VCD spectroscopy to detect
DNA condensation and y--type changes of VCD spec-
tra characteristic for this process are important for
VCD spectroscopic exploration of DNA interactions
with various agents, many of which could induce
DNA condensation. Although a decrease of ir absorp-
tion intensities also signals DNA condensation, these
changes are much less pronounced (cf. Figures 4 and
5, see also Figure 8) and can sometimes be obscured
by other effects of a condensing agent.

The VCD sensitivity to the condensation process
can be also widely used for investigating various

aspects of DNA condensation. In fact, a combination
of VCD and ir is superior to spectroscopic techniques
used to date to study DNA condensation. Along with
the ability to determine DNA condensation from VCD
spectra, it is possible to obtain simultaneously unam-
biguous information about secondary structure of
DNA molecules within the condensed particles from
the ir spectra. Both kinds of information are obtained
from a single experiment, which means that all the
experimental conditions are exactly the same and the
information about DNA secondary structure indeed
corresponds to condensed DNA molecules. In addi-
tion, VCD in contrast to ECD makes it possible to
study DNA condensation at DNA concentrations
much closer to those in living cells.

Numerical Estimation of DNA Charge Neutraliza-
tion. According to Wilson and Bloomfield,!” DNA
condensation can occur only when at least 89 -90% of
negative DNA phosphate charges are neutralized by
counterions. We estimated numerically the degree of
DNA charge neutralization at different concentrations
of Cr’* at our experimental conditions. We per-
formed this estimation to verify whether {-type VCD
spectra, which we attribute to DNA condensation,
appear at Cr>* concentration sufficient to neutralize at
least 90% of phosphate charges. We used the proce-
dure proposed by Wilson and Bloomfield'” based on
the counterion condensation theory.'®

The results of the estimation are presented in Fig-
ure 9. The large -type VCD spectra, which we at-
tribute to DNA condensation, appear at 0.06M Cr>*
(Figures 2 and 5). This concentration of Cr’" ions at
our experimental conditions corresponds to a phos-
phate charge neutralization of 92-93%. Therefore, our
calculations show that y--type VCD spectra appear at
Cr’* concentration sufficient to induce DNA conden-
sation. In fact, due to relatively long wavelength of
the ir radiation, it is possible to monitor the formation
of only relatively large condensed particles compara-
ble to the wavelength of the incident radiation.?”#*43
However, our AFM experiments show that the DNA
condensation process may start at even lower Cr’"
concentrations, but the particles formed at these low
concentrations are small and not detectable by ir ra-
diation. According to our calculations, the necessary
degree of phosphate charge neutralization (90%) is
reached at Cr’* concentration higher than 0.007M
and the condensation may start at any further increase
of the Cr’™* concentration.

Atomic Force Microscopy

Bloomfield and others>*3#%%% previously observed

toroid and rod formation as a result of DNA conden-
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of DNA charge neutralization (0.9) necessary for DNA condensation to occur. Arrow at the top axes
indicates the Cr’* concentration at which the y-type VCD spectra appear (0.06M Cr** or 0.6

[Cr)/[PD).

sation induced by Co>" hexamine, spermidine, etc.
The authors imaged dry samples by using electron
microscopy. In our study the samples were always
fully hydrated, so DNA was imaged under near-phys-
iological conditions, which helped to avoid any com-
plex disturbance during drying. Structures and con-
formations of DNA complexes can be sensitive to
drying artifacts.'> DNA with length 850 and 3000
base pairs was used. Using different conditions we
were able to attach both DNA to mica without addi-
tion of Cr** ions and with several concentrations of
Cr’" ions added (Figures 10—13). The DNA concen-
tration used in AFM experiments (80 wg/mL) was
significantly lower than that used in VCD measure-

ments in order to be able to observe visually the
process of condensation.

We observed the increase of DNA folding due to
binding of Cr’* ions to DNA strands. With the in-
crease of Cr" concentration we could monitor gath-
ering of DNA molecules (Figure 11). At 1 mM Cr**
concentration ([Cr]/[P] = 3.8) we observed formation
of loose flower-like structures, similar to that ob-
served previously in the presence of spermine (Figure
11)."? Small condensed parts at the ends of DNA
strands or at the DNA segments crossing sites can be
seen as well as separated DNA strands. This indicates
that DNA condensation can start as folding of one
separate strand as well as cooperative interactions
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FIGURE 10 AFM image of DNA. DNA length is 3000 bp.

between DNA segments. The further increase of Cr’*
concentration (2 mM) leads to the formation of the
complexes, which are globular and smaller in size
(Figure 12). These complexes form larger particles
due to the aggregation of previously formed particles.
Both smaller and larger aggregates were observed.

After a certain Cr’" concentration (5 mM), it was
impossible to resolve the individual DNA strands
inside of these formations (Figure 13). The formations
had various shapes, tending, however, to be spherical
on average. At yet higher metal ion concentration, we
were unable to attach the aggregates to mica, possibly

FIGURE 11 AFM image of DNA with 1 mM of Cr** ions. DNA length is 3000 bp.
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FIGURE 12 AFM image of DNA with 2 mM of Cr** ions. DNA length is 3000 bp.

due to their large size and very high density. The
formation of large dense aggregates indicates that a
great extent of electrical charge neutralization oc-
curred, which is the major driving force of DNA
condensation. Both DNA types show similar results,
although for 3000 base pairs tight DNA condensates

were formed at higher Cr’ " ion concentration. When
DNA or DNA complexes with Cr’* ions were ad-
sorbed to the mica surface, no further complex tight-
ening was observed during 30—60 min of imaging.
Modified (PLL) mica surface itself did not cause any
linear DNA condensation or folding (Figure 10).

FIGURE 13 AFM image of DNA with 5 mM of Cr’" ions. DNA length is 3000 bp.
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We did not observe formation of small tight rods or
toroids because multimolecular interactions prevailed
due to relatively high DNA concentrations, which
suppressed intramolecular condensation. Intramolec-
ular condensation in sufficiently dilute DNA solutions
[107°M (P)] is known to be favorable for toroid and
rod formation.**

CONCLUSIONS

Interaction of natural calf thymus DNA with Cr’*
ions was studied at room temperature by means of
VCD and ir spectroscopy and AFM microscopy. Cr’ "
ion binding mainly to N,(G) and to phosphate groups
was demonstrated. An anomalous fourfold increase of
VCD intensity with just minor changes in absorption
spectra was observed for [Cr]/[P] between 0.6 and 1.
This increase of VCD intensity was similar to the
intensity increase occurring in ECD spectra during
Y-type DNA condensation. In addition to enormously
increased intensity, the VCD spectra showed other
features typical for ECD i--spectra, e.g., long “tails”
in nonabsorbing regions. Following the theory,*”*43
the anomalous VCD spectra were assigned to DNA
condensation with formation of large and dense par-
ticles of a size comparable to the wavelength of the
probing ir beam. In order to produce the {i-type VCD
and ECD spectra, particles must consist of regularly
arranged double-helical DNA molecules, providing
large-scale helicity. No DNA denaturation was ob-
served even at the highest concentration of Cr’" ions
studied, namely 0.3M Cr’" (3 [Cr]/[P]). DNA sec-
ondary structure remained within the B-form family
before and after the condensation as revealed by ir
absorption. The combination of VCD and ir absorp-
tion spectroscopy proved to be an unique method for
investigating DNA condensation. Along with the abil-
ity to determine the onset of DNA condensation, this
combination can provide information about the sec-
ondary structure of DNA molecules within condensed
particles in the same experiment, i.e., at exactly the
same experimental conditions.

The results of the numerical estimation of the
degree of DNA phosphate charge neutralization at
different Cr’" concentrations in our experimental
conditions confirmed that {-type VCD spectra ap-
peared at the Cr’* concentrations high enough to
neutralize the necessary amount of DNA charge for
the DNA condensation to take place.

AFM study confirmed DNA condensation by Cr**
ions in tight DNA formations, which is one of the
conditions necessary for observing i-type VCD spec-
tra. The increase in Cr° " ion concentration changes

the structure of condensates from loose flower-like
ones to highly packed dense spheres. The results from
VCD and ir absorption together with AFM were
found to be complimentary and in good qualitative
agreement.
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