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ABSTRACT

The interaction of hexamminecobalt(III), Co(NH3)6
3+,

with 160 and 3000–8000 bp length calf thymus DNA
has been investigated by circular dichroism,
acoustic and densimetric techniques. The acoustic
titration curves of 160 bp DNA revealed three stages
of interaction: (i) Co(NH3)6

3+ binding up to the molar
ratio [Co(NH3)6

3+]/[P] = 0.25, prior to DNA condensation;
(ii) a condensation process between [Co(NH3)6

3+]/[P] =
0.25 and 0.30; and (iii) precipitation after [Co(NH3)6

3+]/[P]
= 0.3. In the case of 3000–8000 bp DNA only two
processes were observed: (i) binding up to
[Co(NH3)6

3+]/[P] = 0.3; and (ii) precipitation after this
point. In agreement with earlier observations, long
DNA aggregates without changes in its B-form
circular dichroism spectrum, while short DNA
demonstrates a positive B→Ψ transition after
[Co(NH3)6

3+]/[P] = 0.25. From ultrasonic and densi-
metric measurements the effects of Co(NH3)6

3+

binding on volume and compressibility have been
obtained. The binding of Co(NH3)6

3+ to both short and
long DNA is characterized by similar changes in
volume and compressibility calculated per mole
Co(NH3)6

3+: ∆V = 9 cm3 mol–1 and ∆κ = 33 × 10–4 cm3

mol–1 bar–1. The positive sign of the parameters indi-
cates dehydration, i.e. water release from Co(NH3)6

3+

and the atomic groups of DNA. This extent of water
displacement would be consistent with the formation
of two direct, hydrogen bonded contacts between the
cation and the phosphates of DNA.

INTRODUCTION

DNA in viruses and cells exists in a highly condensed, tightly
packed state. For instance, the concentration of DNA in the
head of bacteriophages is ∼800 mg/ml and in metaphase
chromosomes ∼170 mg/ml (1). In contrast, DNA concentration

in spectroscopic studies is usually ∼10–2 mg/ml. Knowledge of
the condensation process is essential for understanding the
molecular mechanisms of biological processes such as DNA
transcription and replication. Studies on DNA condensation
have received additional impetus in recent years from an
interest in gene therapy, which is based on delivery of foreign
DNA molecules into cells (2 and references therein).

Condensation of DNA can be induced by different agents:
polyamines (3,4), multivalent cations (5–7), histones (8–10),
positively charged polypeptides (11–14), alcohols (15–18) and
neutral polymers in conjunction with salts (19–21). Trivalent
hexamminecobalt, Co(NH3)6

3, is able to condense DNA from
very dilute aqueous solutions (6). This agent is substitutionally
inert due to tightly bound amino groups and does not bind
specifically to DNA (6). These properties make Co(NH3)6

3 a
convenient agent to study changes in hydration during DNA
condensation in aqueous solutions.

Hydration is an important aspect of DNA condensation (22–
24). Hydration forces play a crucial role in the condensation
process by reorganizing the water molecules between DNA
duplexes (22,25,26). The reorganization of water molecules or
changes in hydration can be accurately followed by ultrasonic
and densimetric methods. These methods have been used to
study the hydration of nucleic acids (27–30), hydration effects
of metal binding to nucleic acids (28,30–34) and the Ni2+-
induced B→Z transition of poly[d(G-C]·poly[d(G-C)] (35).

In the present work we used ultrasonic and densimetric tech-
niques in conjunction with circular dichroism (CD) spectros-
copy to study the interaction of Co(NH3)6

3+ with 160 and
3000–8000 bp calf thymus (CT) DNA. We investigated
Co(NH3)6

3+ binding prior to condensation and during the
condensation process itself. The binding process is accompanied
by significant dehydration or release of water molecules from
the hydration shells of DNA and Co(NH3)6

3+, in an amount that
corresponds to two direct contacts, probably with negatively
charged phosphates. These dehydration effects are similar for
both short and long DNA. CD spectroscopy demonstrated that
the condensation process is length dependent: short DNA
shows a B→Ψ transition, while no significant CD changes are
observed for 3000–8000 bp DNA.
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MATERIALS AND METHODS

Materials

Mononucleosomal (160 bp) CT DNA was prepared according
to Wang et al. (36) as adapted from Strzelecka and Rill (37).
The sodium salt of CT DNA was obtained from Merck.
Agarose gel electrophoresis showed that the length of this
DNA was in the range 3000–8000 bp. Both DNA samples
were dissolved in 0.1 M CsCl, 2 mM HEPES, 2 mM EDTA,
pH 7.5, and exhaustively dialyzed against final buffer (5 mM
CsCl, 0.2 mM Cs HEPES, pH 7.5) at 2–4°C for 3–4 days. The
solutions of Co(NH3)6Cl3 were prepared in the final buffer and
the pH was adjusted to 7.5. After binding experiments no
significant changes in pH were observed. Small (20–200 bp)
CT DNA was prepared by sonication of 3000–8000 bp DNA in
0.2 M NaCl, 2 mM HEPES, 2 mM EDTA, pH 7.5, buffer at 2–
4°C under a nitrogen atmosphere with a Branson sonifier. The
concentration of DNA was ∼1.5 mg/ml in a volume of 5 ml and
sonication was performed at the lowest power output for 10–12 h.
After sonication the DNA solution was filtered through a 0.45 µm
filter. The UV melting curves of the duplexes before and after
ultrasound treatment showed no significant changes in melting
behavior. This DNA was then dialyzed against the final buffer.
The concentrations of all DNA samples per mole phosphate
were determined optically using a molar extinction coefficient
of 6550 M–1 cm–1. The concentration of Co(NH3)6Cl3 (Aldrich)
solution was determined by weighing the dry samples and the
needed amount of buffer. The concentration was further
checked by optical density and was in good agreement with the
literature (6,38): at λmax = 476 nm, ε = 56.5 M–1 cm–1 and at
λ max = 340 nm, ε = 46.1 M–1 cm–1. All measurements were
performed in 5 mM CsCl, 0.2 mM Cs HEPES, pH 7.3, at 20°C.

Absorption and CD measurements

Absorption spectra were obtained with a Hewlett Packard
8452A diode array spectrophotometer and CD spectra with a
Jasco J-600 spectropolarimeter using a quartz cuvette with a
0.05 cm path length. Both devices were equipped with water-
jacketed cuvette holders. The titration experiments were
performed by adding Co(NH3)6

3+ solution to DNA solution in
the cuvette using Hamilton syringes. Stirring was carried out
directly in the cuvette using a vibrating bar.

Ultrasound velocity measurements

Relative ultrasound velocity was measured by the differential
resonator method (39–41) in a stainless steel cell of 0.8 cm3

volume with built-in stirrers (40) and a quartz cell of 0.25 cm3

volume (32). The molar increment of ultrasonic velocity (A)
was calculated using the equation:

A = (U – Uo)/(UoC) 1

where U and Uo are the ultrasound velocities in the solution
and solvent, respectively, and C is the molar concentration of
DNA calculated per mole nucleotide. The relative experi-
mental error in (U – Uo)/Uo was 2 × 10–5%.

Acoustic titration experiments were performed by adding
Co(NH3)6

3+ solution to the DNA solution in a sample cell. In
the case of the quartz cells stirring was performed in the
sample cell using a vibrating bar. To estimate the net effects of
the interactions of Co(NH3)6

3+ with DNA, the contribution of

the salt to ultrasound velocity was eliminated by carrying out a
titration of buffer in the same sample cell.

Density measurements

The densities of solutions were measured with a DMA-602
densimeter (Anton Paar, Graz, Austria) using a 0.2 ml cell. As
in the case of the acoustic measurements, a differential system
consisting of two cells was employed. The mixtures of DNA
with Co(NH3)6Cl3 were prepared by weight in microcentrifuge
tubes.

Calculation of parameters

The apparent molar volume (ΦV) was calculated using the
equation (42,43):

ΦV = M/ρo – (ρ – ρo)/(ρoC) 2

where ρo and ρ are the density of the solvent and solution,
respectively, and M is the molecular mass of DNA per nucle-
otide unit.

The apparent molar adiabatic compressibility (ΦκS) was
determined as a function of ΦV and the apparent molar volume
(44,45):

ΦκS = 2βo(ΦV – A – M/2ρo) 3

where βo is the adiabatic compressibility coefficient of the
solvent. The value of βo was calculated from our measure-
ments of density, ρo, and the ultrasonic velocity, Uo, in the
solvent using the equation βo = (ρo Uo

2)–1.
The changes in A, ΦV, and ΦκS due to the interaction of

Co(NH3)6
3+ ions with DNA were calculated using the equa-

tions

∆A = A – Ao 4

∆V = ΦV – ΦVo 5

∆κ = 2βo (∆V – ∆A) 6

where A and ΦV are, respectively, the molar increment of
ultrasound velocity and apparent molar volume of DNA +
Co(NH3)6

3+ solution relative to buffer + Co(NH3)6
3+ and Ao and

ΦVo are, respectively, the molar increment of ultrasound
velocity and apparent molar volume of a DNA solution relative
to buffer.

RESULTS AND DISCUSSION

Hexamminecobalt(III) induces the Ψ conformation of
short DNA molecules

CD spectra of 160 bp DNA were recorded over the range of
concentration ratios Co(NH3)6

3+/DNA-P = 0–0.353, as indi-
cated in Figure 1A. The CD spectrum undergoes a sharp
change, characteristic of the B→Ψ transition, at a ratio of
0.275 and above. The B→Ψ transition is associated with
condensed DNA in a cholesteric liquid crystalline phase
(46,47). Centrifugation of Co(NH3)6

3+–DNA complexes at
3000 r.p.m. for 15 min removed ∼75% of the DNA from the
solution at a [Co(NH3)6

3+]/[P] ratio of 0.32, but the CD spectrum
stayed essentially the same (Fig. 1B), indicating that small
Ψ-DNA aggregates remained suspended in solution. The tran-
sition was fully reversed by adding a monovalent cation (in our
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case CsCl) (line 4 in Fig. 1B), as is characteristic for
Co(NH3)6

3+-condensed DNA (6).
Our findings appear somewhat at odds with those of Widom

and Baldwin, who showed that Co(NH3)6
3+ efficiently

aggregates random (irregular) sequence natural DNA without
any CD changes (6). This likely reflects differences in experi-
mental conditions. The present measurements were done on
160 bp CT DNA at a 2–3 mM DNA phosphate concentration,
pH 7.5 and 20°C, while Widom and Baldwin (6) used 49 000 bp
long λ DNA at 1.6 µM concentration in 1 mM NaOAc, pH 5.0,
presumably at 25°C or ambient temperature.

One can hypothesize at least five reasons that explain the
discrepancy between the present and earlier (6) CD results: pH
of the solutions, DNA concentration, DNA source, DNA
preparation method and DNA length. A difference in pH
should not be the reason, since lower pH is more favorable for
the B→Ψ transition, due to better neutralization of the DNA
negative charge. Measurements at a lower concentration of
DNA (0.03 mM) also showed a B→Ψ transition (data not
shown), indicating that DNA concentration is not the source of
the discrepancy. Our DNA came from CT, while Widom and
Baldwin used λ DNA. However, like λ DNA, the CD spectra
of high molecular weight CT DNA, 3000–8000 bp in length,
show no evidence of Ψ conformation regardless of Co(NH3)6

3+

concentration (Fig. 2A).
Thus we are left with the length of DNA as the most likely

reason for the different CD behavior. Since our 160 and 3000–
8000 bp DNA molecules were obtained from different CT
sources, we sonicated the long CT DNA to 20–200 bp (see
Materials and Methods) and then observed a B→Ψ transition
at sufficiently high [Co(NH3)6

3+]/[P] (Fig. 2B). This demon-
strates that DNA length, rather than source or method of prep-
aration, is the determining factor in formation of Ψ-DNA.

This conclusion is consistent with several related investiga-
tions. It explains the discrepancy between two earlier studies
on spermidine-induced condensation of DNA: Damaschun
et al. (48) demonstrated a B→Ψ transition for sonicated DNA
(750 bp length), while Gosule and Schellman (4) saw no
changes in CD spectrum of unsonicated phage T7 DNA.
Another example of length dependence is found in the work of
Shin et al. (49). They demonstrated that adding Co(NH3)6

3+ to
250–1500 bp poly[d(A-T)]·poly[d(A-T)] converted it to the Ψ
conformation, while 10 000 bp poly[d(A-T)]·poly[d(A-T)]
condensation was accompanied by a B→X transition (49),
which results from structural changes in the secondary struc-
ture of DNA (50,51). Maniatis et al. (52) also suggested that
sonicated DNA (∼150 bp) is condensed into a more orderly
structure than high molecular weight DNA. The influence of
DNA length on spermine-induced condensation was investi-
gated by Marquet et al. (53) by electric dichroism measure-
ments. They demonstrated that 258 and 436 bp DNA
condensed into rod-like particles, while 748 bp or larger DNA
condensed into torus-shaped particles (53).

The development of Ψ-type spectra in aggregates of DNA
and other biopolymers is thought to be due to the formation of
extended chiral arrays, similar to cholesteric liquid crystals,
with a pitch comparable to the wavelength of light (46). We
may speculate that relatively short DNA molecules can fairly
readily adjust their relative orientations to form these chiral
arrays, while longer molecules are constrained by curvature
and entanglements from adopting well-ordered arrangements.

Titration curves

Both 160 and 3000–8000 bp DNA were titrated with
Co(NH3)6

3+ and the interaction process was followed by
ultrasound (∆A), volume (∆V), CD ([Θ]270) and absorbance

Figure 1. (A) CD spectra of 160 bp CT DNA at various concentrations of hex-
amminecobalt(III): (1) [Co(NH3)6

3+]/[P] = 0; (2) 0.098; (3) 0.197; (4) 0.216;
(5) 0.256; (6) 0.275; (7) 0.295; (8) 0.314; (9) 0.334; (10) 0.353. The solution
initially contained DNA at 3 mM (P) concentration in 5 mM CsCl, 0.2 mM Cs
HEPES, pH 7.3. (B) CD spectra of the same DNA at various conditions: (1)
[Co(NH3)6

3+]/[P] = 0, [P] = 2.42 mM; (2) [Co(NH3)6
3+]/[P] = 0.32, [P] = 2.38

mM; (3) solution (2) after centrifuging, [P] = 0.63 mM; (4) solution (3) after
adding CsCl solution, [Cs+]/[P] = 25.8, [P] = 0.62 mM.

Figure 2. (A) CD spectra of 3000–8000 bp CT DNA in 5 mM CsCl, 0.2 mM
Cs HEPES, pH 7.3, at 20°C and at various concentrations of hexammine-
cobalt(III). The concentration ratio increases from 0 to 0.37 with increasing
line number. For the values see Figure 3G. (B) Results on the same DNA after
reducing the size to 20–200 bp: (1) the CD spectrum before adding
Co(NH3)6

3+; (2) [Co(NH3)6
3+]/[P] = 0.28; (3) [Co(NH3)6

3+]/[P] = 0.33.
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(A320) as a function of the concentration ratio, [Co(NH3)6
3+]/[P]

(Fig. 3).
For 160 bp DNA (left column of Fig. 3) all four parameters

revealed that a dramatic change occurs at [Co(NH3)6
3+]/[P] = 0.25:

the initial decrease in the increment of ultrasound velocity gets
stronger (Fig. 3A); the initial increase in volume is followed by
a strong decrease (Fig. 3B); the CD signal increases sharply
after an initial moderate increase (Fig. 3C); the absorbance at
320 nm starts to rise (Fig. 3D), indicating the onset of turbidity,
which is characteristic of the condensation process.

One can attribute the first, slowly changing, stage of the titra-
tion curves (0–0.25) to Co(NH3)6

3+ binding to DNA preceding
aggregation. To be sure that aggregation does not participate in
this binding event, additional centrifuge experiments at 3000 r.p.m.
were performed. For instance, at the end of the binding
process, [Co(NH3)6

3+]/[P] = 0.242, even after 140 min no
visual precipitation was observed; at [Co(NH3)6

3+]/[P] = 0.273
some precipitate appeared, but only after 30 min centrifuging;
at [Co(NH3)6

3+]/[P] = 0.292 precipitate appeared after 10 min
centrifuging; at [Co(NH3)6

3+]/[P] = 0.316 the solution was
already opaque and the precipitate appeared immediately upon
centrifuging. Thus, one can reasonably assume that before
[Co(NH3)6

3+]/[P] = 0.25 the ultrasound and density changes
mainly reflect hydration changes, which we interpret as release
of water upon overlapping of the hydration shells of the cation
and DNA.

Titration experiments on long DNA are shown in the right
panel of Figure 3. They are similar to those of 160 bp DNA, but
there are two major differences. First, as discussed in the
previous section, long DNA does not exhibit a B→Ψ transition.
Second, the rapid changes in acoustic (Fig. 3E) and absorbance
(Fig. 3H) properties start at [Co(NH3)6

3+]/[P] = 0.3 and are
accompanied by immediate precipitation of DNA.

These titration results are in striking agreement with
isothermal titration calorimetry measurements of the inter-
action of Co(NH3)6

3+ with plasmid DNA (54). Two stages of
heat evolution were observed: the first (up to [Co(NH3)6

3+]/[P]
= 0.25 at low salt) corresponding to binding and the second to
DNA condensation. The distinction between the two stages
was very sharp, just as it is in the current study. The small posi-
tive enthalpy of binding was attributed to direct hydrogen
bonding between Co(NH3)6

3+ and DNA phosphates, consistent
with the water displacement observed here.

Molecular interpretation of volume and compressibility
effects

The changes in volume and compressibility due to Co(NH3)6
3+

binding to DNA, or to DNA condensation, can be expressed as
the sum of intrinsic contributions (∆Vm and ∆κm), due to DNA
structural changes, and hydration contributions (∆∆Vh and
∆∆κh), due to changes in hydration (55):

∆V = ∆Vm + ∆∆Vh 7

∆κ = ∆κm + ∆∆κh 8

A variety of evidence shows that structural changes in DNA,
and therefore contributions from ∆Vm and ∆κm, are negligible
during the experiments performed here. The interaction of
Co(NH3)6

3+ with long CT DNA does not significantly change
the CD profile over the entire concentration range
[Co(NH3)6

3+]/[P] = 0–0.3 (Fig. 2A). For 160 bp DNA we
observed a B→Ψ transition after [Co(NH3)6

3+]/[P] = 0.25 (Fig. 1),
but this transition is not accompanied by changes in secondary
structure (51). As shown earlier (28,34), even structural
changes within right-handed nucleic acid duplexes (B→C and
B→A) do not influence the intrinsic volume and compressi-
bility of the duplexes. Therefore, in the following sections we
will attribute observed volume and compressibility changes
solely to hydration effects.

Hydration effects of Co(NH3)6
3+ binding to DNA prior to

condensation

The volume and compressibility changes upon Co(NH3)6
3+

binding to DNA molecules are positive (Table 1), which indi-
cates a release of water molecules from the hydration shells of
interacting molecules (a dehydration process). In the hydration
shells the water molecules occupy less space and are less
compressible than in the bulk state and therefore release of
water molecules from hydration shells is accompanied by an
increase in volume and compressibility. Table 1 shows no
significant differences between hydration effects of
Co(NH3)6

3+ binding to long or short DNA molecules, and CD
changes before condensation are also similar for both DNAs.
Therefore, one can reasonably assume that, prior to condensation,
Co(NH3)6

3+ binds in the same manner to 160 and 3000–8000 bp
DNA molecules.

Figure 3. Titration of 160 bp (left column) and 3000–8000 bp DNA (right
column) with Co(NH3)6

3+. Ultrasonic (A and E), densimetric (B and F), CD
(C and G) and absorbance/turbidity (D and H) measurements.
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The ratio k = ∆V/∆κ = ∆∆Vh/∆∆κh is sensitive to the nature of
the solute molecules (30,56–60). In the case of absolute
measurements of the apparent molar volume and the adiabatic
compressibility the k value is characteristic of transfer of water
molecules from the bulk state to hydration shells due to
dissolving a solute molecule (56,57). In the case of some asso-
ciation (binding) or dissociation processes the k value is also
characteristic of exchange of water molecules between hydra-
tion shells and the bulk state due to overlapping of the hydra-
tion shells during binding and emergence of new surfaces for
hydration during a dissociation process. Therefore, the k values
of dissolution and some association/dissociation processes can
be validly compared to each other. Furthermore, k values for
dissolution are in very good agreement with those for inter-
action processes. For instance, dissolution of charged mole-
cules (57) and interaction between them are characterized by
the same value of k, 0.3–0.4 × 104 bar (58,60). The k value
increases with an increase in polar or non-polar atomic groups
in the solute molecules: k = 0.6 × 104 bar for DNA duplexes
(27,31); k = 0.75 × 104 bar for nucleic acid bases (59). The
process of nucleic acid duplex formation, which is accompa-
nied by uptake of water molecules bridging bases in the DNA
grooves, also has k = 0.75 × 104 bar (30). The k value for
binding of Co(NH3)6

3+ to CT DNA is ∼0.3 × 104 bar, similar to
k values for the hydration effects of EDTA4– + cation (60) and
ion pair formation (58). This is indicative of dehydration of
charged atoms: phosphates of DNA and Co(NH3)6

3+ itself.
Although the cobalt cation is coordinated to six NH3 groups,
the influence of the complex on surrounding water molecules
is still very strong. The direct indication of this is its apparent
molar adiabatic compressibility, which is strongly negative,
ΦκS = –109.3 × 10–4 cm3 mol–1 bar–1. Similar negative values
are observed for simple electrolytes, for instance, ΦκS of
different divalent salts range between –81.5 × 10–4 and –109.9
× 10–4 cm3 mol–1 bar–1 (58).

One can estimate the number N of water molecules released
during Co(NH3)6

3+ binding to DNA from the changes in
volume (Table 1) according to the equation

N = ∆V/( VW – Vh) 9

where Vw is the molar volume of bulk water, equal to 18 cm3

mol–1, and Vh is the molar volume of electrostricted water,
equal to 15.5 cm3 mol–1 (57,61). The data in Table 1 thus indi-
cate that around four water molecules are released per mole
Co(NH3)6

3+ bound. Keeping in mind that the volume and
compressibility measurements mainly detect water molecules
in direct contact with solute molecules (first hydration shell)
(62,63) and the hydration number of cations (58) is usually
equal to the total coordination number in cation–chelator

complexes (64,65), one can assume that each direct contact
displaces approximately two water molecules. Thus, it appears
that each bound Co(NH3)6

3+ can create two direct contacts
mainly with negatively charged DNA groups. This is the first
study of volume and compressibility effects upon Co(NH3)6

3+

binding to an organic molecule. Therefore, interpretation of
volume and compressibility effects by comparison with those
in other systems is admittedly uncertain. However, to estimate
the magnitude of the dehydration effects due to Co(NH3)6

3+

binding, one can compare volume and compressibility changes
with similar data on the binding of other cations to DNA mole-
cules. The binding of alkaline earth metal ions (Mg2+, Ca2+,
Sr2+ and Ba2+) to CT DNA is also characterized by positive
changes in volume and compressibility, averaging 23 cm3 mol–1

and 39 × 10–4 cm3 mol–1 bar–1, respectively (33). It was
suggested that these changes correspond to two direct contacts
between interacting molecules. The binding of Ni2+ ions to
synthetic poly[d(G-C)]·poly[d(G-C)] is accompanied by
similar increases in volume and compressibility, ∆V = 23.9 cm3

mol–1 and ∆κ = 43.1 × 10–4 cm3 mol–1 bar–1, which also corre-
sponds to two direct contacts (34). Ni2+ binding to poly[d(A-
T)]·poly[d(A-T)] is accompanied by ∆V = 11.7 cm3 mol–1 and
∆κ = 19.3 × 10–4 cm3 mol–1 bar–1, which corresponds to one
direct or two indirect contacts (34). Thus, Co(NH3)6

3+ binding
to DNA is characterized by significant increases in volume and
compressibility which correspond to one or two direct contacts
between divalent cations and DNA.

Direct contacts between Co(NH3)6
3+ and nucleic acids have

been observed by X-ray and NMR (66–69). X-ray studies on
d(CGCGCG) (66) and d(CGTACGTACG) (67) oligomers in
the Z-conformation revealed that Co(NH3)6

3+ binds directly to
O6 and N7 of a guanine and to the phosphate group of a neigh-
boring cytosine. In the case of B-DNA decamer d(AGGCAT-
GCCT) (68) two different binding sites have been found: one
Co(NH3)6

3+ binds in the major groove to 5′-AGG bases, while
a second binds with oxygen atoms of phosphate groups. The
solution structure of RNA hairpins (69) also reveals that
Co(NH3)6

3+ binds in the major groove of the GAAA tetraloop
to N7 of guanine and to phosphate oxygen atoms of the tetraloop.
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