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Complexes of actinomycin D (AMD) and 7-amino-actinomycin D (7AAMD) with model
hairpin oligonucleotide HP1 and various types of DNA in aqueous solutions were
investigated by steady-state, polarized, time-resolved and stopped-flow fluorimetry,
and photometry. Prompt non-stacking binding of the actinomycins inside HP1 was
observed. No energy transfer from nucleotides to 7AAMD in the complex was detected,
most likely because of the absence of stacking intercalation. Complex formation of AMD
or7AAMDandHP1wasfollowedbythetransitionfromarandomflexibleconformationof
the hairpin to a more compact rigid structure, and subsequently to hypochromism.
Strong competition between AMD and 7AAMD for a cavity in HP1 was observed. The
decrease in the 7AAMD emission after addition of DNA to the 7AAMD/HP1 complex
indicates that actinomycins can be redistributed fromHP1 to DNA, i.e. hairpin oligonu-
cleotides can serve as molecular carriers of actinomycins.
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Actinomycins are widely applied because of their antibiotic
and anti-tumour activity. They are still used for the treat-
ment of different types of cancers like rhabdomiosarcomas,
genital malignancies, etc. (1–4). Moreover, actinomycins
decelerate ageing by prolonging the life cycle (5). Well
known among actinomycins is actinomycin D (AMD),
consisting of 2-aminophenoxazin-3-one chromophore and
two cyclic pentapeptide lactones. The biological activity
of AMD is attributed to its ability to bind to DNA, and
thus to inhibit the RNA polymerase reaction and protein
biosynthesis (6–8). AMD is biologically active at low con-
centrations. At high concentrations, AMD has a toxic
effect.

The widespread application of AMD requires determina-
tion the molecular mechanism of the AMD/DNA complex
formation. It is generally accepted, that AMD intercalates
into duplex DNA, preferring GpC sites (6, 9). An alterna-
tive binding mechanism at non-GpC (i.e. ApT/TpA) sites is
also possible (10). In the solid phase, the stacking inter-
calation of phenoxazone chromophore between nucleotides
was shown in crystals by X-ray analysis (9) and in films
by fluorescence energy transfer (11). In aqueous solutions,
actinomycins can bind to DNA in two ways: (a) stacking-
like intercalation, at high concentrations, and (b) binding
in non-stacking positions, at low concentrations (11, 12).
The highest binding constant for actinomycins was
observed for hairpin-like sites or loops (11–15).

Instead of AMD, a fluorescent analog, 7-amino-
actinomycin D (7AAMD), is usually used at low concentra-
tions to study the properties of actinomycin/DNA
complexes (11–17). The excitation spectrum of this dye

bound to DNA exhibits a long-wavelength (‘‘red’’) shift in
comparison to free 7AAMD in water, whereas the emission
spectrum shows a short-wavelength (‘‘blue’’) shift (12, 13).
The biggest difference in the fluorescence intensity of
7AAMD in DNA vs. 7AAMD in water was found on the
‘‘red-edge’’ of excitation and ‘‘blue-edge’’ of emission (12).

It has been shown that 7AAMD can form a compact
complex with hairpin (single-stranded) oligonucleotides,
with high binding constants (14, 15, 17). In particular,
7AAMD binds strongly to the 8.6-kDa hairpin HP1
d(50-AAAAAAATAGTTTTAAATATTTTTTT-30). The bind-
ing is accompanied by an increase by more than an order of
magnitude in the fluorescence intensity due to changes in
the lifetime and spectral shifts (12, 14–16). The sequence of
HP1 is also compatible with the formation of a homo-dimer,
a mismatched duplex. In principle, hairpins can form both
types of structures (they can be distinguished by native
PAGE).

In (12–17) it was shown that at very low (physiological)
concentrations (1 mM and lower) actinomycins can bind to
hairpin oligonucleotides and to hairpin-like sites or loops in
DNA. The highest binding constant was �107 M–1 (17).
However, the reason for such a strong interaction was
unknown. It was also unclear why the binding takes
place at a non-stacking position (11, 12). It is important
to determine the features of AMD and 7AAMD binding to
HP1 and DNA at low concentrations. Also, it would be
interesting to examine the possibility that actinomycins
can be redistributed from HP1 to DNA. Such redistribution
can be used in medicine for effective transport of antibiotics
to DNA. That is why we performed the present spectro-
scopic investigation. The advantage of the present inves-
tigation over the previous ones is the combination of
methods: steady-state, polarized, phase-modulating and
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stopped-flow fluorimetry. Also, a new approach for deter-
mining the location and orientation of 7AAMD in HP1 and
DNA by means of the efficiency of energy transfer (using
excitation spectra) will be applied.

Prompt non-stacking interaction of actinomycins with
HP1 will be described here. Strong competition between
AMD and 7AAMD for the binding site inside HP1 will also
be shown. Our data confirm the non-stacking binding
of 7AAMD or AMD to HP1 in aqueous solutions. The
results will be rationalized by means of a strong interaction
between actinomycins and HP1, followed by transition
from a random flexible conformation of the hairpin to a
more compact rigid structure. It will be shown that
7AAMD or AMD can be transferred from HP1 to DNA.
The biological significance of this finding is that hairpin
oligonucleotides can serve as molecular carriers, transfer-
ring actinomycins to DNA.

MATERIALS AND METHODS

Actinomycin D (‘‘Reanal’’), 7-amino-actinomycin D
(‘‘Fluka’’), oligonucleotide HP1 (‘‘Midland Certified
Reagent Company’’), ethidium bromide (‘‘Reachim’’),
Hoechst trihydrochloride (No. 33342, ‘‘Sigma’’), calf
thymus DNA (‘‘Serva’’), salmon sperm DNA (No. 101500,
‘‘ICN’’), and lambda DNA (lDNA, No. 25250-010,
‘‘GibcoBRL’’) were used in this work. DNA and HP1
were dissolved in a buffer of low ionic strength (10 mM
cacodylate or 10–20 mM Tris-HCl, pH 7.6).

Absorption spectra were measured with ‘‘M-40’’
(Carl Zeiss Jena, Germany) and ‘‘Cary’’ (Varian Analytical
Instruments, Australia) spectrophotometers in 0.1-cm and
1-cm quartz cuvettes. The extinction coefficients (e) are
13,000 M–1 cm–1 at 286 nm for ethidium, 24,500 M–1

cm–1 at 440 nm for AMD, and 12,600 M–1 cm–1 at
260 nm per nucleotide for DNA.

Fast association-dissociation kinetics of binding of
7AAMD to DNA or HP1 were detected at 26�C on the
ms/s time scale by means of a stopped-flow fluorimeter
‘‘Applied Photophysics’’ (UK) with excitation at 550 nm
and emission at >570 nm. Slow kinetics were detected in
the minute time range with standard spectrofluorimeters,
with excitation at 570 nm and emission at 610 nm in a 1-cm
quartz cuvette. Mixed solutions were mechanically stirred.
The slow emission kinetics were detected starting from
6 s after mixing. Kinetics evaluation data were processed
using Matlab 4.0 software (MathWorks, Inc.), with fitting
by least-squares methods (Gauss-Newton approximation).

Emission spectra of the 7AAMD/DNA and 7AAMD/HP1
complexes were recorded with a Perkin-Elmer MPF 44B
spectrofluorimeter in a 0.4-cm quartz micro-cuvette.
Corrected excitation spectra were recorded in the ‘‘ratio’’
regime.

Total efficiency (Qda) of energy transfer from nucleotides
to dye molecules was calculated with the equation (18, 19):

Qda ¼ Fdea½a�=Faed½d�

where ed is the extinction coefficient of the donor (in our
case, it is the average e of the nucleotides at 260 nm), ea is
the extinction coefficient of the acceptor at its absorption
maximum, [d] is the concentration of the donor, [a] is the
concentration of the acceptor (the average concentration of

nucleotides), Fd is the intensity of the donor band in the
excitation spectrum (Fd equals the difference between
the total intensity at 260 nm and the contribution from
the acceptor at this wavelength), and Fa is the intensity
of the acceptor band (Fa equals the total intensity at the
acceptor excitation maximum minus the contribution from
nucleotides at the same wavelength).

The number of nucleotides (N), donating the energy per
one acceptor molecule, was estimated according to the
equation:

N ¼ Fdea=Faed

Polarized emission of 7AAMD was measured with a
SLM-4800 spectrofluorimeter (SLM Inc., US). The fluores-
cence lifetime was determined with phase-modulation
techniques (using SLM; the modulation frequency was
30 MHz). The lifetime experiments were carried out in
mirror micro-cuvettes, which highly increase the fluores-
cence signal (19).

The effective volume of the 7AAMD/DNA complex
was calculated according to the Levshin-Perrin relation-
ship (19):

1=P - 1=3 ¼ ð1=P0 – 1=3Þð1 þ RTt=ZVÞ

were P is the measured polarization, P0 is the limit
polarization = 0.5, R is the Rydberg’s constant, T is the
absolute temperature in K, t is the lifetime, V is the effec-
tive volume of a particle, and Z is the solvent viscosity (0.01
poise for aqueous solutions).

RESULTS AND DISCUSSION

Hypochromism Induced in HP1 by Actinomycins—The
purpose of an absorption study is to obtain information
about actinomycin-HP1 interactions and conformational
properties of the complex. Complex formation between
HP1 and 7AAMD or AMD leads to a considerable hypo-
chromic effect on the 260-nm band of HP1 (Fig. 1): the
optical density of the complex (curve 1) is sufficiently
lower than the sum of curves 2 (HP1 only) and 3
(7AAMD only) in the UV region. In the visible region,
only a small red shift without significant hypochromism
for the actinomycin band was detected. The hypochromic
value was not constant along the UV band (Table 1). Most
hypochromism was observed at the edges of the band, but
not at the maximum. This means that a strong exciton
interaction between 7AAMD and HP1 takes place. The
hypochromic values for AMD/HP1 differ only a little
from those for 7AAMD/HP1. Consequently, AMD and
7AAMD bind to HP1 in a similar way.

The 260-nm absorption transition for nucleotides occurs
in the chromophore plane. In native DNA, considerable
stacking between nucleotides takes place. That is why
the nucleotide e in single-stranded DNA is sufficiently lar-
ger compared to that of the native DNA. Hypochromism is
a result of a decrease in the absorption cross-section of
chromophores in stacking-like structures (20). This arises
due to exciton interactions and a screening effect (19, 20).
Hypochromism, induced in HP1 by AMD or 7AAMD, can be
explained as a result of a transition of HP1 from a random
flexible conformation to a more compact regular structure,
where better stacking between nucleotides (but not
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stacking with the actinomycin chromophore) arises, when
AMD or 7AAMD binds inside a dynamic ‘‘cavity’’ in HP1.
This interpretation is in agreement with other data (14, 15)
concerning the greater thermal stability of the 7AAMD/
HP1 or AMD/HP1 complex compared to the denaturized-
like state of free HP1.
Fluorescent Properties of 7AAMD in Oligonucleotides

and Nucleic Acids—Fluorescence is much more sensitive
than absorption. That is why 7AAMD instead of AMD is
used. In the case of the 7AAMD/HP1 complex, the intensity
of the 7AAMD fluorescence is very high. The reasons for
this are not only increases in the lifetime and quantum
yield of 7AAMD after binding to the hairpin, but also a
red shift in the 7AAMD excitation band (see excitation
spectra in Refs. 11 and 12). Besides, a blue shift of
the emission band takes place (see emission spectra in
Refs. 11–16).

Replacing guanine in HP1 with adenine (HP1A) leads to
an abrupt decrease in the binding affinity for actinomycins
(Table 2). The presence of guanine in HP1 is essential for
formation of the hairpin-like structure. This is why the
presence of guanine nucleotide in HP1 is essential for
7AAMD binding. It is important to emphasize that there
is no ‘‘specific interaction’’ between guanine and 7AAMD.
Guanine itself is not an obligatory basis for binding of
actinomycins (10–12, 21). In fact, 7AAMD and AMD can
effectively interact with oligonucleotides independently
of the presence or absence of a GpC sequence (10, 21).

The lifetime of 7AAMD in the complex with HP1 was
1.7 ns. In the case of complexes with DNA, the 7AAMD
lifetime was similar: 1.5–2.1 ns for all types of DNA used.
However, the fluorescence intensity of 7AAMD in HP1 was

4–5 times higher than that in DNA (under the same con-
ditions, Table 2). This means that the population of
7AAMD molecules in DNA is quenched. It can be suggested
that such static quenching of 7AAMD takes place in the
double helix by neighboring nucleotides (it is well known
that nucleotides are strong quenchers, since they have very
intense vibration modes).

The fluorescence intensity of 7AAMD depends on the
type of DNA to which it is bound. Table 2 presents our
data for lambda, calf thymus, and salmon sperm DNA.
The fluorescence of 7AAMD reaches a plateau in 5 min
after addition of the DNA aliquot. The highest 7AAMD
emission intensity was observed for salmon sperm DNA,
indicating that this DNA preparation contains many
hairpin-like sites or loops and breaks. Relatively short
lDNA has a minimum of hairpin-like sites and breaks.
The hairpin-like sites, loops and breaks appear in the
long double helix due to mechanical damage and thermal
fluctuations.

In the presence of yeast t-RNA, the fluorescence inten-
sity of 7AAMD was almost the same as in the case of free
7AAMD. Thus, 7AAMD is unable to bind to yeast t-RNA,
since this rigid poly-nucleotide has too small a hairpin
cavity. This means that the existence of hairpin-like
sites itself is not sufficient for effective binding. Other

Fig. 1. Absorption spectra of the 7AAMD/
HP1 complex (1), HP1 (2), and 7AAMD (3).
The concentrations were: HP1 1.8 mM, and
7AAMD 2 mM. The buffer was 10 mM cacody-
late (pH 7.6).

Table 1. Hypochromism in the AMD/HP1 and 7AAMD/HP1
complexes.a

Wavelength
(nm)

Hypochromism
(%) in AMD/HP1

complex

Hypochromism (%)
in 7AAMD/HP1

complex

240 27 58

260 9 13

280 30 30

285 40 47
aThe concentrations of AMD and 7AAMD were 2 mM, HP1 1.8 mM.

Table 2. Fluorescence intensity of 7AAMD in the presence of
various nucleic acids.a

Sample Intensity (rel.un.)

HP1 + 7AAMD 2,610

HP1 + 7AAMD + 10 mM AMD 160

HP1A + 7AAMD 250

Salmon sperm DNA + 7AAMD 740

Calf thymus DNA + 7AAMD 560

Lambda DNA + 7AAMD 505

Lambda DNA + 7AAMD + 80 mM AMD 205

Yeast t-RNA + 7AAMD 200

Buffer + 7AAMD 130
aThe 7AAMD concentration was 1 mM. The buffer was 20 mM
Tris-HCl (pH 7.5). The concentration of all types of DNA, yeast
t-RNA, HP1 and HP1A was 0.014 mg/ml. Excitation was at
570 nm and emission was at 610 nm. The presented intensity
values are the averages of five measurements.
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conditions are the size of a cavity or loop and flexibility of
oligonucleotide tails. The free ends of the HP1 hairpin
exhibit a high flexibility. Actinomycins can easily pene-
trate into open dynamically arising cavities inside a flex-
ible hairpin structure. In the case of DNA, long loops and
big hairpin-like sites are necessary for the fast actinomycin
binding. The 7AAMD fluorescence intensity depends on
the presence of hydrophobic cavities in the DNA structure.
Absence of Energy Transfer from Nucleotides to

7AAMD—Energy transfer from photo-excited nucleotides
to a dye is one of the main features, indicating stacking
intercalation in complexes (19, 22). The stacking position of
a dye between nucleotide chromophores in DNA provides a
favourable condition for effective energy transfer. Energy
transfer can be detected, for instance, as the appearance of
the nucleotide band in the excitation spectrum of the emit-
ting dye (18, 19, 22). The intercalating ability of 7AAMD in
comparison with those of ethidium bromide (EB), a typical
intercalating dye, and Hoechst 33342, a typical non-
intercalating dye, was estimated here. EB induces dena-
turation and hyperchromism of native DNA (19). That is
why EB is a strong cancer-inducing agent. On the contrary,
Hoechst (for instance, H33342 and H33258) induces DNA
condensation (23). It is interesting that Hoechst is known
as an anticancer drug (23).

In the UV region, EB exhibits an intensive absorption
band at 284 nm, Hoechst one at 340 nm, and 7AAMD one at
260 nm. The absorption band of EB overlaps to some degree
with the nucleotide emission spectrum. The fluorescence
quantum yield of poly-nucleotides in aqueous solutions at
room temperatures is very low (19, 22). Thus, Dexter’s
exchange energy transfer (22) from nucleotides to this
dye could be expected only in the case of EB intercalation
into DNA. Förster’s dipole-dipole energy transfer (22) can
hardly be expected here. The Hoechst absorption band
overlaps sufficiently with the nucleotide emission spec-
trum. Therefore, both types of energy transfer could
take place for Hoechst. In the case of 7AAMD, mainly
Dexter’s energy transfer can occur. To determine the effi-
ciency of the total energy transfer, it is necessary to deter-
mine the fluorescence intensity of a dye, sensitized by
nucleotides, and the intensity of a directly excited dye
(it is also necessary to determine the nucleotide/dye rela-
tionship and absorbance) (19, 22).

The fluorescence intensity of EB increases after its
binding to DNA. A strong nucleotide band at 260 nm
was detected in the excitation spectrum of EB in DNA
(12, 19). The same observation was made for EB in HP1
(11, 12). Hence, effective energy transfer takes place,
which indicates stacking-like intercalation of EB. The
nucleotide band in the EB excitation spectrum appears
due to exchange energy transfer to EB from 1–2 neighbour-
ing nucleotides (12, 18, 19). The calculated number of
nucleotides (N) donating the excitation energy per one
dye molecule in HP1 for the EB/HP1 complex is 1
(Table 3), i.e. one nucleotide donates the energy to one
dye molecule. The efficiency (Qda) of energy transfer from
nucleotides to the dye for the EB/HP1 complex in aqueous
solution is 0.16. Similar N and Qda values were obtained
previously for a complex of EB with phage DNA (18).

On the contrary, no nucleotide band at 260 nm was
detected in the excitation spectrum of the Hoechst/HP1
complex. The N and Qda values are equal to zero

(Table 3). There is no energy transfer in this non-
intercalative complex (but a considerable increase in the
own Hoechst emission after its binding to HP1 was
observed). The absence of energy transfer indicates that
the distance between Hoechst and the nucleotide chromo-
phores are large and/or that the orientation is not coplanar.

Similarly, no nucleotide band was detected at 260 nm in
the excitation spectrum of the 7AAMD/HP1 complex. The
N and Qda are approximately equal to zero (Table 3), i.e.
there is no effective energy transfer. This fact is a potent
proof against stacking of 7AAMD in HP1. Indeed, this
fact is direct evidence that the chromophore of 7AAMD
is located far from the nucleotide hetero-cycles and/or
has another orientation. Since only one 7AAMD molecule
can bind to a single HP1 molecule, N and Qda should be
concentration independent.

In the case of the complex of 7AAMD with DNA, the
Qda value was 0.003 and N was 0.06 (Table 3), i.e. only
very little energy transfer was detected. The nucleotide
band at 260 nm in the excitation spectrum of the
7AAMD/DNA complex was negligible (11, 12). Energy
transfer was absent for Hoechst as well, but not for EB.
Thus, it can be stated that the chromophore of 7AAMD
does not intercalate into the DNA duplex in a stacking
manner between nucleotides, i.e. it is non-stacking bind-
ing. Anyway, the 7AAMD fluorescence arises mostly from
hairpin-like sites and loops. It should be noted here that
the efficiency of the energy migration between nucleotides
in DNA and HP1 (in aqueous solution) is about zero (11, 12,
19, 20). The absence of energy migration along a poly-
nucleotide chain is very important for correct calculation
of N and Qda.
The Size of the 7AAMD/HP1 Complex—The effective

volume (V) and hydrodynamic length (diameter d) of the
7AAMD/HP1 complex were determined using the Levshin-
Perrin equation, and the polarization and lifetime data
obtained in our experiment. The lifetime of 7AAMD in
the complex with HP1 was 1.7 ns and the polarization
was 0.39. These values coincide with our previous data
obtained under similar experimental conditions (12, 16).
Thus, the V value of the 7AAMD/HP1 complex is �22,800
Å3. The d value of the complex is therefore �35 Å. In the
case of free 7AAMD the V value is 4,400 Å3 and d is 20.3 Å.
The ratio of the volumes of the complex and single 7AAMD
is 5.2. This value is smaller than the ratio between the
molecular weights of the complex and free 7AAMD,

Table 3. Efficiency of energy transfer from nucleotides
to dyes.a

Complex Fd (%) Qda N

7AAMD/HP1 �0 �0 �0

Hoechst/HP1 0 0 0

Ethidium/HP1 95 0.16 1.0

7AAMD/lDNA 0.03 0.003 0.06

Hoechst/lDNA 0 0 0

Ethidium/lDNA – 0.15 1.3
aThe intensity of the dye excitation band (Fa) was taken as 100%.Fd

is the intensity of the donor nucleotide band in the acceptor dye
excitation spectrum, Qda is the maximal total energy transfer effi-
ciency from nucleotides to dye, and N is the number of nucleotides
donating the energy to one dye molecule. The nucleotide/dye ratio
[d]/[a] was 20. Emission of Hoechst was detected at 460 nm, of EB at
610 nm, and of 7AAMD at 640 nm.
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which is 7.4. The observed discrepancy between the two
mentioned volumes may be due to that 7AAMD is located
in the cavity inside HP1 (not on the surface of HP1).
Prompt Binding of 7AAMD and AMD with HP1—Using

stopped-flow fluorimetry, Chen et al. (24) observed two
components in the 7AAMD fluorescence kinetics during
its dissociation from short hairpin-like oligonucleotides
in the presence of a detergent. Dissociation of 7AAMD
from hairpin structures was considered to be a fast process,
whereas dissociation from duplex DNA was assumed to be
a slow process.

The formation of the complex between HP1 and 7AAMD
is a prompt process. It is much faster than the first com-
ponent of 7AAMD binding to DNA. In the stopped-flow
experiments, it was found that the kinetics of binding
of 7AAMD to HP1 (Fig. 2) consist only of the fast single
component. The characteristic time of the 7AAMD/HP1
complex formation is about 0.3 s (Table 4). No slower com-
ponent was observed. The emission spectrum and lifetime
of 7AAMD in the 7AAMD/HP1 complex were almost the
same as those for 7AAMD in pyridine (16). This constitutes
evidence that the binding of 7AAMD to the outer surface of
HP1 is uncertain. The binding process seems to comprise
rapid penetration of 7AAMD into a hydrophobic cavity
inside HP1, but not the stacking intercalation of 7AAMD
between the planes of nucleotides. The 7AAMD molecule
might be located inside the HP1 cavity between adenine
and thymine bases without stacking-like intercalation.

To study the competition between 7AAMD and AMD
for the binding site in HP1, excess AMD was added to
the 7AAMD/HP1 complex. The fluorescence intensity
decreased immediately after the addition (Table 2). Con-
sequently, 7AAMD was completely replaced in the complex
by AMD. The replacement of 7AAMD by AMD is a very fast
process. The characteristic time is about 0.3 s (Fig. 2). The
time of replacement of 7AAMD by AMD is the same as the
characteristic time of the binding of 7AAMD to HP1. Thus,
one can conclude, that there is no energy barrier for sub-
stitution of 7AAMD by AMD in the complex with HP1 and
vice versa. Similar (but not so pronounced) competition
between 7AAMD and AMD was also observed in DNA
(Table 2).

Binding of 7AAMD with lDNA—It is well known that
the binding kinetics of 7AAMD or AMD interaction with
DNA are biphasic: fast (ms/s) and slow (minutes) processes
take place (24–27). Figure 3 shows the emission kinetics of
7AAMD binding to an excess of native lDNA. The experi-
mental kinetics are described by at least two components:
with characteristic times of 4.6 s and 40 s (Table 4).
The first component exhibits the higher amplitude (slow
to fast component ratio a2/a1 is 0.3). Since lDNA is
relatively short, it has almost no breaks. It can be sug-
gested that the fast component corresponds to the binding
of 7AAMD inside loops and single strand areas, whereas
the slow component corresponds to penetration of
7AAMD into the double helix.

The duration of the first component in the case of
lDNA was one order of magnitude longer than that for
HP1. This reflects the fact that hairpin-like sites and
loops in lDNA are compact rigid structures, whereas the
HP1 hairpin is flexible and loosened. In the case of lDNA,
the slow component corresponds to not only slow embed-
ding of 7AAMD into a double helix, but also dilatory bind-
ing of 7AAMD with, due to thermal fluctuations,
dynamically slow appearing hairpin-like sites and loops
in the long DNA molecule.

Fig. 2. Stopped-flow kinetics of binding of
7AAMD to HP1 (1), and substitution of
7AAMD in the 7AAMD/HP1 complex
after addition of AMD (2). Excitation was
at 550 nm. The concentrations were: 7AAMD
2 mM, HP1 10 mM, and AMD 10 mM. The buffer
was 10 mM Tris-HCl containing 0.5 mM EDTA
(pH 7.6). The temperature was 26.3�C.

Table 4. Fast and slow components of 7AAMD or AMD
binding to HP1 and kDNA, calculated from changes in the
7AAMD emission kinetics.a

Sample t1 (s) t2 (s) a2/a1

7AAMD + HP1 0.3* – –

7AAMD and HP1 + AMD 0.3* – –

7AAMD + DNA 4.6 40 0.3

7AAMD and HP1 + DNA 4.5 101 1.7

7AAMD, NaCl and HP1 + DNA 4.9 147 3.5
aThe concentrations used: 7AAMD 1 mM, HP1 2.4 mM (i.e.
0.021 mg/ml), lDNA 0.014 mg/ml, and NaCl 50 mM. The buffer
was 20 mM Tris-HCl containing 1 mM EDTA (pH 7.5). Excitation
and emission were at 570 and 610 nm. In the two upper stopped-flow
experiments the concentrations were: 7AAMD 2 mM, HP1 10 mM,
and AMD 10 mM; excitation was at 550 nm, and emission was
detected at >570 nm. The values of t1, t2, a1, and a2 were obtained
by kinetic data fitting.
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The rate of binding to DNA and the equilibrium fluor-
escence intensity of 7AAMD depend on the DNA concen-
tration in solution. The Fig. 4 shows that lDNA at
concentrations of 5–10 mM of bases is unable to bind
whole 1 mM 7AAMD. The 7AAMD emission achieves a
plateau at a concentration of �22 mM of bases (i.e. 7 mg/
ml; the molecular weight of lDNA is 32 · 106). At this
concentration, lDNA binds 99% of 1 mM 7AAMD, i.e. the
nucleotide/7AAMD ratio is �22. This means that native
lDNA in aqueous solution (in buffers of low ionic strength,
without salts) can form one hairpin-like site or loop every
37 Å of double helix.
Slow Redistribution of 7AAMD from HP1 to DNA—The

phenoxazone chromophore of 7AAMD or AMD is located
in DNA molecules in a hydrophobic environment (12, 16).
The fluorescence quantum yield of 7AAMD highly
increases after 7AAMD binds to HP1, but not so highly
when 7AAMD binds to DNA (Table 2). This means that
photo-excited 7AAMD molecules are quenched by nucleo-
tides in DNA stronger than in HP1. This fact allows
observation of the redistribution of 7AAMD from HP1 to
DNA. Indeed, a considerable decrease in the 7AAMD emis-
sion during incubation of the 7AAMD/HP1 complex with

DNA was detected (Fig. 5). Consequently, 7AAMD is
transferred from HP1 to DNA after addition of DNA to
the 7AAMD/HP1 complex. Rapid and slow phases in
this process were observed. At high concentrations of
lDNA, the redistribution kinetics were fitted by a two-
component model with characteristic times of 4.5 s and
101 s; the amplitude ratio a2/a1 was 1.7 (Table 4). The
fluorescence changes caused by the slow component were
larger. The first component has almost the same duration
as in the case of direct binding of 7AAMD to DNA. The
second component has a 2.5 times longer characteristic
time compared to direct binding of 7AAMD to DNA. The
process of redistribution was faster with increasing DNA
concentration. The two detected components might corre-
spond to the two different DNA sites to which 7AAMD is
transferred. The increase in ionic strength (50 mM NaCl)
leads to a 1.8-fold decrease in the amplitude of the fast
component, whereas the slow component does not change
much. Ionic interactions control the rate of 7AAMD redis-
tribution from HP1 to DNA due to the well known confor-
mational transition of a loosened DNA in water
without salts to a more rigid compact DNA at high ionic
strength.

Fig. 3. The kinetics of 7AAMD bind-
ing to lambdaDNA (2), its fitting (3),
and 7AAMD without DNA (1).
Excitation was at 570 nm, and emission
was at 610 nm. The concentrations
were: 7AAMD 1 mM, and lDNA
0.014 mg/ml. The buffer was 20 mM
Tris-HCl (pH 7.6).

Fig. 4. Intensity of the 7AAMD emis-
sion (at plateau) depending on the
kDNA concentration (lMnucleotides).
The temperature was 20�C. Excitation was
at 570 nm, and emission at 610 nm. The
concentration of 7AAMD was 1 mM. The
buffer was 20 mM Tris-HCl containing
1 mM EDTA (pH 7.5).
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HP1 acts as a protecting coat for 7AAMD or AMD. But
this coat does not prevent the penetration of actinomycins
into DNA. Perhaps hairpin oligonucleotides could be tested
for medicines like molecular carriers of antibiotics.
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to CRDF and NATO for the financial support of two fellowships
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