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We report structural and dynamical aspects of DNAs from various sources including synthetic oligonucleotides
in bulk buffer and as a complex with histonel (H1). High-resolution transmission electron microscopic (HRTEM)
studies reveal the structural change of the DNAs upon complexation with H1 leading to formation of compact-
globular and hollow-toroidal particles. In order to explore the functionality of ligand binding of the DNAs and
their complexes with H1, we have used two biologically common fluorescent probes Hoechst 33258 (H33258)
and Ethidium (EB) as model ligands. Picosecond resolved fluorescence and polarization gated anisotropy studies
examined that the minor groove binding of H33258 to the genomic BNA complex remains almost unaltered.
However, the intercalative interaction of EB with the DNA in the complex is severely perturbed compared to that
with the DNA in bulk buffer. Time-dependent solvochromic effect of the probe H33258 further elucidates the
dynamical solvation, which is reflective of the overall environmental relaxation of the DNAs upon condensation
by H1. We have also performed circular dichroism (CD) studies on the DNAs and their complexes with H1,
which reveal the change in conformation of the DNAs in the complexes. Our studies in the ligand-binding
mechanisms of the DNAH1 complex are important to understand the mechanism of drug binding to linker
DNA in condensed chromatin.

Introduction functional aspects upon complexation with the linker histone
H1. High-resolution transmission electron microscopy (HRTEM)
DNA is highly condensed within living cells as compared to and circular dichroism (CD) spectroscopy are used for the
free DNA in solution! The condensation of free DNA in vitro  structural investigation of the complexes. In order to explore
has long been of interest as a potential model for DNA the nature of ligand-binding of the complexes, two biologically
condensation in vivé3 Recently, compaction of DNA has common fluorescent probes, Hoechst 33258 (H33258) and
attracted much attention for its direct relevance to the DNA Ethidium (EB; Scheme 1) are used as model ligands. H33258
delivery as a part of gene therapf€sin a typical eukaryotic is well-known to be one of the potential minor groove
cell, over 1 meter of DNA resides in a nucleus in condensed binders!*~16 The solvochromic propertyof the probe H33258
form, which has a diameter of approximately 4t. Earlier, offers a unique opportunity to study the change in polarity of
detail structural studies on the DNA condensates in presencethe DNA minor groove upon complexation with H1. The
of H1 by using circular dichroism (CD) spectroscopy have been cationic EB, one of the most popular DNA prolféd,interca-
progressed in the literaturés® Molecular recognition of a DNA lates into the base pairs of the DNA molecules and reports its
condensate by small ligands is also important in order to structural chang&!In order to study the perturbation of the
understand the binding of drug molecules in the physiologically intercalative ligand binding of the condensed DNAs as reported
relevant form of the DNA. Early studies in the literature have in the earlie%18we have also investigated the nature of EB
used ethidium (EB) as a model intercalator ligand to study binding in our DNA-H1 condensates.
the nature of ligand binding in the condensed form of DNA. The structural and functional aspects of small synthetic
A recent study from our group reveals that the binding of oligonucleotides of known sequences [GCGAAATTTCGC,
EB to a genomic DNA is severely perturbed in the condensed duplex1 and GCGCGCGCGCGC, duplex2] upon complexation
form of the DNA compared to that in bulk buffer. Another with H1 have also been explored. The specific sequence of
way of DNA-recognition by small ligands is through non-  duplex1 is shown to recognize H33258 in a very specific manner
covalent minor-groove binding. It is well-known that a number (in the AT tract) through minor groove bindifi¢® By
of ligands including several anti-cancer drtfginteract with  observing picosecond to nanosecond dynamics of population
DNA molecules through the minor-grooves. However, to and polarization-analyzed anisotropy of the probe H33258 upon
date, a detail study on the nature of ligand binding in the minor yv excitation, we elucidate the nature of local solvation,
groove of a DNA upon condensation by H1 is lacking in the polarity, and binding rigidity of the probe in DNA and DNA-
literature. H1 complex. On the other hand poly GC sequence of duplex2
In this study, we use two genomic DNAs extracted from calf is ideal for the intercalative mode of EB-bindiAt.The
thymus and salmon testes to examine their structural andsignificant change in the fluorescence intensity and lifetime of
the probe EB upon binding to DNA and DNA41 complex
* Corresponding author. E-mail: skpal@bose.res.in. Fax: 91 33 2335 Clearly explore the perturbation of intercalative interaction of
3477. the ligand in the DNA condensate.
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Scheme 1. Molecular Structures of the DNA Binding Ligands (a) (a) &
Hoechst (H33258) and (b) Ethidium Bromide (EB)
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Materials and Methods

Chemicals are obtained from the following sources: DNA from calf
thymus and salmon sperm (Sigma), calf thymus histone 1 (H1; Sigma),
H33258 (Molecular Probes), and EB (Molecular Probes). The chemicals
are of highest commercially available purity and used as received. In

order to check the purity (contaminations by amino acid and peptides) TEM) of (a) calf thymus DNA condensate (x60K), (b) calf thymus

of the (_:ommermally available genomic DNAs, absorption spectra of DNA condensate (x200K), and (c) toroidal form of salmon sperm
genomic DNAs are measured. For the DNAs from calf thymus and pna condensate (x40K) are shown. The DNA concentration is

salmon sperm, the absorption ratios of 260 nm/280 nm give values of maintained at 10 ug/mL.

1.85 and 1.90, respectively, indicating highly purified preparations of

the DNAs?:22 The purified (reverse phase cartridge) synthetic DNA the DNA in the sample by using following equation:
oligonucleotides of 12 bases (dodecamer) with sequences GCGCGCGCGCG(k _

and CGCAAATTTGCG are obtained from Gene Link. In order to -

Figure 1. High-resolution transmission electron micrographs (HR-

reassociate the single strand DNA into self-complimentary ds-DNA [ligand—DNA]
[(CGCAAATTTGCGY), duplexl and (GCGCGCGCGCGLiuplex2], ([Iigand] — [Iigand—DNA]) x([DNA] - [|igand—DNA])
thermal annealing is performed as per the methodology prescribed by (1)

the vendor. The aqueous solutions of the oligonucleotides are dialyzed
exhaustively against Millipore water prior to further use. It has been  Steady-state absorption and emission are measured with a Shimadzu
noted that bindings of H33258 and EB to the oligonucleotides depend UV-2450 spectrophotometer and a Jobin Yvon Fluoromax-3 fluorimeter,
upon the ionic strength of the host solution. Aqueous sample solutions respectively. Circular dichroism (CD) spectra are taken in a Jasco-815
of genomic DNAs are prepared in 50 mM phosphate buffer of pH 7. spectropolarimeter using a quartz cell with a path length of 0.2 cm.
The procedure for preparing genomic DNA aqueous solutions is High-resolution transmission electron microscopy (HRTEM) imaging
similar to that in refs 21 and 22. In the present study, the concentration is performed with a JEOL (JEM-2100) electron microscope at IIT-
of base pairs of a DNA is considered as the overall concentration of KGP, India. To prepare TEM samples carbon-coated copper grids are
the DNA. The nucleotide concentrations are determined by absorption stained by 2% (w/v) uranyl acetate solution. Finally, samples are
spectroscopy using the average extinction coefficient per nucleotide prepared by placing a drop of the desired filtered solutions on the stained
of the DNA (6600 Micm™ at 260 nm)? The final DNA base pair grids and are allowed to evaporate overnight at room temperature.
concentration is 5«M in all sample solutions. In order to avoid Particle size is determined from the TEM images using an operating
dimerization, H33258 and EB concentrations are maintained at 0.5 andvoltage of 100 kV. All fluorescence decays are taken by using the
1uM, respectively. LiganetDNA complexes are prepared by dropwise  picosecond-resolved time correlated single photon counting (TCSPC)
addition of the probe solutions (H33258 or EB) to the DNA solutions technique. The commercially available setup is apicosecond diode laser
with continuous stirring and the final solutions are allowed to equilibrate  pumped time-resolved fluorescence spectrophotometer from Edinburgh
for half an hour. DNA-H1 complexes are obtained by dropwise Instruments, U.K. To excite EB and H33258, picosecond excitation
addition of H1 solution to the pre-equilibrated solutions of ligand pulses from diode lasers with excitation wavelengths of 409 and 375
DNA with vigorous stirring. In our studies, 5 and 30M H1 nm (instrument response function, IRF80 ps), respectively, are used.
concentrations are used to prepare genomic and synthesized-DNA Fluorescence from the samples was detected by a microchannel plate
H1 complexes, respectively. By observing the relative percentage of photomultiplier tube (MCP-PMT, Hammamatsu) after dispersion
the bound ligands (EB and H33258) from the fluorescence transients through a grating monochromator. For all decays the polarizer in the
and rotational anisotropy studies on the ligadNA complexes, we emission side is adjusted to be at S4(ihagic angle) with respect to
calculate the binding constant (K) of the ligand H33258 and EB with the polarization axis of the excitation beam.
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Figure 2. (a) Steady-state emission spectra of H33258 in calf thymus DNA and the DNA—H1 complex (b) Fluorescence transients of H33258—
calf thymus DNA at three different detection wavelengths. (c) Time-resolved emission spectra of H33258 in calf thymus DNA. Time-resolved
fluorescence spectral peak frequency of H33258 in (d) calf thymus DNA and DNA—H1 complex, (e) salmon sperm DNA and its condensate,
and (f) duplex1 and duplex1—H1 complex are shown. Solid lines indicate biexponential numerical fitting of the experimental data points.

To construct time-resolved emission spectra (TRES), we follow the tion) to that of the excitation and the anisotropy is defined as,

technique described in refs 23 and 24. The time dependent fluorescence
Stoke’s shifts, as estimated from TRES, are used to construct the r(t) = [Ipara_ Glpertl A3)
normalized spectral shift correlation function or the solvent correlation [l para—{- ZG|per’J

function C(t) defined as,
G, the grating factor is determined following longtime tail matching

v(t) — v() techniqués to be 1.1.
2 WP 2
v(0) — v() @)

wherev(0), v(t), andv(«) are the emission maxima (in ci) at time

0, t, and o, respectively. The/(w) values have been taken to be the .
emission frequency beyond which insignificant or no spectral shift is 1- Structure of Genomic DNA CondensatesThe complexes

observed. TheC(t) function represents the temporal response of the Of calf thymus DNA with H1 are shown in Figure 1a,b with
solvent relaxation process, as occurs around the probe following its different resolutions. The TEM images show compact-globular
photoexcitation and the associated change in the dipole moment. Forcomplexes of average diameter of 20 2 nm. The high-
anisotropy ((t)) measurements, emission polarization is adjusted to be resolution image (Figure 1b) rules out the existence of void-
parallel (para = fluorescence intensity at parallel polarization) or like space in the complex. In contrast, TEM images of salmon
perpendicularlge, = fluorescence intensity at perpendicular polariza- sperm DNA condensates with H1 (from calf thymus) show

c(t) =

Results and Discussion
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toroid-type particles with central holes (Figure 1c). It should @

be noted that the difference in the structure of the complex of 034 H33258 in Calf thymus DNA
calf thymus DNA with H1 from that of the salmon sperm DNA f
is not due to the impurity (protein dirt) present in the genomic
DNAs. As discussed earlier, the absorption spectroscopic studies
on the DNAs are consistent with their highly purified form. It
should be noted that toroidal DNA condensates are the natural
morphology of DNA packaged within vertibrate sperm céfls.
Another fact that the compact nature of the calf thymus DNA-
H1 complex (DNA and protein are from same species; intraspe-
cies) compared to that of the salmon sperm DNAL (inter-
species) may be due to the greater compactness of intraspecies
DNA condensates than that of the interspecies DNA conden-
sates. In our TEM experiments on the salmon sperm BNA

H1 complex, we have found the toroid diameter and hole-
diameter to be 2% 2 and 25+ 4 nm, respectively. Cryoelectron
microscopic characterizatidh on spermine induced DNA
compaction shows formation of C-type toroid with a central
hole diameter of 1540 nm and an external diameter of-50

110 nm. Our observation 630 nm toroid diameter of salmon
sperm DNA of reported length of 2000 base p&iis well

within statistical limit2° For much longer DNA with lengths of

60 000 base pairs, the toroid diameter is reported to be 98 nm.

2. Ligand Binding to DNA. A. Minor Groave Binding.In 0.0
this study, we use H33258, which displays sequence specificity, o 1 2 3 4 5
preferentially binds to the AATT stretch of DNA double Time (ns)
hellx,14’19and.exh|b|ts a Stokes S_hlft that hez_iwly depends upon Figure 3. Time-resolved fluorescence anisotropy of H33258 in calf
solvent polarity of the host environmefitlt is reported that thymus DNA (a) and its condensate (b) Solid lines indicate biexpo-
the interaction of H33258 may lead to DNA condensation at nential numerical fitting of the experimental data points.
higher concentrations of the probe ([probe]:[DNA base?.50:
1).30 However, in our studies, the possibility of the DNA
condensation by the probe molecules can be ruled out as th
samples contain [probe]:[DNA base]1:200. It is well-known
that>3! the dynamical nature of DNA is important for its which is the signature of solvation dynami®s#® Other two
recognition by small molecules and by proteins. The local

int | relaxation d ; ¢ DNA the bi dt time constants remain similar in all of the wavelengths of
internal relaxation dynamics o on the picosecond 0 yetection. Time-resolved emission spectra (TRES) of the

$H33258-calf thymus DNA complex up to 15 ns is shown in

1 2—36 H i - . . .
from Berg's group”. In the s_tud|_es, one coumarin (_:hro Figure 2c. The net spectral shift is 1715 thffrom 21 514 to
mophore (coumarin-102 deoxyriboside) is incorporated into an 9799 cm in 35 ns). It should be noted that the emission

oligonucleotide where it replaces a native base. The measured, ., of H33258 in nonpolar dioxane is 22 935¢df The
solvation dynamics of the probe using time-resolved stokes shift jitarence of the peak value of H33258 in DNA environments
technique reveals two relaxation time constants of 300 ps (47%) 4¢t = o from that of the peak in the nonpolar medium reflects
and 13 ns (53%j The effect of counterion motion to the e missing dynamics of the corresponding environments within
interior dynamics of DNA has also been described on that time o, instrumental resolutiot. The nature of solvent correlation
window:** However, the fate of water molecules/counterions  f,ction, C(t), from the temporal spectral shift as reported in
at the surface of a DNA, particularly solvation relaxation in o, nrevious worké reveals similar results. Figure 2d demon-
the minor groove upon complexation with the protein H1 is gyates that the time evolution of the spectral peak frequency of
yet to be explored. This is important as solvation in the minor 433253 attached to calf thymus DNA and in the DNA1
groove of B-DNA has a significant rqle to main_tain the structural complex. The data points are fitted with a biexponential decay
integrity of DNA compared to that in the major groo¥e. function yielding different solvent relaxation time constants for
Figure 2a shows the emission spectra of the probe H33258the DNA in different environments. The dynamics of the
in the calf thymus DNA and DNAH1 complex. In hydrophobic ~ H33258-calf thymus DNA complex shows two distinct time
environments the dye shows blue shffThe emission maxima  constants of 250 ps and 13.50 ns. The time scales obtained from
of the ligand in buffer and in DNA are 515 and 470 nm, our experiment are similar to the relaxation times seen in the
respectivelyt® The ligand bound to the DNAH1 complex coumarin modified DNA2 The time constants are much slower
shows an emission maximum at 460 nm indicating more than the low-frequency vibrational motion of DNA or quasi-
nonpolar environment of the probe in the DNA upon complex- harmonic oscillation of a fluorophore within a static DNA
ation with H1. The fluorescence transients of H33258-calf structure and are close to diffusive reorganization of a li§aid.
thymus DNA in buffer at three characteristic wavelengths are Computer simulations point out the possibility of relatively large
shown in Figure 2b. The numerical fittings (solid lines) of the fluctuations in the DNA structure with lifetimes in 100’s of
data are made up to 35 ns. However, in order to show the changepicosecond range that is extremely important for DN#otein
in the transient in the blue side of the emission spectra from interaction and gene regulatiéh*3 The faster time constant of
that in the red side, we have shown the data up to 6 ns. The250 ps may be due to the relaxation of the DNA structure. The
transients with a systematic series of wavelength detection fromlonger time constant (13.50 ns) arises from the diffusive motion

Anisotropy, r(t)

Anisotropy, r(t)

0.1

410 to 600 nm with a 10 nm regular wavelength interval show
three distinct time scales 6150 ps,~2.2 ns, and~4 ns. The

lue wavelength (410 nm) decays with 150 ps time constant
and rises with a similar time constant at the red side (600 nm),
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Figure 4. (a) Steady-state emission spectra of EB in calf thymus DNA and DNA—H1 complex are shown. Picosecond resolved fluorescence
transients of EB in (b) calf thymus DNA, (c) salmon sperm DNA, and (d) duplex2 and their condensates are shown. Solid lines indicate biexponential
numerical fitting of the experimental data points.

Table 1. Time-Resolved Fluorescence Anisotropy of H33258 Bound to the Minor Groove of DNAs and DNA—H1 Complexes

anisotropy
DNA type systems binding constant (M—1) 71 (ns) with % 72 (ns) with % offset o
calf thymus DNA DNA 2.63 x 105 0.45(7%) 5.23(32%) 0.17(61%) 0.30
DNA-H1 5.67 x 105 0.46(3%) 3.86(31%) 0.19(66%) 0.29
salmon sperm DNA DNA 3.16 x 105 0.45(7%) 5.10(28%) 0.19(65%) 0.29
DNA—H1 5.44 x 105 0.45(<1%) 3.64(22%) 0.21(77%) 0.28
duplex1 DNA 2.02 x 108 4.54(82%) 0.06(18%) 0.34
DNA—H1 2.00 x 108 5.24(44%) 0.19(56%) 0.34

of counterions along the DNA chain and is assigneddas The longer relaxation time (25 ns) may be due to the formation
relaxation®?44 The probe H33258 in the DNAH1 complex of sandwich like complex of the duplex1 and the protein H1,
shows similar solvation relaxation behavior with time constants where the local environment of the probe is more rigid compared
of 110 ps and 10.00 ns. The observation is consistent with theto those in genomic DNAs.
fact that the relaxation dynamics of the minor groove at the  The rotational correlation time of H33258 in buffer is 460
DNA—H1 interface is similar to that in the minor groove of ps16 The fluorescence anisotropy()) of the probe attached
the DNA without H1. to calf thymus DNA (Figure 3a and Table 1) decays with time
As evidenced in Figure 2e, H33258 in salmon sperm DNA constants of 450 ps (7%) and 5.23 ns (33%) with a significant
shows two dynamical time constants of 70 ps and 13.60 ns. offset (61%) resulting in a persistencyrdgf) in our time window
The dynamical time constants of H33258 in DNA1 are 60 (up to 5 ns). The faster time constant of 450 ps is similar to
ps and 10.44 ns, which are similar to that of the DNA without that in bulk buffer and corresponds to the free H33258
H1. The solvation features in the different environments are population in the solution. We have considered the population
similar to that in the respective environments of the calf thymus to calculate the binding constant of H33258 in the DNA. The
DNA. Structural X-ray crystallographic and NMR studi&¥’ binding constants as tabulated in Table 1 are in agreement with
on the ligand with duplex1 show that the specific sequence of the reported value®.Relatively longer time constant ef5 ns
(CGCAAATTTGCG) of the DNA is extremely important for ~ may reflect the local reorientational motion of the probe in the
the ligand H33258 binding. Solvation dynamics study (Figure minor groove due to bending and torsional motion of the DIRA.
2f) of the ligand bound oligonucleotide reveals two time The slower time constant, which does not decay appreciably in
constants of 60 ps and 8.50 ns. In the duptell complex, our experimental window, reflects the offset in the measured
the time constants change to 120 ps and 25 ns. The observatioranisotropy decay and may correspond to the global motion of
of slower relaxation dynamics of the probe in the duplekil the DNA. The initial anisotropyrg) att = 0 is 0.30 (Table 1).
complex is not consistent with those in the genomic DNAs. In the DNA—H1 complex, the temporal anisotropy decay of
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Table 2. Picosecond Resolved Fluorescence Transients of
Ethidium in Various DNAs and Their Condensates with H1

binding
constant 71 (NS) 72 (NS)
DNA type systems (M1 with % with %
calf thymus DNA DNA 5.30 x 10* 1.46(27%) 22.36(73%)
DNA—H1 4.08 x 102 1.52(98%) 15.34(2%)
salmon sperm DNA DNA 1.51 x 105 1.14(12%) 22.45(88%)
DNA—H1 1.08 x 10* 1.49(66%) 21.70(34%)
duplex2 DNA 7.74 x 10* 3.51(15%) 21.42(85%)

DNA—H1 3.45 x 103 1.85(65%) 20.83(35%)

the probe reveals a relatively higher offset value that may be
due to more geometrical restrictions of the probe in the
microenvironment (Figure 3b). The time constants of the
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fluorescence anisotropy decays of the probe in salmon spermgigyre 5. D spectra of (a) H1, (b) calf thymus DNA in buffer, and

DNA and in the DNA-H1 complex are tabulated in Table 1.
The increased contribution of the offset (77%) in the DNA
H1 complex compared to that in the DNA (65%) reflects higher
geometrical restriction on the probe H33258 in the complex.
As evidenced in Table 1, the rotational relaxation of the
H33258-duplex1 complex is single exponential with a time
constant of 6.15 ns with insignificant contribution of residual
anisotropy (offset). The observation is consistent with the fact
that bending and torsional motion of the duplexl is comparable
to its global tumbling motion. The rigidity of the probe in the
duplexI-H1 complex increases significantly as reflected in the
r(t) decay revealing a high offset value which does not decay
in the experimental time window (up to 5 ns). The observation
is also consistent with the formation of the sandwich like
duplexI-H1 complex with much higher geometrical restriction
on the probe in the complex.

B. Intercalation.In this study, we have used ethidium (EB)
as a model intercalator probe ligand, which is a polycyclic

(c) calf thymus DNA—H1 complex in buffer. (d) Difference spectra
show the structural change of the DNA upon interaction with H1.

in bulk buffer. The transient of EB in the DNAH1 complex
shows that the contribution of a longer22 ns (2%) decay
component decreases considerably reflecting significant decrease
in the binding affinity of EB in the DNA condensate. The
binding constants of EB in the DNA and DNAH1 complex

are shown in Table 2.

In order to investigate the ligand binding of the interspecies
DNA—H1 complex, we have studied the complexation ofEB
salmon sperm DNA with calf thymus H1. The decrease in
fluorescence intensity (data not shown) and change of the
contribution of a longer (22ns (34%)) time constant of the-EB
DNA—H1 complex (Figure 4c and Table 2) are less than that
of the calf thymus DNA condensate. The observation is
consistent with the fact that the intercalative interaction of EB
with the salmon sperm DNA condensate is much stronger than

aromatic fluorescent dye that intercalates between base pairdhat with the calf thymus DNA condensate. The stronger

of DNA.4748 EB displays two types of binding modes to a
genomic DNA depending upon the [DNA]:[EB] ratio and ionic
strength of the host solutigi¥;weak binding at lower [DNA]:
[EB] ratio (K = 4 x 10* M~1) and strong binding at higher
[DNAJ:[EB] ratio (K = 100 x 10* M~1).11 The probe EB shows
significant enhancement of fluorescence intensity and lifetime
upon intercalation with DNA (22 ns) compared to that in bulk
buffer (1.5 ns). The two lifetime values are so distinct that

interaction in the salmon sperm DNA condensate may be
correlated with the less-compact structure of the DNAL
complex as evidenced from TEM experiments. In order to study
the effect of a base pair sequence in the molecular recognition
of the DNA—H1 complex, we choose the oligonucleotide
sequence of duplex2. EB strongly intercalates to GC enriched
homo oligonucleotide® From Figure 4d and Table 2, it is
evident that the perturbation of EB binding (change in 22 ns

contribution of the 22 ns component can be used to estimatecomponent) to the duplex2 upon complexation with H1 is less

the relative population of DNA-bound EB and hence to calculate
the binding constaht of the probe in DNA and the DNAH1
complex. In order to investigate the change in DNA structure
in the DNA—H1 complex, which essentially alters the EB
binding in the complex, we have also used EB in our studies.
Figures 4a shows the emission spectra of€BIf thymus
DNA upon interaction with H1. The emission intensity of the
intercalated EB is found to be significanthy {1 times) higher
than that of the free EB in bulk buffét.The emission maximum
of free EB (630 nm) in bulk buffer shifts toward (25 nm) blue
wavelengths in the EBDNA complex (605 nmj! The
significant decrease in emission intensity and shift toward red
wavelength (622 nm) of EB in the DNAH1 complex compared
to EB—DNA in bulk buffer as evidenced from Figure 4a is
indicative of the lessening of the strength of EB binding to the
DNA upon complexation with H1. Our observations are
consistent with other reports in the literatGf€! Picosecond
resolved transients of EBcalf thymus DNA complexes are
shown in Figure 4b. As shown in Figure 4b the maximum
population (22 ns (73%)) of the dye is intercalated to the DNA

compared to both calf thymus and salmon sperm DNA
condensates. From Table 2, it is evident that the faser time
constant 3.5 ns) of EB in the duplex2 without H1 is slower
than that in free buffer (1.5 ns) and much faster than that of the
DNA-bound EB through intercalative interaction (22 ns). The
time constant may indicate that EB molecules are loosely bound
to the DNA through nonintercalative interaction, namely
electrostatic binding4°However, in the duplex2H1 complex,

the loosely bound EB molecules are detached and show a time
constant of 1.8 ns similar to that in bulk buffer (1.5 ns).

3. Conformational Study. The conformational change of
DNA in the nucleosome core particle and in chromatin has been
investigated with great interest by using circular dichroism (CD)
spectroscop$833In a CD spectrum of DNA upon complexation
with histones rotational strength of positive ellipticity at 275
nm significantly decreases, the negative band at 245 nm
increases, and both the bands are red-shifted with increasing
histone concentration. According to the studiethe change
in CD features are consistent wighlike conformation of DNA,
which remains bound to histone and the remaining linker DNA
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Figure 6. CD difference spectra show the structural change of (a)
salmon sperm DNA, (b) duplex1, and (c) duplex2 upon interaction
with H1.

has the normal B form. The structural study on mixed
conformations of DNA? depicts that the exposed or solvent

accessible part of a nucleosome remains in the B conformation
whereas, the remainder of the base pairs and phosphate

Sarkar and Pal

binding to the condensed form of DNA. Transmission electron
microscopic (TEM) studies on the structure of the protein
DNA complexes from various sources show that the intraspecies
complex (both DNA and protein are from calf thymus) is a
compact-globular type, in contrast to the hollow-toroid-type of
the interspecies complex (DNA and protein are from salmon
sperm and calf thymus, respectively), which is observed for
vertibrate sperm cell®. Our studies on minor groove binding
of H33258 to various kinds of DNA molecules in solution and
upon complexation with H1, not only reveal the nature of drug
binding in the minor groove but also show the nature of change
of the local environments of the DNA molecules in the complex.
In the case of genomic DNA molecules, our solvation studies
depict an insignificant change in the local environments of DNA
molecules upon complexation with H1. Fluorescence anisotropy
studies on the minor groove binder H33258 in DNA and in the
complex clearly rule out the possibility of detachment of any
minor groove-binding drug with the DNA in the complex. In
contrast to the minor groove binding, a significant perturbation
in the intercalative interaction of EB with various DNA
molecules including synthetic oligonucleotide upon complex-
ation with H1 clearly demonstrate that the base-stacking is
heavily perturbed in the DNAH1 complexes. Circular dichro-
ism (CD) studies reveal significant alteration in the conformation
of genomic DNA molecules upon complexation with H1, which
is consistent with the condensed C form. Perturbation of base
stacking as revealed by intercalation of EB could be the
consequence of the change in the conformation of the DNA in
the complex. These observations are important to understand
the binding of drug molecules in the linker DNA of nucleosome
core patrticles.

backbone, which are covered by histones and protected from Acknowledgment. R.S. thanks UGC for the fellowship. We

solvent, transforms to the C form of DNA.

Figure 5 shows conformational change of calf thymus DNA
upon complexation with H1. The CD spectra of free H1 and
free DNA in buffer solutions are shown in Figure 5, panels a
and b, respectively for comparison. Figure 5c¢ shows the CD
spectrum of the DNAH1 complex. The difference CD
spectrum, which is obtained by subtraction of the H1 spectrum
from that of the complex, is shown in Figure 5d. A comparison

between Figure 5, panels b and d, distinctly reveals the change

of DNA structure upon complexation with H1. A negative band
at 275 nm is evident from Figure 5d, which indicates the
condensed C-form of the DNA in the complekit should be
noted that the condensed DNA structure, which has been
measured by CD spectrometry, is not strictly CD spectra but a
form of light scatteringp of left and right circularly polarized
light. As evidenced from Figure 6a, the conformational change
of salmon sperm DNA in the DNAH1 complex is similar to
that of the calf thymus DNA in the complex. The CD spectrum
clearly shows the transformation of DNA from the B to C form.
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