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Abstract

Daunomycin is a widely used antibiotic of the anthracycline family. In the present study we
reveal the structural properties and important intercalator-DNA interactions by means of
molecular dynamics. As most of the X-ray structures of DNA-daunomycin intercalated
complexes are short hexamers or octamers of DNA with two drug molecules per doublehe-
lix we calculated a self complementary 14-mer oligodeoxyribonucleotide duplex
d(CGCGCGATCGCGCQG), in the B-form with two putative intercalation sites at the 5°-
CGA-3" step on both strands. Consequently we are able to look at the structure of a 1:1 com-
plex and exclude crystal packing effects normally encountered in most of the X-ray crystal-
lographic studies conducted so far. We performed different 10 to 20 ns long molecular
dynamics simulations of the uncomplexed DNA structure, the DNA-daunomycin complex
and a 1:2 complex of DNA-daunomycin where the two intercalator molecules are stacked
into the two opposing 5-CGA-3" steps. Thereby — in contrast to X-ray structures — a com-
parison of a complex of only one with a complex of two intercalators per doublehelix is pos-
sible. The chromophore of daunomycin is intercalated between the 5°-CG-3" bases while
the daunosamine sugar moiety is placed in the minor groove. We observe a flexibility of the
dihedral angle at the glycosidic bond, leading to three different positions of the ammonium
group responsible for important contacts in the minor groove. Furthermore a distinct pattern
of B; and By around the intercalation site is induced and stabilized. This indicates a trans-
fer of changes in the DNA geometry caused by intercalation to the DNA backbone.

Introduction

Daunomycin is of great importance as an anticancer drug. It is among the most
potent and clinically useful agents currently used in cancer chemotherapy (1). A
wealth of studies was performed to understand the structural, kinetic and energeti-
cal contributions of drug intercalation (2-16). In order to improve the sequence
specificity of intercalators, bisintercalators and hybrid ligands were developed (17-
23). For the structure based design of new ligands the knowledge of the exact con-
formational behavior is necessary. High resolution X-ray (24-29) and NMR (30)
analyses have shown that intercalation often involves changes of sugar puckering
and modifies the groove width. Furthermore a water uptake was found to accom-
pany the complexation with daunomycin (31). Daunomycin is a naturally occurring
anti-tumor antibiotic from a fungus belonging to the Streptomyces family. It is a
member of the anthracycline family and consists of a planar aromatic ring system, a
fused cyclohexane ring and an amino sugar moiety. Emerging from daunomycin
some thousand new anthracycline analogs were synthesized in the search for a
stronger biological activity and a lower toxicity. Molecular dynamics simulations
haven proven their ability to predict the structure and dynamics of DNA and its
interactions with ligands (32-43). In this paper we describe details of the three
dimensional structure of daunomycin bound to the oligonucleotide duplex
d(CGCGCGATCGCGCQG), in the B-form as determined by molecular modelling.
Several mechanisms for the intercalation process in vivo have in common that the
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Figure 1: Molecular formula of daunomycin display-
ing the characteristic anthracycline ring system, the
cyclohexyl ring and the daunosamine sugar moiety in
the protonated ammonium form.

biological activity of daunomycin supposedly results from intercalation of the chro-
mophore structure into DNA and thereby changing DNA inherent parameters. The
site selectivity for daunomycin has been investigated thoroughly giving different
results depending on the methods and circumstances chosen but clearly has a pref-
erence for purine-pyrimidine in common (11, 44-46). As found by Frederick et al.
(26) it shows a preference for 5-CGA-3” steps in B-form DNA. Furthermore
molecular modelling studies which only apply minimization, no dynamics and treat
only one layer of water molecules have proposed that the sugar part interacts with
three successive base pairs being important for sequence recognition (47). An
important advantage of our approach is the fact that we use explicit solvent unlike
in X-ray structures where only a reduced number of crystal waters can be found. As
far as we know there are only crystal structures of short DNA double strands com-
prising mostly of six base pairs with two daunomycins per DNA molecule interca-
lated between the last base pairs. However, binding studies investigating the kinet-
ics and site selectivity of daunomycin with longer stretches of DNA, for example
calf thymus DNA (3, 4,48) and 16-mers (45), were conducted. Another recent study
treats the free energy differences of anthracycline binding and ascribes different
contributions of functional groups to the free energy (12). In these investigations a
control of mono or double intercalation is hard to achieve if not impossible. By
means of molecular modelling we are able to construct a longer strand of DNA and
pose one single intercalator into a preferred site, and thereby circumventing the lim-
itations of double intercalation and side effects. Our special interest lies in the
change of stacking interactions at the site of intercalation as well as in the change of
groove width. Another topic was the backbone conformation in terms of By/By.
Their existence was first suggested (49) and then shown by X-ray crystallography
(50, 51). The two substates By and By are defined by different conformations of the
sugar phosphate backbone (52). The changes are characterized with the € and T
angles of the DNA backbone or by the angle difference (¢ — ). In the By state the
corresponding € and C angles are between 120° and 210° (trans) and between 235°
and 295° (gauche-), respectively. For By, the € angle lies between 210° and 300°
(gauche-), and T lies between 150° and 210° (trans). The angle difference (¢ - €) is
close to -90° for By and +90° for By phosphates (53-62). The investigation of these
issues was treated with a reference simulation of the B-type DNA double helix
d(CGCGCGATCGCGCG), and a simulation of the DNA with one daunomycin
molecule. Also DNA-daunomycin complexes with two daunomycin molecules per
oligonucleotide with three different starting conformations were conducted. Each of
these simulations was carried out for at least 10 ns with the longest lasting for 20 ns.
Another simulation using Locally Enhanced Sampling (LES) was performed for 6
ns, starting from the results showing a high stability of a daunomycin molecule with
a distorted glycosidic linkage that was unknown until now and that will be outlined
in detail later. It can be easily anticipated that a given canonical B-DNA structure
has to undergo structural changes during the process of intercalation. We tried to pin
down which changes are predominant and what conformational changes DNA
undergoes. Chaires (48) for example found that DNA undergoes a conversion from
Z- to B-DNA by intercalation of daunomycin and that B-DNA is stabilized.
Especially stacking interactions like the DNA rise and buckle, flexibility of the DNA




backbone and the groove widths and H-bonding partners in the close vicinity of
intercalation responsible for stabilization were investigated. Recently performed
investigations showed that By/By; transitions occur in the nano- to sub-nanosecond
time scale (59, 63). Thus we are able to investigate this behavior in the course of
our simulations. The influence of intercalation on the By/Byj interplay was of major
interest. The intercalator-DNA complex is stabilized by stacking of the DNA bases
above and below the intercalation site and the aromatic anthracycline ring system.
Also hydrogen bonds between the DNA and the positively charged amino-group and
the 9-OH group of daunomycin stabilize the complex.

Methods

All simulations were performed using the AMBERG6 (64) or AMBER?7 (65) pack-
age. Standard state of the art simulation protocols were adapted for our needs (59,
60, 66-68). The inclusion of the electrostatical long range interactions via the par-
ticle mesh Ewald method (69, 70) allows the accurate calculation of highly
charged molecules such as DNA. Thus stable trajectories can be calculated in the
nanosecond time range. The DNA structures we found as crystal structures in
daunomycin-DNA complexes were hexamers, as mentioned above, and hence too
short for our purpose. We constructed a 14-mer of canonical B-DNA (71) using
the program NUKIT, that is implemented in AMBER (64), with the sequence
d(CGCGCGATCGCGCG),. We took the structure and coordinates of daunomycin
from the X-ray structure determined by Frederick et al. (26) (PDB code = 1D10)
and performed an ab initio structural minimization and calculation of the electro-
static potential for RESP (Restrained ElectroStatic Potential) (72, 73) with
GAUSSIANO98 (74) at the HF/6-31G* level of theory. As our generated DNA did
not contain an intercalator molecule, introducing the daunomycin into the DNA
was achieved by two different approaches. In the first we positioned the dauno-
mycin molecule by translational movements with the program SYBYL (75) in
close vicinity of the intercalation site of the canonical B-DNA and then applied
distance restraints of 20 kcal/mol gained from the X-ray structures (the distance
restraints used are available as supplementary material). This leads to a geometry
of the complex very close to the X-ray structure. The second daunomycin was
intercalated into the DNA and added to the first with the same method. But this
time the sugar dihedral angle C7-O7-C1°-C2” of one daunomycin was changed
manually to 70° to investigate the conformational flexibility of the sugar residue.
In the second approach we used the targeted MD option in AMBER7. For the tar-
geted MD the X-ray structure of Frederick et al. (26) was used as the reference
structure and the value of the target RMSD was chosen to be 0.0 A. The force con-
stant was increased stepwise from 5 to 10, 20 and 50 kcal/mol with 10 ps of sim-
ulation at each force constant, yielding a final RMSD to the X-ray structure of 0.17
A. Each strand of the DNA has 13 PO, anions. Daunomycin has one positive
charge. In order to achieve electro-neutrality 26 sodium ions were placed around
the uncomplexed DNA. For the single and double daunomycin complex 25 and
24 sodium ions were needed, respectively. These ions were positioned using the
program Xleap included in the AMBERG6 package. Long range interactions are
taken into account via the so-called particle mesh Ewald method with a conver-
gence criterion of 0.00001. The temperature is regulated by bath coupling using
the Berendsen algorithm (76) and kept at 300 K. General other parameters of the
simulation are a time step of 2 fs, constraints of 0.00005 A for the SHAKE proce-
dure regarding all bonds involving hydrogen atoms and a 9 A non bonded cutoff.
General simulation parameters were kept constant during the whole simulation and
the structural information was collected every ps. As force field we used the all
atom force field of Cornell ef al. (77) with the new modifications of Cheatham et
al. (78). The force field parameters for daunomycin were selected in analogy to
existing parameters in the force field. That is the atom types where chosen to meet
chemical and structural requirements according to the publication by Cornell et al.
(77). The angle and dihedral parameters not already present in the parm99 force
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field were chosen as outlined in the supplementary materials section and added to
the parm99 force field. The resulting model of daunomycin created with Xleap
with the assigned atom types and the assigned charges after the RESP procedure
are as well available in the supplementary material section. Counterions and water
molecules are calculated explicitly using a TIP3P Monte Carlo water box (79)
requiring a 12 A solvent shell in all directions. The minimizations were carried out
with harmonic restraints on DNA and counterion positions. These restraints were
relaxed stepwise and at the end a 500-step minimization without restraints was per-
formed. A similar procedure was applied for the equilibration. The system was
heated from 50 to 300 K during 10 ps under constant-pressure conditions and har-
monic restraints. After this procedure the system was switched to constant tem-
perature and pressure. Subsequently the restraints were once again relaxed and
finally an unrestrained 5 ps equilibration was carried out. From this point the
respective simulations were performed for 10 to 20 ns without the necessity of
applying any restraints or constraints onto the DNA or intercalator. Locally
Enhanced Sampling (LES) was used for the simulation with two daunomycins per
14-mer of which one has a distorted conformation of the glycosidic linkage. The
enhanced sampling is achieved by replacing the sugar ring with five copies of
itself, that is, these copies do not interact with each other and they interact with
other LES regions and the rest of the system in an average way. By that means the
barriers to conformational transitions are reduced as compared to the original sys-
tem and so it is possible to overcome the energy barriers between the local energy
minima more easily. The LES simulation was performed for 6 ns with a time step
of 1 fs. The other simulation parameters were as described above.

Analysis tools for the resulting trajectories were carnal and ptraj that are imple-
mented in AMBERG6 (64). Other tools used were, RASMOL (80), Molecular
Dynamics Toolchest (81) and VMD (82).

Summing up we have performed six different simulations. The first one, denoted
further on “ldau”, is the single intercalator-DNA complex, the second, “2dau”,
contains two daunomycins of which one has a distorted sugar dihedral, a LES sim-
ulation starting from this one denoted “les2dau”. From this LES simulation after
1 ns, showing a relaxed dihedral again a MD was started (“2dau-second”).
Starting from a targeted MD referenced to the X-ray structure a third simulation
with two intercalators was started (“tgt-2dau”). Finally the DNA 14-mer (“dna”)
was taken as a reference simulation.

Results

All of our simulations were stable after a maximum time of 350 ps concerning the
RMSD calculated in relation to the structures obtained after the minimization and
equilibration procedures. That is the RMSD values showed from this time on only
fluctuations that are typical for MD simulations and no further drift. Therefore the
starting point for our calculations was chosen to be 500 ps. The total and kinetic ener-
gies were stable even earlier (results not shown). Hence we obtain our values from
a time range of 0.5-10 ns (“l1dau”, “2dau”), 16 ns (“dna”, “tgt-2dau”) and 20 ns
(“2dau-second”) providing us with good statistics. Comparing the structural param-
eters from the X-ray structure published by Frederick ef al. (26) with our results we
find a good agreement. Also the NMR structural determination of the DNA hexam-
er sequence d(CGATCG) by Barthwal et al. was taken into consideration (83).

We were looking for direct evidence that intercalation changes the By/B; popula-
tion. We expected to find a substantial change in the population as already previ-
ously it was found that on stretching of DNA, By becomes energetically more
favorable and more pronounced (84, 85). For that purpose the probability of being
in the By conformation of each phosphate during our simulations was calculated.
All time steps in which the phosphate was found to be in By were summed up,



BI BII BI BII 5

P02 PUS POA P13 P14
/SN /SN /SN SN s NN N
5' C01 G02 C03 G04 C05 |GO6 AO7 TO8 C09| G10 C11 G12 C13 G14 3'

3' G28 C27 G26 C25 G24 [C23 T22 A21 G20| C19 G18 C17 G16 C15 &'
N/ N/ N/ N/ N
28 27 2 2 Pas Pas Pa Pay P, P P Pz Pis

BII BI BII BI

12

Running Title Needed

Figure 2: Schematical representation of the DNA indi-
cating the sequence with the two putative intercalation
sites at the 5-CGA-3" steps and the nomenclature of the
backbone phosphates. Daunomycin is represented by
an arrow like symbol. Also indicated are the B;/By; sub-
states of the phosphates around the intercalation sites as
described in detail in the text.

divided by the total number of time-steps and compared to uncomplexed DNA. As
is evident from Figures 2 and 3 we find a preference of certain phosphates to be in
either one of the conformations. These phosphates lie in direct vicinity of the inter-
calation site. A close up investigation revealed that at each site of intercalation the
phosphorus on one strand is in the B} and the phosphorus directly lying on the
opposite strand is in the By state. This behavior is not subject to fluctuations but
stable during all of the simulations. This means that for the double intercalation
phosphorus 6 and 20 are in B; and their corresponding phosphorus 24 and 10 on
the opposing strand are in By almost all of the time. The same is true for single
intercalation but only Py and P,4 are concerned. The adjacent phosphorus atoms
downstream behave vice versa: this is for double intercalation Py; and P, are in
By whereas Pyg and P,3 are in By. Again the single intercalation simulation shows
similar results with Py; in By and P53 in By. Our conclusion from this observations
is that the intercalation of daunomycin induces and stabilizes a distinct pattern of
the phosphates of the DNA backbone. This appears to be a possibility to directly
influence the DNA backbone trough complexation and hence leads to a redirection
of intercalation caused structural changes to the backbone. These findings have to
be compared with the results of Wellenzohn et al. (63) and also with the investiga-
tions conducted by Kielkopf et al. (86) showing that by the complexation of DNA
with a polyamide dimer in the minor groove the Bj conformation is dominating at
the site of binding. We also found an overall increase of By when comparing the
values for the uncomplexed reference DNA with the systems with one and two
daunomycins. That means that the time averaged population of Byy rises from
20.2% in the uncomplexed DNA to 26.7% when one daunomycin is intercalated.
This increase in By population is further enhanced to 36.2% when a second inter-
calator is introduced. That means that two daunomycin molecules effect an almost
doubled representation of By substates compared to uncomplexed DNA. This
characteristic can be explained with the already observed fact that DNA stretching
is coupled with an increase in Byj (59, 87).
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Figure 3: The plot on the left shows the occupation probabili-
ty of phosphates 6 to 10 (see also schematical representation of
the DNA backbone and nomenclature in Figure 2), in the cen-
ter phosphates 20 to 24 and to the right mean values of these

An interesting feature of daunomycin is its sugar ring flexibility, that is pointing
into the minor groove and builds stabilizing contacts to the DNA through its
charged ammonium group. This sugar also contributes to the sequence speci-

ficity and the binding affinity of daunomycin. We compared the dihedral angle
formed by the atoms C7-O7-C1°-C2 from five X-ray structures of daunomycin
intercalated into DNA of different sequence (protein data bank IDs 110D, 152D,
1D11, 1DAO and 1JO2) to the X-ray structure we started from (PDB ID 1D10)

phosphates. The color coding is as follows: dark blue “dna”,
light blue “ldau”, green “tgt-2dau”, orange ‘“2dau-second” and
brown mean value of “tgt-2dau” and “2dau-second”. The pref-
erence of phosphates 6, 9, 20 and 23 for B; and of phosphates
7,10, 21 and 24 for By; with double intercalation is evident.
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Figure 4: Image of superimposed X-ray crystal struc-
tures of daunomycin (PDB IDs 110D, 152D, 1DI11,
1DAO, 1JO2 and 1D10) in grey and with the three
observed substates of the sugar dihedral found in our sim-
ulations in black (position of ammonium group is indicat-
ed by a black dot; the dihedral angle decreases clockwise
when looking at the dots). Top: view directly onto the
sugar ring. Bottom: perpendicular to anthracycline rings.

Figure 5: Plot of the changing sugar dihedral angles of
the “2dau-second” simulation during 20 ns. In black
and in grey are the two different daunomycins. The
three different conformations at around 159, 137 and
59° can clearly be distinguished.

and to our results gained from the simulations. We find that the dihedral angles found
in those different X-ray structures vary in the range of 137.1 to 161.6° (see Figure 4).

As mentioned in the methods section one of our simulations with two daunomycins
(“2dau”) started with a manually distorted sugar dihedral. Due to available X-ray
structures and the results of previous structural investigations we see that the
daunosamine moiety is quite flexible and thus different conformations of the sugar
ring in daunomycin are possible. The glycosidic linkage is flexible and very impor-
tant for anchoring the intercalator in the minor groove. It appeared to be reason-
able to distort the dihedral angle of C7-O7-C1°-C2” manually from about 145°
found in the crystal structure to a value of about 70°. This distortion brings the N3~
ammonium group into different hydrogen bonding distances to hydrogen bond
acceptors in the minor groove. To our surprise this conformation was stable after
a fast change of the dihedral angle from 70 to 60° for the rest of the 10 ns simula-
tion time. Thus we surmised that we found a stable minimum. To find out, whether
this local energetic minimum can be left, we chose two different approaches. In the
first we started a LES simulation (as outlined in the methods section) with five
copies of the sugar ring and indeed found a fast move of the sugar ring after 400 ps
from 60° to 150°. The second daunomycin showed the same angle of 150°. As this
angle lies between the other two observed substates of 137 and 159° we surmise
that using five copies of the sugar ring in the LES simulation reduced the potential,
so that the interchange between these two states is too fast to be distinguished.
Another approach to check if the barrier from the 60° dihedral can be overcome
was to increase the temperature of the system in our simulation. We started after 5
ns of the regular “2dau” run and increased the temperature to 310 K and simulated
for 1 ns — with all other simulation parameters kept constant. Then the temperature
was increased to 320 K for 1 ns and finally to 330 K. After about 400 ps at 330 K
the dihedral changed spontaneously to 137° and stayed there. No other changes in
geometry were observed. That the 60° conformation is also accessible during reg-
ular MD runs is proved by the fact that in the “2dau-second” simulation a sponta-
neous change in the dihedral angle is observed (see Figure 5).
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Summing up it can be said that in our simulations we find basically two confor-
mations also represented by X-ray structures but also a third conformation (see
Figures 4 and 5). The first one is at 155 to 162°, the second at 135 to 138° and the
third shows a dihedral angle value of 57 to 61°.

The interesting thing when looking onto the different conformations of the sugar ring
in more detail (Figure 6) is the different way of stabilization through hydrogen
bridges. In Figure 6 three snapshots of the trajectory of “2dau-second” are shown.
In the 59° conformation we have three hydrogen bonds with heavy atom distances
between the nitrogen of the ammonium group and O4” of guanine (a: 3.4 A) and 05
of guanine (b: 3.0 A), as well as the distance between the hydroxyl group attached to



the daunosamine moiety and O1P of guanine (c: 3.0 A). Thus three close contacts
stabilize this distorted conformation. On the other hand the 137° conformation has
an ammonium group to O4” of cytosine sugar distance of 3.2 A (a) and of 3.0 (b) to
the O2 atom of thymine. In the 159° conformation, however, these two distances are
increased to 5.5 (a) and 5.1 A (b), respectively. A hydrogen bonding distance of 3.2
A is found between the ammonium group and the 04" of thymine (¢). Thus the
ammonium group of the daunosamine sugar ring that has already been proved to con-
tribute considerably to the binding (12, 88) is differently stabilized in the minor
groove and the different positioning and flexibility becomes evident. This stands in
good agreement to the findings by Lipscomb et al. (89). They compared the dis-
placement factors from X-ray structures of a daunomycin-d(CGATCG), complex at
room temperature and at -160°. They find higher displacement factors and also ther-
mal mobility for the amino sugar than for the chromophore indicating a variability of
the amino sugar. Williams et al. (18) studied the complex of 11-deoxydaunomycin
with the chemically modified DNA d(CGTsACG) and compared this complex with
daunomycin bound to d(CGTACG) and to d(CGATCG). They found a high posi-
tional variability of the amino sugar ring in these three different complexes, support-
ing the hypothesis that the position of the amino sugar is dynamic.
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Figure 6: From left to right three snapshots of the tra-
jectory of “2dau-second” are shown which have the
three different sugar dihedral conformations of 59, 137
and 159°. For clarity the hydrogen atoms of the DNA
are removed. The important distances are indicated by
arrows between red circles indicating oxygen atoms and
the ammonium group. The numbering is outlined in
detail in the text.

From the differences in occupation probability it is possible to calculate the barri-
er between the conformations. For this purpose we divided the accessible range of
dihedral angles into histograms of 1° and summed up the time-steps that lie in each
field (Figure 7 shows the resulting graphs). From a logarithmic plot of this proba-
bility we can calculate the AG# values for the barrier between the substates. We
find that there is a AG3 of 0.3 to 0.7 kcal/mol between the 159 and the 137° con-
formations. For the barrier between 137 and 59° we get a value of 1.4 kcal/mol.

As a matter of fact the total length of DNA calculated by adding the rise values
gained from dials and windows and skipping the first and the last values due to side
effects show that the first daunomycin increases the overall length of the DNA by
3.7 A and the second by another 3.8 A. Considering just the step of intercalation
an increase of rise of 4.3 A for each daunomycin compared to uncomplexed DNA
is observed (see Figure 8). This corresponds quite well to the increase in rise of 4.1
A per intercalation site found by Frederick et al. (26) and other similar studies (27,
28). This increase in length is exclusively located at the base pairs of intercalation
and neither any counter movements are observed in the vicinity nor a transfer of
this stretching movement to other base pairs is found.

The buckle parameter is another important feature in intercalation processes as it
indicates the movement of the base pairs in the direction of the helix axis. For the
mono intercalator complex we observe a buckle of the C5-G24 base pair above the
intercalation site of 16.8° and the base pair G6-C23 below -10.7° in the opposite
direction (see Figure 10). In the ternary complex the mean values of the three sim-
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Figure 7: Plots of the population analysis of the
sugar dihedral angle of daunomycin. Black and
grey solid lines indicate the two different dauno-
mycin molecules per DNA. Starting on the left
upper corner and going clockwise we have the
plots of “ldau”, “2dau”, “tgt-2dau” and “2dau-
second”. We find the three different conforma-
tions accessible during our simulations.
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Figure 8: The graph clearly shows the behavior of the
rise in the three different systems indicating a high sym-
metry and an exclusive location at the intercalation sites
(uncomplexed DNA with a solid grey line, mono inter-
calation with a dashed and double intercalation with a
solid dark line).

Figure 9: On top the groove width is depicted. It was
measured as described in the text (uncomplexed DNA
indicated by a grey, single intercalation by a black
dashed and double intercalation by a black solid line).
We find a substantial widening of the minor groove
located almost exclusively at the intercalation sites. At
the bottom is a schematical representation of the phos-
phate backbone represented by circles which was used
for the corresponding distances measured for the graph
on top. The first value for example is the minor groove
width for P,g, measured as the normal distance to the
line connecting Py, and Pys.
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ulations are comparable (C5-G24: 14.6°, G6-C23: -12.7°,C9-G20: 14.5°, G10-C19:
-19.8°). It is interesting to see that the increase in rise alone is not sufficient to
accommodate daunomycin and an additional buckle of the concerned base pairs is
necessary. The minor groove width was measured by using the perpendicular dis-
tance between two adjacent phosphorus atoms on one strand to the most proximate
phosphorus on the opposite strand. With this calculation method we get the short-
est groove distances and are able to lower the influence that the increase in rise has
on the groove widths calculated by other methods. We find a significant widening
of the groove at the intercalation sites compared to the reference DNA. Looking at
the behavior of DNA we can conclude from the high symmetry of the DNA minor
groove that our simulation time is sufficiently long to provide us with good statis-
tics. Intercalation of daunomycin leads to a widening of the minor groove of 2.5 A
for one daunomycin and 1.5 A for the double intercalation (cf. Figure 9).

Groove Width [A]




This result has to be seen in the context of the unwinding of the DNA which can be
estimated by looking at the twist values (90-92). It was previously reported that inter-
calation leads to an unfolding and unwinding of compact DNA duplexes (91-93). In
the X-ray structure we used as a starting point, the twist values don’t show a pro-
nounced behavior. Whereas when we compare our results from the uncomplexed
DNA reference structure with an averaged twist value of 32.6° (skipping again the
terminal values) as seen in the right graph of Figure 10, we are in good agreement
with the 36.1° found for 12 different B-DNA structures (94-96). Daunomycin is
responsible for a lowering of the twist angle to values of 6.6 degrees for the single
intercalation which signifies a quite substantial unwinding of around 26° and is much
higher than stated in the complexes investigated for example by X-ray diffraction by
Frederick et al. (26) and Nunn et al. (28). For the double intercalation the change in
twist is not that dramatical but still a decrease of 12 to 14 degrees is observed. This
unwinding movement can be explained with the necessary rise of the helix axis.

B S S S — 45
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Figure 10: The left graph shows the buckle angles.
Uncomplexed DNA is indicated by a green and the X-
ray structure by a black solid line, single intercalation is
represented by a dashed and double intercalation by a
dashed-dotted line. The right graph displays the twist
values where the uncomplexed DNA is shown in green,
single intercalation is indicated by a solid and double
intercalation by a dashed line.
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Summary and Conclusion

In the present paper we report several MD simulations of a double stranded 14-
mer DNA complexed to the intercalator daunomycin. We took d(CGCGC-
GATCGCGCQG), in the B-form with two putative intercalation sites at the 5°-
CGA-3" step on both strands. With this reference structure we conducted cal-
culations with one and with two intercalating daunomycin molecules.
Furthermore, a simulation of a double intercalated DNA with one intercalator
showing a distorted amino sugar conformation and a subsequent LES procedure
to relax this distortion were made. We find that the daunosamine ring shows a
high flexibility in the minor groove fluctuating between three conformational
and energetical minima. This allows an adaptation of daunomycin to different
environments that are found in different DNA sequences and must be taken into
account when evaluating its sequence specificity discussed extensively so far.
Of major interest is the fact that the intercalation of daunomycin induces and
stabilizes a distinct pattern of By and By around the intercalation site. A con-
clusion from this is that the changes of DNA geometry caused by intercalation
reduce the flexibility of the phosphates and transfers structural information to
the backbone. Another important observation is the overall increase in Byy that
has to be seen in the context of the stretching of the DNA and its unwinding.
This once again points out the interconnection between a higher rise and a high-
er By population. The comparison of the mono with the double intercalated
structure shows a qualitative agreement of the structural data and is consistent
with the results obtained by X-ray diffraction with two daunomycins. By pro-
viding a longer stretch of DNA and posing the intercalator more centrally we are
able to exclude side and crystal packing effects that are inevitable when inves-
tigating crystal structures with intercalation sites at terminal base pairs.
Regarding the observed rise we can say that the elongation of the DNA is almost
exclusively located at the intercalation base steps.
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