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Significance of Ligand Tails for Interaction with the Minor Groove
of B-DNA

Bernd Wellenzohn, Wolfgang Flader, Rudolf H. Winger, Andreas Hallbrucker, Erwin Mayer, and Klaus R. Lied|

Institute of General, Inorganic, and Theoretical Chemistry, University of Innsbruck, A-6020 Innsbruck, Austria

ABSTRACT Minor groove binding ligands are of great interest due to their extraordinary importance as transcription
controlling drugs. We performed three molecular dynamics simulations of the unbound d(CGCGAATTCGCG), dodecamer
and its complexes with Hoechst33258 and Netropsin. The structural behavior of the piperazine tail of Hoechst33258, which
has already been shown to be a contributor in sequence-specific recognition, was analyzed. The simulations also reveal that
the tails of the ligands are able to influence the width of the minor groove. The groove width is even sensitive for
conformational transitions of these tails, indicating a high adaptability of the minor groove. Furthermore, the ligands also exert
an influence on the B/B,, backbone conformational substate behavior. All together these results are important for the
understanding of the binding process of sequence-specific ligands.

INTRODUCTION

Sequence-specific minor groove binding ligands (Ren and Netropsin and Hoechst 33258 have affinity fot-A-rich
Chaires, 1999; Fishleigh et al., 2000; Geierstanger andegions, and several studies of the drugs complexed with
Wemmer, 1995; Park and Breslauer, 1992; Goodsell et alDNA are reported. Th&-methyl piperazine (Pip), the two
1995; Sponar and Votavova, 1996; Wemmer and Dervarhenzimidazole (Bz1 and Bz2), and the phenol (Phe) group
1997, Steinmetzer and Reinert, 1998) are able to influencare the four planar structural segments of the Hoechst 33258
the expression of specific genes (Gottesfeld et al., 1997jgand (Fig. 1). The torsion angles between these groups are
Dickinson et al., 1998; Wittung-Stafshede, 1998; Ho et al.named according to Quintana et al. (1991) {2, and{3.
1994). Thus, small ligands such as Netropsin (Chen et alFree rotation is possible around the connecting bonds. The
1996; Singh and Kollman, 1999; Zakrzewska et al., 1983Netropsin ligand consists of a guanidinium (Gua), two pyr-
Zimmer et al., 1982; Duong and Zakrzewska, 1997; Pererole (Py), and a propylamidinium (PrAm) part. Both mole-
and Portugal, 1990; Patel, 1982; Coll et al., 1989; Tarberncules adopt a convex conformation (arc-like conformation)
ero et al., 1993; Kopka et al., 1985; Rentzeperis et al., 1995n DNA complexes, thus fitting exactly in the concave shape
Nunn et al., 1997; Lah and Vesnaver, 2000; Sriram et al.pf the minor groove.

1992b), Hoechst33258 (Sriram et al., 1992a; Spink et al., Footprinting experiments (Murray and Martin, 1988;
1994; Squire et al., 2000; Teng et al., 1988; Carrondo et allarshman and Dervan, 1985) performed on Hoechst33258
1989; Vega et al., 1994), or small polyamides (Herman etinderline the A-T preference of the ligand. The exocyclic
al., 1999a,b; Kielkopf et al., 1998a) are of interest as antiamino group of guanine prevents the binding of Hoechst-
tumor, anti-viral, and anti-microbial agents. A great variety 33258 in G-C-containing sequences although it has a tol-
of such ligands have been synthesized and investigated wigrance for G-C base pairs at the end of the binding site.
different experimental and theoretical methods. Now it isRecent molecular dynamics simulations of Netropsin
possible to distinguish between all four possible base paifWellenzohn et al., 2000b) and polyamide DNA (Wellen-
steps (A-T, T-A, G-C, C-G) (Kielkopf et al., 1998b; Ellervik zohn et al., 2001) complexes and experimental investiga-
et al., 2000) in the minor groove. To recognize one specifidions also proposed the importance of the ligand tails for
DNA sequence out of the human genomex310° base recognition processes. Cheryl et al. (2000) suggest that the
pairs), the ligands have to interact at least with 17 base paifiéils are responsible for the binding orientation of small
(Thuong and Hiéne, 1993). Thus, to improve the selectiv- ligands, and Becker and Norden (1999, 2000) attribute
ity, the lengths of the ligand molecules are extended ofequence specificity to the interaction of a cationic pipera-
hybrids of ligands are used (Ketterle et al., 1996; Perreezinium tail with the minor groove (Ren et al., 1999; Wilson

Fauvet and Gresh, 1994; Becker and Norden, 1999). et al., 1985). Thus, an exact structural knowledge of the
interaction behavior between the ligand tails and the DNA is
of extraordinary interest in the design of new ligands.
Behind the direct readout arranged through ligand-DNA
_ _ "~ contacts the indirect readout also contributes to sequence
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FIGURE 1 Chemical structures of the minor groove binders Netropsp) &nd Hoechst3325&0ttorn). The abbreviations of the different moieties are
explained in the text. Both molecules are drawn in their convex (arc-like) conformation, which they adopt in DNA complexes, exactly fitting catres con
shape of the minor groove. The torsion angles between the Hoechst33258 moieties are named according to Quintana €tlat2188d43. The arrow
indicates that the atomic type N3 was used for this nitrogen (explained later in the text).

submitted; Flader et al., 1995; Gehring et al., 1994; Bewleyfor B, and +90° for B, phosphates (Fratini et al., 1982).
et al., 1998). Indirect readout can be mediated by means dflolecular dynamics simulations compared with experimen-
changes in structural parameters such as bending, unwintal results have shown that force fields are able to describe
ing, and the groove width. Two different models are used tdhe B/B,, substate pattern in a correct way (Winger et al.,
explain the heterogeneity in the minor groove. One modell998; Rudisser et al., 1997; Pichler et al., 1999, 2000a,b).
explains the groove width by the repulsion of the negativeThe complexation of the minor groove with ligands influ-
phosphate groups, thus proposing an influence of positivences the BB, behavior of the DNA. It has been proposed
charges on the minor groove width (Hamelberg et al., 2000that these conformational substates are able to contribute to
Shui et al., 1998; Tereshko et al., 1999; Feig and Petittsequence recognition (van Dam and Levitt, 2000; Song et
1999; Hud and Feigon, 1997; Young and Beveridge, 1998)al., 1997; Wellenzohn et al., 2000b, B. Wellenzohn, W.
The second model makes the short-range interaction dflader, R. H. Winger, A. Hallbrucker, E. Mayer, and K. R.
DNA bases responsible for the size of the minor groovelied|, submitted; W. Flader, B. Wellenzohn, R. H. Winger,
(Wing et al., 1980; Drew and Dickerson, 1981; Chiu et al.,A. Hallbrucker, E. Mayer, and K. R. Liedl, submitted;
1999). Pichler et al., 2000a).

The B/B,, conformational substates are defined by ¢he  We performed two 5-ns molecular dynamics simulations
and ¢ angles of the B-DNA backbone or by the angle of complexes of the Drew Dickerson dodecamer (d(CGC-
difference € — ¢). In the B state the correspondirgand  GAATTCGCG),). In the first simulation the dodecamer is
angles are between 120° and 21@aifs) and 235°-295° complexed with Netropsin and in the second simulation
(gauche’), respectively; for B, the e angle lies between with Hoechst33258. As reference we use a 10-ns simulation
210° and 300°dauche’), ¢ between 150° and 210tréns) of the unbound dodecamer. The comparison of all three
(Schneider et al., 1997; Berman, 1997; Hartmann and Lasimulations allows us to investigate on the one hand the
very, 1996). The angle difference { ¢) is close to—90° common effects induced by minor groove binding ligands
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on DNA, and on the other hand we are able to detecSimulation B
differences between Hoechst33258 and Netropsin. Both

. ... The procedure described for simulation A was also used for simulation B.
Hoechst33258 and Netropsin undergo structural transitiong ", starting point for the Hoe/d(CGCGAATTCGCGomplex (Hoe

at the end of the molecule. These structural changes of th@presents Hoechst33258) the x-ray structure with the NDB-code gdi012
tails of the ligand are not separable from those of the DNA(Quintana et al., 1991) was used.

because they induce changes in the minor groove width.

Thus, the results indicate that the minor groove width ex-_, .
hibits great flexibility and changes the structure to fit theSImUIatIOn c

ligand exactly in the groove. In such a case a rigid ligandror the simulation of the unbound DNA (used as reference simulation) a
should lead to an entropic penalty due to stiffening of thesimilar protocol as described for simulations A and B was used that is
DNA by Complexation, orif the DNA keeps its p|labl|lty the described elsewhere (W. Flader, B. Wellenzohn, R. H. Winger, A. Hall-

direct int fi . K d. This struct | dd . brucker, E. Mayer, and K. R. Liedl, submitted). All simulations produced
Irect interaction 1s weaxened. IS structural and aynamiGye g torm of DNA. This is consistent with recent infrared spectroscopic

knowledge of the complexation is of importance in the sygies of the Drew Dickerson dodecamer that have shown that it persists
ligand design because, for example, the interaction of @ the B-form even at low water activity (Pichler et al., 2000a,b).
piperazine part with the minor groove is able to introduce
sequence specificity to intercalating ligands (Becker an
Norden, 1999). The two minor groove binders are also abl ESULTS
to change the pattern of the/B, substates, supporting The energy of the systems was stable during the simulations
recent suggestions of the influence of these substates #nd the root mean square values with respect to the starting
sequence recognition (van Dam and Levitt, 2000; Song estructures were in the range 2-3 A and showed no drift.
al., 1997; Wellenzohn et al., 2000b; W. Flader, B. Wellen-An analysis of the ligands during the simulation indicates
zohn, R. H. Winger, A. Hallbrucker, E. Mayer, and K. R. that the tails of the ligands undergo structural transitions.
Liedl, submitted; Pichler et al., 2000a,b). Structural transitions found in the Netropsin complex were
recently published (Wellenzohn et al., 2000b), so we con-
METHODS cen'Frate on the changes in the Hoechst33258 ligand. The
torsion angleg1, {2, and{3 of the Hoechst33258 molecule
Molecular dynamics simulations of DNA and DNA complexes are able toare shown in Fig. 3, pointing out transitions only 8.
provide complementary information to experimental evidence. Thus, mMO-Thus, the piperazine ring rotates while the rest of the mol-

lecular dynamics simulations are an essential tool in the field of biomo- : : ;
lecular research. The inclusion of the long-range interactions via the Ewal(?Cule stays in the starting x-ray (Qumtana et al., 1991)

summation in the form of the particle mesh Ewald method leads to stab|(5:0r1forrn_atlon qu”ng the simulation. ) )
B-form DNA trajectories. We performed two simulations of DNA com-  The piperazine end of the molecule extends partially into

plexes (simulations A and B) and one reference simulation of the unbounghe GC region of the DNA. The minor groove of this GC

DNA (simulation C) (Fig. 2). region is wider than that in the A-tract, which may be the
explanation of the enhanced flexibility of this side of the
Simulation A Hoechst33258 ligand. Fig. 3 indicates that three distinct

substates occur, and representative snapshots are shown in

As a starting point the crystal structure of the Nt/d(CGCGAATTCGLG) Fig. 4. The detailed analysis of such snapshots leads to the
complex was used (Nt represents Netropsin). The structure has the protein

data bank (PDB) code 1D86. Each strand of the DNA has 11 &@ons. conclusion tha’F _a nitrogen _Inver5|on IS_ 'fhe _Ongm of t_he
The Netropsin molecule has two positive charges. To achieve electronedtructural transitions. The nitrogen transition is responsible
trality 20 Na" counterions were added using the program CION of the for only two substates, but as seen above three different
AMBER (Case et al., 1997) package. Subsequently, solvation of the DNAsubstates occur. The third substate arises from an additional

with TIP3P Monte Carlo water boxes requiring a 12-A solvent shell in all torsion that occurs only in one of the two nitrogen inversion
directions resulted in a system with the dimension 67.50.6 X 48.7 A2 states

containing 4642 water molecules. The correspondirngalue (water/nu- . . . .
cleotide) is 193.4. The simulation was carried out using the AMBER5  1he atomlc'type for the mvertlng nitrogen was Chqsen to
(Case et al., 1995) package with the all-atom force field of Cheatham et abe N3 (see Figs. 1 and 4), which represents arhgpric-

(1999). The procedure of the parameter development for the ligand hajized nitrogen (MD et al., 1995; Cheatham et al., 1999). This
already been described (Wellenzohn et al., 2000b). Standard protoco% in contrast to the types norma”y used for a nitrogen

(Young et al., 1997a,b; de Souza and Ornstein, 1997a,b; Winger et al . T . .
1998) were adapted for our needs. At the beginning, minimizations werdound to an aromatic system tspybridization) taking into

carried out with harmonic restraints on DNA and counterion positions. ThedCcount ab initio calculations (Sponar et al., 1996). The
restraints were stepwise relaxed, and at the end, a 500-step minimizaticdalculations of Sponar suggest the nonplanarity of amino

without restraints was performed. For equilibration the system was heategroups that are bound to aromatic systems such as in aniline

from 50_ K to 3QO K during 10 ps under cons_tant volume condltpns andOr in the nucleic acid bases. The nonbonded interaction
harmonic restraints. Subsequently, the restraints were once again relaxed

and finally an unrestrained 5-ps equilibration was carried out. After thisehergy between the piperazine and the DNA does not alter

procedure the system was switched to constant temperature and press@nificantly du.ri.ng the structural changes, suggesting en-
and simulated for 5 ns. tropy as the driving force for the transitions.
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FIGURE 2 The top graphs show the starting points of the simulation. On the left side the Drew Dickerson dodecamer is complexed with Netropsin
(simulation A), in the middle the minor groove bound ligand is Hoechst33258 (simulation B), and on the right side the dodecamer is unbound (simulation
C). The structures on the bottom show the respective snapshots of the simulations at 5 ns.

An analysis of the Hoechst33258 ligands in the x-raybeen reported recently (Becker and Norden, 1999, 2000;
structures of DNA ligand complexes indicates that suchRen et al., 1999), which underlines the importance of this
nitrogen inversions as above described are also experimeexact structural and dynamical understanding.
tally observed. Fig. 5 shows the piperazinium part of three The consequence of minor groove binding on the groove
different experimental structures taken from the PDB, and atvidth is shown in Fig. 6, and it indicates that the two ligands
both piperazine nitrogens inversions occur. The nitrogeraffect the minor groove in different ways. In the case of
inversions torsions aboyB are also found in the different Netropsin the complexation leads to a reduction of the
experimental structures. Thus, our simulations indicate thatinor groove width with the exception of the distances
the piperazinium tail of Hoechst33258 must be considered21-P8 (number 4) and P20-P9 (number 5). In this region
as a highly flexible part, explaining the structural variability Netropsin is bound to the DNA with the two pyrrole parts
in the crystallographic structures. preventing a too small minor groove by steric hindrance.

The contribution to sequence specificity of such pipera-The minor groove widening of this part of the DNA with
zine tail interactions with the minor groove of DNA have respect to the unbound case is not significant, indicating that

Biophysical Journal 81(3) 1588-1599
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FIGURE 4 Three representative snapshots indicating the structural transitions at the piperazine tail of the molecule. The arrows mark the position a
which the nitrogen inversion takes place. The structure on the left is the starting structure and represents the lowest substate in Fig. 8e timetiséructu
middle represents the middle substate, and the right structure represents the highest substate of Fig. 4. The difference between the leftlarat the midd
right structure is due to the nitrogen inversion. The middle and the right structures are in the same nitrogen state but differ in a torsion bepeesziribe p

moiety against the benzimidazole.
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FIGURE 5 The graph shows the piperazinium part of three different x-ray structures. The left structure is the structure with the PDB code 1D44, the
structure in the middle has 127D, and the PDB code of the right structure is 128D. The two piperazine nitrogens are in gray, and the R indicates the res
of the Hoechst33258 molecule. A nitrogen inversion of the right piperazine nitrogen converts the left structure to the middle structure, antteoiyetne

inversion of the left (not as distinctive as the first one) nitrogen converts the middle to the right structure.
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FIGURE 6 The bottom plot shows the average values of the groove width (in A) for the unbound Drew Dickerson dodecamer (labeled DNA), complexed
with Netropsin and complexed with Hoechst33258. The schematic picture on the top defines the P-P distances used for calculating the groove width.
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FIGURE 7 The top graphs show the distance between P19-P10 as indicator for the groove width, and the plot on the botti8n Bhewsrrelation
coefficient between both curves is 0.495, showing that the structural transitions are simultaneously performed. The mean value of the grddtie width o
first 500 ps is~1.2 A smaller than after the first 500 ps.

the pyrroles fit very well in the groove. In all other cases, groove. This widening is introduced only on this end of
complexation with Netropsin reduces the groove width.the DNA on which the piperazine part is bound. As
This effect is extended over the whole DNA and not re-described above the piperazine undergoes structural
stricted to the binding region, having also implications forchanges during the simulation, and a comparison of these
additional binding sites. changes with the time dependence of the groove width
The Hoechst33258 ligand exerts a different influenceshows (Fig. 7) that the structural changes also affect the
on the groove width. In contrast to the Netropsin case, thgroove width. The correlation coefficient calculated be-
binding of the ligand induces a widening in the minor tween the structural changes indicated (% and the
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FIGURE 8 The R/B,, substate behavior of the unbound Drew Dickerson
dodecamer as a function of time. The time (in ps) the respeetamggle is
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phosphates is shown in Fig. ®f) and is according to Kopka et al. (1985).
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suggesting entropy as the driving force for the transitions. se0 | | i
Thus, a rigid tail of the ligand should lead to an entropic N L A
penalty due to stiffening of the DNA by complexation, or if 2 34156 7819101112141516171181920211222324
the DNA keeps its pliability the direct interactions should be
weakened. FIGURE 9 The BB, substate behavior of the (CGCGAATTCGGG)

The B/B,, conformational substate behavior of the threedodecamer complexed with Netropstog) and bound with Hoechst33258
simulations also differs in several points, which underlinegbotton) as a function of time. The regions to which the ligands bind are
the ability of DNA to react on distortions such as binding of Indicated by the lines.
ligands. In the uncomplexed DNA (Fig. 8), the A-tract
(numbers 6-9 and 18-21 in Figs. 8 and 9) in which the
ligands bind exhibits almost no Bin agreement with an enhanced B, substate transition flexibility. The freez
known results (Winger et al., 1998). The simulation alsoing-in of the phosphates was explained as a result of an
indicates that two successive base pairs are never injthe Boptimization of the nonbonded contacts, which are the
substate at the same time. main contributor to the binding of minor groove ligands.

In contrast to the unbound state, in the case of thélogether with our new results we believe that the freez-
DNA-ligand complexes, the A-tracts contain phosphates iring-in in the polyamide-DNA complexes is due to steric
the B, substate (Fig. 9). This is an unusual behavior of sucthindrance. The two ligands Netropsin and Hoechst33258
base pair steps and therefore assigned to the binding of there bound as monomers and are thus sterically much less
ligand. Thus, we conclude that minor groove binding li- demanding than complexation with two polyamides and
gands are able to influence thg/B, substate pattern. The therefore do not reduce the backbone conformational
differences in the BB, behavior between Netropsin and flexibility.

Hoechst33258 show that the ligands differ in the way they As described above in uncomplexed DNA no successive
influence the backbone conformations. In a recent simulabase pairs are at the same time in B1 the complexes this
tion (Wellenzohn et al., 2001) it was shown that the bindingcondition is fulfilled only with some exceptions. In the

of two polyamides bound to the same minor groove positiorNetropsin simulation the successive phosphates 4 and 5 are
freeze out the DNA-backbone flexibility. In contrast to this, in the B, state over a long period (Fig. 9pp) in the

the binding of Netropsin and Hoechst33258 rather leads tsimulation. A detailed analysis of bot#hangles indicated

Biophysical Journal 81(3) 1588-1599
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FIGURE 10 The top graph shows teengle of P4 as a function of the time, and the bottom graph shows the respective angle of P16. The mean value
of both angles is at-220°, indicating that P4 is in between the &d B, substate.

that P5 is in B during the whole simulation and that P4 is B, and half the time in B. Thus, its mean value is about the
neither in a stable Bnor in B,. The mean value of this ~ same (220°) as that of P4 (Fig. 1@p). Recently made
angle is at 220°, which is between teengles of the two x-ray studies also found DNA-phosphates that do not be-
substates (Fig. 1Q@pp). For comparison the angle of P16 long to either the Bor B, conformational group (Schuer
(shown in Fig. 10botton) is approximately half the time in  man and Van Meervelt, 2000).
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It is worth pointing out that the BB, substate pattern Carrondo, M. A., M. Coll, J. Aymami, A. H. Wang, G. A. van der Marel,

; ; ; ; _J. H. van Boom, and A. Rich. 1989. Binding of a Hoechst dye to
reported as a function of time in our first StUdy of uncom d(CGCGATATCGCG)2 and its influence on the conformation of the

plexed Drew Dickerson dodecamer over 3 ns shows about pna fragment.Biochemistry 28:7849-7859.
the same behavior as shown here in Fig. 8. The mostase, . A., D. A. Peariman, J. W. Caldwell, T. Cheatham IIl, W. S. Ross,
pronounced differences being thg Bubstate population at ~ C. L. Simmerling, T. A. Darden, K. M. Merz, R. V. Stanton, A. L.

; Cheng, J. J. Vincent, M. Crowley, D. M. Ferguson, R. J. Radmer, G. L.
P11, although the force field was changed from the Cornell Seibel, U. C. Singh, P. K. Weiner. and P. A. Kollman. 1997. AMBER 5.

et al. (1995) force field to the improved one of Cheatham et yniversity of California, San Francisco.
al. (1999). The changes in thg/B,, substate behavior on cheatham, T. E., Ill, P. Cieplak, and P. A. Koliman. 1999. A modified
complexation with Netropsin or Hoechst33258 shown in version of the MD et al. force field with improved sugar pucker phases

Figs. 8 and 9 for the same force field are much more 2nd helical repead. Biomol. Struct. Dyn16:845-862.

e en, H., X. Liu, and D. J. Patel. 1996. DNA bending and unwinding
pronounced. This is strong support that these changes af:élassociated with actinomycin D antibiotics bound to partially overlapping

caused by interaction with the ligand and not by the force sjtes on DNA.J. Mol. Biol. 258:457—479.

field applied in the simulations. All together, complexation chen, v. z., and E. W. Prohofsky. 1995. Normal mode calculation of a
influences these IBamd B, backbone conformational sub Netropsin-DNA complex: effect of structural deformation on vibrational

states, and thus these substates may be able to contribute tGPectrum Biopolymers35:657-666.

_ i indi ; Cheryl, A., R. P. de Clairac, R. N. Dominey, E. E. Baird, S. White, P. B.
sequence-specific binding of a protein Dervan, and D. E. Wemmer. 2000. Controlling binding orientation in
hairpin polyamide DNAJ. Am. Chem. S0d.22:5235-5243.

Chiu, T. K., M. Kaczor-Grzeskowiak, and R. E. Dickerson. 1999. Absence
SUMMARY AND CONCLUSION of minor groove monovalent cations in the crosslinked dodecamer

We performed three simulations of the Drew Dickerson C & ¢ G TAATT-C-G-C-G.J. Mol. Biol. 292:589-608.
P oll, M., J. Aymami, G. A. van der Marel, J. H. van Boom, A. Rich, and

dOdecamer alone.and compl_exed with HoeChSt332_58 anda. H. J. Wang. 1989. Molecular structure of the Netropsin-
Netropsin. The tails of the ligands undergo a variety of d(CGCGATATCGCG)2 complex: DNA conformation in the alternating
structural transitions during the simulation in agreement AT segmentBiochemistry28:310-320.

i iahili ile i _ Cornell, W. D., P. Cieplak, C. I. Bayly, |. R. Gould, K. M. Merz, Jr., D. M.
with the Stru.Ctural Varlablllty of .these tails in the CrySt;.i”O Ferguson, D. C. Spellmeyer, T. Fox, J. W. Caldwell, and P. A. Kollman.
graphic StUd|_eS- The.conformatlonal changes of the ta'l_s are 1995. A second generation force field for the simulation of proteins,
correlated with the time dependence of the groove width. nucleic acids, and organic moleculed. Am. Chem. Socl17:
Thus, the results indicate that the minor groove exhibits a 2179-5197. _ o _
great flexibility, fitting the ligand exactly in the groove. A de Souza, O. N., and R. L. Ornstein. 1997a. Effect of periodic box size on

- . . - aqueous molecular dynamics simulation of a DNA dodecamer with
more rigid ligand tail would lead either to entropic cost due particle-mesh Ewald metho@iophys. J.72:2395-2397.

to stiffening of the DNA by complexation or, if the DNA e souza, 0. N., and R. L. Ornstein. 1997b. Effect of warmup protocol and
keeps it pliability, weakening of the direct contacts. Fur- sampling time on the convergence of molecular dynamics simulation of

thermore, the binding of the Iigand influences tthﬁ a DNA dodecamer using AMBER 4:1 and particle-mesh Ewald method.

conformational substate behavior, having possible implica - Biomol. Struct. Dyn14:607-611.
. . . ! gp P Dickerson, R. E. 1998. DNA bending: the prevalence of kinkiness and the
tions for protein recognition processes. All these results are yiryes of normality. Nucleic Acids Res26:1906—1926.

of importance for the understanding of the binding processckinson, L. A., R. J. Gulizia, J. W. Trauger, E. E. Baird, D. E. Mosier,
valuable in the design of new sequence-specific minor J. M. Gottesfeld, and P. B. Dervan. 1998. Inhibition of RNA polymerase

indi ; Il transcription in human cells by synthetic DNA-binding ligan&soc.
groove binding ligands. Natl. Acad. Sci. U.S.A95:12890-12895.

Drew, H. R., and R. E. Dickerson. 1981. Structure of a B-DNA dodecamer.

This work was supported by a grant of the Austrian Science Fund (grant lll. Geometry of hydrationJ. Mol. Biol. 151:535-556.

P13845-TPH). Duong, T. H., and K. Zakrzewska. 1997. Influence of drug binding on
DNA flexibility: a normal mode analysis]. Biomol. Struct. Dyn14:
691-701.

REFERENCES Ellervik, U., C. C. C. Wang, and P. B. Dervan. 2000. Structure determi-

nation and analysis of helix parameters in the DNA decamer
Bareket-Samish, A., I. Cohen, and T. E. Haran. 1998. Direct versus indirect d(CATGCCATG): comparison of results from NMR and crystallogra
readout in the interaction of the trp repressor with non-canonical binding PY-J- Am. Chem. S0d.22:9354-9360.
sites.J. Mol. Biol. 277:1071-1080. Feig, M., and B. M. Pettitt. 1999. Sodium and chlorine ions as part of the
Becker, H.-C. and B. Norden. 1999. DNA binding mode and sequence DNA solvation shell Biophys. J.77:1769-1781.
specificity of piperazinylcarbonyloxyethyl derivatives of anthracene andFishleigh, R. V., K. R. Fox, A. I. Khalaf, A. R. Pitt, M. Scobie, C. J.
pyrene.J. Am. Chem. So0d.21:11947-11952. Suckling, J. Urwing, R. D. Waigh, and S. C. Young. 2000. DNA

Becker, H. C., and B. Norden. 2000. DNA binding thermodynamics and binding, solubility, and partitioning characteristics of extended lex-
sequence specificity of chiral piperazinecarbonylalkyl derivatives of itropsins.J. Med. Chem43:3257-3266.

anthracene and pyren&. Am. Chem. S0d.22:8344-8349. Fratini, A. V., M. L. Kopka, H. R. Drew, and R. E. Dickerson. 1982.
Berman, H. M. 1997. Crystal studies of B-DNA: the answers and the Reversible bending and helix geometry in a B-DNA dodecamer: CGC-
questionsBiopolymers44:23—-44. GAATTBrCGCG.J. Biol. Chem257:14686—14707.

Bewley, C. A., A. M. Grinenborn, and G. M. Clore. 1998. Minor groove- Gehring, W. J., Y. Q. Qian, M. K. Furukubo-Tokunaga, F. Schlier, D.
binding architectural proteins: structure, function, and DNA recognition. Resendez-Perez, M. Affolter, G. Otting, and K.'iiich. 1994. Home-
Annu. Rev. Biophys. Biophys. Che?i:105-131. odomain-DNA recognitionCell. 78:211-223.

Biophysical Journal 81(3) 1588-1599



1598 Wellenzohn et al.

Geierstanger, B., and D. E. Wemmer. 1995. Complexes of the minoPerez, J. J., and J. Portugal. 1990. Molecular modelling study of changes
groove of DNA.Annu. Rev. Biophys. Biomol. Stru2#:463—493. induced by Netropsin binding to nucleosome core partichiscleic

Giese, K., J. Pagel, and R. Grosschedl. 1997. Functional analysis of DNA Acids Res18:3731-3737.
bending and unwinding by the high mobility group domain of LEF-1. Perree-Fauvet, M., and N. Gresh. 1994. Structure and energetics in the
Proc. Natl. Acad. Sci. U.S.24:12845-12850. complexes of a double-stranded B-DNA dodecamer with Netropsin
Goodsell, D. S., M. L. Kopka, and R. E. Dickerson. 1995. Refinement of derivatives of a tricationic water-soluble porphyrin: a theoretical inves-

netropsin bound to DNA bias and feedback in electron density map tigation. J. Biomol. Struct. Dyn11:1203-1224.
interpretation Biochemistry 34:4983—4992. Pichler, A., S. Rdisser, R. H. Winger, K. R. Liedl, A. Hallbrucker, and E.

Gottesfeld. J. M.. L. Neely. J. W. Trauger. E. E. Baird. and P. B. Dervan Mayer. 2000a. The role of water in B-DNAs Bl to BIl conformer
1997 Ré 'ulat'i’on. of e);{e éx 'ressiO% b’ éméll molécmlrinu;'e .387' " substates interconversion: a combined study by calorimetry, FT-IR spec-
202_'205 9 9 P y ' ' troscopy and computer simulatioBhem. Phys258:391—-404.

. - ) Pichler, A., S. Rdisser, R. H. Winger, K. R. Liedl, A. Hallbrucker, and E.
Hamelberg, D., L. McFail-lsom, L. D. Williams, and W. D. Wilson. 2000. o - . ' v
Flexible structure of DNA: ion dependence of minor-groove structure Mayer. 2000b. Nonoriented d(CGCGAATTCGC/&pdecamer persists

and dynamicsJ. Am. Chem. S0d.22:10513-10520. g\lg'nglla;-form even at low water activityJ. Am. Chem. Socl22:
Harshman, K. D., and P. B. Dervan. 1985. Molecular recognition OfPichIer A R.H Win ;
) ; . ,A., ROH. ger, K. R. Liedl, A. Hallbrucker, and E. Mayer. 1999.
B-DNA by Hoechst33258. Nucleic Acids Resl3:4825-4835. B-DNA's B, conformer substate population increases with decreasing
Hartmann, B., and R. Lavery. 1996. DNA structural forn@3. Rev. water activity.J. Phys. Chem. B04:11354-11359.

Biophys.29:309-368. Quintana, J. R., A. A. Lipanov, and R. E. Dickerson. 1991. Low-
Herman, D. M., E. E. Baird, and P. B. Dervan. 1999a. Tandem hairpin temperature crystallographic analyses of the binding of Hoechst33258 to
motif for recognition in the minor Groove of DNA by pyrrole-imidazole the double-helical DNA dodecamer CGCGAATTCGC®ochemistry.

polyamides Chem. Eur. J5:975-983. 30:10294-10306.

Herman, D. M., J. M. Turner, E. E. Baird, and P. B. Dervan. 1999b. CycleRen, J., and J. B. Chaires. 1999. Sequence and structural selectivity of
polyamide motif for recognition of the minor groove of DNA. Am. nucleic acid binding ligandsBiochemistry.38:16067-16075.
Chem. Soc121:1121-1129. Rentzeperis, D., L. A. Marky, T. J. Dwyer, B. H. Geierstanger, J. G. Pelton,

Ho, S. N., S. H. Boyer’ S. L. Schreiber, S. J. Danishefsky’ and G. R. and D. E. Wemmer. 1995. Interaction of minor groove |igand5 to an
Crabtree. 1994. Specific inhibition of formation of transcription com- ~AAATT/AATTT site: correlation of thermodynamic characterization

plexes by a calicheamicin oligosaccharide: a paradigm for the develop- and solution structureBiochemistry.34:2937-2945.
ment of transcription antagonist®roc. Natl. Acad. Sci. U.S.A91: Ridisser, S., A. Hallbrucker, and E. Mayer. 1997. B-DNA’s conforma-

9203-9207. tional substates revealed by Fourier transform infrared difference spec-
Hud, N. V., and J. Feigon. 1997. Localization of divalent metal ions in the  troscopy.J. Am. Chem. S0d.19:12251-12256.
minor groove of DNA A-tractsJ. Am. Chem. S0d.19:5756-5757. Schneider, B., S. Neidle, and H. M. Berman. 1997. Conformations of the

Ketterle, C., J. Gabarro-Arpa, M. B. M. Ouali, C. Auclair, P. Helissey, S.  Sugar-phosphate backbone in helical DNA crystal structuespoly-
Giorgi-Renault, and M. L. Bret. 1996. Binding of Net-Fla, a Netropsin-  Mers.42:113-124.
flavin hybrid molecule, to DNA: molecular mechanics and dynamics Schuerman, G. S., and L. Van Meervelt. 2000. Conformational flexibility

studies in vacuo and in water solutiod. Biomol. Struct. Dyn13: of the DNA-backboneJ. Am. Chem. S0d.22:232-240.

963-977. Shui, X., L. McFail-lsom, G. G. Hu, and L. D. Williams. 1998. The
Kielkopf, C. L., E. E. Baird, P. B. Dervan, and D. C. Rees. 1998a. B-DNA dodecamer at high resolution reveals a spine of water on

Structural basis for G-C recognition in the DNA minor groowat. sodium.Biochemistry 37:8341-8355.

Struct. Biol.5:104-108. Singh, S. B., and P. A. Kollman. 1999. Calculating the absolute free energy

Kielkopf, C. L., S. White, J. W. Szewczyk, J. M. Turner, E. E. Baird, P. B.  0f association of Netropsin and DNAJ. Am. Chem. Socl21:
Dervan, and D. C. Rees. 1998b. A structural basis for recognition of A-T 3267-3271.
and T-A base pairs in the minor groove of B-DNA&cience.282: Song, Z., O. N. Antzutkin, Y. K. Lee, S. C. Shekar, A. Rupprecht, and
111-115. M. L. Levitt. 1997. Conformational transitions of the phosphodiester
Kopka, M. L., C. Yoon, D. Goodsell, P. Pjura, and R. E. Dickerson. 1985, backbone in native DNA: two-dimensional magic-angle-spinriitf-
The molecular origin of DNA-drug specificity in Netropsin and Dista- ~ NMR of DNA fibers. Biophys. J.73:1539-1552.
mycin. Proc. Natl. Acad. Sci. U.S.82:1376-1380. Spink, N., D. G. Brown, J. V. Skelly, and S. Neidle. 1994. Sequence
Lah, J., and G. Vesnaver. 2000. Binding of Dystamycin A and Netropsin dependent effects in drop DNA interaction: the crystal structure of
to the 12mer DNA duplexes containing mixed AT-GC sequences with at H0€chst33258 bound to the d(CGCAAATTTGCGGJuplex. Nucleic
most five or three successive AT base paiBiochemistry.39: Acids Res22:1607-1612.
9317-9327. Sponar, J., J. Leszcynski, and P. Hobza. 1996. Hydrogen bonding and
Flader et al., 2001, D. M. J. 1995, DNA-Protein: Structural Interactions. stac_king of DNA-bases: a review of quantum-chemical ab initio studies.
Oxford University Press, Oxford, UK. J. Biomol. Struct. Dyn14:117-135.
Murray, V., and R. F. Martin. 1988. Sequence specificityt-labelled Sponar, J., and H. Votavova. 1996. Selective binding of synthetic polypep-

Lo tides to DNA of varying composition and sequence: effect of minor
g%elzcggg%\’?g% damage in six closely related DNA sequertddol. groove binding drugs]. Biomol. Struct. Dyn13:979-986.

Neidle, S. 1997. Crystallographic insights into DNA minor groove recog- Squire, C. J., L. J. Baker, G. R. Clark, R. . Martin, and J. White. 2000,
nition by drugs Biopolymers (Nucleic Acid Sci#4:105-121. Structures of m-Jodo Hoechst-DNA complexes in crystals with reduced

solvent content: implications for minor groove binder drug design.
Nunn, C. M., E. Garman, and S. Neidle. 1997. Crystal structure of the DNA Nucleic Acids Re28:1252-1258.
decamer d(C_GCAATTG_C(%)compIexes with the minor groove binding Sriram, M., G. A. van der Marel, H. L. P. F. Roelen, J. H. van Boom, and
drug NetropsinBiochemistry 36:4792-4799. A. H.J. Wang. 1992a. Structural consequence of a carcinogen alkylation
Park, Y. W., and K. J. Breslauer. 1992. Drug binding to higher ordered lesion on DNA: effect of O6-ethylguanine on the molecular structure of
DNA structures: Netropsin complexation with a nucleic acid triple helix.  the d(CGCEJAATTCGCG),-Netropsin complex.Biochemistry.31:
Proc. Natl. Acad. Sci. U.S./A89:6653-6657. 11823-11834.

Patel, D. J. 1982. Antibiotic-DNA interactions: intermolecular nuclear Sriram, M., G. A. van der Marel, H. L. P. F. Roelen, and J. H. van Boom
Overhauser effects in the Netropsin Dickerson dodecamer complex in A. H.-J. Wang. 1992a. Conformation of B-DNA containing O6-
solution. Biochemistry21:6424—-6428. ethyl-GC base pairs stabilized by minor groove binding drugs: molecular

Biophysical Journal 81(3) 1588-1599



Ligand Tail Interaction with B-DNA Minor Groove 1599

structure of d(CGC[e6G]JAATTCGCG)omplexed with Hoechst33258 B-DNA dodecamer and its complex with two polyamidds. Phys.
or Hoechst33242EMBO J.11:225-232. Chem. B.105:3135-3142.

Steinmetzer, K., and K. E. Reinert. 1998. Multimode interaction of HoechstWellenzohn, B., R. H. Winger, A. Hallbrucker, E. Mayer, and K. R. Lied|I.

33258 with eukaryotic DNA: quantitative analysis of the DNA confor- ~ 2000b. Simulation ofEccRl dodecamer Netropsin complex confirms
mational changesl. Biomol. Struct. Dyn15:779—-791. class | complexation modd. Am. Chem. S0d.22:3927-3931.

Steitz, T. A. 1993. Structural Studies of Protein-Nucleic Acid Interaction, Wemmer, D. E., and P. B. Dervan. 1997. Targeting the minor groove of

Cambridge University Press, Cambridge, UK. DNA. Curr. Opin. Struct. Biol.7:355-361.
Wenz, C., A. Jeltsch, and A. Pingoud. 1996. Probing the indirect readout

Strauss, J. K., C. Roberts, M. G. Nelson, C. Switzer, and L. J. Moher, III. S : ;

1996. DNA Bending by hexamethylene-tethered ammonium Brec. _Of the restriction enzym&caRV. J. Biol. Chem271:5565-5573.

Natl. Acad. Sci. U.S.A93:9515-9529. Wilson, W. D., Y.—H_. Wang, S. l_(us_uma, S. Chandrasekar_a_n_, N._ C. Yang,
Tarb L. N. Verd M. Coll. |. Fita. G. A der Marel. J. H and D. W. Boykin. 1985. Binding strength and specificity in DNA

a\;aﬁrg%rgr}] " -Ricir :ﬁg%ﬂ Aynacr)nf '1932' o Ie.c\LIJ?:r s?:uctﬁrri o the interactions: the design of AT specific IntercalatalsAm. Chem. Soc.

» A ' : : : - 107:4989-4995.
g'itr:g?t lr::)NoCedl?iﬁifr?mderrudﬁ;&%@j&%ﬁgﬁl’z ggnézlg;fg 4V:\L'gh the Wing, R., H. Drew, T. Takano, C. Broka, S. Tanaka, K. Itakura, and R. E.
9 g drug p oz ) Dickerson. 1980. Crystal structure analysis of a complete turn of B-

Teng, M.-K., N. Usman, C. A. Frederick, and A. H.-J. Wang. 1988. The DNA. Nature.287:755—758.

molecular structure of the complex of Hoechst33258 and the DNAWinger, R. H., K. R. Liedl, S. Rdisser, A. Pichler, A. Hallbrucker, and E.

dodecamer d(CGCGAATTCGCG)Nucleic Acids Resl6:2671-2690. Mayer. 1998. B-DNA's B— B,, conformer substate dynamics is €ou
Tereshko, V., G. Minasov, and M. Egli. 1999. A Hydrat-ion spine in a  pled with water migrationJ. Phys. Chem. BL02:8934—-8940.
B-DNA minor groove.J. Am. Chem. S0d.21:3590-3595. Wittung-Stafshede, P. 1998. Genetic medicine. When will it come to the

Thuong, N. T., and C. Héne. 1993. Sequenzspezifische Erkennung und drugstoreScience281:657-658.
Modifikation von Doppelhelix-DNA durch OligonucleotideAngew. Young, M. A, and D. L. Beveridge. 1998. Molecular dynamics simulation
Chem.105:697-723. of an oligonucleotide duplex with adenine tracts phased by a full helix

van Dam, L., and M. H. Levitt. 2000. BIl nucleotides in the B and C form  turn. J. Mol. Biol. 281:675-687. ‘ _
of natural-sequence polymeric DNA: a new model for the C form of Young, M. A., B. Jayaram, and D. L. Beveridge. 1997a. Intrusion of
DNA. J. Mol. Biol. 304:541-561. counterions into the spine of hydration in the minor groove of B-DNA:

Vega, M. C., I. G. Saez, J. Aymami, R. Eritja, and G. A. van der Marel. grilgFgg]flegccupancy of electronegative pockels.Am. Chem. Soc.

1994. Three-dimensional crystal structure of the A-tract DNA dodeca- ) .
mer d(CGCAAATTTGCG) complexed in the minor-groove-binding Youngd, M. A., G. Ravishanker, and D. L. Beveridge. 1997b. A 5-nano-
drug Hoechst3325&ur. J. Biochem222:721-726. secc_)nd molecular d_yna_mlcs trajectory for B-DNA: analysis of structure,
- ) o . motions and solvatiorBiophys. J.73:2313-2336.
von Z"Pf"?" Pt.hH' 193;’4.' Protzeggsgg r7e7coogn|t|on. new perspectives andZakrzewska, K., R. Lavery, and B. Pullman. 1983. Theoretical studies of
underlying themesscience ’ —E the selective binding to DNA of two non-intercalating ligands: netropsin
Wellenzohn, B., W. Flader, R. H. Winger, A. Hallbrucker, E. Mayer, and  and SN18071Nucleic Acids Resl1:8825—8839.
K.R. Liedl. 2001. Complex of B-DNA with polyamides freezes DNA- zimmer, C., N. Kakiuchi, and W. Guschlbauer. 1982. Differential stabili-
backbone flexibility.J. Am. Chem. S0d.23:5044-5049. zation by Netropsin of inducible B-like conformations in deoxyribo-,
Wellenzohn, B., W. Flader, R. H. Winger,, A. Hallbrucker, E. Mayer, and ribo- and 2-deoxy-2-fluororibo-adenosine containing duplexes of
K. R. Liedl. 2000a. Structural flexibility of the d(CCAGTACTGG) (dA)n-(dT)n and (dA)n-(dU)nNucleic Acids Resl0:1721-1732.

Biophysical Journal 81(3) 1588-1599



