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Abstract: Molecular dynamics simulations have been used to explore the conformational flexibility of a
PNA-DNA-PNA triple helix in aqueous solution. Three 1.05 ns trajectories starting from different but reasonable
conformations have been generated and analyzed in detail. All three trajectories converge within about 300
ps to produce stable and very similar conformational ensembles, which resemble the crystal structure
conformation in many details. However, in contrast to the crystal structure, there is a tendency for the direct
hydrogen-bonds observed between the amide hydrogens of the Hoogsteen-binding PNA strand and the phosphate
oxygens of the DNA strand to be replaced by water-mediated hydrogen bonds, which also involve pyrimidine
02 atoms. This structural transition does not appear to weaken the triplex structure but alters groove widths
and so may relate to the potential for recognition of such structures by other ligands (small molecules or
proteins). Energetic analysis leads us to conclude that the reason that the hybrid PNA/DNA triplex has quite
different helical characteristics from the all-DNA triplex is not because the additional flexibility imparted by
the replacement of sugaphosphate by PNA backbones allows motions to improve base-stacking but rather
that base-stacking interactions are very similar in both types of triplex and the driving force comes from weak
but definate conformational preferences of the PNA strands.

Introduction have shown that such 2:1 complexes involve the formation of

Polyamide nucleic acid (PNA) was designed using computer & PNA-I_DNA-PNA triple helix, where an additional strand of
modeling as an uncharged polymer analogue of DNA and RNA. PNA binds to the PNADNA duplex by Hoogsteen-type
PNA is able to bind single strands of RNA in a sequence-specific Ydrogen bonds, just as observed in the all-DNA triple helix
manner which opens up the possibility of using PNAs as [DNA(D)]-
antisense drugs. Furthermore, binding of PNAto DNAis also  The three-dimensional structure of PNANA-PNA triple
very tight and occurs with a specificity similar to that observed helices in solution is unknown, and it is probably sequence-
in the formation of DNA duplexe%. In fact, PNADNA dependent. However, the crystal structure of a homopurine
dup|exes are much more stable that DIDAIA dup|exes1 and PNA-DNA-PNA trlple helix has been l‘ecently obtained by Betts
the introduction of a suitable strand of PNA can displace the €t al” using high-resolution X-ray diffraction data of a purine
corresponding DNA strand from a preexisting DNA duptex. DNA strand of sequence’ &AAGAAGAG-3' bound to an
This opens up the possibility of applying PNAs in the field of hairpin PNA containing two pyrimidine sequences (Nterminus-
antigene therapy. CTCTTCTTC-Cterminus and Nterminus-CTTCTTCFHLter-

Several authors have nofed that in certain circumstances ~ Minus) separated by an inert peptidic loop. The crystal structure

PNA can form a 2:1 complex with DNA. Structural studies Shows the DNA bound to the complementary PNA sequence
by Watson Crick-type hydrogen bonds. The other PNA
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about 6-7 degrees smaller than the values suggested for Methods
DNA(®), .WhICh leads to a hellcgl periodicity of }.SLG bases General. All the MD simulations were done with the AMBERS5.0
per turn in the PNADNA-PNA triplex compared with 12 bases  gite of programé? The analysis of the MD trajectories was performed

per turn in the DN.A(tﬁ_.lZI Finally, the X-displacement of the  ysing Curved? Newhelix and in-house software. Quantum mechanical
bases from the helix axis is-3 A larger than the values derived  calculations were carried out using Spartan3.1 and GaussishAg4.

by NMR and MD techniques for DNA(8712 In summary, the calculations were performed on the IBM SP2 supercomputer of
beside the general helical shape there are few similaritiesthe Centre de Supercomputacie Catalunya (CESCA) and on
between all-DNA and PNADNA-PNA triplexes. workstations in our laboratories.

. . Construction of the Starting Structures. The sequence chosen
The origin Of_ the dlff_eren_ce_s bere_en DNA(?) _and corresponded to that of the crystal structure, that is a purine strand of
PNA:-DNA-PNA trlplexes m|ght I|e n '[hell’ dlfferent Chem|cal DNA: d(GpApApGpApApGpApG) and two Comp|ementary pyr|m|_
structures, but other factors could play a part such as lattice dine strands of PNA. All the cytosines of the PNA Hoogsteen strand
restrictions in the crystal of PNM®NA-PNA or the restraining were considered in their protonated form, mimicking the situation found
effect of the peptidic loop connecting the two PNA strands in i water at ac_idic pH. The peptide linker present in th_e crystal structure
the crystal structure. Furthermore, considering the flexibility was omitted; instead each PNA strand was capped with the conventional

of the PNA backbone (see below), the PADNA-PNA triplex methylamino and acetyl groups (Figure 1). Three starting structures

. . . . . . were selected for MD simulation. The first (the P-type structure) was
might adopt a wide range of different conformations in solution obtained from crystal structurfeand the only modification was to

at room temperature, some of them near DNA(t)-type structures, remove the conecting loop. The second was adapted from the first by
and others near the X-ray structure. It is therefore of interest using restrained energy minimizations to force the whole of the DNA

to examine the dynamic characteristics of the PRINA-PNA strand, and the bases of the PNA strands, into the positions they would
triplex in aqueous solution and try to obtain a more complete takr_e up in_a c0rr_espor_1ding all-DNA triplex pf the same sequence built
picture of the structure and reactivity of the PNDNA-PNA up in the f|ber7d|ﬁractlon ba;ed conformation (the A-type structére).
triplex under something closer to potential physiological condi- The third starting confqrmatlon was generated in the same manner as
tions the second one but using as the template the NMR-based structure of

DNA(t) (the B-type structure}® Each of the three starting models was
Molecular dynamics (MD) provides very reasonable pictures immersed in a box of 4165 TIP3P water molect#®snd four sodium
of protein structure and flexibility. Until recently MD was not ~ counterions (Hoogsteen cytosines were protonated) were added in the
so reliable in representing nucleic acid structures, due to most negative regions found by Poiss@pltzmann calculatior?3 to
deficiencies in the force-fields, and in the treatment of long- °Ptain neutral systems. .
. . . Parametrization. The standard AMBERS5.0 all atom force-fiél
range electrostatic effects. However, recent improvements in

. o ;i was used to describe the DNA. This force-field contains parameters
force-field parametrizations and MD algorithms have made the ¢, most units except the PNA residues (see Figure 1). van der Waals

accurate modeling of nucleic acid (DNA, RNA, and hybrid) and bonded parameters can be easily transferred from standard peptidic
structures possib 16 Furthermore, we have recently shown or nucleic acid fragments in AMBER, but atomic charges for the new
that MD gives reasonable samplings of the configurational spaceresidues need to be obtained. To obtain RESP chéfgas, PNA

of DNA(t) in solution, being able to drive the DNA from residues were separated into peptidic and bgsic fragmeNts.
erroneous starting structures to the correct conformafion, Methylated bases (C,T andi( were used to obtain charges for the
These results strongly suggest that MD should be a reliable toolbases' To obtain charges for the peptidic fragment of PNA, a model

. . . was built with the N- and C-terminii capped with the conventional acetyl
to study the structure of the PNBINA-PNA triplex in solution. andN-methylamino moieties and the side chain capped with NHCOMe.

In this paper we present a detailed MD study of the These capped fragments were partially optimized using the AM1-
PNA-DNA-PNA triplex in aqueous solution. Three 1.155 ns Hamiltoniart® while the backbone geometries observed in the crystal
trajectories have been simulated starting from three different Were preserved. Electrostatic potenials used in the calculation of
starting models of the PN®NA-PNA triplex: (i) the crystal R.Espz charges were obtained using the HF/6-31G* wave function.

. . . Final charges are shown in ref 24, and the corresponding “prep.in”
structure (P-type}(ii) the A-type structure derived from fiber

. . 8 . files for AMBER calculations are available upon request to the authors.
diffraction of DNA(Y),” and (iii) the B-type structure derived Molecular Dynamics Protocols. A 10-step protocol was used for

from NMR data on DNA(t}° The study allowed us to describe  the heating and equilibration process, which ran for 50 ps of MD (see
a large part of the configurational space accessible to Figure 2). The final equilibrated structures were the starting points
PNA:-DNA-PNA triplexes as well as to determine the reactive . - . )
characteristics of these structures. Furthermore, the studyCh(ele?hg?%,PﬁagT%‘éB%n’Aéfgz%ﬁ'scﬁﬁ gfl‘é’;‘fgg?'GYY'kS?;:}]YVp.SA'.
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Figure 1. (a) Sequence of the PNBNA-PNA triplex studied, showing
numbering scheme and (b) AMBER atom types used for new PNA
residues. Omitted hydrogen atoms were all of type H1. (c) Definition
of DNA and PNA torsion angles.

for three MD trajectories extended over 1.0 ns. All simulations were
done using periodic boundary conditions and the particle mesh Ewald
(PME, see ref 25) approach for evaluating long-range electrostatic
effects. Simulations were carried out in the isothermic-isobaric

10 ps MD(water, Na+)

J. Am. Chem. Soc., Vol. 120, No. 24, 195897
DNA restrained(100)
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! |

5 ps MD(water,Na+)
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Figure 2. Molecular dynamics/energy minimization protocol for
equilibration and data collection.

ensemble (NPT) fol = 300 K andP = 1 atm. A time step of 2 fs
was used for the integration of Newton'’s equations, since all the bond
lengths were constrained to their equilibrium values using SHAKE.

Time-Averaged Structures. The last 500 ps of each trajectory were
used to obtain “MD-averaged” representative structures of the
PNA-DNA-PNA helix. For this purpose, all the conformations sampled
were coordinate-averaged after least-squares fitting, and the resulting
structures were minimized using steepest descent and conjugate gradient
techniques to remove the most severe of the geometrical artifacts
introduced by the averaging procedure (e.g., baeH(ond lengths
in methyl groups). To avoid the minimization changing the structures
too much, all heavy atoms were restrained to their initial positions with
a force constant of 100 kcal/mol/A.

Calculation of Molecular Interaction Potentials. Calculations of
molecular interaction potential (MIP) were performed to determine the
ability of the structures to interact with positively charged groups, such
as groove binders or proteins. The MIP was computed as an
electrostatic term computed for a positive charge using Poisson
Boltzmann techniques, plus a van der Waals term determined using
the van der Waals parameters of a TIP3P (20) particle. AMBER
charges and van der Waals paraméfemere used for the DNA. The
Poissor-Boltzmann equation was solved numerically using the non-
linear formalism, as implemented in DELPHfor a medium with an
ionic strength of 0.1 M. A dielectric response of 2 and 80 was assigned
to the triplex and water, respectively.

Calculation of Stacking Interactions. Stacking calculations were
performed for three MD-averaged conformations as well as for the two
possible types of DNA(t) and for the PNBNA-PNA crystal structure.

In all the cases the backbones were removed, and the charge on CF or
C1 was adjusted to have integer charge in the bases (8-1r
AMBERS5.0 charges and van der Waals parameters were used for all
the atoms except for CF, Cand the methyl group of thymines which
were described using an united atom model. The stacking energy was
computed as two contributions: (i) the intrastrand term due to

(24) Charges for the PNA backbone are as follows: -ND.4943, HN:
0.2758, CD: 0.0982, HD1,2: 0.0354, CG: 0.1750, HG1,2:-0.0405, NB:
—0.0470, CA:—0.4452, HAL,2: 0.1968, C: 0.6797, ©0.5883. Charges
for neutral (PNA) cytosine are as follows: CE: 0.5746, G#.5654, CF:
—0.0908, HF1,2: 0.0674, N1-0.1238, C6 0.0016, H6: 0.2038, C5:
—0.5312, H5: 0.1951, C4: 0.8659, N4:1.0039, N41,42: 0.4342, N3:
—0.7541, C2: 0.8121, 02:0.6244. Charges for protonated (PNA) cytosine
are as follows: CE: 0.0.6876, OE0.5851, CF—0.0978, HF1,2: 0.0916,
N1: —0.0460, C6 0.0296, H6: 0.2362, C5:0.4074, H5: 0.2194, C4:
0.6550, N4:—0.9507, N41,42: 0.4888, N3:-0.3395, H3: 0.3550, C2:
0.5180, 02:—0.4714. Charges for (PNA) thymine are as follows: CE:
0.5404, OE:—0.5466, CF: 0.0556, HF1,2: 0.0500, N10.2108, C6-
0.1740, H6: 0.2247, C5: 0.0098, C#03459, H71,2,3: 0.1080, C4:
0.6346, 04—0.5635, N3:—0.5507, H3: 0.3681, C2: 0.6807, 020.5835.

(25) (a) Darden, T. A.; York, D.; Pedersen,L.Chem. Phys1993 98,
10089. (b) Essmann, U.; Perera, L.; Berkowitz.; M. L.; Darden, T.; Lee,
H.; Pedersen, L. GJ. Chem. Phys1995 103 8577-8593.

(26) Ryckaert, J. P.; Ciccote, G.; Berendsen, J.Comput. Physl977,

23, 327.
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Figure 3. RMS deviation for P-, B-, and A-type trajectories. Top: from starting structures. Middle: from time-averaged structures in the P-, B-,

and A-type trajectories. Bottom: from crystal structure.

interactions of bases within each DNA or PNA strand and (ii) the
interstrand term due to stacking interactions between bases in different
strands. To avoid bias in the results the first and last triplex steps of
the helix were removed from the analysis.

Results and Discussion

Gross Structural Features. Analysis of the three trajectories
showed that the equilibration process led to stable structures,
as noted in macroscopic properties of the systems such a
potential and total energy, the density, radii of gyration, etc.
(data not shown). No major helical unfolding or transitions to
double helical structures were detected during the simulations.
Only alocal and partial unfolding was detected in therad of
the helix, as the N-terminal cytosine of theRNA strand
(Cig—see Figure 1 for numbering scheme) lost its hydrogen
bonding to the G(DNA):C(PNA) Watson Crick base pair during
the course of all three simulations.d&nds up stacked over
the B-terminal guanine in trajectories P and A, while in
trajectory B it moves into the major-major groove of the PNA,
interacting edge-to-face with thymines 7 and 8 in the WC
PNA strand. Interestingly a similar structural anomaly for the
equivalent of Gg is also found in one of the two molecules in

S

Convergence in the Trajectories. Key tests of the reliability
of MD simulations are the determination of (i) whether sampling
is independent of the starting conformation and (ii) whether the
experimental geometry is sampled during simulations. When
these two conditions are fulfillled the MD simulation may be
expected to provide a reasonable sampling of the conformational
space most easily accessible to the molecule. The study of the
MD trajectories then provides information on key issues such
as the configurational flexibility of the helix, its flexibility on
the nanosecond time scale, and even its reactive properties.

The requirement of the independence of the sampling from
starting configuration means in practice that different trajectories
starting from different conformations should converge to the
same region of the configurational space. The convergence of
MD trajectories on the nanosecond time scale is sytem-
dependent and is not always simple (see for example ref 17c),
due to the possible existence of metastable structures whose
transitions to the most stable conformer are slow, and can be
detected or not depending on technical details such as the set
up of the system or the equilibration protocol used. However,
other studies have reported (see example refs 16a and 17d)
consistently good convergence for duplex and triplex(12)

the asymmetric unit of the crystal structure (not the one used Structures in MD simulations on the nanosecond time scale.
for the intial construction of the models used here), even though These recent results allowed us to be confident about aChieVing
in the crystal structure this cytosine does not represent thereasonable convergence on the nanosecond time scale for the
N-terminus of the PNA peptide. However, to avoid bias in the PNA‘DNA-PNA triplex considered here.

comparison analysis the triplex step defined by @as not The RMS deviations of the three trajectories with respect to
considered in the analysis of the PNDNA-PNA structures. their corresponding starting conformations [i.e., rms(g§,X
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Table 1. RMS Deviations (in A) between Structures Sampled  the backbone conformation that accompany changes in the
during Last 500 ps of the Three Trajectories (X) and the (a) Starting H-bonding pattern between the DNA and the PINA strands.
(Xo) or (b) Average (X[J Conformations These lead to changes in the dimension of the groove defined

A B P by the DNA and the H-PNA strands (see below). In general
(a) the PNADNA-PNA triplex in solution is defined by a rise
Ao 2.9(0.2) 3.0(0.2) 3.7(0.3) around 3.3-3.4 A, a twist of 26-23 degrees (suggesting a
Bo 2.9(0.2) 2.9(0.2) 3.7(0.3) periodicity of 16-18 bases per turn), a slide between 2.3 and
Po 1.7(0.2) 1.8(0.2) 1.8(0.2) 2.7 A, a shift between 0.9 and 1.0 A, and small values of both
(b) tiit and roll. The agreement between the average helical
%E’ 2-?&8-3 é-égg-% i-ggg-g parameters and the helical parameters for the MD-averaged
120 1.5(0.2) 1.6(0.2) 0.9(0.1) structures demonstrate that the MD-averaged structures are

representative of the conformations sampled during the trajec-
tory. The helical parameters of the structures obtained during
= A,B, or P] are displayed in Figure 3(top). Both A-and B-type the three simulations are very similar to those found in the
trajectories are moving away very quickly (transition time crystal structure and differ clearly from the values suggested
around 106-200 ps) from the starting conformation, the average for the all-DNA triple helix which were used to build up the
RMS deviation between the structures in the second half of the A- and B-starting conformations.
trajectories and the starting conformations [ilBms(A,A,)Cand PNA Strand Backbone Conformations. Average backbone
fms(B,B,)J being aroud 3 A (see also Table 1). On the dihedral angles for the three trajectories are displayed in Table
contrary the P-type trajectory samples regions much closer to3. PNA backbone dihedral angles obtained in the three
the original conformation (the crystal one), wittms(P,RB)C simulations are very similar to the X-ray structure-derived
around 1.7 A (see also Table 1). Detailed inspection of Figure values. Furthermore, the agreement between the PNA backbone
3 (top) shows that none of the trajectories are really diverging, conformation in our MD simulations and PNA backbone
on the contrary, after a 16200 ps transition all the trajectories  conformation in the PNA duplex determined by X-ray crystal-
are stable, it being possible to define A-, B-, and P-type averaged|ography” is also remarkable. The only discrepancy appears
structures [X[J) X = A, B, or P) which represent within 0-8 for the H-PNA strand in the P-type trajectory, since in this
0.9 A RMS deviation frms(X,X[J>] the structures sampled  case thec; and c, values are slightly different from those
during the last half of the trajectories (see Table 1). These obtained in other simulations or from the X-ray structures.
results suggest that neither B- nor A-type conformations Demonstrating the convergence of the simulations, the PNA
represent stable structures for the PRAA-PNA triple helix, backbone in the A- and B-trajectories matches the experimental
and the trajectories starting from such conformations converge data despite the differences in the starting conformations. The
to other conformations. On the contrary, MD simulations fluctuations of the torsional angles demonstrate that the PNA
suggest that the P-type structure, as determined by X-raybackbones are in general very flexible, and during the equilib-
difraction in crystals, is quite stable in aqueous solution. rium part of the trajectories several reversible transitions were
The A- and B-trajectories are converging to the same region detected (data not shown). This flexibility is indirectly sup-
of conformational space, as noted in the RMS deviations ported by the large variation in the different backbone torsions
between one trajectory and the average conformation representfound between NMR and X-ray determined structures of
ing the other trajectory {rms(A[B0>, and <rms(B[AJ>], PNA-DNA, PNA-RNA, and PNADNA-PNA complexeg:28-30
which are about 1.1 A (Table 1). This compares with the RMS MD simulations suggest that a and e are the most flexible bonds,
deviation of 0.8-0.9 A for Ems(AANOand Ems(BBO while g is the most rigid one, in agreement with NMR data on
Actually, the A- and B-trajectories are converging spontaneously the PNADNA duplex. We observe that changes in these
to a region of conformational space which is very close to the dihedral angles are quite concerted, canceling out to large extent
region sampled in the P-trajectory. Thusms(A[PDUand their individual effects on the relative positions of the bases.
MFms(B/POCare small (around 1.5 A); only around 0.6 A larger  This probably explains why there is not much fluctuation in
thanims(P[POLI In summary, the three MD simulations lead the helical parameters despite the flexibility of the PNA
to slightly different average structures, but all of them are packbones.
sampling the same region of conformational space. Interest- DNA Strand Backbone Conformations. The three MD
ingly, calculation of RMS deviations between structures from simulations provide very similar values for the backbone
the second half of each trajectory and the crystal conformation dihedrals of the DNA strand despite the different starting
[i.e., Bms(X,R)L)X = A, B or P] show (see Figure 3, and Table conformations. All the torsions exhibit uniform flexibility and
1) that the MD-converged structures are not far from the are equally sampled during the trajectory. The overall flexibility
conformation detected in X-ray experiments (RMS deviations of the DNA backbone is clearly smaller than that of the PNA
in all cases 1.7 A), while they are clearly far from the alternative backbones. The agreement with X-ray data is perfect for a, b,
B- and A-type conformations (RMS deviations around 3 A). and g torsions, while the largest variations are found for the d
The convergence of all the simulations to a small region of torsion, which correlates well with changes in ribose puckering
configurational space illustrates the quality of the MD simula- with respect to the crystal structure. Thus, calculation of
tions and suggests that information on the dynamical properties pseudorotation phase angles (Table 4) suggests sampling in the
of PNA-DNA-PNA triplex in solution can be obtained with  Southto Southeaspart of the pseudorotational circle, ranging
some confidence by the analyis of the MD trajectories. from the C2-endo to the O4exo conformations (average phase
Analysis of Helical Parameters. The helical characteristics (27) Rasmussen, H.; SandholmNature Struct. Bial 1997, 4, 98.
of the triplex determined from MD-simulations are displayed  (28) Leijon, M.; Gfalund, A.: Nielsen, P. E.; Buchardt, O.; N6rde.:
in Table 2. The helix sampled during the P-trajectory was Kristensen, S. M.; Eriksson, MBiochemistryl994 33, 9820-9825.
divided for some analyses into two parts owing to the existence 19&9%2&0;"7”7' S. C.; Thomson, S. A.; Veal, J. M.; Davis, D. &ience
of conformational differences between the first and second (30) Eriksson, M.; Nielsen, P. ENature Struct. Biol.1996 3, 410-
halves of the helix. These differences arise from changes in 413.
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Table 2. Helical Parameters of the PNBNA-PNA Triplex Determined from MD Trajectories Compared with X-ray Diffraction Bata
simulation shift slide rise tilt roll twist
A 0.9(0.1) —2.3(0.1) 3.3(0.1) 1.2(0.9) 1.5(1.3) 22.9(0.7)
0.9 -23 3.3 11 14 22.9
B 0.9(0.1) —2.3(0.1) 3.3(0.1) 1.6(1.3) 1.1(0.9) 22.9(0.7)
1.0 -23 3.3 11 15 22.9
P(all) 1.0(0.1) —2.6(0.1) 3.4(0.1) 0.6(0.9) 0.1(1.3) 20.7(0.8)
1.0 -2.6 34 0.6 0.0 20.7
P(1st5) 0.9(0.2) —2.7(0.2) 3.3(0.1) 0.6(1.7) —1.2(2.3) 20.7(1.3)
P(last 5) 1.1(0.2) —2.5(0.2) 3.4(0.1) 0.5(1.5) 1.4(2.0) 21.3(1.4)
crystal 0.95 —2.59 3.37 -0.2 2.6 22.6

a Roman numbers correspond to values averaged and in parentheses the standard fluctuation. Values in italic correspond to the values obtained
for the time averaged structures obtained for each simulation. The helical parameters of the first and last part of the P-type conformation were also
determined. Translation parameters are in A, and rotation parameters are in deg.

Table 3. Torsional Angles Defining the PNANA-PNA Triplex in the Three MD Simulations and in the Crystal Structure
sim/strand

o B 4 0 € g 11 12 13 W
A | ~102(24) 72(11)  82(9) 96(12) —20(24) 0(10) —142(19) 70(14)
I —106(34) 68(13)  76(8) 99(13) —17(21) 2(10) —170(11) 88(12)
1 —68(11)  174(9) 56(10)  107(16) —171(9)  —89(11) —122(18)
B I —102(17) 71(11)  82(10) 96(12) —24(22) 1(10) —143(20) 71(14)
I —-107(21) 67(11)  75(8) 99(13) —20(21) 1(11) —168(11) 89(12)
I —69(12)  175(10) 56(10) 108(17) —171(10) —89(12) —-121(19)
P I —~102(14) 70(10)  80(8) 96(13) —24(13) 2(11) —141(21) 69(14)
I —-102(33) 73(15)  81(9) 101(13) —28(28) 2(11) —169(12% 83(11)
—118(13} 58(12)
I —69(12)  175(10) 56(10)  102(18) —169(10) —85(11) —129(20)
X-ray | —-103 73 70 93 -15 1 —170 89
I —-108 69 69 87 -5 1 —175 102
I —-70 173 61 77 —161 —69 —167

aStrand | is the WatsonCrick PNA, strand Il is the Hoogsteen PNA, and strand Ill is the DNA (for nomenclature of the torsion angles see
Figure 1).° Values for the first half of the helix (from C10 to T14)Values for the last part (from T14 to C18) of the helix. All the values are in

deg.

Table 4. Pseudorotational Phase Angle (in deg) Obtained for the
Three MD-Simulations for Each Nucleotidic Step in the DNA
Strand

NMR and MD simulations and the puckerings determined by
X-ray techniques for the PNM®NA-PNA triplex. It might be
that solvent or packing effects are responsible for this difference.

nucleotide A-trajectory B-trajectory P-trajectory In any case, it is worth noting that the change in ribose puckering
G(5) 105(33) 128(26) 124(37) does not lead to significant modification in the overall backbone
A 128(21) 120(20) 118(20) nor in the relative position of the bases. This suggests that, in
A 95(15) 97(17) 92(13) contrast to what is generally assumed, sugar puckering may not
G 114(22) 120(20) 112(19) be a key parameter in the determination of general helical
A 107(21) 112(26) 104(20) . .
A 102(20) 106(20) 85(19) structure, at least in t_hese cases. Overall, our results are in
G 113(21) 115(19) 105(19) general agreement with the idea that PNA strands are very
A 110(23) 95(16) 96(20) flexible and that in DNAPNA and RNAPNA hybrids the PNA
G(3) 123(22) 127(21) 114(26) strands generally adapt their structure to accommodate the
av 111 113 106 conformational preferences of the DNA or RNA strand.

aThe standard deviation in the average are displayed in parentheses, Hydrogen-Bonding. All the Watson Crick and Hoogsteen

angle around 110 degrees). This finding does not agree wit
the crystal structure for the triplex helix, which with a 2.5 A
resolution favors a C3ndo puckering, as is suggested by NMR
data for RNAPNA duplexe€?® The discrepancy can be related
to a certain tendecy of AMBER force-field to overestimate the
relative stability of the C2endo conformation, but we believe
that it reflects a notable flexibility of the sugars. In support of

H-bonds are preserved during the three simulations, except those
binding Gy to the 3-terminal G (see above). As noted above,
hthe agreement between these results and the available X-ray
data is remarkable. The crystal structure is also characterized
by a second set of hydrogen bonds between the amide hydrogens
of the H-PNA strand and phosphate oxygens of the DNA
strand. This is generally not maintained in our simulations. The
B- and A-trajectories show no backborieackbone hydrogen-
bonds, and the potential H-bond donors/acceptors (which are

this we note that the ribose puckerings found here are in perfectstill close in space) are mainly exposed to the solvent. At the

agreement with the recent NMR-determined PRANA du-
plex3®where phase angles in the range of-880 degrees were
observed, and with the NMR structure of a DNA triplex where
the phase angles again range between very similar véides.
As an additional remark, we should note that the authors o
these NMR studies did not use AMBER force-field for their
structure refinements.

It is difficult to explain the differences between the ribose
puckering in complexes of PNA and DNA determined from

beginning of the P-trajectory the phosphate (DNA)-amido
(Hoogsteen PNA) H-bonds found in the crystal are of course
present, but during the trajectory most of them are broken
leading to a structure in two sections with distinct characteristics
f (see Figure 4). The first half of the triplex exhibits a situation

identical to that of B- and A-type simulations, without any clear
intra- or interstrand H-bonds. The second half of the triple helix
in the P-trajectory shows one interstrand P(DNA)-amide(H

PNA) H-bond (see Figure 5(top)), but the rest have been
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Figure 5. Snapshots taken from the P-trajectory. Top: example of
water-mediated hydrogen bonding between amide NH, phosphate O1P,
and pyrimidine O2 atoms in the minemajor groove. All H-bonding
distances are around 1.9 A. Bottom: example of direct H-bond between
amide NH and phosphate O1P atoms. This is the type of interaction
found in the crystal.

time

replaced by solvent-separated contacts (see Figure 5(bottom)),
as previously found in other triplex simulatidf% or by
intrastrand H-bonds between the O2 of pyrimidine bases and
the (H1) amido group in the HPNA strand. In all cases the
change or loss of backbor&ackbone H-bonds occurs through
local movements which have only minor impact on the global
helical structure but which can lead to a certain increase in the
width of the groove defined by the DNA and-HPNA strands
(see below).

According to all the MD simulations the pattern of H-bond
interactions between HPNA amides and DNA phosphates is
not particularly stable in aqueous solution. The reason lies
clearly in the competition of water molecules for the solvation
of the amido hydrogens and, to an even greater extent, the
phosphate groups (see below). In any case, it is clear that the
pattern of H-bond interactions found in the crystal is not the
only possibility, and what is more relevant, the backbene
backbone H-bonds are not crucial to mantain the overall
structure of the helix, as suggested from X-ray data; it seems
that water-mediated contacts can efficiently stabilize the triplex
in their place. This hypothesis is indirectly supported by the
fact that interstrand H-bonds involving backbones have not been
detected in any other PNA or PNBNA(RNA) hybrid
structure$é—30

Stacking Interactions. Both X-ray experiments and MD
simulations indicate that the PNBNA-PNA triplex exhibits
twist values (26-23 degrees), which are around-8 degrees
smaller than that expected for triplex DNAL2 Interestingly,

_—h R . kR RR kAR h_ K hhhhhh

—kkk kR _ kR

s S A A X X JEGENS b NS L L L L% 2 NS Y ] L JENEES SN S Juenmmees I X 1 1 SRS ) T NN
dek_kkh
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H(zo)_olp(zg) AR AIRRRA ok hhhkhhdkd khkhkhkhhhkhkhhhkhkhk _khkkkkkkhdk

H(19)-01P(28)] ***** *
H(21)-02(20)
H(21)-01P(30)

H(15)-01P(24)f ***—%h_**_
H(16)-02(15)
H(16)-01P(25)] ****-
H(17)-02(16)
H(17)-01P(26)
H(18)-02(17)
H(18)-01P(27)] *****
H(19)-02(18)
H(20)-02(19)

H(15)-02(14)
(ps)
Figure 4. Time evolution of the H-bonding pattern in the miranajor groove over the P-trajectory. Asterisks indicate H-bonding distances less than 2.5 A. Dashes indicate distances between 2

A. Only the unrestrained period of the trajectory is included.
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Table 5. Intrastrand, Interstrand, and Total Stacking Energies for major-major goove (MM)  Me
the Central Portion (First and Last Triplex Steeps Were Removed,
See Text) of the Triple Helix, for Different Base Triplex Me —
Arrangements 0— N—PNA
structure Esacdintra)  Esacdinter)  Eswcltotal) = /o ....... y
A-type DNA triplex -128 -32 —160 | NG /
B-type DNA triplex -135 34 ~169 PNA” N N M °
PNA‘DNA-PNA crystal ~ —107 —48 —155 S P N
PNA-DNA-PNA ((AD —120 —44 —164 g N \ minor-major groove (mM)
PNA-DNA-PNA (BO —134 —-34 —168 i
PNA-DNA-PNA (IPQ —-112 —48 —160 X N
N
2 All the values are in kcal/mol. \DNA

minor groove (m)

comparing the experimental structures of DIDANA and
DNA-PNA duplexe®, a similar difference of twist is found:
twist for DNA-DNA is around 36 degrees, and twist for Table 6. Groove Sizes for the PN®NA-PNA Triplex in the
DNA-PNA is around 28 degrees. It seems then that the presencerhree Trajectorigs

Figure 6. Definition of triplex grooves.

_of PNA strand leads to an ur_]Winding of around_%dggrees trajectory m-groove mM-groove MM-groove
in the structure of the helix with respect to the situation found A 77 67

L S - . . 23.8
for a pure DNA polymer. This is probably due to an intrinsic B- 78 6.6 23.9
lower twist of the PNA strands as noted in the very small twist ~ p- 7.7 5.4 239
(19.8 degrees) found in the high resolution (1.7 A) X-ray first half 6.6
structure of the PNA duplex. The PNA-induced unwinding of last half 4.2

DNA polymers occurs without alteration of the rise, which is avalues in A. For groove definition see text.

always similar to that in pure DNA polymers. It seems then

that PNA is flexible enough as to adapt its structure to the DNA strand) for the mM groove, and CA(W<PNA strand)-CD-

or RNA template, but in all cases it induces significant changes (H—PNA strand) for the MM groove. According to these
in the helical twist of the polymer. It is interesting then to criteria the MM groove is very wide (more than 20 A), while
determine if such alterations are due to (i) intrinsic characteristics the m and mM grooves are narrow (see Table 6). As expected,
of the backbone which to some extent force the twist of the the structures sampled during the P-trajectory have a split
bases or (ii) to the high flexibility of the PNA backbone which character in terms of mM groove size: the first half of the helix
allows the bases to adopt a twist maximizing their stacking show a mM groove width identical to that found in the B- and

interactions. A-trajectory, while in the second half the mM groove is harrower
Table 5 contains the average base pair stacking interactiondue to the existence of intra- and interstrand H-bonds. Very
for the central part (steps—=7) of the PNADNA-PNA triplex interestingly, the change in the width of the mM groove occurs

in the crystal conformation, in each of the average conformations without significant alteration of the dimensions of the other
found during the trajectories as well as in the conformations grooves. The MM groove is wide enough to accommodate big
corresponding to a DNA(t) triplex in the A- and B-models. molecules such as proteins, while the m-groove, and perhaps
Results show that in all the cases stacking interactions arethe mM groove, could potentially interact with small molecules
favorable, due mainly to the stength of dispersion interactions. akin to DNA minor groove binding drugs.
The intramolecular term is the most important in all cases, but ~ Solvation. The triplex PNADNA-PNA structure is well
the balance between intra- and interterms can change dependingolvated, even though the apparent density of water around the
upon the structure. All the stacking energies are very similar, molecule is smaller (around a half) than that found for triplex
since the largest difference accounts for less than 10% of theDNA.*2 This is not surprising, considering the smaller density
total stacking energy. The crystal conformation shows the worst of charge in PNADNA-PNA triplexes. Integration of water
stacking interactions, probably because it is not fully energy- occupancy allowed us to determine preferential hydration sites,
refined. However, the differences are small and probably lie which correspond to regions of large apparent water density.
within the error of the calculation method. What is clear is One of these regions is located inside the minor groove (Figure
that there is no detectable advantage in terms of stacking due8) and corresponds to strands of highly structured water. These
to the PNA-induced twist. This allows us to suggest that the results agree very well with the X-ray data for the
twist of the PNA-containing helices does not maximize the PNA:DNA-PNA triple helix and also with the spine of hydration
stacking between bases and that the lower twist found in PNA- found in DNA duplexes. Detailed inspection of the MD
containing helices is due to the intrinsic conformational proper- simulation data (see Figure 8) suggests that the minor groove
ties of the PNA backbone, as probably the twist found in the is better hydrated in AT regions than in GC regions, but even
DNA and RNA is due to the intrinsic conformational charac- at GC steps the minor groove is preferentially solvated with
teristics of the phospho-ribose backbone. respect to the bulk. This finding does not support the view
Groove Widths. Triplexes define three grooves (see Figure derived from the crystal data on the PNNA-PNA triplex
6), which according to our previous nomenclature for triplex that the string of ordered waters in the minor groove is broken
DNA can be named as minor groove (m-groove), minor-major at GC steps but agrees with high-resolution X-ray data for
groove (mM_groove), and majemajor groove (MM_groove)_ duplex DNA Suggesting that the spine of hydration in the minor
The definition of the grooves is difficult, since the usual rules 9groove is weaker but still exists at GC stéps.

for DNA structures are not valid in DNAPNA hybrids. Another well hydrated region is the mM groove where, for
Inspection of the structures lead us to define the grooves using/A- and B-trajectories, the water density is similar to that found
the following distances: C4(DNA strand)-CD(WC-PNA (31) Edwards, K. J.; Brown, D. G.; Spink, N.; Skelly, J. V.; Neidle, S.

strand) for the minor groove; P(DNA strand)-CD{RNA J. Mol. Biol. 1992 226, 1161.
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Figure 7. Water density contour plots for the average A (white), B (green), and P (yellow) structures. The contour level corresponds to an apparent
water density four times that of pure water.

Figure 8. MIP plots or the average A (white), B (green), and P (yellow) structures. The contour shown correspetddkcial/mol.

in the m groove. In contrast, hydration of the mM groove is interaction with drugs or proteins is to analyze the regions of
not as good in the P-trajectory, especially in the second part of more negative molecular interaction potential (MIP) with
the helix due to the narrowing of the mM groove. Inspection positive charges. The MIP around the PNDNA-PNA helix

of the density plots reveals that water molecules in the mM shows contours as shown in Figure 8, which indicate two regions
groove are more on the surface of the groove than those in theof favorable interaction with a small cation. The first region is

m groove and are H-bonded to the O2 of pyrimidines in the located mainly around the phosphates of the DNA strand and
Hoogsteen PNA strand as well as with the phosphates of theextends slightly into the mM groove. The second region is
DNA strand. These results suggest that in contrast to the somewhat less negative and appears located in the minor groove
situation found in the crystal the mM groove can be well of the triplex. As expected, the MIP values are clearly smaller
hydrated in aqueous solution by highly structured water (around 2-3 kcal/mol in absolute values) than those found for
molecules. Such solvation leads to the breaking of the inter- triplex or duplex DNA. On this basis one would expect less
strand P(DNA)-NH(H-PNA) H-bonds, since the water mol-  ability for the PNADNA-PNA triplex to interact with cations
ecules trapped inside this narrow groove seem to bridge thethan for parent DNA triplexes, and a smaller dependence of its
phosphate and amino groups. Finally, small regions of high structure on ionic strength, in agreement with experimental®data.
water density are located in the MM groove in the GCC steps .

near the amino groups of PNA cytosines. These regions mustConclusions

result from the presence of the protonated Hoogsteen cytosines, The obvious aim of molecular modeling studies is to provide
which should generate a strong local positive potential in these information not readily accessible through experimental tech-
regions. The remainder of the MM groove is not preferentially niques. Before any faith can be put in such information, it is
hydrated, but the water density is similar to that of the bulk necessary to demonstrate that the theoretical studies are capable

solvent. of reproducing results which have been experimentally deter-
Potential Interactions with Small Molecules and Proteins. mined. Here we have shown that an approach based on
Due to the size of the grooves in the PNDNA-PNA triplex extended molecular dynamics simulations gives information on

this molecule should be able to interact with groove binders the structural features of the PNBNA-PNA triplex which
such as drugs or proteins, though such interactions have notagree very closely with what has been ascertained through
been yet described. A simple way to detect regions of potential experiment. Venturing beyond what has been experimentally



5904 J. Am. Chem. Soc., Vol. 120, No. 24, 1998 Shields et al.

determined, we conclude first that the particular interstrand triplex and relates to our first conclusion. The loss of inter-
hydrogen bonding pattern observed in the crystal structure of backbone H-bonding results in a pattern of hydration of the mM
the triplex may not be present in aqueous solution but that the groove quite different from that observed in the crystal structure,
loss of this interaction is not likely to have any detrimental effect and the MIP analysis suggests that this groove might now
on the stability of the triplex or result in any gross changes in represent a very reasonable target for recognition by molecules
structure. Our second main conclusion concerns the role of thestructurally related to the well-known DNA minor groove
PNA backbone in the structure of its complexes with DNA and binders, despite its lower electronegativity compared with the
RNA. We conclude that while the PNA backbone is much more mM groove of pure DNA structures.

conformationally flexible than that of DNA or RNA, it is not
“neutral”. The observed decrease in helical twist ePadegrees
that appears to accompany the replacement of a DNA or RNA
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