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Abstract: The structure of a new form of duplex DNA,

the antiparallel Hoogsteen duplex, is studied in

polyd(AT) sequences by means of state-of-the-art molecular dynamics simulations in aqueous solution.
The structure, which was found to be stable in all of the simulations, has many similarities with the standard
Watson—Crick duplex in terms of general structure, flexibility, and molecular recognition patterns. Accurate
MM-PB/SA (and MM-GB/SA) analysis shows that the new structure has an effective energy similar to that
of the B-type duplex, while it is slightly disfavored by intramolecular entropic considerations. Overall, MD
simulations strongly suggest that the antiparallel Hoogsteen duplex is an accessible structure for a poly-
d(AT) sequence, which might compete under proper experimental conditions with normal B-DNA. MD
simulations also suggest that chimeras containing Watson—Crick duplex and Hoogsteen antiparallel helices
might coexist in a common structure, but with the differential characteristics of both type of structures

preserved.

Introduction

Under physiological conditions, DNA is mostly found as a
right-handed double helix that shows a conformation, named
B-DNA, not far from that suggested by Watson and Crick.
However, 50 years after the discovery of the double helix, it is
clear that DNA is very polymorphic and that its equilibrium

conformation can change depending on sequence and environ-

ment?—* Repetitive sequences are especially rich in terms of

sequences containing poly(C) or poly(CT) tracks, which can
generate the i form of DNA&? and sequences rich in polyd(A)

tracks, which can vyield parallel duplexes showing reverse
Watson-Crick pairings, parallel duplexes with Hoogsteen

pairings!®or parallel duplexes involving d() ™ dimers? The
poly(AT) sequences are probably those exhibiting the widest
range of accessible structurés?! Thus, crystal structures of
d(AT), show a distorted B-type conformatiéh!2Other crystal

accessible helical structures (for reviews, see refs 2, 4, and 7). (7) Robles, J.; Grandas, A.; Pedroso, E.; Luque, F. J.; Eritja, R.; Orozco, M.

For example, poly(GC), poly(G), and poly(GA) sequences are
known to form easily left-handed Z-DNAfour-stranded helical
structure$,and triple heliceg,respectively. Other examples are
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Figure 1. Schematic representation of the possible recognition patterns
between neutral adenine and thymine.

In conjunction with the biological role of d(AT)regions?7:30
these findings strongly suggest an important role for Hoogsteen
pairings in the modulation of gene expresst®A’In summary,
recent theoretical and experimental information points out that
the apparently exotic Hoogsteen interaction might be common
and have a large biological significance.

In this paper, we present a wide and systematic molecular
dynamics (MD) study of the poly(AT) duplex in aqueous
solution at low ionic strength. Both the normal Watsa@rick
(B form) and the antiparallel Hoogsteen (apH) structtirase
studied using large MD trajectories for 4-, 6-, 8-, 10-, 12-, 14-,
and 16-mer duplexes (more than 40 ns of trajectories are
presented here). The structure, dynamics, and recognition
properties of the apH helix in water are determined and
compared to those of the standard B-DNA duplexes. The relative
stability of apH and B-type duplexes is discussed using
information derived from the MD simulations. Finally, trajec-
tories of chimeras containing fragments of apH and B-DNAs
are generated to analyze the impact of Hoogsteen pairings in
the structure of a long canonical piece of DNA. The results

structures even show a larger distortion, suggesting the existenceobtained here complement previous X-ray data by Abrescia et

of a very special type of B DNA named TA-DNR Early fiber
diffraction data on polyd(AT) sequences suggested left-handed
models! but this has not been confirmed by higher resolution

al'” and provide a complete picture of a new and intriguing
structure of the DNA duplex.

techniques. On the other hand, polyd(AT) fibers generated underMethods

low hydration conditions shw a D form of DNA while at

low temperature the C form is obtain&d.Very recently,
Subirana and co-workérshave reported the high-resolution
structure of the d(ATATAT) duplex, which corresponds to a
new structural motif of DNA consisting of an antiparallel right-
handed double helix with adenosines in the syn conformation
and unexpected Hoogsteen d{A pairings. To our knowledge,
the existence of this form in agueous solution has not been
confirmed by NMR experiments.

The possibility of different H-bond patterns for theTApair
(see Figure 1) has been known since the 19$80%ccurate
theoretical calculatiodshowed that in fact the WatseiCrick
pairing is not the best recognition mode for theTApair and
that all of the four recognition patterns shown in Figure 1 are

accessible, at least in the gas phase. Molecular dynamics.

simulations have also shown that stable helices can be built for
both duplexe¥2and triplexe$* using Hoogsteen A pairings.
Experimentally, the Hoogsteen recognition mode is found in
different structures of DNA and RN, including the parallel
triplexes!-26where it stabilizes both d(AT-T) and d(G-C-C)
triads. Very interestingly, Hoogsteen pairs are common in
complexes between duplex DNA and drugs or protéfig,2°
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To analyze with good statistical accur&®he structure and stability
of apH and B duplexes for poly(AT) sequences, we built starting
structures for complementary duplexes d(Adjor n = 4, 6, 8, 10,
12, 14, and 16 using standard Arnott's parameters for B-EiNdad
the crystal structure data for the apH-DNAThe 14 different structures
were neutralized by adding a suitable number of Nans (10a) and
immersing them in rectangular boxes containing between 1000 and 3500
water molecules. All of the systems were optimized, thermalized (298
K), and equilibrated using our standard multistage protét8lThe
equilibrated structures were then subjected to 2 ns (4-, 6-, 8-, 14-, and
16-mer) and 5 ns (10- and 12-mer) of MD simulation at constant
temperature (298 K) and pressure (1 atm) with standard relaxation times
of 0.2 ps. Periodic boundary conditions were used to simulate a diluted
environment, and the Particle Mesh Ewald method was used to account
for long-range electrostatic effecsEwald tolerance of 5« 10°¢ was
used in conjunction with a grid spacing @ A and a four-order
interpolation scheme. SHAKEwas used to constrain all of the bonds
at their equilibrium positions, which allowed us toeus 2 fstime step
for integration of Newton equations. AMBER-%&nd TIP3F¢ force-
fields were used to describe DNA and water. All of the MD simulations
were performed using the AMBERG6.0 suite of prograis.
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The MD simulations of apH and B duplexes were analyzed to between principal components, two identical trajectories will yield a
evaluate their relative stability. For this purpose, the free energy of similarity indexy of 1, while due to the limited number of eigenvectors

every structure was computed as shown in é§NID averages [(I) considered two unrelated trajectories will havequal to 0.
for each contribution in eq 1 were obtained after dropping the first
nanosecond of every trajecto.. was computed using the standard 1.2 A B2
. . . . = - . . . 2)
AMBER-98 force-field3® The solvation contributionGs,) was deter- VB n Z i Y ) (
& &

mined using two different approaches (for a discussion of the two
techniques, see ref 39): (i) finite difference Poiss@oltzmann (PB)

where A and B stand for two different trajectories of equal length (for
calculations as implemented in the MEAD progférfor initial and J . gth (

. ) ; ; ) the same or different structures)stands for a unit eigenvector, and
final grid spacings of 1 and 0.4 A, and (i) the Generalized-Born (GB) is taken as 10, a number of modes which accounts for around 80% of

L . . .
method" as implemented in AMBERG.0. A dielectric constant of 80 the variance for the 10- and 12-mer oligonucleotides considered here.

was used to represent water, while dielectric constants of 1 or 2 were To reduce errors, only backbone atoms (up t6)@re considered in
used to represent the solute. Finally, the contribution to the free eNergy comparison betvx;een B and apH helices

of the system due to the intramolecular DNA entropy was determined
by using Schliter's methdéas described by Harris et &We should
note that test calculations using the Andricioae and Karplus mé&thod
did not lead to any significant difference with respect to Schliter-type the A and B trajectories;sT andyes! (see eq 3). Self-similarities are

calcula_tions and were then not included. To a_tvoid artifacts in the easily obtained by comparing the first and last halves of the same
averaging pf the different terms, the end-base pairs were removed fromtrajectory. Bothy andx are 1 for two identical trajectories and 0 when
the analysis. they are orthogonal. As noted in ref 47, this index runs also from 1
(identical) to O (unrelated) and has the advantage of being less
G~ [Ejppt [y TAS 12 = Eetred ™ TShta (1) simulation-sensitive than the absolute similarity index (

A relative similarity index k), which accounts for the uncertainties
intrinsic to any time-limited MD trajectory, can be obtained by
normalizing the absolute indexg by the self-similarities obtained in

Calculations noted in eq 1 were performed for the different apH Kpnp = ZL (3)
and B-type structures. Taking advantage of the linear relationship (yAAT—i- yBBT)

between the length of the oligonucleotide and the free energy (see ref

10a and below), we can then derive estimates of the relative stability = Geometrical analysis was performed by using the PTRAJ module

of apH and B structures with very good statistical accuracy (see Resultsof the AMBERG6.0 program, as well as by using in-house programs.

and Discussion). Helical analysis was carried out using Olson’s X3DNA progtaamd

A description of the interaction properties of apH (and B) structures Curves5.3? Base pairs at the ends of the duplex were removed in all
was obtained from cMIP calculations for arf @robe molecul@*3245 of the cases. All calculations were performed at the Centre de
Solvation around the structures was represented by integrating the wateSupercomputacide Catalunya (CESCA) and in workstations in our
population along the trajectory as explained elsewfe#elhe analysis laboratories.
of molecular flexibility was performed using the principal component _ )
analysis (PCA) method as described by Sherer €f &rincipal Results and Discussion

components were obtained by diagonalization of the covariance matrix . . . .
obtained after recentering all of the collected snapshots. The result of _ Stability of Trajectories of polyd(AT), in B and apH
this procedure is a set of eigenvalues and the corresponding eigenvecForms. All of the trajectories of B and apH structures show
tors. Eigenvalues can be manipulated to obtain vibrational frequencies Stable helical conformations (see Figure 2), as noted in the small
and provide useful information on the magnitude of the flexibility of root-mean square deviations (rmsd) with respect to the MD-
DNA along their essential movements. The eigenvectors projected into averaged structures (see Table 1). In general, lower rmsd values
the Cartesian space illustrate the nature of the essential movements ofre found for the apH duplexes than for the B-like ones,
the DNA molecule. As shown previousfy,we can compare the  syggesting that the former sample a narrower region of the
similarity between two unitary eigenvectors using the dot product, configurational space, probably due to a greater rigidity of the
obtaining then a quantitative measure of the similarity between two pH structure (see below). Comparison of 2 and 5 ns trajectories
essential movements. The strategy can be expanded (see eq 2 and re . . . .
47) to quantitatively compute the similarity between a reduced set of emonstrates that the trajectories converge V.V.e" in the 2 ns time
eigenvectors, which are known to explain more than a certain amount scale and that appareptly no relevant transitions are expected
of variance in the trajectord/. Note that due to the orthogonality ~ 1O longer simulation times. The all-atom rmsd values of the
apH trajectories with respect to the crystal structure (PDB entry
(38) Kollman, P. A.; Massova, |.; Reyes, C.; Kuhn, B.; Huo, S.; Chong, L.; 1gqut’) are small (2 A'in all of the cases), showing that MD
Lee, M.; Lee, T.; Duan, Y.; Wang, W.; Donini, O.; Cieplak, P.; Srinivasan, ~ simulations in aqueous solution sample regions of the configu-
(39) g'rfzaci?'M'?;L%‘;ithé_f"bﬁéfn‘?‘;g hz%rgd ?83%’38??' 889. rational space very close to the crystal structure. This agreement

(40) (a) Bashford, D.; Gerwert, Ki. Mol. Biol. 1992 224, 473. (b) Bashford, supports the suitability of the MD simulation for the study of
D. In Scientific Computing in Object-Oriented Parallel #ronments .
Reynders, J. V. M., Tholburn, M., Eds.; Springer: Berlin, 1997; pp233  the apH duplex, and the ability of X-ray data to represent a

240. reasonable conformation of the polyd(ATduplex in dilute
(41) still, W. C.; Tempcyck, A.; Hawley, R. C.; Hendrickson.Jl.Am. Chem. . poly (A' d P
Soc.199Q 112, 6127. solution.
(42) Schliter, JChem. Phys. Lettl993 215, 617. _li i i
(43) Harris, S.; Gavathiotis, E.; Searle, M. S.; Orozco, M.; Laughton, Q. A. The B-like tra]eCto”e.S are closer to the B than. to the A form'
Am. Chem. So@001, 123 12658. but the rmsd values with respect to the canonical B form are
(44) Andricioaei, I.; Karplus, MJ. Chem. Phys2001, 115, 6289. i H i _
(45) Gelpy J. L.; Kalko, S.; de la Cruz, X.; Barril, X.; Cirera, J.; Luque, F. J.; larger than those typlcally found for simulations of B-DNA.
Orozco, M.Proteins2001, 45, 428. For example, for the duplex d(CGCGAATTCGCG), the rmsd
(46) Sherer, E.; Harris, S. A.; Soliva, R.; Orozco, M.; Laughton, CJAAm. ; ; ;
Chem. S041999 121 598L. with respect to the canonical B form found in 120 ns
(47) (a) Rueda, M.; Kalko, S. G.; Luque, F. J.; Orozco, MAm. Chem. Soc.
2003 125, 8007. (b) Orozco, M.; Noy, A.; Rez, A.; Luque, F. JChem. (48) Lu, X,-J.; Olson, W. K. X3DNA Program, Rutgers University, 2001.
Soc. Re. 2003 32. (49) Lavery, R.; Sklenar, J. Biomol. Struct. Dyn198§ 6, 63.
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Figure 2. Representation of the MD-averaged structure of the d¢AT9r n = 10 in the B (left) and antiparallel Hoogsteen conformations (right). See text
for details.

Table 1. All-Atom Root-Mean-Square Deviations (rmsd; A) of Table 2. Occurrence (in % with Respect to the Maximum Number
B-DNA and apH-DNA Trajectories with Respect to Different of Hydrogen-Bond Interactions) of Canonical Watson—Crick (WC)
Reference Structures (Standard Deviations (SD) in the Averages and Hoogsteen (H) Hydrogen Bonds for the Different Trajectories
Are Also Displayed)
structure WC H-bonds structure H H-bonds
B-DNA B4 96.6 apH4 73.8
structure average® B-DNA® A-DNA B6 70.4 apH6 97.3
B4 1.0£0.2 1.4+0.2 1.9+0.2 B8 88.6 apH8 or2
B10 94.4 apH10 91.9
B6 1.1+ 0.2 2.1+ 0.3 2.3+0.2
B12 91.8 apH12 94.8
B8 1.44+0.3 2.5+ 0.5 3.4+ 0.6
B14 92.7 apH14 96.5
B1(? 1.5+ 0.2 2.9+ 0.5 3.7£0.5 B16 933 abH16 971
B122 1.74+0.4 3.3+ 0.7 4.4+0.7 : P :
B14 1.7+ 0.3 3.4+ 0.6 5.0+ 0.6
B16 2.1+ 0.6 3.9+ 0.9 5.0+ 0.8
aDH-DNA as reference), that is, aradiri A lower than the rmsd found
P - - here for oligonucleotides of the same length. As previously noted
structure average crystal structure by experimentalists (see Introduction), this deviation suggests
apH4 1.5+ 0.6 1.5+02 that polyd(AT), duplexes do not adopt a pure-canonical B
apH6 1.0+£0.2 1.0+ 0.2 truct . uti H for th ke of clarit il
apH8 0.8+ 0.2 11+ 02 5 ruc? ure in SO.U ion. However, for the sake of clari y We. Wi
apH1@ 1.3+0.3 1.9+ 05 continue denoting as “B form” those structures obtained in the
apH12 13+03 15+03 B trajectories of polyd(AT,) duplexes.
apH14 1.5-04 1.5+ 0.3 -
apH16 1.3+ 0.3 16403 The hydrogen-bond (H-bond) patterns defining the Watson

Crick and Hoogsteen pairings are well preserved for B and apH
b:‘5n3 traj_ect%:]iesly “;elfest‘lafe Onfh{ 2_nStloh@%D-fi\{EFagedtStrUCt(ufeS trajectories (see Table 2). However, the total percentage of

obtainea using the las or 4 ns of trajector rnott’s structures (see _ . . . . .

ref 31).9 Structures built by joining two 5-mer structures in PDB entry H-bonds in the apH trajectongs 1S WP'Ca"y larger than that fOHnd

1gpu followed by restricted minimization. for the B trajectories. Very interestingly, the general stability

trajectorle_s in watet? using the sa_me force-field and S|ml_JIatlon (50) Rueda, M.; Cubero, E.; Laughton, C. A.; Luque, F. J.; Orozco, M., to be
protocol, is around 2.3 A (1.9 A if the crystal structure is used published.

14606 J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003
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Figure 3. Evolution of key H-bond distances (in A) in B (10-mer) and apH (12-mer) trajectories. The existence of partial breathing movements is seen in
a temporary loss of canonical Watse@rick or Hoogsteen hydrogen bonds, and the simultaneous gain of one additional noncanonical hydrogen bond. The
color code is as follows. Top: black, H6¢A-O4(T14); red, N1(A)—H3(T14); green, H2(A)—02(T14); and blue, H6(A)—0O2(T14). Bottom: black, O4-
(Te)—HB6(A19); red, H3(Ts)—N7(A19); green, O2(F)—HB8(A1g); and blue, O2(§)—H6(A1).

Table 3. Key Helical Parameters for the MD-Averaged B and apH

of Watson-Crick and Hoogsteen H-bonds does not preclude jgjices (for 10- and 12-mer Oligonucleotides)?

the existence of reversible, partial breathing movements, like

. . . 1 B10 B12 H10 H12 B-DNA X-
those shown in Figure 3. These movements occur in the CTraZel: 04 103 w -5 P 53 109 rzycz
nanosecond time scale and do not lead to a complete opening .~ 45 6. 32 34 —50 99

of the bases, which always retain at least one nonstandard pejical twist ~ 33.2 323 32.0 320 360 353

H-bond (see Figure 3). They are, in general, related to helical rise 3.1 31 3.3 3.2 3.4 3.3
movements of thymine toward the major groove and are more phasl_‘i § 1562-50 13258§‘ 14123-39 1420191 13%1%7 ég%l
. . : amplitude . . . . . .
common in the B trajectories. _ _ m-groové 129 130 106 104 117 941
Description of the apH Structure, Interaction Properties, M-groove! 187 188 219 216 169 ~20

and Dynamics.The_anaIysis_of the 5 ns trajectories of d(AT) 2The helical parameters of a standard B-DNA and of the structure
and d(,AT)5 apH helices p.rowd.es a complete S,trUCtural picture enerated from crystal data in ref 17 are also displayed. Distances are in
of medium-sized apH helices in agueous solution, complement- %\ and angles are in de§ Minimum C1—C1' distance ¢ Crystal structure

ing the X-ray information derived by Abrescia et'alThe from 1gpu (see texty Determined from the shortest#® distances across
general shape of the apH helix is similar to that of a normal ¢ 9"°°ve:

B-type duplex (see Figure 2), a quite surprising finding
considering the dramatic differences in terms of nucleotide
conformation and H-bond recognition pattern between the two
helices. The periodicity of the apH helix is similar to that of
B-DNA (see Table 3 and ref 51), the rise is only slightly larger

(around 0.1 A), the inclination is small and very similar to that .
found in B-trajectories, and the average phase angles sugges?veragex values for apH z_deoxyadenosmes are a_round’_50
’ in contrast to standard anti values of arountil(®). Finally, it

south and east-south puckerings, as is usual in crystal structure?s worth noting the similarity between the X-rav structure of
of B-DNA.52 The minor groove in apH trajectories is around 2 9 Y y

. . . . . .~ the apH helix and that found in MD simulations in solution
A narrower than that found in B-like trajectories, while the major . . .
(see Tables 1 and 3). In fact, the only noticeable discrepancy is

(51) The existence of syn adenines makes the helical analysis of apH helicesfound for the twist, which is 3smaller in MD simulations,

very difficult, even when the very flexible X3DNA program is used. The  reproducing a well-known tendency of the AMBER force-field
only parameters that can be safely derived from helical analysis are those
displayed in Table 3. (see Table 3 and refs 47b and 53).

(52) Drew, H. R.; Wing, R. M.; Tanako, T.; Broka, C.; Tanaka, S.; Itakura, K.;
Dickerson, R.Proc. Natl. Acad. Sci. U.S.A981, 78, 2179. (53) Cheatham, T. E.; Young, M. Aiopolymers2001, 56, 232.

groove of the apH structures is arali8 A wider (see also
Figure 2). There are differences between the two types of
structures in the shortest GAC1' distances (arouh2 A shorter

for apH helices) and in thg angles, which arise from the
existence of theyn2'-deoxyadenosines in the apH helices (the
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Figure 4. Molecular interaction potential contours% kcal/mol; top) and solvation maps (2.5 g/mL; bottom) for the B (right) and apH (left) helices. The
data for the 10-mer oligonucleotides are shown in all cases (similar profiles are obtained for the other sequences).

Despite the similar shape of B and apH helices in solution, water are located in the major groove, and most of the regions
it remains to be determined whether they exhibit similar of large water concentration>@.5 g/cn¥) are in the minor
interaction profiles. MIP maps (Figure 4) show that, as found groove, tracing clearly Dickerson’s spine of hydrati8ror
for the B-DNA, the minor groove is the region with a stronger the apH structure, the spine of hydration along the minor groove
ability to interact with small cationic probes (smaller favorable is also clearly defined, with waters located in the vicinities of
regions are found in the major groove) in the apH structure. O2 (thymines). Interestingly, a secondary spine of hydration
The shapes of MIP (isocontours 66 kcal/mol) maps in apH  (see details in Figure 5) is obtained along the major groove,
and B helices are quite similar (see Figure 4). However, while with regions of intense hydration around N6 and N1 of adenines
the MIP isocontours are continuous for the B helix, they are and O4 of thymines. A very dense hydration region is always
not for the apH structures. This indicates that the minor groove located around N3 of adenines, bridging this atom to the
in apH helices is slightly less charged than that of B helices phosphate group. The preferred regions of hydration found in
(i.e., slightly less polar). However, the differences found in the MD simulation perfectly agree with highly ordered crystal
MIP maps are less relevant than those expected a priori fromwaters located by Abrescia et dl.in the major groove.
the dramatic changes in the distribution of polar groups at the Interestingly, the minor groove which is occupied by nucleo-
bottom of the grooves in B and apH helices (see Figure 1). bases in the crystal structdfés occupied by water in solution

Both B and apH helices are very well solvated in our (see Figure 4). All of these regions of large hydration correspond
simulations. On average (for all of the sequences and excludingalso to regions where waters with long residence times (up to
the terminal base pairs), there are 267 (B) and 27+ 12 200 ps) are located (see Figure 5).

(apH) water molecules per step in direct contact (distance less PCA provides a general view of the essential motions of the
than 3.5 A) to any heteroatom of DNA, indicating a very similar duplex in B and apH conformations. The first frequencies are
hydration. For the B trajectories (Figure 4), small amounts of very low (around 16-20 cnT!) and correspond to bending and
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Spine of
N hydration
1 (minor groove)
Figure 5. Details of regions of specific hydration in the apH helix (2.5
g/mL contours) along the major groove. Data correspond to the 10-mer

Table 5. Effective Energy ([Eefeclin Bold), and Their Intra-
molecular and Solvation Contributions ([GsoJin Roman/[EinyalJin
Italics) Computed for the Different Oligonucleotides in B and apH
Conformations?@

length B apH
2 —637.5+ 0.4 —635.4+ 0.4
—544.0+ 0.4/-93.5+ 0.2 —559.94+ 0.4/~75.6+ 0.2
4 —1363.0+ 0.7 —1364.9+ 0.6
—1461.3+ 0.608.2+ 0.3 —1484.3+ 0.5/119.4+ 0.2
6 —2093.3+ 1.6 —2095.2+ 1.1
—2647.0+ 1.5553.7+ 0.5 —2682.3+ 1.0587.1+ 0.4
8 —2819.7+£ 1.9 —2821.9+19
—4075.7+ 1.8/1256.1+ 0.6 —4083.8+ 1.9/1261.9+ 0.6
10 —3548.9+ 3.0 —3548.9+ 2.6
—5681.4+ 2.92132.5+ 1.0 —5681.5+ 2.42132.6+ 0.8
12 —4269.9+ 3.3 —4276.5+ 3.4
—7453.7+ 3.2/3183.8+ 1.0 —7387.8+4.13111.3+ 1.3
14 —4999.7+ 4.7 —5001.5+ 3.6

—9350.3+ 4.4/4350.6+ 1.4  —9297.14+ 3.4/4295.6+ 1.1

aValues determined using PB/SA estimates of solvation free energy for
internal and external dielectric constants of 1 and 80. Values and their
standard errors (in parentheses) are in kcal/mol.

Relative Stability of B and apH Helices. The preceding
discussion points out that the crystal structure found by Abrescia
et all”is not a lattice-artifact, but an intrinsically stable structure
of polyd(AT), in aqueous solution. However, to determine the
possible biological role of apH helices, it is necessary to

structure. Water molecules with a long residence time are located in the determine the relative stability of the apH helix versus the

areas. Residence times for waters bound @@l Q are very large (150
200 ps), waters bound tozghow also large residence times (around-50
100 ps), waters around;Nshow residence times of 3®0 ps, and those
around N have residence times around 20 ps.

Table 4. Similarity Indexes y Obtained Using Eq 1 and the 10
First Principal Components for the 10- and 12-mer Duplexes in B
and apH Structures?

B apH
10-mer
B 0.7 0.5
apH 0.8
12-mer
B 0.7 0.6
apH 0.7

a Similarity indexesyg/apn Were computed using the last 4 ns of both
trajectories. Self-similarity indexeges and yapHaps Were determined
comparing the first (I— 3 ns) and second (3> 5 ns) halves of the
trajectories.

untwisting movements for the two structures. In all cases, only

very small differences are found between the frequencies of the

first essential motions of B and apH structures. For example
the first three frequencies of the 10-mer sequence are (if)cm
15, 22, and 24 for the B helix, and 13, 16, and 27 for the apH
structure. A quantitative comparison between the essential
motions of B and apH helices by the absolute and relative
similarity indexesygapn and ke/apH (€qs 2 and 3; Table 4)
indicates a close similarity in the dynamics of the two helices.

In summary, MD simulations point out that many of the
structural, reactive, and dynamic properties of the apH helix
are similar to those of the B helix, suggesting that proteins which
evolved to recognize the general shape of B DNA could also
recognize apH DNA. The subtle differences at the bottom of
grooves might then alter the specificity of the interactions,
opening a wide range of possible biological roles for the apH
helix.

standard B-like conformation. For this purpose, we computed
the free energy associated with each conformation using eq 1
(see Methods). It is worth noting that with-5% ns trajectories

the average effective energ¥esed = [Eintra -+ [Gsol ) can be
estimated more accurately than the entropic term, which should
need longer trajectories to converd&Thus, we have performed
two separate analyses: one quantitativellke/Jand another
qualitative for ASnya.

The effective energies for the B and apH helices are shown
in Table 5 (PB/SA values were used here to compute the
solvation free energy; similar results were obtained with the
GBJ/SA method; see below). The similarity in tf.ged Values
determined for the two conformations is evident. Thus, for the
10- and 12-mer oligonucleotides (those for which the longest
trajectories are available), tH&ew.dIvalues differ by only O
and 3 kcal/mol, that is, less than 0.06% of the total energy value,
and lie within the estimated error of the averages (see Table 5).

A more quantitative estimate of the relative effective energy
for B and apH helices can be obtain®dtaking advantage of
the linear dependence betweds.dand the lengthr() of the
oligonucleotide 2 = 1.0000 for the regression liM&eftec{ 1=
a x (n— 2) + bin all cases). Typical errors (see Figure 6) in
the slope & helix-growth stabilization factor) and intercept
(b: nucleation energy) are only around 825 and 2-4 kcal/
mol, respectively. The regression equations (see Figure 6)
suggest that there is not a significant preference for either B or
apH conformations in aqueous solution in terms$lEd . (the
same trends were found when solvation was determined using
the GB/SA model, and when PB/SA calculations were repeated
considering the internal dielectric constant equal to 2; data not
shown). This supports the equivalence in effective energy
between B and apH structures and suggests that the population
of the two helices in solution might depend on the existence of
cofactors, specific hydration waters, and entropic considerations.
Due to the similar degree of hydration in the first hydration
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Figure 6. Representation of the variation of the effective endigy.d = (n-2) residues

Einra H [GsolJas a function of the length of the oligonucleotide for B and

apH conformations. Top: Solvation computed using the GB/SA method.

Bottom: Solvation computed using the PB/SA approach. In both cases, . : c :

oo - ) : > (top: [Gsol) and intramolecular energy (bottoriEws0) as a function of

antzlr/lr%rmand exterior dielectric constants are 1 and 80. All values are in the length of the oligonucleotides for B and apH conformations (all values

: are in kcal/mol). Solvation values displayed here correspond to the PB/SA

calculations with dielectric constants of 1 (interior) and 80 (exterior).
Identical profiles where obtained using other solvation models (see text

shell (see above), no large differences in stability are expectedand Table 5). Parabolic fits correspond to the equatios: a2 + ax + b.

to arise from interaction with specific water molecules. The

impact of entropic effects and cofactors will be discussed below. . . ) ] )
To gain further insight into the similar effective energies of averageg torsions found in our B and apH simulations. This

B and apH structures, we examined their intramolecular and Small energy penalty and others related to unfavorable backbone
solvation contributions (see eq 1 and Table 5). As found in Packbone interactions in the apH helix are compensated by the
previous worki%there is a second-order polynomial relationship Petter stacking and H-bond interactions in HoogsteefT vairs.
between the size of the duplex and its solvation and intramo- ThuS, AMBER calculations in the gas phase using the MD-
lecular energy components. The linear relationship found for @veraged structures of the Watsddrick and Hoogsteen pairs
Eefiec then stems from the cancellation of the second-order SNOW interaction energies 6f12.7 (WC) and-13.2 (H) keal/
coefficients for the solvation and intramolecular terms (see MOl thatiis, the Hoogsteen H-bond pattern is around 0.6 kcal/

Figure 7). In general, for medium to long oligonucleotides, the MOl more stable than the Watse@rick schemé® Linear

B form is slightly favored by solvation and slightly disfavored egression lines (see Figure 8) between the H-bonding energy
by intramolecular interactions with respect to the apH confor- &nd the length of the oligonucleotides suggest that, in the DNA

mation. However, the differences are small (see Table 5 and€nvironment, the Hoogsteen scheme is around 1.3 kcal/(mol
Figure 7), and we can conclude that not only the B and apH Step) more stable than the Watserick pattern. Similarly

structures are similar in terms of the effective energies, but also (Figure 8), the stacking energy of the Hoogsteen pair is on
in their solvation and intramolecular contributions. average around 1.9 kcal/(mol step) more stable than that of the

The similar solvation free energy of apH and B helices is Watson-Crick pair in the DNA environment. _
not surprising considering the solvation maps (Figures 4 and N summary, the MM/PB-SA (and MM/GB-SA) analysis,

5) and the number of water molecules in the first hydration despite its shortcomings, strongly suggests similar stability for

shell (see above). However, the similar intramolecular energy the B and apH structures in aqueous solution in terms of
is surprising considering that apH duplexes imply the existence Intramolecular energy and solvation free energy. The relative
of synadenosines, which are expected to be less stable thanPOPUlation of the two helices might then be determined by
the anti conformation. However, NMR data in DMSO and €ntropic considerations. The structural and dynamical analysis
watef* show that the free energy difference between syn and described above points out that the B form is.more flexible than
anti conformations is small (0-40.6 kcal/mol for adenosine).  the apH form, the former being then entropically favored. To
A similar value (0.7 kcal/mol) is also found by restricted obtain more detailed information, entropic calculations were

AMBER-99 optimizations of syn and anti adenosines at the MD- (55) These values agree very well with our own B3LYP/6-31G(d) estimates

(—12.1 and—12.6 kcal/mol, respectively), and with MP2/6-31G*(0.25)
(54) Stolarski, R.; Pohorille, A.; Dudycz, L.; Shugar, Biochim. Biophys. Acta estimates by Sponer and Hobza1(l.8 (WC) and—12.7 kcal/mol,
198Q 610 1. respectively, from ref 23).

Figure 7. Representation of the variation of the solvation free energy
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Figure 9. Representation of the variation of the entropy (in kcal/(mol K))
as a function of the length of the oligonucleotides for B and apH
conformations (all values are in kcal/mol). All values were obtained from
1 ns samplings (see text).

by 0.11 and 0.14 kcal/(mol K) with respect to the apH helix.
Similar values are obtained when entropies are calculated using
the 5 ns trajectories and extrapolated to infinite simulation time
using Harris’s method® 0.15 (10-mer) and 0.21 (12-mer) kcal/
(mol K). These values suggest thatTat= 298 K the entropic
effect will be around 45 (10-mer) or 63 (12-mer) kcal/mol, a
sizable difference considering the small differences in effective
energies, which would lead to a predominance of the B form
in aqueous solution. We can expect that when the flexibility of
the DNA is restricted by the presence of drugs, proteins, or
lattice constraints, the intrinsic flexibility of the DNA is
drastically altered, modifying then the entropy balance between
B and apH helices. In the latter cases, the apH helix could
become competitive with the B structure, explaining the
existence of apH structures in the crytaind the presence of
apH recognition modes in complexes of DNA with either
intercalators or proteins (see Introduction).

Chimeras of B and apH Helices.In long DNA fragments,
the apH structure may occur in short fragments surrounded by
the B-structure, and often the fragments will contain both d(AT)
and d(AA) steps. Accordingly, whether an apH track can be
inserted inb a B canonical structure without inducing large
distortions, and whether it can exist in polyd(A) sequences, are
key issues in guessing the biological importance of apH helices.
Test calculations of poly(dAy (data not shown, but available
upon request) show that the apH helix can also be stable: the
average effective energy (eq 1) found in 2 ns trajectories of the
apH helix (—2663 kcal/mol) was almost identical to that found
for a WC duplex of the same sequenee2662 kcal/mol; ref
10a) and was slightly more negative than that found for parallel
stranded duplexes with reverse Wats@rick (—2642 kcal/
mol; ref 10a) and Hoogsteen pairingsd657 kcal/mol; ref 10a).
In summary, our MD simulations suggest that the apH helix
can exist also in poly(dA) sequences, opening then the window
of structures for which apH helices are possible.

The impact of having apH sequences inserted in B-DNA was
studied in two chimeric 11-mer sequences: d(APXAATAT)
and dATAT AAAATAT ), where the steps having the Watson
Crick recognition mode are in plain text, and those with the
apH pattern are in bold text. Unrestricted NPT trajectories
collected for 2 ns after equilibration are very stable and reveal
no strong destabilization, conformational transition, or unfolding
(see Figures 10 and 11). The backbone rmsd values with respect
to the average structures are around 1.3 A in the two cases
(Figure 11), thus confirming the stability of the trajectories. The
apH-rich dATAT AAAATAT ) structure is closer to an apH
helix than © a B conformation (backbone rmsd values of

performed using Schlitter's method, as described in the Methods1.9 and 2.4 A, respectively), while the Watse@rick-rich

section Although accurate entropic calculations would need

d(ATATAAA ATAT) structure is intermediate between apH and

longer trajectories than those performed here, the analysis ofB conformations (backbone rmsd values of 1.9 and 1.8 A,

2—5 ns trajectories can still be useful to obtain relative entropy
values.

Entropy calculations were then performed for all of the
trajectories in the 42 ns period, finding linear relationships
with the length of the oligonucleotides?(> 0.993; see Figure
9). The regression lines confirm that the B form is entropically

respectively). Very interestingly, the chimeras maintain clearly
separable conformations corresponding to the regions with apH
or Watson-Crick pairings (see Figure 10). Such a structural
difference has a clear impact on the recognition properties of
the helix (see Figure 10). Thus, for the d(ATARA ATAT)
helix, the =5 kcal/mol contour is discontinuous at the central

favored as compared to the apH helix in all cases and that theregion, as expected for an apH helix, and contiguous in the rest,

difference slightly increases with the length of the oligonucle-

as in a canonical B-helix (see Figure 4). On the contrary, the

otide. For example, the regression equations indicate that forreverse trend occurs for the AITAT AAAATAT ) sequence.

the 10- and 12-mer oligonucleotides the B structure is favored

This finding indicates that not only apH and B helices are
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Figure 10. MIP (=5 kcal/mol) contour for the d(ATARAA ATAT) (left) and dATAT AAAATAT) (right) structures. The apH portions are colored in
green, and the WC portions are in blue. Bold means Hoogsteen pairings.

Conclusions

In summary, the preceding results show that the apH structure
is a thermodynamic stable conformation, which might compete
with the B conformation if the flexibility of the helix is altered.
However, for the sequences studied, MD simulations favor the
B form in dilute aqueous solution of lineal DNAs in the absence
of cofactors. Interestingly, the structural, dynamical, and reactive
properties of the apH helices are not extremely different from
those of the B helix. However, the small changes should allow
4 ' T ' T T proteins and drugs to distinguish between these two helical
models. MD simulations suggest that apH structures can coexist
next to B-type structures, demonstrating again the extreme
plasticity of DNA. If kinetic factors are not limiting (the syn
< anti barrier is around 6.2 kcal/n%§), AT-rich regions might
adopt B and apH forms, and this possibility might be exploited
to tune the interaction with specific proteins.
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