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The helix to coil transition, or DNA melting, is one of the fundamental processes of life. Nevertheless, it is
difficult to achieve an atomistic description of this reaction in solution with current spectroscopic techniques.
On the other hand, the computer simulation of DNA melting poses a formidable challenge for theoretical
chemists as, even for short sequences, the process occurs in nature on the millisecond or longer time scale.
For this reason, this type of simulation has not been attempted yet and the accuracy of force fields in reproducing
the free energy of DNA hybridization is not known. Here it is shown how, by combining replica exchange
and metadynamics, it is possible to simulate the helix to coil transition of DNA hexamers at room temperature
and characterize the reaction intermediates and the relative free energy of hybridization. Three sequences
were investigated with both the standard Amber99 force field and a version with modified phosphate torsion
parameters [Peres, A.; et @iophys. J.2007, 92, 3817-3829]. It is shown that the Amber99 force field
overestimates the stability of single stranded and noncanonical DNA that are predicted to be thermodynamically
more stable than canonical B-DNA. Therefore this force field is not suitable for DNA studies where large
conformational changes occur. The changes introduced by Peres et al. significantly improve the agreement
with the experiment. However, the stability of one of the sequences investigated is still underestimated by
the modified force field. It is concludes that, although current force fields can provide a reasonable picture
of the hybridization reaction, a polarizable force field may be required to obtain a more quantitative agreement
with the experimental free energies of hybridization.

Introduction the identification of a suitable reaction coordinate that describes
the reaction. Unfortunately, this reaction is so complex that it
is difficult to define a priori a small set of reaction coordinates
to describe it.

A method to overcome this difficultybias-exchange meta-

DNA melting is the dissociation of a DNA double helix to
form two single strands of DNA. This is one of the fundamental
processes of life as it provides the key for both the regulation

of genome expression and the replication of the genetic dynamics(BE-META), has been recently introduced by us to
information. The melting of short DNA tracts in solution has study protein foldingf,BE-META is based on the combination
been characterizt_ed with spzectros_,copic techniques among WhiChof replica exchange and metadynamics and allows the explora-
EMR h?]s a prohmlner?t role? Studies ?n short DEA sleqléencesh tion of free energy surfaces of high dimensionality. Here this
ave shown that the sequence of events that leads to theyeihgq ig applied to the simulation of the melting process of
formation of two single stranded DNA (ssDNA) filaments from three short DNA sequences, namely d(CCATGGI(A-
a double stranded DNA (dsDNA) helix is sequence d_epeﬁtfent CATCG),, and d(ATGCAT). It ,is found experimentally that
gnd can .be characterlzed by th? formation of partially ”?e'ted the melting transition of these three sequences is characterized
intermediate$:? In particular, AT-rich tracts appear to constitute by the formation of one intermediate for sequences d(C-
“weak points” that are more prone to be opened with respect to CATGG), and d(ACATCG) and two for sequence d(ATG-
the_ str40nger CG-rich tracts of the sequence that act as anChOIr(:AT)g. Simulations were performed with the standard Amber99
points: ) . ) o . force field and with a version with modified phosphate torsion
Computer simulations could in principle be used to provide arameter§ Anticipating our results, it is found that the standard
an atomistic description of this reaction and characterize the Ampergg force field severely overestimates the stability of single
sequence of events and rate_—l|m|t|ng steps. However, eve”_forstranded and non canonical DNA. The modified force field
short sequences, DNA meltlng typically occurs on the mil- 5rgyides results in better qualitative agreement with the available
lisecond to second time scale; that is, aboutrdorders of — gyperimental data but still overestimates the stability of sSDNA.
magnitude slower than the events that could be observed in & j5 concluded that, although simulations of DNA hybridization
typical MD simulation. For this reason it is necessary to resort are now indeed possible, great care should be taken in the choice
to enhanced sampling techniques to be able to accelerate they the force field parameters for these types of studies. It is
reaction and observe it in a shorter time scale. Several e”hance‘ﬂ)ossible that a polarizable force field may be required to

sampling methods are available in the literature. With the notable o rectly describe the energetic of the hybridization reaction.
exception of parallel temperingnost of these methods require

Methodology
T Part of the “Giacinto Scoles Festschrift”. . . .
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CATGG), d(ATGCAT),, and d(ACATCG) were performed Collective Variables Used in the Bias Exchange Simula-
with the program GROMACS? the Amber9%'-12force field, tion. To perform an enhanced sampling simulation, a set of
and the Amber99 force field as modified by M. Orozco and variables that are function of the system coordinates must be
co-workers? In the revised force field the torsion parameters selected. To be useful for BE-META simulations, the variables
of the phosphate backbone were modified on the basis of high-must be differentiable and computationally inexpensive. The
level ab initio calculations. Starting structures of canonical helix to coil transition is a complex process that involves
B-DNA double helices were generated with the program changes in the basdase pairing and changes in the DNA
nucgent® The three DNA sequences were solvated by 3130, strand structure. Variables that describe both processes are
3126, and 3125 TIP3P water molecufeis a 4.5x 4.4 x 4.9 required. Base pairing can be described by a step function where
nm cell. The corresponding duplex concentration is 16 mM. a pair is formed when the distance between two atoms is less
The negative charge of the phosphate backbone was neutralizethan a given cutoff. This simple step function is not dif-
with a stoichiometric amount of Nacounterions. At difference  ferentiable and in the BE-META simulations it is approximated

with the original parametrization of the Amber99 force fiéld2 by a sigmoidal function of the form

all bonds lengths were constrained to their equilibrium values

with the LINCS algorithn#5 This is necessary to reduce (r”)a
instabilities in the simulations driven by the time-dependent 1-|—
potential. Nonbonded interactions were evaluated out to a cutoff Na N o

treat the long-range electrostatic interactions. The time step for rl
the simulations was 2 fs, and the nonbonded pair list was
updated every 5 steps. Constant temperature simulations at
293.15 K were perfofme" by cogpllng the system to a Nose whererj is the distance between atomand], ro is a cutoff
Hoover thermostat with a relaxation time of 2.0 ps. Constant di d<b h . . besid _
ressure was obtained by coupling to an anisotropic Berendsen Istance an - Note t a'.NAB IS continuous beside & =
Earosta&ewith relaxation time of 4.0 ps. The starting structures '@ WNiCh is a removable singularitilag is computationally
. O Ps. '9 inexpensive and its steepness can be tuned by changirgy the
were relaxed with 1500 steps of conjugated gradient geometry ;
L - —~“Zand b exponents at the numerator and denominator. Large
optimization. Then, all systems were equilibrated by performing exponents witha < b can provide a good approximation of a
40 ps of NPT simulation at 193.15 K followed by 1.0 ns of P P 9 bp

. . . . step function but will also generate very large forces on the
NPT S|m.ulat|.on at293.15K. The f'nal structures obtained frqm atoms in the neighborhood of that deteriorate the quality of
the equilibration were used as starting points for 16.0 ns of bias-

) ; . . the simulations. In this worle = 8 andb = 10. These values
exchange metadynamics simulations with the Amber99 force h ise b fitting the original
field and 50.0 ns with the madified Amber force field were chosen as a compromise between fitting the original step

. : . ) . L function and conserving the energy in the simulations. Two
Bias-Exchange Metadynamics Simulations.The bias-

: . . variables of this type were used: one to describe the formation
exchange metadynamics (BE-META) approach is described R . h . i .
elsewher&!® and briefly outlined here. In BE-META several of A-T pairs and one to describe the formation of C-G pairs,

. . - . __The distance used to define the formation of a pair is the distance
replica of the same system are simulated in parallel. Each replica,

is biased by a time-dependent potedfiajenerated by a between the central nitrogens of the A-T and of the C-G base

metadynamic® as the sum of small Gaussian functions of height phalréand t.he C:ftOffh(.j'Stance WBs= p'slnm' T%eswllc_irt]mh(g h
h and widthw deposited at regular time intervads. At fixed the Gaussians for this collective variable was 0.5. The haght

intervals, exchanges of conformatiosandx® are allowed in of the Gaussians was 0.1 kJ mbfor all the collective variables.

a replica exchange schef&The acceptance probabilipg is A collective variable that describes the conformation of the

! . : phosphate backbone is also required. To this aim, a variable
?:;ﬁ(r:r;nslr.]ed by the time-dependent potenfialf.t) of any two that detects the formation of regular structures was defined as

follows:
Pap = Min(1, expBVE0AD + VROEH — VAE) —
Va0l n)))

N
O = Z \/ 1+ cog
In this way, each replica explores a multidimensional free energy i=
surface sequentially biased by low-dimensional forces and the
diffusion properties of the system in the space of the collective where the sum runs on all the nucleobases of a strangxgisd
variables are greatly increased, thus allowing a highly efficient @ phosphate backbone dihedral angle of residEach member
exploration of the free energy surfa®&One replica, th@eutral of this sum ranges betwear2, wheng; has the same value of
replica, is not biased by any time-dependent force, Mg(x,t) the dihedral angle of the previous nucleobeaseg and 1, when
= 0. In the limit that the variation of the time-dependent force ¢; — ¢i—1 = 180. As a consequenc®,is maximum in a regular
on the biased replicas is small, the statistic accumulated in thestructure, where alf; have the same value. In the Amber99
neutral replica approaches the canonical distribdtamd can force field simulations 4 variables of this type were used: two
be used to calculate unbiased properties. In this work, biasfor each DNA strand. In the first variable is the 1O3 —P—
exchange metadynamics simulations were performed usingO5—C5 phosphate backbone dihedral angles (also called
sixteen replicas and six collective variables. Six replicas were the literature) and in the second it is theC3—03 —P—-05
evolved in a one-dimensional space biased by one of the phosphate backbone dihedral angles (also cdjedhe width
collective variable and nine replicas were evolved in a two- w of the Gaussians for these collective variables was 0.05.
dimensional space. A neutral replica was used to accumulateCalculations performed with the Amber99 force field indicated
unbiased statistics. The Gaussian deposition Whaas 1.0 that the collective variables acting @nand ¢ dihedrals are
ps; exchanges between all the replicas were allowed every 0.4highly correlated. For this reason, in the subsequent set of
ps of metadynamics simulation. calculations performed with the modified Amber99 force field

of 0.9 nm and the particle mesh Ewald metHodlas used to Nag = Z Z—b
&£
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o

i
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Figure 1. Structure of (a) d(CCATGG) (b) d(ATGCATY), and (c) d(ACATGT) as obtained after 1.0 ns of MD simulation. Hydrogen atoms and
water molecules are not shown for clarity.

the ¢ variable was not used. The reduction in the total number e a

of collective variables improves the convergence properties. 0.45

Parallel Tempering Simulations. Parallel tempering simula-
tions?* in the NPT ensembfé were carried out on 32 replicas
spanning a temperature interval ranging from 298 to 420 K. A 035
parabolic distribution was chosen for the temperatures of the
replicas: T = 298+ i(2 + i/16). The total time of the simulation 0.3
was 50 ns. Exchanges between the replicas were attempted every
0.2 ps. With this choice the acceptance probability ranges
between a maximum of40% for the lower temperatures and 045
a minimum of~10% for the higher temperatures.

Structural Analysis. The structural analysis of the DNA
conformation was carried out following the scheme proposed
by Dixit et al?6 based on the values of the dihedral angles
(003—-P-05-C5), vy (DO3—-P-05-C5), ¢«(JO3—P-
05—C5), and ¢{ (IO3—P—-05—-C5).27 According to this B
scheme, the DNA backbone can assume 7 different conforma-
tions (states +7). The canonical B-DNA form is state 1. 0.45
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Results and Discussion

0.35

MD Simulation of dsDNA. One nanosecond of preliminary
molecular dynamics simulations was performed for each system 03
using the Amber99 force field. During these simulations all base
pairings are maintained, as indicated by the-NB distances 5 02 04 06 08 10
that oscillate around 0.29 nm (Figure-i1@). This result shows Time (ns)
that the three sequence are locally stable under the simulationgig e 2. Distance between the terminal base pairs (nm) plotted as a
conditions. The most flexible base pairs are the terminal A-T function of time during 1.0 ns of MD simulation of (a) d(CCATGS)
pairs of sequences d(ACATGJIand d(ATGCAT) where N1~ (b) d(ATGCAT),, and (c) d(ACATGT). The central N+N3 distance
N3 distances larger than 0.35 nm are observed during theis taken as a measure of the base-pair distance.
simulation (Figure 2b,c). This result is consistent with the probability for the replica exchange is close to 100%. Afterward
experimental observation that fraying of the terminal base pairs the acceptance probability drops, but it remains larger than 10%
of these two sequences is observed at relatively low temperaturesn all simulations, giving an average exchange tiséps. This

(288 and 307 K for sequence d(ACATGTand d(ATGCAT)?, high exchange rate ensures that in the several nanoseconds of
respectively). simulation performed, each trajectory diffuses through the entire
BE-META Simulations with Amber99 Force Field. The replica space and is therefore sequentially biased by all the time-

equilibrated structures of the MD simulations were used as dependent potentials introduced. It is worth noting that the same
starting points for BE-META simulations where the three Gaussian sizes are used to build both the one- and two-
systems are evolved with a time-dependent potential in a onedimensional time-dependent potentials. As a consequence, the
and two-dimensional space defined by a combination of the growth rates and also the forces generated by the one-
following reaction coordinates: number of A-T base paisr, dimensional potentials are-8 times larger than the two-
number of C-G base pairdN§c), correlation between the  dimensional ones. Therefore in the BE-META simulations the
phosphate dihedrals of strand @.{ and¢¢1), and correlation one-dimensional potentials are often responsible for the larger
between the phosphate dihedrals of stran@2 Gnd¢e,). BE- conformational changes but provide only a rough estimate of
META simulations were performed on 16 processors. Six the free energy changes. On the other hand, the two-dimensional
processors were allocated to one of the six collective variables potentials produce smaller displacements on the system but at
each, nine processors were allocated to combinations of the baseonvergence allow obtaining more accurate estimates of the
pair and backbone variables, and one was used to accumulatesystem free energy. During the simulation, the error on the
unbiased statistics. In the beginning of the BE-META simula- relative population of dSDNA and ssDNA was monitored as
tions the time-dependent potentials are small and the acceptanct¢he difference between the values calculated on the third and
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fourth quarter of the trajectory. After12 ns the error in the
ssDNA population in the three simulations was less that 10%
and the simulations were considered converged.

The dissociation constaity for dsDNA at 293.15 K can be
calculated from the fraction of ssDNAx]:
(12

Kd:zcl—a

wherec is the ssDNA concentration and is equal to 33 mM.
The definition of ssSDNA and dsDNA is somewhat arbitrary.
Here ssDNA is defined as DNA whereaN+ Ngg < 2. This
definition selects structures that are either unbound or weakly
bound and are expected to produce signals typical of sSDNA
in an NMR experimentq values calculated with this definition

are therefore expected to be comparable with KQevalues
determined from NMR experiments. However, this definition
is quite conservative and the calculated values are expected to
be upper bounds to the dissociation constant. The calculated
Kg values are 0.32, 0.25, and 0.18 M, corresponding to a
hybridization free energy of 1.0, 0.9, and 0.8 kcal mdior
d(CCATGG), d(ATGCAT),, and d(ACATGT), respectively.
These calculate&y values are larger than the experimental
values derived from NMR data 010~ M.3~5 A lower bound

to the dissociation constaKt was also calculated by defining
sSDNA as DNA wheréNatr + Ncg < 1. The calculated lower
bounds toKq values were 3.6< 1073, 6.8 x 1072, and 5.6x

102 M for d(CCATGG), d(ATGCAT),, and d(ACATGT),
respectively. These correspond to an hybridization free energy
of —0.8, +0.3, and +0.2 kcal mot® for d(CCATGGY, 0 1 2 3 4
d(ATGCAT),, and d(ACATGT), respectively. Even these lower . .
bounds to the dissociation constants are larger than the Number of terminal base pairs
experimental values, indicating that the force field underesti- Figure 3. BE-META simulations with the Amber99 force field. Plot
mates the duplex stability. The experimental dissociation of the free energy profile as a function of the number of central (*)

4 i At and terminal (#) base pairs formed: (a) GQCA*T*G “G"),; (b)
c?nstar;t ?(f\,]i(y N||_1C orlre_sponds TO da Zybrzldlzalfllonffree e?_elrgy d(AFT*G*C*A*T#),; (c) d(A*CA*T*G #T#),. Coloring goes from black
of ~=2 kcal mor-. t Is conc ude that the force fie (more negative energy) to white (more positive energy) in steps of 0.5
underestimates the duplex stability by 23 kcal mot?, kcal mofL.

corresponding to 0:20.4 kcal mot™? per base pair.
A plot of the free energy surface as a function of the number g
of central and terminal contacts is reported in (Figure-8a
A base pair is considered to be formed when the distance
between the central nitrogen of an A-T or C-G base pair is less
than 0.4 nm. Besides ds and ssDNA, intermediate states are™
present. In all the three cases most of the structures display 5
fraying of the terminal base pairs that in d(ATGCATand
d(CCATGG) can be further extended to the second terminal

base pairs. The calculated stability of the partially melted Figure 4. BE-META simulations of (a) d(CCATGG) (b) d(ATG-

Number of central base pairs

intermediates in d(ATGCAT)(—1.5 and—0.9 kcal mot?, for CAT),, and (c) d(ACATGT). dsDNA structure after 16 ns of
melting of the first and second base pair, respectivelyy2s simulations. Note the irregular conformations of the DNA backbone
kcal mot! larger than the experimental valu¢@.2 and+0.6 produced by the rotation of the phosphate groups. Hydrogen atoms,

kcal mol-2).4 This observation is consistent with the previous water molecules and Nacounterions not shown for clarity.
finding that the force field underestimates the stability of the (+80(3y and+79(4y, respectively), instead of the93* and
double helix. —68° values typical of B-DNA. The backbone conformation
In all three cases a region with two terminal and no central was further analyzed with the method of Dixit et &8 This
contacts is largely populated (Figure -3g. This region analysis reveals that onty50—60% of the backbone is in state
correspond to sequences where melting has occurred sequentiallit (B-DNA) and large fractions of states 28—12%) and 3
starting from one side and has progressed to the core of the(~15-20%) are present. A control 50 ns parallel tempering MD
helix. Such a structure has not been observed experimentallysimulation was performed with 32 replicas spanning a temper-
and its large population is likely to be a force field artifact. ature range between 298 and4R . The starting structure was
A structural analysis indicates that, despite the starting the equilibrated structure of d(ACATGZ)During this simula-
structure for all the calculation is the canonical B-DNA, a large tion the relative population of the 7 possible states of DNA
amount of noncanonical B-DNA is present in all the simulations was monitored. It turns out that the overall fraction of nonca-
(Figure 4). Indeed, in the neutral replica structure ensembte 25 nonical states 24 is >40%, and the fraction of state 1 (B-
40% of the phosphate backbone anglg§103 —P—05 —C5) DNA) is only ~50% (Figure 5), in good agreement with the
and ¢ (OC3—-03—-P-05) have values typical of Z-DNA BE-META results. These results indicate that the formation of
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Figure 5. Parallel tempering MD simulation of d(ACATGZ with

the standard Amber99 force field. The phosphate backbone conforma-
tion were analyzed, and the fraction of states 1 (red), 2 (green), 3 (blue),
and 4 (purple) in the 298 K replica averaged over 1 ns intervals is
reported as a function of simulation time.

Number of central base pairs

noncanonical DNA is not an artifact of the BE-META simula-
tion protocol and that noncanonical DNA is a free energy
minimum for this system described by the Amber99 force field.
Z-DNA is typically observed in sequences of alternating purine
and pyrimidine bases at high salt concentrafoHowever, all
simulations were carried out at a relatively low salt concentration
(~0.16 M Na"), and no indication for the presence of Z-DNA

in these sequences can be found in the literature. Therefore it
is concluded that this result, rather than reflecting a natural

tendency of these sequences to assume non canonical DNA 0 1 2 3 4
conformations, is a force-field artifact arising from an overes-
timation of the stability of noncanonical DNA states. Number of terminal base pairs

BE-META Simulations with a Modified Amber99 Force
Field. The occasional popu|ation of nonstandard states has Figure 6. BE-META simulations with a modified Amber99 force field.
; ; ; Plot of the free ener: rofile as a function of the number of central
e 8 rovione ot ol T ot () and terminal (7) base pars formed: () OATG GY; ()
q ) P d(AFT#G*C*A#T#),; (c) d(A*C*A*T*G #T#),. Coloring goes from black

suggest that the canonical B-DNA form is a global free energy more negative values) to white (more positive values) in steps of 0.5
minimum for a DNA dodecamé¥. However, the most stable  kcal mor.

state of the three dsDNA hexamers investigated here is very
different from B-DNA (Figure 4). To solve this deficiency, a improved, the stability of the terminal base pairs in this sequence
version of Amber99 force field with modified backbone torsion s siill slightly underestimated. Figure 6 shows that in all cases
parameters has been recently proposed by M. Orozco and cothe dissociation of the internal base pairs has a high-energy cost
workers? BE-META simulations were repeated with this it the terminal base pairs are still formed. This indicates that
modified Amber99 force field. The space of conformations eyen in these short sequences melting of the helix starts from
explored in these simulations is reported in Figure 6. the termini and proceeds toward the core. Dissociation constants
Cqmparlson \.N.'th the Amper99 S|mulat|orls (Flg.ure 2) Sh.OWS for the three duplexes were calculated from the relative fraction
that in the modified force field the population of intermediate of ssDNA present in the simulation. In the simulations

states is much smaller. In part|cular, the asymmetric intermedi- performed with the modified Amber99 force field, the popula-
ates with a low number of base-pair contacts are now scarcely . . . . Sn
tion of intermediates with a low number of base pairs is small

populated in all simulations. This result suggests that in the ,_. :
modified force field the melting transition is more cooperative. §F|gure .6)' Th.erefore the calculated fraction qf ?.SDNA present
in the simulation is not dependent on the definition of sSDNA

In all cases, fraying of the terminal base pairs is observed. In " " - ) ) . L
agreement with the experiment the largest amount of fraying is 25 IN the previous set of simulations. The calculated dissociation

observed in d(ATGCAT) where it can be extended to the constantare 2.6« 10°% 3.0 x 10~ and 1.1x 10°* M, and
second base pair without breaking the duplex (Figure 6b). The the corresponding free energies of hybridization at 293.15 K
relative free energies of the partially melted intermediates in @€ —1.1, —=0.5 and —0.8 kcal mot* for d(CCATGG),
d(ATGCAT), were calculated from their population in the d(ATGCAT),, and d(ACATGT), respectively. The improve-
simulation. The free energy changes associated with fraying of ment with respect to the standard Amber99 force field is
the first and second base pairs ar@.6 and+1.0 kcal mot™. considerable, and the calculated dissociation constants for
Comparison with the values of 0.2 and 0.6 kcal mol d(CCATGG) and d(ACATGT) are now in good agreement
determined experimentaflyindicates that, although in the with the experimental data?® whereas the stability of d(AT-
modified force field the overall agreement with experiment is GCAT), appears to be still slightly underestimated.
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Supporting Information Available: Definition of the
collective variables used in the bias exchange simulation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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