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Hybrid simulations of molecular systems, which combine all-atom (AA) with simplified (or coarse

grain, CG) representations, propose an advantageous alternative to gain atomistic details on

relevant regions while getting profit from the speedup of treating a bigger part of the system at

the CG level. Here we present a reduced set of parameters derived to treat a hybrid interface in

DNA simulations. Our method allows us to forthrightly link a state-of-the-art force field for

AA simulations of DNA with a CG representation developed by our group. We show that no

modification is needed for any of the existing residues (neither AA nor CG). Only the bonding

parameters at the hybrid interface are enough to produce a smooth transition of electrostatic,

mechanic and dynamic features in different AA/CG systems, which are studied by molecular

dynamics simulations using an implicit solvent. The simplicity of the approach potentially permits

us to study the effect of mutations/modifications as well as DNA binding molecules at the

atomistic level within a significantly larger DNA scaffold considered at the CG level. Since all the

interactions are computed within the same classical Hamiltonian, the extension to a quantum/

classical/coarse-grain multilayer approach using QM/MM modules implemented in widely used

simulation packages is straightforward.

Introduction

The constant struggle to perform molecular simulations of

bigger and more intricate biological systems at relevant size

and time scales has prompted the development of several

models involving different levels of complexity to reduce the

computational cost. In this sense, simplified or coarse grain

(CG) representations have emerged as a powerful strategy to

extend time and size scalability on complex molecular

systems.1 The idea behind any CG model is to describe the

behavior of the system retaining the most relevant molecular

features and interactions.2 This generally implies reducing

degrees of freedom of a given molecular system by condensing

atomic information into a reduced number of effective inter-

action points. By accepting the loss of all-atom (AA) details

these simplified models have been shown to be a useful tool for

the computational prediction of material properties,3

condensed matter4 and exploring the dynamical behavior

and interactions in huge biomolecular systems.5–9 However,

there are still particular processes for which the explicit

inclusion of fully atomistic details remains a must. In these

cases, at least two general strategies may be considered to

achieve atomic resolution and time-size scalability: (a)

recovering AA spatial information from a CG simulation

(back-mapping) or (b) performing multiscale or hybrid AA/CG

simulations. The first case involves the reconstruction of the

atomic coordinates using the information condensed in the

CG beads. Despite many successful examples,10–18 such an

approximation is non-trivial and intrinsically dependent on

the CG mapping scheme. This problem arises not only due to

the differences in granularity but also because the conforma-

tional landscape explored by simplified models does not

match, in general, that of the AA representation.

On the other hand, in multiscale methodologies, AA and

CG representations may be combined in different ways to

provide atomistic details on relatively reduced regions of

interest incorporating the effect of the macro/supra molecular

environment. They can be divided into two categories:19 serial

schemes, where the information obtained at a certain resolution

is used to construct a potential function for another level of

description; and parallel schemes, where two or more resolution

levels are simultaneously present in the system and interact

with each other (see ref. 20 and 21 for recent reviews).

A critical point in this case regards the description of the

interactions at the AA/CG frontier. The expressions for the

potential energy describing hybrid representations are

frequently calculated as: E = EAA + ECG + EAA/CG, where

the terms for the atomistic (EAA), simplified (ECG) and hybrid

(EAA/CG) parts of the system may be evaluated in different ways.
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The form of ECG depends upon the used CG representation

and the EAA/CG term has to be tailored to make compatible

both levels of description (AA and CG). As the CG schemes

are rather arbitrary, the transferability is always an important

point. This issue has been addressed in a number of ways

combining different simulation approaches for the AA and

CG regions of the system.21–24

Here we introduce a hybrid (AA/CG) representation for

simulating nucleic acids, which can be considered as an

extension of a recently published CG scheme for DNA.25

Usually, in classical molecular dynamics (MD) simulations,

the molecular systems are described by a two-body additive

Hamiltonian running over all possible atom pairs i, j:

U ¼
X
bond
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X
angles

kyðyij � yeqÞ2
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X
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In the present communication, regions of interest in a given

molecule are treated at atomic detail while the rest of the

system is simulated at a simplified level. However, all the

interactions (corresponding to the terms EAA, ECG and

EAA/CG) are simultaneously calculated within the same

Hamiltonian function (U). This is possible since the inter-

actions in the ECG of our CG approach are described by the

same functional form written above for U.25 Since in our case

the sums in the above equation run over all the atoms/beads in

the system, the calculation of the interactions (including

electrostatics and van der Waals) makes no distinction

between the components of the AA, AA/CG or CG regions.

In this way no extra terms, particular mixing rules or ad hoc

shared regions to tie different fragments are required. Only the

bonding interactions linking normal atoms with CG beads

need to be developed, leaving the existing bonding and non-

bonding AA and CG parameters unchanged. We show along

the manuscript that this is sufficient to obtain only minor

structural and dynamical perturbations in the AA region.

The hybrid AA/CG model for DNA presented here is

designed on the basis of a well-established AA force field26,27

and a CG model developed in our group.25

We apply our hybrid model to perform MD simulations

embedded in an implicit solvent using the generalized Born

model approximation.28–30 Different double stranded DNA

geometries are studied including a single AA/CG border, an

AA bubble flanked by two CG segments and a couple of DNA

hairpins with sheared GA pairs (Fig. 1). Hybrid MD simulations

are compared with analogous calculations at different levels

(AA and CG) and against experimental data. We obtained a

good performance of the hybrid AA/CG model in all the studied

systems with a rather smooth transition for structural and

dynamic observables when passing from AA to CG regions.

Only slight distortions are noticed at the AA/CG interface and

these vanish beyond the first or second base pair step from the

interface. After this point, the influence of the CG region on the

AA part of the systems, even in terms of the slowly decreasing

electrostatic interaction, results negligible. This opens the possi-

bility of including an additional layer at a higher level of

complexity (i.e. QM/MM) within the AA region.

Methodology

Molecular systems

Several molecular systems are studied (Fig. 1):

(i) A reference system (SAA1) treated at fully atomistic detail.

It consists of the double-stranded Drew–Dickerson dodecamer

of DNA,31 the sequence of which is 50-d(C1G2C3G4A5A6T7T8-

C9G10C11G12)-3
0.

(ii) For comparison purposes, the corresponding version of

SAA1 is simulated at the CG level (SCG1).

(iii) A hybrid version of SAA1 (SH1), in which the first half of

the structure is treated at the CG level and the second half at

the AA level.

(iv) An AA 20-mer double-strand DNA (SAA2) of sequence

5 0-d(C1A2T3G4C5A6T7G8C9A10T11G12C13A14T15G16C17A18-

T19G20)-3
0.

(v) A hybrid version of SAA2 (SH2), which is divided into

three regions. The CG regions span from base pairs C1 to T7

and from A14 to G20. The AA segment is placed from base

pairs G8 to C13.

(vi) A single-stranded hairpin DNA (SH3) 5
0-d(A1T2C3C4-

T5A6G7T8T9A10T11A12G13G14A15T16)-3
0 corresponding to a

NMR derived structure (PDB code: 1AC732). In this case the

CG region extends from residue A1 to T5 and from A12 to T16,

while the region spanning the hairpin loop (bases A6 to T11) is

considered at AA detail.

(vii) A single-stranded DNA hairpin similar to SH3 where

the two looping thymines (T8T9) are changed to adenine to

give the sequence 50-d(A1T2C3C4T5A6G7A8A9A10T11A12G13-

G14A15T16)-3
0 (SH4). The division between CG and AA

regions is identical to that of SH3.

Model building

In all cases the model building procedure starts from the

Cartesian coordinates of structures containing all the atoms.

Systems SAA1, SCG1, SH1, SAA2 and SH2 are built in the

Fig. 1 Structural representation of the studied molecular systems.

The CG residues are represented in green sticks while spheres represent

AA residues (orange: heavy atoms; white: hydrogen atoms). The

transparent tubes connecting the phosphate atoms are only indicative

of the backbone. No connectivity is present between consecutive

phosphates. Blue residues in the loop region of SH3 are changed from

thymine to adenine to produce SH4.
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canonical B-form of DNA33 using the NAB utility of

AMBER10.34 The atomic coordinates for system SH3 are

taken from the PDB structure 1AC7,32 while system SH4 is

built from SH3 by replacing T8T9 for A8A10 with the Leap tool

of AMBER10.34 Residues belonging to the CG region are

mapped according to the CG scheme published by our

group,25 by simply removing and renaming the corresponding

atoms. Residues at the AA region remain unchanged.

Interaction parameters

Molecular dynamics simulations are performed using the

AMBER10 package.34 The parm99 force-field26 with the

correction proposed by Orozco and coworkers for nucleic

acids (parmbsc0)27 is used to represent the AA region while

the CG region is described using the parameters reported by

Dans et al.25 including its latest modification.35 The para-

meterization of the AA/CG interface is done to optimize the

fitting to the canonical B-form of DNA. No atoms are

removed/changed neither in the AA nor the CG standard

residues. The bonding parameters developed in this work are

reported in Fig. 2 and Table 1. The hydrogen atoms at the AA

region of systems SH3 and SH4 are replaced by deuterium to

match the conditions of the NMR experimental protocol.32

Molecular dynamics simulations

The initial structures of each system undergo 1500 steps of

energy minimization prior to the simulation. The MD protocol

consists of two heating steps of 0.25 ns each, during which the

temperature is risen from 0 K to 100 K and then from 100 K to

298 K. After that, a 10 ns equilibration phase is carried out. A

reference temperature of 298 K is set by coupling the system to

a Langevin thermostat36 with a friction constant of 50 ps�1.

The random seed generator of the stochastic force is changed

every restart of the simulation (each 100 ns) to avoid

quasi-periodic oscillations.37 All bonds involving hydrogen

atoms within the AA region are restrained using the SHAKE

algorithm.38 The integration step is set to 2 fs for systems

SAA1, SH1, SAA2 and SH2 while the presence of deuterium in

systems SH3 and SH4 allows for a time step of 4 fs. The time

step for system SCG1 is set to 20 fs. Production runs of 100 ns

are performed for systems SAA1, SCG1, SH1, SAA2 and SH2,

while 3 ms are performed for systems SH3 and SH4. Snapshots

are recorded every 20 ps for analysis. To avoid the possible

fraying of the helix ends, loose harmonic restraints

(3.0 kcal mol�1 Å�2) are added to preserve the Watson–Crick

hydrogen bonds of the capping base pairs.

Hydration and ionic strength effects are implicitly taken into

account using the generalized Born model for implicit solva-

tion.28–30 The maximum distance between atom pairs considered

in the pair wise summation involved in calculating the effective

Born radii is set to 10 Å. Non-bonded interactions between 8 Å

and 18 Å (slowly-varying terms) are evaluated every 2 integration

steps. The salt concentration is set to 0.15 M.

Analysis of the trajectories

Recorded trajectories of hybrid systems (SH1 and SH2) are

back-mapped to AA coordinates following the procedure

defined by us.25 In this way the comparison is always made

among systems having all the atoms, unless otherwise stated.

Helical parameters (rise, twist, roll, slide, shift and stretch) are

calculated with the software Curves+.39 In order to eliminate

rotational and translational movements all trajectories are

fitted to their corresponding canonical B DNA form.

Covariance matrix calculation and principal component

analysis are performed using the GROMACS utilities

G_COVAR and G_ANAEIG.40 The likeness between the

different simulation schemes is estimated by computing the

following similarity index (SI):

SI ¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M1

trðM1Þ

s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

trðM2Þ

s !" #2vuut
where M1 and M2 are the two covariance matrices and tr( ) is

the trace of the matrix. The SI ranges from one for identical

matrices to zero when the sampled subspaces are orthogonal.

Electrostatic potential is calculated on canonical conformers

of SAA2 and SH2 with APBS41 using a cubic grid of 120 Å per

Fig. 2 Molecular representation of the AA/CG interface. AA and

CG nucleobases are represented in thin sticks. Atoms and links

involved in the interface parameterization are presented as spheres

connected with thick sticks (see also Table 1). Atom types in italic

characters correspond to the CG force field.25 The strand direction-

ality is also included. Hydrogen atoms are omitted for clarity.

Table 1 Bonding parameters at the AA/CG frontier

Bond parameters

kb/kcal mol�1 Å�2 req/Å

KNa–P 25.0 3.67
OS–PX 100.0 1.59

Angle parameters

ky/kcal mol�1 rad�2 yeq/1

KN–P–OS 75.0 63.58
KX–KN–P 75.0 96.0
OS–PX–KX 75.0 81.32
CT–OS–PX 75.0 120.0

Dihedral parameters

V1/kcal mol�1 n1 geq1 /1

PX–KX–KN–P 10.0 8 �153.2
KN–P–OS–O2 10.0 8 �140.0
CT–OS–PX–KX 10.0 4 75.6
KN–P–OS–CT 10.0 8 �137.6
a KN = KA, KT, KC or KG.
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side with 10 points per Å2. The potential is forced to converge

to zero at the boundaries. The electrostatic potential of both

systems is subtracted and the isosurfaces of the difference are

drawn at �10 mV.

Structural comparison of SH3 and SH4 against each of the 10

NMR structures (PDB code: 1AC7) is done by fitting each

trajectory to the corresponding reference and calculating the

RMSD on phosphate atoms. The stability of the G7A10 base

pair is evaluated by the percentage of hydrogen bond

occupancy during the trajectories. The criteria for defining

the existence of hydrogen bonds are a donor–acceptor distance

below 3.5 Å and donor–acceptor–hydrogen angle smaller than

301. The loop’s structural variability is assessed by clustering

the structures of the trajectories into different conformational

motifs:42 type I requires the stacking interaction between the

first two or three nucleotides in the loop (G7, T8/A8 and T9/A9

in our case). In type II, the base at the second position (T8/A8)

folds into the minor groove while the third residue in the loop

(T9/A9) stacks onto the two nucleotides of the duplex stem

(i.e., G7 and A10). In type III there is a continuous stacking of

the last three loop bases (T8/A8 T9/A9 and A10). This

conformational arrangement is only found in RNA. There-

fore, it is not considered here. To account for the remaining

configurations observed during the simulations we define two

additional categories: (i) unclassified states correspond to

conformations in which there are stacking interactions but

the pattern does not correspond to either type I or II; and

(ii) disordered states, in which there are no stacking interactions

between loop bases. The stacking pattern among bases from

G7 to A10 is used to define each motif. Two bases are said to

form stacking interaction if the angle between nucleobase

planes was greater than 1501 or lower than 301 and the

distance from their geometric centers was below 5.5 Å. Atoms

used to define a nucleobase plane are C8, N1 and C2 for

purines and N1, N3 and C5 for pyrimidines. The nucleobase

geometric center is calculated using atoms N1, C6, C5, N7, C8,

N9, C4, N3 and C2 in purines and N3, C4, C5, C6, N1 and C2

in pyrimidines. Both measurements are performed with the

Carnal module of AMBER.34 The temporal occurrence of

type I and type II motifs is also analyzed and representative

snapshots from both configurations are taken.

Molecular drawings were performed with VMD 1.8.7.43

Results and discussion

MD simulations are performed for a number of double helical

DNAmolecules at different levels of detail. However, taking profit

of the back-mapping capabilities of our CG representation,25

the analysis is performed on back-mapped trajectories

containing all the atoms, unless otherwise stated.

In each of the cases the simulation time is chosen to ensure a

proper relaxation of the systems. This is assessed by a low

value of the cosine content, which ranges from 0.1 to 0.4,

indicating a good convergence within the simulated time.

Comparison between AA, CG and AA/CG representations

As a first test case, we focus on the sequence 50-d(C1G2C3-

G4A5A6T7T8C9G10C11G12)-3
0, which corresponds to the

Drew–Dickerson dodecamer.31 Three systems at different

levels of description are built in the canonical B form: SAA1

(AA), SCG1 (CG) and SH1 (hybrid AA/CG, Fig. 1). Results are

divided into structural and dynamical properties to organize

the discussion.

The structural quality of a DNA polymer can be assessed by

inspection of its helical parameters. Fig. 3 shows the measure-

ment of rise, twist, roll, slide, shift and stretch from the

simulation of SAA1 and back-mapped SH1. Averaged crystallo-

graphic data taken from ref. 44 and canonical values measured

from A and B forms of DNA33 are also included as a

reference. Since the results of atomistic and CG simulations

have already been published,25,35,44,45 we concentrate on the

most salient features regarding the hybrid interface.

The rise values of SH1 match both experimental data and those

from the SAA1 simulation (Fig. 3A). The main deviation can be

observed at the step 6, i.e., the AA/CG border. However, the

average values differ by less than 0.5 Å from those of AA and

experimental data with a significant overlap in the standard

deviations. This difference is well within the range of variation

of both reference data sets, which is below 1 Å. Notably, this

relatively small deviation at the frontier does not propagate to

the neighboring steps, suggesting that the quality of the

simulation in both regions of the molecular system is not

worsened by the introduction of the AA/CG border.

The twist measured for the DNA dodecamer is also in good

agreement with the reference values (Fig. 3B). The most salient

feature within this set of points corresponds to the marked

difference with respect to the experimental data obtained for

the T8C9 step at position 8. In this case, a significant deviation

from the crystallographic values is present in the AA simulation.

This deviation is also found in SH1, which globally follows the

same tendency of the atomistic MD.

The roll values follow different trends at each region of

system SH1 (Fig. 3C). The CG region (steps 2 to 5) displays

negative roll values (around�21) with small standard deviations.

This can be expected as the CG model was developed to

reproduce the structural determinants of a B form of DNA.

In contrast, the AA region (steps 7 to 10 of SH1) and the

atomistic simulation (SAA1) slightly deviate from the B form

visiting more positive values (Fig. 3C). However, both families

of conformations are compatible with the experimental data

within the standard deviations. The opposite tendency in the

roll at both regions generates a small perturbation resulting in

a few degrees of separation from the canonical value and an

increase in the standard deviation at the interface. In contrast

to the results from rise and twist, the effect of the AA/CG

frontier seems to propagate up to the first neighboring step in

the atomistic region of SH1, which displays also negative

values. After that point the agreement between SAA1 and

SH1 is recovered.

The results obtained for the slide parameter measured on

SH1 follow very well those of SAA1 (Fig. 3D). Although

deviations from experimental data are present at steps 2, 3, 9

and 10, both simulation schemes provide similar results even

at the AA/CG interface.

The shift parameter is also well comparable with the experi-

mental and atomistic ones. Again, the major distortion is

limited to the bordering step with no sensible influence on

any of the neighboring base pairs (Fig. 3E).
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The last analyzed helical parameter, the stretch, does not

involve consecutive base pair interactions but base–base pairing

within the same plane. In this case, the CG region of SH1

shows a nearly constant off set of about 0.5 Å with respect to

the reference data. This discrepancy seems to be intrinsic to the

CG model and can be ascribed to the absence of hydrogen

atoms, which contributes to reduce the strength and directionality

of the electrostatic interactions. However, only marginal

effects are observed in the AA region since already the first

AA base pair in SH1 nicely matches the stretch value of SAA1

(Fig. 3F).

Taken as a whole, the averaged helical parameters suggest a

good reproduction of the geometrical features. Therefore, we

turn our attention to the analysis of the dynamic behavior of

the different representations and the likeness of the conformational

spaces sampled by the studied models. To assess the influence

Fig. 3 Comparison between experimental, canonical and simulated helical parameters. (A) rise, (B) twist, (C) roll, (D) slide, (E) shift and (F)

stretch. The vertical dashed line indicates the AA/CG frontier in SH1. The canonical values for A and B DNA forms according to Arnott et al.33 are

indicated with dashed and continuous red lines, respectively. Filled and open circles represent data for systems SH1 and SAA1, respectively. Squares

correspond to averaged experimental data taken from ref. 44. Standard deviations are reported as error bars. Analogous data for system SCG1 have

been previously reported in ref. 25 and 45 and omitted here for the sake of brevity.
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of the CG region on the dynamics of the AA part (and vice

versa) we calculate similarity indexes (SI) between covariance

matrices along the trajectories of AA (SAA1), CG (SCG1) and

hybrid AA/CG (SH1) systems. This is done considering the

entire molecule as well as separating different segments along

the molecule in different trajectories. Similarity indexes are

calculated in three different ways: (i) using all the atoms

including hydrogen from the atomistic and back-mapped

trajectories; (ii) using only the phosphate atoms (i.e., using

only one atom per residue) from the atomistic and back-

mapped trajectories; and (iii) using only the positions of the

atoms corresponding to the CG model (i.e., using six atoms

per residue) from the atomistic and not back-mapped trajec-

tories. In each case we use the entire set of eigenvectors for the

calculation of the corresponding SI. A unitary SI is expected

for identical covariance matrices, while a null value is expected

for orthogonal matrices.

To establish a reference level for the comparison we take

profit of the palindromic character of our test case DNA.

Along the SAA1 simulation we first separate the trajectories of

both palindromic halves (base pairs 1 to 6 and 7 to 12), then

we calculate the covariance matrix for each of the halves.

From there, we compute the SI between both covariance

matrices (see Methodology). We obtained a similarity of

0.87 for all the atoms and 0.91 if we consider only the

phosphate atoms (Table 2). This indicates that despite the

system’s symmetry, some intrinsic variability exists already in

the AA model. This may be taken as the maximum similarity

value we can expect to find when comparing trajectories at CG

or AA levels.

Calculation of the covariance matrices on the entire molecules

for SAA1 and SCG1 using all the back-mapped atoms gives a

value of 0.64, reaching 0.72 considering only the phosphate

moieties. In general, an increment in the similarity is observed

when considering only the phosphate atoms in all the compar-

isons made between CG and AA segments. This suggests that

the global conformational space sampled by both simulation

schemes is fairly similar at the backbone level. However, the

faster dynamics of the base moieties show more pronounced

differences, most likely due to the intrinsic loss of degrees of

freedom in the CG scheme that cannot be retrieved even upon

back-mapping.

The SI between the entire SAA1 and SH1 scores 0.66, which

points to a sizeable overlap between both sampled subspaces.

Comparable values (0.63) are obtained considering only the

segments comprising base pairs 1 to 4, 1 to 5 or 1 to 6

(Table 2). The nearly constant results obtained considering

different segment lengths indicate that the dynamics of the CG

part of the hybrid system is not modified by the closeness to

the AA interface. The SI of atomistic regions of SH1 with their

corresponding segment in SAA1 gives a lower value than that

obtained in the calculation using both palindromic halves of

SAA1 (0.73 vs. 0.87, Table 2), pointing to a minor change in the

conformational space sampled by both regions. In this case,

however, a slight increment in the SI is observed in going from

base pairs 7 to 12, 8 to 12 and 9 to 12. This could be indicative

of some small influence of the CG border on the AA dynamics.

The comparison between SH1 and SCG1 shows an opposite

trend. A high SI is found considering the base pairs 1 to 6

within the CG region of SH1 (0.77) while a lower similarity is

calculated at the AA region (0.60, Table 2). Both observations

support the idea that the CG region of SH1 behaves alike the

pure CG model (SCG1), while the AA region of SH1 explores a

landscape more similar to that of the pure AA model (SAA1).

To complete the characterization of the dynamical behavior

of the hybrid model, we study the principal components

governing the movement of SAA1 and SH1. As the most

relevant conformational changes in DNA are associated to

the backbone the analysis is performed on the phosphate

atoms. This ensures that we capture the main distortions of

the polymer during the simulation.

On the other hand, the calculations using only the positions

of the atoms corresponding to the CG model without back-

mapping show essentially the same results (Table 2). This

suggests that, if some atomistic dependence is introduced on

the CG region by the back-mapping procedure, it is rather

negligible.

The eigenvalues corresponding to the essential eigenvectors

from the diagonalized covariance matrices present a similar

profile on both systems. An abrupt decrease is seen after the

third eigenvector. In fact the cumulative sum of the first three

is enough to explain more than 60% of the space sampled by

both SAA1 and SH1 (Fig. 4A). Therefore, for the sake of

simplicity the analysis is restricted to these three eigenvectors.

Table 2 SI calculated between the covariance matrices of systems
SAA1, SCG1 and SH1

Base pair

SH1
SAA1 SCG1

1–4 1–5 1–6a 7–12b 8–12 9–12 1–12c 1–6 1–12

SAA1 1–4 0.63
0.70
0.66

1–5 0.63
0.69
0.64

1–6 0.63
0.69
0.64

7–12 0.73 0.87
0.78 0.91
0.77 0.89

8–12 0.74
0.80
0.78

9–12 0.76
0.82
0.78

1–12 0.66 0.64
0.78 0.72
0.66 0.64

SCG1 1–6 0.77
0.76
0.77

7–12 0.60
0.69
0.61

1–12 0.63
0.70
0.65

a CG region. b AA region. c Whole molecule. Values in italic corres-

pond to SI calculation considering only the phosphate atoms, while

bold characters correspond to the same calculation performed using

six atoms per nucleobase without back-mapping the trajectories.
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To rationalize the overlap of these vectors on the 3D space

trajectories of both systems we calculated the pair-wise inner-

product between them. The higher the value of the inner-

product, the higher the superposition in the components of the

motion described by that particular pair of vectors. Calcula-

tion of the inner-product between these six eigenvectors (three

for each system) evidences a good degree of superposition in

the diagonal elements. The agreement is particularly higher

between the two first eigenvalues (Fig. 4B), which corresponds

to a bending mode (Fig. 4C, left). However, a certain degree of

mixing between the second and third modes can be deduced

from the higher inner-product values. Analysis of the extreme

projections on the atomistic trajectory suggests that the second

and third modes can be mainly ascribed to twisting and

twisting/bending movements for the second and third eigen-

vectors, respectively (Fig. 4C, middle and right).

Analysis of an AA ‘‘bubble’’ within a CG context

The previously described molecular systems constitute a sui-

table test platform for our hybrid scheme. However, a more

interesting and practical example of application would com-

prise a limited portion of AA residues surrounded by a

considerably longer CG segments. Hence, we address the

Fig. 4 Principal component analysis on phosphate atoms. (A) The first 20 eigenvectors (out of 66) are plotted against their eigenvalue number.

The heights of the bars represent their percentage relative to the trace of the eigenvalue matrix. Black and red colors indicate SAA1 and SH1,

respectively. Lines (solid or dashed) correspond to the cumulative sum over the preceding eigenvectors for SAA1 and SH1, respectively. (B) Matrix

of inner-products between the first three eigenvectors of systems SAA1 and SH1. (C) Blue and green tubes correspond to the structural

representations of extreme projection of the first (left), second (middle) and third (right) eigenvectors of SAA1 on the real space. The canonical

B form is included as a reference, in which yellow tubes and orange spheres represent the DNA backbone and the phosphate atoms, respectively.

(D to F) Same as A to C for systems SAA2 (black bars, solid lines) and SH2 (red bars, dashed lines). Notice that for systems SAA2 and SH2 the total

number of eigenvectors is 114.
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simulation of a 20-mer DNA sequence (SH2), which consists of

an AA bubble of six base pairs placed between two CG regions

of seven base pairs each (Fig. 1). As a benchmark the full

atomistic model of the system (SAA2) is also studied.

Briefly, the analysis of helical parameters for SAA2 and SH2

reveals the same trends observed for SAA1 and SH1, i.e., the

rather small perturbations observed at the AA/CG border

vanish after one base pair from the interface (Fig. S1, ESIw).
Likewise, a good reproduction is retrieved for the dynamic

behavior. Indeed, the SI between the trajectories of SAA2 and

SH2 suggests a high degree of superposition with a value of

0.69 (0.70 for phosphates) considering the entire molecular

systems. This value increases reaching a SI of 0.82 (0.83 for

phosphates) when calculated only on the six central pair bases

simulated at the atomistic level. These results underline the

good performance of the hybrid model within the AA region

as well as the global behavior of the system.

The longer size of systems SAA2 and SH2 offers a good

opportunity to analyze in more detail the principal compo-

nents, which are dominant in the dynamics. Fig. 4D shows

that the first three eigenvectors associated to SAA2 and SH2

explain B70% of the motion. In SAA2 the first eigenvector

stands out from the others (representing B36% of the var-

iance), while first and second eigenvectors of SH2 have an

equivalent weight (B32%). This observation acquires rele-

vance when analyzing the inner-products matrix. Direct com-

parison between the first two eigenvectors of SAA1 and SH2

suggests that the spaces explored by them are different

(Fig. 4E). However, when performing a cross comparison

(i.e., eigenvector 1 of SAA2 against eigenvector 2 of SH2 and

vice versa), we find significantly higher values in the off-

diagonal elements. This indicates that the movement asso-

ciated to eigenvector 1 in SAA2 is represented by eigenvector 2

in SH2 and vice versa. Visualization of the extreme projections

of these two first vectors in SAA2 shows that they correspond

to nearly perpendicular bending modes in the double helical

DNA fragment (Fig. 4F, left and middle). We can conclude

that, despite the discrepancy in the eigenvector modules, the

same movements are represented along both trajectories with

slightly different weights.

In contrast with the behavior of the first two vectors, we

retrieve a good overlap between both third eigenvectors in the

trajectories of SAA2 and SH2, as evidenced by the high value of

the corresponding inner-product (Fig. 4E). This vector can be

identified as a twisting movement (Fig. 4F, right), which is

nearly equally represented in both systems (Fig. 4D).

As already stated, the scheme presented here is based on the

introduction of bonding parameters linking the AA/CG inter-

face. Besides the minor perturbations in the structural and

dynamical features, it is also important to evaluate the possible

spurious effects arising from a misbalance in the non-bonding

interactions. In particular we concentrate on the electrostatic

potential, which has the longest relaxation distance. With this

aim we calculated the electrostatic potential generated by the

canonical form of SAA2 and SH2 on a grid surrounding each

system. Then we computed the difference between the two

electrostatic potential grids. As shown in Fig. 5A, appreciable

differences exist only within or near the CG region. The

isosurfaces are drawn at �10 mV, which is a tiny figure if we

consider that fluctuations across a box of pure SPC water are,

on a temporal average, in the order of 4 mV.35 If we consider

10 mV as the maximum acceptable perturbation on the

electrostatic potential we should conclude that at least two

atomistic base-pair steps would be needed to buffer the

influence of the CG region on the AA segment. The close up

in Fig. 5B and C shows that the regions where the differences

are more sensible are those of the sugar rings (minor groove)

at the rim of the second base-pair step from the hybrid

interface, while the corresponding base moieties feel no differ-

ence in electrostatic potential. Although the differences in the

electrostatic potential propagate up to a couple of steps, these

differences have seemingly no effects as the perturbations in

dynamical and structural features introduced by the CG

regions on the AA bubble are noticeable, at most, up to the

first step (Fig. S1, ESIw).
The data presented in Fig. 3 and Fig. S1 (ESIw) seem to

indicate that the introduction of additional interaction (perhaps

non-Hamiltonian) terms could further reduce the discrepancies

observed with the fully atomistic simulation in terms of helical

parameters. In particular, van der Waals interactions at the

hybrid interface are poorly reproduced, as a considerably

reduced number of effective beads in the CG residue are

opposed to the atoms in the AA base. The perturbations

introduced by this unbalance extend up to the first or second

base pair from the interface. On the other hand, electrostatic

perturbations extend up to the second base pair (Fig. 5).

Fig. 5 Differences in the electrostatic potential. The difference

between electrostatic potential grids of AA (SAA2) and AA/CG (SH2)

schemes is calculated and the results are mapped in the 3D space. The

canonical structure of system SH2 is included as a reference. Positive

(blue) and negative (red) isosurfaces are drawn at values of +10 and

�10 mV respectively. (A) Global view. (B) Close up on the AA region

looking into the mayor groove. (C) Same as B but rotated 901 around

the principal DNA axis.
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Hence, although incorporation of additional interactions

would likely improve the behavior of the AA/CG link, it

would not reduce the number of nucleotides needed to smooth

the perturbations in the AA segment since they are dominated

by long-range electrostatic interactions.

Study of two hairpin systems

As an example of application of our hybrid AA/CG strategy we

undertook the study of two DNA hairpins (SH3 and SH4, Fig. 1).

This molecular architecture includes a double helical DNA stem

capped by a tetranucleotide loop, which is stabilized by the

formation of a sheared GA pair. This non-Watson–Crick pairing

is not well reproduced using our CG model as the interaction

points are not present in our simplified scheme,25 highlighting the

usefulness of the hybrid scheme.

DNA hairpins are principally found in prokaryotes and their

viruses and play important biological roles in different kinds of

organisms during replication, recombination and transcription.46

As some proteins can directly recognize and bind DNA hairpins

in a sequence dependent way, their structure and dynamics at the

loop region have a biological relevance.46 In particular, the

hairpin studied here is related to telomeric and centromeric

structures and has been solved by NMR spectroscopy.32 Besides

the original structure containing a G7T8T9A10 tetraloop (SH3),

we also simulated a modified version of the hairpin containing

adenines at positions 8 and 9 (SH4), which are not supposed to

alter the structural stability of the loop despite the significantly

different chemical characters.

Structural comparison between the ensemble of NMR

structures and the corresponding MD trajectories (SH3 and

SH4) gives an overview on the landscapes explored by the

models. The RMSD values of the backbone with respect to

any of the NMR structures range from 1.0 to 5.0 Å (Fig. 6).

Over 70% of the simulation time the models sample confor-

mations close to at least one of the experimental conforma-

tions (RMSD below 2.0 Å). While nearly 30% of the

remaining time they explore conformations between 2.0 and

3.0 Å of RMSD. Deviations beyond 3.0 Å are extremely rare

during the simulation (less than 3% of occurrence), pointing to

a good global agreement with the experimental data. During

the simulation the hairpin explores different conformations

approaching to different NMR reference structures with time

periods that vary from tens of nanoseconds to almost one

microsecond as evidenced by the alternation of different colors

in Fig. 6.

A relevant interaction in both tetraloops (bases G7 T8/A8

T9/A9 A10) corresponds to the contact between G7 and A10.

These two nucleotides interact though non-standard

Watson–Crick interactions (sheared G(anti)A(anti) pair) while

nucleotides at positions 8 and 9 may form different types of

stacking interactions.32 The G7A10 pair is stabilized by the

formation of two hydrogen bonds in the anti–anti conforma-

tion involving the pairs N7 (G7) – N2 (A10) and N6 (A10) – N3

(G7) as hydrogen donors and acceptors, respectively. The

simultaneous presence of both hydrogen bonds is higher than

80% during both simulations and at least one of them is

always present, underlining the relevance of the G7 and A10

pair for the structural stability of the hairpin.

The two central bases within the tetraloop are not involved

in stable hydrogen bonds. However, they engage stacking

interactions, which may be determinant for the conformation

of the loop. While these loops can be classified into three

types,42 the third class (Type III) is not considered here, as it is

only present in RNA hairpins. Moreover, we introduced two

Fig. 6 Conformational behavior of the DNA hairpin. (A) Each colored row corresponds to a RMSD of the phosphate atoms during the MD

trajectory of SH3 using as reference each of the ten conformers derived by NMR (PDB code: 1AC7). The instantaneous RMSD values are depicted

according to the color scale at the bottom of the figure. A sampling time of 20 ps was used. (B) Same as A for SH4.
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additional categories (unclassified and disordered) to account

for other conformations visited during the dynamics but not

comprised in the definition of loops type I or II

(see Methodology).

According to these definitions, two main populations

corresponding to type I are observed in SH3 and SH4 along

the simulations. The first shows a continuous stacking of the

nucleotides at positions 7, 8 and 9, while only nucleotides at

positions 7 and 8 are involved in the stacking interaction in the

second population (Fig. 7A). In addition, we also observe type

II conformations where the residue at position 9 stacks indis-

tinctly on either one or both nucleobases involved in the

sheared GA pair (Fig. 7B). From the structural point of view,

substitution of T8T9 in SH3 by A8A9 in SH4 does not introduce

significant conformational modifications in any of the loop

types. The most populated configurations visited by SH3 and

SH4 correspond to type I (>70% occupancy, Fig. 7C), in

agreement with the experimental information.32 However, the

pyrimidine to purine substitution has a clear impact on the

loop’s dynamics owing to the tendency of purines to form

more stable stacking interactions than pyrimidines. In fact,

SH3 are more prone to visit type II configurations than SH4,

whose type I occupancy is 20% higher. Furthermore, the

higher steric hindrance of adenines appears to alter the

propensity of the loop to visit different conformational states,

as the occupancy of unclassified or disordered states is also

increased during the SH4 simulation (Fig. 7C).

Regardless the relative occupancy of different states, both

simulations suggest that the transition from type I to type II is a

dynamic process with characteristic transition times near the

microsecond (Fig. 7D). For instance, microseconds long con-

formational dynamics have been recently reported for the apical

loop element of the nascent HIV-1 RNA transcripts (TAR47).

Thus, highlighting the potential utility of hybrid approaches to

extend the spatiotemporal scales accessible to computer simula-

tions keeping trace of atomistic information.

Conclusions

We presented here a set of parameters, which straightforwardly

allows us to link atomistic and simplified representations of

nucleotides in MD simulations. The set of simulations presented

here shows that the AA/CG transition is effectively smooth, and

in the few cases where perturbations are detected, they converge

to atomistic values within the first or second base pair after the

interface. This is particularly important for the case of the slowly

decaying electrostatic potential. This suggests, as a general rule,

that at least two base pairs beyond the region of atomistic interest

are needed to soften the (relatively small) perturbations intro-

duced by the CG region in the AA segment.

The agreement resulting from the systematic comparison

between atomistic, coarse grain and hybrid representations of a

series of systems proposes this strategy as a very promising one.

Our hybrid AA/CG interface for double stranded DNA

introduces only a reduced set of linking interactions (two bonds,

four angles and four dihedrals, Table 1). This is accomplished

without modifying the existing parameterization of the nucleo-

tides at AA and CG levels. Furthermore, the back-mapping

capability of our CG model grants the possibility to obtain

atomic details for the entire AA/CG system. Using this scheme,

the considerably higher performance granted by CG approaches

can be straightforwardly complemented to treat non-standard

interactions, modifications and complexes at fully atomistic

detail. The speed-up resulting from this approach will intrinsi-

cally depend on the relative sizes of each of the components of

the system (AA and CG). In the present examples, the speed-up

Fig. 7 Hairpin dynamics at the loop region. Representative structures of (A) type I and (B) type II motifs. The lighter models superimposed on A

represent alternative conformers fulfilling the definition of a type I loop. (C) Occupancy of loop configurations visited by SH3 (black wide bars) and

SH4 (red thin bars). (D) Temporal occurrence of type I and II motifs along the MD of systems SH3 (up, black lines) and SH4 (bottom, red lines).
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comparing systems SAA1 vs. SH1 (half of the molecule treated at

the AA level), resulted of 50%, while comparison of SAA2 vs. SH2

(30% of the system treated at the AA level), give a speed-up of

70%. Moreover, the computer cost to simulating SH1 and SH2,

which have the same number of AA residues was nearly identical.

Underlining the advantage of the hybrid approach to extend either

the size and/or time scale accessible to MD simulations. A further

acceleration can be expected from the use of multi-timestep

approaches setting a longer integration period for the CG region.

This possibility, however, has not been explored in this work.

A more ambitious perspective on the potentiality of this

scheme can be acquired by considering the successes of QM/

MM methods, which opened the possibility to include macro-

molecular effects (electrostatic andmechanical coupling) in high-level

molecular calculations.48–51 Since the set of parameters

presented here for the interface and the CG region are built in

together with the classical part of the calculations, it straight-

forwardly allows to explicitly consider the supramolecular

environment at multiscale level (QM/AA/CG) of description.
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