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Abstract 

We report a method for analyzing atomic correlated motions in biopolymers from trajectories obtained by 
molecular dynamics simulation. A correlation coefficient based on the canonical analysis of data is defined which is 
independent on the relative orientation of atomic displacement. To illustrate the method we studied correlation 
between positional fluctuations of protons in the double-stranded self complementary oligonucleotide d(CTGAT- 
CAG), deduced from a 200 ps molecular dynamics simulation in the presence of explicit water molecules and 
counterions. It is found that on this time scale the motions of protons belonging to different residues are poorly 
coupled while the motion of a base proton is correlated to the motion of the sugar ring protons of the same 
nucleotide. Such a method may be generalized to study correlated motions of two distinct domains of a macro- 
molecule. 
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1. Introduction 

Molecular dynamics (MD) simulation is widely 
used to determine the structure of biological 
macromolecules such as proteins or nucleic acids, 
from experimental data given by NMR or X-ray 
crystallography. It is also a powerful tool for 
investigating the internal flexibility of macro- 
molecules whose average structure is known [l-3]. 
Much information may be extracted from simula- 
tions: conformation, root-mean-square fluctua- 
tions or correlation times. A property which has 
been less studied is the correlation between fluc- 
tuations of different structural parameters of a 
macromolecular system. 

A first interest for the analysis of correlated 
fluctuations is to evidence how the variation of a 
structural parameter may affect other structural 
parameters. The study of cross-correlations is also 
an interesting tool for analyzing collective mo- 
tions of atoms, which are usually low-frequency 
motions of high biological significance [1,2]. Fi- 
nally the knowledge of atomic correlated motions 
may be of some help for interpreting NMR exper- 
iments, for example NMR spectroscopy which 
estimates interatomic distances [41. 

MC Cammon [5] used such an approach to 
study collective motions in cytochrome c. An 
interesting two-dimensional representation of 
the displacement cross-correlation between the 
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residues was given. The residue displacements 
were evaluated as the displacements of the 
residue centroids. 

Ichiye and Karplus [6] and Swaminathan et al. 
[71 used a similar approach for evidencing corre- 
lated motions in BPTI and HIV-l protease dimer 
respectively. These two studies focused on back- 
bone atoms and they led to a fine description of 
the internal dynamics of these proteins. The 
method used in these works for identifying collec- 
tive motions, makes use of the normalized covari- 
ante, C,, of the positional fluctuations, 6rj and 
8rj, of atoms i and j respectively. C, is propor- 
tional to the mean scalar product between 6ri 
and St-,. For totally correlated (or anticorrelated) 
motions, C, = 1 (or - 11, while for uncorrelated 
motions Cij = 0. However, as explained by Ichiye 
and Karplus [6] this is true only if 6r, and 8rj are 
collinear vectors, since C, depends on the angle 
between both vectors. This is due to the fact that 
this approach does not take into account possible 
correlations between the different components of 
the fluctuations of a given atom on one hand and 
between non-homonymic components of the fluc- 
tuations of different atoms on the other hand. In 
other words the value of Cij expresses at the 
same time the correlation and the relative orien- 
tation of the fluctuations, making the interpreta- 
tion of C, ambiguous. Consequently the analysis 
of translational collective motions is fully justified 
but analysis of rotational motions is not easy. 

The aim of this paper is to propose a method 
which avoids the limitation mentioned above. It is 
based on the canonical analysis approach used in 
statistics for comparing different groups of vari- 
ables. Here the variables are the components of 
normalized fluctuations. The method consists in 
defining new variables (canonical variables) which 
satisfy the following conditions: 
- for a given atom there is no correlation be- 

tween the canonical variables. 
- a canonical variable of an atom is correlated, 

at most, to only one canonical variable of the 
other atom. 
With this method a correlation coefficient be- 

tween positional fluctuations may be calculated 
easily which can be interpreted without ambigu- 
ity. 

As an illustration of this approach, we present 
a study of the correlations between fluctuations 
of some protons belonging to the double-stranded 
oligonucleotide d(CTGATCAG1. The choice of 
the protons is guided by their importance in the 
elucidation of conformation from two-dimen- 
sional NMR NOESY experiments [8,9]. The 
atomic fluctuations are obtained from a 200 ps 
MD simulation in the presence of explicit solvent 
and counterions. The different correlation coeffi- 
cients are compared to the root-mean-square 
fluctuations of the corresponding interproton dis- 
tances which gives qualitative information about 
the phase of the correlation. 

2. Materials and methods 

2.1. Molecular dynamics simulations 

The atomic trajectories used in the present 
study have been obtained from a 200 ps molecu- 
lar dynamics simulation in the presence of 1534 
explicit water molecules and 14 Na+ counterions. 
The details of the simulation have been described 
previously [lo]. In short, after a heating and equi- 
libration period of 34 ps the 200 ps production 
period was performed using the SHAKE algo- 
rithm [ll] to keep the bond lengths constant. The 
time increment during the simulation was 0.002 
ps and a weak coupling to a thermal bath was 
used to keep the temperature close to 300°K. 
10000 conformations were stored, separated by 
time intervals of 0.02 ps. The simulations were 
performed on an IBM 3090 computer located at 
CIRCE (Orsay-FRANCE) with the program 
GROMOS 1121. The analysis was done on an 
IRIS 4D35 Silicon Graphics work station. 

GROMOS uses the concept of united atom 
model, and apolar proton positions are not imme- 
diately available. It was therefore necessary to 
recalculate their trajectories by using the same 
method as in the subroutine DISRE of GRO- 
MOS. This consists on a simple geometrical cal- 
culation which imposes the correct bond lengths 
and bond angles of CH, CH2 and CH3 groups for 
which the coordinates of the carbon atoms and of 
their direct neighbours are known from the simu- 
lation. 
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For each atom of the molecule the mean 
Cartesian coordinates (x ), ( y ) and (2) are cal- 
culated together with the corresponding compo- 
nents of the instantaneous normalized fluctua- 
tions Sa = (Y - (a))/[((c-u - (~)>2>]1/2 (a =x, y 
or 2). 

For two protons 1 and 2 with average distance 
( rlz> the root-mean-squares (RMS) of their dis- 
tance fluctuations is given by RMS = [(( r12 - 
(r,2))2)1”2, where the averages are taken on the 
10000 atomic trajectories. We also define an aver- 
age RMS for each type of atom pair by (RMS) = 
l/nCRMS,, where the index k refers to the 
different pairs of this type, and n = 7 or 8 for the 
intra- or inter-residue cases respectively. 

2.2. Spatial correlations 

We outline the canonical analysis approach 
which has been used in the present work to 
establish correlations between two groups of indi- 
viduals described by three variables. In the pre- 
sent paper, the groups are related to two atoms 
referenced as 1 and 2 respectively. The individu- 
als correspond to the N conformations, N = 
10000, resulting from the MD simulation and the 
variables are the Cartesian components of posi- 
tional normalized fluctuations 6x, 6y and 82. As 
one is interested in equal time correlation, each 
variable may be considered as a vector defined in 
a N-dimensional space. In this space we define a 
scalar product between two vectors U and I/ by: 

(U+‘)=(I/N)~UJ,, 

which represents the normalized correlation be- 
tween U and I/, r/, and Vk (k = 1, N) being the 
components of both vectors respectively. 

In the general case the vectors 6x, 6y and 6z 
of each group are not orthogonal in the N-dimen- 
sional space, nor are vectors belonging to differ- 
ent groups. This is the cause of the difficulties 
mentioned in section 1. In order to circumvent 
this problem we use in each group new variables 
called canonical variables, which are linear com- 
binations of the original variables 6x, 6y and Sz. 
The canonical variables are defined as follows: 

Let Wl and W2 be the sets of the N-dimen- 
sional vectors obtained by linear combination of 

the original vectors of groups 1 and 2 respec- 
tively, and Al and A2 the projection operators 
onto Wl and W2 respectively, A 1 A2 and A2 Al 
are symmetric with dimensions 3 X 3 and have 
the same set of eigenvalues A, (i = 1,2 and 3). 
The canonical variables Xl; and X2, of groups 1 
and 2 are the eigenvectors of Al A2 and A2A 1 
respectively, associated to A,. It can be demon- 
strated [13] that they verify the following condi- 
tions: 
- (Xl, .X1,) = 6,j, 
- (x2, *X2,) = a,,, 
- (Xl, *X2,) = 0 if i and j are different, 
- (Xl, *x2,) = A’,“, 
_ Ai represents the square of the correlation 

coefficient between Xl, and X2,. 
We could define with the canonical variables a 
correlation coefficient, C, as 

However this definition needs to explicitate the 
projection operators Al and A 2 and the deter- 
mination of the eigenvalues of A 1 A 2. 

An other possibility is to define a correlation 
coefficient, M, as: 

M= [+-pi]“*. 

Let us consider the four correlation matrices Rll, 
R12, R21 and R22, where the indices 1 and 2 are 
related to atoms 1 and 2 respectively. These 
matrices are defined as follows: 

(fix&,,) (6X,,6Ym) (6x,Jz,,,) 

Rnm = (~Y,$x,,) (SY,,~Y,,) (SY,,~Z,,,) 

(~z&,) (%JY,,,) (~z,,Sz,,,) 

In these expressions the angular brackets () 
represent an average over all the configurations, 
6x, Sy, SZ are the original variables and n and m 
are equal to 1 or 2. It may be noted that except 
for the case n = m, Rnm is not symmetric. 

It can be easily demonstrated 1131 that the Al’s 
are also the eigenvalues of the 3 x 3 matrices 
Ra = RllI’ R12 R222’ R21 and Rb = R222’ 
R21 RllI’ R12, where RllI’ and R22-’ are 
the inverse matrices of Rl 1 and R22 respectively. 
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Therefore, M may be obtained from Ra (or Rb) 
instead of the projection operators. It is not nec- 
essary to explicitly determine the canonical vari- 
ables, nor to diagonalize Ra (or Rb) since one 
needs only the sum of its eigenvalues which is the 
trace of Ra (or Rb). The four Rnm matrices are 
simply obtained from the trajectories using the 
initial variables, Rll and R22 are inverted and 
Ra (or Rb) is calculated. The canonical correla- 
tion coefficient is thus given by: 

M= [i(Trace(Ra))]r” 

or M = [ f( Trace( Rb))]“*. 

M is defined for each atom pair. For fully 
correlated (or anticorrelated) atomic fluctuations, 
M is equal to 1 independently of the relative 
directions of each motion, while M = 0 occurs 
only if the motions are not correlated. We can 
also calculate an average correlation coefficient 
for the different atom pairs of a given type: 
(M) = (l/n)CM, where the index k represents 
the different pairs of this type along the sequence 
and n is either equal to 8 for intra-residue pairs 
or 7 for inter-residue pairs. 

The method may be easily generalized to the 
case of more than 3 variables in each group. For 
example each group of variables may consist of 
the Cartesian (or internal) coordinates of a set of 
atoms belonging to the same domain of the 
macromolecule. If both groups have the same 
number K of variables, the correlation matrices 
Rnm have dimensions K x K and M is given by 
M = [(l/K)Trace(Ra)]‘/* (or M = [(l/K)Trace 
(Rb)]‘/*. Both groups may as well contain a dif- 
ferent number of variables Kl and K2 respec- 
tively. In this case the square matrices Ra and 
R b have dimensions K 1 X K 1 and K2 x K2 re- 
spectively. It can be demonstrated [13] that the 
operators product Al A2 and A2Al have, at 
most, K eigenvalues different from 0 where K = 
min[ Kl,K2]. It is thus sufficient to calculate the 
trace of the matrix Ra or Rb having the smallest 
dimensions. The correlation coefficient M is ob- 
tained exactly in the same manner as in the 
preceding case. Therefore A4 expresses directly 
the level of correlation between the fluctuations 
of two sets of atoms. 

3. Application 

All data presented in this paragraph concern 
protons of strand I. We have obtained the same 
results for strand II (not shown). Indeed both 
strands are identical so that the conformation of 
the duplex is symmetric. However the helical 
parameters of one strand, such as rise, twist, tilt 
and roll, defined at the EMBO workshop on 
DNA curvature and bending [14], vary along the 
sequence leading to significant differences be- 
tween nucleotides. No data corresponding to in- 
ter-strand proton pairs are presented. 

Correlated motions have been studied for pro- 
ton pairs belonging to a same nucleotide (intra 
residue) and for proton pairs belonging to differ- 
ent residues (inter residue) in d(CTGATCAG). 
In the first category we have analyzed the aro- 
matic (H8 or H6)-Hl’, aromatic-H2’ and aro- 
matic-H2” pairs. In the second category we have 
analyzed aromatic (H8 or H6)-aromatic, aro- 
matic-Hl’, aromatic-H2’ and aromatic-H2” pairs 
both in the 3’-5’ and in the 5’-3’ direction. We 
have also analyzed correlations between the H8 
or H6 of each extremity with the H8 or H6 of the 
other residues of the sequence. Examples of cor- 
relation matrices obtained with the original vari- 
ables are given in Table 1. It can be seen that 
off-diagonal components may be of the same 
order of magnitude as the diagonal components. 
Figs. la and lb show the value of M correspond- 
ing to H8 or H6 of the extremities and the other 
aromatic protons of the sequence. It is observed 
that the correlation factor is rather small for 
non-adjacent residues (M = 0.12 k 0.07) and 
independent of the residue. For the adjacent 

Table 1 
Correlation matrices R12 calculated with the original Carte- 
sian coordinates. Upper part: intra-residue (T.5) H6-Hl’ pro- 
ton pair; lower part: inter-residue (G3-A4) H6-Hl” proton 
pair 

0.72 0.19 0.39 
- 0.46 0.25 0.47 

0.26 0.09 0.84 

- 0.24 0.28 - 0.09 
0.33 0.60 - 0.31 

- 0.25 - 0.44 0.42 
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bases the correlation is more important since the 
values of M are about two times higher. This last 
feature does not seem to hold for all adjacent 
bases of the sequence. As shown in Fig. lc only 5 
adjacent bases have correlation factors lying be- 
tween 0.2 and 0.3 while 2 have small correlation 
factors (0.08 and 0.15). 
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Fig. I. Correlation coefficient, h4, between aromatic protons 
H8 or H6 of strand I, as a function of residue number. (a) H6 
of cytosine 1 with other aromatic protons. (b) H8 of guanine 8 
with other aromatic protons. (c) Aromatic proton pairs belong 
to adjacent bases. 

0.0 -I 
I I I 

l- 
I 
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Fig. 2. Correlation coefficient, M, between aromatic protons 
H8 or H6 of strand I and sugar protons of the same nu- 
cleotide, as a function of residue number. (a) aromatic-Hl’; 
(b) aromatic-H2’ (empty squares) and aromatic-H2” (filled 
squares). 

For the intra-residue H8 (or H6kHI’ pairs 
(Fig. 2a) a rather high level of correlation is 
observed CM = 0.55 k 0.1). The same observation 
holds for the intra residues HS (or H6)-H2’ and 
H8 (or H6)-H2” proton pairs with M values in 
the range 0.5-0.6 (Fig. 2b). 

On the contrary, for inter residue pairs involv- 
ing an aromatic proton and a Hl’, H2’ or H2” 
proton, the correlation factors are smaller (0.1 < 
M < 0.3) (Figs. 3a-3c). 

Table 2 gives (M), the average value of the 
correlation factor corresponding to some proton 
pairs types which are of importance for structural 
studies by 2D-NMR. It is seen that intra residue 
pairs have a much higher level of correlation than 
inter residue pairs. 

In order to evidence a relationship between 
correlated motions of protons and the fluctua- 



40 F. Briki, D. Genes /Biophysical Chemistry 52 (1994) 35-43 

J------ (a) 

QEi- 

0.0_ 
I I I I 

0 2 4 6 a 

I 
r.oJ 

0.8- 

0.6- 

I I I I 

(b) 

0.0 t 
I I I I 

0 2 4 6 6 

0.2 w 

-I 
0.0 I 

t 
I 

I I I I 

0 2 4 6 6 

residue 

Fig. 3. Correlation coefficient, M, between aromatic protons 
H8 or H6 of strand I and sugar protons of the adjacent 
nucleotides, as a function of residue number. (a) aromaticH2”; 
(bl aromatic-Ha’; (c) aromatic-Hl’. Filled squares are for the 
S-3’ direction and empty squares for the 3’-5’ direction. 
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Fig. 4. (RMS) as a function of CM). (See materials and 
methods section for definition). 

tions of their distances, we have plotted the aver- 
age RMS of the distance fluctuations for differ- 
ent types of proton pairs as a function of (M) 
(Fig. 4). The same representation is shown in Fig. 
5 for the individual proton pairs. It is obvious that 
the highest fluctuations correspond to the small- 
est correlation factors 

4. Discussion and conclusion 

In the present work we have adapted a canoni- 
cal analysis approach to investigate correlated 

Table 2 
Average correlation factor c(M)) for different types of proton pairs including an aromatic proton HI8 or H6 and an other proton 
(H) belonging to the 5’ neighbour residue (a) or to the same residue (b). The average is taken along the seauence 

H H6/H8 (al HI’ (al H2’ (a) H2” (a) Hl’ (b) H2’ (bl H2” (b) 

(M) 0.23 0.22 0.25 0.27 0.55 0.57 0.50 
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Fig. 5. RMS as a function of M. (See Section 2 for definition). 

motions of atoms in d(CTGATCAG). A detailed 
description of correlation would require a tenso- 
rial representation. In particular, information 
about privileged directions can be obtained by 
determining the canonical variables. However 
such an analysis is much less immediate to use 
than a scalar one. Consequently, a scalar coeffi- 
cient, M, has been defined in order to quantify 
the correlation between the fluctuations of atoms. 
It has the advantage of taking into account all the 
possible correlations between the different coor- 
dinates of both atoms. This is not the case for 
other correlation factors used previously [5-71. 
An important feature of the coefficient defined 
here is that it does not depend on the relative 
orientations of the displacements of both atoms. 
Therefore its value describes really the actual 
level of correlation. On the other hand it does 
not indicate if the correlated motions are in phase 
or in antiphase. However, it is possible to get 
some idea about the phase or antiphase correla- 
tion by combining the RMS measurements and 

the correlation factor. A small RMS of the inter- 
atomic distance coupled to a high M value is 
consistent with in phase correlation while a high 
RMS coupled to a high M value favours an- 
tiphase correlation. Indeed, if both atoms move 
in the same direction in a correlated manner, it is 
expected that their mutual distance varies less 
than if they move in the opposite direction. 

This analysis has been applied to the study of 
correlated motions between the aromatic protons 
H8 or H6 of each base and the aromatic protons 
of the other bases or the HI’, H2’ and H2” 
protons of the deoxyribose ring belonging either 
to the same residue or to adjacent residues. The 
proton pairs investigated may be classified in 3 
classes according to the values of their average 
correlation coefficient, (M). 

A first class contains the intra residue pairs. 
The corresponding values of (M > are large, rang- 
ing from 0.50 to 0.57 which indicates that the 
motion of the base is highly coupled to the sugar 
ring deformation of its own deoxyribose. How- 
ever, it should be pointed out that the correlation 
is far from its maximum value. About 40 to 50% 
of the aromatic motions are not coupled to the 
sugar motion. At the same time, the RMS of the 
distances between the aromatic protons and its 
Hl’. H2’ or H2” is small, indicating that the base 
and the sugar protons move in phase. 

A second class includes the inter residue pro- 
ton pairs corresponding to aromatic-sugar pro- 
tons in the 3’-5’ direction. In this case. the aver- 
age correlation factor, (M), has a considerably 
reduced value (0.22-0.27). Therefore the motions 
of the base are only moderately coupled to the 
motion of the adjacent sugar. Furthermore, the 
average fluctuations of the corresponding inter- 
proton distances are important (0.48-0.58 A>. 

The aromatic-aromatic inter residue pairs also 
belong to the same category. These findings have 
to be related to fluorescence polarization data in 
DNA-ethidium bromide complex. It has been 
observed that the number of intercalated 
molecules does not affect this parameter, from 
which it was deduced that adjacent bases rotate 
independently of each other [15]. It was also 
found by analyzing the rotational motions of the 
bases from the same simulation as used in this 
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work that adjacent bases do not move in phase 
[lo]. The present study confirms this observation. 

The last class is characterized by a very small 
correlation factor (0.09-0.15). It concerns the 
aromatic-aromatic pairs separated by at least 
one residue and the inter-residue aromatic-sugar 
proton pairs in the 5’-3’ direction. For the aro- 
matic-aromatic proton pairs it is interesting to 
note that the correlation does not vary along the 
sequence. It is possible that the values found for 
M are in the limit of the accuracy domain. An- 
other possibility would be the existence of a very 
weak residual correlation between the motions of 
all the bases. 

Concerning aromatic-sugar proton pairs it is 
obvious from Figs. 3a-3c that the correlation 
factor in the S-3 direction is significantly smaller 
than in the 3’-5’ direction. Ichiye and Karplus 
reported for BPTI a decrease in the correlation 
when the number of covalent bonds between two 
atoms increases [6]. This cannot be the case here 
since the number of bonds between an aromatic 
proton and a Hl’, H2’ or H2” of an adjacent 
residue is the same in both directions. In our case 
the difference seems to be more related to a 
smaller distance in the 3-5’ direction than in the 
S-3’ one, which is a consequence of the helical 
geometry of the DNA molecule. Although there 
are conformational differences between residues 
belonging to the same strand, no relation is found 
between helical parameters and correlation coef- 
ficient. 

The present study, based on correlated mo- 
tions analysis, shows that a nucleotide is a much 
more rigid entity than a dinucleotide, at least on 
a 200 ps time scale, although the correlation 
between a base and its sugar ring is not complete. 
Such an approach could be helpful for interpret- 
ing NMR data. 

An alternative for analyzing correlation be- 
tween atomic positions would be to calculate a 
scalar correlation coefficient, M’, between 6ri 
and Sri, the distance fluctuations from mean po- 
sition of atoms i and j respectively. M’ would 
not depend on the relative orientation of atomic 
motions. However the correlation in this case 
would have a different meaning since it concerns 
only the fluctuations norm. On the contrary the 

coefficient M used in the present study depends 
both on the correlation between norms and on 
the correlation between orientations of the fluc- 
tuations, although not on the value of the relative 
orientation, For the one-dimensional case, i.e. 
correlation between two scalar variables, M is the 
usual correlation coefficient, while M’ is related 
to correlation between absolute values of the 
variables. 

Of course, the correlation factor defined here 
may be used to study correlated motions in pro- 
teins. An important application would be to study 
relative motions between two molecular sub-units 
in a very simple way. In this case the two groups 
of variables would contain the coordinates of 
atoms which compose both sub-units. 

All the present work deals with equal time 
correlations. It is also possible to assign atomic 
coordinates taken at the same time to the first 
group of variables while the second group is 
composed of atomic coordinates taken at a time t 
later. The determination of M as a function of t 
would give temporal correlation functions, either 
auto-correlation, if the variables of both groups 
are coordinates of the same set of atoms, or 
cross-correlation if they belong to different sets. 
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