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Abstract 

A detailed study of the dynamical behavior of the 29.residue peptide including the transmembrane domain of p18YerhB2 
oncogene-encoded protein and of its V659E mutant is presented. In a first part of this work we analyse equal time 
correlation coefficients between the backbone dihedral angle fluctuations. Concerted motions are observed in the wild type 
transmembrane a-helix but not in the corresponding V659E intramembrane domain. The difference observed in the 
correlation pattern is attributed to the single amino acid replacement. 

In a second part, we investigate the propagation of the effect of a local conformational change along the transmembrane 
segment, one of the dominant hypotheses for signal transduction mechanisms of transmembrane receptors. The analysis of 
angular time correlation functions together with that of the response of the different residues to a local disturbance applied at 
the N-terminal side evidences a propagation phenomenon for the wild type peptide. This effect is much less clear for the 
mutated peptide. Furthermore we show that the first one is much more flexible than the second one. 

Keywords: Molecular dynamics simulations; Transmembrane helix; c-erhB2 protein; Correlated motions; Signal propagation 

1. Introduction 

Dynamical aspects of biological molecules are of 
major importance for interpreting their structure and 
their function [ll. The motions in protein molecules 
may allow ligand binding or transmission of infor- 
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mation such as local conformational change affecting 
the reactivity of a remote site. Moreover, specific 
residues or subunit displacements may have a signif- 
icant role in the transition from inactive to active 
configurations of proteins and their internal motions 
can be affected by local alterations such as single 
amino acid replacement. Even fast, atomic or dihe- 
dral fluctuations in the femtosecond and picosecond 
time range may contribute to the occurrence of slow 
conformational changes [2]. 
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Internal dynamics of biological molecules simu- 
lated using molecular dynamics techniques [ll is 
usually probed by average values, root mean square 
(rms) and time-series of dihedral angles and coordi- 
nates. However, these quantities give only a partial 
description of the internal dynamics of the 
biomolecule, and do not give information in particu- 
lar about concerted motions of atoms. More com- 
plete information can be obtained from the analysis 
of equal time correlation coefficients and time corre- 
lation functions between the different atomic coordi- 
nates or dihedral angle fluctuations [3,4]. 

Recently [5], as an approach for investigating 
signal transduction mechanisms, we have applied 
molecular dynamics simulations on the transmem- 
brane sequence of the c-e&B2 protein, a tyrosine 
kinase protein known as a member of the epidermal 
growth factor receptor (EGFR) family [6,7]. We have 
shown differences in the dynamical behavior be- 
tween the wild transmembrane portion of pl 85c-erbB2 
and its V659E mutant. The differences originate 
from conformational transitions observed for the wild 
type peptide at the level of the mutation Va1659 and a 
few residues far apart in the sequence. 

In order to complement our first analysis [S], we 
are interested in the study of correlated motions in 
the helices. This study is presented in the first part of 
this paper where we report an analysis of the equal 
time correlation coefficients between the different 
dihedral angle fluctuations of the backbone for the 
two transmembrane segments. The existence of dif- 
ferent correlation patterns for the wild and mutated 
transmembrane segments is evidenced. 

A very important point investigated in this paper 
is directly related to signal transduction mechanisms. 
Two dominant mechanisms have been suggested to 
explain the signal transmission phenomenon across 
the membranes. One of these mechanisms which 
corresponds to an intramolecular process involves 
the propagation, along the intramembrane sequence, 
of a conformational change induced by ligand bind- 
ing [8,9]. The second one, an intermolecular process, 
relies on the dimerization or oligomerization [6] of 
an active conformation of the transmembrane do- 
main. It seems likely that these two mechanisms may 
coexist or may be cooperative and that dimerization 
or oligomerization is a consequence of internal fluc- 
tuations in the transmembrane part of the protein. 

The result of signal transduction is to induce impor- 
tant biological events such as proliferation or uncon- 
trolled transformation of cells. 

In the second part of this work, we focus on the 
first mechanism based on the hypothesis of a confor- 
mational perturbation propagation along the trans- 
membrane sequence. Two different analyses, applied 
to both the wild type and mutated transmembrane 
segments are reported. One deals with the angular 
time correlation functions of the backbone dihedral 
angle fluctuations: this approach is justified by the 
dissipation fluctuations theorem [lo] which states 
that a relationship exists between the response of a 
system to an external disturbance and the internal 
fluctuations at equilibrium. The second one, con- 
cerns the response of both peptides to a conforma- 
tional change imposed at t = 0 at the level of the 
membrane interface. This is achieved by performing 
a series of short MD simulations. Both methods 
clearly show the propagation of a conformational 
perturbation along the wild type sequence. On the 
contrary, for the mutated sequence, the effect of the 
perturbation is very damped a few residues after the 
external disturbance location. 

2. Methods 

2.1. Long time MD simulations 

Molecular dynamics simulations, used for correla- 
tion analysis, have been performed on two peptides 
including 22 residues of the transmembrane portion 
of the wild type and of the mutated V659E 

P185c-“bB2 protein [5] to which three extracellular 
residues at the N-terminal and four intracellular 
residues at the C-terminal have been added. Each 
extremity has been capped by CH,CO and NHCH, 
end groups, respectively. 

The wild type sequence is as follows:-Leu’-Thr- 
Ser-lle4-lle-Ser-Ala-Val-Val’-Gly-lle-Leu- 
Leu-Val-Val-Val’6-Leu-Gly-Val-Val-Phe- 
Gly-lle-Leu-llez5 -Lys-Arg-Arg-Glnz9 [7]. The 
mutated sequence is obtained by replacing Va19 by 
Glu9 in the protonated state, corresponding to the 
replacement of Va1659 by G1u659 in the whole pro- 
tein. 

Both peptides were initially built as regular right- 
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handed a-helices with the conventional @ and 9 
dihedral angles set to the values - 57” and - 47”, 
respectively. Details of the MD protocol used to 
produce atomic trajectories are given elsewhere [5]. 
In vacua simulations were performed using a united 
atom representation except for polar hydrogens. All 
bond lengths were kept constant by applying the 
SHAKE algorithm [ 11,121. Each trajectory covers a 
period of 160 ps after equilibration at 300 K and 
coordinates are stored every 0.04 ps. For MD simula- 
tions, the GROMOS program [13] was used and all 
calculations were performed on a Crimson Silicon 
Graphics workstation. The obtention of the whole 
trajectory needs about 100 h of CPU time for each 
peptide. 

2.2. Equal time correlation matrix 

To quantify the dynamical behavior of both he- 
lices and in particular to identify concerted atomic 
motions, we have calculated the correlation matrix 
for the backbone dihedral angle fluctuations [ 14,151. 
The correlation coefficient between two dihedral an- 
gles (Y; and crj fluctuations (with cy referring either 
to @ or 9 dihedral angles of residue i and j, 
respectively) is defined by the expression: 

C( “;,Clj) = 
( AaiAaj) 

I I (1) 

where da, = CY~ - ( czi) is the instantaneous devia- 
tion of (Y, from its mean value ( ai>. The angle 
brackets represent an average over the whole trajec- 
tory and (Acr:) is the mean square dihedral angle 
fluctuations. Diagonal elements (i = j) of the correla- 
tion matrix are equal to 1 and for i # j the dihedral 
angle fluctuations are correlated when C( cri, aj> > 0 
or anti-correlated when C( ayi,oj) < 0. Obviously, 
the equal time correlation matrix is symmetrical. 

This type of correlation matrix has been recently 
used for the study of atomic displacements in HIV-I 
protease dimer [ 161 and in BPTI (bovine pancreatic 
trypsin inhibitor) [ 171. 

2.3. Time dependence of the correlation matrix 

Each coefficient of the correlation matrix defined 
by Eq. 1 expresses the dependence of the value taken 

by a quantity Aa, at a given time with the value 
taken by another quantity Aaj at the same time. This 
coefficient does not indicate the duration of the 
correlation, i.e. the dependence between the value 
taken by Aaj at a given time and the value taken by 
Aa, at an earlier time. Such information is obtained 
from the time correlation functions defined by: 

C(a,.a,)(mr) 

-G (N-m) ,,=I 

d~,(n~).la,((n+m)T) 

= 

(2) 
where Q- is the time interval used for coordinate 
storage (0.04 ps>, mr is the delay time Cm varies 
from 0 to 500 in our study). n labels the various 
stored configurations the total number of which is N 
(4000 in this work). The correlation functions are 
therefore calculated over 20 ps. The whole set of 
C((Y,,(Y,) (rn~) for a given value of m constitutes a 
time dependent correlation matrix which is not sym- 
metrical. We note that for m = 0 Eq. 2 reduces to 
Eq. 1. The time dependent correlation matrix has 
been established for both transmembrane peptides. 

2.4. Short MD simulations: local perturbation prop- 
agation 

Starting from an equilibrium structure and a set of 
atomic velocities, two short MD simulations of 2 ps 
are performed, one at equilibrium (without any exter- 
nal perturbation) and one out of equilibrium by 
forcing a structural deformation at residue lle4 at 
time t = 0 maintained up to the end of the simula- 
tion. This perturbation is applied by imposing arbi- 
trarily q4 = 90”, which corresponds to an allowed 
conformation defined in the Ramachandran map and 
results in a kink of the helical structure. The q4 
value is constrained by using a harmonic potential 
with a force constant equal to 500 kJ mol- ’ degm2. 
The equilibrium structure is taken as the last confor- 
mation obtained at the end of the previous 160 ps 
MD simulations [5], and initial velocities are ran- 
domly extracted from a Maxwell distribution cen- 
tered at 300 K. The simulations are carried out using 
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GROMOS [ 131 with a time step of 0.002 ps and all 
bond lengths are kept constant with the SHAKE 
algorithm [ 11,121. Atomic coordinates are stored ev- 
ery 0.004 ps and therefore each MD simulation 
contains 500 configurations. 

This procedure is repeated L = 20 times, starting 
from different initial conditions for velocities but 
with the same initial structure. The mean difference 
between the values of each backbone dihedral angle 
measured at equilibrium and out of equilibrium is 
calculated as a function of time using the following 
expression: 

(a”‘(r) - ayp(r)) =; 5 (a;:(t) - tqk(t)) 
k= I 

(3) 
with ayi denoting either the Qi or Tj dihedral angles 
of residue i and t = n X 0.004 ps (n = 1,...500). The 
index k specifies the different simulations. Sub- 
scripts NP and P characterize quantities calculated 
from the trajectory obtained from the no perturbed 
helix simulations (!& not constrained) and the per- 
turbed helix simulations (lr/, constrained), respec- 
tively. 

This study was carried out for both peptides. The 
MD simulations needed about 100 h of CPU time 
and 250 MBytes of file storage. 

3. Results 

3.1. Equal time correlation 

In this section, we present the results of the study 
of the correlation coefficients between the @ and T 
dihedral angle fluctuations for both transmembrane 
helices. The analysis was carried out on the 160 ps 
trajectories obtained for each u-helix, one with the 
wild type sequence and the second one with the 
mutated Glu9 sequence. 

The equal time correlation coefficients C( ‘Ye, 
are calculated between the whole set of @ and T 
dihedral angle fluctuations for residues 2 to 29 using 
Eq. 1. The correlation maps for the wild type helix 
and the mutated helix are shown in Fig. 1. For 
clarity, only the correlation coefficients with absolute 
values greater than 0.20 are shown. This value deter- 
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time correlation maps (top: wild type sequence; 
mutated sequence). Correlations are calculated 

between the @ and Y dihedral angle fluctuations of residues 
numbered 2 to 29 (see text). Correlations coefficients greater than 
0.20 in absolute value are represented by a symbol proportionally 
shaded with the degree of correlation. Each grid cell ij contains 
the correlations between the Q, and T dihedral angle fluctuations 
of residues i and j. Positive correlations (square) are collected in 
the upper diagonal part of the map and negative correlations 
(diamond) are collected in the lower diagonal part of the map. 
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mines the threshold under which variables are con- 
sidered uncorrelated. Four classes specifying the de- 
gree of correlation are introduced: the two first classes 
define weak correlations for IC( oi,oj)l < 0.40 and 
moderate correlations for 0.4 < ]C( ai, aj] < 0.6, the 
two last classes define strong correlations for 0.6 < 
IC(cu,,cu,)l < 0.8 and very strong correlations for 0.8 
< ]C(LY,,(Y,)~. In Fig. 1, each grid cell of a correla- 
tion map represents the correlation coefficients be- 
tween the @ and T fluctuations of residues i and j, 
respectively. The symbol characterizing one coeffi- 
cient is shaded according to the class of the correla- 
tion. The symmetry of the correlation matrix allows 
to gather correlations and anti-correlations in the 
upper part of the diagonal (positive coefficients) and 
in the lower part of the diagonal (negative coeffi- 
cients), respectively. Diagonal elements correspond- 
ing to the auto-correlations C(@;, Qi) and C(P, P,) 
are also represented. Obviously, they are all equal to 
1. 

Examination of the correlation map of the dihe- 
dral angle fluctuations of the wild type Q helix (Fig. 
1 top) reveals concerted rotations between nearest 
neighbors. Most of the fluctuations of the dihedral 
angle pairs (Qi, YJi) and (‘Pi, Gi+ ,) are moderately 
anti-correlated. However, the anti-correlation pattern 
is broken and lacks of correlated motions are found 
in two regions: (1) at the <*a, @,) level and (2) in 
the zone ranging from @,3 to 9,6. No correlation or 
anti-correlation is observed for the pairs (@,3, W,,), 

(@,,T T,,). CT,,, @,,) and (@,,, P15). On the 
contrary, a moderate positive correlation is found for 

(@ST W,,). We point out that these two regions 
coincide with the two flexible zones discussed in a 
previous work [s]. 

In addition, in the central part of the helix, from 
residue Leu’j to residue Leu”, several concerted 
motions are observed between non-adjacent dihedral 
angle fluctuations. For example, fluctuations of %rJ,6 
are correlated to those of T’,,, oIS, @,4 and P,, 
while they are anti-correlated to those of T,s. It is 
also important to note that both flexible regions of 
the helix are related by an anti-correlation between 
Ta and @,6 fluctuations. An other anti-correlation 
is found between @,6 and ?PZ3 fluctuations. We 
remark that the two residues Val* and Val16 and two 
other residues namely Va116 and lle23 are separated 
by about two helix turns. 
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Fig. 2. Delayed correlations between the backbone cP and T 
dihedral angle fluctuations of the wild type helix. Correlation 
coefficients greater than 0.20 in absolute value are represented by 
a symbol proportionally shaded with the degree of the correlation. 
For a row i and a column j, each element of the maps is defined 
by C(a,,u,xt) for positive correlations (square) ‘and C(tr,,tu,Mt) 
for negative correlations (diamond) with a = @ or T and I := IO 
ps (top) or 20 pi (bottom). 
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Fig. 3. Examples of time correlation functions between backbone @, 

Ps. 

I 
‘# dihedral angle fluctuations of the wild type helix. Time is given in 
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along the sequence one observes anti-correlations 
between nearest neighbors except for two pairs at the 
C-terminal part of the helix. At the mutation point, 
the strong anti-correlation between T8 and G9 fluc- 
tuations (C(?P,, @,) = - 0.62) is ten-fold higher 
than that found for the wild type sequence. 

Correlations and anti-correlations between non- 
adjacent angle fluctuations are observed only at the 
C-terminal part of the helix which is not included in 
the intramembrane part of the peptide. Anti-correla- 
tions occur for the three pairs of dihedral angles (@,, 
TZ), (Q6, S,) and (Q9, !P,,) but not in the central 
part of the helix. The only anti-correlation involving 
residues located at long distance is observed between 
@ of residue Ser6 and P of residue Arg”, a C- 
terminal residue. 

3.2. Time dependent correlation functions 

3.2.1. Wild peptide 
The correlations between angular fluctuations at 

time t = 0 and angular fluctuations after 10 ps and 
20 ps are illustrated in Fig. 2. A first observation 
concerns the disappearance of most of the diagonal 
elements of the correlation matrix after a delay of 10 
ps, except for residues Val14, Val” and Val16 (Fig. 2 
top). This result strongly suggests a fast relaxation 
process between adjacent neighbors. 

A second observation concerns the correlations 
between nearest neighbors which also vanish except 
in the central part of the helix. At the opposite, long 
time correlations exist between the three zones de- 
fined by the groups of residues Val’-Val’, Leu”- 
Va116 and Ilez3. The correlation pattern between 
these three zones becomes more populated after a 
delay of 10 ps compared to that observed at equal 
time (see Fig. 1 top). For example, concerted mo- 
tions between Val* and Ile23 are seen after 10 ps but 
are absent or too low, under the threshold, to be 
detected in the equal time correlation matrix. These 
long range concerted motions are expressed by corre- 
lations between the fluctuations of Ts and q2, and 
anti-correlations between those of T’, and QZ3. Sev- 
eral other correlation or anti-correlation peaks ap- 
pear, even after a delay of 20 ps such as the pair (?Ps, 
TIs>, or are amplified such as the pair (@,5, @,6) 
(Fig. 2 bottom). For this last pair, no correlation was 
observed at equal time, but after a delay of 10 ps, 

@is and @,, fluctuations become weakly correlated 
and 20 ps latter they become moderately correlated 
with a correlation coefficient two times higher. These 
delayed correlations suggest a propagation process. 

More details on the time dependence of correla- 
tion are contained in the correlation functions. Some 
examples are given in Fig. 3 and as shown for most 
of the curves, the absolute value of C((Y,,(Y,)( t) 
increases after a few picoseconds. An example is the 

Fig. 4. Delayed correlations between the backbone @ and Ilr 
dihedral angle fluctuations of the Glu659 mutated helix. Same 
conditions as in Fig. 2. 
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auto-correlation function C<Ps, V’s)(t) which de- 
creases very fast after a few picoseconds and reaches 
a low value after 10 ps. The correlation between 

@s(O) and Qls(r) fluctuations, two angles pertaining 
to distant residues, appears after a short time of 3 ps 
and increases up to 0.24 after 10 ps. Also. the 
anti-correlation observed between the q8(0) fluctua- 
tions and those of @,6(t> completely disappears after 
12 ps. Motions weakly correlated at a short time may 
become anti-correlated after a longer delay as for 
C(P8, q,,)(t). All these examples clearly demon- 
strate the existence of a propagation process through- 
out the wild peptide. 

3.2.2. Mutated peptide 
Fig. 4 shows the correlation between angular fluc- 

tuations for the mutated peptide after 10 ps and 20 
ps. As for the wild peptide, one observes the disap- 
pearance of the diagonal elements except for residues 
Ile” and Ser6. The long time correlation pattern is 
much less populated than for the wild peptide. The 
only long distance correlations are for Qf,, @?, and 
TX, QZ7. Therefore, there is no evidence of a propa- 
gation process. The above considerations are con- 
firmed by the time dependent correlation functions 
(Fig. 5). All the cross-correlation functions fluctuate 
around the value zero demonstrating that any back- 
bone dihedral angle moves independently of the 
other one. Furthermore, auto-correlation functions 
such as C<T8, IL,)(r) (left top in Fig. 5). shows that 
the fluctuations of a given angle become quickly 
uncorrelated. All these observations show that there 
is no time dependence and thus do not evidence a 
propagation process. 

3.3. Propagation of a conformational c-hung 

3.3.1. Wild peptide 
The differences between the perturbed and the 

unperturbed dynamics of the wild type transmem- 
brane helix have been followed during 2 ps. Results 
are shown in Fig. 6 which gives the mean value of 

Fig. 6. Average difference between backbone dihedral angles 
obtained from the perturbed and unperturbed MD simulations of 
the wild type helix at different times (see text). The mean 
differences (@,N” - @,p) and (‘fJ,NP - ‘Y,‘) (ordinate in degrees) 
calculated from two sets of 20 MD simulations of 2 ps each, are 
given sequentially for each residue numbered from Ile’ to LeuZ4 
(abscissa). 
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the backbone dihedral angle differences at five dif- 
ferent times. For each plot, the mean differences 
(@y’- @p) and (!PiNP - Pip) are reported for 
each residue i specified in the abscissa. 

At a short time interval (t = 0.076 ps), the plot 
reveals that only the two nearest residues Ile’ and 
Ser6 are affected by the perturbation. Their dihedral 
angle variations are 100” for Qz, but only 20” for TPs 
and - 35” and + 20” for Q6 and !P6, respectively. 
These large deviations are associated with an impor- 
tant atomic rearrangement essential for optimizing 
the new interactions generated by the deformation 
imposed at the Ile4 residue. At I = 0.200 ps, the !P4 
perturbation is propagated up to residue Ala7 for 
which the observed differences are about -70” for 

20. 

-20. 

-60. 

Fig. 7. Time series of the (PzP - ul,‘) (top) and (PgP - P&) 
(bottom) of the wild type helix. Time is given in ps, and angles in 
degrees. Same conditions as in Fig. 6. 

Fig. 8. Average difference between backbone dihedral angles 
obtained from the perturbed and unperturbed MD simulations of 
the Glu659 mutated helix at different times (see text). Same 
conditions as in Fig. 6. 
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@, and 20” for ?P, leading to an important structural 
change of the perturbed helix at this position. 

The propagation process is clearly displayed at 
t = 0.476 ps and the deformation of the helical struc- 
ture from residues Ile5 to Gly lo is observed with 
different magnitude effects. More latter, at 1.604 ps, 
all the residues of the sequence are affected by the 
kink imposed at the beginning of the helix. A strik- 
ing feature is the @s dihedral angle deviation still 
relatively large, characterized by a value equal to 
30”. The largest deviations are observed for %J’3, 
!P,s, ‘P,s, QTo, FTo and Q2, dihedral angles. Fi- 
nally, at t = 1.900 ps, all the residues are still af- 
fected. 

Fig. 7 shows examples of time series of the 
deviations calculated for !Ps (top) and qZ3 (bottom). 

20.__ 

-60. I I I I I a I I I 
0.0 ' 014 ' Oh ' 112 ' I!6 ' 2.0 

Fig. 9. Time series of the (‘PsNp -lu,‘> (top) and (!#“-vI&) 
(bottom) of the Glum9 mutated helix. Time is given in ps, and 
angles in degrees. Same conditions as in Fig. 6. 

It is clear that the response to the perturbation is 
detected after a delay longer for residue Ile23 than 
for residue Val*. This observation is a direct evi- 
dence of the propagation phenomenon. 

3.3.2. Mutated peptide 
Fig. 8 shows the response of the backbone dihe- 

dral angles @, !P to the disturbance, at different 
times. The major observation is that most of the 
residues are weakly perturbed, even after 1.9 ps. The 
effect of the initial perturbation remains localized at 
the N-terminal part of the peptide and the propaga- 
tion of the disturbance seems to be strongly damped 
after residues Glu’-Gly . lo A propagation process is, 
however, observed up to the C-terminal end of the 
transmembrane segment, but it consists of very weak 
perturbations of the dihedral angles. This is also 
observed in Fig. 9 exhibiting much less important 
perturbations than for the wild peptide. These obser- 
vations hold for any dihedral angle of the backbone. 

4. Discussion and conclusion 

We present a detailed analysis of the internal 
motions of two peptides including the transmem- 
brane domains of the c-e&B2 proto-oncogene pro- 
tein and of the oncogenic V659E form. This study is 
based on molecular dynamics simulations performed 
in vacua [5]. This approximation does not seem 
inappropriate to approach the study of motions in 
transmembrane peptides. Indeed, a relative dielectric 
constant of 1 is used in all the simulations and this 
value is very close to that given in membrane envi- 
ronment [E = (2-4)~,] [18], contrarily to that of 
water which is much higher [E = 806,]. Besides, the 
electrostatic interactions between a highly hydropho- 
bic sequence and the apolar environment are low. 
Consequently, the interactions between the helix and 
its medium, inside the membrane, are mainly weak 
Van der Waals interactions between the side chains 
of the peptide and the hydrocarbon chains of the 
lipids. Thus, it is reasonable to assume that the 
proximity of the lipids do not alter strongly the 
flexibility of the peptide but only the time scale on 
which motions occur. 

The hydrophobic environment of membrane raises 
the pK, of Glu leading to protonated side chain able 
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to form hydrogen bond at physiological pH [ 191. 
These arguments lead us to perform our calculations 
with Glu’ in the protonated state. 

The analysis of the correlations between the back- 
bone dihedral angle fluctuations was undertaken to 
get a detailed picture of the dynamical behavior of 
both transmembrane helices. This study evidences a 
relationship between residues of the wild sequence 
for which conformational transitions or high dihedral 
angle fluctuations were previously observed [5]. We 
have found concerted motions between dihedral fluc- 
tuations of residues Leu13, Va114, Val15, Va116 and 
Leu” located in the central part of the helix. In 
addition, another major characteristic of the wild 
transmembrane sequence is the lack of correlation 
between Ts and @a fluctuations. These two dihedral 
angles link residues Val’ and Va19 and define the 
local structure at the specific site for the mutation of 
the proto-oncogene encoded protein. A consequence 
of this lack of correlation is the induction of two 
negative correlations between distant residues, 
namely between Va18 and Val16 and between Val” 
and Ile23 which means that Va116 moves in opposite 
directions both with Val’ and Ile23. We note that 
high rrns deviations due to transitions were found for 
the @ dihedral angles of residues Va18 and Va116. 
Residue Va18 is sequentially linked to Val’ and is 
spatially close to Va116, at two helix turns along the 
same face of the helix. Furthermore, Va116 is also at 
two helix turns of Ile23. Local change at residues 
Val* and Val’ induces the helical structure to be 
readjusted by the path Va19-Val’6-Ile23. 

None of these effects reported for the transmem- 
brane domain of the proto-oncogenic form of 

Plg5c-“bB2 is observed for the corresponding do- 
main of the oncogenic form. The classical anti-corre- 
lation network between adjacent dihedral angles in 
helical structure [20] is totally reproduced in the 
mutated sequence. The only concerted motion in- 
volving non-adjacent angles concerns a weak anti- 
correlation between Q9 and p10 fluctuations. 

The same protocol for the simulations of both 
peptides have been carried out to produce the trajec- 
tories. Thereby, this major different behavior origi- 
nates certainly from the single residue replacement 
between the two sequences of the transmembrane 
domain. 

The second part of this work was devoted to the 

propagation of a conformational perturbation along 
both transmembrane sequences. For the wild type 
sequence, the time dependence of correlation coeffi- 
cients shows that in most cases the correlations 
between angular fluctuations of the backbone are 
amplified after a delay of a few picoseconds (Fig. 3). 
This observation suggests a propagation phe- 
nomenon along the helix, preceding a decay of the 
correlation. On the contrary, the correlation coeffi- 
cients are not time dependent in the case of the 
oncogenic sequence and this result does not favour a 
propagation process. 

The propagation phenomenon is also investigated 
by studying the response of a helix to an external 
disturbance at the N-terminus. We choose to intro- 
duce a deformation at residue Ile4 by constraining p4 
to 90”. 

The average in formula (3) is an ensemble aver- 
age because the system is in a non-equilibrium state. 
This is different from the conditions corresponding 
to formulas (1) and (2) in which the system is at the 
equilibrium, so that the ergodic principle allows to 
carry on time averages. Performing ensemble aver- 
ages is very time and memory consuming because 
initial conditions for positions and velocities have to 
be sampled. In the present work, we have only used 
a small sampling of the initial velocities, so that no 
quantitative values can be expected from the present 
results, such as propagation velocity or mean devia- 
tions amplitude. Nevertheless, the results show with- 
out ambiguity that for the wild type peptide the 
perturbation is propagated and takes place progres- 
sively along the intramembrane sequence affecting 
first the residues close to the perturbation site and 
then the following residues. The effect of the pertur- 
bation consists of important fluctuations of the dif- 
ference between dihedral angles of the perturbed 
(T4-constrained) and the unperturbed helices. 

However, on the 2 ps time scale, both structures 
remain similar on the average and thus the effect of 
the initial perturbation on the other residues seems to 
be a dynamical process rather than a structural pro- 
cess. Of course, it can be envisaged that, on longer 
time scale, a conformational change is induced. 

On the contrary, the mutated peptide is only 
locally disturbed as shown by the very weak effect 
beyond residue Gly lo. The apparent lack of propaga- 
tion of the disturbance is certainly related to the 
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absence of correlation between dihedral angle fluctu- 
ations of non-adjacent residues. 

All the results presented here strongly suggest that 
the wild transmembrane sequence of the c-erbB2 
protein is much more flexible than that of its V659E 
mutant. It is worth noting that this conclusion is 
drawn from both long time and short time MD 
simulations which correspond to independent numer- 
ical experiments. 

This study, within the limits of the model, leads 
to interesting suggestions for signal transmission 
process. The particular dynamics of the wild trans- 
membrane spanning sequence originating from two 
regions far apart in the sequence, raises the question 
whether this dynamical behavior may have a role in 
transmembrane signalling. To explain this phe- 
nomenon, the existence of several active or inactive 
conformational states has been proposed [6]. From 
this hypothesis, it seems conceivable that motions in 
helices favour transitions from one inactive form to 
an other active form, with low cost in energy, in 
order to initiate the dimerization or oligomerization 
process necessary for kinase activity of the protein. 
This has been mentioned by Falke and Koshland [21] 
to explain the dimerization of the aspartate receptor. 
Also, the conformational change induced by ligand 
fixation at the extracellular part of the protein must 
be necessarily propagated along the sequence to 
induce other changes both in the structure and in the 
dynamics of the intramembrane sequence. 

We have shown explicitly in this study that the 
propagation process can exist. This phenomenon may 
be the result from correlated motions between 
residues far apart in the sequence as observed in the 
particular case of the wild type transmembrane se- 
quence of the c-erbB2 protein. Also, we have shown 
that a point mutation may dramatically alter the 
dynamical behavior of the transmembrane domain 
and that the replacement of Va16”9 by G~u~‘~ abol- 
ishes concerted and propagated motions. A major 
consequence could be an equilibrium shift between 
the active and inactive forms. 

Of course both biological and theoretical addi- 
tional studies on other mutants should be necessary 
before to clearly establish a relationship between the 
dynamical and structural behavior of transmembrane 
domains of tyrosine kinase proteins and their biolog- 
ical activity. 
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