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Abstract: An analysis of the water molecules in the first solvation shell obtained from the molecular dynamics
simulation of the amyloid �(10-35)NH2 peptide and the amyloid �(10-35)NH2E22Q “Dutch” mutant peptide is
presented. The structure, energetics, and dynamics of water in the hydration shell have been investigated using a variety
of measures, including the hydrogen bond network, the water residence times for all the peptide residues, the diffusion
constant, experimentally determined HN amide proton exchange, and the transition probabilities for water to move from
one residue to another or into the bulk. The results of the study indicate that: (1) the water molecules at the
peptide-solvent interface are organized in an ordered structure similar for the two peptide systems but different from that
of the bulk, (2) the peptide structure inhibits diffusion perpendicular to the peptide surface by a factor of 3 to 5 relative
to diffusion parallel to the peptide surface, which is comparable to diffusion of bulk water, (3) water in the first solvation
shell shows dynamical relaxation on fast (1–2 ps) and slow (10–40 ps) time scales, (4) a novel solvent relaxation master
equation is shown to capture the details of the fast relaxation of water in the peptide’s first solvation shell, (5) the
interaction between the peptide and the solvent is stronger in the wild type than in the E22Q mutant peptide, in
agreement with earlier results obtained from computer simulations [Massi, F.; Straub, J. E. Biophys J 2001, 81, 697]
correlated with the observed enhanced activity of the E22Q mutant peptide.

© 2002 Wiley Periodicals, Inc. J Comput Chem 24: 143–153, 2003

Key words: A�-peptide; amyloid; E22Q “Dutch” mutant peptide; residence times; diffusion constant

Background

The amyloid �-peptide (A�-peptide) is currently the focus of one
of the most widely accepted and well studied theories of the origin
of Alzheimer’s disease.2 For this reason, the peptide has been the
object of many experimental studies that have explored, with some
success, its structure in solution and in the fibril, and its activity in
the process of fibril growth. Although much progress has been
made, a complete understanding of the mechanism of amyloid
fibrillogenesis and fibril elongation remains an open question.

More than one possible hypothesis has been proposed for the
process of fibril formation and elongation.3– 6 One is based on
the formation of nuclei from unstructured peptide monomers in
solution.3 Once a nucleus reaches a certain size, fibrils grow by
the addition of peptide monomers to the end of the growing
fibrils.7,8 A second hypothesis is based on the formation of
protofibrils of intermediate size that subsequently associate to
form the full length fibril.9 –11 Once formed, a fibril can grow by
addition of peptide monomers to its end.12,13 The last hypoth-
esis assumes the formation of micelles, by association of pep-
tide monomers, which can convert into fibril nuclei upon reach-
ing a critical size.3,7,8 A conclusive understanding of the

relative validity and importance of each of these hypotheses has
not yet been reached.

It has been demonstrated that under certain conditions, pre-
existing fibrils elongate by addition of peptide monomers at the
fibrils’ ends. This process follows a first order kinetics in the
concentration of the monomeric peptide.10,12,13 There are two
main pathways that have been proposed for this elongation pro-
cess: transition of the monomer in solution to an activated config-
uration, similar to predominately �-form of the fibril aggregates,
that can quickly deposit onto the plaque;14–17 absorption of the
monomer in its solution configuration onto the plaque, followed by
reorganization to a well-formed fibril.18 A recently proposed “en-
ergy landscape mechanism” considers both pathways, having two
separate channels for this process, without making any a priori
assumptions.19 Evidence suggests the predominance of the second
pathway.
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The solution structure of the monomeric A�(10-35)-peptide
congener has been experimentally determined by Lee and cowork-
ers.20 The structure, referred to as a collapsed coil (CC), is char-
acterized by two key regions: a central hydrophobic cluster (CHC)
(LVFFA) and a stable adjacent turn region (VGSN). This result
proved that the structure of the monomeric peptide in aqueous
solution is not �-helical, as was originally proposed based on the
trifluoroethanol (TFE)-water structure, which showed that under
those membrane-mimicking conditions the peptide consists of two
short �-helical regions.21

The results of subsequent multiple nanosecond molecular dy-
namics calculation of the fully solvated A�(10-35)-peptide indi-
cated that the collapsed coil configuration is maintained for the
entire length of the simulation time, with fluctuations that were
larger for the less structured N and C termini.22 Comparison of
calculated and experimentally measured observables showed that
the computational model was able to capture the structure and the
dynamical behavior of the solvated peptide.

Experimental analysis of the E22Q “Dutch” mutant peptide
proved that this peptide is significantly more active than the WT
peptide, with a twofold increase in the rate of fibril elongation.23

The exact nature of the increased activity of the E22Q mutant
peptide relative to that of the WT peptide is still unclear, although
different hypotheses have been considered.23–27 The structure of
the monomeric E22Q mutant peptide in aqueous solution is still
unknown and controversial. While CD experiments have shown
evidence of �-structure,26 NMR measurements of H� proton
chemical shifts indicate that the structure of the monomeric pep-
tide in solution is indistinguishable from the CC structure of the
WT peptide.28

The results of multiple nanosecond molecular dynamics calcu-
lations of the fully solvated A�(10-35)NH2E22Q mutant peptide
showed that it is also stable in a CC configuration similar to that of
the WT peptide.1 Comparing the results of the dynamics to those
obtained for the WT peptide, some features were apparent: the
structure of the E22Q mutant peptide presented larger fluctuations
relative to the WT peptide; the mutant peptide’s structure is more
open, with a larger solvent exposed surface area; the structure of
the water in the first solvation shell is altered, resulting in a less
attractive energy of interaction between the solvent molecules and
the E22Q mutant peptide, relative to the WT peptide. These results
suggest that in the process of deposition of the peptide onto the
fibril, the desolvation step might be responsible for the different
activity showed by these two peptide congeners. A more detailed
analysis of the structural and dynamic properties of the solvent,
with particular attention to the solvent-protein interface, is needed
to explore the crucial role of the solvent in the process of aggre-
gation, and to understand the influence of the peptide sequence.

It is well established that the water plays a very important role
in determining the structure and activity of peptides and proteins in
aqueous solution. Different experimental techniques have been
employed to understand the properties of the water in proximity to
the protein surface, among them NMR,29,30 Raman31 and IR32,33

spectroscopies, X-ray and neutron diffraction crystallogra-
phy,34–36 Brillouin scattering,37 and inelastic and quasielastic neu-
tron scattering.38,39 Although each technique gives important in-
formation about the relaxation time and energetics of the water
molecules at the interface with the protein, the results may be

contradictory due to different resolution times among them. Com-
puter simulation represents a very powerful tool for the study of
the structure and the dynamics at the protein-solvent interface at
the atomic level.

In this article, we present an analysis of the water molecules in
the first solvation shell obtained from the molecular dynamics
simulation of the A�(10-35)NH2 peptide and of the A�(10-
35)NH2E22Q mutant peptide. In order to study the water mobility
around these peptides, we calculated the water residence times in
the first solvation shell. In particular, we considered a relaxation
time that corresponds to the average time a water molecule spends
in the solvation shell of a given peptide atom. We also calculated
the diffusion constant for lateral diffusion of water along the
peptide surface and compared our computed result with the diffu-
sion constant of bulk water. To understand the structure and the
nature of the protein-solvent interactions, we analyzed the hydro-
gen bonds that each peptide residue forms with the solvent and
internally. Finally, a master equation model was developed to
study the kinetics of water diffusion along the peptide surface. This
type of analysis allowed us to predict the distribution of water
molecules in the first solvation shell and to characterize the dom-
inant features of the solvent relaxation process for the WT and for
the Dutch mutant peptides.

Methods

The initial conditions for our simulations of the wild-type �(10-
35)-NH2 peptide and the E22Q mutant peptide were derived from
the NMR solution structure of Lee and coworkers20 derived from
distance geometry calculations employing NMR derived NOE
restraints. The structure of the E22Q mutant peptide was modeled
from the wild-type structure. Currently, there is no NMR derived
structure of the E22Q mutant peptide analogous to the structure of
the WT A�(10-35)-peptide congener. However, NMR measure-
ments of H� proton chemical shifts for the WT and E22Q mutant
A�(10-35)-peptides are consistent with a structure of the E22Q
mutant that is indistinguishable from the known structure of the
WT peptide.28 In this section, after a brief description of the
simulation model and protocol, details on the methods used to
calculate the water residence times, the hydrogen bond network
between solvent and peptide, the water lateral diffusion constant,
and the solvent relaxation master equation transition matrix are
provided.

Simulation Model and Protocol

For the fully solvated wild-type and mutant peptides, four inde-
pendent 1 ns trajectories were simulated. Each trajectory origi-
nated from one of a set of four initial peptide structures that were
chosen from two families of conformers characterized by varia-
tions in their C-terminal regions. The initial structures resulted
from the work of Lee and coworkers,20,22,28,40 who used a com-
bination of distance geometry refinement and molecular dynamics
annealing/minimization procedures employing experimentally de-
rived NOE restraints. The core regions of the peptide, including
the LVFFA and VGSN substructures, were largely similar in the
four starting configurations. However, outside of that core of the
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structure there was significant disorder in the N- and C-terminal
regions of the peptide due to the small number of experimentally
derived restraints in those regions.

The simulation protocol, summarized below, has been de-
scribed elsewhere in detail.1,22 For the simulations of the wild-type
and mutant peptides, the solute was centered in a rhombic dodeca-
hedron cell that was carved from a cubic box of 50 Å on a side and
filled with 2113 water molecules. Periodic boundary conditions
were applied to avoid edge effects. The energetics of the A�
peptide in water were simulated using the version 22 potential
energy function of the CHARMM program.41 Nonbonded inter-
actions were truncated at 12.0 Å and Ewald summation was used
to evaluate the electrostatic interactions. The SHAKE algorithm
was employed to constrain bonds involving hydrogen atoms to
their equilibrium values. A time step of integration of 2 fs was
employed in the Verlet algorithm in the CHARMM program.42

After an equilibration period of 200 ps, a production run of 1 ns
was completed with an average temperature of 300K. Every 200
fs, coordinates and energetic data were collected.

Water Residence Times

We have analyzed the residence times of solvent molecules sur-
rounding the peptide. The first coordination shell was defined as a
shell of radius equal to 4 Å around each atom of the protein. For
every protein atom, �, we calculated the “survival function”
P�(t),43,44 defined as

P��t� � �
j�1

Nw 1

Trun � t � 1 �
t0

Trun�t0

p�, j�t0, t0 � t� (1)

where p�, j(t0, t0 � t), the “survival probability function,” is a
binary function that takes the value of 1 if the jth water molecule
has remained in the coordination shell of atom � from t0 to t0 �
t; otherwise the function is equal to zero. Nw is the total number of
water molecules; Trun is the length of the simulation. The “survival
function” represents the average number of water molecules that
remain in the coordination shell of atom � for a time t. From this
function it is possible to evaluate a relaxation time � through a
single exponential fitting of P�(t) as

ln P��t� � ln P��0� �
t

�
(2)

where � is the average time that a water molecule spends inside the
hydration shell of peptide atom �.

We have used a second approach to evaluate the residence
times of water molecules around the peptide atom �. The mean
residence time was defined45 as

�mean��� �
1

Nw
�
j�1

Nw

�j��� (3)

with Nw equal to the number of water molecules visiting atom �
during the entire simulation time, and �j(�) is equal to the value of

the residence time of the water molecule j in the hydration shell of
protein atom �.

Hydrogen Bond Analysis

Every saved configuration was analyzed for protein-water hydro-
gen bonding. We used the following definition to identify the
presence of a hydrogen bond: the distance between the donor-
acceptor pair was required to be less than or equal to 2.5 Å, and the
angle between the donor and acceptor diatomic groups was re-
quired to be between 113–180°.46 The hydrogen bonding fre-
quency was estimated by dividing the number of snapshots (in-
stantaneous configurations) showing hydrogen bonds by the total
number of snapshots examined for the entire simulation.

Diffusion of Water in the Peptide’s First Solvation Shell

The mean-square displacement of the oxygen atoms of water
molecules surrounding the peptide, �rO(t)2, was computed as a
function of time as

��rO�t�2� �
1

Nw
�
j�1

Nw 1

Trun � t � 1 �
t0

Trun�t0

	rO�t � t0� � rO�t0�

2 (4)

At each t0 we labeled the water molecules residing inside the first
hydration shell of the peptide. Nw is the number of water mole-
cules inside the hydration shell at t0, which remained so until t0 �
t. It is only these Nw water molecules that contribute to the sum
appearing in Eq. (4). The diffusion constant of water in the first
solvation shell of the peptide was estimated using the Einstein
relation:45,47–50

��rO�t�2� � 6Dt (5)

We also decomposed the overall diffusion constant of the solvent
moving in the first solvation shell of the peptide into components
parallel and perpendicular to the peptide surface:49,51

��r�O�t�2� � 4D�t (6)

��r�O�t�2� � 2D�t (7)

where �r� and �r� are parallel and perpendicular displacements
from the peptide surface, respectively. Figure 1 shows the decom-
position of the displacement vector in the perpendicular and par-
allel components. For the positions A (at time t0) and B (at time
t0 � t) of each water molecule, the closest peptide atoms, C and
D, respectively, were identified. The perpendicular and parallel
displacements were calculated as

�r�O�t� � �DB� � �CA� � �DB� � �DA�� (8)

�r�O�t� � �AA�� � �AB � A�B� (9)
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Transition Matrix

In order to study the dynamics of the water molecules in the
peptide’s first hydration shell, we considered their positions, rel-
ative to the different residues of the peptide, as a function of time.
We were particularly interested in studying the kinetics of the
transitions of water molecules from the solvation shell of one
peptide site to another, or to the bulk. The rate constant of transi-
tion from site i to site j along the peptide, kji, was defined as equal
to the inverse of the average time, �ji, spent by water molecules
around position i before moving to position j, where positions i, j
were taken to be the hydration shells of any peptide residue or the
bulk. Having so calculated kbi, the rate constant for the transitions
from residue site i into the bulk, detailed balance was used to
determine the rate constant for the inverse process.52 The average
time �ji was calculated for every i, j for each trajectory. This
allowed us to build a transition matrix W whose elements were
defined as52,53

Wij � kij � �ij��
k

kki� (10)

By construction, the following properties characterize the matrix
W: Wij � 0 for i � j, ¥i Wij � 0. For a closed system, where
the total number of water molecules is constant, the sum of each
column of W must be equal to zero. The master equation that

describes the flux of water molecules along the surface of the
peptide as a function of time52–54 can be written as

dp�t�

dt
� �Wp�t� (11)

where pi(t), the ith component of the vector p(t), represents the
probability of finding a water molecule in the hydration shell of
site i at time t. The evolution of the probabilities pi(t) is given by
the solution to eq. (11):

p�t� � peq � �
Ei�0

Cisie
�Eit (12)

where si are the eigenvectors of W and Ei the corresponding
eigenvalues; peq is the eigenvector representing the probabilities at
equilibrium; and corresponding to Ei � 0; Ci are the coefficients
determined by the initial distribution of probabilities p(0).

Results and Discussion

In this section we present the results of our simulations and
analysis.

Water Residence Time

The mean residence time �i has been evaluated from a single
exponential fitting of the survival probability function. In Figure 2
the survival probability function P�(t) is presented as a function of
time. It appears that the decay of the survival probability function
cannot be represented by a single exponential. The general behav-
ior of P�(t) can be clearly decomposed into three different re-
gions: initial fast decay for times smaller than 2 ps, exponential
decay for times between 2 and 20 ps, and faster than exponential
decay for longer times, when very few water molecules remain
around the peptide atom. The initial fast decay can be reasonably
attributed to those water molecules that recross the solvation shell

Figure 2. The survival probability function P�(t) of different back-
bone oxygen atoms is plotted as a function of time.

Figure 1. Decomposition of the solvent displacement into parallel and
perpendicular components, based upon Figure 1 of Makarov et al.51
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boundary of the peptide. The fast decay should therefore depend
upon the definition of the solvation shell. To find the time scale for
this recrossing process, we fitted the initial fast decay of the
survival probability function with a single exponential. The time
constants found for this fast decay are of the same order of
magnitude, and have the same behavior when plotted as a function
of the peptide atom, as the residence times calculated using the
approach suggested by Muegge and Knapp.45

The time constants for the initial fast decay of P�(t) are
presented in Figure 3. When we fitted the survival probability
function with a double exponential, with two different sets of
decay times, �f (fast) and �s (slow), we obtained relatively good
agreement for times between 0 and 20 ps. Two examples are
shown in Figure 4. These results suggest that the residence times
calculated using eq. (3)45 are strongly influenced by the rapid
recrossing process of the solvation shell. The values of �f used are
the residence times calculated with eq. (3). The values of �s are
derived by fitting the central region of the survival probability
function. The values of �f and �s for the backbone atoms are
presented in Table 1. The general trend that was found for the
water residence time as a function of the polar/nonpolar nature of
the peptide atom agrees with earlier work on different sys-
tems43,44: �charged  �polar  �nonpolar. In Table 1, to demonstrate
the range of values of �f and �s, the minimum and maximum
values for a given atom type are listed in bold.

To compare the results obtained from the simulation of the WT
and E22Q mutant peptides, we considered the average values of
the water residence times of the backbone and sidechain atoms. In
Figure 5 we plot the values of the mean residence time, �s, which
has been evaluated from a single exponential fitting of the central
part of the survival probability function. The water residence time
around the sidechain atoms at position 22 is higher in the WT than
in E22Q mutant peptide, consistent with the fact that in the WT,

residue 22 is charged while in the mutant it is polar. We observe
a similar trend if �f [from eq. (3)] is examined. The comparison of
Figure 5 with Figure 6 shows that there is a correlation between the
water residence time and the solvent exposed surface area, indi-
cating that those residues that are more exposed to the solvent also
have higher values of the water residence time. The water resi-
dence times of the WT peptide are consistently higher than those
of the E22Q mutant, indicating that the interactions between the
peptide atoms and the water molecules are stronger in the WT than
in the mutant congener. This result is in agreement with the data
obtained from the analysis of the energy of interaction of the
peptide with the solvent molecules in the first solvation shell,1

summarized in Figure 7. The energy of interaction of the water
molecules in the first solvation shell is more negative (more
attractive) for the WT then for the mutant peptide, leading to
longer water residence times around the atoms of the WT than
those of the E22Q mutant peptide. The only exception is found in
the backbone atoms of residue 15–19 where the opposite is true.
As Figure 9 shows, the residues of the WT peptide in this region
have a higher probability of being involved in an intramolecular
hydrogen bond than those of the E22Q mutant; consequently they
are less likely form a hydrogen bond with the solvent.

Diffusion of Water in the Peptide’s First Solvation Shell

The lateral diffusion of the water along the surface of the peptide
was computed using the Einstein relation for the mean-square
displacement of water oxygen atoms. The values of the overall
diffusion constant resulting from each of the four trajectories were
averaged to obtain DWT � (0.15 � 0.05) Å2ps�1 and DE22Q �
(0.17 � 0.02) Å2ps�1, for the WT and E22Q mutant peptides,
respectively. From the decomposition of the overall diffusion
constant into components parallel and perpendicular to the peptide
surface, we found the average values of D� and D� for the WT and
the E22Q mutant. The results are presented in Table 2.

The results obtained from the analysis of the two peptide
systems do not present significant differences. These results indi-

Figure 4. The result of the double exponential fit of the survival
probability function of the backbone N atom and of the sidechain C	

atom of Tyr10.

Figure 3. Time constants, obtained by fitting the initial fast decay of
the survival probability function as a single exponential process, are
compared with the mean residence time, calculated using eq. (3). The
results have been averaged for the backbone atoms and for the
sidechain atoms over all trajectories. The fitted values of the time
constant are represented as empty circles, the mean residence times are
filled squares. The results obtained for the WT peptide are presented in
black, those of the E22Q mutant peptide in gray.
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cate that the overall diffusion of water molecules along the surface
of the peptide is similar in the two peptide systems. The experi-
mentally measured value of the diffusion constant of bulk water is
equal to 0.23 Å2ps�1.45,55 From our simulation, we find that the
overall diffusion of water in the first solvation shell of the peptide
is slower than that of bulk water. This effect has been observed in
previous molecular dynamics simulations.49–51,56,57 We also ob-
serve that the diffusion rates in directions parallel and perpendic-
ular to the surface of the peptide are, respectively, faster and
slower than the overall diffusion rate. A similar effect has been
observed in previous MD simulations of proteins in aqueous
solution.51 The parallel component of the diffusion constant is
similar to that of bulk water, while the perpendicular component is
consistently smaller. An interpretation of these observations has
been given previously:51 the perpendicular diffusion rate is de-
creased by the presence of a larger solute, which moves at a lower
rate, and which also has an effect in reducing the dimensionality of
space available to the solvent.

The surface of the peptide that is exposed to the solvent is very
hydrophobic (see Fig. 6). The peptide is rich in hydrophobic
residues that cannot form hydrogen bonds with the solvent. The
reduced mobility of water in the first solvation shell of the peptide,
relative to that of bulk water, could also be related to the organi-
zation of the solvent around the peptide in an ordered solvation

shell with a structure that is different from that of the bulk
water.50,58

We calculated the diffusion constant of water in the first sol-
vation shell of different types of peptide atoms. In particular, the
atoms were classified as being apolar, polar, or charged. The
results are presented in Tables 3 and 4. The values of the overall
diffusion constants are similar for charged atoms and apolar atoms;
the diffusion constants for water near polar atoms tend to be
highest. This result is in agreement with what was found in earlier
simulations of globular proteins.50,58 This can be interpreted as a
result of the more ordered structure of the solvation shell around
apolar and charged atoms relative to that around polar atoms. The
parallel component of the diffusion constant is always higher than
the overall diffusion constant, while the perpendicular component
is always smaller by approximately a factor of 5.

In the WT peptide, the ratio of D� to D� is approximately two
times greater than that for the E22Q mutant peptide. This result can
be interpreted considering the different energies of interaction of
the two peptide systems with the solvent, shown in Figure 7. The
more attractive energy of interaction of the WT peptide with the
solvent, relative to that of the E22Q mutant peptide, has a pro-
nounced effect on the perpendicular component as a result of an
increased energetic barrier, in the wild-type peptide, to motion
perpendicular to the peptide surface. The diminished rate corre-

Table 1. Water Residence Times.

Residue

WT E22Q

O H C� O H C�

�s �f �s �f �s �f �s �f �s �f �s �f

10 8.8 1.2 14.4 1.4 9.8 1.9 5.8 1.1 1.3 0.69 1.4 0.44
11 12.3 1.6 13.0 1.2 12.3 0.82 5.4 1.1 10.4 0.91 1.6 0.51
12 11.0 1.2 10.9 1.2 10.3 0.91 9.1 1.1 13.8 1.0 2.2 0.55
13 13.1 1.1 31.8 1.5 11.5 0.97 20.1 1.2 20.9 1.2 2.9 0.66
14 8.0 1.1 13.6 1.2 9.5 0.80 7.2 0.89 30.9 1.2 3.3 0.68
15 11.5 1.3 11.1 1.1 11.1 0.71 7.2 1.2 56.2 1.1 2.9 0.57
16 21.2 1.5 17.9 1.5 8.3 0.64 13.3 1.1 38.9 1.1 3.1 0.56
17 12.5 1.5 8.2 1.1 5.0 0.68 8.7 1.3 26.6 0.96 2.4 0.48
18 15.5 1.3 16.2 0.87 6.8 0.88 39.3 1.4 28.9 0.93 2.4 0.59
19 3.8 0.6 7.2 0.89 5.6 0.59 12.0 1.3 8.3 0.66 1.7 0.59
20 7.6 1.0 7.2 1.6 8.2 0.75 6.1 1.1 5.9 1.5 1.0 0.40
21 8.0 1.0 9.1 0.95 7.6 0.68 10.5 0.83 6.2 0.49 2.3 0.51
22 11.1 1.3 17.4 1.2 12.9 0.76 4.9 1.0 8.3 0.89 1.6 0.54
23 8.9 1.5 14.5 0.95 11.7 0.75 5.1 1.2 12.4 0.73 2.1 0.53
24 9.7 1.2 6.0 1.35 10.6 0.80 4.8 1.1 12.5 1.8 1.1 0.43
25 10.1 1.1 10.4 0.72 11.1 0.71 8.6 1.1 24.5 0.74 1.8 0.62
26 8.9 1.3 7.5 0.97 8.3 0.70 8.7 1.1 8.7 1.0 1.3 0.53
27 9.5 1.1 10.2 0.80 9.2 0.84 7.6 0.93 9.0 0.76 2.2 0.58
28 8.4 1.1 23.0 1.2 6.5 0.61 5.7 1.1 15.8 1.1 2.5 0.43
29 12.3 1.0 13.3 0.88 5.2 0.68 9.2 1.1 14.4 0.61 1.2 0.55
30 8.7 1.3 8.1 1.0 9.8 0.65 9.0 1.1 4.2 0.64 1.5 0.54
31 10.0 1.3 38.3 1.5 9.7 0.85 6.2 1.2 21.6 1.2 2.4 0.60
32 21.0 1.1 18.0 1.3 8.7 0.77 11.0 1.2 18.6 1.2 1.7 0.57
33 8.7 1.0 14.4 1.2 8.7 0.71 7.2 0.87 7.1 0.93 2.3 0.67
34 18.1 1.4 13.9 1.0 6.9 0.68 6.5 1.2 10.1 0.93 2.6 0.51
35 7.2 1.0 20.2 1.2 7.4 0.60 4.4 0.89 2.7 0.90 1.3 0.48
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sponds to a difference of roughly kBT/ 2 in the average water-
peptide atom interaction between the WT and mutant peptides.

Hydrogen Bond Analysis

The probability of formation of hydrogen bonds between the
peptide and the solvent along the trajectories is depicted in Figure
8. The result shows that the hydrogen bond network between the
solvent and the peptide is generally similar for both the mutant and
wild-type peptides. The major differences in the results for the WT
and the E22Q mutant peptide are found in the central region of the
peptide. From residue 17 to residue 26, the average number of
hydrogen bonds formed by the E22Q mutant peptide is higher than
that of the WT peptide for every residue in this region, with the
only exception being A21. Previous results obtained from the

analysis of the MD trajectories of these two peptides indicated that
the E22Q mutant congener has a higher solvent exposed surface
area than the WT peptide.1 Figure 6 shows the different contribu-
tions of polar and nonpolar atoms that are exposed to the solvent.
Apart from A21, the E22Q mutant peptide has higher polar and
nonpolar solvent accessible surface area in region 17–26. This can
account for the higher average number of hydrogen bonds found in
the simulation of the E22Q mutant relative to the WT peptide. As
an interesting comparison we considered the probability of a given
residue being involved in an intramolecular hydrogen bond along
the trajectory. The results presented in Figure 9 indicate that the
WT peptide has a consistently higher probability to form intramo-
lecular hydrogen bonds relative to the E22Q mutant peptide in the
same region (17–26) that presents a lower probability of forming
hydrogen bonds with the solvent. This result is consistent with
previous results that indicated that the E22Q mutant peptide struc-
ture in solution is more flexible.1,59

In Figure 10 the values of the NH exchange rates, measured by
Lee and coworkers,20,28,59 for all residues between K16 and N27
are represented together with the probability of formation of hy-
drogen bonds with the solvent. The pattern of the relatively uni-
form rate of exchange in this segment of the peptide is similar in
form to that found for the probability of hydrogen bond formation
with the solvent. However, it should be noted that the time scale
for the process of amide hydrogen exchange with the solvent is on
the order of 1 s, much longer than the time of our simulations (1
ns). For this reason, we do not expect to be able to capture, in these
simulations, all the aspects of the dynamics of the peptide-solvent
interaction that are crucial in determining the rate in the amide
proton exchange process.

Table 2. Average Values of the Diffusion Constant.

D (Å2ps�1)
D�

(Å2ps�1)
D�

(Å2ps�1)

WT 0.17 � 0.02 0.27 � 0.02 0.05 � 0.02
E22Q 0.15 � 0.05 0.24 � 0.05 0.07 � 0.07

Figure 5. The water residence times of the atoms of the peptides have
been averaged for the backbone atoms and for the sidechain atoms
over all trajectories. The results obtained for the WT peptide are
presented in black, those of the E22Q mutant peptide in gray.

Figure 6. The solvent accessible surface area (SASA) of each residue
of the peptide. The value of the SASA has been decomposed in two
contributions, of polar and of nonpolar atoms.

Figure 7. The average binding energy for water molecules in the first
solvation shell of the peptide is decomposed in the two contributions
Ew�p and Ew�bulk.

62–64 Ew�p is the interaction of the proximal water
molecules (w) with the peptide ( p); Ew�bulk is the energy of interac-
tion of the proximal water molecules with all the other water mole-
cules in the system (bulk).
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Transition Probabilities

Figure 11 shows the transition probabilities to move from residue j to
residue i, kij, averaged over the four trajectories for the WT and the
Dutch mutant peptide. The plot is not symmetric; kij is in general
different from kji. From a first analysis of the plots, some differences
between the two systems appear evident. The WT peptide presents
exchange of water molecules between the N-terminus and C-termi-
nus, and vice versa, that is absent in the E22Q mutant congener. The
rates of transition from the N-terminus to the central core of the
peptide (residue 19–28) have lower or zero values in the Dutch
mutant than in the WT peptide. These features are common to both
systems: a high rate of transition from residue D23 to N27 and from
residue 22 to K28; transitions occur in the core, within the LVFFA
region, and between VGSN and C-terminus regions. The plots ob-
tained from each trajectory show an interesting correlation with the
plots obtained from the cross-correlation calculations over the trajec-
tories.1 This result indicates that the probability of transition for water
molecules is high between those regions whose coordinate fluctua-
tions are correlated; that is, for those regions of the peptide that are
often in close proximity, allowing water molecules to move between
solvation shells.

The solution of the master equation, given in eq. (11), allowed
us to make a qualitative and quantitative analysis of the kinetics of
the flux of the water molecules along the surface of the peptide.
The eigenvalues of the transition matrix, W, whose elements are
defined in eq. (10), are presented in Figure 12. The analysis of
Figure 12 shows some interesting features common to both pep-
tides. There is always an eigenvalue that is equal to zero, corre-
sponding to the system at equilibrium. The next eigenvalue, in
increasing magnitude, has a value equal to 1.24 ps�1 for the WT
peptide and equal to 1.29 ps�1 for the E22Q mutant peptide. This
time scale is of the same order of magnitude as that of the process

of rapid recrossing of the solvation shell, which we determined
from the first fast decay of the survival probability function. All the
other eigenvalues have absolute values significantly larger than
this one. Ten of the eigenvalues for the WT peptide and eight for
the Dutch mutant peptide are complex. The imaginary part of the
eigenvalue is always much smaller in magnitude relative to the real
part. The presence of complex eigenvalues indicates that there is
an oscillatory behavior of pi(t) as a function of time. The time
scale of the imaginary part that determines the oscillatory behavior

Table 3. WT Peptide’s Average Values of the Diffusion Constant for
Different Types of Atoms.

WT

D (Å2ps�1)
D�

(Å2ps�1)
D�

(Å2ps�1)

Apolar atoms 0.16 � 0.02 0.26 � 0.02 0.05 � 0.02
Polar atoms 0.17 � 0.02 0.26 � 0.02 0.05 � 0.02
Charged atoms 0.16 � 0.02 0.26 � 0.02 0.06 � 0.03

Table 4. E22Q Mutant Peptide’s Average Values of the Diffusion
Constant for Different Types of Atoms.

E22Q

D (Å2ps�1) D� (Å2ps�1) D� (Å2ps�1)

Apolar atoms 0.14 � 0.05 0.2 � 0.1 0.06 � 0.05
Polar atoms 0.17 � 0.08 0.3 � 0.3 0.1 � 0.1
Charged atoms 0.15 � 0.03 0.23 � 0.08 0.05 � 0.03

Figure 8. The probability of formation of hydrogen bonds with the
solvent as a function of the residue number of the amyloid peptide WT
and E22Q mutant congeners. The results obtained from the simulation
of the WT peptide are presented in black, those of the E22Q mutant
peptide in gray.

Figure 9. The probability of intramolecular hydrogen bonds as a
function of the residue number of the amyloid peptide, WT, and E22Q
mutant congeners.
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can be attributed to the process of rapid recrossing of water
molecules that are at the boundary of the solvation shell.

Figure 13 presents the equilibrium probability distribution for
water molecules around residues of the peptide, and compares
results obtained directly from the simulation with those obtained
from the solution of the master equation. Good qualitative agree-
ment is observed between the two distributions. The solution of eq.
(12) provides the time evolution of pi(t), the probabilities of
finding water molecules at site i, where i can be a residue of the
peptide or bulk water. Starting from different initial probability
distributions, p(0), we could follow the evolution in time of p(t).
Figure 14 shows the time evolution of the water probability to be

in the bulk and in the solvation shell of residue V18, for two
different initial configurations.

The plot of PV18(t) in the upper panel shows an initial rapid
rise to a maximum value, followed by a decay until the equilibrium

Figure 10. The probability of formation of hydrogen bonds with the
solvent and the HN exchange rate as a function of the residue number
for residues 16–27 of the amyloid peptide, WT, and E22Q mutant
congeners. The results obtained from the simulation of the WT peptide
are presented as squares, those of the E22Q mutant peptide as circles.

Figure 11. Water transition probabilities to move from site j to site i, and to the bulk. The plot
shows the results averaged over all trajectories for the WT peptide, on the left, and for the E22Q
mutant peptide, on the right. Red corresponds to a high probability to move from site j to site i,
while blue corresponds to a low probability.

Figure 14. Time evolution of the probability distribution of water
molecules in the bulk (solid line on the left hand side) and in the
solvation shell of residue V18 (dashed line on right hand side) for the
WT (black line) and for the E22Q mutant peptide (red line) starting
from two different initial distributions. Five hundred fifty water mol-
ecules are initially in the first solvation shell of the peptide, and 1563
water molecules are in the bulk. The probability of being around
residue i is equal to the ratio of the average solvent accessible surface
area of that residue, SASAi, over the average total solvent exposed
surface area of the peptide SASAtot, represented in the two plots on
top. All the water molecules are initially in the bulk, represented in the
two plots at the bottom.
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value is reached after about 3 ps. This ringing behavior is due to
the presence of complex eigenvalues following rapid recrossing of
the site boundaries. The same ringing behavior is observed for
most of the amino acids in the central core region of the peptide
and for residues 30 and 33.

Summary and Conclusions

All atom molecular dynamics simulations of the WT and E22Q
mutant A�(10-35)NH2 peptide congeners were computed with the
intent of gaining some insight into the crucial role of the solvent in
the process of peptide aggregation and desolvation, and on the
effect of the peptide sequence. We analyzed the structure and
dynamics of the water molecules at the interface with the peptide.
The results of our simulations support a number of conclusions.

1. The residence times of the WT peptide are consistently higher
than those of the E22Q mutant peptide, indicating that the
interaction between the peptide and the solvent is stronger in
the WT than in the mutant congener, in agreement with earlier
results obtained from computer simulations.1 The general trend
that was found for the water residence time as a function of the
polar/nonpolar nature of a given peptide atom was �charged 
�polar  �nonpolar. Our results are consistent with earlier works
on globular protein systems.43,44

2. The diffusion constant of water molecules at the solvent-pep-
tide interface is similar in the two A�-peptide congeners, and it
is smaller than the diffusion constant of bulk water. These
results indicate that the water molecules at the interface with the
peptide are organized in an ordered solvation shell with a
structure that differs from that of the bulk. This result is

consistent with similar observations for self-diffusion in simple
fluids near hard walls where the fluid is semi-infinite.60,61

3. The hydrogen bond network between the solvent and the pep-
tide is generally similar for both peptides. There is an anticor-
relation between the formation of intramolecular hydrogen
bonds and hydrogen bonds with the solvent. Those residues
forming intramolecular peptide-peptide hydrogen bonds are in
general less available to form hydrogen bonds with the solvent.

4. Residue D23 has a very high frequency of hydrogen bond forma-
tion, both with the atoms of the peptide and with the solvent.
Relative to other residues, D23 is characterized by a significantly
higher water residence time. The position of residue D23 along the
peptide sequence is between the LVFFA and the VGSN turn
regions, whose structures are the main motifs characterizing the
conformation of the monomeric peptide in solution. The interac-
tion between the sidechain of D23 and the solvent can have a
strong influence on the structure and dynamics of the adjacent
peptide residues, encouraging the formation of the turn region.

5. The eigenvalues that we obtained from the solution of the
solvent relaxation master equation have a similar distribution in
both peptide systems. Apart from the eigenvalue that is equal to
zero, there is one of significantly smaller magnitude than all
others. Some of the eigenvalues are complex, leading to an
oscillatory behavior of pi(t) at short times. The time scale of the
oscillatory part of the complex eigenvalues corresponds to that
of the rapid recrossing of the solvation shell that we also found
from calculating the water residence times. This observation
may indicate that the ringing behavior found for pi(t) can be
attributed to the process of rapid recrossing of water molecules
near the boundary of the solvation shell.

In the early step of aggregation of monomeric peptides, once
the peptides diffuse to contact, there will be a barrier to desolvation
that must be overcome to create the peptide aggregate. Our anal-
ysis of the energetics and dynamics of the first hydration shell of

Figure 12. The eigenvalues (Ei) of the transition matrix W for the
WT and the Dutch mutant peptides, expressed in units of ps�1. The
transition matrix W, defined in eq. (10) has been calculated using the
values of kji, obtained from the mean time �ji averaged over the four
trajectories. The eigenvalues obtained from the simulation of the WT
are presented as triangles, upper panel, those for the E22Q mutant
peptide, as circles, lower panel.

Figure 13. The probability distribution of water molecules around the
peptide at equilibrium, for the WT, squares, and for the E22Q mutant
peptide, circles. The equilibrium distributions obtained from the solu-
tion of the master equation, closed symbols, are compared with those
computed directly from the trajectories, open symbols.
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the peptide provides insights related to that desolvation process
and its dependence on peptide sequence. All of our observations
are consistent with the hypothesis that the E22Q mutant peptide
presents a more flexible structure in solution, with greater hydro-
phobic surface area exposed to the solvent, and it has a weaker
interaction with the water in the first solvation shell relative to the
WT peptide.1,20 Our results suggest that, in the process of aggre-
gation, the desolvation step can be energetically favored in the
E22Q mutant over that in the WT peptide, in agreement with the
increased activity of the Dutch mutant peptide.
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