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Abstract

The effect of heavy water on the structure and dynamics of copper plastocyanin as well as on some aspects of the
solvent dynamics at the protein]solvent interfacial region have been investigated by molecular dynamics simulation.
The simulated system has been analyzed in terms of the atomic root mean square deviation and fluctuations,
intraprotein H-bond pattern, dynamical cross-correlation map and the results have been compared with those

Ž Ž . .previously obtained for plastocyanin in H O Ciocchetti et al. Biophys. Chem. 69 1997 , 185]198 . The simulated2
plastocyanin structure in the two solvents, averaging 1 ns, is very similar along the b-structure regions, while the most
significant differences are registered, analogous to the turns and the regions likely involved in the electron transfer
pathway. Moreover, plastocyanin in D O shows an increase in the number of both the intraprotein H-bonds and the2
residues involved in correlated motions. An analysis of the protein]solvent coupling evidenced that D O makes the2
H-bond formation more difficult with the solvent molecules for positively charged and polar residues, while an
opposite trend is observed for negatively charged residues. On the other hand, the frequency of exchange of the
solvent molecules involved in the protein]solvent H-bond formation is significantly depressed in D O. The results2
are discussed also in connection with protein functionality and briefly with some experimental results connected with
the thermostability of proteins in D O. Q 1999 Elsevier Science B.V. All rights reserved.2
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1. Introduction

To perform their biological function, most pro-
teins fold to globular conformations that are
stabilized by many different non-covalent interac-
tions. Among these, the protein]solvent interac-
tion, which reflects the mutual influence of both
water and protein on each other, plays a very

w ximportant role 1 . Water molecules exert their
action through the H-bond network in maintain-
ing the proper tertiary structure of the protein
and participating in structural fluctuations. In-
deed, protein dehydration gives rise to conforma-
tional changes which can induce the inactivation

w xof the biological functionality 2,3 . On the other
hand, the properties of the solvent are also
strongly influenced by the presence of the pro-
tein. In fact, the protein surface is able to modu-
late the water mobility and then to cause an
anomalous behavior of the water molecules at
distances close enough to the protein surface
w x4]7 .

Insight into the role of solvents can be ob-
tained by studying the effects induced by solvent
perturbation on the structure and dynamics of

w xproteins 8]10 . Such a perturbation is usually
obtained by adding an organic solvent to the
protein solution. However, in order to avoid strong
solvent effects on proteins the use of mild pertur-
bative agents is preferable. Since biological
macromolecules operate in aqueous solution, the

Ž .mildest perturbant for light water H O is its2
isotopic form, D O. Although D O and H O can2 2 2
essentially be viewed as forming the same liquid,
differences in some physical parameters do exist.
In particular, higher viscosity, melting point and
heat capacity of D O with respect to H O indi-2 2
cate a higher structural order in heavy water
w x11,12 . Moreover, because of the different nu-
clear spin, deuterium oxide is often considered a
more suitable solvent with respect to H O in2
NMR studies of biological macromolecules. Simi-
larly, H OrD O scattering differences can be2 2
applied in a powerful way in neutron scattering

w xsolvent difference maps 13]15 . Independently of
the experimental approach used, the common as-
sumption is that both structure and dynamics of

protein as well as the solvent behavior at the
interface is similar in H O and D O.2 2

Recent experimental studies, performed on
w xsome small globular proteins 16,10 , have shown

that D O affects the thermodynamics of protein2
unfolding in a complex way. In fact, the ther-

Žmostability of proteins namely the transition
temperature between the folded and unfolded

.state increases by several degrees. On the other
hand, both the enthalpy and entropy of unfolding
are significantly reduced in D O. Consequently,2
the resulting Gibbs free energy of unfolding,
which defines the stability of a protein, is higher
in H O than in D O. The isotopic substitution of2 2
hydrogen by deuterium can affect the strength of

Ž . Ž .the: i solvent]solvent; ii solute]solute; and
Ž . w xiii solute]solvent hydrogen bonds 17 . Compar-
ative studies performed on hydrogenated and
deuterated proteins suggest that the solvent iso-
tope effect could arise from an increased strength
of the solvent]solvent hydrogen bonds in D O2
w x12,17 . In other words, it can be hypothesized
that the reduced stability of protein in D O could2
result by changes in the protein]solvent coupling
induced by a different three-dimensional distribu-
tion of the solvent molecules at the interfacial
region.

Ž .Molecular dynamics MD simulation which is,
in principle, able to reveal at atomic resolution
the details of the structure and dynamics of both
protein and solvent atoms, can be considered a
useful tool to investigate the protein behavior in
different solvents.

So far, the wealth of MD simulation studies on
proteins in solution has been performed in H O2
w x18]21 . More recently, an accurate parametriza-
tion of other solvents has allowed to extend MD
simulation to protein dissolved in different sol-

w xvents 22,23 .
Ž .In this paper we present a long-term 1.1 ns

Ž .MD simulation of plastocyanin PC in D O aimed2
at investigating the isotopic effect on its structure
and dynamics, also paying attention to the struc-
tural elements likely involved in the electron
transfer pathway. Some aspects concerning the
solvent organization at the interfacial region are
also discussed. The comparison of these results
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with those previously obtained in a MD simula-
w xtion of PC in H O 24 allows us to put demon-2

strate that both the structure and dynamics of PC
as well as the solvent dynamics at the interfacial
regions are affected by the isotopic substitution.
A possible connection between the observed ef-
fects on PC and some experimental properties of
the proteins in D O is also suggested.2

2. Computational methods

The MD simulation of PC fully hydrated in
deuterium oxide has been performed using the
GROMOS87 program package including the

w xSPCrE potential 25 . The effect of deuteration
was modeled by doubling the mass of the hydro-
gen of the 3501 solvent molecules included in the

w xsimulation 19 .
The initial coordinates of the 885 PC atoms,

the copper ion and the 110 crystallization water
molecules have been obtained by the X-ray crys-

˚ Žtal structure at 1.33 A 1PLC from Protein Data
. w xBank 26 . The copper ion is located in a hy-

˚drophobic region at approximately 6 A from the
protein surface and is coordinated by two S and

w xtwo N atoms in a distorted tetrahedral array 27 .
To describe the copper]ligand interaction, a co-
valent bond was introduced for each ligand to

w xpreserve the X-ray structure 28 . This assumption
w xfinds a ground on an experimental basis 27 . The

protein molecule was centered in a truncated
octahedron obtained from a cube of edge 6.20257
nm. The minimum distance between the solute
atoms and the box edge was 1.06 nm. Periodic

boundary conditions were applied to avoid edge
effects. Cut off radii of 0.8 and 1.4 nm for the
non-bonded and long-range interactions were
used, respectively.

During the 105 steps of energy minimization
with the steepest descent method, anharmonic
position restraining with a force constant of 9000
KJrmolrnm2 was used to minimize the root mean

Ž .square deviation RMSD from the X-ray struc-
ture. Initial atomic velocities were assigned from
a Maxwellian distribution corresponding to 250 K.
Any residual translational and rotational motion
of the center of mass was removed from the
initial velocities. The temperature was fixed at
250 K during the first 6 ps, then it was increased
by 5 K every 4 ps to reach the final value of 300
K, which was maintained throughout the remain-
ing simulation time. The temperatures of both
protein and solvent were separately coupled to an
external bath with relaxation times of 0.1 ps. The
pressure was kept constant by a coupling to a
pressure bath at 1.013 bar with a relaxation time
of 0.5 ps. A decreasing positional restrained force,
with a constant going from 9000 to 50
KJrmolrnm2 was also applied during the first 40
ps. The MD simulation has been followed for a
1100-ps period, the first 100 ps being for equili-
bration. Configurations of all trajectories and en-
ergies were collected every 0.1 ps with a step of
integration of 0.002 ps. The Shake constraint al-

w xgorithm 29 was used throughout the simulation
to fix the internal geometry of the water molecules
and to keep bond lengths of proteins rigorously
fixed at their equilibrium positions.

Table 1
aSelected properties of PC in D O calculated from the MD simulated trajectories2

Parameter Mean S.D. Min Max Drift

y5Ž .R nm 1.255 0.007 1.236 1.284 3.7=10g
Ž .E MJrmol y173.37 0.43 y174.98 y171.76 0.22p o t
Ž .E MJrmol 28.87 0.20 28.04 29.88 y0.01k in

y5Ž .RMSD of all atoms nm 0.171 0.014 0.150 0.185 1.2=10
y6Ž .RMSD of C atoms nm 0.125 0.012 0.102 0.139 4=10a

aAll values are calculated during the 100]1100-ps time interval. S.D.: standard deviation; Min: minimal value; Max: maximal
value; RMSD: root mean square deviations; R : radius of gyration; E : total potential energy; E : total kinetic energy. The driftg p o t k in
values are calculated from a linear regression and are given per picosecond.
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To check for a proper equilibration and conver-
gence of the simulated system, the various com-
ponents of the energy and the all atom RMSD
from the X-ray structure have been calculated as
a function of time. The values of some relevant
parameters calculated by the MD trajectories are
presented in Table 1. The stability of the kinetic
and potential energy of the PC]D O system is2
reached after approximately 50 ps, whereas the
all atom RMSD show a significant deviation from
the crystal structure of PC during the first 100 ps
and a small fluctuation of the RMSD around the

Ž .mean value of 0.171 nm Table 1 along the
remaining simulation time. A smaller value of
RMSD is obtained when the analysis is restricted

Ž .to the C atoms Table 1 , in agreement witha

w xother protein simulations 30,31 . For the analysis
of the structural and dynamical properties of both
PC and solvent atoms, the 100]1100 ps data have
been taken into account.

For the intraprotein H-bond analysis, the fol-
lowing definitions were used: an H-bond was as-
sumed to occur when the distance between the
hydrogen and the acceptor was shorter than 0.32
nm and the donor]acceptor angle was larger than
1208. The frequency of intraprotein H-bonds has
been computed and compared with data obtained

w xfrom crystallography 32 . We have considered as
maintained the crystallographic H-bonds which
are present during the simulation with a perma-
nence time greater than 25%. Moreover, H-bond
interactions between residues have been con-

Ž . Ž .Fig. 1. Snapshots of the main-chain atoms N, C , C and O of the PC crystal structure light]grey line and of the MD simulateda

Ž . Žstructure dark]grey line averaged over the 100]1100-ps simulation time. The electron transfer route is also indicated see the text
.for the details .
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sidered maintained even if the atoms acting as
Ždonor or acceptor change in the simulation for

instance the crystallographic H-bond 66N j]
32Od1, which is replaced by 66N j]32O, is con-

.sidered as conserved in the simulation .

3. Results and discussion

PC belongs to the blue copper protein family
and functions as an electron shuttle between cy-
tochrome f and photosystem I in plant photosyn-
thetic systems. The protein residues involved in
the electron transfer route are grouped and

w xlabeled in Fig. 1 27,33 . The protein regions
involved in this route are usually indicated as:
hydrophilic patch, which includes residues
Asp42]Ser45 and Glu59]Asp61, hydrophobic

Ž .patch Leu12, Ala33]Pro36, Gly89]Ala90 and
finally Tyr83 and His87. The copper ion is also

Žshown in the upper side of the molecule, dark
.sphere . From a structural point of view, PC is

formed by eight b-strands, arranged in two b

sheets, and from one short region of a-helix. The
b-structure is able to mediate distant electronic
couplings more efficiently with respect to a-helix;
such an efficiency having been related to the
H-bonds that are better mediators across the b

w xsheets than through a-helices 34 . Due to its
peculiar spectroscopic features, this protein has
been the object of intense experimental investiga-

w xtion 35,36 . More recently, in some papers au-
w xthored by some of us 4,24,28,37 , structural and

dynamical aspects of the PC]water interaction
have been deeply investigated by using an MD
simulation approach. From these works an overall
picture emerges pointing out a general stiffness
of the most important functional regions and a
higher mobility of the solvent-exposed regions.
Moreover, the investigation of the spatial and
temporal organization of water at the protein]
solvent interface has evidenced an anomalous
diffusional and relaxation behavior of the hydra-

w xtion water 5,37,38 .
In this paper, the results of the MD simulation

of PC, fully hydrated with D O, will be mainly2

Ž . ŽFig. 2. Time averaged 100]1100 ps RMSD of the backbone atoms from the X-ray for the simulated structure of PC in D O solid2
. Ž .line and in H O dashed line .2
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discussed in connection with a previous simula-
w xtion of PC in H O 24 , in order to elucidate the2

solvent isotope effect on the protein structure
and dynamics.

Fig. 1 shows a snapshot of the backbone atoms,
Ž .N, C , C and O , of the PC simulated structurea

Ž .dark]grey line averaged over the 100]1100 ps
simulation time, superimposed on the crystal

Ž .structure light]grey line . As can be seen, the
two overall structures are remarkably similar, al-
though some differences can be observed in spe-
cific regions.

A comparison of the time averaged RMSD
from the X-ray structure, as a function of the
residue number of the PC backbone atoms is

Ž .shown in Fig. 2 for PC in D O solid line and in2
Ž .H O dashed line . Secondary structure elements2

are also indicated. The RMSD values obtained in
Ž .the two solvents are generally small -0.2 nm

and are in agreement with other MD simulations
w x30,31 and are indicative of a close similarity of
the two simulated structures with the crystallo-
graphic one. In both cases, the regions of the PC
structure that mostly deviate from the crystal
structure are localized in turns and loops exposed
to the solvent. This deviation appears to be al-
most of the same extent for the peak centered in
correspondence of Gly10, while some difference
can be observed for the regions Ser45]Ile55,
Glu59]Asp61 and Gly89]Gly91. Concerning the
functional protein regions, such as the acidic and
the hydrophobic patches, it can be observed that,
in the presence of D O, most of the residues2
display lower RMSD values, with the exception of
the residues Glu59]Asp61 and Pro86.

In order to better characterize the flexibility of
the PC atoms, the root mean square fluctuation
Ž .RMSF of atomic positions in the simulation run
have been calculated according to:

1r222² : ² :D Rs r y rŽ .i i

1r2Nat1 2 2 2²Ž . Ž . Ž . :s D x q D y q D zÝ i i iNat is1

Ž .1

where N is the total number of atoms, D x , D yat i i

and D z are the differences between the instanta-i
neous and averaged atomic coordinates for the

² :i-th atom and the brackets . . . indicate a time
average. In Fig. 3A, the RMSF values of the

Ž .backbone atoms of PC in D O solid line are2
compared with the corresponding RMSF values
derived from the crystallographic B-factors
Ž .dotted line . The two plots show that the main
peaks are maintained at the same positions while
the amplitude of the atomic fluctuations are
higher in the presence of D O. A similar trend2
between experimental and simulated B-factors has

w xbeen reported for BPTI and Lysozyme 31 . The
RMSF values of the PC backbone atoms in H O,2

Ž .shown in the same figure dashed]dotted line for
comparison, follow approximately the same be-
havior of PC in D O. For the protein structure in2
both solvents, the highest RMSF peak is found
again in correspondence of Gly10 as in the RMSD

Ž .plot Fig. 2 . It refers to a solvent-exposed turn
which constitutes the most mobile region of the
protein. The most significant differences are
registered in the region surrounding the a-helix
Ž .Glu59]Asp61 and in correspondence of the

Ž .terminal turn of the protein Pro86]Ala90 , which
show higher RMSF values in the D O solvent. It2
is worth remarking that these regions include
some of the copper ligands, most of the hy-
drophobic residues and two residues of the acidic
patch which play a crucial role in the electron
transfer reaction with the redox partners.

ŽThe PC side chain RMSF values in D O Fig.2
.3B, solid line are found to be generally higher

than those of the backbone atoms. This is similar
to what happens in H O and is probably due to2
both the higher flexibility of the lateral chains
and the extensive interactions with the solvent, to
which these chains are more exposed. On the
other hand, a constraint of the backbone atoms is
presumably imposed by the rigid arrangement of
the b-structure of the protein architecture. A
comparison with the RMSF obtained for the side

Ž .chain atoms in H O, Fig. 3B, dashed line , re-2
veals a close similarity between the two plots. The
differences mainly concern the regions Pro16]
Ile21, Ser53]Thr69 and Pro86]Lys95. We note
that these regions include, as already mentioned,
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Ž .Fig. 3. a Comparison between the positional RMSF of the main-chain PC atoms calculated from the simulated structure in D O2
Ž . Ž . Ž .averaged over the 100]1100 ps simulation time solid line and obtained from crystal structure B-factors dotted line according to

Ž² 2: ² :2 . Ž . Ž 2 .y1 Žthe expression: r y r s 3B 8p . The RMSF values of the simulated structure in H O are also shown dashed]dottedi I i 2
. Ž . Ž . Ž .line . b RMSF values of the side-chain atoms of PC in D O solid line and in H O dashed line .2 2
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some of the residues belonging to the protein
electron transfer pathway.

In summary, we observe that the protein re-
gions which are likely involved in the electron
transfer process, appear more mobile in D O2
than in H O. It should be recalled that in the2
latter solvent the stiffness of these regions and
their inaccessibility to solvent were supposed to
be important for the functionality of the protein

w xitself 24 .

The analysis of the intraprotein H-bond pat-
tern can provide further information on the effect
induced by D O on the protein structure and2
dynamics. Before we discuss these set of data it
should be pointed out that no HrD exchange
between protein and solvent has been taken into
account because the exchange time scale is much
longer than the simulation time. In fact, 10y7 s
are required for isotopic exchange of the exposed

w xhydrogens 39 while, much longer time, ranging

Fig. 4. Diagram of the hydrogen bond patterns for the crystal and the simulated structure of PC in D O. The MD derived2
intraprotein H-bonds shown are only those having a permanence time greater than 25%. Grey intensity represents the secondary
structure of residues as defined by crystallographic results. The copper ion, the acidic and hydrophobic patches are also shown.
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from second to month, are required for the ex-
w xchange of amide hydrogens 40 .

Fig. 4 shows an overall picture of the intrapro-
tein H-bonds, obtained in the simulation of PC in
D O compared to the crystallographic hydrogen2
bond pattern. The data are related to the sec-
ondary structure of the protein, the acidic and
hydrophobic patches and the copper ion. The MD
H-bonds shown in the picture are only those
having a permanence time greater than 25% with
respect to the simulation time considered for the

Ž .data analysis 100]1100 ps . With respect to crys-
tallography, it turns out that four backbone and
five side-chain H-bonds are lost during the simu-
lation. On the other hand, the formation of new
H-bonds, mainly among elements of the sec-
ondary structure belonging to different sheets, is
observed. The copper site environment is also
involved in the rearrangement of the H-bond
network. In fact, the Gly91 residue replaces Ala90
in the X-ray backbone H-bond with His87, which
is the only copper ligand located on the protein
surface. Within the two patches, the hydrophobic

Žone forms six new H-bonds four among the back-
.bone atoms and two involving the side chains .

Only one additional H-bond is found in the hy-
drophilic patch during the 1000 ps analyzed. The
formation of new H-bonds within the functional
regions is of some interest for the possible influ-

w xences on the electron transfer process 41 .
The comparison of the intraprotein H-bonds

obtained from the MD simulations of PC in H O2
and in D O, averaging the trajectory data between2
100 and 1100 ps, shows that in the presence of
D O a higher number of new H-bonds is formed.2
The complete list of the new H-bonds involving
backbone and side-chain atoms is given in Table
2.

The overall increase of the intraprotein H-
bonds registered during the 1.1 ns simulation of
PC in D O could indicate that this solvent in-2
duces a modification of the protein conformation,
towards a more compact form which is compati-
ble with an approaching of the atoms able to
form H-bonds. This packing could be consistent
with the higher hydrophobic character of D O2
compared to H O which, in turn, could be ascrib-2

Table 2
List of the new intramolecular hydrogen bonds involving

Ž . Ž .backbone Group 1 and side-chain Group 2 atoms derived
from the MD simulation of PC in H O and D O with respect2 2
to the crystallographic data. The atoms involved in the
H-bonds are indicated in parentheses

Ž .Residue Permanence time %
a bDonor Acceptor H O D O2 2

Group 1
Ž . Ž .Gly6 N Leu4 O 55.5 42.2
Ž . Ž .Phe14 N Gly91 O 96.6 5.5
Ž . Ž .Ala33 N Gly6 O ] 46.8
Ž . Ž .Ile39 N Met57 O ] 29.8
Ž . Ž .Ile46 N Asp42 O 98.5 93.2
Ž . Ž .Ile55 N Asp51 O 91.6 80.8
Ž . Ž .Glu68 N Lys66 O ] 25.3
Ž . Ž .Leu74 N Glu25 O 95.1 61.4
Ž . Ž .Ser85 N Asn38 O 97.4 86.9
Ž . Ž .Gly91 N His87 O ] 68.7
Ž . Ž .Met92 N Gln88 O ] 28.5

Group 2
d2Ž . Ž .Asp2 N Asp2 O ] 28.8
d1Ž . Ž .Asp9 N Asp9 O 47.3 ]

g d2Ž . Ž .Ser11 O Asp9 O ] 49.6
gŽ . Ž .Ser17 O Phe14 O ] 27.2

«1Ž . Ž .Ser22 N Glu25 O 42.3 ]
g «1Ž . Ž .Ser22 O Glu25 O 53.9 ]
g « 2Ž . Ž .Ser22 O Glu25 O 77.3 ]

« 2Ž . Ž .Lys26 N Glu25 O ] 26.9
hŽ . Ž .Lys30 N Glu67 O ] 28.4
h g1Ž . Ž .Lys30 N Thr69 O ] 33.8
d2Ž . Ž .Asn31 N Asn64 O 50.2 45.6
d2 d2Ž . Ž .Asn32 N Asp8 O ] 27.2

« 2Ž . Ž .His37 N Leu5 O ] 33.8
d2Ž . Ž .Asn38 N Met57 O 92.0 54.6
d2 « 2Ž . Ž .Asn38 N Glu59 O 83.8 51.6

«1Ž . Ž .Glu43 N Glu43 O ] 35.6
Ž . Ž « 2 .Asp44 N Glu43 O ] 49.6

d1Ž . Ž .Ser45 N Asp42 O 68.6 25.1
g «1Ž . Ž .Ser45 O Asp42 O ] 48.8
g « 2Ž . Ž .Ser45 O Asp42 O ] 70.5

d1Ž . Ž .Ser53 Og Asp51 O 55.5 4.4
d2Ž . Ž .Lys54 N Asp51 O 65.2 6.1
«1Ž . Ž .Glu59 N Glu59 O ] 57.3
« 2Ž . Ž .Glu59 N Glu59 O ] 64.6
«1Ž . Ž .Glu60 N Glu60 O 79.5 78.1
« 2Ž . Ž .Glu60 N Glu60 O 60.0 41.6
«1Ž . Ž .Asn64 N Glu68 O 94.0 41.0

d2 «1Ž . Ž .Asn64 N Glu68 O 51.2 41.0
« 2Ž . Ž .Ala65 N Glu68 O 97.8 77.2

g hŽ . Ž .Ser75 O Tyr80 O ] 59.4
d2Ž . Ž .Asn76 N Ser48 O ] 35.1
d2 hŽ . Ž .Asn76 N Tyr80 O 49.9 93.6
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Ž .Table 2 Continued

Ž .Residue Permanence time %
a bDonor Acceptor H O D O2 2

h 2Ž . Ž .Lys77 N Asn99 O ] 29.6
gŽ . Ž .Ser81 N Ser45 O 92.8 11.2

« 2Ž . Ž .Gln88 N Ser85 O ] 30.4
«1Ž . Ž .Gly89 N Gln88 O ] 35.2

h «1Ž . Ž .Lys95 N Glu79 O ] 32.0
g1 « 2Ž . Ž .Thr97 O Glu79 O 82.6 81.3
d2Ž . Ž .Asn99 N Gly78 O 47.1 ]
d2 «1Ž . Ž .Asn99 N Glu79 O 58.5 ]
d2 « 2Ž . Ž .Asn99 N Glu79 O 40.0 ]
d2 gŽ . Ž .Asn99 N Ser20 O ] 33.9
d2 1Ž . Ž .Asn99 N Asn99 O ] 36.8

a w xData from Ciocchetti et al. 24 .
b MD data are obtained by averaging results from the time

interval 100]1100 ps.

able to the increased strength of the solvent]
w xsolvent bonding in D O 12,17 . This hypothesis is2

supported by some recent simulation and experi-
w xmental studies. Schiffer et al. 42 have shown, by

MD on a DNA binding domain of the 434 repres-
sor, an increase in the H-bonds number and
percentage in correspondence of either a
strengthening of the solvent]solvent interaction
or a weakening of the protein]solvent interac-
tion. A similar result has been also found in two
other MD simulations when H O is substituted2
with more hydrophobic solvents such as methyl

w x w xhexanoate 23 and chloroform 22 . In addition,
w xNorin et al. 23 suggest that a hydrophobic sol-

vent favors closer contacts among protein polar
atoms leading to a diminished solvent exposure of
charged and hydrophilic residues. Finally, the
HrD isotope effects, experimentally observed on
the dynamics of a protein folding reaction, have
been also interpreted in terms of an enhancement
of the hydrophobic interaction which is favored
from a stronger solvent]solvent hydrogen bond in

w xD O 17 .2
The higher degree of the intramolecular hydro-

gen bonding registered in D O may play some2
role in the higher thermostability of proteins ex-

w xperimentally observed in heavy water 16,10 . On
the other hand, this could also affect the protein
large scale motions, which are considered crucial
for the activation of the biological functionality.

In this respect, a study of the correlated intra-
molecular motions may give further insight into
the elucidation of the complex mechanism gov-
erning the protein functionality. Information on
how segments of the structure move relatively to
one another can be derived from a dynamical

w xcross-correlation map 24,31,43 . The correlation
coefficients of PC atoms in D O, averaged over2
1000 ps and with an absolute value greater than
0.30, are shown in Fig. 5. The dots in the upper
left triangle correspond to motions in the same
direction and are represented by positive values,
whereas in the lower right triangle are shown the
negative values, indicative of motions in opposite
directions. The data presented in Fig. 5 suggest
that proximal residues tend to have positive cor-
relation coefficients, denoted by the broadening
of the diagonal in the upper right-hand corner.
However, several dots and clusters, indicative of
correlated motions occurring among distant
residues, are also present.

Ž² : ² :Fig. 5. Dynamical cross-correlation map, C s r r y ri j i j i
² :. wŽ² 2: ² :2 .Ž² 2: ² :2 .xy1 r2y r r y r r y r for the C atomj i i j j a

Ž .pairs of copper PC using time averaging period of 100]1100
ps. Positive correlations are in the upper left triangle, negative
correlations in the lower right triangle. Only correlation co-
efficients with an absolute value greater than 0.3 are dis-
played. Secondary elements are also indicated.
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The extended clusters refer to positively corre-
lated motions between pairs of b-strands adjacent
in the tertiary structure. The coupling of the
b-strands is strengthened by the presence of a
certain number of H-bonds, which favor the cor-
related motions between the involved residues.
These results witness the importance of the H-
bond pattern for concerted motions which, on the
other hand, prevent the breakdown of secondary
structure elements in the protein. The region of
negative correlations shows isolated dots, which
mainly correspond to residues located far apart in
the tertiary structure of the protein. The compar-
ison of the present data with those previously

w xobtained in H O 24 , reveals that in both sol-2
vents positively correlated motions are centered
around the same positions; however, in D O the2
clusters involve a higher number of residues. This
effect is particularly evident around positions
Ž . Ž .Ser20, Ala90 and Leu5, Lys30 . The first cluster

Žrefers to correlations between two b strands 1B
.and 2B belonging to the same sheet. The second

one shows the correlation between the adjacent b

strands 2A and 3A. Moreover, the formation of
Žnew clusters is observed around positions Leu5,

. Ž .Phe70 and Leu12, Phe70 . It is interesting to
note that these additional correlations are found
to correspond to those residues involved in newly
formed H-bonds. This result suggests that, be-
sides the stabilization of the tertiary structure, the
H-bond interactions play a role in driving the
collective motions of the protein, that in D O2
involve a higher number of residues.

Protein dynamics is strictly coupled to the sol-
vent H-bonds network structure and dynamics
w x44,45 . Details on the spatial and temporal orga-
nization of the solvent molecules at the interfa-
cial region can be obtained from two relevant
parameters: the average number of H-bonds that
each residue forms with the D O molecules,2
² :N , and the average lifetime of the corre-HB

w xsponding H-bond 46 . These two quantities are
given by:

² : Ž .N sN rN 2HB HB step

Table 3
² :N , t, and N values averaged over the residue type. The number in parentheses in the first column represents the abundanceH B s
of each aminoacid residue present in the plastocyanin molecule

Residue type N t NH B s

H O D O H O D O H O D O2 2 2 2 2 2

a Ž .Lys 6 5.27 5.09 21.72 8.52 1434.17 792.00
a Ž .Asp 7 9.29 9.38 14.57 15.62 610.14 562.14
a Ž .Glu 8 9.10 9.24 15.21 16.34 586.00 466.50
b Ž .Asn 6 4.12 3.57 11.56 10.39 483.67 350.67
b Ž .Gln 1 5.24 4.52 7.73 5.40 961.00 627.00
b Ž .His 2 1.57 0.83 4.66 8.47 187.00 69.50
b Ž .Tyr 2 1.97 1.65 13.17 9.43 191.50 137.00
b Ž .Ser 12 3.46 3.33 12.38 11.47 526.67 357.00
b Ž .Thr 2 3.59 2.93 14.40 14.33 443.50 273.00
b Ž .Cys 1 ] ] ] ] ] ]
c Ž .Gly 10 1.06 1.14 7.52 9.14 162.40 148.00
c Ž .Ala 7 1.07 0.87 12.15 16.30 143.00 41.23
c Ž .Met 2 0.03 0.04 0.84 8.74 19.00 10.00
c Ž .Pro 5 0.82 0.75 10.55 21.28 97.80 52.40
c Ž .Phe 7 0.75 0.87 18.93 9.58 93.28 81.28
c Ž .Leu 6 0.81 1.52 9.73 8.99 85.50 65.33

c Ž .Val 9 0.48 0.54 11.79 7.94 37.00 43.44
c Ž .Ile 6 1.05 0.90 19.52 16.14 119.30 76.50

a Charged.
b Polar.
c Polar.
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and

² :NHB Ž .ts t 3M DNs

where, N is the total number of H-bonds thatHB
are found during the analyzed simulation time,
t s1000 ps, N is the number of trajectoryM D step
frames which is equal to 104 and N is the num-s
ber of different solvent molecules engaged in the
H-bonds with each residue during the time t .M D

² :Table 3 shows the N , t and N valuesHB s
obtained in the two simulations and averaged
over the residue type. The data reflect the depen-
dence of these quantities on the presence of
functional groups with different chemico-physical
properties which, therefore, induce a different
solvent H-bond dynamics near charged, hy-
drophilic and hydrophobic residues. In this re-
spect, it can be observed that charged residues
are able to form a large number of H-bonds. The

² :comparison of the N values formed in H OHB 2
and D O, suggests that the capability of H-bond2
formation is reduced in D O for positively charged2
residues; the opposite behavior appearing to oc-
cur for negatively charged residues. The isotopic

² :solvent also reduces the N values on polarHB
residues.

² :The N value can be, tentatively, connectedHB
with the solvent accessible surface area. The re-

² :duction of N registered for positively chargedHB
and polar residues in heavy water suggests that
these residues reduce their exposure to the sol-
vent, by favoring the internal contacts as also
evidenced by the increase of the intraprotein H-
bonds. This result is in agreement with MD simu-

w x w xlation on lipase 23 and BPTI 22 . In our case,
² :the reduction of N for the Lys residues isHB

counter-balanced from the formation of new in-
Ž .tramolecular H-bonds Table 2 . In other words,

it seems that residues having high ability to form
H-bonds that do not match the interaction with
the solvent try to find a partner within the protein
atoms. Finally, a not well defined trend is observed
for hydrophobic residues; such a behavior, could
be related to the fact that, in general, only a
percentage between 60 and 79% of the hy-

drophobic surface of a protein is shielded from
w xthe solvent 47 .

The analysis of t provides additional informa-
tion on the dynamics of restructuring of the H-
bond network between protein and the two sol-

Ž .vents Table 3 . From the comparison of the data
obtained in the two simulations it seems that the
solvent dependence of t follows essentially the

² :same trend of N . As concerns the chargedHB

and the hydrophilic residues, the more remark-
able difference between the two solvents is found
for Lys and His-like residues. The high average
value registered for Lys-like residues in H O is2
mainly due to Lys95, which contributes a t value
of 94.34 ps. The opposite trend is found for
His-like residues where a significant increase of t
is registered in D O. This result suggests some2
differences in the dynamical restructuring of the
H-bond network in the two solvents.

Since N directly reflects the exchange of sol-s

vent molecules involved in the protein]solvent
H-bond network at the interface, it can be con-
sidered as a good reporter of the dynamical be-
havior of solvent molecules at the interface. In
general, the occurrence of high N values pro-s
vides a clear evidence of a rapid exchange of the
solvent molecules in the formation of the H-
bonds. The data listed in Table 3 show that,
although for both solvents a monotonic decrease
of N is observed going from charged to hy-s

drophobic residues, the frequency of exchange in
D O is reduced to approximately 30% with re-2
spect to H O. This strong reduction can probably2
be traced back to the lower value of the diffusion

˚2Ž .coefficient of D O 0.18 A rps compared to that2
˚2Ž .of H O 0.23 A rps . In this respect, it could be2

hypothesized that the reduced interaction
between protein and D O molecules could enable2
higher fluctuations of structural elements in-

Žvolved in the electron transfer pathway see RMSF
.results . Fluctuations which are instead functio-

nally regulated by peculiar dynamics of H-bond
w xprotein]water network 44 . To assess to whether

the different solvent dynamics also correspond to
a different solvent organization at the protein]
solvent interface, further investigations are re-
quired.
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4. Conclusion

The analysis of RMSD and RMSF of PC in
D O has shown that during all the simulation2
run, the protein preserves its globular shape,
which is assured by the general stiffness of its
b-structure as already observed in H O; while the2
solvent-exposed regions are more influenced by
the dynamics of the solvent. However, a detailed
analysis of RMSF has revealed that the structural
elements which are supposed to be involved in
the electron transfer process show higher RMSF
values in D O than in H O. On the other hand, a2 2
result of some interest, also in connection with
the possible biological implication, is the increase
of the number of the intraprotein H-bonds. In
particular, by looking at the functional regions,
the hydrophobic patch is more involved in the
formation of new H-bonds compared to the hy-
drophilic patch. This is connected also with an
increase of the number of residues involved in
concerted motions within the protein molecule, as
revealed by the dynamical cross-correlation map.
The analysis of protein]solvent H-bond pattern
has put into evidence that for all protein residues
the frequency of exchange of the solvent
molecules involved in the H-bonds with the pro-
tein is significantly depressed in D O. In this2
connection, it could be hypothesized that the
D O dynamics at the protein surface could allow2
higher fluctuations of protein regions likely in-
volved in the electron transfer pathway, which are
instead kept rigid in H O. This could be consis-2
tent with the fact that in D O the protein intra-2
molecular interactions successfully compete with
those involving the solvent which are instead more
favored in H O. Such a fact, which in PC de-2
termines a close packing of the protein atoms,
may be responsible for the higher protein ther-
mostability in D O.2
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