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Abstract

A molecular dynamics simulation of the hydrated myoglobin erystal 15 presented. The sim-
ulation model considers the unit cell filled with two rigid proteins and 3536 mobile water
molecules. Computed structure factors are in good agreement with obscrved scattering
intensities. We found that a large percentage of water malecules have a translational
mohifity tvpical of a fluid system, consistent with the fact that only 40% of the simulated
water molecules can be detected by =x-ray crystallography. Computed solvent
renrientational properties confirm the experimentally measured high dielectric relaxation
rates. Protein segments characterized by large cxperimental B-values are found to be
highty hydrated by water molecules with large mean square displacements.




Introduction

In recent years, due to the availability of supercomputers, simulations have become a
powerful tool for studying the structure and dyvnamics of biological systems. Available
theorctical works on the subject have [ocused the attention mainly on the structural and
dynamical characterization of the macromolecules, often neglecting the role of water as a

salvent.

Numerous protein simulations have been done in vacus,'* and systematically, oo laree
mean square displacements (MS[)) have been found. Such findings are even more dis-
couraging if one considers that these studics can probe only fast vibration disorder, which
is the only effective contribution to protein motions within the time generally spanned
during simulations (i.c, 10-100 picoscconds). To the computed MSD one should add a
stalic contribution ansing from lattice disorder and a dvnamical contribution due to the
conformational motion of protein sepments. Computer simulations do not account for
lattice disorder, since the system is always assumed Lo be perfectly perindic under normal
boundary conditions. Concerning the conformational diffusion, there are experimental
evidences®® that such kind of motions gencrally take place in a nanosecond time scale, a
time which is not yet accessible 1o computer simulations.

It is seems now well established that the solvent role in protein simulations is cssential.” In
a receni molecular dynamics (M13) study of BPTL"™ for example, the agreement between
cxperimental and computed protein mobility was dramatically improved by including the
solvent in the model. The main effect of the solvent, in MD simulations of hydrated pro-
teins, with respect o the iz vaens case, is to slow down or cven suppress collective motions
of the side chains in the picosecond time domain. It is therefore reasonable to expect That
keeping the protein rigid is a first order and straightforward approximation for investi-
galing protein hydration at the structural level.  Such approximation implies (wo assump-
tions: 1) In the picosccond time scale the protein is frozen in onc particular
conformational substate, and no direct coupling between water fast dvnamic and slow
protein conformational diffusion can take place. 2) The vibrational modes of the protein
istretching of bonds, bendings, Wrsions, cte.), although their lime scale dynamics corre-
sponds 1o that of the solvent. have amplitodes too small to modify substantially the
potential hypersurface on which waler mulecules are constrained to move. At the dypam-
wal level, the compmed waler propertics can be affected. to some extent, by the tigid
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protein approXimation. However, in view of the two previous assumptions, we believe that
the adopted model allows to extract valid general qualitative informations on the dvnam-

ical solvent behavior.

In the present study a Molecular Dynamics simulation of the water in the hvdrated crystal
of myoglobin is presented. Water structural and dynamical properties have been com-
puted and compared, when available, with experimental data. A detailed analysis of the
solvent hydration has been carried oul and correlation between water connectivity at the

protein surface and conformational diffusion of protecin scgment is discussed,

Model and computational procedure

Myoglobin crystallizes as a monoclinic lattice (space group P2, ) with two proteins per
unit cell in gencral cquivalent positions (x.3.2) and {-x.y +1/2,:z). The parameters of the
unit cell are 4 =64.31A, B=30.91A |, € =34.86A and # = 1058° . The coordinates of
the 126] hcavy atoms of the protein were provided by a recent X-ray rcfinement!!.
Hydrogen atoms were introduced according to geometric considerations yvielding a total of
25332 atoms per protein.

The interaction between protein and water is represented by atom-atom potential func-
tions obtained by a [it to ab imitio computations done in our laboratory.!#1* Each atom of
the protein is assigned Lo a class; atomic namber, partial clectrostatic charge and chemical
cnvironment are criteria used to define a class', The form of the interaction potential

between one water molecule A and one protein P can be written as:

v _i hf"* aqC; i B A

A=P Fi 12 3

=1 j=l : Fif if
where index i runs over water atomic nuclei, j over protein atoms belonging to class ¢ and
b, respectively. Because no nct charges were available Tor the hacm group, an ab inftio
SCF computation was performed and partial clectrostatic charges were determined by
means of the Mulliken population analysis. Keeping in mind that the potentials are
transferable for atoms belonging to the same class, we assigned cach haem atom 1o g class
according to the criteria previously summarized, Because of charged residues, we found

on the myoglohin protein a net charge of +2, which under experimental conditions s
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neutralized by counterions. To simplify the work, instead of including counterions, we
neutralized the negative charge excess by distributing -2 electrons among all myoglobin
aloms; in this way ecach partial charge was diminished by 0.0008 clectrons. The water-
water interaction was described by the MCY potential;™ 856 water molecules were intro-
duced in the unit cell wielding a crystal density of 1.2705 g/cm®  The starting
configuration was obtained from the last configuration of 2 previous Monte Carlo simu-

lation s,

The integration of Newton-Euler equations was carricd out in the N V.E ensemble
adopting a [ilth order Gear algorithm for the transiational motions. For the rotational
motions we used a sixth order integrator [or. the quaternions, combined with a second
order quatcrnion scheme for recasting at cach time step the angular velocities."” Long
range cffects due to electrostatic interaction were corrected with the Ewald sum
procedure.' In the present case, since we arc dealing with a lattice where also the solvent
connectivity shows an high level of periodicity (about 40% of the water molecules in the
unit ¢ell can be detected by x-ray crystallography'), we may confidently cxpect the perfect
lattice approXimation to be fairly reliable and physically convincing. Moreover, a long
range correction which allows a suppression of the energy pumping mechanism induced by
the potential truncation' is especially required in the present case: When a cut-off at 154
is adopted, the total cnergy drift observed during the simulation is of the order of
L.6KJ > mole ! per picosecond (see Fig. la). Inclusion of long range interaction by means
af the Ewald procedure yields full conservation of the total ¢nergy (see Fig. 1b). The
simulation run was carried on for about 50 ps, with a time step of 0.5 fs. The first 20 ps
were considered as system eguilibration, and the remaining 30 ps were used for statistical
analysis, dumping particle coordinates and velocitics every 10 steps, corresponding to a At
of 3 5. With this choice of the integration time step. during the last 30 ps the total energy
was conserved with a maximum fluctuation of 0.004 Kl/mole per ps and the velocitics
were never rescaled. The average temperature and average potential energy were 3044
bi- 8.15 K and -T3.0989 + - 0.1333 KJ mole ', respectively.




General properties of the solvent

Although the structure and dynamic of myoglobin has been widely studied in an enor-
mous amount of cxperimental works (see ref. X for a review), only a fow experimental
data are available on the hydration pattern both in crystal and in solvtion. In 4 X-ray
study by Takano® 82 water molecules per protein were individually determined. Phillis®
and Parak', in two distinct X-ray refinements on deoxy and met-myoglobin, found about
Iol) water molecules per protein, many of them having high liquidity factors and low
occupancies. In nonc of these studies, however, the inferred model for the solvent yielded

a completely satisfactory agreement with the observed scatlering intensitics.

The static structure factors can be computed from the simulation data using the following

cruation
NATOMSE 1 ar MNIOLY
FR = > frlkespkes r)+-L5" N ik)exp(ik+ 1)
i=l i = |

The first term on the right side of this equation is the contribution of the protein atoms to
the averall scattered radiation. The temperature form factors £ have been computed [rom
tabulated atomic form factors f and Debey-Waller factors B obtained from X-ray
studics’', according to the relation

fir=frexp[ —B(sin 8]4)%]
with
2sinffi=|k|] : B=8rlcx’>

In the above relations f and A are, respectively, the scattering angle and wavelength of the
incident beam, k is a vector of the reciprocal lattice and < x? = is the experimental MSD.
The second term. computed [rom the simulation data, represents the contribution to the
structurc factors due to the solvent: st i the number of time averages considered within
the 3 ps time span. In Fig. 2 computed (dashed linc) and experimental® (solid linc)
X-ray scatiering intensitics are compared; the structure amplitude, in electrons, is plotted
as a function of sin{ff4)%. In order to assess the water contribution to the overall scat-
tering intensitics we also reported in the same figure (dotted line) the amplitudes obtained

when only the protein atoms are considered (ie. the contribution due Lo the first term of




the equation.} It is evident that the role of the solvent 15 essential in determining the
shape of intensity radial distribution for low resolution. Inclusion of the solvent gives rise
to the first peak at (sin 8/AF =0.005 | also present in the experimental curve, and shills in
the correct direction (he sccond peak at around { sin @/4) = 0.01. It should be noted that,
in our model, the contribution of the rigid protein framewnork accounts for the dumping
doe 1o all Kinds of displacements through the experimental Debyve-Waller factors, whereas
the solvent contribution probes the water structure amd liquidity resulting from a
piecosccond time scale simufation.  The satisfactory agreement with the X-ray measure-
ments appears to sostain the assumption that the protein motions de not alfect signil-

rcantly the solvent structure.

In Fig. 3, radial distribution functions {RDF} and refative coordination numbers versus
distance are reporied and comparcd with those obtained in an carlier calculation for hulk
water at 298 K*. The curve marked with the legend ‘o{w)-o(w)’ refers to oxvEen-oxygen
water RDF in the myoglobin crystal: the curve ‘o(w)-o{w) + p’ has been computed by
including also the protein heavy atoms. The curve and ‘n(w) - p’, which represents the
radial distribution of protein heavy atoms with respect 1o 2 solvent molecule, can be ana-
Ivtically obtained by weighted difference of the two previous RDFs.

In the solvent-solvent RDF (o{w)-o(w)), the position of the first peak, corresponding to
the first solvation shell, shows no significant differences when compared to the bulk case.
The enhancement of the intensity, with respect lo bulk, and probably also the weak
maxima at 4.9 and 5.6 A, are an artifact of the computation hecause of unhomogeneity of
the water density im the unit cell. In the ‘of{w) - o{w) + p" and o{w) + p’ curves, the
first peak is ciearly shifted toward shorter distances which is an indication of strong inter-

action belween solvent and protein surface.

In Fig. 3b, coordination numbers, obtained hy integrating the corresponding RDF's, are
reported.  Bulk water shows a well defined coordination number of five at about 3.5A.
For the ‘o{w)-o{w} + p' curve it is hard to determine unambiguously a first shell coordi-
nation number, since the behavior is almest linear between 2.9 and 35 A However,
pentacoordination is reached at 3.28 A; at this distance the average repartition of the five
coordination sites of a solvent molecule is found 1o be 2.8 water molecules (o{w) - ofw))
and 2.2 protein atoms {o(w) - P). The heavy coordination of water molecules by protein

atoms at short distances suggests that the solvent is packed at the protein surface.




The solvent dynamical behavior can be investigated by computing time dependent corre-
lation functions of the form

< fth + Ofle) =

Sk = < ez} =

where Lthe brackels indicate averages over molecules and lime origins. The center of mass
velocity auntocorrelation function (VAF) provides information about the diffusional
regime, and its power spectrum is related to the density of the states of the transiational
modes in the far infrared region. In Fig. 4a, VAF for water in the myoglobin crystal is
comparcd to that computed for bulk walter at the same temperature®, The average time
for sign reverse, in the myoglobin water (dotted line) is about 20 f5 faster with Tespect to
bulk (solid line), and the curvc lies for a longer time below zero, suggesting that
diffusional motions are strongly hindered. This behavior {or the VAF was expected, since
around 40% of the solvent molecules in the unit cell arc visible in X-ray electron densitv
maps' and therefore do not diffuse. Comparison of the power spectra of the VAFs is
provided in Fig. 4b. The density of the states for bulk water shows 2 sharp peak at
around 3 om ! and a sccond one at 200 om ', For the myoglobin water the first peak is
slightly shifted toward higher frequencies and the associated band is broadened, and at
200 cm-! oniy a shoulder can be observed. Some modes appear in the region between 300
and 450 em-' probably due Lo vibrations of solvent molecules tightly bound at the protein
surface (see next section) rather than to ice-like behavior®. The time integral of the VAF
gives the diffusion coefficient. The computed value is 0.13x105 to be compared 1o
2,60 10% in bulk water.*

The translational diffusional regime can also be investigated by monitoring the mean
square displaccments computed according to

= x> =< |R(t + ) =R =

For liquids, the mean squarc displacement is a linear function of time and the limiting
viluc of the slope, for ¢ tending to infinity, is equal to 60D where D is the self-dilTusion
cocfficient. The mean squarce displacement plotted versus lime (Fig. 5). shows definitely a
liquid-like behavior. As extensively discussed in the next section, the almost linear trend of
RMS’s 15 determined by a rather large percentage of solvent molecules able to retain, even

in the crystal, a high level of translational mohility,




Reorientational propertics for water in a crystal of met-myoglobin have been recently
investigated by dielectric relaxation measurements.® Although a direct comparison of col-
lective properties™ Lo diclectric relaxation rates is beyond the possibility of the present
study (because of the short simulation), qualitative indications aboutl rotational diffusion
can be obtained by computing the single particle dipolar autocorrelation function

according to
CAh) = < Plelt + k) » e{n)) =

where F, is the Lth Legendre polynomial and e is a unil vector in the direction of the
water dipole. The integral of < {f) from 0 to infinity, assuming a Dcbye exponential decay
for £ 30 ps, yiclds a value of 88 ps for the average dipolar reoricntation time, which is
about X} times larger than the computed value for bulk water.? The limited rotational
diffusion of the dipolar axis, as found from the simulation, qualitatively agrees with the
large dielectric relaxation time {(of the order of 100 ps) experimentally determined.

Local structural and dynamical properties

Computation of significant local structural and dynamical properties is not straightfor-
ward since it is difficult to define sub-énsembles for which one can compute meaninglul
slatistical averages. Our first approach was not dissimilar from the one adopted in a sim-
ulation of soivated BPTL. ' We partitioned the water molecules among four classes. Thosc
molecules which remain, during the whole simulation length, within a 3.5 A shell from
some heavy atoms of charged, polar and neutral residucs, are defined to be members of
class 1, 11" and 111, respectively; members can be shared within these classes. In class 1V
are gathered all the remaining molecules, namely those which either are most of the time
more than 3.5 A away from any residuc. or are exchanging among the three different
classes defined above; members of class IV cannol be simultaneously members of any

other class.

In Table I, somec general propertics of each class are reported. As expectled, although the
hydrophobic residues are the most numerous, the highest level of solvation is found for
charged and polar residues and. correspondingly, waler-protein interaction energies are

stronger for hydrophilic groups. Water molecules in class 1V constitute about 40 % of the




total and are characterized by weaker interactions with the protein. Water molecules in
classes I, 1l and 11T have small MSDs, and appesar to remain for long time at the protein
surface. as it can be seen from the typically solid-like behavior of the MSD time depend-
ency reported in Fig. 6. The MSDx, here reported, are somewhat smaller than those
expenmentally determined for the bound water molecnies.!" We belicve that this discrep-
ancy can be ascribed to the shortcomings of the simulation model: since the protein is
kept rigid. the water mobility at myoglobin surface is probably reduced by the lack of
coupling between solvent and side chain's vibrational modes,

Water molecules in class 1V show a completely different diffusional regime, typical of a
liquid system. The corresponding MSD time dependence (see Fig, 6) is almost linear and
the self-dilTusion cocfficient obtained from the limiting slope of the straight line is about
one third of that of purc water at the same lemperature. A similar behavior is expected to
occur in solution, where the distances between water and prolein atoms can be very large.
In the case of the myoglobin crystal, at least 2/3 of the volume of the unit cell® is ocou-
pied by the two proteins and the largest distances of any solvent molecules from the
protein surface can never exceed 6.0A Nevertheless, it appears that nearly all the water
molecules not belonging to the first solvation shell of some residues, despite their nonnes-
ligible interaction energy with the protein (-4.2 Kcal/mole), are able to retain a high level
of translationai disorder.

The average time of solvent exchange between the protein first hyvdration shell and Lthe
mobile layer (e.g. members of class IV) can be monitored by computing, for charged,
polar and neutral residues, the time dependent correlation function

ref
AT
alf) = FZ.. ZI:QU“ )
J o=

where (7, /) 15 a property of molecule j: It assumes the value | if the molecule remains
within the defined solvation shell {e.g. 3.5A) during the time interval t =t =1 + 1, and 0
ntherwise. The inner sum  denoles time averages over the whole simulation length, For
the correlation time ¢ = O, n(r) is simply (he average coordination number of the solvated
resiclues; at short times the function decays exponentially and the residence time in the
sobvation shell is given by the exponcntial decay time®. Plots of these functions for
charged, polar and neutral residues are shown in Fig. 7. The curves have been normalized




by the corresponding factor 7(0) to achieve direcl comparison. As it can be observed from
the figure, the residence time inereases with the residue’s hydrophilicity.

Further informations about dynamical behavior of the solvent can be gathered by com-
puting local time dependent correlation functions. In Fig. & the power spectra of the
velocity autocorrelation function are plotted for each class. It is evident that the peak at
M cm ' in the specirum of Fig. 4b i predommantly determined by the transiational
motion of the mobile water molecules in class 1V, whose density of the states is nearly
mdistimguishable from that of bulk water. The spectra of water molecules 1n classes 1, 1,
and 111 have broader peaks, shifled towards high Irequencics (between 100 and 200 cm ).
For molecules o ¢lass 1 a second peak appears at 350 om !, probably due to vibrational
modes of solvent at the charged amino groups af Arg and Lys, and at the carboxy groups
of Glu and Asp, where electrostatic interaclions are very slrong.

Ezperimental work, particularly by Parak’s group,™ suggests that protein conformational
molions are probably strongly correlated with the structure and the dynamics of the sur-
rounding solvent. It has been inferred’ that the fluctuations of the electric field produced
by the hydration water at specific places of the protein surface might induce sudden anni-
hilations of the potential barrier between two local conformations, such that a transition
between conformational substates” can be triggered. As suggested by Moessbauer absorp-
tion measurements, the frequency of these events in myoglobin appears to be in the
nanoscconds Ume domain® If this mechanism is ecorrect, it should be possible 1o detect
whether the loeal structural arrangement and the dvpamics of the solveat, in the
picnsecond time scale, is related somchow (o the mobility of the protein cnvironment

obtained from experimental B-values,

In order 1o reveal possible correlations. the cxperimentally determined B-valucs of the
protein atoms have been used for defining new solvent classes. Water molecules within a
3.5A distance from protein atoms having B-valucs in the range 0-10, 1015, 15-20, 20- A2,
belong o classes, A, B, C, and D, respectively.  Agamn, water molecules can be shared
among classes. Those molecules more than 3.5 A away from any protein atom are, obvi-
ously, members of the class IV defined previously. In Table 11 the resulting properties are
summarized. [l can be observed that the number of water molecules and the water -
protein stabilization cnergy increase steadily from class A to class T2, namely with
increasing B-values of the sofvated residucs. In addition, in general particularty rigid sep-
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ments are buried inside the proteins. However, in the myoglobin case most of the helices
and loops show a certain degree of exposure (see Fig. 99 and, therefore, it is difficult to
define a clear solvent-protein inlerface. It should be stressed that, from the data in Table
I, a) the residues which arc cmbedded in regions of low conformational disorder are also
poorly solvated; b) regions ol the protein with high conformational disorder seem to he
located in correspondence of local minima of the water - protein potential hypersurface; 3)
the computed MSDs are generally larger for water molecules solvating mobile segments.

Fine details of hydration patterns can be revealed by computing residue - water oxvegen
RDIFs. Such properties are of particular interest, since only incomplete experimental data
are available for solvent arrangements around myoglobin. The solvent - residuc radial
distribution functions, averaged over the two proieins in the unit cell, are presented in the
diagram of Fig. 10 for each residue (x-axis) at selected distances. Tt can be noticed that
most of the peaks fall in the range enclosed between 2.6 and 2.8 A, which roughly corre-
sponds to the distance from the oxygen atom of one water molecule hydrogen bonded to a
protein atom. The sharpest peaks generally correspond to polar and charged residucs,
whereas gaps arc mainly found for neutral residues. There are exception to this trend Espe-
cially on hydrophobic groups where often a high level of hydration is found, Fig. 11
shows the coordination number at 3.5 A versus residue number. High level of solvation
on hydrophobic groups can be detected for example at the Val-1, Trp-7, Val-13, Phe-43,
Leu-49 and Pro-120. Local computed MSDs for the salvent hydrating neutral groups (ses
Table T) show that, although hydrophobic residues are in general less hydrated than
charged and polar side chains, those who happen to be solvated are often surrounded by
water molecules arranged in stable and ordered configurations.

Conclusions

An accurate structural characterization of the solvent in the crystal of myogiobin,
obtained from the analvsis of molecular dynamics simulations, has been presented. Com-
putcd and measured X-ray scattering inlensitics have been comparcd and our overall
solvent structure was found to agree quite well with the experimental results, The
hydration pattern on the myoglobin crystal appeared to be reasonable™ and coherent with
that obtained in analogous simulation where the time span was longer and the model
included the relaxation of protein internal degrees of frecdom.™! The computed




tramslational and reorientational properties of the solvent are consistent with available

experimental data.

As suggested in Ref. 8. we gathered strong indication that a correlation may exist between
water connectivity and protein dvnamics. On the other hand, we also believe that at the
dynamical level, some of the computed propertics are probably affected by the fixed

protein approximation of this siudy.,

Dictermination of the solvent local dynamical properties, at the residue level, would com-
plete the picture of the role played by the solvent in protein dynamics. However, this task
might require inclusion of the low [requency internal modes of the protein, namely those
which can couple with water librations and transiations.

However, it should be recalled that the assumption on which we based our original model
stll remains valid. 1If the simulation time spans not more than some tenths or cven some
hundreds of picoseconds, then in such a time scale, the proteins are generally not able to
undergo major collective motions and, therefore, the computed protein atoms MSDs must
be Jower or at most equal to those determined by X-ray. Further, additional indirect info-
rmations about protein conformational diffusion can be gathered possibly by investigating
the dynamical behavior of the solvent with a more accurate model. In particular, local
dipolar autocorrelation functions and residence times can be computed and eventually cor-
related to protein dynamics, to probe the fluctuations of the electric feld at specific
regions of the protein surface. Work is in progress in these directions.
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Figure captions

Figure 1. Trends of kinctic and total energy as a function of time without {top) and with
(bottom) the Ewald sums.

Figure 2. Coomputed (dashed line) and experimental (solid line) radial structure amplitudes
distributions | Ak)|. The dotted line represents the contribution to | AK)| from the
protein atoms.

Figure 3. Radial distribution functions (left) and corresponding coordination numbers
{right). Dot-dashed line: oxygen - oxyeen in bulk water; dashed line: oxvgen oxygen in the
myoglobin crystal; solid line: oxygen - oxygen + heavy atoms; dotted line: oxvgen -

heavy atoms.

Figure 4. Translational velocity avtocorrelation functions (left) and corresponding spectra
(right} for water in bulk {dashed line) and in the myoglobin crystal (solid line). In inset b)
cach of the two specira has been normalized to the corresponding highest peak.

Figure 5. Water mean square displacements as a function of time,

Figure 6. Mean square displacements of water molecules helonging to classes 1 (solid
line), 11 {dashed line), 1 (dotted fine) and IV (dot-dashed line).

Figure 7. Time dependent coordination numbers for charged, polar, and neutral residues.

Figwe 8. Power spectra of the VAFs [or water molecules in classes | (solid line), 11
(dashed line), |1l {dotied hng), and 1V {dot-dashed fine). The curves have been normal-
zed (o the highest value of the class 1V spectrum.

Figure 9. 3-D representation of myoglobin. Dark grey segments corresponds to charged,
light grey to polar and shiny grey (o neutral residues. The haem is represented by a hall
and stick model,

Figure 10. Radial distribution functions versus residue number at sclectod distances.




Figure 11. Coordination number at 3.5A as a function of residue number, Full squares

correspond 10 charged, crosses to polar, and empiy squares 1o neutral residuoes.




Table I. Properties of the waler at charged, polar and necutral residues,

property class | class 11 class 111 ¢lass [V
Residue type charged polar neutral

Number of residucs 44 32 17 <
Number of water molecules 385 | 3% 150 337
MSD (A after 15 ps 0.40 0.37 (.31 4.24
Water-protein energy (KJ/mole) -27R -65.8 -ML7 -17.7




Table II. Properties of the water in classes A, B, C, and D.

properiy class A class B class C  class [
B-value range O- 16 115 13-20 20~
Mumber of heavy atoms 56 918 414 232
Number of water molecules 13 2015 238 178
MSD (AY aller 15 ps 0.20 0.34 .39 0.3%
Waler-protein energy (kl1/mole) -34.8 -T4.8 93.7 -|1(4.8

13
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