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ABSTRACT This study was carried out to evaluate the stability of the 89 bound water 
molecules that were observed in the neutron diffraction study of CO myoglobin. The myoglobin 
structure derived from the neutron analysis was used as the starting point in the molecular 
dynamics simulation using the software package CHARMM. After solvation of the protein, 
energy minimization and equilibration of the system, 50 pic0 seconds of Newtonian dynamics was 
performed. This data showed that only 4 water molecules are continously bound during the length 
of this simulation while the other solvent molecules exhibit considerable mobility and are breaking 
and reforming hydrogen bonds with the protein. At any instant during the simulation, 73 of the 
hydration sites observed in the neutron structure are occupied by water. 

INTRODUCTION 
The structural role and catalytic effect that water plays in proteins and enzymes is still rather 

speculative and controversial and relies often on experimental data that is seemingly contradictory. 
Simple hydrogen bond energy calculations show that in systems at room temperature at least 2 or 3 
hydrogen bonds are required to localize a water molecule. Nevertheless in many x-ray diffraction 
analyses, hundreds of water molecules have been located. This implies that at least in their 
crystalline form, proteins have well established long range water structures. Some NMR analyses 
of small proteins have, however, shown that only a few, if any, water molecules are firmly bound 
to the proteins surface. In order to determine if these observations are mainly due to crystal 
effects, we studied the results of a neutron investigation of myoglobin derivatives with a dynamics 
simulation. This study had the potential to explain the fundamental difference between NMR and 
the neutron data. 

electrons. When applied to protein crystallography with the inherent limited resolution, hydrogen 
atoms are not observed. Therefore, the position of hydrogens can only be inferred by the oxygen 
(or nitrogen) atom position, and a direct knowledge of hydrogen bonding is not possible. By 
contrast, neutron radiation interacts with the nucleus and consequently isotopes, such as H and D, 
can be readily distinguished in a neutron density-map.1 Therefore, neutron diffraction experiments 
can reliably and unambiguously locate the time averaged occupancy of H atoms. The NMR 
technique is also sensitive to hydrogen bonding but identifies water molecules only if they are 
bound for periods of time of the order of the protein tumbling time.* NMR studies of protein 
hydration rely on phenomena related to nuclear spin relaxation. A strong interaction of the nuclear 
Overhauser effects (NOE) is needed to detect the interaction between water protons and 
polypeptide protons. The strong distance-dependence of this interaction implies that NOES can be 
observed only between spatially close protons; in practice this requires an approach distance (dij) < 

In x-ray diffraction, the scattering power of an atom is proportional to the number of its 
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4.0 A, where dij is the distance between two protons i and j. The measured NOE intensities 
directly reflect the cross-relaxation rates, and the existence of hydration water is derived by the 
signs and values of these cross-relaxation rates.2 Presently, with this method, at a Larmor 
frequency of 600 MHz, only hydration water strongly bound to protein atoms with a residence 
time - 300 ps can possibly be detected.2 Therefore if a hydrogen bond of a "bound" water is 
broken and even reformed during this time, a NMR experiment would not see this so-called bound 
water. 

This is demonstrated in x-ray diffraction and NMR experiments that have revealed identical 
locations for the interior water molecules of bovine pancreatic trypsin inhibitor (BPTI), but not for 
the hydration water on the surface of BPTI.2 

A neutron diffraction analysis of myoglobin showed that eighty-nine water molecules were 
well localized on the surface of this protein molecule;3 while only a few have been reported from 
NMR experiments.4 A hydrogen bond energy distribution for the observed 89 water molecules 
are depicted in Fig. 1. A number of molecular dynamics simulations have been carried out to study 
hydration effects in myoglobin. 5-8 These studies5 show that myoglobin is fully hydrated by 350 
water molecules. The hydration shell of 350 water molecules is not a uniform monolayer but a 
patchwork of water clusters, with charged groups covered by two water layers while 37% of the 
protein surface is uncovered. The number of bound water molecules reported in neutron and x-ray 
diffraction studies are far fewer than 350 and do not cover the protein's surface. We refer to bound 
water as those water molecules observed in diffraction studies; in dynamic simulation studies these 
water molecules remain within a hydration shell of a specific atom for a long time at least for the 
time span of the simulation. Lounnas and Pettitt7~8 showed that dynamic simulations are 
informative when addressing the general problem of protein hydration. They confirmed the general 
nature of hydration layers as demonstrated by Cheng and Schoenborn.3 They further postulate 
that the differences in observed bound water sites between x-ray and neutron analyses are mainly 
due to the difference between the scattering power of Hydrogen and Oxygen atoms. The 
differences of observed water sites can be accounted for by the refinements involving different 
weight of hydrogen bonds and structural variations in different unit cells. In this study we focus 
on the behavior of the bound water molecules as depicted in neutron maps and start the simulation 
with the detailed atomic information including hydrogent atoms and bound water molecules as 
determined by the neutron diffraction analysis. This approach contrasts with the simulations based 
on stereochemical models. The hydration sites localized in the neutron study is then analyzed for 
the occupany of water as a function of the time, to explain the observed differences between NMR 
measurements and the neutron data. 
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METHODS 
The molecular dynamics simulation of myoglobin surrounded with water was performed 

using the molecular dynamics program CHAFWM.9 The typical potential energy functions of 
CHARMM were applied, and all  the hydrogens were explicitly included. The TIP3 water modello 
was used in these calculations. The starting structure for the simulation, including 89 hydration 
water, 5 ammonia ions, 1 sulfate ion and a CO ligand molecule was based on the coordinates 
determined by neutron diffraction.3 The coordinates of the starting structwe were augmented with 
coordinates of a preequilibrated water buffer at 300 K, both centers of mass being set to the 
laboratory frame origin. Water molecules with oxygen overlapping the protein were removed with 
an atom cutoff distance for non hydrogen atoms of 2.7 k To obtain a manageable data set, water 
molecules beyond a 9.0 8, distance from the protein's surface were removed. This 9 8, thick water 
shell contains 2242 water molecules. This protein water system was energy-minimizedl 1 resulting 
in a coordinate r.m.s. change for the whole protein of 0.37 A with an r.m.s. change in backbone 
positions of 0.26 A. 

The simulation was performed by numerically integrating Newton's equations of motion 
for all the atoms, with a step size of 0.001 ps. A constant dielectric model was used to calculate 
electrostatic interactions. A long cut-off distance of 14.5 A was applied in calculating all 
non-bonding interactions. 

A Switching function was used to calculate the potential energy for van der Waals 
interactions with a range between 9.0 A and 13.5 A.9 The potential energy function used to 
calculate electronic interactions between atoms was in the form of a Shifting function.9 AU 
covalent bonds involving hydrogen atoms were constrained by the SHAKE algorithrn.l2 A 
model of stochastic boundary conditions was applied to the system.13 Water molecules in the 2 
shell at the edge of the system were constrained by harmonic forces ranging from 0.0 KcaVmol to 
7.0 KcaVmol at the outmost region. The total simulation time was 80 ps calculated on a Silicon 
Graphics computer. The first step in this simulation used 15 ps to heat the molecules to room 
temperature and the next 15 ps were used to equilibrate the system at room temperature. These 30 
ps are defiied as the initial period and preceded the 50 ps used to analyze the dynamics of the 
proteins surface water molecules. The r.m.s. deviation for the averaged dynamic structure for the 
final 50 ps simulation compared to the energy minimized neutron structure is 0.76 8, for backbone 
atoms, 1.32 8, for sidechain atoms and 1.1 A for the whole protein. The r.m.s. deviation to the 
original neutron coordinates are 1.34 A for the whole protein; 0.87 8, for backbone atoms and 1.5 
8, for side chains. 

RESULTS AND DISCUSSION 
The water radial distribution function calculated for the equilibrated myoglobin water 
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complex is shown in Fig. 2 and is typical for such a system-l The peak at 1.74 A is caused by 
the hydrogen bonding distances between oxygen atoms of water molecules and hydrogen atoms 
belonging to the protein's polar groups. The second peak at 2.74 A shows the interactions between 
water molecules and non H atoms of the protein. The second peak is a little higher than the normal 
water-water distribution function, this fact may be explained by the strong interactions of water 
molecules with hydrogen bond acceptor groups on the protein's surface. 

To compare the results from the neutron diffraction analysis with the dynamic simulation, 
sites occupied by water in the neutron structure were tested for water occupancy during every time 
step in the simulation. To evaluate such water sites in the dynamically changing protein structure, 
water molecules were evaluated relative to their relevant protein acceptor/donor atoms and had to 
remain within hydrogen bonding distance 54.7 A from these atoms. In this way the number of 
originally occupied hydration sites still showing water at any given time during the simulation were 
compiled as shown in Fig. 3. At any time during the simulation more than 8Wo of the hydration 
sites are occupied by water molecules. But for the whole time span of the simulation only 4 sites 
were occupied continously by the same water molecules. If we reduce the distance to 4.5 A within 
which a water molecule has to be bound to protein atoms, we find only two such water sites. As 
expected, the tighter the constraints the fewer stable water molecules are observed. 

An analysis of the time-averaged occupancy of water at all neutron-determined hydration 
sites showed that 72 sites have occupancies greater than 70%. This simulation shows that most 
bound water molecules exist in an equilibrium state. H bonds are k i n g  made and broken 
continuously in such a way that a hydrogen bonding loci is occupied for most of the time by a 
water molecule but not necessarily the same molecule. NMR measurement of protein hydration 
rely on permanent hydrogen bonds. In other words, the type of fluctuations observed for most of 
the so-called bound water molecules prevents their observation by NMR measurements. In 
contrast, diffraction measurement depict water sites with inherently high occupancies. From our 
simulation, we can see that the number of tightly bound water molecules is much less than the 
number of hydration waters observed for any instantaneous dynamic structure.14 

The 4 water molecules bound during the whole time course of the simulation are also 
present in the neutron map. They all have multiple interactions with protein atoms and have high 
binding energy in both neutron and simulation structures.15 The hydrogen bond energies, B 
factors and occupancies are listed in table 1. Comparisons between these parameters for the 
diffraction and simulation analysis show similar trends. The major exception is the relatively high 
B factor for one of the water molecules. This temperature factor of 34 is higher than the average 
value of 28 and much higher than the B's for the other bound waters. This seems to contradict the 
results from Loumas and Pettit.8 It is however possible that the large B value of 34 is caused by 
two sites shared by the same water molecule. It should also be noticed that the simulations are 
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carried out in solution while the observed B's are for the crystaI case. Observation of the structure 
itself shows that this particular water molecule can form 2 H bonds in a volume with little 
stereographic constraints. The average residence time of a given water molecule at a specific site is 
not simply correlated to the occupancy as postulated by Lounnas and Pettitt.8 This is demonstrated 
by the interchange of two water molecules as shown in Fig 4. The neutron Fourier map shows 
that Water 19 is hydrogen-bonded (Fig 5) to aspartic acid 44, histidine 48 and to water molecule 
(water 35) with an energy of -8 Kcdmol. The simulation shows that this hydration site is 
permanently occupied, but that after 15 ps, water 19 and water 35 exchange positions with each 
other( Fig 4). This region from residue 44 to residue 48 in the protein molecule is in the highly 
polar loop-region which has high B factors, suggesting large mobility. The bound water 
molecules balance the electrostatic interactions, but the large mobility of this loop permits the 
exchange of water molecules. Most hydration sites observed in the neutron maps that exhibit 
multiple H bonds to protein atoms are observed to have high occupancy in the simulation. In 
concurance with Lounnas and Pettit7 we conclude that the occupancy of hydration sites is 
correlated to the number of H-bonds shared with the protein. 

CONCLUSION 
Although the difference between solution and crystal state will have some effects on 

hydration sites, we can conclude that most bound water molecules observed in the neutron 
analysis do not have residence times long enough to be detected by NMR experiments. The time 
average occupancies of these water sites in the simulation are high enough to be observed by 
neutron diffraction. This highlights the different information obtained by NMR and neutron 
diffraction experiments. Neutron diffraction gives an average picture of the protein-water 
configuration and shows the average pattern of hydrogen bonding between water and protein 
atoms. In other words, neutron diffraction gives a more complete picture of the average 
interactions between water and protein than NMR does. NMR experiments are sensitive to the 
dynamic stability of hydration and measure only water sites that remain bound to the protein longer 
than the simulation time; we call this permanently bound water. 

The accuracy and length of the molecular dynamics simulation was limited by the level of 
our present computational chemistry capability. Thus, the major factors affecting the accuracy of 
this simulation are the lack of explicit calculations for atomic polarization, the cut-off of long-range 
non-bonding interactions, and lack of a possible quantum mechanical treatment for exchangeable 
proton. We expect our limitations to be overcome with the introduction of more powerful 
computers and better algorithms. 
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Table 1 
Hydrogen bond energies (KcaVmol) are calculated according to Boobbyer for the 4 permanently bound water molecules as 
observed in the dynamic simulation in solution and in the neutron map. The energy calculated includes only water to 
protein terms and excludes any water to water interactions. The target atoms listed are the protein atoms with the strongest 
hydrogen bond energies with the given water molecule. Hydrogen bonds are only included with energies lower than -0.5 
KcaVMol. Water molecules are identified according to the nomenclature used by Cheng & Schoenborn3 

Water # 

12 
16 
23 
33 

Dynamic Simulation Neutron Structure 
Target atom energy #H-bonds energy # H-bonds B-factor occupancy 

TYR103 OH -5.08 2 -4.65 2 34.22 1 .oo 
LE75 0 -6.96 3 -6.10 3 24.23 1.00 
GLU4 0 -5.29 2 -3.93 2 23.62 1 .oo 

HEM154 OB31 -6.49 3 -5.47 3 23.19 0.79 
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Fig. 1: The distribution of hydrogen bond energies for the 89 hydration waters determined by a 
neutron diffraction analysis. The hydrogen bond energies are calculated according to 
Boobbyer's.16 Only contributions from protein atoms to each water site are considered. 

Fig. 2: Water-protein radial distributions calculated by using trajectory coordinates at an interval 
of 0.02 ps. 

Fig. 3: The number of hydration sites observed in the simulation based on the 89 hydration 
waters determined in the neutron diffraction analysis. The hydration site is occupied by water 
which is allowed to shift from the original mean position no more than 2.0 A, which requires 
hydrogen bond distance 5 4.7 A. This calculation used original coordinates of hydration sites and 
the relevant bound protein atoms as observed in the neutron data as the reference. The bottom 
curve shows the number of hydration site occupied by the same water at each time step. The time 
interval is 0.04~~. The top curve shows the number of hydration sites occupied by water at a 
given time step 

Fig. 4: The observed variation in hydrogen-bond length are depicted over the time course of the 
simulation for water molecules 19 and 35. The solid lines show variations in bond length between 
water 19 bound to aspartic acid 44 or histidine 48; while the dotted lines depict the same for water 
35. 

Fig. 5: The hydrogen-bonding geometry for the observed water molecule 19 according to the 
myoglobin structure derived from the neutron map. The hydrogen bonds are marked as purple 
dashed lines; oxygen atoms are displayed in the red; nitrogen atoms are shown in the blue; 
hydrogen atoms are displayed as white; carbon atoms and deuterium atoms are displayed in green. 
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