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EFFECT OF INITIAL POSITIONS ON THE 
SIMULATION OF WATER NETWORKS IN CRYSTAL 

HYDRATES 

P. LYNNE HOWELL’ and JULIA M. GOODFELLOW* 

Department of Crystallography, Birkbeck College, University of London, Malet 
Street, London WClE 7HX,  UK 

(Received August 1987, in final form January 1988) 

In this study we examine the water structure in nucleotide crystal hydrates using the Monte Carlo 
simulation technique. It is assumed that during such a simulation water molecules can adequately sample 
configurational space and that their true positions can eventually be found regardless of their starting 
positions. We have looked at the effect of different initial sites for the water molecules on the final average 
properties of the water networks using crystal hydrate, guanosine-5’-phosphate trihydrate for which 
experimental structural data exist. We found that all water moleucles moved from their initial sites 
regardless of whether these were the experimentally defined crystallographic or random positions. When 
the water molecules were randomly placed initially, and although they moved on average over 1.2& the 
water molecules finished further away from the experimental positions than those from the simulation 
which started with experimentally defined positions. However, an examination of the hydrogen bonding 
networks, on the basis of oxygen-oxygen distances found in the simulations, showed that the crys- 
tallographically determined network was obtained from both simulations. 

KEY WORDS: Monte Carlo simulation. solvent networks 

INTRODUCTION 

Knowledge of the structural and energetic influences of water is a key step to the 
deeper understanding of the structure and function of proteins [2-51 and nucleic acids 
[7] in aqueous solution. Computer simulation techniques offer methods for predicting 
these structural and energetic properties of macromoleucular-solvent systems. The 
reliability of these methods depends on the use of realistic potential energy functions 
to model each type of atom-atom interaction and on adequate sampling of configura- 
tional space [3]. 

Computer simulations have been used to predict water structure in liquid water [9] 
and aqueous solutions of small solutes [lo-121. It has also been used to study the 
solvent networks in crystal hydrates of amino acids [ I  31, peptides [14], proteins [15,16] 
and nucleotides 117,181. In these latter studies, the water oxygen (and sometimes 
hydrogen) atomic positions have been located from crystallographic data. Thus, one 
can make a direct comparison of the hydrogen bond networks found during the 
simulation with those found experimentally. 

The aim of this study is to look for the effect of different initial positions for the 
water molecule sites on the final simulated solvent hydrogen bond network. Thus, we 
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Table 1 

P.L. HOWELL AND J.M. GOODFELLOW 

Initiar' 
Site 

RI 
R2 
R3 
R4 
R5 
R6 
R7 
R8 
R9 
RIO 
RI 1 
R12 

Crystal Siteh 
Site Disf  

XI 1.12 
x 2  2.07 
x 3  1.68 
x 4  1.81 
x 5  1.66 
X6 1.75 
x 7  1.32 
X8 1.21 
x 9  2.18 
XI0 1.16 
XI0 1.55 
XI2 2.59 

Crystal Site' Crystal Sited 

Site Disf Site Dist' 

x 2  
x 9  
x 2  
x 5  
X6 
xs 
X I  
X8 
xs 
XI2 
x11 

3.48 
3.12 
3.69 
3.43 
3.34 
2.97 
2 82 
2.25 x 9  
3.05 
3.64 XI 1 
2.03 

3.55 

3.13 

(a] Initial sites for water molecular oxygen positions 
(b) Closest Crystal water Site to initial random sites 
(c)  Second closest Crystal water site less than 3.75A to initlal site 
(d) Third closest Crystal water site less than 3.75.4 to initial site 
(e) Distance between the initial and crystal sites in A. 

wish to ascertain whether, given arbitary starting positions, the water molecules (in 
a crystal hydrate) can move during the simulation to their true, experimentally 
determined positions. 

METHODS 

For any simulation it is necessary to define an initial set of coordinates for both the 
solute and solvent molecules. Initial coordinates for the guanosine-5'-phosphate are 
taken from the experimental crystal structure [ 11. For the water molecules, two 

Table 2 

Atom Type Charge" Atom Type Charge" 

P 0.310 C1' 0.086 
N1 - 0.452 01' - 0.035 
c 2  0.418 C2' - 0.039 
N2 -0.279 0 2 '  - 0.425 
N3 - 0.345 C3' 0.262 

C5 -0.112 C4' 0.077 
C6 0.342 C5' 0.138 

c 4  0.310 0 3 '  -0.206 

0 6  - 0.437 0 5 '  - 0.279 
N7 -0.159 01 - 0.458 
C8 0.020 0 2  - 0.406 
N9 ~ 0.095 0 3  - 0.444 
HN1 0.379 HCI'  0.023 
HN2 0.168 HC2' 0.007 
HN2 0.164 H02 '  0.228 
HC8 0.131 HC4' - 0.005 

HC5' -0.016 
HC5' - 0.004 

(a) partial atomic charges given as fractions of an electronic charge 
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a 
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Y 
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Figure 1 
SIMG and (b) SIMR. 

The potential energy profile as a function of the number of configurations for simulations (a) 

alternative sets of initial coordinates are used. These are either those of the experi- 
mentally defined oxygen atoms with random hydrogen positions (SIMG) or randomly 
generated water oxygen and hydrogen positions (SIMR). 

The random positions are generated by dividing the unit cell into cubes of side 0.5 8, 
in order to define a grid. The grid points are then searched sequentially for possible 
water sites, using the criterion that no water oxygen atom could be found within 2.5 8, 
of any other atom (water or solute). Table 1 shows the association between each 
random water position and its closest experimental position (mapping) in order to 
give the smallest average root mean square deviation (RMSD) of 1.728,. Distances 
between the inital and experimental sites are also given for other mappings which lead 
to slightly larger deviations. In nearly all cases the mapping with the lowest root mean 
square deviation is obvious but for water molecules 7 and 8 it is not clear cut an 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
1
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1
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Table 3 

Name Initial“ Total number Analysis 
conJgurations of moves range 

SIMG 1 A 6 x lo5 1-2 105 
SIMGZ A 6 x lo5 5 4  x 10’ 
SIMRl B 6 x lo5 2-3 x 105 
SIMR2 B 6 x 10’ 5 4  105 

(a) A: Experimental Crystal Sites 
B: Random Sites from Grid 

alternative mapping is possible with a slightly higher root mean square deviation 
procedure has to be taken during the analysis in order to determine the mapping with 
the smallest RMSD. 

Monte Carlo simulations are performed using the Metropolis algorithm [I91 on a 
unit cell of guanosine-5’-phosphate trihydrate in the NVT ensemble. The step sizes for 
translational and rotational moves were chosen to give an acceptance ratio of ap- 
proximately 50%. The polarisable electropol (PE) model [20,21] is used to model the 
water-water interactions and the potential energy functions of Lifson et a1 [22] are 
used with the PE model and a geometric mean comination rule for the water-solute 
interactions. Thus, the water-solute potential energy is represented by a non-bonded 
Lennard Jones (6/9) interaction and an electrostatic term. The partial charges on the 
solute (see Table 2) are calculated using the semi-empirical CND0/2 method as the 
charges for the phosphorous atoms are not available from the Lifson et a1 study. The 
water-water potential energy is a linear sum of a non-bonded Lennard-Jones (6/9) 
term, an electrostatic contribution obtained by the interaction of electropoles centred 
on the oxygen atom of the water molecules which includes terms as high as the 
octupole-dipole interaction and a polarisation energy. Each water molecule dipole 
experiences the field of all the surrounding atoms, so that it is increased from the 
monomer value (1.85 Debye) to a value which depends on the environment [23]. 

Periodic boundary conditions are applied to the simulations in order to simulate an 
infinite crystal lattice using the minimum image convention along with a distance 
cutoff of 7.5A. The solute molecule has all its atoms defined explicity, using the 
experimental crystal structure conformation, and is kept fixed and rigid throughout 
the simulation. The water molecules are placed at their initial positions and allowed 
to move randomly independent of any symmetry constraints. 

The potential energy of the systems is shown in Figure l a  and l b  as a function of 
the number of configurations. Examination of Figures la and l b  shows that the initial 
equilibration occurred after approximately 100,000 and 200,000 configurations for 
SIMG and SIMR simulations respectively. Although each simulation is extended to 
600,000 configurations (i.e. 50,000 trial moves per water molecule), detailed examina- 
tion of the plots in Figure l a  and l b  show that the potential energy is still decreasing 
slightly. Two analysis ranges were chosen for each simulation in order to look for 
changes in properties as a function of the simulation length as shown in Table 3. 
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SIMULATION OF WATER NETWORKS 337 

Table 4 

Name Iniiiai RMSD" Final RMSDh SIM RMSD' 
(A)  (.dl ('8 

SIMGI 0.0 
SIMG2 0.0 
SlMRl 1 .I2 
SIMR2 1.72 

0.45 
0.60 
1.11 
1.12 

0.45 
0.60 
1.21 
I .33 

(a) Root mean square deviation of initial to experimental water molecule oxygen sites. 
(b) Root mean square deviation of final to experimental water molecule. 
(c) Root mean square deviation of final deviation of final t o  initial water molecule oxygen sites. 

RESULTS 

Net Movement 

From the comparison of the simulated mean water oxygen positions with the experi- 
mental water positions, it is possible to obtain an estimate of how far the water 
molecules have moved towards or away from the 'true' (i.e. experimental) positions. 
The root mean square deviation between the simulated and the experimental crystal 
hydrate water molecule oxygen positions both for the initial configuration (Initial 
RMSD) and also over the 100 Kconfigurations in each analysis range (Final RMSD) 
are given in Table 4. The root mean square deviation for the water molecules during 
the simulation from their initial positions, during the simulation, is also shown (Sim 
RMSD). 

During SIMGl and SIMG2 simulations, the water molecules move 0.45A and 
0.6A respectively away from the initial positions. Because the initial sites are the 
experimental positions, the water molecules finish 0.6A RMSD away from their true 
positions after 600 K configurations. During the SIMRl and SIMR2 simulations, the 
water molecule sites move by 1.21 A and 1.33 A respectively away from their initial 
random positions i.e. considerably more than in SIMGl and SIMGZ. However, the 
water molecules start 1.72 A away from the experimental positions and finish only 
1.12 A RMSD away from their true positions after 600 K configurations. Although 
the water molecules move further during the simulations SIMRl and SIMR2, they 
still finish further away from the true positions than water molecules in the SIMGl 
and SIMG2 simulations. 

Fluctuations 

The average deviation around the mean simulated oxygen position (the fluctuation) 
can also be calculated and compared to the isotropic temperature factor obtained 

Table 5 

Simulation Fluctuations (A) 
Water I Wafer 2 Wafer 3 

- ~~ ~ 

Experimental 0.18 i 0.01 0.18 f 0.01 0.19 f 0.01 
SIMG1 0.00 & 0.003 0.12 f 0.06 0.14 f 0.03 
SIMG2 0.02 & 0.01 0.19 & 0.10 0.15 f 0.04 
SIMRl 0.12 f 0.03 0.14 5 0.02 0.17 f 0.05 
SIMR2 0.06 0.03 0.18 +- 0.11 0.15 0.09 
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338 P.L. HOWELL AND J.M. GOODFELLOW 

from the crystallographic data. The fluctuation of each water molecule in the asymme- 
tric unit, averaged over all asymmetric units in the unit cell, is shown in Table 5 .  In 
all simulations the fluctuation for water molecule 1 was found to be smaller than that 
calculated from the isotropic temperature factor. However, for the other two unique 
water molecule sites the fluctuations are the same, within the estimated error, as the 
experimental value calculated from the isotropic temperature factor. 

Contacts 
We define a contact as the presence of an atom (solute or solvent oxygen) within a 
3.25 A radius of any one of the water oxygen atoms within the unit cell within the 
analysis range under consideration. These contacts can be summed over the whole 
unit  cell for water-water and water-solute contacts separately as shown in Table 6. 
All simulations show remarkable agreement with each other and with the experiment- 
al data for the total number of water-solute contacts. The water-water contacts are 
also very close to the experimental value of 23 for SIMGl and SIMG2 and only 
slightly lower for the random start simulations SIMRl and SIMR2. 

Further analysis shows that this agreement in overall number of contacts is for- 
tuitous. When the type of contact is considered, as in Table 7, it can be seen there is 
a consistent underestimation of the number of contacts that water molecules make 
with carbon, nitrogen and polar hydrogen atoms but an overestimation of the 
contacts to solute oxygen atoms. Finally, the total number of discrepancies in the type 
of contact are shown in the final column of Table 7 (irrespective of sign). This shows 
that simulations SIMRl and SIMR2 lead to considerably greater discrepancies in the 
number and type of water-solute contacts compared with experiment than those 
obtained from SIMGl and STMG2. 

Table 6 

Simulations Contacts 
water-solute 

Contacts 
water-water 

Experimental 
SIMGl 
SIMG2 
SIMRl 
SIMR2 

I52 
I53 
I52 
153 
153 

24 
22 
24 
18 
20 

Table 7 
~~ 

Simulation U b C d e f A 
~~ 

SIMGl - 3  0 6 - 1  0 - 1  I 1  
SIMG2 - 2  0 6 - 3  1 -2  14 
SIMRl - 4  1 11 - 8  3 - 3  30 
SlMR2 - I  I 12 - 1 1  5 - 5  35 

2 -a l l  cdrbons other lhdn carbonyl 
b - carbonyl carbon 
c - oxygen 
d - nitrogen 
e - apolar hydrogen 
f - polar hydrogen 
A - total number of differences 
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Table 8 

339 

Simulation Agreement factor AG(I )  Agreemen t factor A G ( I I )  

(a )  ( b )  ( a )  ( b )  
SIMG1 0.25 0.24 0.22 0.25 
SIMG2 0.33 0.34 0.34 0.37 
SIMRl 0.59 0.50 0.51 0.32 
SIMR2 0.62 0.51 0.53 0.33 
(a) water-solute interactions 
(b) water-water interactions 

Agreement Factors 
Agreement factors I (AG(1)) and I1 (AG(I1)) have been devised to give one overall 
number for the agreement or lack of agreement between the contacts within a 3.75 A 
sphere made by the water molecule oxygen atoms. AG(1) refers to the root mean 
square deviation in contact distances between the simulated water networks in each 
simulated asymmetric unit and the average simulated structure, i.e. it is a form of 
internal error estimate. The lower the value of the agreement factor the better the 
agreement between simulation and experiment. As shown in Table 8, the agreement 
factors are lower for SIMGl and SIMG2 than for SIMRl and SIMR2 indicating that 
the former two simulations are in better agreement with experimental than the latter. 
Moreover AG(1) and AG(I1) are similar for SIMRl and SIMR2 in magnitude 
indicating that the agreement with experiment is the same as that between asymmetric 
units. This is not the case in SIMRl and SIMR2 in which the agreement with 
experiment is much worse than that between asymmetric units. 

Hydrogen Bonding 
The hydrogen bonding patterns exhibited by the water molecules have also been 

Figure 2 A schematic representation of the solvent hydrogen bonding network obtained from the 
experimental crystallographic data. The arrows represent the direction of the hydrogen bonds and all 
distances are given in A.  
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Figure 3 A schematic representation of the solvent hydrogen bonding network from simulations (a) 
SIMGI. (b) SIMG2, (c) SIMRl and (d) SIMR2. The arrows represent the direction of the hydrogen bonds 
and all distances are given in A. 

examined to assess whether they are preserved during the simulations. The experi- 
mentally determined solvent hydrogen bond network are shown schematically in 
Figure 2 whereas Figures 3a-d are schematic diagrams of the water network found 
in each of the simulation. The simulations SIMGl and SIMG2 show good agreement 
with experiment as can be seen by comparing Figures 3a and b with Figure 2. SIMRl 
(Figure 3c) leads to only 4 out of 6 of the main hydrogen bonds being reproduced with 
one of the others being too short and the other too long. However, the network in 
SIMR2 (Figure 3d) is much improved with all hydrogen bond distances being accept- 
able. 

Arrows have been drawn in Figures 3a-d when the H-0 distance is between 
1.5-2.5 A and the OH-0 angle is greater than 150". Comparison of Figures 3a-d with 
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SIMULATION OF WATER NETWORKS 341 

the experimental data in Figure 2 shows that the hydrogen atom positions are not 
particularly well reproduced in any of the simulations. 

DISCUSSION 

This study shows that the effect of random initial positions for the solvent molecules 
depends on the property of the system under investigation. The overall solvent 
hydrogen bonding pattern (based on water oxygen to water oxygen or solute non- 
hydrogen atom distances) could be successfully simulated with either random or 
experimentally determined initial positions. Little or no difference was seen in either 
the water molecule fluctuation or the total number of contacts made by the water 
molecules with the solute atoms. However, a more detailed analysis involving the 
type, as well as number, of contacts and the solvent hydrogen atom positions showed 
that the discrepancy with experimental data was greater with random rather than 
experimental initial solvent positions. Moreover, the agreement factor analysis show- 
ed that the comparison between simulated and experimental data (AG(1)) was less 
that the comparison between the four simulated asymmetric units when the initial 
solvent positions. Moreover, the agreement factor analysis showed that the com- 
parison between simulated and experimental (AG(1)) was less that the comparison 
between the four simulated asymmetric units when the initial positions were the 
experimentally determined ones. This implies that the agreement with experiment is 
within the error of the simulated results. The analysis of root mean square deviations 
during the simulations and between experiment and simulation showed that although 
the water molecules in random start simulations move further than those in the SIMG 
simulation, they still remain further away, on average, from their true positions. 

This study also included data on effect of extending the equilibration period from 
just over 8300 and 16600 moves per water for SIMG1 and SIMRl respectively to 
50000 moves per water molecule for SIMG2 and SIMR2. Again, we see that some 
properties such as overall hydrogen bond pattern, water molecule fluctuations and 
total number of contacts remain unchaged. Other properties such as root mean square 
deviation from experiment, discrepancies in type of contacts and agreement factors all 
get worse. 

The overestimate of water-oxygen atom contacts and the underestimate of the 
carbon, nitrogen and polar hydrogen atom contacts are most likely due to errors in 
the non-bonded potential energy functions. The difficulty in reproducing the correct 
solvent hydrogen atom positions may well be due to defects in the potentials being 
used to model water itself. All water models have difficulty in quantitatively reproduc- 
ing the experimentally determined g, (the partial pair correlation function for water 
molecule oxygen atoms) and the details of the other partial pair correlation functions 
go-H and g H - H  (from experiment) are still unclear [9]. 

There are some obvious limitations which may inhibit movement of water mole- 
cules during the simulation and hence prevent the randomly positioned water mole- 
cules from reaching their true positions. These include the use of fixed solute atomic 
positions and that the symmetry inherent in the crystal system may impose packing 
constraints. It was also noted that the potential energy does not appear to equilibrate 
particularly quickly in the simulation with random starting positions. Obviously, the 
speed of equilibration could be improved by intially using an energy minimization 
technique before proceding to the full computer simulation. However, it is likely 
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342 P.L. HOWELL AND J.M. GOODFELLOW 

that such a method would drive the ensemble into the closest local minimum from 
which it might have more difficulty in escaping in order to reach the experimental 
structure. 

The simulations described here show that the overall solvent hydrogen bonding 
patterns can be reproduced even when the water molecules are initially positioned 
randomly. If more sophisticated criteria are used in the comparison of the simulated 
and experimental data, then discrepancies become apparent. Therefore, it appears 
that the simulations can reproduce overall features of solvent hydrogen bonding but 
that some details are not reproduced satisfactorily. This latter result may be due to 
defects in the potential energy functions or to hinderance of movement of water 
molecules in small crystal hydrates. 
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