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The application of Molecular-Dynamics simulation in protein-crystallographic structure refinement 
has become common practice. In this paper, structure optimizations are described where the driving 
force is derived only from the crystallographic data and not from any physical potential energy function. 
Under this extreme condition ab initio structure refinement and the application of structure-factor time 
averaging was investigated using a small 9 atom test system. Success in ab inifio refinement, where the 
starting atomic positions are randomly distributed, depends on the resolution of the crystallographic 
data u.sed in the optimization. The presence of high resolution data introduces false minima in the 
X-ray energy profile, enhancing the search problem significantly. On the same system, we also tested 
the method of time-averaged crystallographically restrained Molecular Dynamics, again in the absence 
of a physical force field. In this method, the diffraction data is modelled by an ensemble of structures 
instead of one single structure. In comparison to conventional single-structure refinement, more reflec- 
tions were required to determine a correct atomic distribution. A time-averaging simulation at 0.2 nm 
resolution (40 reflections) yielded an incorrect distribution, although a low R-factor was obtained. 
Simulations at 0.1 nm resolution (248 reflections) gave both low R-factors, 3 to 4%, and correct atomic 
distributions. The scale factor between the observed and time-averaged calculated structure factor 
amplitudes appeared to be unstable, when optimized during a time-averaging simulation. Tests of 
time-averaged restrained simulations with noise added to the observed structure-factor amplitudes, 
indicated that noise is modelled when no information in the form of constraints or restraints is available 
to distinguish it from real data. 

KEY WORDS: molecular dynamics, protein crystallography, crystal structure refinement, time- 
averaged restrained molecular dynamics 

1 INTRODUCTION 

In protein crystallography and Nuclear Magnetic Resonance (NMR) structure 
determinations, Molecular Dynamics (MD) has been used primarily as an efficient 
search method in structure refinement [ I ,  2,3,4,5,6]. This application of MD in 
protein crystallography has reduced the human time spent on refining a macro- 
molecular structure greatly compared to least-squares methods. The nature of the 
final refined model, however, is left unchanged. Such a refined model generally con- 
sists of a single conformation with three positional parameters and one displacement 
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378 P. GROS AND W.F. VAN GUNSTEREN 

parameter, or crystallographic temperature (B) factor, for each atom. This ‘static’ 
model poorly represents the structural variability in the crystal [see e.g. 71. Typically 
the atomic probability distributions, and hence the electron density distribution are 
anisotropic and may have multiple maxima. Especially at high resolution these 
features may become important, and the data is not served well by an isotropic 
single-site model [S]. A description of more complicated distributions requires 
multiple displacement parameters. Already six parameters are required to describe 
Gaussian anisotropy. Unfortunately, the low observation to parameter ratio for 
macromolecular diffraction data does not allow fitting of much more than 3 posi- 
tional parameters and one B-factor per atom. MD simulations, however, sample 
the configurational space of the simulated molecules, and thus provide the ensemble 
of possible conformations (see e.g. [9] for an overview on MD simulations). In 
essence, MD supplies a theoretical model for the distribution of conformations that 
is missing in the conventional structure refinement. The method of time-averaged 
restrained MD [ 10, 1 1 1  applies this information on atomic distributions in the 
modelling of the experimental data. It combines the physical, empirically derived, 
potential energy function and an appropriate pseudo-energy function representing 
the experimental data. The pseudo-energy function is chosen to penalize deviations 
of the calculated (time-averaged) structure-factor amplitudes from the experimen- 
tally measured amplitudes. Applying MD with this combined potential function 
generates an ensemble of conformations, distributed according to Boltzmann’s 
law, that thus treats all possible distributions of the molecular system in a general 
fashion. 

The first formulation of time-averaging was posed by Torda etal. [12]. They 
defined time-averaged NMR-Nuclear ‘Overhauser Effect (NOE) restraints and 
applied it to tendamistat [lo]. Their resulting ensemble model showed a larger 
structural flexibility than conventional MD refinement and agreed better with the 
experimental distance bounds. Subsequently, the technique has been applied to 
other NMR-NOE data sets, both experimental data sets and test data sets 
[13, 14, 151. Recently, Torda eral. (161 extended the method to include time- 
averaged J-coupling constant restraints from NMR data. In the case of single-crystal 
X-ray diffraction data, the application of time averaging has been demonstrated by 
Gros et al. [l 1 ,  171. This first application to diffraction data from bovine pancreatic 
phospholipase A2 revealed large variabilities in the loops that are involved in 
lipid bilayer association. The implied structural mobility is consistent with the 
X-ray diffraction and other biochemical data, but overlooked when using the 
classical single structure representation of the X-ray crystal structure. In the present 
paper, we discuss the application of MD in crystallographic structure refinement 
with and without structure-factor time averaging. We chose to perform all the 
computational experiments on a small 9 atom-test system in the absence of a 
physical force field. The potential energy function, therefore, contains only the 
pseudo-energy term of the diffraction data. This highlights effects of the pseudo- 
energy term in the calculations, that otherwise might remain obscured through 
the presence of other terms in the potential energy function. Conventional MD- 
refinement calculations starting from either correct and random atomic positions 
were performed testing the effects of structure-factor resolution limits. We also 
performed time-averaged restrained MD-simulations to test the effects of resolu- 
tion limits on the data, noise present in the diffraction data, optimization of the 
scale factor between observed and calculated structure-factor amplitudes, and the 
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CRYSTALLOGRAPHIC REFINEMENT 319 

sampling behaviour at different structure-factor relaxation times (see Section 
Theory) and atomic B-factors. 

2 THEORY 

The standard target function in the MD refinement calculations consists of two 
components, see Equation (1). The first component is an empirically derived 
physical potential function, Vphys (see e.g. [IS]), that models the stereochemistry 
and the van der Waals and electrostatic interactions. Added to this is a penalty func- 
tion for fitting the experimental data, in this case the crystallographic data, V,,,, . 

(1) 

The experiments described in this paper are performed with Vphys set to zero. The 
common expression for the pseudo-energy term VX.ray in structure refinement is 
given in Equation (2) [5 ,6] .  

Vpot ( r )  = Vphys ( r )  + VX-ray ( r )  

1 
VX-ray(r) ‘ z k x X  ( l F o b s ( s ) l -  k ~ F c a l c ( r ~ s ) ~ ) z  (2) 

S 

where r = ( r l ,  r,, . . . rN ] are the positional vectors of the N atoms, k, is the 
crystallographic force constant, s is a reciprocal lattice vector, lFobs  (s) 1 is an 
observed structure factor amplitude and lFcn,c ( r ,  s) 1 is a structure factor 
amplitude computed from the atomic model. The structure-factor scaling factor k 
is calculated according to Fujinaga eta/. [6]. 

lFobs (s) I lFcalc (s* r ,  I 
( 3 )  

The independent variables in Equation (2) are the three positional parameters and 
one isotropic temperature factor for each atom in the structural model. Equation 
(2) uses the instantaneous structure factors corresponding to a single structure. The 
model resulting from a minimization of Vx-ray (Equation (2)) is, therefore, a single- 
site structure with optimized coordinates and isotropic B-factors. 

For collecting an ensemble of structures Equation (2) has to be adapted slightly, 
see Equation (4). The instantaneous or single configuration value of the structure 
factor Fcalc ( r ,  s) has to be replaced by the time-averaged or ensemble-averaged 
value ( Fcalc ( r, s) ) . 

1 
VX-ray (‘1 = 5 kx ( lFobs (s) 1 - k l  (Fcak <r,s)> 1 ) ’  (4) 

The ensemble average of structure factors is, of course, not available when 
generating the ensemble. The alternative is to use a running average of the calculated 
structure factors. For practical reasons [12] the definition of the running average, 
see Equation (9, contains an exponential memory damping factor with a memory 
relaxation time 7x. The standard average is obtained for infinite T ~ .  In this case the 
contribution of instantaneous structure factors to the average values approaches 
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380 P. GROS AND W.F. VAN GUNSTEREN 

zero as time proceeds, and consequently the force derived from Equation (5) also 
becomes zero. Therefore, a finite 7x must be used. As shown in Equation ( 5 )  the 
running average structure factors can readily be computed during the simulation. 

( 5 )  

where A f  is a finite time difference between structure factor updates. To derive 
gradients of the time-averaged restraint with respect to coordinate positions, we 
followed the derivation of Agarwal [19] for obtaining gradients to Equation (4). 
In comparison to  the gradient formula given by Agarwal, the instantaneous struc- 
ture factors, F,,,, ( r , s ) ,  are replaced by the running-average ( Fcak ( r , ~ ) ) ' ,  and the 
phase angle, acalc(s) is now replaced by the phase of the running-average structure 
factor, a,&) (see Equation (6) ,  which shows the gradient with respect to the 
x coordinate of atom m; gradient formulas for the y and z coordinates can be 
derived analogously). As pointed out by Lifchitz (in [20]), the gradient can then 
be calculated from one difference map, D, convoluted with the derivative of 
the atomic electron density of atom m, p h .  For the time-averaged restraint, the 
difference map D,, is the fourier transform of (k I ( F,,,, ( r ,  s) ), 1 - 1 Fobs (s) 1 ) exp 

= e - A " 7 ~ ( ~ ~ a , ~ ( r , s ) ) l - A l  + (1  - e-A'/rx ) Ffa lc  ( r ,  s ) 

[iaav (s) 1 * 

G(xm) = Cg,(s) 
5 

( - i21h)  [ k 1 ( F,,,, ( r, s)), 1 -  IF^,,^ (s) I ] esav(s )  e - i 2 * s ' r m  

= D a v  ( r )  * P A  ( r )  (6) 

where g, (s) is the contribution of the mrh atom to the structure factors (8, (s) = 
f, (s) exp[ -Bi ls1'/4], where f, is the scattering factor of atom m and Bi is the 
atomic temperature factor), h is the reciprocal lattice index along axis a* (same 
notation has been used as in [19,20]). In the derivation of Equation (6),  we have 
implicitly multiplied VX.,,, by the inverse of (1 - e-A"rx). At the conditions of 
interest to us, 7* is much larger than A f .  The forementioned factor 1 - e - A ' / r x  then 
has a value near zero, and the crystallographic force would become ineffective. 
When using Equation (6) and thus compensating the factor (1 - e-A"7x), the X-ray 
forces in conventional MD refinement and in structure-factor time averaging MD 
simulation are in the same order of magnitude. 

3 METHODS 

The test system consisted of 9 atoms of equal type, carbon, and with identical 
crystallographic temperature factors, B/s,  of 0.10 nm2. The atoms were placed at 
the corners of a cube with 0.2nm edges, with one atom occupying the center of 
the cube. This centrosymmetric structure was placed in an unit cell with Pi- sym- 
metry with edges of a = b = c = 0.5 nm and all angles 90". Crystallographic data 
was calculated up to  0.1 nm resolution, and subsequently used as the 'observed' 
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CRYSTALLOGRAPHIC REFINEMENT 381 

structure factor amplitudes. Besides this perfect data set, a data set with ca. 10% 
noise in R-factor was generated by perturbing the structure factor amplitudes 
randomly. 

In the refinements we used P, symmetry for the unit cell. A starting structure of 
9 atoms was generated by selecting random coordinates with the constraint of 
minimal 0.01 nm interatomic distances. In the conventional refinement experiments 
(i.e. excluding time-averaging experiments) we used ideal atomic B-factors, 
B, = 0.10nm’. The number of independent parameters was, therefore, only 27 in 
these calculations. 

The potential energy function used in all MD calculations contained only the 
crystallographic pseudo-energy function. This X-ray term is shown in Equation (2) 
for conventional refinement and in Equation (4) for structure-factor averaging. 
A time step of At  = 2 fs was used in the simulations. The initial velocities of 
the 9 particles were taken from a Maxwellian distribution with T,=, = 300K. 
The temperature was tightly coupled to a temperature bath [21] with Tbath = 300 K 
and 7T = 10 fs. The grid spacing in the electron-density calculation was set at 
0.033 nm, independent of the upper resolution limit (maximum upper resolution 
limit applied was 0.1 nm resolution). The structure factors and gradients were 
updated every time step. An appropriate value for the crystallographic weight 
factor, w, = 4 k,, was determined for the selected temperature by performing 
conventional MD refinements starting from a correct solution. A too large weight 
factor results in too abruptly changing forces with respect to the stepsize, and a 
too small weight factor renders the X-ray potential energy function ineffective. 
This selection of force constant ensures a proper balance between forces derived 
from the crystallographic pseudo-energy function with respect to the temperature 
and time step in the simulation. Refinements were performed with a variety of upper 
resolution limits in VxX-ray. No lower resolution boundary was employed, i.e. all 
reflections except s = 0 up to  the upper resolution limit were taken into account. 

Time-averaging MD simulations were performed starting from a correct centered 
cube cornfiguration, thus ( F,,,, ( r ,  s) ), = , = Fcalc ( r (  t = 0), s) which corresponds to 
a perfect solution with a crystallographic R-factor of 0. Two equilibration schemes 
were employed. In equilibration type I, 7x and B, were set to the requested values 
at t = 0 ps. Equilibration type I1 started with 7, ( t  = 0) = 0 ps and B, = 0.10 nm’, 
that were linearly increased and decreased respectively to the final 7, value and 
B, = 0.01 nm’ over a period of t = 27,. Scheme I was employed in the first set of 
time-averaging simulations. In these experiments, short simulations over a time 
period 3; were performed with various combinations of 7, and B, (see Section 
Results i%nd Discussion Table 2). In the simulations where a complete ensemble was 
collected with 7, = 2.5 and 5 ps, we employed scheme 11. For the simulation with 
7, = 101)s we used the results of the run with 7, = 5 at t = 80ps as a starting 
point. Ensembles were collected over 30, 50 and l00ps after 20, 20 and 30ps 
equilibration for the experiments with 7, = 2.5, 5 and lops  respectively with 
B, = 0.01 nm2. 

In our test case, the value for the structure-factor scaling factor, k ,  is perfectly 
known a priori. In realistic applications of MD refinement this is not the case. We 
have tested two different methods for updating this scale factor in the time- 
averaging simulations. Firstly, unrestrained updating of the scale factor has been 
applied at 10 (20 fs) and 100 (0.2 ps) step intervals, using Equation (3) with Fcalc (s) 
replaced by ( Fcalc (s)),. Secondly, we tested a time-dependent update of the scale 
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3 82 P. CROS AND W.F. VAN GUNSTEREN 

Figure In  

factor which was applied every step, see Equation (7). Equation (7) effectively 
reduces the rate of change of the scale factor. 

where, k, is the instantaneous scale factor between I (Fcalc), 1 and IFobs 1 
(calculated analogous to Equation (3)), and 7k is the scale factor relaxation time. 

For all calculations we used Gromox, a crystallographic extension of the MD- 
simulation program of GROMOS [18]. The computations were performed on a 
SUN Sparc-2 workstation. 

4 RESULTS AND DISCUSSION 

a Stability of a correct structure as Q function of resolution 
The stability of the correct solution was tested with respect to various X-ray weights, 
w, = t k,, and different upper resolution limits of the data. A weight of 3.052 los 
(kJ mol-I I-‘ ,  where I is an arbitrary unit for structure factor intensities) pro- 
duced the best results. A ten-fold larger force constant resulted in abrupt changes 
in the forces, causing very high temperatures when data beyond 0.13 nm was used. 
A ten-fold reduction in X-ray weight resulted in insufficient restraining of the 
points to maintain a correct solution at the chosen temperature. 
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Figure 1 Stability of the correct answer in the crystallographic force field. 250 MD steps (0.5 ps) of 
conventional MD-refinement were carried out starting from the correct structure (T, = ,, = Tbarh = 300K). 
Different upper resolution limits were tested: 0.3 nm (9 reflections), 0.25 (16 refl.), 0.22 nm (28 refl.), 
0.2 nm (40 refl.), 0.125 (128 refl.) and 0.1 nm (248 refl.). (a) Coordinate deviation Ax averaged over the 
9 particles is plotted as a function of the number of reflections and (b) the crystallographic R-factor, 
R = E I /Fobs (S)  I - k lFcalc (S) 1 I /c l$Obs (S) 1 as a function of the number of reflections. Three different 
weights, w,, were employed: 3.052 10 (circles connected by solid lines), 3.052 10’ (squares and dashed 
lines) and 3.052 lo4 (triangles and dot-dashed lines). These weight factors account for the conversion fac- 
tor from structure-factor intensity units to kJ mol-I. The structure-factor intensities, and thus the 
amplitudes, are on an arbitrary scale. The structure-factor scaling factor was set to a value of k = 1 .  

Only 28 reflections, corresponding to data up to 0.22 nm resolution, were 
requiretd to maintain the correct structure over 0.5 ps at  300 K, see Figure la. The 
average coordinate deviation was well below 0.02 nm at this resolution (w, = 3.052 
lo5). Extending the resolution to 0.2 nm (40 reflections) reduced the average coor- 
dinate deviation to less than 0.01 nm. No significant improvement was obtained by 
extending the data beyond 0.2nm. Figure Ib shows that very similar R-factors 
were obtained at different resolution limits, showing no relationship with the actual 
coordinate error. When less than 0.22 nm resolution data is used, the ratio of inten- 
sities to atomic coordinates is lower than one. The system is no longer uniquely 
determined by the data, and, not surprisingly, large coordinate errors are observed 
under these conditions. A parameter to  observation ratio of one is, however, already 
sufficient to retain a correct solution. 

b A b  iriitio MD refinement at different resolutions 
Starting from random coordinates correct centered-cube configuration could 
be obtained within 100 steps ( 0 . 2 ~ ~ )  of MD-refinement, see Figure 2. In that 
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384 P. GROS AND W.F. VAN GUNSTEREN 

time (ps) 

Figure 2 Ab inifio MD refinement. Starting from random coordinates the 9 atoms were optimized 
against the crystallographic data only, using 0. I nm resolution data. The crustallographic R-factor is 
shown as a function of the time step for all data (thick lines) and for a high resolution shell (thin lines): 
0.111 to 0.100nm resolution (54 reflections). The simulations were performed with wx = 3.052 lo5, 
k = 1, and at constant temperature: data for T , , o  and Tbath at 2 0 0 K  are shown in solid lines, data 
for 3 0 0 K  shown in dashed lines. 

experiment we used data to 0.1 nm resolution, and the optimization was run at cons- 
tant bath temperature of 200 K. The maximum coordinate deviation from a perfect 
configuration was less than 0.01 nm for the final solution. However, changing the 
optimization conditions slightly, using a starting temperature and bath temperature 
of 300K, yielded an incorrect structure (see Table 1). This indicates the existence 
of local minima. 

For an idealized local minimum structure “1” (see Table 1) we computed the X-ray 
energy and R-factor profiles for moving the two incorrectly placed atoms towards 
the correct positions, see Figure 3a. Data to 0.1 nm resolution created a false 
minimum with an energy barrier of ca. 20% of the maximum energy depicted in 
Figure 3a. When the resolution was reduced to 0.2 nm, this false minimum disap- 
peared, as is shown in Figure3b. 

Two general ways of avoiding local minima in crystal structure refinement 
have been suggested in the literature, i) simulated annealing (SA) using all observed 
data [5,22]; and ii) gradual resolution extension [23]. We tested both methods 
starting from the configuration at local minimum number 1 (Table 1). A small 
number of SA runs were performed, which got trapped in (lower) local energy 
minima and did not find the global energy minimum. In Figure 4 an example 
of a SA run is given. The local minimum, that is found there, is given in Table 1 
as local minimum 2. Possibly, better results from the SA refinement could be 
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Table :I Atom positions at the global minimum and at  two local minima of the X-ray pseudo-energy 
functio'n. 

atom 
numbe.r 

correct centered cube 

x fnm) Y (nm) 

0. 
0.2 
0. 
0.2 
0. I 
0. 
0.2 
0. 
0.2 

0. 
0. 
0.2 
0.2 
0.1 
0. 
0. 
0.2 
0.2 

0. 
0. 
0. 
0. 
0.1 
0.2 
0.2 
0.2 
0.2 

0.208 
0.442 
0.216 
0.412 
0.308 
0.210 
0.389 
0.214 
0.413 

0.419 
0.432 
0.116 
0.116 
0.015 
0.414 
0.389 
0.109 
0.117 

0.242 
0.461 
0.235 
0.245 
0.047 
0.455 
0.457 
0.453 
0.454 

0. 
0.2 
0. 
0.2 
0.1 
0. 
0.2 
0. 
0.2 

0. 
0. 
0.2 
0.2 
0.1 
0. 
0. 
0.2 
0.2 

0. 
0.2 
0. 
0. 
0.3 
0.2 
0.2 
0.2 
0.2 

local minimum 2t idealized local minimum 2' 

atom x (nm) Y (nm) z (nm) x (nm) Y (nm) z (nml 
number 

1 0.256 0.365 0.293 0. 0. 0. 
2 0.260 0.086 0.488 0. 0.2 0.2 
3 0.254 0.061 0.293 0. 0.2 0. 
4 0.453 0.064 0.292 0.2 0.2 0. 
5 0.360 0.478 0.403 0.1 0.1 0.1 
6 0.250 0.358 0.499 0. 0. 0.2 
7 0.457 0.364 0.496 0.2 0. 0.2 
8 0.245 0.05 1 0.009 0. 0.2 0.2 
9 0.459 0.069 0.069 0.2 0.2 0.2 
t The coriditions at which the local minima are obtained are described in the text. 
7 The ideadization was obtained by taking nearest points within a cenlered-cube type arrangement (with taking the periodity of 0.5 nm 
into accoelnt) and shifting the centered cube to 0.1, 0.1, 0.1. 

obtained by testing different cooling protocols. However, the optimization at 
0.2 nm resolution gave a correct structure within 350 steps with a mean coordinate 
deviation of 0.01 nm. This reflects the fact that resolution reduction removed the 
existing energy barrier between the local and global energy minimum, Figure 3a 
vs. Figure 3b. 
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(X-ray) ( a r b i t a r y  

3 
2 . 5  

2 
1.5 

I 

0 . 5  
0 

0 

a t o m  1 

Figure 3a 

E ( X - r a y )  ( a r b i t a r y  

2 

1 .5  

1 

0.s 

0 

atom 1 

Figure 3b 

c MD simuiations with structure-factor averaging 

The parameters that differ between conventional MD refinement and time averaging 
are the structure factor relaxation time T~ and the atomic B-factors Bi. Conven- 
tional MD-refinement corresponds to 7x = 0 ps with optimized B/s,  whereas in 
time averaging 7x has a positive finite value with strongly reduced B/s.  We 
examined the effects of various T~ and Bi combinations, see Table 2. Clearly, 
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R-factor 

0.4 

0 . 3  

0.2 

0.1 

0 

0 

4 

a t o m  2 

a t o m  1 

Figure 3c 

4 

a t o m  2 

a t o m  I 

Figure 3 X-ray pseudo energy and R-factor as a function of atom positions. X-ray pseudo energies 
and R-factors were calculated for a set of structures in between the correctly centered cube configuration 
and local minimum 1 (see Table 1). The two deviating coordinates were each changed in 0.05 nm steps. 
Step 0 refers to the correct coordinate, whereas step 4 refers to 0.2 nm coordinate error. X-ray energy 
(see Equation 2) calculated using wx = % k, = 3.052 lo', and using data to (a) 0.1 nm resolution and 
(b) 0.2 nm resolution. Crystallographic R-factor for (c) data to 0.1 nm resolution and (d) data to 0.2 nm 
resolution. Dashed lines connect points with equal function values. The separation between these isolines 
is 0.5 105 kJ mol-' I- '  (where I is an arbitrary unit for structure-factor intensities) for the X-ray 
pseudo !energy and 0.067 for the crystallographic R-factor. The base plane contains a projection of 
these isolines. 
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\,-’.%.. ,*.s,.,‘-.*P.. \,‘L,\l ~ ;. 
0.0 I 

time (ps) 

Figure 4 Simulated annealing and low-resolution MD-refinement starting in a local energy minimum. 
Local minimum 1 was obtained after 500 steps (1 ps) of MD-refinement at 300 K. This structure was 
further refined applying simulated annealing from 600 K down to 300 K over 500 steps. The structure 
was optimized against data to 0.1 nm resolution (248 reflections) (solid line). Starting from the same 
local minimum the structure was also refined against 0.2 nm resolution data (40 reflections) at 300 K 
(dashed line). The structure of local minimum I corresponded to an energy of 2.1 (lo’ kJ mo1-I I - I ,  
where I is an arbitrary structure-factor intensity unit); the local minimum obtained after simulated 
annealing (minimum number 2 in Table I )  was at VX.,ay = 0.8. Starting the simulated annealing at 
900 K produced similar results to starting simulated annealing at 600 K. The energy at the start of the 
low-resolution refinement was 1.4 and dropped to 0.06. In a subsequent refinement at 300 K using 0. I nm 
resolution data of this low-resolution solution the X-ray energy started at 0.2 and dropped quickly to 
0.07. These calculations were performed with a weight factor of wx = 3.052 lo’ and a structure-factor 
scale factor of k = 1. 

correct B-factors of 0.10 nm2 produced the best fit when 7x = 0 ps (see Table 2A). 
The R-factor of 5.14% in this case is due to positional variations caused by the 
kinetic energy in the simulation. Performing time-averaged sampling, using 
7% > Ops, low R-factors are achieved when Bj is strongly reduced. Best R-factors 
were obtained for B-factors of 0.01 and 0.02nm2 and a 7x of lops. When applying 
time-averaging the atomic distributions are modelled by the ensemble of structures 
and the crystallographic B-factors have become obsolete. 

In the original application of time averaging to crystallographic data we already 
noticed a significant heating during the simulation 1111. For conventional MD- 
refinement no heating is observed, see Table 2A. In the case of a finite relaxation 
time, 7x > Ops, the force field is non-conservative and leads to heating. The 
observed heating is inversely related to the relaxation time and the atomic B-factors 
(Table 2A). This observation can be explained by the fact, that the pseudo-energy 
function, Vx.,,, (see Equations (4) and ( 5 ) ) ,  imposes a complete sampling within a 
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time period related to 7x of the distribution as represented by the structure-factor 
amplitudes. The use of small values for 7x and B/s reduces the sampling efficiency, 
hence leading to increased temperatures. 

Besides the experiments with fixed ‘perfect’ scale factors, k = 1, we tested two 
schemes to optimize the scale factor, k, during the time-averaging simulation (see 
Table 2B). We updated the scale factor in an unrestrained manner, using Equation 
(3) where F,,,, is replaced by the running average (Fcalc ),, at 10, 100 and 500 step 
intervals; and, using Equation (7) with 7 k  = 1 ps, where the change in scale factor 

Table 2. Variation of relaxation time, r X ,  and atomic B-factor, B, in time-averaging of crystallographic 
data. 

A. Fixed ‘perfect’ scale factor, k = 1.’ 

R* 

B (nm’) 0.01 0.02 0.05 0.10 0.20 

1.60 1.29 0.642 0.0514 0.498 
0.134 0.146 0.144 0.0689 0.340 
0.0653 0.0684 0.0716 0.113 0.326 
0.0420 0.0394 0.0657 0.114 0.362 

( T )  (W 
B (nm’) 0.01 0.02 0.05 0.10 0.20 

~~ ~ 

Tx (PS) 
0. 280.6 287.5 293.1 293.8 296.8 
1. 2568. 2465. 1343. 484.6 438.4 
5 .  839.7 746.5 650.1 438.0 323.3 

10. 583.3 542.8 485.1 401.1 309.1 

B. Updating of the scale factor; T~ = 5 pst. 
~~ ~ 

R §  
B (nm2) 0.01 0.02 0.05 0.10 0.20 

scaling parameters 
Tk = O P S ,  An = 10 0.0874 0.0868 0.0721 0.0723 0.0424 

Tk = OPS, An = W 0.0653 0.0684 0.0716 0.113 0.326 
rk = 1 ps, An = 1 0.0505 0.0618 0.0636 0.102 0.255 

T& = OPS, An = 100 0.0766 0.0672 0.0610 0.0720 0.0660 

scale factor, k i  

B (nm2) 0.01 0.02 0.05 0. I0 0.20 

scaling parameters 
rli = Ops, An = 10 2.13 2.27 2.05 2.42 2.64 
rk = Ops, An = 100 1.62 1.58 1.70 I .63 2.38 

Tk = 1 PS, An = 1 1.09 1.09 1.10 1.13 1.25 
Tk = OPS, An = QD 1. 1. 1. 1. 1. 
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(7$  mi 
B (nm’) 0.01 0.02 0.05 0.10 0.20 

s c a l i n g  p a r a m e t e r s  
7k = OPS,  An = 10 1096. 1054. 722.9 666.4 524.9 
7k = OPS,  An = IOO 1069. 954.5 145.3 587.9 486.7 
7k = OPS, An = OD 839.7 746.5 650.1 438.0 323.3 
Tk = 1 PS, An = I 928.4 174.4 585.1 517.4 345.5 

1 Thesimulationtimcwasl, I ,  5.and 10 psforexperimentswithrk = 0, I .  Sand 10 psrespecfivelyusingaweightfactor~fw~ = 3.052 lo’. 
P The R-factors are calculated using the running-average structure factors obtained at the end of the simulation. In case of 7, = 0 ps, 
the running-average structure factors correspand to the instantaneous structure factors. 
i The temperatures correspond to the average temperature over the whote simulation. 
t Simulation length for these experiments was 5 ps. The scaling of l(Fcalc)ll to lFobsl was performed in 4 different ways: a.  updating 
the scale factor (every 10 time steps (A1 = 2 1st. indicated by 7k = 0 ps. An = 10; b. updating the scale factor every 100 steps, rk = 0 ps, 
An = IM), c .  fixed scaling, where the scale factor of was kept at the value I throughout the simulation, ~k = 0 ps, An = m; and, d .  
updating the scale laclor every step, but assigning a relaxation time of ~k (see Equation (7)). ~k = I ps, An = I .  
i The scale factors given are obtained at the end of the simulation. 

is dampened over time. The scale factor increased in all these experiments, and no 
convergence could be observed. The smallest deviation was observed for the 
dampened time-dependent scale factor, ( k ) ,  (Equation (7)), where the scale factor 
was 1.09 after 5 ps (1.19 after 10 ps). Applying the unrestrained updating every 500 
steps (every 1 ps) produced a scale factor of 1.12 after 5 ps, indicating the similarity 
to the time-dependent update experiment with 7 k  = 1 ps. Since the particles have 
no physical interaction ( Vphys = 0) in the presented experiments, their probability 
distribution is absolutely flat in the absence of the X-ray restraint. Allowing the 
scale factor to be updated when Vphys = 0, favors the flat distribution where the 
X-ray data is modelled by ever decreasing fluctuations in the distribution. 

Three ensembles were collected at different relaxation times, 7x = 2.5, 5 and 
lops with Bi = 0.01 nm2 using data to 0.1 nm resolution, a scale factor of k = 1, 
and a weight factor of w, = 3.052 lo5. In these cases we employed equilibration 
scheme 11. Due to the fact that 7x = 0 at t = Ops, the influence of starting at a 
perfect solution may be regarded as negligible. This is illustrated by the R-factor 
rising to relatively large values (above 30%) in the early stages of this type of 
equilibration. Figure 5 shows the trajectory of the 9 atoms as obtained in the simula- 
tion with 7, = 5 ps over 50 ps of simulation after 30 ps equilibration. Many cross- 
overs from peak to  peak are observed in Figure 5a. This reflects the extreme condi- 
tion under which these experiments were performed, Vphyr = 0. Since all particles 
are identical in our simulation and have no physical interaction, any position can 
be sampled by any particle at any time. More particles may even sample one peak 
at the same time. The scatter representation of the trajectory (Figure 5b) clearly 
shows that the centered cube configuration is reproduced, with peak maxima at 
correct distances. The overall R-factors that are obtained for the ensemble models 
collected at 7, = 2.5,  5 and lops  are 7.9%, 3.8% and 3.1% respectively. The 
R-factors as they appear during the simulation, i.e. that correspond to the running 
average structure factors, are about twice as large. Figure 6 depicts the fluctuations 
in VX-ray as observed during the ensemble-collection period. 

The number of parameters in an ensemble description is obviously much larger 
than in a conventional single-structure model. In view of the fact that only structure- 
factor amplitude information is used, the various ensembles of structures collected 
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Figure 5a 

at 0.1 nm resolution data (248 reflections) are surprisingly good. Reducing the 
number of observations to 40 reflections, i.e. data to 0.2nm resolution, yielded 
ensembles with good R-factors (running R-factors around 5 % )  for T~ = 1 and 5 ps 
and R, = 0.01 nm2, but the structural features of the centered cube were com- 
pletely lost (see Figure 7). A similar answer was obtained when the time-averaging 
simulation was started from random atom positions using data to 0.1 nm resolution. 
This indicates that the system got trapped in a local energy minimum, that has essen- 
tially the same features as an underdetermined low resolution ensemble. 

An important potential disadvantage of time-averaging is its potency to sample 
noise present in the structure-factor amplitudes. We studied this aspect by introduc- 
ing noise to the 'observed' structure-factor amplitudes. The R-factor between this 
new data set and the perfect data set was 9.3%. Refining the positional parameters 
of the conventional model (again with perfect B,'s of 0.10nm2) against the noisy 
data resulted in a R-factor of 8.6%. Time-averaging simulations on this noisy data 
were performed with relaxation times of 7x = 5 and lops  with B, = 0.01 nm2, 
k = 1, Tbath = 300K and w, = 3.052 10'. In both cases the R-factors of the 
ensemble were higher than for the ensemble determined with perfect data, but also 
lower than 9.3'70, see Table 3. The situation becomes only slightly worse (less than 
1%) when the relaxation time is increased from 5 ps to lops. Clearly, some but not 
all aspects of the noise in the data have been sampled and are represented by the 
structures in the ensemble. In the simulations no discrimination was made between 
perfect data and noise that correlates with mere distortions of positive electron 
densii y. We should, therefore, expect these effects to be represented in the collected 
ensemble. The only constraint active in the presented test experiments was that 
the d,ata had to correspond to positive electron density. Noise that conflicts this 
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. . : I  ... . 
. .  

. .  . . .  

0.0 0.1 0.2 0.3 0.4 0.5 
x (nm) 

Figure 5 Time-averaging trajectory of the 9 atoms collected at 0.1 nm resolution. Trajectories of 9 
atoms recorded in a time-averaging simulation with T, = 5 ps, B, = 0.01 nmz at 0.1 nm resolution and 
with Tbalh = 300 K, k = 1, and w, = % k, = 3.052 16. (a) The xy-plane projection of the trajectories 
of all 9 atoms, (b) scatter representation of the trajectories projected onto one unit cell. Every dot 
represents one atomic position in the trajectory of the 9 atoms. The coordinates were collected every 
25 steps (50 fs) during the ensemble collection period of 50 ps after 30 ps equilibration. 

positivity restraint is, therefore, not represented in the ensemble-average structure 
factor set. 

5 .  CONCLUSIONS 

The presented test system of 9 atoms turned out to be stable in a conventional 
MD-refinement using only its 28 lowest resolution reflection intensities. In our 
application, the 27 positional coordinates were the only independent variables. The 
functional form and the width of the atomic density were taken as a constraint. 
Starting from random coordinates, the system refined to a correct centered-cube 
configuration. It was shown, that high resolution data introduced local energy 
minima in the X-ray pseudo-energy function. As a consequence, ab initio refinement 
converged faster at low resolution, after which the resolution could be extended 
to obtain a more precise answer. 

The time-averaging experiments on the 9 atom system were performed under 
the same condition of having no physical force field (Vqhys = 0) in the calcula- 
tions. Furthermore, in contrast to the conventional MD-refinement, no constraints 
or restraints were present for the functional form and width of the atomic 
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Figure 6 X-ray pseudo energy during a time-averaging simulation. The X-ray energies (see Equation 
(4)) of the simulation at T~ = 5 ps are shown. The energies (in lo5 kJ mol-l I - ' ,  where I is an arbitrary 
unit for structure factor intensities) computed from the running average of the calculated structure 
factors, as they appear at the stage of collecting the ensemble, are shown in solid lines. The dashed line 
depicts the X-ray energy of the cumulative average structure factors. This averaging is performed in 
blocks of 10 ps. Tbath, k, and wx values as in Figure 5 .  

electron-density distributions. In that sense, time-averaging was applied under 
extreme demanding circumstances. 

A correct ensemble, representing a centered-cube configuration, was obtained 
using only X-ray data to 0.1 nm resolution (248 reflections), that is without applying 
any physical force field. Best results with R-factors around 3 to 4% were obtained 
at this resolution, when the sampIing time was extended to 5 or lops.  Reduction 
to 0.2 nm resolution (40 reflections) resulted in underdetermination of the number 
of parameters versus the number of observables. The structure-factor scale factor 
increased continuously when optimized in a time-averaged restrained simulation. 
This is caused by the fact that an uniform density distribution would be obtained 
in the absence of the crystallographic pseudo-energy function for these experiments 
where Vphys = 0. 

It appeared that not all noise was sampled and represented by the time-averaging 
technique. In essence, noise is indistinguishable from real data if no information 
in the form of restraints or constraints are applied. The technique of time-averaged 
restraint MD simulation will sample the conformations, given all constraints and 
restraints that have been defined, weighted according to the Boltzmann factor 
(exp [ - Vpt /kB TI 1. 
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0.5 

0.4 

Figure 7 A time-averaging trajectory for a case with insufficient structure-factor-amplitude restraints. 
Scatter representation of a 50 ps trajectory of 9 atoms collected in a time-averaging simulation at 0.2 nm 
resolution with T~ = 5 ps and B, = 0.01 nm2. The trajectory was collected over a period of 50 ps after 
30 ps equilibration at intervals of 50 fs. Each dot represents one position in the trajectory. Tha,h, k, and 
wx values as in Figure 5 .  

Table 3 Effects of noise in time-averaging simulations. 

R- factor' 

perfect doto noisy do to^ 

rx = 5 ps 
rx = l ops  

0.038 
0.03 1 

0.055 (0.077) 
0.049 (0.085) 

1 The given R-factors are calculated from the ensemble averaged Structure factors and the 
'observed' structure factor amplitudes as used in the simulation. i.e. using perfect data and 
noisy data as indicated. 
5 The R-factors given in parentheses are R-factors against [he perfect structure factor 
amplitudes. while the ensemble averaged structure factors were computed from a simulation 
against noisy data. 
These simulations were performed with a bath temperature of  Tbath = 300 K. a scale factor 
of  k = I ,  and a weight factor of wx = 3.052 10'. 
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