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Abstract

Programs to carry out translation searches for the molecular
replacement method using two independent models simul-
taneously have been developed. Both correlation-coefficient
distributions and packing functions can be calculated.

I. Introduction

The translation problem in the molecular-replacement
method is traditionally a difficult one. The usual tools for its
solution are translation functions, packing analyses and
amplitude correlation-coefficient searches [a review of this
problem and list of references can be found in Fitzgerald
(1991)]. For each of them, a function of the position of the
search model in the unit cell is calculated. However, for the
case of several (for example, three) independent molecules
in the asymmetric unit, these functions depend on the
proper positioning of all corresponding models. Therefore,
standard one-model functions can easily fail to solve the
problem.

II. Description of the programs

1. Correlation-coefficient search function— CORR2M

The program calculates the distribution of the correla-
tion-coefficient values. These values are similar to those
reported previously by Harada, Lifchitz, Berthou & Jolles
(1981) and Fujinaga & Read (1987).

C(tl’ t2) = [Z (Fcalc - <Fcalcv>)(Fobs - <Fobs>)]
X {[Z (Fcalc - <Fcalc>)2]
X [Z (Fobs - <Fobs>)2]}_l/2 (1)

is a function of the positions t; and t, of rwo independent
models. Here, the F  (s) are observed structure-factor
moduli, the F,. = F_,(s; t;, t;) are structure-factor mod-
uli calculated for the models at positions t, and t,, the
summation is carried out over the given reflection set
S = {s} and {F) is the mean value of F over the same data
set.

The program uses the structure factors calculated for the
initial positions of the models but not the atomic models
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themselves. Input structure factors {F,(s)} and {F,(s)}
should be calculated for each of the two models placed in
the unit cell without any symmetry, i.e. in P1. These model
positions are the initial ones to which the model shifts, t,
and t,, are applied. Thus, the calculated structure factors
are obtained from F,(s) and F,(s), the shifts t, and t,, the
symmetry matrix G,, and the symmetry translation vector
u,, (for each of the crystallographic or noncrystallographic
symmetry operations) by

Fcalc(S; tl! tz) = Z Z Fk(G:S) exp [277.’i(S, Gmtk + um)]'

k=1,2 m=1,M
)

2. Packing function—- PACK2M

The program calculates packing functions of different
types, using either the percentage of empty volume or the
percentage of overlapping volume.

The function is calculated following the method of Hen-
drickson & Ward (1976). For every molecule, a 1/0 mask is
calculated in a given grid. These masks are added, giving
the number of molecules contributing to each grid point.
The resulting grid is analyzed according to the chosen
packing function, for example, the percentage of points
where two or more molecules contribute is the relative
volume of overlap. This procedure is repeated for each
translation. Even for a coarse grid (e.g. 5 A), this calculation
estimates reasonably the allowed and forbidden regions.

3. Cross-correlation function— CROS2M

The program calculates the correlation
ofty, ty) = [Z (Cy =LCONC, - <C2>)]{[Z (o <C1>)2]
x[X(C, - <C2>)2]}_”2 (3)

between two distributions, C,(t,,t;) and C,(t;,t,) (the
results of the programs described above) and performs a
statistical analysis of the result. The program may also be
applied to a single distribution. In this case, the program
does not calculate (3) but only performs the statistical
analysis of the input distribution C,(t,,t,), assuming the
second distribution to be uniform.

4. Parameters of the programs

All three programs are written in the same manner and
have the same output and similar control data.
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Common parameters of the functions. For each of the
two models, the translation grid searched by CORR2M and
PACK2M is defined by two points: the dimension of the
search and the step size. If the search is one-dimensional,
these points define the line of the search and its initial and
final points. If the search is multidimensional, these points
define diametrically opposite vertices of a parallelipiped
with sides parallel to the coordinate planes of the unit cell.
For the latter case, the grid planes are parallel to the
coordinate ones. Any combination of one- and multidimen-
sional searches is possible for the two models.

It should be mentioned that this grid has no relation to
the grid used for packing calculations, which is defined
independently in the control data.

The program CROS2M needs no parameters to calculate
a cross correlation or to carry out a statistical analysis of
the combined distribution. But in order to calculate the
model positions corresponding to the cross-correlation
peaks, the program asks for the translation-search param-
eters.

The symmetry operations of the space group are in-
troduced for CORR2M and PACK2M throught the control
data in a convenient symbolic form. This provides the user
with the possibility of easy inclusion of non-crystallographic
symmetry if necessary.

Specific parameters of the functions. The resolution of the
data used for the correlation-coefficient search by CORR2M
is an essential parameter. The functions may, therefore, be
calculated in different resolution shells and the results jointly
analyzed and compared.

To define the packing function by PACK2M, the type of
packing function and the composition of the model have to
be chosen. The packing function is defined by choosing the
level of overlap and the criterion of the comparison (‘less
than or equal to’, ‘equal to” or ‘greater than or equal to’
this level). The grid for molecular-mask analysis is defined
by its step and limits. The model is taken either as a whole
or with the inclusion or exclusion of some types of atoms,
which can be done by pointing to the corresponding labels.

5. Program output

The main result of each of these programs is a two- to
six-dimensional distribution and the main output file con-
tains this distribution. To facilitate its mapping with stan-
dard plotting programs, the file is prepared in a convenient
format of the well known program GHC650 (Cohen, 1977)
and can easily be transferred to any other format.

A simple statistical analysis of the calculated distribution
is carried out by the programs themselves. They calculate
the main statistics like the mean value, the standard devia-
tion and the limits of the distribution (in absolute values
and standard deviations). The programs also calculate the
histogram and determine the highest points of the distribu-
tion.

A fast symbolic map presentation of the distribution can
be obtained directly using the programs.

6. Computational resources and practical aspects

The programs keep all necessary data in memory in a
single buffer array. The dimension of this array can be
varied; it must be large enough to have the full map of one
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Table 1. CPU time required for PACK2M (in minutes on
the DEC Station AXP 3000-500) for (3 + 3)- and (3 + 1)-
dimensional searches with N, points per dimension

The calculations were done for the test structures placed in a unit cell
of 200 x 200 x 200 A. The last string corresponds to the test done in a
unit cell of 100 x 100 x 100 A. The grid step for the molecular mask was
5A. Cases with four and eight symmetry operations were considered; in
order to measure only the effect of the additional symmetry, one quarter
of the unit cell was used for the mask calculation and analysis in both
cases.

Number of search
points (models 1, 2)

Number of atoms per
molecule (four

Number of atoms per
molecule (eight

in the form symmetry operations) symmetry operations)
N@mi  x  N&mZ 500 1000 2000 500 1000 2000
53 x 53 2.7 3.1 39 43 52 6.6
10% x 53 21.3 239 30.2 345 424 52.8
10* x 10° 175.1 1903 2449 2975 3232 4187
103 X 10! 1.7 20 2.5 28 32 42
103 X 10! 450 675 1135 80.0 1287 2210

Table 2. CPU time required for CORR2ZM (in minutes on
the DEC Station AX P 3000-500) for (3 + 3)- and (3 + 1)-
dimensional searches with N, points per dimension

Number of reflections
(eight symmetry

Number of reflections
(four symmetry

Number of search
points (models 1, 2)

in the form operations) operations)
N&ml o x N;’,i,",‘,z2 500 1000 2000 500 1000 2000
53 X 53 1.4 22 4.0 1.9 34 6.5
103 x 53 48 9.5 20.1 7.5 16.5 32.8
103 X 10° 335 69.4 155.2 554 1148  265.8
103 x 10! 1.1 14 2.5 1.4 20 33

calculated distribution and, simultaneously, the set of struc-
ture factors for each of the symmetry-related copies of the
models (for the correlation-coefficient function) or the com-
plete list of atoms and the mask grid (for packing-function
calculation).

The computation time T, of CORR2M can be roughly
estimated as

T, = CNyyNyymN

sym* ¥ posit> (4)

where N, is the number of obseved amplitudes included
in the search, N,,,, is the number of symmetry operations,
N 51 is the number of checked pairs of model positions and
C is a constant. A similar estimation of the computation
time T, of PACK2M gives

TP = (ClNalom + CZNgrid)NsymNposil’ (5)

where N, is the number of atoms included in the search
model, N, is the size of the grid used to calculate a model
mask and C, and C, are constants.

Test calculations (Tables 1 and 2) show that a complete
search in a large unit cell for two macromolecules in general
positions is feasible but needs significant CPU time. There-
fore, any additional information that limits the region of the
search is useful. In particular, if one of the molecules is in
a special position, e.g. on a symmetry axis, a one-dimen-
sional search is enough for it. The CPU time can also be
reduced by a proper choice of the data and the strategy of
the search. For example, the correlation search can be
started at very low resolution, where it can be done with a
large step, and then scanned with a finer step around the
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possible solutions found. In addition, this search can be
done with the strongest reflections only. In order to decrease
CPU time for the packing search, the main-chain atoms
alone may be used. Because the packing function is quite
smooth, it can be calculated in a very coarse grid (5 A
or even larger). All this means that, even in a general case,
the search can be done in an acceptable time.

The programs are written in Fortran and have no
computer-specific features. Source and executable modules
are available from the authors on request.

III. General notes

The presence of several independent molecules in the asym-
metric unit is common and can be a source of problems for
structure solution. The programs described here provide a
tool for the solution of the translation problem for such
cases.

The programs for the two-model search were developed
before the fast algorithm for the calculation of the packing
function and correlation-coefficient distributions was pub-
lished (Stubbs & Huber, 1991) and, unfortunately, do not
use it. However, available up-to-date hardware allows the
use of the programs even for very large structures.

The accuracy of the result depends on the search step but
also on rotation-function errors, differences between the
search and real models ezc. Therefore, decreasing the search
step does not necessarily improve the solution. Refinement
programs with a large convergence of radius for a rigid-
body/rigid-groups model, like those of Briinger, Kuriyan &
Karplus (1987), Urzhumtsev, Lunin & Vernoslova (1989)
and Castellano, Oliva & Navaza (1992), can follow these
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search programs in order to improve the orientation and
position of each model, which also allows the checking of
several possible solutions to find the right one.
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Abstract

A direct-method program, DIMS (direct methods for in-
commensurate modulated structures), has been written to
solve the phase problem of incommensurate structures with
one-dimensional modulation. The program uses conven-
tional structure factors instead of normalized structure
factors in the phase derivation. It derives phases for satellite
reflections by making use of the known phases of main
reflections, which can be calculated from the known basic
structure or high-resolution electron-microscope images of
the sample, or deriveéd by a conventional structure-analysis
method involving only main reflections. Two types of phase
relationship are used in the program. The first type consists
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of one main reflection and two satellites of the same order.
This type of relationship is used to relate phases of satellites
belonging to the same order with phases of main reflections.
The second type of relationship consists of three satellites
belonging to at least two different orders. This type of
relationship is used to link satellites of different orders.
X-ray as well as electron diffraction data from a dozen
incommensurate modulated structures have been used to
test the program. Two typical examples are described.

Introduction

Incommensurate modulated structures are an important
category of crystal structures. They do not have three-
dimensional periodicity but can be regarded as a three-
dimensional hypersection of a higher-dimensional periodic
structure (de Wolff, 1974; Janner & Janssen, 1977). A num-
ber of multidimensional least-squares programs, REMOS,
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