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A search for similar orientations of a three-dimensional object is a usual task in
structure analysis. An example is a comparison of peaks of rotation functions in
molecular replacement. An automated comparison of orientations de®ned as a
list or several lists of corresponding Eulerian angles can be performed using the
interactive program COMPANG. When calculating the closeness of orientations, this program allows one to take into account the symmetry operations of
the space group as well as non-crystallographic symmetry. The similarity of
orientations can be considered at a given accuracy, thus allowing a user to
identify the groups of close orientations, i.e. their clusters. The size of such
clusters can be used as a criterion to choose the correct orientation in dif®cult
cases of molecular replacement.

1. Introduction

2.2. Main steps of the automatic comparison

Different orientations of a three-dimensional object can be presented
by a list of rotation parameters, for example, by triplets of Eulerian
angles. Recognition of similar orientations may be required in various
applications, in particular, in macromolecular crystallography. For
example, in molecular replacement (Rossmann, 1972, 1990) this can
be useful in order to recognize the peaks of the rotation function
linked by non-crystallographic symmetry. More importantly, in dif®cult cases of molecular replacement, many rotation functions are
available simultaneously and a comparative analysis of their peaks
allows a user to ®nd an orientation, suggested by one function, in the
list of peaks for other functions. However, such a comparison of
rotation parameters is dif®cult to perform manually, especially for
crystals with non-trivial symmetries. The interactive program
COMPANG has been developed to automate such comparisons.

The input information for such a comparison of orientations is
presented as lists of triplets of Eulerian angles read from one or from
several ®les. These lists can correspond to different initial orientations of the object; in the latter case the relative transition from one
initial orientation to another should also be de®ned. The principal
steps of the automated comparative procedure are the following.
The joint list of orientations is prepared from individual lists; the
orientations in this joint list correspond now to the same common
starting orientation of the objects, even if their initial orientations
were different in different lists.
For each pair of orientations in this joint list, a `distance' between
them is calculated, taking symmetry operations into account.
In order to determine the mutual arrangement of orientations, a
clustering procedure is applied that uses the matrix of `distances'
calculated in the previous step.
For a chosen distance limit, the orientations which are closer to one
another than this value (the cluster threshold) are considered to be
identical, and the groups (clusters) of such close orientations are
de®ned; naturally, the number and the composition of clusters vary
with this cluster threshold.
Two optional steps can follow if requested.
Firstly, the number of orientations inside each cluster is calculated;
the diagram of the size of clusters is displayed.
Secondly, the rotation parameters corresponding to the chosen
cluster are provided in the same rotation convention as the original
molecular-replacement package uses and can be converted to the
rotation matrix either by the same package or, for example, by
CONVROT (Urzhumtseva & Urzhumtsev, 1997).

2. Comparison of multiple orientations
2.1. Basic points in automatic comparison of orientations

A manual comparison of orientations de®ned by their parameters,
for example by triplets of Eulerian angles, is dif®cult for several
reasons, including: (i) close orientations can correspond to two
triplets of Eulerian angles which are quite different at ®rst sight; (ii)
close orientations can be presented by symmetry-related sets of
parameters, a transformation of which by symmetry is not simple.
A representation of orientations in other coordinates, such as polar
angles or direction cosines [different systems of rotation description
in crystallography have been discussed by Urzhumtseva &
Urzhumtsev (1997)], does not really simplify such an analysis.
To cope with this dif®culty, an algorithm for automatic comparison
of various orientations has been developed. All orientations (for
example, peaks coming from several rotation functions) are taken
together and the orientations which are closer to one another than a
chosen threshold Dmin are considered `to be the same within the given
limit'.
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2.3. Use of cluster analysis for orientation comparison

A study of the distribution of orientations and the search for their
groups can be carried out by cluster analysis, which is based on the
notion of `distance' between two orientations. Any orientation is
represented by rotation parameters that de®ne the corresponding
rotation matrix M to be applied to the search model. For two such
matrices Mm and Mn, there are many ways to de®ne such a `distance'
between them. For example, a root-mean-square (r.m.s.) difference
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between all matrix elements can be taken (BruÈnger, 1990). The
current version of COMPANG uses a distance expressed through the
effective rotation angle  between corresponding orientations.
Such an angle  is calculated using the matrix MmMnÿ1 of the
rotation from one of these orientations, Mn, to another, Mm:
  arccosftrace Mm Mnÿ1  ÿ 1=2g:
In the simplest case, the distance D between two orientations is
de®ned to be equal to this angle . The chosen distance `does not
know' the search model (or models) and does not take its (their)
shape or atomic composition into consideration; it acts directly with
the results of the rotation search carried out previously by other
programs.
If the space group contains several symmetry operations, all
symmetry-related orientations are equivalent and the distance
between two orientations is de®ned as the minimal distance calculated for all symmetry-related pairs of these orientations. When a
non-crystallographic rotation is present in the crystal and its order
and the direction of the axis are known, this operation can also be
considered at this step of the distance calculation.
After the distances are calculated, the orientations are merged one
by one into clusters starting from the closest ones. In the developed
procedure, the distance between two clusters is de®ned as the
minimal distance between all pairs of orientations, one from cluster
one and the second from cluster two. Such a choice is made in order
to obtain a high-speed computational algorithm in comparison with
other possible approaches to the de®nitions of the distance between
clusters.
The process of formation of clusters is re¯ected in a cluster tree.
The tree shows the closest orientations as neighbours along the
abscissa axis; this needs to rearrange the orientations in their joint
list. Merging of two orientations (or two clusters) is shown by the
intersection of lines issued from the neighbouring points. The closer
are the orientations to be merged, the lower is the point of this
intersection.

In order to analyse the size of the clusters when requested, some
cluster threshold Dmin is chosen (which can be varied by user); all
orientations which are closer than this distance are considered to
belong to the same cluster (they indicate the same model orientation
within the chosen accuracy). The sizes of the clusters are represented
in a diagram in the same order as the clusters are found in the tree.
The multiple-rotation-functions method (Urzhumtsev & Urzhumtseva, 2002) searches for the most populated cluster, which often
corresponds to the correct answer.
An illustration of the different steps of COMPANG is given in the
following section.

Figure 2

Second screen: cluster tree. A comparison of several rotation functions for CHFI
data is illustrated. The left (a) and right (b) sides of the same cluster tree are shown
in the case when the number of peaks is large. Parallel lines with squares below the
cluster tree show the rotation peaks in different rotation functions, with their
heights indicated by a colour code; the peaks are reordered to simplify the tree
representation. Merging of two close peaks into a cluster is represented by two
intersected lines in the tree. The height at which these lines intersect corresponds to
the distance between these peaks: the closer the peaks, the lower the point of
intersection. Yellow squares show the highest peaks. The yellow square in the left
part of screen (a) indicates the correct orientation, while such squares in (b)
indicate spurious peaks. Yellow frames below contain the values of the
corresponding Eulerian angles. Screen (c) shows the same part of the screen as
(a) after the cluster threshold Dmin has been increased and the largest cluster
chosen (indicated by a yellow horizontal line).

Figure 1

First screen: input data. The left side of the screen contains the ®le names for the
lists of orientations (rotation functions) and eventually for the corresponding
`tabling' ®les. File names can be typed directly or chosen by browsing the directory
contents. The ®les with crystallographic and non-crystallographic symmetry
operations can be de®ned in the same way. At the right, the orthogonalization
options are displayed, followed by the unit-cell parameters. The maximal number of
selected orientations per list can also be de®ned here. Other windows display the
symmetry operations and the program messages. This and all other ®gures display
CHFI data (Behnke et al., 1998).
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Figure 3

Third screen: diagram of cluster size. The diagram of cluster size is shown at two
different cluster thresholds, applied for the cluster tree displayed in Fig. 2. The lefthand diagram (a) was calculated with Dmin = 3.5 , while diagram (b) was calculated
with Dmin = 2 . The correct orientation corresponds to the largest cluster in (b) and
to one of the two largest clusters in (a). The yellow frame in (b) contains the
Eulerian angles for all peaks included in the largest cluster.
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3. COMPANG presentation
3.1. First screen: input parameters

Input parameters for comparative analysis of lists of rotations are
de®ned in the main screen (Fig. 1), which contains several windows
with the following information.
(a) A list of ®les with orientations. A typical application of
COMPANG is the study of the peaks of the rotation functions;
therefore the formats used by the programs CNS (BruÈnger et al.,
1998), AMoRe (Navaza, 1994) and MOLREP (Vagin & Teplyakov,
1997) were chosen as appropriate for these ®les; both the independent version of AMoRe and that included in the CCP4 suite (1994)
are supported; for CNS and MOLREP formats, the initial orientation
of the object should be the same. When the orientation search is
performed using different objects, they should be optimally superimposed before the search.
(b) If the AMoRe format is chosen, the list of corresponding
`tabling' ®les should be given. These ®les contain information about
possibly different initial model orientations. For the CCP4-based
version, this information can be found in the same ®le as the rotation
function; it will be read automatically from therein and the duplication of the ®le names is not necessary.
(c) Unit-cell parameters.
(d) Orthogonalization agreement. The PDB agreement (Bernstein
et al., 1977) is taken by default.
(e) A ®le with space-group symmetry operations presented in
symbolic format.
( f ) A ®le that contains the direction cosines and the rotation angle
for each of the known non-crystallographic rotation axes if this
information is available.
(g) The number of the orientations that will be taken consecutively
from each list.
Once prepared, this input information can be saved in a ®le and
can be recovered from it for the next program session by pressing the
button `load', thus avoiding the need to retype the input parameters.
The parameterization of a non-crystallographic symmetry by the
direction cosines of the rotation axis with respect to the orthogonal
coordinate axes has been chosen in order to minimize possible
confusion in its de®nition by different programs.
3.2. Second screen: cluster analysis

After the input information is prepared, the cluster analysis is
started by pressing the button `run'. Its result is shown in the second
screen in the form of a cluster tree (Fig. 2). Below the tree, all individual orientations are represented in the form of coloured squares;
each square is under the corresponding point in the cluster tree. Each
line of squares represents the orientations from the same input list;
the orientations are reordered to avoid the intersection of lines in the
cluster tree. The colour of a square corresponds to the weight of the
orientation; for the rotation function, this can be the peak height. The
colours are variable and can be rede®ned by the user.
The cluster threshold Dmin is represented by a horizontal line and is
initially equal to zero (any individual orientation is a single-point
cluster). The cluster threshold can be varied by a simple move of this
line up or down, using a mouse; the composition of the clusters varies
correspondingly in real time. All merged variants are indicated by a
continuous horizontal interval with the length proportional to the
number of included points (Fig. 2c).
The program displays the information relevant to each individual
orientation: corresponding rotation angles as contained in the ®le and
the prescribed weights (for example, the peak height for the peaks of
the rotation function). For the AMoRe format, the `absolute' or `®nal'
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angle values obtained as a combination of the preliminary rotation
(`tabling') and the current orientation (`roting') can be displayed as
well. The type of displayed information can be switched by the button
`param'.
3.3. Third screen: cluster size diagram

In order to facilitate the analysis of the size of the obtained clusters
of orientations, when this is requested, the corresponding diagram is
shown in the third screen (Fig. 3) which appears when the button
`diag' (or `hist' in older versions of the program) is pressed. When
calculating the size of clusters, the orientations can be weighted with
the prescribed values or be taken with unit weights. The size of each
cluster that is different from a single point is represented by a bar
with height proportional to the size of the cluster. The composition of
a cluster can be shown by clicking the mouse on the corresponding
bar. This produces a list of included orientations (their sequential
numbers in the corresponding input ®le and the ®le number, and the
values of their Eulerian angles) and simultaneously changes the
colour of this cluster in screen two (Fig. 2c). Work with both these
screens at a time facilitates the study of the situation.

4. Some possible applications
The program COMPANG can be used to resolve various problems.
First of all, the program allows one to analyse the list (or lists) of
orientations. This can assist in the recognition of a given orientation
in the list produced by some program. In particular, for known noncrystallographic rotation symmetry, this can identify the pairs of
rotation peaks related by this symmetry.
The latter allows the identi®cation of the parameters of the rotation function. When several rotation functions are calculated, a
function that does not give peaks linked by the known non-crystallographic symmetry is rather suspicious and should be removed from
further consideration. Inversely, for a given rotation function and a
non-crystallographic symmetry, the absence of clusters at low Dmin
indicates some problems in the parameters of the non-crystallographic symmetry. A scanning around the initial position of the
rotation axis can be performed in order to ®nd the optimal direction
that should group the rotation peaks by pairs (by triplets, etc.,
depending on the order of the axis) at the lowest possible value of
Dmin.
A more advanced use of COMPANG is for multiple-rotationfunction analysis (Urzhumtsev & Urzhumtseva, 2002). When no
individual rotation function gives a clear answer, the available rotation functions can be studied together. Tests with several dif®cult
cases of molecular replacement, including those involving NMR
models, proved that the largest cluster found by COMPANG using
several rotation functions corresponds to the correct model orientation. Figs. 1±3 illustrate such an application of the program to the
orientation search for the CHFI molecule (Behnke et al., 1998), a
dif®cult case for a conventional molecular-replacement analysis
(Chen et al., 2000). Rotation functions were calculated independently
for 20 NMR models (Strobl et al., 1995); none of them showed a clear
signal. The COMPANG analysis (Fig. 2) at the cluster threshold Dmin
= 2 gave a single large cluster, which unambiguously indicated the
correct orientation (Fig. 3b).
Additionally, COMPANG can be used for model selection: when
several models are tested, the program can exclude from further
analysis all the models which do not contribute to major clusters of
the rotation peaks.
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5. Technical parameters
The program COMPANG is the latest program in the suite of Tcl/Tkbased crystallographic programs developed by our group
(Urzhumtseva & Urzhumtsev, 1998, 2000). Its computationally heavy
part is written in standard Fortran 77 and depends neither on the
computer nor on the operating system. The calculation of the
`distance matrix' between orientations and cluster analysis takes a
few seconds on a standard computer, even for several thousand
orientations.
The interactive part and the block of data processing are written in
Tcl/Tk (Ousterhout, 1993) and are also system independent. The
distributed package includes a `readme' ®le explaining how to install
the program. Detailed `help' is available at any time by pressing the
corresponding program button and gives necessary comments on the
use of the program. No special manual is necessary.
The program is available from the authors upon request.

6. Conclusion
Automated analysis of multiple orientations does not only facilitate
the work of crystallographers, but makes it possible to resolve some
problems of structure solution. In particular, such an analysis is
important for the molecular-replacement method. The program
COMPANG allows one to perform such a comparison of orientations
easily and in real time. The program is universal and can be easily
installed and run on any computer. This program is compatible with
the formats of widely used molecular-replacement packages.
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