Conference Proceedings
DL-CONF-97-001

Recent Advances in Phasing

Proceedings of the CCP4 Study Weekend
January 1997

K S Wilson G Davies A W Ashton and S Bailey

August 1997

COUNCIL FOR THE CENTRAL LABORATORY OF THE RESEARCH COUNCILS



LOW RESOLUTION CRYSTALLOGRAPHIC IMAGES

by A.Urzhumtsev#*, V.Lunin* and A.Podjarny#

#UPR de Biologie Structurale, IGBMC, B.P.163, 67404, Hlkirch, c.u. de Strasbourg,
France
*IMFPB RAN, Puschino, Moscow region, 142292, Russia

1. Introduction.

The definition of «low resolution» depends on the traditions of a specific laboratory
and, first of all, on their typical subjects. In the case of small molecules it can be 3A. In the
case of typical proteins, it is rather about 6-8A. Another meaning of the term «low
resolution» is about 20-25A, the limit below which X-ray data are quite often not collected.

This paper deals with the analysis of macromolecules, and the resolution below 6-8A
will be referred to as «low resolution» and the one below 20-25A as «very low resolution»
(VLR in what follows). It should be noted that these two limits define the resolution zone
where the contribution of the bulk solvent 15 strong and uncorrelated to that from the
macromolecule itself. At higher resolutions the contribution is negligible, and at lower
resolutions it 15 strong but roughly proportional to the one of the macromolecule
(Urzhumtsev & Podjarny, 1995).

Measuring the very low resolution X-ray data is technically difficult, and many
research groups do not collect them. However, they carry information that can be useful.
This paper discuss their importance for improving the molecular images as well as the
possibilities of an independent use of these data.

2. Do very low resolution data have any information ?

The basic sources of a noise in macromolecular crystallographic images are
systematic errors. While in a real case the synthesis is usually worse than expected it is
much more difficult to obtain a noisy image in a test calculation. The mean value of
independent phase errors can reach about 60-70° and the synthesis will still be quite good
and close to the ideal image. However, it is easy to destroy an image by introducing
systematic errors, for example, by error in heavy atoms parameters. Another example is
missing of a part of the model, for example the solvent.
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Fig. 1. Schematic presentation of different possibilities of systematic missing of X-ray amplitudes:
a) standard resolution cut-off; b) in plane; c) along one axis; d) very low resolution data
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The second possibility is systematically missing of reflections in the map
calculations. Some examples are schematically shown in Fig. 1. Fig la corresponds to the
usual high resolution cut-off. Fig 1b and lc corresponds to relatively rare cases which
nevertheless exist. Missing of a plane of reflections causes breaks in the density in the
conjugate direction in real space (Lunin, 1991). A systematic absence of reflections along an
axis can cause a complete loss of the molecular envelope (Urzhumtsev et al., 1989).

Fig. 1d corresponds to a usual situation when VLR data are excluded from the map
calculation. They can be either not measured or measured but not phased. Usually they are
only a small number of reflections but they are strong and removed systematically.

A phase extension procedure for phasing the VLR data applied by Podjammy et al.
(1981) in the case of tRNA demonstrated a drastic improvement of the image. For
calculated data (Urzhumtsev, 1991) it was clearly shown that the exclusion of only 1% of
the data (29 reflections out from 2500) completely destroy the molecular image at 6A
resolution. In the case, for example, of SIR phase errors, the molecular envelope keeps its
position but the electron density peaks are shifted. In the case of missing VLR reflections
the effect is inverted: the envelope is lost but the peaks are at their places. This is natural
because the exclusion of VLR terms should cause large scale modulations of the density in
the unit cell.

The fact that the peaks are at the right place has important consequences. Firstly,
when a map is calculated at high resolution, its peaks have a high contrast and such density
modulation does not «hide» them completely; this has allowed crystallographers to ignore
VLR data for a long period. Secondly, it gives a possibility of automatically determining the
molecular envelope from such synthesis.

The knowledge of the envelope can be used to improve the molecular image. The
phases of its structure factors can be used as a good approximation to the phase values of
VLR reflections. If their amplitudes are available, simple adding them to the Fourier
calculation can completely change the map (see Urzhumtsev, 1991, for an example of
dractic improvement of the SIR image of the Elongation Factor G). Calculated amplitudes
can be used to estimate the quality of the calculated phases and give corresponding weights
for the Fourier coefficients through the comparison with the experimental ones.

3. How to use the information from very low resolution data ?

Therefore, VLR data do carry important information, first of all, on the shape of
molecule. Such an information can be used in different cases (Podjamy & Urzhumtsev,
1997), for example:

- in density modification procedures for the image improvement;

- in the molecular replacement if the internal differences between two molecules are large;
- if diffraction data are not available at higher reselution;

- in the case of very large molecular complexes, like ribosome;

etc.

If VLR amplitudes have been measured, the determination of their phases by isomor-
phous replacement is difficult while not impossible (Podjarny & Urzhumtsev, 1997). In the
case of wviruses where practically all VLR reflections are centrosymmetric, a good
approximation can be done by calculation of structure factors from a spherical shell. In the
general case, a searching procedure based on some a priori knowledge of the density can be



applied to find these phases. For this procedure, it i1s needed to specify: a) the search model
(parameters); b) the search space; c) the sampling procedure; d) the available data: e) the
criteria of the search.

Sampling of the whole phase space

In the simplest case, the search is either systematic or random with a representative
sampling of the whole phase space. In practical terms it means that the space should not be
too large, i.e. a small number of reflections can be phased.

An information which can be used to identify the correct solution should be of
general type, for example, the knowledge of the correct electron density histogram (Lunin,
1988: 1993). For any generated phase set, a map of a given resolution can be calculated with
experimental amplitudes and these phases. A correlation of histograms, target and
calculated, can be use as a search criterion,

Table 1 shows the distribution (histogram correlation, Cu, vs phase correlation, Cp)
of phase sets of a typical search done with calculated data. Most of the generated phase sets
have a poor value for both correlations. However, the converse is not true and the phase sets
with highest value of the histogram correlation are not necessarily correct. The phase
correlation distribution of these phase sets (columns with Cu=0.9 in Table 1) shows two
groups of phase sets. Some of them have a reasonable phase correlation value, while the
others are far from the correct solution. Note also that there are a number of sets with high
Cr but low histogram correlation value. The single phase set with the highest Cu value and
also the highest Cp value is not statistically significant.

Co —> 0 == === o el 09 == smr e w10
0 i} 0 0 L] 0 0 0 0 [} 0 0 ¥] i} 1 1] A
L] ] 0 i L] ] Q Q 1] 1] a 1] i) ( (1] 4] |
0 L i 0 ] L] { [t} 0 0 i
4] (1] i 0 J I 5 0 1] 0 0,950
iy = ; 0 1 0 I

0 i} 0 {]8?5
1] 0 0 |
(1] 0 0 |
0 0 i A
Q ] 0 |
0 0 i) 0.500
0 1] 1] |

o i} 0 Cr

Table 1. Two-dimensional distribution of the generated variants of phase sets for the case of model data at 30A
resolution (29 reflections). The horizontal dimension corresponds to the histogram correlation, CH, and the
vertical one to the weighted phase correlation, CP. The correct solution should be in the top right corner.
Two major clusters are marked by a frame, the variants with highest Cp are indicated by inverted colours.

The behaviour of the Cr values for the sets with highest Cu can be generalised. The
search criterion does not select for a single solution, but gives an indication of possible
solutions. This solutions are not uniformly distributed with respect to the Cp. Further
analysis shows that they appear in clusters (e.g., the two peaks in Table 1 correspond to two
clusters); one of these clusters is close to the correct solution.




On the basis of these observations, the following procedure has been suggested to

obtain ab initio the phases of the VLR reflections (Lunin, Urzhumtsev, Skovoroda, 1990):

a) generation of a large number of phase sets (e.g., one million for 30 phases);

b) calculation of an electron density map for every phase set and calculation of its
histogram;

c) selection of the phase sets with highest histogram correlation as admissible ones;

d) after a sufficient number (e.g., one thousand) phase sets are sclected, analysis of the
distribution of these sets by some clustering procedure;

e) classification of the clusters according to their size in a ‘cluster tree’; for every major
cluster average the corresponding phase sets in order to obtain the mean phase values and
their figures of merits;

f) calculate the corresponding weighted maps and choose, if possible, the correct one.

For the step (d), a proper distance between two phase sets should be defined taking
into account different choices of the unit cell origin (Lunin & Lunina, 1996), density
flipping and enantiomer.

The procedure was found quite robust in several applications both to the calculated
and experimental data. In these cases about 30 reflections were successfully phased which
gave images of reasonable quality. The limiting point was the computing time. In order to
get finer details, it is necessary to go deeply in the cluster tree to smaller clusters and still
have large enough number of phase sets with a high enough value of the criterion.

Another problems is that, unfortunately, while for the middle resolution maps a
general method to obtain the corresponding histogram a priori has been suggested (Lunin &
Skovoroda, 1991), no similar method was found for the very low resolution.

It is important to note that a similar behaviour of the selected phase variants has been
observed when the criterion of the histogram closeness was replaced by the criterion of a

compact globular envelope.

Simplest parametrisation of the phase space

In order to increase the number of phased reflections for the same level of computing
power, the search model should be parametrised. A proper parametrisation should
automatically avoid sampling of the «empty» regions of the phase space and the correct
phase set should belong to the chosen subspace or, at least, be close enough to it. The
number of parameters of every model should be small enough (at least, less that the number
of data) in order to make the criterion of choice significant.

The simplest possible way of modelling a molecule is to replace it with a large
gaussian sphere, which involves only four parameters (position and radius). Systematic R-
factor search with such a model is a known approach to find the centre of the gravity of the
molecule. It has been successfully applied in several cases, for example, by Podjarny et al.
(1987).

A search with EE';’ETa] (N) spheres can be tried but for N>2 it is computationally
difficult. In this case, a random sampling can been applied, similarly to the one used for the
histogram criterion. A number of test calculations have been carried out using the
experimental data of the tRNAASP-RS complex (Giegé et al., 1980; Urzhumtsev et al.,
1994).



First, several models of 5-7 large spheres were constructed manually which
reproduced the low resolution (30-50A) image of the complex with a high correlation
(0.75-0.80) with the exact one. Then a large number of models, each composed of a small
number (2-5) of spheres with randomly distributed centres was generated. Corresponding
structure factors were calculated and compared with the correct values, using the amplitude
correlation, Cr, as the search criterion. It was found that, similarly to the search with the
histogram criterion, the phase sets corresponding to the models with highest Cr are grouped
in a small number of clusters, one of which is quite close to the correct phase set. A typical
distribution is shown in Table 2 and is schematised in Fig. 2. To check whether this type of
the distribution of selected vanants is related to the random sapling, two different 2-spheres
searches, a random one and a systematic one, have been carried out exactly at the same
conditions, The corresponding distribution were very similar.
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Table 2. Two-dimensional distribution of the FAM-generated variants of phase sets for the case of
experimental data of the AspRS complex at 50A resolution (31 reflections). The horizontal line
corresponds to the amplitude correlation, CF, and the vertical one to the weighted phase correlation, CP.
The correct solution should be in the top right corner. The major clusters are marked by a frame, the variant
with highest CP is indicated by inverted colours.

Several important observations should be noted:

1) the best phase set (Cp=0.9, Cr=0.7) does not correspond to the model with the highest
amplitude correlation (Cr=0.8);

2) some of the phase sets with high amplitude correlation (Cr=0.8) are close to the correct
phase set (Ce=0.7-0.8);

3) a phase set calculated from a model with high amplitude correlation (Cr=0.8) can belong
to a cluster quite far (Cp=0.0) from the correct point;

4) averaging of phase sets inside the correct cluster produces a new phase set which is
usually better that any individual solution.

A systematic procedure for this search, called FAM (Few Atoms Model), was
proposed (Lunin et al., 1995) consisting of the following steps:



a) generation of a large number of simple pseudo-atomic models; every model consists of a
the same small (2-10) number of large gaussian spheres; the co-ordinates of the centre of
the spheres are distributed randomly in the unit cell;

b) structure factors calculation for every model;

¢) comparison of the calculated amplitudes with the experimental ones and selection of the
models with the highest CF;

d) merging of the selected phase sets by a clustering procedure:;

¢) analysis of the cluster tree; averaging of the phase sets inside every major cluster:

f) calculation of corresponding maps and identification, if possible, of the correct one.

This procedure was applied to several calculated and experimental data sets, giving
good results. In particular, a 70A-resolution crystallographic image (about 160 reflections)
has been obtained for the 50S ribosomal particle (Volkmann et al., 1990) from Thermus
thermophilus (T50S; Urzhumtsev et al., 1996). The FAM procedure is in the course of
further development.

Fig. 2. Schematic presentation of the distribution of the phase sets in the FAM method. Every phase set is
presented by a point in the phase space, @. @ is a subspace of phase sets, ¢(q), calculated from FAM

models. The length of an arrow is proportional to the corresponding amplitude correlation, CF(g). The
variants with CF>CF* are forming few clusters, one of them is close to the correct solution, ¢* (thick
point).

Further parametrisation of the phase space

In the case were precise information about the three-dimensional molecular structure
is available, the search space can be drastically reduced. This leads to the molecular
replacement procedure (Rossmann, 1972), which reduces the dimension of this space to six,
making possible a quasi-complete search. This procedure has been recently simplified
(Navaza, 1994) giving automatically a list of possible positions and orientations of the
model. In the case of good data and model, the correct solution corresponds to the
maximum amplitude correlation. Alternative (wrong) variants have much lower correlation
values, which allows to choose the solution easily. Otherwise, finding the answer is a
difficult problem.

Molecular replacement is a standard technique, carried out usually at middle
resolution (4-6A) with an atomic model. At the VLR end the search model becomes a
molecular envelope. If the search model is perfect, and the data are very accurate, a similar
procedure with some important modifications (Urzhumtsev & Podjarny, 1995) brings the
solution with reasonable contrast. In the case of less accurate data and an imperfect model



the contrast is much lower, as it was the case for the T50S particle (Urzhumtsev et al,,
1996).

At very low resolution the imperfections of the model envelope can be important.
For example, images reconstructed from electron microscopy can be compressed in one
direction. When working with such models, molecular replacement puts the envelope either
at its correct place (if possible) or into the solvent region but practically never at an
intermediate position. This confirms a clustering behaviour of selected variants also for this
Cdse.

4. General conclusions

Several different low resolution l bast vasaat
phasing techniques which explore either (impossible
the whole phase space or some specific to identify)
subspace have been analysed. In all cases,
the variants with best values of the search
criterion are grouped in a small number of
clusters which can be easily identified. One phase
of these clusters is usually very close to the corre-
correct solution of the phase problem while lation
others can be very far from it. It is
important to note that the phase set with
the best value of the criterion does not ——
necessarily belong to this correct cluster.
This observation explains, in particular, the
problems with searches selecting a single
solution. In  general, this typical _——
distribution of phase correlation vs search
criterion has (by a peculiar coincidence)
schematically the shape of the Strasbourg
cathedral (Fig. 3; compare, for example,
with Table 2). The top corresponds to the
best variant which is impossible to identify
by the available criteria, the floors
correspond to the clusters, and the highest Fig. 3. Schematical profile of the Strasbourg
floor is the best cluster. cathedral.

best cluster

e

search criterion

As it was observed, the character of this distribution does not depend on the
particular information and criterion used. For example, it can be noted in addition that the
LAPS method developed by Volkmann (Volkmann et al., 1995) based on the Bricogne's
maximum likelihood criterion found the solution for the T30S case also through a cluster
oriented search.

All these observations indicate that at the very low resolution end the available
information and search criteria are weak in the sense that in general they cannot indicate
unambiguously the correct solution; additional information is necessary. At higher
resolution, the same information and criteria, e.g., an atomic model and the amplitude
correlation, can be strong enough to indicate a single solution. The particular low resolution
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cases where the information is very accurate and the same criteria can unambiguously
identify the right solution remain the exception rather than the rule.
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