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The combined molecular-replacement protocol uses a limited

six-dimensional search to solve a structure by the molecular-

replacement method, with the sampling of the rotational

degrees of freedom guided by the rotation function. This

protocol therefore automatically combines the information on

the rotational and translational parameters of the search

model. The combined molecular-replacement protocol has

been implemented in a new computer program, COMO. The

calculation of the Patterson correlation translation function

has been optimized to improve its speed performance. A

packing check is implemented that automatically removes

impossible solutions and thereby increases the signal in the

calculation. A family of atomic models can be used as the

search model; the program will automatically select the model

that gives the best result. The command interface is well

organized and requires the de®nition of only a few critical

parameters by the user. In addition, a graphical user interface

has been constructed for the program. The program has

been used to solve several dif®cult molecular-replacement

problems. A case is presented where the program auto-

matically determined the orientation and position of ®ve

copies of a search model in a high-symmetry space group.
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1. Introduction

Structure solution by the molecular-replacement (MR)

method requires the determination of the rotational and

translational parameters of a search atomic model (Rossmann,

1990). This six-dimensional problem is traditionally solved in

two steps: determination of the three rotational parameters by

the rotation function (RF), followed by the determination of

the three translational parameters of the search model by the

translation function (TF; Rossmann, 1972). Although this

protocol leads to tremendous savings in computing time, it

suffers from the serious drawback that generally only a few

rotation angles are examined by the TF. In other words, the

rotational degrees of freedom are sampled extremely poorly

by this protocol. This traditionally has placed tremendous

pressure on the RF to produce the correct solution among its

top few peaks. A wider sampling of the rotational degrees of

freedom was implemented in the program package AMoRe

(Navaza, 1994), where the top peaks in the RF are auto-

matically examined by the TF.

We have recently described the combined molecular-

replacement protocol (Tong, 1996), which provides a more

general approach for the sampling of the rotational degrees of

freedom. The previous MR protocols assume that the correct

rotation solution is among or near the top peaks in the RF. In
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contrast, the combined MR protocol makes the more general

assumption that the correct rotation solution will produce a

relatively high RF value irrespective of whether it corresponds

to or lies near a peak in the RF. In other words, the combined

MR protocol will examine all rotation angles by the TF that

have RF values above a speci®ed threshold. The combined

MR is therefore a limited six-dimensional search protocol,

with the sampling of the rotational degrees of freedom guided

by the RF values. Such a protocol will be more expensive

computationally than traditional protocols, but this is no

longer a major problem owing to the power of modern

computers.

Wider sampling of the rotational degrees of freedom has

also been proposed by other researchers over the past few

years (Sheriff et al., 1999; Urzhumtsev & Podjarny, 1995).

More recently, stochastic approaches have been implemented

to solve structures by the MR method (Chang & Lewis, 1997;

Glykos & Kokkinidis, 2000; Kissinger et al., 1999), which

represent an independent way of tackling this six-dimensional

problem.

The combined MR protocol was originally implemented as

a special feature of the Replace package of MR programs

(Tong, 1993, 1996). This protocol has been used to solve

several dif®cult MR problems (Maenaka et al., 1999; Tong,

1996; Wu et al., 1997). While this earlier implementation is

functional, the speed performance and the user-friendliness

were not optimal. We have now implemented the combined

MR protocol in a new program called COMO. It incorporates

new algorithms that improves signi®cantly the speed perfor-

mance of the protocol, supports many new features of MR

calculation and improves the user-friendliness of the MR

structure-determination process.

2. Description of the program

The program is written in standard Fortran and supports

keyword-based free-formatted user inputs. It has been tested

under SGI Irix6.3 and 6.5 and Linux Redhat7.0. It is available

on request from the corresponding author. The program

documentation and example input ®les are available on the

web at http://como.bio.columbia.edu/tong. The program and

the documentation are under continuous development, both

for implementation of new features and for bug ®xes.

Many of the input commands have parallels in the earlier

Replace package (Tong, 1993), which should facilitate the use

of this new program. Reasonable default values have been

provided for the input variables of the program. These default

values are generally suitable for most of the MR calculations.

Moreover, some of the variables have `smart' defaults that

depend on the particulars of the search model. For example,

the radius of integration in the rotation-function calculation,

as well as the size of the triclinic unit cell for generating the

model structure factors, can be automatically assigned by the

program based on the size of the search model. Therefore, the

user only needs to de®ne the crystal space group and unit-cell

parameters and the names of the ®les that contain the

re¯ection data and atomic coordinates of the search model.

The program can automatically carry out the RF and TF

calculations to determine the MR solution, including cases

where there is more than one copy of the search model in the

crystallographic asymmetric unit.

The program calculations generally proceed in the

following steps.

(i) De®ne the crystal information.

(ii) De®ne the model information.

(iii) Calculate RF, if necessary.

(iv) Select rotation angles (grid points in the RF map) based

on the RF information and perform combined MR search.

(v) Select the solution to the MR problem.

(vi) Repeat to search for another copy of the same molecule

in the asymmetric unit (go back to step iv) or to search for a

different molecule (back to step ii), if necessary.

To re¯ect these steps in the calculations, the input

commands to COMO have been grouped into blocks. Each

input block de®nes the parameters that are important for one

of the steps of the calculation. Therefore, the program

currently supports the following input blocks: crystal, model,

rotation, translation, solution and structure-factor calculation.

Each of these input blocks is described in some detail below.

3. The crystal block

This block of input commands de®nes the space-group

symmetry, the unit-cell parameters and the re¯ection data for

the crystal. The program can directly read the re¯ection ®le

from common data-reduction programs such as HKL (Otwi-

nowski & Minor, 1997). It can also read the re¯ection data ®les

for structure-re®nement programs such as SHELXL (Shel-

drick, 1990) and CNS (Brunger et al., 1998). It currently does

not support the MTZ format.

This block also de®nes the resolution range within which

the re¯ection data will be saved in the program. Subsequent

RF and TF calculations can de®ne their individual resolution

ranges, but these should be subsets of the range speci®ed here.

By default, the resolution range de®ned here will be used in

both the RF and TF calculations.

An example input to this block is given in Fig. 1. In this and

future examples, the required portion of each command is

given in upper case. Additional letters for the command are

included for easy readability of the input ®le.

4. The model block

This block of input commands de®nes the atomic models to

the program. The input coordinate ®les must be in the Protein

Data Bank (PDB) format. The program can modify the

Figure 1
An example input to the crystal block.



temperature factors, residue numbers, chain name, orientation

and position of the model as it is read. The occupancy para-

meters of the atoms are not modi®ed by the program.

Segments with zero occupancy are ignored during the MR

calculations, but their coordinates are output together with the

solution. This feature can be used, for example, to handle

regions where large conformational differences are expected

between the model and the actual structure (for example

¯exible loops and regions of low sequence homology).

Similar to the Replace package, the atomic models in the

program are assigned different ¯ags to de®ne their different

status in the MR calculation. Five ¯ags are supported in the

COMO program and they are T, R, C, U and X, given in

decreasing level of information that is available for the model

(Table 1). Only the T, R and X ¯ags are available in the

Replace package. Models with the T ¯ag are solutions to the

MR problem with known rotational and translational para-

meters and they will contribute to the search for additional

molecules. Most search models will carry the U ¯ag, whereby

the program will determine both the rotational and transla-

tional parameters. In cases where the orientation of the model

has been determined beforehand, for example from a different

program, it can be assigned the ¯ag R. The program will only

search for the translational parameters for models with the R

¯ag.

The COMO program also supports new features for the

handling of the atomic models. In cases where the crystal

contains more than one copy of the search model in the

asymmetric unit, the program can attempt to automatically

locate all the copies, one after another. Another important

feature of the COMO program is that it can automatically

carry out MR calculations with a family of atomic models. The

program will select the best result among all the models as the

solution. For example, this family of models can be Fab

molecules with different elbow angles, or protein kinases with

the small lobe showing different degrees of opening, or a

collection of homologous structures. With the current imple-

mentation, the program does not automatically support the

independent sampling of different conformers of an NMR

model in a single PDB ®le. Experiences show that such

independent sampling is generally inferior to using the entire

assembly (Chen et al., 2000).

An example input to this block is given in Fig. 2.

5. The RF block

This block of input commands de®nes the parameters that are

needed for the RF calculation with the fast RF (Crowther,

1972). RF calculations are performed only when a search

model with ¯ag U is used in the MR. The unique region of the

rotation space can be automatically assigned by the program

(Rao et al., 1980). The grid intervals for the fast RF calculation

are 3� along �2 and 2.8125� (360/128) along �1 and �3 for Euler

angles. The program can automatically resample the RF map

and change to coarser grids of 3.6 or 5� intervals along the

three angles. Using a coarser grid can signi®cantly reduce the

number of rotation angles that need to be searched by the TF.

This accelerates the execution of the program, although at the

risk of missing the correct solution owing to potentially larger

angular errors. In the structure determination of an SH2

domain, a full six-dimensional search using 5� grid intervals for

rotation angles successfully found the correct MR solution

after rigid-body re®nement of the TF results (Hoedemaeker et

al., 1999).

To improve the quality of the RF results, RF maps calcu-

lated using different resolution ranges and radii of integration

are often compared. Peaks that consistently appear in the

different RF maps are more likely to be correct. This was

normally performed by manual comparisons of the different

RF results. In the COMO program, the sampling of two

resolution ranges and three different radii can be performed

automatically. With this new algorithm, the sampling of the

different radii at a given resolution range is carried out by

combining the appropriate almn coef®cients in the fast RF

(Crowther, 1972). For sampling of the different resolution

ranges, the two RF maps are calculated ®rst and brought to the

same scale. The average of the RF values is subtracted from all

the grid points and the RF map values are then scaled such

that the standard deviation is 100. The two RF maps are then

combined by taking either the minimum or the average values.

An example input to this block is given in Fig. 3.

6. The TF block

This input block de®nes the parameters for TF calculations,

including resolution range, large-term cutoff, packing check

criterion, rotation-angle selection criterion and solution

selection instruction. Most of these input parameters have

reasonable default values. The criterion for the selection of

rotation angles, however, will generally depend on the indi-

vidual search calculation, especially the quality of the search

model.

The combined MR-search protocol that is used by the

program is as follows (Tong, 1996). A set of rotation angles is

selected and then sorted based on their RF values. For each

rotation angle, the program will ®rst calculate the TF based on
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Figure 2
An example input to the model block.

Figure 3
An example input to the RF block.
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Patterson correlation (Harada et al., 1981; Tong, 1993) by fast

Fourier transform (FFT). If phase information is available for

the re¯ections, the phased translation function can also be

used (Read & Schierbeek, 1988). In cases where there is more

than one molecule in the asymmetric unit, the phase infor-

mation can be based on those molecules that have already

been correctly placed into the unit cell. The unique region of

the TF search (the Cheshire group) is assigned automatically

by the program (Hirshfeld, 1968). The top peaks (up to 200) in

the TF are identi®ed and a packing check is performed for

each of these peaks (see below for more details on packing

check). A correlation coef®cient (CC) and R factor (both

based on structure-factor amplitudes) are calculated for those

peaks that do not have packing problems in the unit cell. The

results from the searches for all the rotation angles are sorted

based on the CC or the R factor.

The rotation angles for the combined MR calculation are

selected from the grid points in the RF map that have values

within speci®ed selection criteria. In the COMO program, the

criteria are de®ned as fractions of the highest value in the RF

map. The optimal values for the selection criteria depend on

the speci®c parameters of individual MR searches and are

generally dif®cult to predict beforehand. A reasonable prac-

tice is to err on the side of caution, selecting many more

rotation angles than necessary and terminating the search

(manually) when the correct solution has been found (see

below). In cases where there are several copies of the search

model in the asymmetric unit, the selection criteria for

searching for the different copies can be different, for example

with those for the later copies having lower RF values.

A new algorithm is implemented in the COMO program for

the handling of the rotation angles during the combined MR

calculation. At the beginning of the calculation, the rotation

angles are sorted based on their RF values. Once a rotation is

found to produce the best solution (highest CC or lowest R),

the program will immediately examine all the neighboring grid

points of this rotation that have been selected for the calcu-

lation. This provides a way of automatically following a correct

solution to its optimal rotational and translational parameters

and should lead to faster identi®cation of the correct MR

solution (see the test case reported below).

In the original implementation of the combined MR

protocol in the Replace package (Tong, 1996), the algorithm

used for the TF calculation minimized the memory usage at

the expense of CPU performance. This was the appropriate

protocol as the Replace package was originally intended to

examine only one rotation angle by the TF in each calculation

(Tong, 1993). In the current program, a new algorithm is

implemented that optimizes the CPU performance, with the

use of additional memory, in the TF calculation. Moreover,

the program supports two separate large-term cutoff values

(Tollin, 1966), which enables the use of a higher cutoff value

in the Patterson correlation TF calculations. The large terms

are selected based on a cutoff value (�). A re¯ection is

selected as a large term if its squared amplitude (Ih) satis®es

the condition Ih � � � hIhi, where the average squared

amplitude hIhi is calculated in spherical shells of equal reci-

procal-space volume. As the Patterson correlation TF is

based on the squared amplitudes, a higher cutoff value can

generally be used to select only the strongest re¯ections in

each resolution shell. Extensive experiences suggest that

accurate TF results can be obtained with a cutoff value of 2.

This selects only about 10% of the observed re¯ections,

leading to signi®cant acceleration of the computation. On the

other hand, the CC and R factors are based on amplitudes

and the program uses a second, lower cutoff value for their

calculation. The default for this value is 0.5, which usually

leads to the selection of about 50% of the observed re¯ec-

tions. Therefore, the combined MR protocol generally

ignores the contribution of the weaker re¯ections, which may

also help improve the signal-to-noise ratio in the MR calcu-

lation.

The combined MR protocol often needs to examine thou-

sands of rotation angles by the TF. Even with modern

computers, it still can take a signi®cant amount of time to

complete this calculation. However, once the correct MR

solution is found, the TF searches with additional rotation

angles become unnecessary. For this purpose, the program

periodically (after searching every 10% or 100 rotation angles)

outputs the current best ®ve MR solutions from the calcula-

tion. If this list suggests that the correct solution has been

found, the program can be instructed to terminate the search

for the current molecule and continue with the next step of the

calculation.

The correct MR solution can be recognized by its high CC

and/or low R value, as well as reasonable packing in the unit

cell. In addition, the combined MR protocol often gives rise to

clusters of MR solutions with similar rotational and trans-

lational parameters, since neighboring grid points in the RF

map are often selected by the given criteria. Our experiences

have shown that the correct MR solution is often part of a

large cluster of solutions. This represents a detailed sampling

of the rotational and translational parameters near the correct

MR solution, which should further increase the signal in the

search.

Once the correct solution is identi®ed from the MR search,

rigid-body optimization of the solution can be carried out by

the program. This will improve the rotational and translational

Table 1
Supported atomic model ¯ags.

Flag Description

T A model with known rotational and translational parameters.
This model will be kept stationary during the MR
calculation.

R A model with known orientation but unknown position. The
translational parameters will be determined during the MR
calculation.

C A model with a pre-calculated RF map. The rotational and
translational parameters will be determined during the MR
calculation.

U A model with unknown orientation and position. Both the
rotational and translational parameters will be determined
during the MR calculation.

X A model that will be ignored by the program.



parameters of the search model, which will help the search for

additional molecules.

An example input to this block is given in Fig. 4.

7. The solution block

This input block instructs the program to output the current

MR solution, corresponding to all molecules with the T ¯ag. In

addition, a ®nal packing check will be performed for this

solution.

To calculate structure factors based on this solution (or an

input atomic model), the SF input block can be used to set up

parameters for this calculation.

8. Packing check

Checks on the packing of the atomic model in the crystal are

an important part of a structure determination by the MR

method. A set of rotational and translational parameters that

cause serious steric clashes of the search model in the crystal

cannot be a correct MR solution, but such packing arrange-

ments sometimes produce high CC values. Such spurious

solutions must be ignored in selecting the correct MR solution.

This is often performed by manual examination of the

packing with a graphics program. An automated packing-

check procedure is crucial for the combined MR protocol, as

thousands of rotation angles and tens of thousands of possible

MR solutions can be examined in each calculation.

Packing functions have been proposed that calculate the

overlap among crystallographically related molecules (Harada

et al., 1981; Hendrickson & Ward, 1976). Such functions could

be used as weighting factors for the Patterson correlation TF

(Harada et al., 1981) to reduce the TF values of those positions

that have serious overlap of the search molecules. However,

these functions only offer a global examination of the packing

in the crystal, while a more detailed analysis is needed before

potential MR solutions can be automatically discarded for

packing problems.

For this detailed packing analysis, the procedure used in the

current program is based on counting the number of close

C�±C� contacts among the protein molecules in the crystal

(Tong, 1993). The distance cutoff for this packing check can be

set at 2±3 AÊ . Only those rotational and translational para-

meters that have a small number of crystal packing clashes are

saved as potential MR solutions. For nucleic acid structures,

the P, C40, N1 and C4 (for A, U and T bases) or N9 (for G and

C bases) atoms of each nucleotide can be selected for the

packing check.

9. The graphical user interface

To further improve the user-friendliness of the program, we

have developed a graphical user interface (GUI) to the

program. The GUI is implemented in standard Tcl/TK version

8.0 and has been tested under SGI Irix6.3 and Linux

Redhat7.0.

The interface can be con®gured in three modes. The

`novice' mode requires only minimal user inputs, including

space-group symmetry, unit-cell parameters, re¯ection data

and search-model ®le names, resolution range and the number

of copies of the search model in the asymmetric unit (Fig. 5).

The GUI can then generate the entire input ®le to the

program, taking advantage of the default values that have

been set up in the program. The `standard' and the `expert'

modes are set up for ®ner control of the program execution

and allow con®guration of all available commands in the

program. Alternatively, a text editor can be used to modify the

input ®le generated from the `novice' mode.

The GUI can also display the status of the combined MR

calculation. If the correct solution has been found, the GUI

can be used to instruct the program to terminate the search for

the current molecule.
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Figure 4
An example input to the TF block.

Figure 5
The `novice' mode of the graphical user interface (GUI) to the COMO
program. Once the `Go' button is clicked, the GUI will produce the
complete input ®le and launch the program with this input.
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10. Test cases

The program has already been used to solve several dif®cult

MR problems. This includes the structure of human ornithine

transcarbamylase (OTCase) in a cubic crystal form, where

previous attempts at solving this structure by other programs

failed to give the correct solution (Shi et al., 2001). Similarly,

the structure of the coenzyme B12 binding subunit of gluta-

mate mutase was solved with this new program, which has

resisted many earlier attempts with other programs (G. Jogl et

al., unpublished results). This crystal, in space group P213,

contains three copies of the molecule in the asymmetric unit;

the orientation and position of all three molecules were

determined automatically by the program overnight.

The structure solution of a new crystal form of the Toll/

interleukin-1 receptor (TIR) domain is presented here in

some detail (Xu et al., 2000). The crystal belongs to space

group P6122 or P6522, with unit-cell parameters a = b = 112.1,

c = 361.5 AÊ . The X-ray diffraction data were collected at the

X4A beamline of Brookhaven National Laboratory. The

atomic coordinates of this domain in a different crystal form

was used as the search model (Xu et al., 2000). The earlier

crystal has very high solvent content, with a VM of

5.4 AÊ 3 Daÿ1. The unit-cell volume of the new crystal is 3.4

times that of the earlier crystal, which was in space group

P6222, suggesting that the new crystal may have three to seven

molecules in the asymmetric unit, depending on the actual VM

value. Several attempts at solving this structure using AMoRe

(Navaza, 1994) or X-PLOR (BruÈ nger, 1992) were not

successful.

All the calculations were performed on a PC with an AMD

Athlon 1 GHz CPU, 512 MB memory and running Linux 7.0.

The ®rst step in the structure determination is to de®ne which

enantiomorph is the correct space group. A combined MR

search is carried out to look for the ®rst molecule in both space

groups. The search atomic model contained 130 amino-acid

residues. A clear solution (best CC = 20.5) was found for space

group P6522, after examining about 1100 rotation angles

(266 min CPU). The rotational parameters of the solution

have an RF value that is only about 60% of the highest value

in the RF map. The same calculation in space group P6122

showed no clear solution (best CC = 16.6). This suggests that

the correct space group is P6522.

With the knowledge of the correct space group, a new

combined MR search was set up to look for six copies of the

search model in the asymmetric unit. The program inputs for

this search are shown above as the examples for each of the

program blocks. The correct solutions produced signi®cant

changes in the CC and the R factor (Table 2). Moreover, the

correct MR solution is invariably the top peak in the TF map.

In addition, many neighboring grid points of the correct

rotation angle in the RF map can also produce the correct TF

solution, leading to clustering of the solutions in the program

output. This is another indication that the solution obtained is

likely to be correct. It took a total of about 27 h of CPU time

to locate the ®rst ®ve molecules (Table 2). About 3500 rotation

angles were examined for this calculation, or roughly about

0.5 min for examining each rotation angle by TF. For all ®ve

molecules, once the correct solution was identi®ed the

program was instructed to move on to the search for the next

molecule. (The program periodically checks for the presence

of a scratch ®le and will terminate the search for the current

molecule if this ®le exists.) The search for the sixth molecule

did not produce any clear solution, even after screening more

Table 2
Summary of structure solution of TIR domain.

Rotation² (�) Translation

Mol. Rotation angles
CPU
(min)

% solutions
rejected �1 �2 �3 x y z CC R Cont³ TF§ RF}

CC²²
(re®ned)

1 Selection: 0.5±0.6 77 93.6 28.1 60.0 30.9 0.533 0.589 0.120 20.5 46.9 0 1 69 21.4
No. selected: 1146 30.9 60.0 28.1 0.528 0.583 0.120 20.5 47.4 0 1 77
No. examined: 200 30.9 57.0 30.9 0.533 0.589 0.120 19.9 47.2 0 1 67

33.8 60.0 28.1 0.528 0.583 0.120 19.8 48.0 0 1 71
2 Selection: 0.3±0.5 86 94.7 11.2 54.0 278.4 0.639 0.800 0.224 26.1 45.5 0 1 89 27.2

No. selected: 7056 11.2 51.0 281.2 0.639 0.800 0.222 26.1 45.6 0 1 91
No. examined: 200 14.1 48.0 278.4 0.639 0.800 0.224 25.7 45.6 0 1 136

8.4 51.0 284.1 0.639 0.794 0.224 25.5 45.5 0 1 122
3 Selection: 0.2±0.4 340 96.6 47.8 45.0 118.1 0.556 0.311 0.157 34.9 43.1 0 1 593 35.6

No. selected: 12260 50.6 48.0 118.1 0.556 0.311 0.157 34.6 43.0 0 1 588
No. examined: 700 50.6 42.0 115.3 0.556 0.311 0.157 34.3 34.1 0 1 583

47.8 48.0 118.1 0.556 0.311 0.157 43.2 43.2 0 1 594
4 Selection: 0.1±0.3 1000 98.8 11.2 54.0 22.5 0.567 0.800 0.033 36.8 42.1 0 1 1905 39.9

No. selected: 19337 8.4 51.0 25.3 0.567 0.800 0.033 36.3 42.2 0 1 1911
No. examined: 2100 8.4 54.0 22.5 0.567 0.800 0.033 36.3 42.1 0 1 1912

14.1 54.0 22.5 0.567 0.800 0.033 36.0 42.4 0 1 1916
5 Selection: 0.1±0.3 107 99.2 39.4 48.0 160.3 0.389 0.494 0.270 42.2 40.0 0 1 104 42.3

No. selected: 19337 42.2 48.0 160.3 0.389 0.494 0.270 41.8 40.0 0 1 115
No. examined: 200 42.2 51.0 160.3 0.389 0.494 0.270 41.6 40.1 0 1 116

45.0 48.0 157.5 0.389 0.494 0.270 41.6 40.2 0 1 122

² The top four solutions for each calculation are shown. ³ Number of close contacts (<2.5 AÊ ) of among C� atoms of different molecules in the unit cell. § The peak number in the
Patterson correlation TF map. } The rotation-angle number. ²² The CC after rigid-body optimization.



than 10 000 rotation angles. It is likely that the asymmetric

unit contains only ®ve copies of this TIR domain. This was

later con®rmed from a selenomethionyl anomalous difference

electron-density map.

The calculations showed that the packing check removed

most of the possible MR solutions, especially after several of

the molecules have already been placed in the asymmetric

unit. More than 99% of the possible solutions were rejected

when the ®fth molecule was located (Table 2). Surprisingly,

more than 93% of the possible solutions were rejected for

locating the ®rst molecule, even though the solvent content at

this time is very high. This indicates the power and the

necessity of the packing check. Rigid-body optimization after

the MR calculation can introduce signi®cant improvements in

the CC. For example, a 3% increase in the CC was obtained by

rigid-body optimization of molecule 4 (Table 2), which caused

shifts of 6� in �2 and �3.

The fourth and ®fth molecules were found with the same

collection of rotation angles (selection criterion 0.1±0.3). At

the beginning of the search for each molecule, the rotation

angles are sorted based on their RF values. In this regard, it is

interesting to note that about 2100 rotation angles were

examined to ®nd the fourth molecule, whereas only 200 were

examined to ®nd the ®fth molecule. This illustrates another

important feature of the program. If a rotation angle produces

the best solution in the search so far, the program will

immediately examine the neighbors of this rotation angle in

the collection. This provides a way for the program to auto-

matically follow a possible solution to determine the rota-

tional and translational parameters at its optimum. For the

search for molecule 5, the second rotation in the collection has

about 26� error in �1 and 3� error in �2. However, this was

enough to produce a high CC value. By following this rotation

angle, the program came upon the correct rotation angle, even

though it was the 11 325th entry in the rotation-angle collec-

tion at the beginning of the search. When searching for the

fourth molecule, this second angle was also examined.

However, as there was not as much information known about

the structure, this rotation did not produce a high CC value

owing to its large angular errors. Therefore, this protocol of

automatically following the neighbors of a rotation angle that

produces the best CC value appears to be quite powerful in

revealing the correct MR solution.

It should be noted that this is a rather large test case. The

TF calculations used re¯ections between 8 and 4 AÊ resolution.

Even at this resolution, the Patterson correlation TF required

a Fourier transform of 180 � 180 � 540 grids, owing to the

large unit-cell parameters. Therefore, a signi®cant amount of

the CPU time was used to calculate this Patterson correlation

TF transform and the CPU time required to examine each

rotation angle will be shorter for more typical MR cases.

Moreover, the top 200 peaks in the Patterson correlation TF

were examined for each rotation angle. At least for this test

case, this appears to be unnecessary as the correct solution is

invariably the top peak in the TF (Table 2). Examining a

smaller number of TF peaks will also reduce the CPU time

requirement.

The grid interval in the RF map is 2.8125� along �1 and �3,

and 3� along �2 in the calculation described above. To test the

effect of using a coarser grid, a grid interval of 3.6� is used for

all three angles. As expected, this reduced the number of

rotation angles by a factor of two for the search of each copy

of the molecule. Somewhat surprisingly, the amount of CPU

time needed to locate all ®ve copies is not reduced signi®-

cantly, as similar number of rotation angles were examined for

locating each copy as with the ®ner grid. Moreover, the clus-

tering of the solutions is not as obvious with this coarser grid

and the correct solution often is no longer the top peak in the

TF. Therefore, it appears that at least for this structure

determination using a 3.6� rotation grid is detrimental to the

MR calculation.

The combined MR protocol represents a more general

approach for sampling the rotational and translational degrees

of freedom in a structure determination by the MR method.

This should be a more powerful way of resolving this six-

dimensional problem, as illustrated by the number of dif®cult

MR structures that have been solved over the past few years.

The COMO program is an ef®cient and user-friendly imple-

mentation of the combined MR protocol and should facilitate

structure determination by the MR method.

We thank H. Wu for many useful discussions, D. Shi for the

OTCase test case and a grant from the National Science

Foundation (DBI-98-76668) for ®nancial support.
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