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A program, MASSHA, for three-dimensional rendering and rigid-body

re®nement is presented. The program allows display and manipulation of

high-resolution atomic structures and low-resolution models represented as

smooth envelopes or ensembles of beads. MASSHA is coupled with a

computational module to align structural models of different nature and

resolution automatically. The main feature is the possibility for rigid-body

re®nement of the quaternary structure of macromolecular complexes. If high- or

low-resolution models of individual subunits are available, the complex can be

constructed on the computer display and re®ned to ®t the experimental solution

scattering data. MASSHA provides both interactive and automated re®nement

modes to position subunits in a heterodimeric complex (general case) and in a

homodimeric complex with a twofold symmetry axis. Examples of application of

the program (running on IBM PC compatible machines under Windows 9x/NT/

2000) are given.

1. Introduction
A tremendous amount of information has been generated in recent

decades about the structure and function of individual proteins. With

the arrival of the `post-genomics' era, thousands of new protein

structures are expected to be produced using X-ray crystallography

and nuclear magnetic resonance (NMR) (Burley, 2000; Edwards et al.,

2000). The most important cellular functions are accomplished,

however, not by individual proteins but rather by macromolecular

complexes. Such complexes are usually too large for NMR study and

they often possess inherent structural ¯exibility, making them

dif®cult to crystallize. Alternative experimental techniques and data

analysis approaches are required for the analysis of large macro-

molecular assemblies to determine how the properties of individual

macromolecules are linked to the overall structure and function of

the macromolecular machines existing in the living cells.

Small-angle scattering of X-rays and neutrons (SAS) is widely used

to analyse low-resolution structure and conformational changes of

native biological macromolecules in solution (Feigin & Svergun,

1987). The scattering intensity I(s) from a dilute monodisperse

solution of macromolecules is proportional to the scattering from a

single particle averaged over all orientations [here s denotes the

modulus of the scattering vector s = (s, 
), where s = (4�/�)sin�, 
 is

the solid angle in reciprocal space, � is the wavelength and 2� the

scattering angle]. The main advantage of solution scattering is the

possibility to study structure and structural dynamics of native

particles under nearly physiological conditions. The main disadvan-

tage of the technique is a signi®cant loss of information caused by

random orientation of particles in solution.

Solution scattering patterns are sensitive to changes in the

quaternary structure of macromolecules; the method is thus parti-

cularly useful for the analysis of macromolecular complexes. Reliable

methods for ab initio shape determination of particles at low reso-

lution have recently been proposed and successfully implemented

(Chacon et al., 1998; Svergun, 1999; Svergun et al., 1996; Walther et al.,

1999). Far more detailed models can be constructed when high-

resolution structures of individual domains or subunits composing the

complex are available. Assuming that the tertiary structure of the

domains is largely preserved upon the complex formation, rigid-body

modelling can be used to build the macromolecular complexes

(Ashton et al., 1997; Krueger et al., 1997; Svergun, Aldag et al., 1998).

Thus, for an assembly of two subunits, the complex is constructed by

varying six positional parameters describing the relative position and

orientation of the second subunit with respect to the ®rst one. The

methods to compute solution scattering patterns accurately from

atomic models and further to evaluate scattering from complex

particles rapidly are well established (Svergun, 1991; Svergun et al.,

1995, 1994; Svergun, Richard et al., 1998). These methods permit an

exhaustive search of positional parameters to ®t the experimental

scattering from the complex. Such a straightforward search may,

however, yield a model that perfectly ®ts the data but fails to display

proper intersubunit contacts. Relevant biochemical information (e.g.

on contacts between the speci®c residues) can be taken into account

by using an interactive search based on visual criteria. An interactive

modelling system, running on major Unix platforms (SUN, SGI,

DEC), has been developed by us previously (Kozin & Svergun, 2000;

Kozin et al., 1997). The three-dimensional graphics program ASSA,

coupled with computational modules, permits the manipulation of the

subunits as rigid bodies while observing corresponding changes in the

®t to the experimental data.

In the present paper, a new Wintel-based rigid-body modelling

system is described, which offers enhanced possibilities for combining

interactive and automated search strategies. The system includes a

special modelling option for the practically important case of a

homodimeric structure possessing a twofold symmetry axis. The
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program is implemented on a PC under Win9x/NT/2000, currently the

most easily accessible hardware platform for the majority of users.

2. Rigid-body modelling

Let us consider a complex consisting of two subunits (A and B). The

scattering amplitudes from the subunits centred at the origin in

reference orientations are denoted as A(s) and B(s), respectively. An

arbitrary complex can be constructed by ®xing the ®rst subunit and

rotating and moving the second one. The rotation is described by the

Euler angles �, � and 
 (Edmonds, 1957) and the shift by a vector u =

(ux, uy, uz), so that the entire operation is described by six parameters.

Denoting C(s) the scattering amplitude from a displaced second

subunit, the scattering from the complex is expressed as (Svergun,

1991, 1994)

I�s� � IA�s� � IB�s� � 2hA�s�C��s�i
; �1�
where h . . . i
 stands for the spherical average in the reciprocal space.

It is convenient to represent the scattering amplitudes using

spherical harmonics Ylm(
) as

A�s� �P1
l�0

Pl
m�ÿl

Alm�s�Ylm�
�; �2�

B�s� �P1
l�0

Pl
m�ÿl

Blm�s�Ylm�
�; �3�

C�s� �P1
l�0

Pl
m�ÿl

Clm�s�Ylm�
�: �4�

Owing to the orthogonal properties of spherical harmonics, the

spherical average in equation (1) leads to a closed expression

I�s� � 2�2
P1
l�0

Pl
m�ÿl

fjAlm�s�j2 � jBlm�s�j2

� 2Re�Alm�s�C �
lm�s��g: �5�

Assuming that the structures of the subunits are known, the scat-

tering amplitudes and, further, the partial functions Alm(s) and Blm(s)

can be computed from the atomic models as described previously

(Svergun et al., 1995; Svergun, Richard et al., 1998). The partial

functions Clm(s) of the rotated and moved second subunit are

expressed analytically as (Svergun, 1991, 1994)

Clm�s� �
Pl
k�ÿl

D l
mk��; �; 
�C 0

lk�s; u� �6�

where Dl
mk(�, �, 
) denotes the elements of the ®nite rotation matrix

(Edmonds, 1957). Assuming without loss of generality that the entire

complex is rotated to make the direction u coincide with the Z axis,

the functions C 0
lk(s, u) are (Svergun et al., 1997)

C 0
lm�s; u� � �ÿ1�m P1

p�0

jp�su�
Pl�p

k�jlÿpj
dlm�k; p�

Pk
j�ÿk

Bkj�s�; �7�

where jp(x) are the spherical Bessel functions and the coef®cients

dlm(k, p) are represented through the 3j Wigner symbols (Edmonds,

1957):

dlm�k; p� � i p�2p� 1���2l � 1��2k� 1��1=2

� l p k

0 0 0

� �
l p k

ÿm 0 m

� �
: �8�

The idea of rigid-body modelling against solution scattering data is to

determine the six positional parameters of the second subunit,

minimizing the discrepancy

�2 � �1=�N ÿ 1��PN
j�1

f�I�sj� ÿ Iexp�sj��=��sj�g2; �9�

where Iexp(s) is the experimental intensity speci®ed at N points sj , j =

1, . . . , N, and �(sj) is the corresponding standard deviation. The

rigid-body modelling algorithm is implemented in the computer

programs ALM22INT (computation of the ®t to the experimental

data for a given con®guration) and DIMREF (re®nement by a grid

search in the vicinity of the current con®guration).

3. Three-dimensional graphics

The three-dimensional display and manipulation of macromolecular

models is performed by a Fortran program MASSHA (`modelling of

atomic structures and shape analysis') running under Windows NT,

Windows95/98 and Windows2000. It uses the Win32 API and

QuickWin graphics libraries of Compaq Visual Fortran for the three-

dimensional rendering and for the menu-driven user interface.

MASSHA can represent up to ten different macromolecular struc-

tures simultaneously, each body being provided with its own drawing

features, such as colour, brightness and type of representation.

The major items in the user interface include `Add/Remove body'

menus for loading and removing graphic objects, `Zoom in/out'

menus for scaling the graphics window, a `Commands' menu to

perform operations with the objects (e.g. coordinate transformations,

changing attributes, saving current positions), and a `Modelling'

menu, for opening an interface to interactive and automatic rigid-

body modelling. On-line help about the main commands and options

is available. MASSHA represents three-dimensional objects either as

solid bodies or as collections of points. The ®rst option is usually

employed to visualize low-resolution models and displays the particle

surface with the help of an angular envelope function r = F(!), where

(r, !) are spherical coordinates in real space. The information is

stored in an ASCII ®le containing multipole coef®cients of the

surface representation with the spherical harmonics (Stuhrmann,

1970)

F�!� �P1
l�0

Pl
m�ÿl

flm�s�Ylm�!�: �10�

The ®les containing the coef®cients flm (*.flm) are generated, in

particular, by the ab initio shape-determination program SASHA

(Svergun et al., 1996) and by the program CRYSOL (Svergun et al.,

1995). For the display, the *.flm ®les are transformed into binary

surface-representation ®les (*.sld) by the program FLM2SLD

(invoked by MASSHA automatically). The triangulation algorithm

used to represent the surface is described elsewhere (Kozin et al.,

1997). The solid-body objects are represented either as wire frames or

as Gouraud shaded surfaces (Foley et al., 1990).

For the second type of objects, MASSHA reads the coordinates in

the standard Protein Data Bank (PDB) format (Bernstein et al.,

1977). The graphic entry is an atomic model represented by either a

C� backbone or a P backbone. The PDB format (*.pdb) can also be

used to read and display electron microscopic models or bead models

provided, for example, by ab initio shape determination (Svergun,

1999). Interface programs are available to convert common electron

microscope formats [e.g. contour lines or volumetric SPIDER format

(Frank et al., 1996)] into bead models in the PDB format. The beads

can be displayed as open circles or as shaded spheres with variable

radii. Fig. 1 illustrates different modes of shape/atomic structure

representation using high- and low-resolution models of lysozyme

[PDB entry 6lyz (Diamond, 1974)].
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Each graphic object (shape or structure) has its own graphic

features and current transformation matrix (the latter is changed

upon rotations and shifts). The information about the current loca-

tion of an object is available via a `hotkey'. Relative shifts and

rotations can be performed either by menu dialog or by hotkeys. The

default angle increment for the hotkey transformations is �' = 5�

and the default space increment (�X = �Y = �Z) is de®ned by

MASSHA to be about 1/20 of the screen window (both increments

can be changed by the user). A transformation menu dialog enables

the positioning of an object in the absolute coordinate system.

MASSHA permits PDB objects to be saved at their current positions,

which is convenient for storing the results of interactive or automated

model building. An option `Align PDB' automatically superimposes

two arbitrary low-resolution or high-resolution objects. This option

invokes the program SUPCOMB (Kozin & Svergun, 2001), aligning

two bodies represented by ensembles of points without information

about the correspondence between the points. After SUPCOMB is

terminated, the second object is moved to the position that provides

the best alignment with the ®rst one.

MASSHA is oriented toward simultaneous display of high- and

low-resolution models and toward rigid-body modelling. Compared

with specialized graphics systems like O (Jones et al., 1991), RasMol

(Sayle & Milner-White, 1995) and Chime (Horton, 1999), MASSHA

uses simpli®ed representations of atomic structures. However, it

provides all the necessary manipulation tools and a user interface for

rigid-body modelling, as described below.

4. Heterodimer modelling

To perform rigid-body modelling of a heterodimeric structure, the

multipole components of the scattering amplitudes of the two sub-

units have to be pre-computed and stored as

separate ®les. This is performed by the programs

FLM2ALM for the envelope models and

CRYSOL (Svergun et al., 1995) for atomic models.

The two subunits are loaded as separate bodies and

the modelling is started by selecting the `Hetero-

dimer' option from the `Modelling' menu (Fig. 2).

The following parameters have to be speci®ed in

the `Heterodimer' dialog box.

(i) Input ®le containing experimental data to be

®tted. The name may be selected with a ®le chooser

(`Select' option).

(ii) Scale for s vector, i.e. abscissa units in the

input ®le.

(iii) Fitting range (as a fraction of the maximum

s value).

(iv) Output ®le containing the currently plotted

®t.

(v) The pre-computed *.alm ®les of the ®rst and

second subunits.

(vi) The pre-multipliers (e.g. contrasts) of the

two subunits.

MASSHA warns the user if the information is

incorrect or incomplete. The rigid-body re®nement

menu contains two modelling buttons: interactive

(`Compute') and automatic (`Re®ne'). The button

`Compute' runs the program ALM22INT, to

calculate the complex scattering intensity, and

displays the ®t to the experimental data in a

separate `Curve ®t' window. The user may change

the positions of the two subunits by manipulating the objects in the

three-dimensional window and can recalculate the ®t by clicking

`Compute'. The button `Re®ne' runs an automated re®nement

program DIMREF. The second subunit is moved around its current

position by ��(XYZ) (i.e. three points along each direction X, Y and

Z are probed). Its orientation is varied around the current orientation

by rotating around X, Y and Z by �2�', i.e. ®ve rotations around

each axis are probed. The user can choose the residue number to

de®ne the centre of rotation (by default the second body is rotated

around its geometric centre). After the re®nement, the second body

is moved to the position providing the best ®t and its initial position is

added as the third body to visualize the change of the model. The ®t

to the experimental data is displayed in the `Curve ®t' window. The

user can further adjust the solution manually or continue the ®tting

procedure starting from the new position of the second body. To

speed up the computations, the amplitudes of the subunits submitted

to ALM22INT and DIMREF are always rotated to direct the vector u

along the Z axis (Svergun et al., 1997). This permits the use of

equations (6), (7) and (8); the response in the `Compute' mode is then

a matter of fractions of a second on a Pentium III 600 MHz machine.

A default re®nement cycle takes about 1 min.

Fig. 2 presents an example of rigid-body modelling of the structure

of A. hydrophila zinc �-lactamase using MASSHA. This protein, with

molecular mass 25 kDa, belongs to the family of �-lactamases typi-

cally exhibiting activity against a broad range of �-lactamase anti-

biotics, but, in contrast to other known proteins of this family, the �-

lactamase from A. hydrophila shows a narrow substrate pro®le

(Payne, 1993). Moreover, conserved residues attributed to metal

binding differ from other known zinc �-lactamases. According to the

sequence alignment (30% homology), the tertiary structure of A.

hydrophila �-lactamase should be similar to that of B. cereus �-

lactamase [the latter is known from an X-ray crystallographic study

J. Appl. Cryst. (2001). 34, 527±532 P. V. Konarev et al. � Rigid-body modelling system 529
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Figure 1
User interface of MASSHA illustrating the different modes of shape/atomic structure representation for
the example of lysozyme: (1) and (2) C� chain without and with residue numbering, respectively; (3) C�

chain as a collection of circles; (4) ab initio bead model obtained by the program DAMMIN (Svergun,
1999); (5) Gouraud shaded envelope computed by CRYSOL (Svergun et al., 1995); wire-frame ab initio
envelope from the program SASHA (Svergun et al., 1996).
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(Car® et al., 1998)]. The aim of the study was to

verify the quaternary structure similarity between

the two enzymes.

The synchrotron radiation scattering data were

collected on the EMBL beamline at HASYLAB

(DESY, Hamburg) (Boulin et al., 1988) in the range

of momentum transfer 0.2 < s < 5.5 nmÿ1. Solutions

with protein concentrations of 2, 4, 8 and

16 mg mlÿ1 were measured and a composite scat-

tering curve was obtained using standard proce-

dures. The experimental radius of gyration of

2.00 (3) nm noticeably exceeded the value

computed from the crystallographic model of B.

cereus �-lactamase (1.80 nm). A comparison of the

experimental and theoretical curves (� = 2.82)

suggested that A. hydrophila �-lactamase in solu-

tion is signi®cantly more anisometric than B. cereus

�-lactamase. As the crystal structure of the latter

displays two distinct domains (shown in Fig. 2 in

magenta and blue), rigid-body re®nement against

experimental data was performed. The centre of

rotation of the moving domain was set to the

residue in the hinge region (grey sphere). The

re®ned position of the second domain (red in Fig.

2) yields a good ®t to the experimental data, with �
= 1.52. The zinc-containing active centre of the

protein (displayed as a green sphere) becomes

more exposed to the solvent in the re®ned model

and this may play an important role for the catalytic

activity of the �-lactamase in solution. One should,

of course, bear in mind that the structures

constructed by rigid-body re®nement re¯ect overall

positions of subunits and this modelling may distort

the tertiary structure of the interface (e.g. the

active-site geometry). Building of biochemically

reasonable models based on the results of rigid-

body re®nement may therefore require more

sophisticated treatment, in particular, appropriate

alterations of the tertiary structure, using specia-

lized software packages like O (Jones et al., 1991).

5. Homodimer modelling

A special mode is provided by MASSHA for the

practically important case of a homodimeric

structure possessing a twofold symmetry axis.

Given the structure of a monomer, the homodimer

is de®ned by the orientation of the monomer and

the distance between the centre of the latter and

the twofold axis, i.e. by four parameters instead of

six as for a heterodimer. The particle symmetry

thus imposes signi®cant restrictions on the possible

model and the scattering intensity from the

complex, equation (5), depends, in this case, only

on the amplitudes of the ®rst body (monomer).

Assuming that the twofold axis coincides with Y

and the monomers are separated along Z by 2uz,

the intensity is expressed as (Svergun et al., 1997)

Figure 3
Rigid-body modelling of the structure of tetrameric yeast PDC in terms of two dimers: (a) original
crystallographic structure; (b) model provided by MASSHA using the `Homodimer' option. The diagrams
of the atomic models and of the ®ts to the experimental data were prepared using the copy/paste utility of
MASSHA. Side views (middle column) are rotated by 90� around Y.

Figure 2
User interface of MASSHA for rigid-body modelling of the zinc �-lactamase. The domain structure of B.
cereus �-lactamase is displayed in magenta and blue chains; the re®ned position of the second domain in
A. hydrophila �-lactamase is shown in red. The pivotal residue is shown as a grey sphere and the active
centre as a green sphere. The best ®t to the experimental data is displayed in the bottom right corner.
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I�uz; s� � 2
P1
l�0

Pl
m�ÿl

�����ÿ1�m P1
p�0

Re�ipjp�suz��2p� 1�

� Pl�p
k�jlÿpj

��2l � 1��2k� 1��1=2

� l p k

0 0 0

� �
l p k

ÿm 0 m

� � Pk
j�ÿk

Akj�s�
����

2

;

�11�
where Akj(s) are the amplitudes of the rotated monomer computed as

in (6).

The `Homodimer' option of MASSHA is used after loading the

®rst body (monomer). By pressing `Homodimer', the second

monomer is generated automatically, assuming Y to be the twofold

symmetry axis. One should specify the parameters as in the

`Heterodimer' modelling, with the exception of the second-body

amplitude and factor. The button `Compute' runs the interactive

modelling program ALM2INT2 and the button `Re®ne' starts the

automated re®nement program DIMREF2. In the latter mode, the

separation between the monomers is varied by �4�X, probing a total

of ®ve displacements, and the monomer is rotated around X, Y and Z

by �5�' (i.e. eleven rotations around each axis). After the re®ne-

ment, the homodimer providing the best ®t is displayed along with

the ®rst monomer in the initial position, added as the third body. The

user can further adjust the solution manually or continue the auto-

mated re®nement from the new con®guration. In the `Homodimer'

mode, movements and/or rotations of the ®rst body lead to appro-

priate operations with the symmetrically related second body. The

user may also apply operations preserving the symmetry (rotation

and movements along the Y axis) of the entire homodimer.

An example of the homodimer modelling is given by the rigid-body

re®nement of tetrameric yeast pyruvate decarboxylase (PDC) in

Fig. 3. Yeast PDC is a thiamin diphosphate-dependent enzyme

involved in some steps of alcoholic fermentation. PDC is a tetramer

of molecular weight 236 kDa at low pH and dissociates into dimers at

high pH (Koenig et al., 1993). The theoretical scattering pattern

computed from the crystallographic model [PDB entry 1pvd

(Arjunan et al., 1996), Fig. 3a] deviates signi®cantly from the

experimental data (Fig. 3a, right, � = 1.723). Svergun et al. (2000)

performed a time-consuming interactive rigid-body re®nement of the

structure in terms of two dimers. Using the automatic re®nement in

MASSHA and starting from the crystallographic model, nearly the

same model as obtained by Svergun et al. (2000) is obtained in a

matter of minutes (Fig. 3b). The dimers in the ®nal model are tilted by

11� around the X axis (left view) and the distance between them is

diminished by 0.4 nm. The model provides a good ®t to the experi-

mental data, with � = 0.66. The root-mean-square displacement of

atoms in the re®ned model is 0.57 nm relative to the structure in the

crystal. This large conformational change can be explained by weak

contacts between the dimers in the crystallographic model (Fig. 3a,

left panel) so that the crystallographic environment is able to in¯u-

ence the quaternary structure of the enzyme signi®cantly.

6. Conclusions

Rigid-body modelling permits the useful combination of high-reso-

lution crystallographic or NMR information and low-resolution

information obtained by solution scattering. Interactions between

subunits in macromolecular complexes are non-covalent in nature

and this often permits one to move and rotate the subunits as rigid

bodies. In particular, the energy of such interactions is comparable

with that between neighbouring molecules in the crystals. The rigid-

body re®nement technique is thus also a useful tool for the analysis of

differences in the quaternary structure of multisubunit enzymes

caused by crystal packing forces (Svergun et al., 2000).

There are many excellent three-dimensional graphics programs

available for the representation and analysis of high-resolution

structures. Our aim was not to compete with these programs, but to

create a complementary tool for rigid-body modelling against solu-

tion scattering data. The three-dimensional display functionality of

MASSHA is comparable with that provided by specialized packages

like SITUS (Wriggers et al., 1999) or MASKIT (Kleywegt & Jones,

1999). We wrote a relatively simple three-dimensional graphics

module coupled with computational programs, in the frame of an

easy-to-use graphical user interface. Not much attention was paid to

sophisticated presentations, like ribbons, ball-and-stick diagrams, etc.,

irrelevant for rigid-body modelling. Instead, the three-dimensional

module provides full control over the absolute and relative positions

of the objects. Similarly, MASSHA does not offer an automatically

coloured space-®lling display of atomic structures, but provides an

option to select the bead radius, which is essential for the display of

low-resolution models.

In contrast to the earlier Unix-based system (Kozin & Svergun,

2000; Kozin et al., 1997), MASSHA runs on a Wintel platform, which

makes the rigid-body modelling available for numerous PC users.

Furthermore, MASSHA provides enhanced options for interactive

modelling and the possibility of an automated re®nement in the

vicinity of the current con®guration. A practically very important

option to account for the twofold symmetry in homodimeric

complexes is included. A unique feature of MASSHA is the option for

automated alignment of the objects by calling the program

SUPCOMB (Kozin & Svergun, 2001).

The program package MASSHA, along with the computational

modules and full instructions, is available from the EMBL Web page

http://www.embl-hamburg.de/ExternalInfo/Research/Sax/index.html.
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