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make it necessary to include components of k in
directions perpendicular to L, (here $b*) in the nota-
tion for the symmetry group. Therefore we prefer
(a) to normalize the modulation vector by always
choosing it in L,, (b) to express the ‘improper’ sym-
metry translation (here b) in the lattice symbol. This
can be done by using symbols for magnetic Bravais
lattices, such as p,; in the case of Fig. 6, ¢f. Opechowsky
& Guccione (1965). Indeed the value of s is, with one
exception, restricted to 3, so the extra shift, being a
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Fig. 7. The reciprocal net of Fig. 6. (a) Overall picture; (b) sur-
roundings of the origin, magnified.
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binary operation which commutes with all transla-
tions, is formally equivalent to time reversal.

The exception is the trigonal system which allows
s=+1 for improper translations. A table of Bravais-
lattice types including all inequivalent lattices with
and without improper symmetry translations, for each
of the seven systems from (I) Table 1 is givenin Table 1.*

The author gratefully acknowledges various stimu-
lating discussions with Professor A. Janner and Dr
T. Janssen (Nijmegen) as well as their reading two
earlier versions of this paper.

* Table 1 has been deposited with the British Library Lending
Division as Supplementary Publication No. SUP 32323 (3 pp.).
Copies may be obtained through The Executive Secretary, Inter-
national Union of Crystallography, 13 White Friars, Chester CH1
INZ, England.
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An Interactive Model-Building Program for Macromolecules
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A computer model-building program (suitable for interactive use on a small machine) is described. The
program fits a polymer chain with idealized stereochemistry to a number of guide coordinates, by rotation
about single bonds. It has been used to record accurate atomic coordinates from a skeletal wire model of a
protein in a fraction of the time which manual measurement would have taken.

Introduction

A sufficiently large number of protein and nucleic acid
structures have now been solved at atomic resolution,
that the strategy of structure determination and refine-
ment has become well-established. Much thought is
currently being given to automation of the more rou-
tine aspects of such work such as X-ray data collection.
One step which has not generally been automated is
the measurement of atomic coordinates from a skeletal
wire model which has been fitted to an electron density
map. One approach to this problem is to abandon
physical models, and to carry out the fitting by com-
puter, either tracing the polymer chain automatically
(Greer, 1976), or building a computer model to fit the

AC 33A-10*

density while both are displayed on an interactive
graphics terminal (Feldmann, 1976). Nonetheless, a
physical model has undeniable advantages for visual-
izing the structure as a whole, and it seems unlikely that
the traditional methods will be totally supplanted.

The computer model-building program described
here may be used in conjunction with a model to gen-
erate a stereochemically acceptable set of coordinates
with a minimum of measurement.

Computer model-building

A preliminary to the refinement of a macromolecular
structure is the recording of the coordinates of each
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atom, followed by adjustment of these coordinates so
that the bond lengths and angles agree with those
found from accurate crystallographic studies of small
molecules. Two methods of achieving this idealization
have been proposed for proteins. The first (Diamond,
1966) constructs a polypeptide chain in which the bond
lengths and angles have exactly the values found in
amino-acid structures. This chain is then folded by
rotation about chosen lines (usually single bonds), to
fit a set of guide coordinates as well as possible. The
second approach applies small shifts to the Cartesian
coordinates of each atom individually in an attempt to
minimize the potential energy of the molecule (Levitt
& Lifson, 1969; Levitt, 1974) and so does not force the
resulting coordinates to have exact bond lengths and
angles. Some variants of this technique have been
described (Hermans & McQueen, 1974; Dodson,
Isaacs & Rollett, 1976; Ten Eyck, Weaver & Matthews,
1976). For some purposes these energy-based algor-
ithms seem preferable, in that they are flexible and
computationally fast, but they are not well-suited to
producing a chain with a given conformation, since they
are concerned with Cartesian coordinates rather than
with torsion angles. Diamond (1976) has discussed the
relative merits of the different approaches at some
-length.

During crystallographic refinement it often becomes
necessary to change the conformation of part of the
polymer chain, leaving bond lengths and bond angles
unchanged, and without disturbing the rest of the
molecule or breaking the chain continuity. Since con-
formation is usually defined in terms of torsion angles,
a technique such as Diamond’s seems the most ap-
propriate. Unfortunately, his program (in its present
form) has certain restrictions which make it applicable
only to proteins. During the structure refinement of
yeast phenylalanine tRNA (Jack, Ladner & Klug, 1976)
it became apparent that we needed a similar program
able to handle any type of chain whose coordinates can
be listed in the way originated by Diamond.

Method of fitting the chain

The program takes as input a list of atomic coordinates
in the same format as is used by Diamond’s (1966, 1971,
1976) programs, and a library of standard groups,
these being Cartesian coordinates of the monomeric
units comprising the chain. The model is built sequenti-
ally, one residue at a time. The required conformation
may be specified in terms of guide coordinates (which
are normally approximate atomic positions measured
from a model or an electron density map), or in terms
of torsion angles, or some combination of both.

The idealization of each residue takes place in two
stages (Fig. 1). Stage 1, the initialization, reads the ap-
propriate standard group and then moves through it
one angle at a time, at each stage considering only those
atoms which will not be affected by subsequent angles.
Forexample,in Fig. 1, if we imagine that atoms a, b and
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¢ of the standard group have been fitted to guide points
A, B and C, then the initialization will produce that
value of & which minimizes w,jd —D|?, where w;, is a
weight associated with atom d, and d and D are the
position vectors of the two atoms d and D. 8 is then
taken as the angle which minimizes w,e—E|*>+
w |f —F|?. Requests for specific values of torsion angles
are satisfied exactly at this stage, regardless of the fit
to the guide points.

Stage 2 of the idealization is a least-squares minimiz-
ation of the residual

ZWi|ri“‘r?|2+Z Wj|9j*9?]2 (1)
i J

where the summations are over all atoms and torsion
angles in the residue. r? is the target position for atom
i, r; its current position, 69 is a starting torsion angle
produced by stage 1, and 6; the current value. This last
term, with different weights for different angles, allows
certain angles to be more flexible than others. Provision
is made for fixing angles at given values, so that they are
not refined in stage 2, and for decoupling atoms, so that
they can ‘ride’ on other atoms which are being driven
towards guide points, without affecting the residual.

When a new residue is to be added to the growing
chain, the program writes the previous residue to an
output file, and positions the next standard group so
that chain continuity is preserved exactly. A ‘windup’
command causes any remaining unbuilt residues to be
copied from the input to the output. Thus the output
is always a complete listing of coordinates which may
be used as input to a subsequent run.

Interactive use

The program strategy is partly based on Diamond’s
(1966) work ; a similar least-squares technique (without
angular terms or continuity constraints between resi-
dues) was used by Brown, Takano & Dickerson to
refine the structure of cytochrome c¢ (Takano, 1975).
The present program, however, has three advantages
over these other programs: first, it is not restricted to
proteins; second, the weighting of angular terms allows
rather more control over the conformations which may

bg

Fig. 1. Diagram to illustrate the method of fitting. The solid atoms
joined by solid lines represent the guide coordinates, and the open
circles, joined by dashed lines, show the idealized structure.
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be adopted, and third, it is designed for interactive use.

This last aspect is particularly important for a
program of this type, since ill-chosen input parameters
(especially weights) can cause unexpected and un-
desirable conformations in stage 2. After refining a
residue, the program types the values of the torsion
angles, and the weighted and unweighted r.m.s. devia-
tions of the atomic positions from the guide points.
Positional and angular requests may form part of the
input coordinate list [as in version 4 of Diamond’s
(1971) real-space refinement program], or may be
typed at a keyboard while the program is running, If
the idealized conformation is not acceptable, the user
may reject it, in which case he is invited to change some
or all of the target positions, angles or weights, before
the program rebuilds the residue.

Recording atomic coordinates

Possibly the most useful application of the program is
in recording atomic coordinates from a Kendrew
skeletal model built to fit electron density in an optical
comparator. Such recording traditionally involves
measurement of the x, y and z coordinates of each atom
independently with a plumbline or similar device. This
process is tedious and error-prone. With the model-
building program, the user needs to measure coordin-
ates of only two or three atoms per residue (at the tips
of the side chain and the growing backbone), and type
these in, together with estimates of the torsion angles.
The program then adjusts the angles to fit the guide
points as well as possible. Errors of measurement are
immediately obvious from the large error of fit, and can
be corrected on the spot. The output file may be used
directly as input to Diamond’s real-space refinement
program.

This method has been used to record the atomic co-
ordinates of tyrosyl-tRNA synthetase from B. Stearo-
thermophilus (Irwin, Nyborg, Reid & Blow, 1976). An
ancillary program was used to generate a ‘skeleton’
coordinate list from the amino-acid sequence, contain-
ing appropriate atom and parameter records, but with
all the weights and positional coordinates set to zero.
Thus the only terms in the residual (1) arise from guide
coordinates and -angles which are measured on the
model. The torsion angles @(N-C,), ¥(C,—C) and
w(C-N) and the bond angle at C, were all treated as
variables, these last two being made 100 times stiffer
than the first two. It proved necessary to measure all
the backbone coordinates for the first residue, so as to
provide an accurately positioned root for the growing
chain. After this, the measurement and idealization
were straightforward. In this particular case only back-
bone and C; atoms were considered (i.e. the protein
was treated as polyalanine). For building purposes a
residue was deemed to begin and end on a backbone
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N atom; for each residue the coordinates of the C; and
of the distal N atom were measured, and typed in
together with estimates of ¢ and y. Five to ten cycles
of refinement generally brought the N atom of the
idealized chain to within 0-1-0-3 A, of its measured po-
sition. The idealized coordinates then replaced the
dummy coordinates in the input listing, and the up-
dated coordinates were written out.

Implementation

The program is written in ANSI Fortran, with the
exception of some short routines which provide free-
format keyboard input. It has been used on IBM370/
165, PDP11/45 and CTL Modular 1 computers with-
out serious modification. Since the program was de-
signed to run on a number of different machines, no
graphical display of the molecule was included, al-
though this should not be too difficult to add. The
speed depends on the number of parameters to be re-
fined: for tRNA with 10 parameters and about 20
atoms per residue, one cycle of refinement for one resi-
due takes about 4s on the PDP11, and typically 5 to 15
cycles are needed, depending on the accuracy of the
initial model and on the convergence criteria used. For
a protein, with 4 parameters and about 10 atoms, the
convergence is generally rapid (10 cycles or less), and
takes less than 5s on the PDP.

Ithank Dr G. Fermi for suggesting the possibility of
weighting angular terms in the least-squares refine-
ment, and Dr J. White for his help in installing the
program on the Modular 1 machine.
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