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and space-group type VIII, 45 (;000 
Bl= 0 0 1 0  ¼ 

0 0 I  
0 0 0  

B~= (i ° 
 ooo o 
0 1 0  
0 0 1  
0 0 0  

i °° o o t  
0 0 0  

With x,y,z,u used as coordinates these matrices give 
~,¼+Y,¼+z,u and ¼+x,Y,¼+z,u for VIII, 43 or £,¼+ 
y,¼ + z,½ + u and ¼ + x,P,¼ + z,½ + u for VIII, 45 respectively 
in the conventional symbols of International Tables for 
X-ray Crystallography (1952). 

It is easily verified that the integer matrix 

( i t  
1 0 0 0 0 

1 0 0 
T= 0 1 0 

0 - 2  1 
0 0 0 

transforms the generators At into the generators B.  that 
is Bl = T-IAl T. Therefore, by changing the basis as. a2, a3, a4 
to b~=al, b2 = a2, b3=aa-2a4,  b 4 : a 4 ,  the group VIII, 45 
is obtained from VIII, 43. This shows that VIII, 43 and 
VIII, 45 describe the same space-group type; they are only 
referred to different coordinate bases. Exactly the same 
holds for the pairs X, 99 and X, 101 as well as XI, 45 and 
XI, 46 with the same T as the transforming matrix. As a 
result of this the entries VIII 45, X 101, and XI 46 have to 
be removed from the KB Table 4. 

On the other hand, KB list in Table 4, crystal class XV, 
only 62 space-group types, whereas in the BBNWZ com- 
puter determination 63 space-group types in this crystal 
class were found. Here to the F6 lattice (U lattice type of 
Wondratschek, B i i l ow& Neubtiser, 1971) belong three 
space-group types of which KB list only two. The space 
group generated b'y 

0 , 1 ,221, 11,221,2  ° 0 1 0  
0 0 ] "  
0 0 0  

i °° 
21/211/212/221/2= 0 0 1 0 

0 0 T  
0 0 0  

is missing; it should be added under No. 61a. 
In No. 60 in each set of parallel twofold 'hyper axes' 

2211, 2121, 2112, 1212, 1221, and 1122 there occur real 
rotations. In 61 in three of the six sets of twofold 'hyper 
axes' there occur real rotations, the other three containing 
screw rotations only. Finally in 61a there are two sets in 
which real rotations occur, whereas in the other four sets 
only screw rotations can be found. This shows immediately 
geometrically that the three space groups considered are 
non-equivalent (the original derivation by BBNWZ had 
been an algebraic one). 
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A method is proposed by which a protein model with acceptable stereochemistry can be fitted to a set of 
atomic coordinates. By expressing all constraints in terms of distances between pairs of atoms it is possible 
to enforce any desired stereochemistry in a physically realistic manner, and at the same time to substantially 
reduce computing time. Application of the technique to thermolysin is described. The method has been 
independently developed and applied to insulin by E. J. Dodson, N. W. Isaacs & J. S. Rollett [Acta Cryst. 
(1976). A32, 311-315]. 

The problem of obtaining a model of a protein which is a 
best fit to a.set of observed coordinates and at the same time 
adheres to a specified stereochemistry has been discussed 
by a number of authors. In the methods of Diamond (1966) 
and Warme, G~ & Scheraga (1972), bond lengths and angles 
are, in general, fixed, and model fitting is achieved by allow- 
ing specified dihedral angles to vary. However, in real 
polypeptides, all bond lengths and angles may deviate some- 
what from their idealized values, and in order to obtain a 

satisfactory representation of a protein it is desirable that 
such deviations be allowed. Hermans & McQueen (1974) 
have suggested that such variations from idealized stereo- 
chemistry can be incorporated by a method of ' local change' 
in which one atom is adjusted at a time in a cyclic process. 
Freer, Alden, Carter & Kraut (1975) have also used, in the 
refinement of HiPIP, a cyclic refinement of the model in 
which deviations in bond lengths and angles from their 
standard values are minimized. 
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Recently Dodson, Isaacs & Rollett (1976) have described, 
and applied to the refinement of insulin, a method of ad- 
justing protein coordinates which seems to be superior to 
the techniques described above. We have independently 
developed the same technique, and would like to comment 
on the method and on its application to thermolysin. 

The basic idea is to minimize the function 

tp= W1 ~. w,(Ax,)2+ I4/2 ~. wo(,dd, j) 2 (1) 
l ( i j )  

where Ax~ is the displacement of atom i from its experi- 
mental position and Ad~j is the deviation of the interatomic 
distance between atoms i and j  from an assumed ideal value. 
The factors w~ and w~j are weights which can be assigned 
to individual atoms and distances, while W1 and W2 are 
'global' weights which can be adjusted empirically to give 
an appropriate balance between adherence to the guide 
positions and idealized stereochemistry. The important 
feature of this method is that the constraints on interatomic 
distances can be used to enforce not only bond lengths but 
also bond angles, the planarity of groups of atoms, and in 
fact any desired stereochemistry. Although the procedure 
is not an energy minimization technique, it could also be 
used, for example, to constrain the distance between 
hydrogen-bonded atoms, or to separate pairs of atoms 
which had formed unacceptably close contacts during struc- 
ture refinement. Equation (1) is equivalent to a mechanical 
model in which each atom is attached to its experimental 
position by a spring and in addition each designated pair of 
atoms i and j are linked by springs, each of which has a 
'stiffness', proportional to w. 

The function defined by equation (1) is minimized with 
respect to the atomic coordinates using one of the many 
minimization procedures to be found in the literature on 
numerical analysis (e.g. Ralston, 1965). Since all the con- 
straints are expressed as distances between pairs of atoms, 
the function and all of its first derivatives are very simple to 
compute. 

Our implementation of the method described above differs 
from that ofDodson et al. (1976) in the following respects. 
(a) All constraints are based only on distances between 
real atoms, whereas Dodson et al. ihtroduce dummy atoms 
to enforce planar groups. The dummy atoms are not neces- 
sary provided a class of very rigid constraints is used for 
appropriate pairs of atoms within the planar groups. (b) 
Our program incorporates a variation of the conjugate 
gradient procedure due to Fletcher & Reeves (1964) which 
seems to be very efficient for this problem. 

The program has been used to optimize the coordinates of 
thermolysin (316 amino acids, 2437 non-hydrogen atoms, 
and 5716 constraints) estimated from a 2.3 /~ resolution 
isomorphous replacement map (Matthews, Weaver & 
Kester, 1974). The program took about 5 min on a PDP-10 
to reduce the r.m.s, deviation from constraints from 0.32 to 
0.01 /~.. For bond lengths, the maximum deviation from 
ideal geometry dropped from 0"81 to 0-02 ,X, while the 
deviation in the distance between pairs of non-bonded at- 
oms used to constrain bond angles decreased from a max- 
imum of 0.82 to 0"07/~. The r.m.s, atomic movement was 
0" 18 A. More significant is the fact that on application of the 
constraints the crystallographic R value decreased from 
0.402 to 0.392 suggesting that the constrained model was 
not only superior to the unconstrained one from a stereo- 

chemical point of view, but also that it agreed better with 
the X-ray data. 

For comparison, the idealization of the thermolysin co- 
ordinates using Diamond's (1966) model-building procedure 
required about 100 min on a comparable computer (IBM 
360/50). In this case the constrained model in which the 
angle at each alpha C atom was held constant, differed from 
the measured atomic coordinates by 0.38 /~, on average, 
and had an R value of 0.425. It is interesting to note that in 
the case of insulin Dodson et al. (1976) also obtained a de- 
crease in the R value on application of the proposed con- 
straint procedure and an increase in R for coordinates 
derived by Diamond's method. Also, in common with 
Dodson et al., we have found that satisfactory convergence 
can be obtained in cases where large adjustments of the 
model are required (e.g. up to 1/~). We have found it desir- 
able to list, in decreasing order of magnitude, the largest 
deviations of the model from 'ideal'. Such a listing shows 
clearly those residues which have the most significant errors 
in their coordinates. 

In summary, we have found the proposed method to 
work well for thermolysin. Not only is the method much 
cheaper to apply than existing techniques, but also it allows 
one to constrain a protein model in such a way that the 
model agrees as well as desired with a set of guide coordin- 
ates, and at the same time has the strain, introduced by the 
application of constraints, distributed throughout the mol- 
ecule in a physically reasonable manner. The method clearly 
improves molecular models at high R values (> 0-3) and can 
be expected to be applicable throughout the refinement of a 
protein structure. The assignment of correct weights to the 
constraints is obviously important and will need careful 
consideration. For example it is not obvious how one 
would choose between several structures, differently con- 
strained, with similar R values. Also it is not yet clear how 
'soft' the constraints should be at a given stage of refine- 
ment. 
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