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of the best presently available refined native enzymes of 
the subtilisin family and the free cysteine Cys72 
suggests, in fact, that it is a member of a subgroup of 
the subtilisin family (Jany, Lederer & Mayer, 1986; 
Betzel et al., 1986). It serves as a starting point for 
crystallographic studies with synthetic dipeptide 
inhibitors of the chloroketone type (Betzel et al., 1986; 
Betzel, Wilson, Bellemann, Pal, Bajorath & Saenger, 
1988) and work is in progress to solve the structure of 
the homologous enzyme mesentericopeptidase and 
thermitase by using molecular replacement, based on 
the molecular structure of proteinase K (Wilson, 1987, 
private communication). 
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Abstract 

Bovine lens 7IVa-crystallin crystallizes in space group 
C222, with cell dimensions a = 3 5 . 1 ,  b = 4 6 . 2 ,  c 
= 186.2 A, and contains one molecule in the asym- 
metric unit. The structure was determined at 3-0 A 

0108-7681/88/020172-07503.00 

resolution using cross-rotation functions and R-factor 
searches with the bovine lens protein ),II-crystallin as 
the model structure. The rotation function appears to be 
very sensitive to the resolution range and type of 
coefficient employed; the use of normalized struc- 
ture-factor amplitudes gave the best results. The 
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potential problem of a pseudo solution due to an 
internal pseudo-twofold axis was put to advantage by 
aligning this axis parallel to z. The results of the 
R-factor search were well defined. The molecular 
replacement solution was improved by rigid-body 
least-squares refinement, initially of the whole mole- 
cule, then for the two domains. The R factor at this 
stage was 39.4% at 2 .3 -10 .0A.  The ylVa structure 
has an even higher internal symmetry than 71I, since the 
two domains are related by a rotation around the 
pseudo-twofold axis of 178-7 ° as compared with 
176.2 ° for ylI. 

Introduction 

Eye lenses contain high concentrations of proteins in 
order to achieve the refractive index necessary for their 
function. Lens cells are packed with proteins of different 
sizes (Bloemendal, 1982; Harding & Crabbe, 1984). 
The major low-molecular-weight component of these 
water-soluble crystallins is 7-crystallin, a mixture of 
monomeric polypeptides of molecular weight ~20 000, 
synthesized in early development, and thus occurring 
predominantly in the central regions of the lens (Bj6rk, 
1964; Waley, 1969; Slingsby & Croft, 1973; Slingsby 
& Miller, 1983). 

The 7-crystallins, of which there are five or six, 
depending on the species, are highly homologous 
(Slingsby & Croft, 1978; Tomarev, Zinovieva, 
Chalovka, Krayev, Skryabin & Gause, 1984; Meakin, 
Breitman & Tsui, 1985; Den Dunnen, Moormann, 
Lubsen & Schoenmakers, 1986). They are expected to 
have similar structures because of this and the presence 
of critical conserved residues (Summers, Slingsby, 
Blundell, Den Dunnen, Moormann & Schoenmakers, 
1986). For bovine 711 and 7IVa this homology is 
approximately 82%. The structure of bovine yll has 
been determined to high resolution (Blundell et al., 
1981; Wistow et al., 1983; Summers et al., 1984), and 
consists of two similar globular domains each compri- 
sing two similar 'Greek key' motifs. The two domains 
pack together with a single connection and are related 
by a pseudo-twofold axis. 

The asymmetric unit of these crystallins therefore 
contains approximate non-crystallographic symmetry. 
We describe in this paper the solution analysis of ylVa 
by the method of molecular replacement using the 
structure of 711, with special attention to the use of this 
pseudo dyad in the rotation function. 

Experimental procedures 

Data collection 

Bovine lens 7IVa-crystallin crystallizes in space 
group C222~ with cell dimensions a = 35.1 (2), b 
= 46.2 (2) and c = 186.2 (2) A (Blundell, Lindley, 

Moss, Slingsby, Tickle & Turnell, 1978) with one 
molecule in the asymmetric unit. The common habit of 
ylVa crystals is as very thin flat plates perpendicular to 
the c axis (approximately 0.3 x 0.3 x 0.05 mm), which 
frequently grow on top of one another with a small 
misorientation (Slingsby & Miller, 1983). The crystals 
used for data collection were more rhomboidal (0.3 x 
0.3 x 0.15 mm). 

X-ray intensity data were collected photographically 
on an Arndt-Wonacott  oscillation camera (Arndt & 
Wonacott, 1977). The crystals were mounted so that c 
was parallel to the rotation axis. An initial 44 ° of data 
were collected from two crystals at the SERC 
Synchrotron Radiation Source, Daresbury, UK. A 
wavelength of 1.488A was used with crystal-to-film 
distances of 68 and 80mm. The synchrotron was operat- 
ing at 2 GeV with a beam current of 140 mA decreasing 
to 119mA. Another, partially overlapping 74 ° of data 
were collected from a third crystal using an Elliott GX6 
rotating anode operating at 35 kV and 40 mA. Ni- 
filtered Cu Ka radiation was used with a crystal-to-film 
distance of 80mm. A total of four equivalents (hkl, hkl, 
hkl, hkl) was measured at this setting excluding the cusp 
region, which could not be collected because of the 
crystal habit. In each case 4 ° oscillation steps were 
used, and three films (Ceaverken Reflex 25) were 
included in each filmpack to give a satisfactory 
dynamic range. 

The photographs were digitized on a Joyce-Loebl 
Scandig 3 microdensitometer under on-line control of a 
Data General Nova 3/12 computer. All scanning was 
performed using a 50~rn raster step and an optical 
density range of 0 .0-2 .0  units. The digitized data were 
processed with a program suite based on the Cam- 
bridge program MOSCO (Nyborg & Wonacott, 1977) 
as modified by A. J. Wonacott. The inter-filmpack 
scaling was performed using the scaling algorithm of 
Fox & Holmes (1966), where a refinable scale and 
temperature factor are assigned to each film. The scaled 
data were merged and a residual ~,hkl~nllhkl--]hkll/ 
~.hklZnIhkl of 10.4% was obtained for 6296 inde- 
pendent reflections to 2.3 A, constituting approxi- 
mately 90% of the data at this resolution. No 
absorption corrections were applied. 

Rotation function 

The 1.6 A resolution coordinates of the search 
molecule, bovine 7II-crystallin (Summers et al., 1984), 
were aligned with the pseudo-twofold axis of the 
molecule parallel to z. The rotated molecule was put 
into an orthogonal cell of P1 symmetry with dimension 
a - - b  = c = 60A,  and structure factors were calcu- 
lated to 2.1 A using the atomic temperature factors of 
7II with the FFTprogram (Ten Eyck, 1973). 

Cross-rotation searches were performed with the 
program ALMN,  based on Crowther's (1972) fast 
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rotation function as modified by E. Dodson. Initial 
maps were calculated using 5 ° steps in each of the 
Eulerian angles a, fl and 7 (30 Bessel functions). In the 
region of relevant peaks, the step size was then 
decreased to 2.5 ° in all angles (60 Bessel functions). 
The final solution was obtained using 0.5 ° steps in fl 
and interpolation. The maps were investigated with 
resolution ranges between 2.3 and 5.0 A and Patterson 
radii of 12.0-30.0 A. An origin cut-off of 3.0 or 6.0 A 
was applied. Usually an artificial temperature factor of 
20 A 2 was used. Maps were also calculated using 
normalized structure-factor amplitudes, using data 
between 2.3-10.0 and 2.3-20.0 A. 

R-factor search 

The rotational orientation found for 7IVa was 
applied to the model 711 coordinates. The molecule was 
put into an orthogonal cell of P1 symmetry with 
dimensions a = 35-1, b = 46-2 and c = 186-2 A, and 
structure factors were calculated to 3.0 A using the 
atomic temperature factors of 711, with the FFT 
program (Ten Eyck, 1973). Partial structure factors 
were calculated for each symmetry-related molecule in 
C222~ (Nixon & North, 1976). 

The R-factor searches were performed with the 
program SEARCH, written by E. Dodson, using the 
residual ~llFo I - I F ~ I I / ~  IF o I I based on the method of 
Nixon & North (1976). A map was calculated over one 
asymmetric unit with a resolution range of 5.0-10.0 A 
using a 2 A step size. The unit-cell packing of the 15 
peaks with the least residual was examined graphically 
with the program FITZ (Taylor, 1983) on an Evans & 
Sutherland Picture System II connected to a PDP 
11/60 host computer. The region of all peaks which 
showed acceptable packing was re-investigated using a 
grid of 0.5/~. 

Possible translation solutions were applied to the 
rotated coordinates, and the resulting coordinates 
subjected to ten cycles of a six parameter (three 
rotational, three translational) rigid-body refinement at 
7 .0 -10 .0A with the program CORELS (Sussman, 
Holbrook, Church & Kim, 1977) using an overall 
temperature factor of 20.0 A 2. A conventional R factor 
(see above) and a correlation coefficient 

nZIFolFc-r.IFolF_..F~ 

{[nY IFo 12 - (Z IFol)2][nYF~ 2 - (~.Fc) 21 },/2 

were calculated at 3.0-10.0 A for the 3075 reflections 
with intensities greater than three standard deviations. 

Initial refinement of  molecular replacement solution 

The molecular replacement solution was refined as 
one rigid body, initially at 5 .0 -10 .0A (633 reflec- 
tions), then at 3.0-10.0 A (3075 reflections) using the 
program CORELS with an overall temperature factor 

of 20 A 2. The two domains of 7IVa were then refined as 
two rigid bodies at 3.0-10.0 A (break between resi- 
dues 85 and 86). Finally two temperature factors per 
amino-acid residue, one for the main-chain, one for the 
side-chain atoms, were refined at 2.3-10.0 A (5959 
reflections). In all refinements only those reflections 
with intensities greater than three standard deviations 
were used. 

Results  

Determination of  the rotational parameters 

The orientation of  the search molecule. Because 
?-crystallins have a pseudo-twofold axis between the 
two domains, which for the 7II backbone is present to 
an r.m.s, residual of 0.85/~, with a screw component of 
0.2 A for 304 common main-chain atoms, there are 
expected to be two peaks in the rotation function map, 
one of which is a pseudo solution with the molecule 
rotated around the central pseudo dyad. This pseudo- 
twofold axis was therefore aligned parallel to z by 
rotating the orthonormal coordinates of 7II with the 
transformation 

( Xilr~ / 0 . 1 1 0 0  0.1966 - 0 - 9 7 4 3 ~ / x , , h  
Y , t , / = / - 0 " 8 7 8 4  0.4880 0 . 0 0 0 0 / | Y "  l "  
zt,r/ \ 0.4755 0.8504 0.2253/\z,,/ 

This alignment has two advantages. First, the solution 
and pseudo solution will be present in approximately 
the same/?-section with a difference in 7 of about 180 °, 
when using the fast rotation function of Crowther, 
where the first rotation is 7 about z. This relationship 
helps to distinguish them from the spurious peaks, 
facilitating the interpretation. Second, the distinction 
between true and pseudo solution will be easier, because 
the distortion of peak shape on one fl section is 
constant. 

These two peaks, referred to as A and B, are indeed 
found on fl sections near 90 ° with a difference of 

Section 36 Contour levels 30 40 50 55 60 64 66 68 69 70 

160 ~ o  0 O 
140~ o * % 0 

120~ 

100~ 

9 S 40 ~ ~ L~ As % 
2o ll~j.wll.~ 0 .% ~z o 

0 I I I  I I I i l l  I~  I 1 " 1 1 1 1  I I 1 1 1  I I I I I 
0 20 4.0 60 80 100120i140 160180200f220240260280~3004320340 

Fig. 1. Cross-rotation map of 7II against 7IVa: a and 7 in o, 
t =  87.5 °, resolution 3.0-4.0A, Patterson 6 .0-22.5  A, step 
size 2.5 °, F coefficients. Peaks A ~ and B ~ are tails from the 
symmetry equivalents of peaks A and B above fl = 90.0 °. 
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Table 1. Parameters used to calculate the rotation functions, and the resulting positions and signal-to-noise ratios 

For  all the calculations the Patterson origin cut-off  was 6-0 A. The  artificial temperature  factor was 20 A 2 when the coefficient was the structure-factor 
ampli tude F; none was used with normalized structure-factor  amplitudes E. The signal-to-noise ratio listed for each peak (S /N)  is the height of  this peak 
relative to that o f  the highest one in the map, excluding the pseudosymmetr ical ly  related one. 

Resolut ion Pat terson Coeffi- Peak A Peak B 
range (A) radius (A) cient a (o) fl (o) 7 (o) S / N  ct (o) /y (o) 7 (o) S /N  

5.0--4.0 15 -0 F Not resolved - -  Not resolved - -  
5.0-4.0 22.5 F 175.0 95.0 210.0 1.03 155.0 90.0 25-0 0.93 
4.0-3.0 15.0 F 147.5 90.0 210.0 0.96 152.5 87.5 25.0 0.74 
4.0-3.0 22.5 F 152.5 85.0 205-0 0.93 155.0 87.5 25.0 0.83 
3.0-2.3 15.0 F 155.0 90.0 210.0 0-67 150-0 85.0 25.0 0.91 
3.0-2.3 22.5 F 150.0 90.0 212.5 0-73 157.5 87.5 27.5 1.03 
4.5-3.5 15.0 F 152.5 87.5 210.0 1.10 160.0 90.0 27.5 1.11 
4.5-3.5 22.5 F 155.0 85.0 205.0 0.79 157.5 87.5 25.0 1.01 
5.0-3.0 15.0 F 155-0 90.0 205.0 0-85 160-0 90.0 22.5 1.00 
5-0-3.0 22.5 F 152.5 90.0 205.0 0.84 155-0 85.0 25.0 0-99 
4.0-2.3 15.0 F 147.5 92.5 210.0 1.08 152.5 87.5 25.0 0.92 
4-0-2.3 22.5 F 152.5 85.0 205.0 0.93 155.0 85.0 25.0 0.90 

10.0-2.3 22.5 E 147.5 90.0 212.5 1.00 157.5 87.5 25.0 1.41 
20-0-2.3 22-5 E 147-5 90-0 212-5 0-99 157.5 87-5 25-0 1.44 

Rat io  
B/.4 

0-93 
0.77 
0.88 

-36 
.36 
-01 
.28 
.18 
.18 

0.86 
0.88 
1.41 
1.45 

approximately 180 ° in 7 between them (Fig. 1). In this 
cross-rotation study the Patterson of a P1 cell is rotated 
over that of a C222 t, giving rise to a rotation function 
space group Pbc2~ (Moss, 1985). This causes the 
presence of tails of the symmetry-related peaks A s and 
B s on the same fl sections. 

The choice of the unit cell for the search molecule. 
The choice of the unit cell for the search molecule yII is 
difficult because of its prolate ellipsoidal shape [57.8 x 
27.2 x 25.8 A, as determined by the method of Taylor, 
Thornton & Turnell (1983)]. In order to keep the 
number of intermolecular vectors zero without taking 
the orientation into account, the dimensions of a P1 cell 
should be at least four times the largest semi-axis, i.e. 
115.5 A. However, this would constitute a virtually 
empty cubic cell. One need not search much further 
than the longest semi-axis, 28.9 A, and intermolecular 
vectors larger than this distance will be no problem in 
practice. A cell of dimensions three times this semi-axis, 
86.7 A, would therefore be more appropriate. How- 
ever, since the search radius for this aspherical molecule 
would preferably be the geometrical mean of the 
ellipsoidal semi-axes (Lifchitz, 1983), 17.1 A, a further 
cut in the cell dimensions should be possible, without 
introducing an unduly large number of intermolecular 
vectors. Dimensions of 60-0 A were chosen, which 
might lead to higher contrast in the rotation function 
because of the implementation limitations of the 
rotation function used (1500 strongest reflections only). 
On the other hand, noise would increase because of 
intermolecular vectors caused by the dimensions almost 
being equal to the largest molecular axis, the shortest 
ones of which can be removed again by using a larger 
origin cut-off in the Patterson synthesis. Finally, the 
smaller cell would keep computing costs down, which is 
an important consideration in view of the fact that 
many searches have to be done. It is worth noting that 
using the aligned yII model in this cell for cross-rotation 
of 7II against itself the correct solution was readily 
found (unpublished results). 

The effect of the resolution and radius in the rotation 
function. The heights of the A and B peaks were 
investigated at eleven different outer radii for a 
resolution range of 3.0-4.0 A. In all cases an origin 
cut-off of 6.0 A produced a higher peak than when the 
inner radius was 3.0 A (data not shown). At the same 
time a difference in position was not noticeable for 5 ° 
steps. Therefore, for all further studies an origin cut-off 
of 6.0 A was used. 

Assuming that peaks A and B represent the pseudo 
solution and true solution, it was found that the maps 
are very noisy. The dependence of the signal-to-noise 
ratio on the resolution range and Patterson radius used 
are listed for peaks A and B in Table 1. When using the 
measured structure-factor amplitudes F as coefficients, 
the noise level was virtually as high as peaks A and B 
for all resolution ranges and Patterson radii used. For 
peak sharpening an artificial temperature factor was 
used. However, the use of normalized structure-factor 
amplitudes, E, has been found to be advantageous in 
translation functions (Harada, Lifchitz, Berthou & 
Jolles, 1981; Tickle, 1985) to produce this effect. When 
using E coefficients in the rotation functions the 
signal-to-noise ratio was found to increase to 1.4 for 
peak B for data between 2.3 and 20.0 A, while giving 
no improvement for peak A. A higher resolution cut-off 
than 20.0 A was found to reduce the signal-to-noise 
ratio to approximately one again. Omission of data with E 
coefficients is therefore not advisable. Only with 
normalized structure-factor amplitudes did one peak, B, 
stand out from the noise. 

The relative height of peak B to A varied, dependent on 
the resolution shell used. For the highest resolution range 
of 2 .3 -3 .0A (F coefficients) and for E coefficients, 
peak B was much higher than A. When lower resolution 
data were added, the ratio B/A was less favourable, 
and sometimes completely reversed in value; a consistent 
trend did not appear. However, within a given resolu- 
tion shell an increase in the Patterson radius generally 
led to an increase in the ratio B/A. At low resolution 
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Table 2. Peaks in R-factor search maps and their statistics 

Peaks are indicated by their origin from the rotation function (A 1 or B), followed by the R-factor map number. Where peaks are not completely separated. 
this is indicated by a and b. The translation parameters are given in A. R factors at 5 .0-10 .0  A have been obtained in the R-factor search, while for the other 
resolution ranges residuals and correlation coefficients were determined with C O R E L S .  The r.m.s, shifts have been determined after 10 cycles of rigid-body 
refinement at 7 .0-10.0  A. 

Resolution range 

Translation 5 .0-10.0  A 7.0-10.0/~, 3 .0-10.0  A R.m.s. shift 

Peak T x (A) Ty (A) T~ (A) R(%) R(%) C(%) g(%) C(%) (A) 
Al - la  9.7 5.8 86.8 53.8 49.1 23.9 - -  - -  0.65 
Al- lb  9.2 7-7 87.2 54.5 52.4 21.9 - -  - -  0-75 

B-I 13.6 14.4 49.9 45.9 42.5 54.8 48.1 41.5 0.66 
B-2a 12-7 0.0 48.0 52.1 46.9 39.4 54.7 22.6 0.81 
B-2b 13.6 1.0 49.9 51.6 48.0 39.6 53.8 2 I-8 0.65 
B-3a 13.6 3.4 49.9 52.3 50-9 24.2 53.7 22.3 0-64 
B-3b 13.6 4.3 49.4 52.2 51.7 25. l 56. l 15.5 1.36 
B-4 14.0 ,7.2 49.4 52.5 48.1 41.0 53.6 25.4 0-62 
B-5 14.0 8.2 49.4 52.2 46.6 43.6 54.5 21.6 0-58 
B-6 14.5 11.0 49.4 51.8 48.0 38.9 53.9 22.7 0.76 
B-7 13.2 18.2 49.9 51.9 47.9 39.7 55.9 17.2 0.96 
B-8 13.6 20- i 49-4 52.5 45.3 41.2 55.9 16-9 I. 13 

(4.0-5.0 A), and using F coefficients, for a radius of 
15.0 ,/k, pairs of peaks B with the symmetry equivalent 
of A, A s, and A with B s coalesced (Fig. 1), and an 
unambiguous determination was not possible. 

From the specific pseudosymmetrical relationship of 
peaks A and B, and the fact that these peaks often 
dominate the maps, it is clear that the solution must be 
contained in them. There are several indications that 
peak B represents the true solution, and peak A the 
pseudo solution. First, peak B is the highest at 
2.3-3.0 ,/k with F coefficients, a resolution where the 
difference between the two orientations should be most 
apparent. This is corroborated by the fact that for E 
coefficients peak B is the highest overall. Second, peak 
B is very sharp (~4-6 ° in a, 7 at height !), while A is 2 
broader (~5-10°).  Third, and linked to the second 
argument, for peak B the maximum difference in the 
Eulerian angles as a function of the radius and 
resolution is small, of the order of 1-2 °. For peak A 
this is 3-5 o. Nevertheless, it was decided to take both 
peak A and peak B into the determination of the 
translation parameters. 

For the final solutions, the resolution range 3 .0-  
4.0 A was chosen, as found to be suitable in pilot 
cross-rotation studies of 7II against itself (unpublished 
results). The Patterson outer radii used were 14.0 and 
22.5 ,/k, and the positions were obtained by inter- 
polation. For peak B the difference in the angles at the 
two radii was negligibly small. We chose the sharper 
one at 22.5 A as a =  155.5, t =  86.8 and 7 =  24"5°. 
For peak A the differences were larger. For 14.0 A the 
values obtained were a = 148.0, t =  88.0, 7=  210.8 ° 
(peak A1), and for 22 .5A ~ =  153.5, f l=84 .8 ,  
7 = 205.5 o (peak A 2). 

Determination of  the translational parameters 

R-factor search. An initial R-factor map was 
calculated at 5 .0 -10 .0A for all rotation-function 

solutions, using a coarse 2.0 ./k grid to keep computing 
costs at a reasonable level. The resulting peaks were 
examined graphically for an acceptable packing, where 
no rotation axes go through molecules. The surviving 
peaks were then determined more precisely, using a 
0.5/~ grid. 

For peak A 1 from the rotation function, only one 
with an R factor of 55-2% showed reasonable packing. 
The redetermination with the finer grid showed it to be 
one peak with two different tops (Table 2), which 
disappeared completely in the background at 4 .0-  
10.0 ,/k. For peak A2, no peaks which led to acceptable 
packing and which had R factors above the back- 
ground were produced by the coarse map. 

Rotation function peak B showed five peaks in the 
coarse map with acceptable packing (B-1 to B-5), with 
R factors varying from 50.9 to 52.8%. All these peaks 
had similar x and z translations, differing in y by up to 
15 A. A fine grid around these five peaks produced 
three extra closely related peaks (B-6 to B-8), while 
peaks B-2 and B-3 appeared to each have two different 
tops (Table 2). The R factor for the highest peak in the 
coarse map, B-l, decreased from 50.9 to 45.9%, with 
the next one being B-2b at 51.6%. When the resolution 
was increased to 4.5-10.0,/k, all peaks except B-1 
started to disappear in the background. 

On the basis of these results it is clear that rotation 
function peak A does represent the pseudo solution, 
while peak B represents the correct orientation. The ten 
R-factor peaks for B fix the x and z translations at 13.6 
and 49.7 A respectively, making five out of six 
rigid-body parameters secure. The y direction produces 
considerable noise. However, peak B-1 is considered to 
be the correct solution of the R-factor search, because 
its R factor is much lower than the others, and it does 
not disappear in the background at higher resolution. 

Confirmation of  the R-factor search solution. It was 
necessary to confirm this result by extending the 
resolution. Especially in y the noise was influenced by 
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the presence of centric reflections. However, since the 
R-factor search is computationally very expensive, the 
R factors and correlation coefficients at high resolution 
were determined with CORELS. An initial ten-cycle 
six-parameter rigid-body refinement (three rotational 
and three translational components) at 7.0-10.0 A was 
used to correct for possible gross errors. From the R 
factors, peak B-1 was outstanding, with the correlation 
coefficient being an especially sensitive marker. The 
correlation coefficients were lower than 24% for the A 1 
peaks, and for the remaining B peaks less than 44%. 
The supposed solution B-1 had 54.8%. Peaks A 1 were 
not considered further. The low resolution ensured a 
large radius of convergence, with most r.m.s, shifts half 
a bond distance (Table 2). 

Extension of the resolution to 3.0-10.0 A produced 
an R factor of 48.1% for peak B-1 with the next peak 
being much higher at 53.6% (B-4). The correlation 
coefficient had a considerably better discriminatory 
power, increasing the signal-to-noise ratio for peak B 1 
with respect to the next highest one (B-4) to 1.63. Peak 
B-1 showed a good stereochemical packing in the unit 
cell, even when side chains were taken into account. 

Rigid-body refinement of the molecular replacement 
solution 

The final transformation to convert the orthonormal 
coordinates of 7II, with its pseudo-twofold axis aligned 
along z to flVa was 

XtV~ / ' -0-2182 -0.3563 -0-9085'~ ( x , , , . ~  f 1 3 . 6 0 \  
ytv]=[-0.3563 -0.8376 0.41411 Y . r /+ /14 .37 ] .  

i v /  \ - 0 . 9 0 8 5  0.4141 0.0558]  z . r /  \ 4 9 . 9 2 /  

For this cross-rotation solution the six rigid-body 
parameters were now refined at 5.0-10.0 A (Fig. 2). 
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Fig. 2. The progress of least-squares refinement of the molecular 
replacement solution for ylVa. R shows the R factor as a 
percentage. In the rigid-body refinement an overall temperature 
factor of 20.0/k ~ was used. Cycles 1-5 at 5.0-10.0/~ with one 
rigid body; cycles 6-10 at 3.0-10.0/~ with one rigid body; 
cycles 11-16 at 3.0-10.0/~, with two rigid bodies; cycles 17-22 
at 2.3-10.0/~ with two temperature factors per residue. 

Five cycles reduced the R factor from 45.9 to 45.3%. 
A further five cycles at 3.0-10.0 A gave a final R 
factor of 47.9% and correlation coefficient of 43.0%. 
The total r.m.s, shift with respect to the molecular 
replacement solution was 0.26 A, with changes in the 
angles less than 1 o and in translational parameters less 
than 0.1 A (note that the convention for the Eurlerian 
angles is different from that of the rotation function). 

Because of the presence of two domains in the 
7-crystallins, and the fact that a deletion is present in the 
connecting peptide of 7IVa, compared with 7II, the two 
domains were refined in six cycles as two independent 
rigid bodies without restraints. The refinement was 
completely stable, and the R factor fell to 45.9%, while 
the correlation coefficient increased to 48.4%. Inspec- 
tion of the coordinates showed that the domains had 
not moved into each other, indicating that they had 
refined in a correlated way. The total r.m.s, shift with 
respect to the molecular replacement solution was now 
0.88 A. 

Since the overall temperature factor had been held 
fixed at 20 .0A 2 up to this stage, the refinement 
proceeded at 2.3-10.0 A with two temperature factors 
per residue, one for the main chain and one for the side 
chain. The R factor fell to 39.4% and the correlation 
coefficient increased to 64.5% in six cycles. The 
differences between yII and flVa now became apparent 
in the size of the temperature factors, and were mainly 
at the expected positions, i.e. in most of the side chains 
where a replacement had taken place in the sequence, in 
the connecting peptide, where there is a deletion in flVa 
compared with 7II, and in the C-terminal tail, which 
protrudes out of the molecules in an apparently flexible 
manner. 

Discussion 

From the rotation-function results it has become clear 
that although the sequence homology of yIVa with yII is 
about 82%, the signal-to-noise ratio is low for most of 
the experiments described. The noise level may be 
explained by several random and systematic errors: 

(1) The bilobal structure of the crystallins neces- 
sitates a compromise between computing costs and the 
presence of intermolecular vectors in the choice of a 
unit cell for the search molecule. 

(2) A limitation for the rotation functions has been 
that the implementation only allowed the use of 1500 
reflections and 60 Bessel functions, and therefore a 
minimum step size of 2.5 ° in the Eulerian angles cz 
and 7. 

(3) The secondary structure of the y-crystallins is 
almost exclusively fl-sheet, which may require the use of 
high-resolution data in the rotation function, because 
the features of a sheet in a Patterson synthesis are less 
obvious at intermediate resolution than those of an 
a-helix. However, the use of high-resolution data shells 
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only appears to lead to an increase in the noise, possibly 
caused in part by the fast rotation function itself. Of  
course, at high resolution the two molecules would 
show their differences more readily. 

(4) Further there is a global difference between 71I 
and siVa. In ylI the angle for the pseudo-twofold axis is 
176.2 ° . The refinement of the two domains as rigid 
bodies shows ),IVa to have a more perfect pseudo- 
twofold axis with an angle of 178.7 ° , virtually no screw 
component and a residual of 0.67 A for main-chain 
atoms. This would cause the true solution and pseudo 
solution to be more difficult to distinguish. 

(5) The potential problem of the pseudo-twofold axis 
in the crystaUins, giving rise to a systematic pseudo 
solution, was put to advantage by aligning it parallel 
to z, leading to a pinpointing of the correct peak in a sea 
of noise, and at the same time giving an undistorted 
comparison of correct and incorrect orientations, by 
their presence on virtually the same fl-section. 

The noise level therefore causes the need for 
'sharpening' the structure-factor amplitudes. In a crude 
way this is done by using limited resolution shells and 
smearing by adding an overall temperature factor to the 
atomic temperature factors of the search molecule. The 
use of normalized structure-factor amplitudes appears 
to circumvent this problem and leads to a more even 
sampling of reciprocal space. This causes peak B to rise 
above the systematic and random noise in relatively few 
experiments. 

In contrast, the R-factor searches led to a clear result 
and confirmed the assignment of peak B. The result of 
the rotation function was used by Tickle (1985) to 
examine ways of finding the translation parameters 
using translation functions. The final test of a molecu- 
lar replacement solution is always the refinement to 
high resolution with all data. This procedure, which has 
currently led to an R factor of 16% at 2 .3 -5 .0  A, will 
be reported elsewhere. 
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