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Table 5. Comparison of results with 5 K data for the 
one-Gaussian and Howard's (1982) three-Gaussian 

peak-shape functions 

The errors in the lattice constants do not include the absolute error 
in the neutron wavelength. 

One-Gaussian Three-Gaussian 
R factor 0.057 0.053 
Scan zero 0.082 (4) 0.005 (15) 
Unit-cell parameters (/~,) 

a 7.1689 (3) 7.1725 (7) 
b 9-5631 (5) 9.5689 (12) 
c 4.6766 (3) 4.6791 (6) 

to the statistical limit for these data. The difference 
between the refined scan origins for the two peak- 
shape functions is very considerable, being about 6 
standard deviations, and the unit-cell volume changes 
systematically for the 5 and 57 K data by about 0.22% 
(see Table 5). This shows that the new function should 
be taken as a standard in powder refinements, 
especially as there is no noticeable slowing down of 
the program. Users of EDINP are invited to request 
an update description from the first author to incor- 
porate the new function. 

The error estimates for those parameters affected 
by the asymmetry function (for the 5 and 57 K data) 
increase when the better function is used. This 
appears to be quite a usual result in least-squares 
refinements when an improved function is used. 

Concluding remarks 
The structure of solid CF3C1 between 5 and 81 K is 
found to be orthorhombic Cmc2~. A phase transition 
below 5 K is most unlikely, leaving only 81 K to the 
melting point at 92 K as a possible range in which a 
plastic phase might exist. The mean thermal linear 
expansivities along x, y and z in the ranges 5-57 and 
57-81 K are 0.0011, 0.0006, 0.0006 and 0.0021, 
0.0007, 0.0011 K -~ respectively, showing no anomaly 
in the upper range. 

Structure solution has been achieved solely with 
the use of neutron powder diffraction data. The unit 
cell was solved by using diffraction peak positions 
estimated without correction for peak shift due to 
finite-size counter apertures, whereas the refinement 
has shown this shift to be significant. Future unit-cell 
analyses should certainly take this shift into account, 
and it is suggested that Howard's (1982) three- 
Gaussian function should be used throughout the 
profile refinement. 
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Abstract 
The structure of rat mast cell protease II, a serine 
protease from the mucosal mast cells of rat small 
intestine, has been determined by a combination of 
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single isomorphous replacement and molecular 
replacement. The crystals, space group P3~, have two 
molecules per asymmetric unit, related by a local 
twofold axis of symmetry approximately parallel to 
a, resulting in pseudo space-group symmetry P3~21. 
The crystals are invariably twinned in such a way that 
the hkl and khf reflections superimpose. Methods 
used to 'detwin' the data are described. An initial 
electron density map phased on a single heavy-atom 
derivative could not be interpreted, but provided the 
basis for the eventual determination of the structure. 
An automatic procedure was used to determine the 
approximate molecular boundaries. A search within 
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this region for electron density corresponding to an 
a-chymotrypsin-like molecule clearly revealed the 
location of the molecule. Then a series of cycles of 
refinement yielded the three-dimensional structure. 
The R value is 24.0% for data to a resolution of 
1.9/~. As expected from its amino acid sequence 
homology, the structure of the mast cell protease 
resembles that of a-chymotrypsin, although there are 
surface loops where the two molecules differ substan- 
tially. Initial attempts to locate the molecule by rota- 
tion-function techniques, using a-chymotrypsin as a 
probe, were unsuccessful. It is shown that this failure 
was due to a combination of two factors, namely the 
inadequacy of the search model together with the 
relatively high symmetry of the crystals. 

Introduction 

Rat mast cell protease II (RMCP II) is a serine pro- 
tease originating from the mucosal mast cells of rat 
small intestine (Woodbury, Gruzenski & Lagunoff, 
1978). Originally thought to hydrolyze preferentially 
the apo form of certain pyridoxal-phosphate- 
requiring proteins (Katanuma et al., 1975), substrate 
specificity studies have shown that this is most likely 
not the case and its function in v ivo is, at present, 
uncertain (Yoshida, Everitt, Neurath, Woodbury & 
Powers, 1980). The protein consists of a single poly- 
peptide chain of 224 amino acid residues with 
molecular mass 24 665 daltons. There are three di- 
sulfide linkages and the amino acid sequence is known 
(Woodbury, Katanuma, Kobayashi, Titani & 
Neurath, 1978). RMCP II has approximately 33% 
sequence identity with a-chymotrypsin, trypsin, and 
elastase (Woodbury, Katanuma et al., 1978) and is 
therefore expected to have structural similarities with 
these enzymes. 

We describe the structure determination of 
RMCP II, which involved several unusual aspects. 
The observed data had to be analyzed and corrected 
for twinning, a phenomenon which occurred to a 
greater or lesser degree in all crystals of the protein. 
The actual solution of the structure involved a combi- 
nation of the methods of single isomorphous replace- 
ment and molecular replacement. We describe the 
method used to locate the molecular boundary and 
to determine the position and orientation of the 
molecules in the unit cell. 

Crystallization 

The protein was crystallized from 23% saturated 
ammonium sulfate, in a range of pH from 7.0 to 8.0, 
as described by Anderson, Matthews & Woodbury 
(1978). The space group is P31 with cell dimensions 
a = b =78.2 A, c=96.8  A, but the distribution of 
intensities is pseudo P3~21 (i.e. the true Laue sym- 

metry is 3 but the observed symmetry is pseudo 3m). 
There are two molecules per asymmetric unit and it 
was therefore inferred that there must be an axis of 
local twofold symmetry close to the x axis, i.e. close 

• to the crystallographic twofold axis in the higher- 
symmetry space group. The crystals were mero- 
hedrally twinned about the same axis. The approxi- 
mate coincidence of an axis of twinning with a local 
twofold axis is not without precedence, occurring, 
for example, in a-chymotrypsin (Blow, Rossmann & 
Jeffrey, 1964). By symmetry, RMCP II has additional 
local twofold axes close to the y axis and to the 
bisector of x and y. Crystallization in the presence 
of various solvents using different buffers and pH 
values did not eliminate the twinning. Also, individual 
crystals could not be mechanically separated into 
untwinned domains. 

Data collection 

A preliminary set of three-dimensional data was 
measured by precession photography (Matthews, 
Klopfenstein & Colman, 1972). Rotation-function 
calculations (Rossmann & Blow, 1962; Crowther & 
Blow, 1967), based on this data set, confirmed the 
presence of a local twofold symmetry axis approxi- 
mately parallel to a, but did not reveal the orientation 
of an a-chymotrypsin-like molecule in the unit cell. 
It was therefore necessary to resort to isomorphous 
replacement. 

A preliminary search for heavy-atom derivatives 
was made using projection data collected by pre- 
cession photography. The most promising candidate 
was obtained with sodium mersalyl. The derivative 
was prepared by soaking a crystal for 2 d in 5 m M  
sodium mersalyl followed by a 4 h period in 0.5 m M  
sodium mersalyl prior to mounting. 

Three-dimensional data were collected for native 
crystals and for the sodium mersalyl derivative to 
1.9 A using oscillation photography and camera 
geometry described by Schmid et al. (1981). An 
oscillation angle of 1.5 ° per film pack was used for 
the native crystals, while 2 ° per film pack was used 
for the derivative. The crystals were rotated about the 
x axis through a total range of 90 °. The X-ray source 
was a graphite-monochromatized Elliot GX-21 rotat- 
ing-anode generator operated at 39 kV, 130 mA, and 
the exposure per film pack was 3 h for the native data 
and 4.5 h for the derivative. Typical crystal size was 
1.0 ×0.6 ×0.5 mm, substantially larger than the cross 
section of the X-ray beam (0.35 x0.45 mm). Films 
were evaluated using the methods of Rossmann 
(1979) and Schmid et al. (1981). Because of the twin- 
ning of the crystals there was often a substantial 
variation in the optical density profile from one reflec- 
tion to the next (Fig. 1). This variation made profile 
fitting impossible and intensities were therefore 
measured by summing of density values within a 
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suitable size box, with appropriate background sub- 
traction.* 

C o r r e c t i o n  f o r  t w i n n i n g  

The data were 'detwinned'  using programs of Fisher 
& Sweet (1980) based on the principles of Bfitton 
(1972). The twinning causes a superposition of  the 
reflections hkl and k, - h  - k, I which is in turn related 
to k h l b y  the P31 symmetry equivalence and Friedel's 
law. If the (desired) intensities from an untwinned 
crystal are I(hkl)  and I (kh l ) ,  and x is the volume 
fraction of a crystal that is twinned, then the resultant 
(observed) intensities are: 

J( hkl) = ( 1 - x) I ( hkl) + xI(  khl)  
(1) 

J ( k h l ) = ( l  - x ) I ( k h l ) +  xl (khl) ,  

from which 

(1 - x ) J  ( hkl) - xJ ( hk[)  
I (hk l )=  (2) 

( l - 2 x )  

The data-collection strategy was chosen to ensure 
that twin-related reflections would occur in pairs on 
the same film (Fig. 1). It was therefore possible to 
estimate a twinning fraction for each film pack separ- 

I 
ately. Plots were made of  the number of  reflections 
calculated to have negative intensities as a function ,, 
of the twinning fraction (Fig. 2). In the absence of • • 
experimental error, the desired twinning fraction is " 
the largest value that predicts no negative intensities. • 
This would result in a plot in which the twinning • 
fraction is given by the intercept of the line and the d 
twin fraction axis (c f  Fig. 2a). Errors in intensity • 
measurements result in some calculated negative . 
intensity measurements,  even with the correct twin- G 
ning fractions. The effects of errors become more • 
serious as the twinning fraction increases (Fisher & " 
Sweet, 1980). Examples of well determined and , 
poorly determined twin fractions are shown in Figs. " 
2(a)  and 2(b). In practice we chose as a first estimate o 
for the twinning fraction the value at which the curve 
changed from monotonically decreasing to essentially 
horizontal (Fig. 2b). In general, the procedure works 
well for the low twin fractions (less than about 15%) 
and becomes less reliable for intermediate values. The ' ~" 
equations for recovering the 'untwinned'  reflection 

* Atomic coordinates and structure factors have been deposited 
with the Protein Data Bank, Brookhaven National Laboratory 
(Reference: 3RP2, R3RP2SF), and are available in machine-read- 
able form from the Protein Data Bank at Brookhaven or one of 
the affiliated centers at Cambridge, Melbourne or Osaka. The data 
have also been deposited with the British Library Lending Division 
as Supplementary Publication No. SUP 37012 (2 microfiche). Free 
copies may be obtained through The Executive Secretary, Inter- 
national Union of Crystallography, 5 Abbey Square, Chester 
CHI 2HU, England. 

intensities become indeterminate as the twin fraction 
approaches 50% [equation (2)]. For this reason, the 
many crystals that had estimates of twinning of 33% 
or greater had to be discarded. 

Estimates of the twinning fraction determined from 
successive exposures of the same crystal were com- 
pared for internal consistency. Where these estimates 
agreed, the initial twinning fraction was redetermined 
using all the data collected from the crystal. For one 
native and one derivative crystal, the different crystal 
alignment from one exposure to the next was associ- 
ated with an obvious change in the estimated twin 
fraction. This change occurred because the X-ray 
beam did not bathe the whole crystal. Indeed, we 
tried to select a part of the crystal for which the twin 
fraction was low. In these two cases the data were 
separated into consistent subsets. 

One needs to distinguish a 5% twin from a 95% 
twin. This is equivalent to interchanging the left and 
fight halves of a given film (see Fig. 1). There is also, 
in this space group, the need to distinguish the 
absolute sense of the crystallographic z axis. These 
problems of  consistent indexing were resolved during 
the merging of the data. 
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Fig. 1. Section of an oscillation photograph (x axis horizontal). 
Twin-related reflections occur in symmetrical positions on the 
left and right halves of the film. Two pairs of twin-related 
reflections in which the consequences of the twinning can easily 
be seen are indicated by arrowheads. In this case the amount 
of twinning is low, about 5%. The film cassette is cylindrical 
with radius 80 mm. The reflections measure about 0.7 x 0.7 mm, 
and the spacing between the non-centered vertical rows is 
3.1 mm. The film was momentarily exposed to the direct beam 
(bottom center). It is the rectangular profile of the direct beam, 
and not the shape of the crystal, that defines the reflection 
profiles. Reflections at the top of the figure have Bragg spacings 
of 3-0 A. 
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Table 1. Merging statistics for crystals with and without correction for twinning 

Rmerg e = 100 ~ I I - i~[/~ I where the intensities are averaged over different films. Crystals numbered (4a) ,  
(4b), etc. are exposures of different regions of the same crystal. 

Crystal Number of Initial twin Final twin 
number film packs fraction fraction 

Native data 
(1) 14 5% 5% 
(2) 25 3 3 
(3) 14 5 4.5 
(4a) 8 16 17 
(4b) 3 23 21 

Derivative data 
( la )  10 5 5 
(Ib) 6 9 9 
(lc) 4 15 14 
( ld)  4 22 21 
(2) 25 24 24 

Rmerge without Rmerg e after 
detwinning detwinning 

11.2 7-7 
16"5 9"0 
22-9 I 1"7 
16"1 8-4 
15"6 8-1 

M 

m 

m 

m 

10.4 
9.4 

10"3 
11-7 
II-I  

Table 2. Overall reflection statistics 

Total number Number of 
Total number of reflections independent 

Crystal of films measured reflections 
Native 64 79 878 31 427 
Derivative 49 58 502 24 230 

Completeness 
of data to 

Rmerg e 1.9 A 

9-2 60.2% 
10.5 46.4 
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(b) 
Fig. 2. Plots used to determine the approximate fraction of twin- 

ning, after Britton (1972) (see text). ( a )  Crystal with estimated 
twinning of about 4%.  (b)  Crystal with estimated twinning of 
about 24%.  

The initial twinning fractions were refined by 
optimizing the agreement between the data sets from 
different crystals. The detwinned data from the crystal 
with the lowest estimated twinning fraction were used 
as a reference data set. The remaining data were 
detwinned and merged, crystal by crystal, with the 
reference set. Inspection of the merging statistics as 
a function of small adjustments in the twinning frac- 
tion for each crystal allowed refinement of the twin 
fractions. The resultant changes in the twin fractions 
were small (Table 1). A comparison of the data- 
merging statistics determined with, and without, twin- 
ning correction (Table 1) shows that the application 
of the detwinning procedure is clearly worthwhile. 
The overall statistics for all data used in the structure 
determination are shown in Table 2. 

Electron density map 

A difference Patterson map calculated with the three- 
dimensional data to 3.5 A resolution clearly indicated 
two major heavy-atom sites. Heavy-atom refinement, 
coupled with the usual difference Fourier techniques, 
led to the location of four more heavy-atom sites. The 
heavy-atom sites could be grouped in pairs, with the 
members of each pair having similar occupancy, con- 
sistent with the presumed non-crystallographic sym- 
metry axis (Tables 3 and 4). 

Using the single isomorphous replacement (SIR) 
data we calculated an electron density map at 3.5 ,~ 
resolution. The map confirmed the local non-crys- 
tallographic symmetry, but could not be interpreted 
in detail. Using the transformation that related one 
set of heavy-atom sites to the other, the SIR electron 
density map was averaged about the local symmetry 
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Table 3. Heavy-atom parameters 

Heavy- 
atom Temperature 
site x y z Occupancy factor (A2) 

(1) 0-7839 0-7230 0-0205 87.8 20-0 
(2) 0.7095 0.7968 -0.0206 78.3 31.2 
(3) 0.6514 0 .5118 0.0256 27-1 38-4 
(4) 0-4967 0.6466 -0.0395 34.7 46.0 
(5) 0.1857 0 .5154 0-0867 14.4 43-1 
(6) 0 . 5 3 4 4  0.1979 -0.1015 17.2 45.8 

Table 4. Heavy-atom refinement statistics [the quan- 
tities have their usual meanings (e.g. see Matthews, 

1977)] 

Resolution (A) 
Number of centrosymmetric data 
Number of non-centrosymmetric data 
Mean figure of merit 
Mean isomorphous difference (FpH- Fp) 
r.m.s, lack of isomorphism (E) 
'Phasing power' (r.m.s. FH)/E 

6"0-3"5 
0 

7477 
0-31 

74.8 
64"5 

1"17 

element. This map appeared to be an improvement 
over the unaveraged map, but was still of poor quality, 
with little indication of the course of the polypeptide 
backbone. 

Location of the molecule in the SIR map 

At this point, we attempted to locate the expected 
serine-protease-like structure within the electron 
density map. Because of the poor quality of the map 
it was necessary to devise an automatic search pro- 
cedure. Our approach was in two parts, first to locate 
the molecular boundary, and then to search for an 
a-chymotrypsin-like molecule within this region. 

The location of the molecular boundary was based 
on the expectation that the electron density within 
the molecular boundary has greater excursions, both 
positive and negative, if the F(000) term is omitted, 
than the density corresponding to solvent, which is 
relatively featureless. A program was written to calcu- 
late a smoothed 'modulus'  electron density in which 
each density value was the sum of the absolute values 
of all density points in a box of n xn  xn  density 
values centered on the point in question. Fig. 3 shows 
a section of the resulting map, with n = 17, which 
indicates the molecular boundary quite clearly. A very 
similar result would be obtained by calculating the 
root-mean-square density within the parallelepiped. 
Recently B. C. Wang (personal communication) has 
independently developed a similar method of deter- 
mining the molecular boundary. Wang evaluates a 
weighted average of the electron density above a 
threshold value. The main difference between Wang's 
method and the one we have used is that we make 
use of both negative and positive density values. We 
believe that this may be important in cases where the 
solvent density is very high. It is possible, for example 
for crystals grown from concentrated phosphate solu- 
tions, that the electron density of the solvent may 
exceed the average electron density within the protein 
boundary. In such cases the function that Wang uses 
would tend to give higher values in the solvent region 
than within the protein, thus interchanging the 
apparent locations of protein and solvent. The essen- 
tial difference between the protein and solvent is not 
that the protein density is higher than that of the  
solvent, but that the solvent density should be 
uniform, whereas the density within the protein 

boundary fluctuates from high to low values. The 
procedure that we adopted is based on this dis- 
tinction. 

The next step was to determine the orientation and 
position of the molecule within the molecular bound- 
ary. As a search motif we used that part of the known 
a-chymotrypsin backbone (Matthews, Sigler, 
Henderson & Blow, 1967) that was believed to be 
structurally conserved in RMCP II (Greer, 1981). 
This corresponds to 58% of the c~-chymotrypsin struc- 
ture. The function calculated, for all possible rota- 
tions and translations, was the sum of the electron 

- 0 . 5  Y "- 0 . 5  
OlC,.~k~ o . ~ ~ '~ U",~>'.--~/ ol 

IP_ '.L y 

.9/" . " - /  

(o) 

- 0 . 5  Y . 0 .5  

O~ / -  - -  - - 

(b) 
Fig. 3. (a) Section z = 0.23 of'the single isomorphous replacement 

electron density map, resolution 3-5 ,~. (b) Section z =0.22 of 
the smoothed modulus density function (see text) intended to 
show the molecular boundary. Contours are drawn at increments 
of or, beginning at 2o', where o. is the r.m.s, value throughout 
the unit cell. The broken line indicates the region within which 
the initial search was made for correspondence with c~- 
chymotrypsin. The cross indicates the location subsequently 
determined for the center of the molecule (see Fig. 4). 
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density at the a-carbon positions. The most efficient 
mode of carrying out this six-dimensional search is 
first to rotate the test motif to a given orientation and 
then translate the motif through the volume of inter- 
est. Because we had not determined the absolute 
configuration of the electron density distribution it 
was necessary to carry out the search in each of the 
enantiomorphic maps. Coordinates for a- 
chymotrypsin (Birktoft & Blow, 1972) were obtained 
from the Protein Data Bank (Bernstein et al., 1977). 
Fig. 4 depicts the section of the six-parameter search 
that contained the major peak. The peak height is 
11.2o- and was close to the expected molecular center. 
The actual calculation was not as lengthy as we had 
anticipated, and, as a check, we subsequently carded 
out a coarse search through the full asymmetric unit 
(coordinate increments of 2.0/~ and angular incre- 
ments of 15°). In space group P3~, this coarse search 
required 68.0 h c.p.u, time on a VAX 11/780 com- 
puter, and revealed two major peaks, one the expected 
peak and the other corresponding to the twofold- 
related monomer. The two major peaks were of height 
10tr and all other peaks were 5o. or less. In the 
enantiomorphic space group, P32, no peak was above 
5o-. Thus, although the SIR map was of poor quality, 
it was sufficient to reveal the correct enantiomorph 
and the orientation and position of the probe 
molecule in a convincing manner. 

Refinement 

Having determined an initial orientation, the model 
was expanded to include 72% of the a-chymotrypsin 
structure. The additional residues correspond to loop 
regions of RMCP II that have similar length and/or 
residue character as a-chymotrypsin and were there- 
fore expected to have a similar conformation in both 
a-chymotrypsin and RMCPII  (Greer, 1981). The 

o.o 

. ,  C) 

J ~ ~V / 

Fig. 4. Por t ion  o f  the s ix-dimensional  search funct ion (section 
z = 0.22) matching  58% of  the backbone  o f  a - chymot ryps in  with 
the averaged SIR electron densi ty map  o f  R M C P  II. C on t ou r  
levels are d rawn at increments  o f  1. l tr where tr is the r.m.s. 
value th roughou t  the search volume.  

Table 5. Summary of  structure determination and 
refinement 

N u m b e r  o f  Resolut ion 
Type  o f  ref inement  cycles limits (A) Residual  

Initial configuration - -  6.0-3-5 50-9% 
CORELS 4 5.5-4.5 47.2 
EREF 16 5.5-3-0 36.4 
Model building I 5-0-3-0 40.4 
EREF 14 5"0-2"5 32"5 
Model building 1 5.0-2.5 36.7 
EREF 12 5-0-2-0 28.5 
Model building I 5.0-2.0 31.5 
EREF 7 5.0-1.9 24-0 

RMCP II dimer was generated by use of the local 
symmetry. Structure factors calculated for this model 
had an R factor of 50.9% for data from 6.0 to 3.5 
resolution. Rigid-body refinement of the two 
monomers with CORELS  (Sussman, Holbrook, 
Church & Kim, 1977) reduced the R factor to 47.2% 
(data from 5.5 to 4.5 ~)  and resulted in a net move- 
ment of the model of about 1/~. The model was then 
subjected to the Jack & Levitt (1978) refinement pro- 
cedure (EREF) resulting, after 16 cycles, in a residual 
of 35.5% to 3.5/~ resolution. 

A (2Fo-  Fc) electron density map was calculated 
by combining the SIR and calculated phases (Hen- 
drickson & Lattman, 1978), then averaged about the 
local symmetry axis. This map and current model 
were transferred to an MMSX graphics system for 
model building (Molnar, Barry & Rosenberger, 1976). 
The amino acid sequence of the model was changed 
to that of RMCP II and several obvious discrepancies 
between map and model were corrected, using 
FRODO (Jones, 1978). Few new residues were added 
at this point, as the map quality was still poor in the 
loop regions where the conformation of RMCPII  
and a-chymotrypsin differ. A second series of refine- 
ment cycles, working to higher resolution, resulted in 
an R factor of 32.8% (5-2.5/~). A second model- 
building cycle was initiated, again using an averaged 
2Fo - Fc map, calculated with combined phases. This 
map was substantially better than previous maps and 
allowed all the remaining residues of the RMCP II 
molecule to be placed. After crystallographic refine- 
ment this model had a residual of 28.5% to 2 A  
resolution, confirming the overall correctness of the 
structure determination. Table 4 summarizes the 
course of the refinement, including additional cycles 
of model building that have been completed to this 
point. The present coordinates have been deposited 
in the Brookhaven Data Bank (Bernstein et al., 1977). 
The model building included in Table 5 is for electron 
density maps averaged about the local symmetry axis. 
To complete the refinement, and to define possible 
structural differences between the two molecules in 
the asymmetric unit, it will be necessary to check the 
model against the unaveraged electron density. This 
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is currently in progress and will be reported else- 
where. 

Results 

This paper deals with the methods used to determine 
the structure of RMCP II. A detailed description of 
the molecule and its relation to the other known serine 
proteases will be deferred pending the completion of 
the refinement. 

As expected from the amino acid sequence 
homology, the overall folding of RMCP II is similar 
to that of the mammalian pancreatic serine proteases. 
Fig. 5 is a superposition of the backbone of RMCP II 
on that of a-chymotrypsin. At the center of the 
molecule, the two backbones correspond closely, but 
in some surface loops there are substantial differen- 
ces. In particular, the loop in a-chymotrypsin that 
includes His 40 is three residues longer in RMCP II 
and has moved by about l0 ~ .  If the backbones of 
a-chymotrypsin and RMCP II are superimposed by 
the method of Rossmann & Argos (1976), 206 a- 
carbons are found to be stereochemically 'equivalent', 
with an r.m.s, positional discrepancy of 2.0 ~ .  If the 
criterion for 'equivalence' is made more rigorous, 
then 152 a-carbons are found to superimpose within 
0.76 A. The parts of the two molecules that agree best 
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are those that tend to be structurally conserved in 
other serine proteases (James, Delbaere & Brayer, 
1978; Greer, 1981 ). In general, the comparison of the 
structure of RMCP II with a-chymotrypsin supports 
the sequence alignment of the two molecules pro- 
posed by Woodbury, Katanuma et al. (1978) except 
that residues Thr 52-His 58 of RMCP II should be 
aligned with Va165-Phe71 of a-chymotrypsin [c f  
Table IV ofWoodbury, Katanuma et aL (1978),  noting 
that RMCP II was referred to at that time as GSP]. 
A detailed comparison of the structure and sequence 
of RMCP II together with implications of the active- 
site geometry for substrate specificity will be given in 
a subsequent report. 

From a crystallographic viewpoint, one feature of 
the structure determination that was disconcerting 
was the failure of the rotation function ,to locate 
successfully an a-chymotrypsin-like molecule in the 
asymmetric unit. Subsequent to solving the structure 
of RMCP II we repeated these calculations using the 
methods of Rossmann & Blow (1962), Crowther & 
Blow (1967) and Huber (1969). Each of these methods 
yielded approximately the same result. 

The cause of the failure is therefore not due to the 
particular algorithm used, but might be due either to 
the inadequacy of a-chymotrypsin as a search model 
for RMCP II or to the presence of intramolecular 
vectors in the Patterson function, or to some combina- 
tion of these. In order to distinguish between these 
possibilities we performed a series of test calculations. 

First, instead of using a-chymotrypsin as the search 
molecule, we used one monomer of the refined 
RMCP II structure itself (i.e. one half of the asym- 
metric unit). The rotation function (Fig. 6a) yielded 
a large maximum at the expected position (0, 0, 0) 
and also at the position (0, 180, 0) generated by the 
local twofold axis. We then used a molecule of 
chymotrypsin in the same orientation as RMCP II 
(defined by the transformation superimposing 152 
a-carbons to 0.76 A) as a search motif, and repeated 
the rotation-function calculation (Fig. 6b). There are 
large peaks far from the 'expected' rotations of 
(0, 0, 0) and (0, 180, 0) but no significant features at 
the 'correct' locations. The calculation was repeated 
after removing those residues of chymotrypsin that 
are not structurally equivalent to residues of 
RMCP II, but this did not significantly affect the 
results. (Fig. 6b is essentially equivalent to our initial 
rotation-function calculation but transformed into a 
convenient angular system so that the relation 
between the calculation and the 'expected' result is 
obvious.) At face value, these tests suggest that the 
initial rotation-function search failed because a- 
chymotrypsin is not a sufficiently good approximation 
to RMCP II, but a subsequent test showed that this 
is not necessarily so. In this test we placed an 
RMCP II dimer in a P1 unit cell with dimensions 
78 x78 x96/~,  i.e. the same dimensions as the native 
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R M C P  II crystals, but  with one dimer ra ther  than 
three per  unit  cell, and calculated the rotat ion func- 
tion using the full chymotryps in  model  as the search 
mot i f  (again,  about  one hal f  of  the asymmetr ic  unit). 
Section 03--0 is presented in Fig. 7. There is a large 
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Fig. 6. Tests of rotation-function calculations made with the ob- 
served structure amplitudes for RMCP II. Data from 6 to 3.5 ik 
resolution were included and contours are drawn at increments 
of one standard deviation above the mean values. The section 
shown is 03 = 0. (a) Search motif a single molecule of RMCP II 
(half of the asymmetric unit). 'Expected' peaks are at (0, 0, 0) 
due to the superposition of the RMCP II monomer on its own 
image, and at (0, 180, 0) due to superposition on the monomer 
related by non-crystallographic twofold symmetry. (b) The same 
calculation as in (a) but with search motif a molecule of a- 
chymotrypsin pre-aligned to correspond to RMCP II. The same 
peaks are 'expected' as for (a). 
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Fig. 7. Rotation-function calculation made with structure factors 
calculated for a hypothetical structure having the same unit cell 
as RMCP II but only one dimer (instead of three) per unit cell. 
The search molecule is a-chymotrypsin. Data from 6 to 3.5 ,A, 
included. Contours plotted at increments of one standard devi- 
ation above the average value. Section 03--0. 'Expected' peaks 
are at (0, 0, 0) and (0, 180, 0). 

peak at the expected posit ion plus one generated by 
the local twofold axis, showing that in this spa- 
cious, low-symmetry,  packing ar rangement ,  a-  
chymotryps in  can serve as a good probe for the 
R M C P  II structure.  In a final test we retained the full 
symmetry  by placing a dimer  of  R M C P  II in a P3~ 
unit cell, but  increased the cell dimensions to 110 × 
l l0 × 130 ~ .  This corresponds  to a 2.7-fold increase 
in the unit-cell volume. In this case a rota t ion-funct ion 
calculat ion using a full chymotrypsin  molecule as 
probe did not have significant peaks at the ' expected '  
positions and had  ' spur ious '  peaks elsewhere (data  
not shown).  Thus,  the 'success '  of  the rotat ion-func-  
tion calculat ion shown in Fig. 7 is to be at t r ibuted to 
the reduct ion in symmetry  rather  than the increase 
in the volume of  the unit cell. In other  words it appears  
to be the superposi t ion of  the in t ramolecular  vectors 
from a large number  of  the symmetry-re la ted  
molecules ra ther  than the intermolecular  vectors 
between these molecules that  prevents the successful 
appl icat ion of  the rotat ion function in this instance. 

The conclusions we draw from these exper iments  
are as follows. ( 1 ) An accurate  structural model  seems 
to be required for a successful rota t ion-funct ion 
search in a h igh-symmetry  space group. (2) A less 
accurate  structural  model  may  be adequate  in a lower- 
symmetry  space group. 

Apparen t ly  our failure in locating chymotryps in  in 
the R M C P  II cell was due to the combinat ion of  the 
inadequacy  of  the search model together  with the 
relatively high symmetry  (pseudo P3~21) of  the 
R M C P  II crystals. 
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Abstract 

The restrained least-squares refinement procedure of 
Konnert & Hendrickson [Acta Cryst. (1980), A36, 
344-350] has been applied to 2.8 A resolution, native, 
southern beala mosaic virus diffraction data. The 
initial model, based on a multiple-isomorphous- 
replacement map which had been improved by three 
cycles of real-space molecular-replacement averag- 
ing, gave an overall R factor of 40.7%. The R factor 
decreased to 25.5% after 65 refinement cycles inter- 
spersed with model checks on a computer graphics 
system using the F R O D O  program [Jones (1978). J. 
Appl. Cryst. 11, 268-272]. The refinement was made 
possible by the vectorization of the program code, 
the use of non-crystallographic symmetry as a con- 
straint and the selection of partial data sets. The latter 
was possible as a consequence of the non-crystallo- 
graphic symmetry. A total of 34 water molecules per 
icosahedral asymmetric unit were identified. A region 
of relatively low, but continuous, electron density can 
be seen near a series of basic residues on th'e internal 
viral surface. This might be a small portion of RNA 
with partial icosahedral symmetry. 

* Present address: Departamento de Ffsica, Facultad de Ciencias 
Exactas, U.N. de La Plata, C. C. No. 67, 1900 La Plata, Argentina. 

I. Introduction 

( A ) The virus 

Southern bean mosaic virus (SBMV) is a small 
icosahedral plant virus of diameter varying from 
328~  at the fivefold axes to about 285 A, at the 
'quasi'-threefold axes. The triangulation number of 
the capsid is T-- 3, according to the nomenclature of 
Caspar & Klug (1962). There is only one type of coat 
protein (molecular weight 28 200), consisting of 260 
amino acids. The amino acid sequence was deter- 
mined by Hermodson, Abad-Zapatero, Abdel- 
Meguid, Pundak, Rossmann & Tremaine (1982). The 
encapsidated RNA has an approximate molecular 
mass of 1.4 x 106 daltons which accounts for about 
21% of the total molecular mass of the particle. 
Measurements of the Ca 2÷ and Mg 2÷ content vary 
from 80 to 280 and from 120 to 380 ions per virion, 
respectively (Abdel-Meguid, Yamane, Fukuyama & 
Rossmann, 1981; Hsu, Sehgal & Pickett, 1976; Hull, 
1978). 

The molecular structure of the cowpea strain of 
SBMV has been determined by X-ray diffraction tech- 
niques at a resolution of 2.8A, (Abad-Zapatero, 
Abdel-Meguid, Johnson, Leslie, Rayment, Ross- 
mann, Suck & Tsukihara, 1980, 1981; Rossmann, 
Abad-Zapatero, Hermodson & Erickson, 1983). The 
space group of the crystals is R32 with hexagonal 
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