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Abstract 

Despentapeptide insulin, prepared by removing the five 
C-terminal B-chain residues, occurs in several crystal 
forms. The relationship between these and the known 
pig 2-Zn insulin structure is analysed by the fast 
rotation function and R-factor searches. Reasonably 
good models were obtained even in the cases when 
there are two molecules in an asymmetric unit. The 
2-Zn insulin coordinates were positioned in the C2 
sheep cell and refinement commenced using the fast 
Fourier least-squares method. The packing of this 
modified insulin is quite different from that of all other 
insulins studied so far but the molecular structure is 
similar to that of 2-Zn insulin. 

Introduction 

The relationships between insulin's three-dimensional 
structure and its biological properties is being analysed 
through chemical and structural studies of different 
species and crystalline forms. Insulin analogues with 
B-chain C-terminal residues removed are particularly 
interesting owing to the important role these residues 
have in aggregation and activity. Among these modified 
insulins despentapeptide insulin (DPI), obtained by 
enzymatic removal of the five B-chain terminal residues 
(Fig. 1), retains considerable biological activity (The 
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Shanghai Insulin Research Group, 1976a) and a high 
affinity for insulin antibodies (Reeves, 1981). In 
general, removing more residues from the C terminus 
has been shown to reduce greatly the activity of insulin 
(Kikuchi, Larner, Freer, Doy, Morris & Dell, 1980; 
Meyts, Obberghen, Roch, Wollmer & Brandenburg, 
1978). 

Insulin molecules in the 2-Zn pig insulin crystals and 
other crystals studied so far are organized as aggre- 
gates such as dimers and hexamers (Adams et al., 1969; 

Fig. 1. The insulin molecule. The five C-terminal B chain residues 
and their point of cleavage from insulin are indicated. 
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Bentley, Dodson, Dodson, Hodgkin & Mercola, 1976; 
Bentley, Dodson, Dodson & Levitova, 1978; Cutfield, 
Cutfield, Dodson, Dodson, Emdin & Reynolds, 1979). 
The geometry of the dimer interaction is largely 
directed by the antiparallel fl sheet between B24-B26 
peptide segments of two monomers which are related 
by a local twofold axis. As a result of losing these five 
residues, the DPI molecules cannot form this fl sheet 
and, therefore, remain as monomers in solution (The 
Shanghai Insulin Research Group, 1976b). There is 
persuasive evidence that insulin acts as a monomer in 
the body, and thus studies on DPI are an important 
step in relating the hormone's structure and function. 

Crystals of DPI insulin have been obtained in several 
laboratories (Gattner, 1975; Peking Insulin Structure 
Research Group, 1976), and a low-resolution map of 
pig DPI phased with a single isomorphous heavy-atom 
derivative has been reported (Li Jia-yao, Song Shih- 
yan, Li Jun, Wang Jia-hai & Yau Tsi-ho, 1980). In 
York we have prepared good crystals of beef DPI in 
two forms, and of sheep DPI. 

The usual methods for determining phases by 
isomorphous replacement with heavy atoms has proved 
difficult with DPI (Cutfield, 1981; Wang Jia-hai et al., 
1980). The very low solvent volume (about 20%) 
implies a lack of suitable available reacting surfaces, 
and this is probably responsible for the failure to bind 
heavy atoms. The molecular-replacement method in 
which the detailed knowledge of the insulin structure 
could be expoited was therefore applied. 

The rotation function (Rossmann, 1962), used to 
determine the relative orientations of different mole- 
cules, overlaps two Patterson maps, P(U0) and p(u~) 
over a sphere centred on the origin, and should show a 
maximum when xo, x 1, the coordinates which generate 
u o and u~, satisfy 

x 0 =  JR] x~ + t. 

Only [R ], defined by three angular variables, can be 
found from this Patterson overlap. 

The three translational parameters were obtained by 
searching for a minimum R factor between observed 
intensities and the calculated ones obtained from a 
molecule with correct orientation which is translated 
over the unit cell. 

In other insulin studies this procedure has worked 
well (Bentley et al., 1978; Cutfield, Cutfield, Dodson, 

Dodson & Sabesan, 1974), but there were particular 
difficulties with DPI. First it was possible that the 
removal of the five B-chain residues had significantly 
disturbed its molecular structure and secondly the close 
packing of the molecules greatly weakens the approxi- 
mation that the intramolecular and intermolecular 
vectors are separable by choice of an appropriate 
sphere of integration. 

Methods  and materials 

(1) Crystall&ation and data collection 

The DPI samples from beef and sheep insulin were 
prepared following the method of Gattner (1975). The 
DPI crystals were grown from a solution prepared by 
dissolving the DPI in a buffer with 0.05 M sodium 
citrate and 0.02 M tris (2-amino-2-hydroxymethyl- 
1,3-propanediol), to which were added by volume a 
20% solution of (NH4)2SO 4 at 40% saturation and 
25% acetone by volume. The pH was adjusted to a 
value of about 6.1. The concentration of the DPI in the 
final solution ranged from 4 to 5 mg m1-1. The solution 
was filtered using a millipore filter, warmed to 323 K 
and then allowed to cool slowly in a Dewar flask. 

Until recently only small crystals have been grown 
with typical dimensions of about 0.5 x 0.2 × 0.1 mm. 
Several crystal forms were obtained; their crystallo- 
graphic details are given in Table 1. 

In addition, the Peking Insulin Structure Research 
Group kindly sent 4 A data collected on a C2 pig DPI 
form. 

X-ray diffraction data to 2.1 ,~ resolution were 
collected for the C2 sheep, C2 beef and P21212 ~ beef 
forms on a four-circle Nonius CAD-4 diffractometer 
controlled by a PDP-8 computer, using Cu Kcx 
radiation. The co-scan technique was used and, because 
of the large number of weak reflections, the intensities 
were estimated by the profile-fitting method. Radiation 
damage was monitored by measuring three standard 
reflections after each batch of fifty. When the intensities 
of the standards dropped by about 10% the crystal was 
replaced. The intensities were corrected for Lorentz and 
polarization effects, radiation damage, and for ab- 
sorption by the empirical method of North, Phillips & 
Mathews (1968). Fig. 2, which is a plot of (F/a)  
against 4 sin 2 0/22, illustrates the quality of the data sets. 

Table 1. Crystallographic data for the DPI crystal forms 

Species 

Beef 
Beef 
Sheep 
Pig 
Model 

No. of 
Volume of molecules per 

Space asymmetric asymmetric 
group a (A) b (A) c (A) f l (o)  unit (/k 3) unit 

C2 52.74 26-11 51.64 93.41 17 750 2 
P212121 27.81 43.52 57.77 90.00 17 477 2 

C2 53.90 25-90 25.60 93.80 8606 1 
C2 58.70 27.90 24.00 100.6 9659 I 
PI  36-00 42.00 60.00 90.00 - -  1 

Resolution 
(A) 

2.1 
2.15 
2.05 
4.0 
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Fig. 2. Distribution of  F/a for beef and sheep DPI C2 crystals. The 
higher-angle diffraction data were collected using larger crystals. 

Crowther fast rotation function program (Crowther, 
1972), as was the match between each DPI form and a 
model structure based on the 2-Zn pig insulin mole- 
cule. (This model was constructed by removing 
B26-B30, B1-B4, which have very different confor- 
mations in 2-Zn and 4-Zn insulin, the termini of the A 
chain, plus many of the side chains on the surface of 
the molecule. CB atoms were retained for all these 
residues. This molecule was placed in a P1 unit cell 
with cell dimensions about twice the molecular dimen- 
sions, so that no intermolecular vectors would hamper 
the rotation search.) 

If the two sets of coordinates are defined relative to 
an orthonormal axial system I, J, K, the matrix [R] can 
be written as a function of three Eulerian angles, ~t, 
fl, and Y. 

If a is a rotation about the initial direction of K0, fl is 
a rotation about the subsequent direction of J1, and 7 
is a rotation about the final direction of K2, then 

(2) Calculation of the C2 beef Patterson function 

There is a marked similarity between the X-ray 
intensity patterns of the C2 sheep and C2 beef forms, 
allowing for the doubling of the c axis in the C2 beef 
crystals. At a resolution of less than 5 ~ the reflections 
with odd l indices were all very weak in the C2 beef 
diffraction pattern. 

Patterson maps were calculated using all the data 
between 10-2/k (Fig. 3), and also with limited data 
over the ranges 10-4.5/k and 4 .5-3/k .  All these maps 
gave a strong 'translation' peak, one third the origin in 
height, at u = 0.0, v = 0.08, and w = 0.5. This 
suggested that the two molecules present in the C2 beef 
asymmetric unit are related by a translation only and 
that the translation is fairly exact, since the peak 
persists at high resolution. 

(3) Calculation of the rotation functions 

The relative orientations of all pairs of DPI 
molecules to each other were investigated by the 

-0-1 0.2 o . o ~ - ~ , - - ~  

_ j 4 _ .  , \  

. "  . . . . .  z . - - t  x 

0.6 
Fig. 3. The beef DPI C2 Patterson map, section t' = 0.083,  

calculated with 10 -3 /k  data. 

{RI = 

l o s  ct cos flcos Y --cos ctcos flsin y cos 0tsin fl-[ 
/ 

-s in  asin y - s in  ctcos y / inacosf lcosy - s inacos f l s iny  sinasinfl • 
+cosetsin y +cosctcosy 

-s in  flcos y sin flsin y cos fl __l 

The crystal symmetry will obviously be reflected in 
the rotation-function solutions. 

Say [R] and [R'] are rotation matrices relating 
symmetrically equivalent molecules. 

Then, if 

X 0  = [R]  X l ,  

there is a matrix [R'] such that 

[Sot] X0 = [R'] [S b] Xl 

and 

[R] = [So~]-I[R'][SD], 

where the [So t ] are the symmetry operations to apply 
to the orthogonal coordinates Xo, and [SIj] are applied 
to the orthogonal XI. 

The program has been modified to generate these 
symmetry matrices from the input crystal-symmetry 
cards and the orthogonalizing matrices. 

The large number of possible comparisons for DPI 
means that any result can be tested for consistency with 
all the others, that is, if Xo = [Rol]X1, X1 = 
[R12]X2 and Xo = [Ro2]X2 we would hope that 
[R02] would equal [Rol][R12]. However, this will only 
be true for one of each of the symmetry equivalents of 
the [Rij] matrices. We modified the program to list all 
equivalent (afly) sets for each rotation maximum, thus 
avoiding many potential user errors! 

These comparisons proved to be vital in drawing 
conclusions from the rotation functions. The quality of 
many of the maps was very disappointing; maxima 
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were different in maps  using different shells of  intensity 
data,  with slightly different radii for the spheres of  
integration, and with different sharpening factors for 
the intensities. 

Table 2 lists the observed and derived values of  (~tflT) 
for the various [RO'] matrices.  Only those symmetry-  
equivalent angles which relate the different molecules 
are listed. Details for the calculations are given in Table 
3. 

(4) Comments on individual rotation functions 
(i) C2 beef~C2 beef The cell dimensions of  this form 

and the C2 sheep form predicted that  there would be an 
approximate  repeat  along the z axis. This was 
confirmed by the Pat terson function. As expected, the 
rotat ion maps  had no consistent max ima  other than 
those due to crystal  symmetry .  The translat ion of  one 
molecule from the other by (0.0,  0 .08,  0.5)  generates 
pseudo 21 symmet ry  which is illustrated in Fig. 8. 

(ii) C2 beef/P2~2~2~ beef This rotat ion map was one 
of  the few convincing results. The max ima  persisted 
through all the resolution shells, and was well above 
background.  There was only one such peak,  which 
suggested that  the two molecules in the P2~2~2~ beef 
cell must  also be related by some sort of  twofold axis. 

(iii) P2~2121 beef/P212~21 beef. If  this cell had two 
molecules in the asymmetr ic  unit related by a twofold 
screw axis it was  reasonable  to hope that  the 
self-rotation map would contain a convincing peak. 
However ,  the only possible max imum was a shoulder 
on the origin streak which extended from fl = 0 to fl = 
10 (Fig. 4). This could not be pinpointed with any 
exactness.  But, if we assume that  the C2 beef/P2~212 ~ 
beef result is right, and that there is a twofold screw 
axis relating the molecules in the P2~2~2~ form we can 
deduce the expected position of  the self-rotation 
max imum;  this is marked  on Fig. 4 and is consistent 
with the observed shoulder. 

(iv) C2 beef/model. These maps  with one large peak 
on section fl = 85 ° were also quite good. There was,  
however,  a larming variat ion in peak position and height 
as the calculation paramete rs  were changed slightly 
(Fig. 5). 

(v) P212121 beef~model. This map  had one clear and 
persistent peak,  where we had hoped to find two 
defining the orientation of  the two molecules exactly. 
This good peak was beautifully consistent with the C2 
beef results (see Table 2). The position of  the second 
predicted peak could be calculated, and Fig. 6 shows 
the best match we obtained for it. The good peak 

Table 2. The rotation matrices and Eulerian angles relating the various DPI molecules 

The derived values for (ctfly) are obtained from appropriate matrix products (see text). Rotation matrices are applied to orthogonal 
coordinates relative to axes Io, J0, K0, defined using the following convention. For space group P2~212 j I0 is parallel to a, J0 is parallel 
to b, and Ko is parallel to e. For space group C2 10 is parallel to e, and Ko is parallel to b*. 

[Xil IXj] Beef C2, Beef C2, Beef P212,2,, 
Yi = [RUI Yj molecule 1 molecule 2 molecule 2 Model 
Z Zj (j = 1) (j = 2) (j = 4) (j = 7) 

Beef C2, molecule 1 (i = 1) 
cz[];' (obs.) 

Beef C2, molecule 2 (i = 2) 
c~/3;. (obs.) 

BeefP2,2~2 I. molecule 1 (i = 3) 
(zfl~' (obs.) 

ct/~:' (derived) 

Beef P2~2~2~, molecule 2 (i --- 4) 
ctfl~' (obs.) 

ctfl 7 (derived) 

Pig C2 (i--- 5) 
~fl:' (obs.) 

aft), (derived) 

(0 0 0) (180 0 0) (83 -85 -162) (120 85 -70) 
(defines [R 111) (defines IR 121) (defines IR 141) (defines IR 171) 

(00 180) (000) (120-85 ll0) 
(JR21] = [R12]) (1R221 = [R111) (IR271 ~ [R171) 

(162 85 97) (162 85 -83) (? ? ?) (7 ? ?) 
([R311) ([R321 = [R 141-') 

(162 170 18) (74 37 -158) 
(from [R31IIR14]) (from [R31IIR17]) 

(162 85 -83) (162 85 97) (60 -145 -175) 
([R411 = [R 141-') ([R421 = IR311) (1R471) 

(57 -142 -175) 
(from IR41IIR17I) 

(158 22 20) (85 900) (122 -68 121) 
([R51]) (IR541) (IR571) 

(82 90 -3)  (114 -68 125) 
(from [R51][RI41) (from [R511[RI71) 

Sheep C2 (i = 6) 
a/~;, (obs.) (0 0 0)t 

5" This result is expected from cell dimensions and is verified by the rotation function. All other results are the same as for beef C2. 
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Table 3. Parameters used in calculating rotation functions, and resulting Eulerian angles 

For all the calculations listed the outer radius of the spherical shell of integration was 13/~; the inner radius was equal to the limit of the 
data resolution. 

A sharpening factor of exp (B sin 0/2) was applied to each set of amplitudes to give a reasonably equal distribution of large intensities 
against (sin 0//l). 

The ratio listed is that of the height of this peak to that of the remaining highest in the map. For the P2~212 ~ beef self search the result 
lies on the shoulder of the origin peak, and no value can be given for the ratio. 

Number Function B (A 2) 
(1) C2 beef/C2 beef 10,10 

(2) C2 beef/P2~212 ~ beef 10,15 

(3) P2,2121 beef/P212t21 beef 15,15 

(4) C2 beef/model 10,20 

(5) P212121 beef/model 10,20 

(second molecule) 
(6) C2 pig/C2 beef 10,10 
(7) C2 pig/P212121 beef 10,10 
(8) C2 pig/model 10,10 
(9) C2 sheep/C2 beef 10,10 

(10) C 2 sheep/P212121 beef 10,15 

(11) C2 sheep/model 10,I0 

Observed peak (o) 

d(A) a fl y Ratio 

12-5 150 85 30 1.06 
5-3 125 175 55 1.05 

12-3 130 50 50 1-03 
12-5 75 -85  -160 1.06 
5-3 83 -85 -162 1.31 

12-5 125 40 120 - -  
5-3 160 180 20 - -  

12-3 160 180 20 - -  
3.5-2.5 160 180 15 - -  
11--4 116 -81 105 1.14 
8-3 120 --85 110 1.40 

11-4 65 -140 --170 1-21 
8-3 60 --145 -175 1.70 
8-3 90 30 --165 1.20 
8-4 158 22 20 0.77 

11-4 85 90 0 1.60 
9-4 122 --68 121 1.09 

11-4 0 0 0 2.60 
6-4 0 0 0 2-41 
8-3 0 0 0 3.11 
9-4 90 -95 -155 0.80 
8-3 85 -80  -165 1.37 
8-4 120 -85 110 1.21 

~oL 
0 ~  . 180" 

18( - 

Fig. 4. The fl = l0 ° section of the map of the beef DPi P2z2121 
self-rotation function. The predicted peak (x)  lies on the shoulder 
of the origin peak. 

extends in the expected direction but there is no 
convincing second maximum. 

There are several possible explanations for this poor 
result; perhaps the model molecule is not so similar to 
the second P212121 beef molecule (4-Zn insulin shows 
that two chemically identical molecules may have very 
different conformations) (Bentley et al., 1976). Alter- 
natively, the errors inherent in all rotation functions 

may obscure the result. For the translational search we 
assumed that there were two molecules related by a 
twofold screw axis. 

(vi) (vii) (viii) C2pig/other forms. The limited 
intensity data made us wary of placing too much 
weight on the result. In all the other functions the best 
results were obtained using 3 A data. However, the 
given set of three maxima are consistent with each 
other and the predicted results generated by functions 
(ii) and (iv). 

(ix) C2sheep/C2beef As expected from the 
inspection of the intensity-data sets, there is an 
excellent match between these two forms when the 
crystal axes are aligned. The pseudo 21 axis in C2 beef 
becomes an exact crystal axis in the sheep form. A 
further confirmation of the result is that all results 
between C2 beef and the other forms were nearly 
duplicated for the sheep data. 

(5) Positioning of the molecules 

The translation parameters were found by looking 
for a minimum R value between the observed intensities 
and the different sets of calculated amplitudes 
generated as the molecule was moved through the unit 
cell. This method was used by Cutfield et al. (1974) and 
described fully by Nixon & North (1976). This 
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Fig. 5. The fl = 85 ° section for various beef DPI C2/model 
rotation functions. (a) The model contains 70% of the expected 
atoms; the sphere of integration extends to 13 A; sharpening 
factor B = 20 A; data range 8-3 A. This map gave the clearest 
maxima. (b) as (a) but with the sphere of integration limited to 
11 A. Reducing the volume of integration has reduced the height 
of the true peak relative to spurious ones. (c) as (a) but with the 
model limited to main-chain atoms only. Again, spurious peaks 
are now the same height as the true one. (d) as (a) but with data 
limited to 12-5 A. The maximum peak is now seriously 
misplaced. 
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Fig. 6. The beef DPI P2,2~2Jmodel rotation-function map; section 
/7 = 35 ° using 8-3 A data. The maximum gives a clear peak 
marking the orientation of one of the two molecules in the 
asymmetric unit. If there is a non-crystallographic twofold screw 
axis the second peak will lie on this section and is marked (×). 
This is not a sharp maximum, but the first peak is unusually 
extended in this direction. 

p rogram uses the fact that  if the partial Fc's, 
Fc l ,Fc2  , . . . ,  are calculated for all the symmetr ical ly  
equivalent model molecules, orientated according to the 
appropr ia te  rota t ion matrix, then the value of  Fc for 
any set o f  t ranslat ions,  ti, t 2 , . . . ,  where the t i  are 
symmetr ical ly  equivalent,  will be given by 

F~(hkl) -- FA(hk l  ) exp ( -2izrh .  t l )  

+ Fc2 (hkl) exp ( -2 iz th .  t2) + . . .  

So, once the Fci are calculated it is only necessary to 
sum them together with appropria te  phase 

modifications to generate the different sets of  Fc's. It is 
possible to use the inverse fast Fourier  t ransform for 
space group P1 using the cell dimensions of  the 
observed intensity set to calculate all the required Fci 
relatively inexpensively. The scale factor  between F o 
and F c varies by as much as 20% depending on the 
position of  the molecule in the unit cell, and the 
amount  of  overlap in the symmetry-rela ted positions. 
The scale factor  was determined by compar ing  (Fo)  
and (Fc),  with some al lowance for the incompleteness 
of  the model. Earlier calculat ions had shown that  the 
positions of  correct  minima were not  very sensitive to 
the changes in the scale. 

Initial searches on a 1 A grid with 4 A data  were 
used to posit ion molecules approximately,  then a finer 
search on a 0.2 A grid using 3 A data  was carried out. 
The method is limited by the fact that  the rotat ion 
parameters  are fixed throughout  the search. 

(i) C2 sheep. In this space group the origin along 
the y axis is arbi trary,  so it was only necessary to 
search one quarter  of  one xz section. The minimum 
was very sharp (Fig. 7). 

In any space group with only two symmetry  
operat ions it is impor tan t  to exclude reflections where 
either Fcl or Fc2 is weak from the R-factor  calculation. 
For  any such reflection I Fcl is a lmost  independent  of  
the values of  tl and t2. In general, such space groups 
have an R value for a correctly orientated molecule in 
any posit ion in the unit cell considerably below that  of  
a r andomly  wrong structure. 

Formal ly  it should be possible to find the t ranslat ion 
parameters  from the hOl projection intensities alone. 
But for these crystals there were so few of  these 

0_tTW a . . . . . .  :' 
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Fig. 7. The 7-3 A R-factor map for sheep C2 DPI. The minimum 
R value is contoured as a peak. 
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reflections that we preferred to use the three- 
dimensional data. 

(ii) C2 beef The first search for C2 beef was made 
using only one molecule of the two known to be in the 
asymmetric unit. Despite this, there was a clear 
minimum which checked with the observed sheep 
position. A second search, adding the translated Fc'S 
for the second molecule to those generated by the first 
reduced the R value to 48% (Table 4), at a relative 
translation consistent with the Patterson result. The 
second search had to be made over half the whole unit 
cell; the origin had been fixed by positioning the first 
molecule. 

(iii) P212121 beef. This R-factor search function was 
the least successful of the three. The space group 
requires an initial search volume of one eighth of the 
unit cell for the first molecule, and of the whole unit cell 
for the second. Projection searches did not give 
consistent results, and were very dependent on the 
choice of scale factor between the F c and observed 
intensities. 

This meant it was essential to work on a coarse grid 
for the three-dimensional search. It is clear that the R 
value is very sensitive to small translations, and we fear 
that we may have missed true minima. The search was 
made with each of the model molecules orientated 
independently. Each search had several minima of 
around 54% with a background R value around 60%. 
The computing involved in testing all these possibilities 
with the second molecule was prohibitive, so we 
decided to use a similar pair of molecules to those 
found in the C2 beef form. In C2 beef there were close 
contacts between the molecule at x,y,z and each 
molecule at: x,y,z; 0.51 - x, y + 0.59, 1.485 - z; 
0 . 5 1 - x , y - 0 . 4 1 ,  1 . 4 8 5 - z ; ½ - x , y + ½ , - z ; ½ - x , y  

1 
- -  ~, 1 - z. Each pair in turn was rotated into the 
P2~2~2~ beef orientation, and translated over the 
asymmetric volume on a 1 A grid. The pair generated 
from x,y,z and 0.51 - x , y  + 0.59, 1.485 - z gave the 
lowest R value of 51% at 4 A  resolution. Fine 
adjustment of the two molecules independently on a 
0.2 A grid reduced the R value to 49% (Table 4). But 
this result is not truly independent of the C2 beef result. 

It is possible that the errors in the Eulerian angles 
used to define this rotation have reduced the power of 
the search function. 

(6) Verifying the results 

There are two procedures we have used to check 
these parameters.  Once the preferred molecular 
position was found, all symmetry-equivalent positions 
were generated, and checked for impossible packing 
where one molecule was colliding with another. Of  
course, this is only a necessary prerequisite for a 
correct solution; it does not really verify the result. For 
all the results given in Table 3 the packing was 
acceptable. Fig. 8 illustrates the molecular packing for 
the C2 beef form. 

The second check we used was to omit the disulphide 
bonds from the phasing and to calculate Fourier maps 
phased on the other atoms. In the C2 beef case the 
omitted atoms were clearly visible, suggesting that this 
solution is essentially correct. The P212~2 ~ beef result 
was, however, not so clear-cut. Fig. 9 shows the C2 
beef difference Fourier maps. 

(7) Refinement of  the C2 sheep model 

Refinement was begun for the C2 sheep form using 
the fast Fourier least-squares refinement technique 

1 

OTo 
c 

1 

Fig. 8. The packing of the beef C2 DPI crystals, showing the 
pseudo twofold and twofold screw axes 0, ). Close contacts 
occur between B12, B24 and BI7 about the twofold screw axis, 
and between A 14 and A 19 about the pseudo twofold screw axis. 

Table 4. Details of  the search for a minimum R value in the DPI eo'stals 

For the beef forms the two translation shifts apply to the two molecules of the asymmetric volume. 
The average R value is only an estimate; it is very dependent on the scale factor chosen. 

Reflections Minimum Average 
Structure d (A) used total R value R value 

Beef (C2) 7-3 890 1370 0.48 0.59 

Beef (P212121 ) 7-3 1251 1427 0.49 0.60 

Sheep (C2) 7-3 634 675 0.48 0.59 

Close 
Translation shift contacts Eulerian angles (°) 

0.155 0.00 0.31 93 120 85 -68 
0.145 0.09 0.825 120 85 -68 
0.110 0.29 0.232 133 84 32 -158 
0.050 0.32 0.242 65 -146 -173 
0.150 0.00 0.119 68 120 85 -68 
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Fig. 9. Part of the Fob s Fourier map showing the electron density at 

the sulphur atom (Al 1) excluded from the phasing. Map (a) is 
unweighted and map (b) was calculated using modified Sim 
weights (Bricogne, 1976). 

0~0 

refinement 

0.40 

i 

243 atoms 301 atoms 328 atoms 

0.30 

4 8 12 16 20 24 28 

cycle number 

Fig. 10. Plot of R values during the preliminary sheep DPI C2 
refinement. 

(Agarwal, 1978). The following points were taken into 
account. 

(1) All available reflections were used. In the early 
cycles higher weight was given to the low-order terms. 

(2) The coordinates were fitted to standard geometry 
by model fitting (Dodson, Isaacs & Rollett, 1976) after 
each cycle. The calculated CA H atoms were included 
in each pass; this was sufficient to hold the peptides on 
the right hand despite the large average shifts for each 
cycle. 

(3) Atoms were added to the model as they became 
visible in difference Fourier maps. Initially 243 of the 
357 atoms were included. 

In spite of the poor data the model has been 
substantially improved. The R factor has fallen from 
53 to 36% (Fig. 10), and the difference Fourier maps 
are much less noisy, allowing residues to be placed with 
confidence. 

Discussion 

(1) Methods  

This work has revealed some of the strengths and 
weaknesses of molecular-replacement studies. All these 

rest on the assumption that the molecular structure will 
remain much the same from one crystal form to 
another, but the 2-Zn and 4-Zn insulin comparison 
shows that this is not necessarily so (Bentley et al., 
1976). In all cases crystal-packing forces will cause 
some alteration to the structures but it is not clear how 
different two molecules can be before the technique will 
fail. Obviously, the rotation maps are better when the 
model contains most of the atoms of the required 
molecule; Fig. 5(c) shows how much worse the contrast 
was when side chains were left off the model molecule. 

A second unavoidable problem arises from the use of 
a spherical volume of integration for the Patterson 
product. Without this the Crowther fast Fourier 
summation cannot be performed; it requires that the 
data are explained in spherical harmonics (Crowther, 
1972), but for DPI the actual molecule is far from 
spherical, and there is very close packing between 
molecules, so any chosen sphere of integration either 
excludes many vectors within the molecule or includes 
a high proportion of intermolecular vectors, which will 
not be matched by the non-crystallographic rotation. 
Either error increases the noise level significantly (Fig. 
5). 

The third problem is simply a matter of luck; if the 
non-crystallographic axes of rotation are approxi- 
mately parallel to any of the true crystallographic axes 
any peak will tend to merge with its symmetry 
equivalent. This study was particularly bedevilled by 
this difficulty. Peaks with fl near 0 or 90 ° were the 
norm, and even the P212121/model map had two 
predicted peaks almost on the same fl section. In 
general, of course, the higher the symmetry of the space 
groups the more likely it is that this problem will arise. 

(2) Structure  

The crystal structure of a monomeric insulin is 
important since all the evidence indicates that the 
molecule is active as a monomer. It has been assumed 
that the hormone's structure does not change sig- 
nificantly when it dimerizes but it is difficult to prove 
this unequivocally. Indeed, spectroscopic studies have 
suggested that the insulin monomer partially unwinds in 
solution (Pocker & Biswas, 1980), which would 
invalidate the structure-function arguments (Blundell, 
Dodson, Hodgkin & Mercola, 1972; Peking Insulin 
Structure Research Group, 1974). However, the crystal 
structure of DPI shows that this modified monomer is 
closely similar to the insulin structure present in 2-Zn 
insulin and in the dimer forms of hagfish insulin and pig 
insulin (Cutfield, Cutfield, Dodson, Dodson, Reynolds 
& Vallely, 1981; Dodson, Dodson, Hodgkin & 
Reynolds, 1979). The packing of the DPI molecules in 
the crystal shows no resemblance to that in the insulin 
dimer structure. It appears, therefore, that the DPI 
crystal structure represents the solution structure of the 
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molecule reasonably well, and that on dimer formation 
there is little change in the molecule's folding and 
conformation. 

Recently, large crystals have been obtained which 
diffract well to beyond 1.5 fit spacing. The refinement 
calculations are now being carried out at 1.7 fit spacing 
with newly collected data; these calculations will be 
further extended when the higher-resolution data 
become available. 

We are grateful to the Wellcome Trust, the Kroc 
Foundation, the British Diabetic Association and the 
Medical Research Council for financial support and to 
Dr H. Gattner for material. 
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Abstract 

The crystal and molecular structure of an ammonium 
octahydrate salt of the ribodinucleoside monophos- 
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phate guanylyl-3',5'-cytidine (CIgH24NsOI2P)  has 
been determined by X-ray methods, and refined to a 
final R of 0.111 for 1197 observed reflections. The salt 
crystallizes in space group C2 with cell dimensions a -- 
20.987 (6), b = 16.470 (4), c = 9.566 (1) fit and fl = 
94.36 (2)°; Z = 4 for a calculated density of 1.50 
Mg m -3 and #(Cu Ka) = 1.19 mm -1. The unit-cell 
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