
280 A STATISTICAL MODEL OF THE FLEXIBLE FURANOSE RING 

We thank Professor M. A. Mokulskii for useful 
discussions, Dr Yu. T. Struchkov and Dr A. I. 
Yanovskii for making available CSD, Dr E. P. 
Smetanina for assistance in selecting bibliographic 
data on the structures not presented in CSD, and Mr 
D. A. Agrachev for his help in preparing the manu- 
script. 

References 

ALEXEEV, D. G., LIPANOV, A. A. & SKURATOVSKll, I. YA. (1987). 
Nature (London). In the press. 

ALTONA, C. & SUNDARALINGAM, M. (1972). J. Am. Chem. Soc. 
94, 8205-8212. 

Cambridge Structural Database (CSD) (1984). Univ. Chemical 
Laboratory, Lensfield Road, Cambridge, England. 

DAVIES, D. B. & DANYLUK, S. S. (1975). Biochemistry, 14, 543- 
554. 

DE LEEUW, H. P. M., HAASNOOT, C. A. G. & ALTONA, C. (1980). 
Isr. J. Chem. 20, 108-126. 

DUNITZ, J. D. (1972). Tetrahedron, 28, 5459-5463. 

LESLIE, A. G. W., ARNOTT, S., CHANDRASEKARAN, R. & 
RATLIFF, R. L. (1980). J. Mol. Biol. 143, 49-72. 

LEVITT, M. & WARSHEL, A. (1978). J. Am. Chem. Soc. 100, 
2607-2613. 

LUDEMANN, H. D. & WESTHOF, E. (1978). In Nuclear Magnetic 
Resonance Spectroscopy in Molecular Biology, edited by B. 
Pullman, p. 41. Dordrecht: D. Reidel. 

LUGOVSKO1, A. A. & DASHEVSKll, V. G. (1972). Mol. Biol. 
(USSR),  6, 440-448. 

MERRITT, E. A. & SUNDARALINGAM, M. (1985). J. Biomol. Struct. 
Dyn. 3, 559-578. 

MURRAY-RUST, P. & MOTHERWELL, S. (1978). Acta Cryst. B34, 
2534-2546. 

OLSON, W. K. (1982). J. Am. Chem. Soc. 104, 278-286. 
PATTABIRAMAN, N. & RAG, M. J. (1982). Int. J. Biol. Macromol. 

4, 91-98. 
PEARLMAN, D. A. & KIM, S.-H. (1985). J. Biomol. Struct. Dyn. 3, 

85-98. 
VOROBJEV, YU. N. (1981). Mol. Biol. (USSR),  15, 517-525. 
WESTHOF, E. & SUNDARAL1NGAM, M. (1980). J. Am. Chem. Soc. 

102, 1493-1500. 
ZHURKIN, V. B., LYSOV, Yu. P., FLORENTIEV, V. L. & IVANOV, 

V. I. (1982). Nucleic Acids Res. 10, 1811-1830. 

Acta Cryst. (1987). B43, 280-295 

High-Resolution Neutron and X-ray Refinement of Vitamin B~2 Coenzyme, 
C72Hlo0CoNlsOi7 P - 1 7 H 2 0  

BY H. F. J. SAVAGE,* P. F. LINDLEY AND J. L. FINNEY 

Department of Crystallography, Birkbeck College, Malet Street, London WC1 E 7 HX, England 

AND P. A. TIMMINS 

Institut Laue-Langevin, 156X, 38042 Grenoble CEDEX, France 

(Received 4 June 1986; accepted 1 December 1986) 

Abstract 
High-resolution neutron and X-ray diffraction data 
for vitamin B~2 coenzyme have been obtained with 
the objective of elucidating the water organization in 
this crystalline system. Here, details of the data collec- 
tion and refinement of the individual models are 
described. Neutron data: Mr = 1939 (assuming 
exchange of 19 coenzyme H atoms by D atoms and 
17 D20 solvent molecules) P~2~212~, a = 27.849 (6), 
b=21.736  (4), c =  15.368 (3) ~ ,  U=9303  (2) ~s,  
Z = 4, Dr,, = 1.381 (15), Dx = 1.360 Mg m -3, pyro- 
lyric-graphite monochromator,  A = 1.67 ~ ,  /.t = 
0.024 mm -~, F(000)=34.13,  T = 2 7 9  (1) K, final R = 
0.085 for 5601 significant reflections. X-rayl data: 
Mr=1939,  P212121, a = 2 7 . 7 0 1 ( 7 ) ,  b=21 .608(6 ) ,  
c=15 .351(4 )  A, U = 9 1 8 9 ( 2 )  A 3, Z = 4 ,  Din= 
1.381 (15), Dx = 1.401 Mg m -3, Cu Ket radiation, A = 
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1.5418 ~ ,  /z = 25.9 mm -1, F(000) = 4024, T = 
277.0 (5) K, final R = 0.088 for 4390 significant reflec- 
tions. X-ray2 data: M~= 1939, P21212~, a =  
27.809 (7), b=21.712  (6), c =  15.333 (4) ~ ,  U =  
9258 ( 2 ) ~  3, Z = 4 ,  D,,,= 1.381 (15), Dx = 
1.401 M g m  -3, Cu Ko~ radiation, A = 1.5418/~, /z = 
25.9 mm -~, F(000)=4024,  T =  277.0 (5) K, final R = 
0.136 for 5621 significant reflections. The orientation 
of the coenzyme molecule in these refined models is 
rotated in the unit cell by approximately 5 ° (about 
an axis close to the Co atom) with respect to the 
orientation observed in the original structure determi- 
nation [Lenhert (1968), Proc. R. Soc. London Set. A, 
303, 45-84]. One of the side chains of the corrin ring 
(c side chain) is disordered between two extreme 
positions. All the H- and D-atom positions for the 
coenzyme molecule and approximately 65% of the 
solvent D atoms were located from the neutron 
difference Fourier maps. Of the eleven methyl groups 
present, six are well ordered and five disordered. An 
acetone molecule (with partial occupancy) was 
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located in the solvent regions in both the neutron and 
X-ray analyses. 109, 57 and 55 solvent sites were 
included in the neutron and two X-ray models respec- 
tively. A brief description of the solvent analysis and 
an example of the solvent structural interpretation 
are given. 

Introduction 

The interactions between water and macromolecular 
systems such as proteins are not well understood, 
especially at the molecular level. Many different 
techniques (diffraction, spectroscopy, calorimetry, 
computer simulations, quantum mechanics and 
accessibility calculations) have been used in a concer- 
ted effort to try to gain an understanding of these 
interactions (Finney, Goodfellow, Howell & Vovelle, 
1986; Edsall & McKenzie, 1983; Cooke & Kuntz, 
1974; Kuntz & Kauzmann, 1973). Despite this, our 
knowledge is still poor and we are strongly in need 
of high-quality structural data to help improve our 
understanding. 

The hydrated crystal structure of vitamin BI2 coen- 
zyme provides an excellent system of intermediate 
size in which the distribution of the solvent molecules 
and their general interactions at the interface can be 
studied to atomic resolution using diffraction 
methods. 17-18 water molecules per coenzyme 
molecule (68-72 per unit cell) were estimated to be 
present from density measurements in the original 
structure determination (Lenhert & Hodgkin, 1961; 
Lenhert, 1968). To formulate an accurate model of 
the water O atoms and their associated H atoms, a 
detailed neutron structural analysis of this system has 
been undertaken to below 1.0 A resolution. To assist 
in the interpretation, a parallel X-ray study was also 
undertaken. This latter study was necessary as the 
earlier work was at lower resolution (approximately 
1.2/~) and certain structural differences were 
observed in the crystals grown from D20 rather than 
H20. 

In this article, we describe the details of the collec- 
tion and analysis of the neutron and X-ray diffraction 
data and subsequent refinement of the respective 
structural models. A brief summary of the solvent 
refinement is also given: a detailed analysis of the 
solvent structure in terms of the relative positions, 
water networks, water-water and water-coenzyme 
interactions, disorder and possible movements of the 
solvent molecules is given elsewhere (Savage, 1986). 

The coenzyme molecule consists ofa  corrin nucleus 
with a Co atom situated at the centre forming bonds 
to four N atoms of the inner nucleus (see Fig. 1). 
Several side chains of biological interest in the context 
of water-protein and water -DNA interactions are 
attached to the outer atoms of the nucleus. These 
include: three acetamides, three propionamides, one 
propionic acid group and eight methyl residues. The 

propionic acid is linked to a phosphate group which 
in turn forms part of the nucleotide, containing a 
benzimidazole base. This latter group is linked 
through the NB3 position to the Co atom. On the 
opposite side of the Co atom, a 5'-deoxyadenosine 
nucleoside is situated with the C5' position of the 
ribose moiety forming a direct link to the Co atom. 

Data collection and processing 

The crystals of coenzyme B~2 were grown using essen- 
tially the same method as for the original structure 
determination (Lenhert, 1968). The coenzyme was 
dissolved in water (D20) and volumes of between 
0.6 and 0.8 ml of this solution were placed in 1 ml 
tubes which were then filled with acetone. The tubes 
were covered with dialysis tubing and placed in an 
acetone bath which was subsequently stored in a dark 
place to prevent light contact with the coenzyme. To 
reduce the large incoherent neutron-scattering com- 
ponent from the H atoms, the D isotope of water was 
used throughout all the crystal preparations. The 
density of the D20 crystals was determined to be 
1.381 (15) Mg m -3 at room temperature by flotation 
in an acetone/bromoethanol  mixture. The measured 
density obtained in the original X-ray structural 
analysis was 1.355 ( 1 0 ) M g m  -3 where the crystals 
were grown in H20. Table 1 shows the results of the 
calculations of the expected number of solvent 
molecules for the H20 and D20 crystals from the 
density measurements assuming the bulk density of 
D20. The difference of 1-2 water molecules can be 
accounted for by the inclusion of an acetone molecule 
(found during the analysis of the solvent structure) 
in the D20 solvent. 

A summary of the data collection is given in 
Table 2. 

1. Neutron data 

Three-dimensional data were collected using a 
computer-controlled four-circle diffractometer (D8) 
installed on a thermal-neutron beam tube in the reac- 
tor hall of the Institut Laue-Langevin (Grenoble). 
One crystal with approximate dimensions 2.0 x 2.0 x 
1.5 mm was used for the data collection. The crystal 
was maintained at a temperature of 279 (1)K by 
mounting it in a specially constructed constant- 
temperature device (Simms & Timmins, 1981) instal- 
led on the ~o circle of the diffractometer. A wavelength 
of 1-67 ~ was selected by using a pyrolytic-graphite 
monochromator crystal. A full complement of unique 
reflections up to 61 ° in 0 was collected in a series of 
eight shells, h =0-29,  k = 0 - 2 2 ,  /=0 -16 .  1223 sym- 
metry-equivalent reflections over the 0 range 0-45 ° 
were also recorded. Up to 30 ° in 0, the intensities 
were measured by to/xO scans (where 0 <  x < 1) of 
34 steps, while for the remaining reflections x = 2 was 
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used. Each reflection required 4-5 min counting time, 
but for the 0 range 55-61 ° the counting times were 
doubled in order to improve counting statistics. The 
upper  limit of  0 = 61 ° approached  the physical  limita- 
tion of  the instrument  and the data collection was 
halted, a l though the quali ty of  the data was still very 
good: 71% of  the reflections with 5 5 <  0 < 6 1  ° were 
observed above the 2.58o" significance level. 

The intensities of  two s tandard reflections were 
monitored every 30 reflections and no significant vari- 
ations [>2o-(1)]  were observed. 7994 intensities were 
recorded, of  which 6339 were unique observations. 

The intensity profiles were analysed by the 
algori thm of  Lehmann  & Larson (1974), incorporated 
in the COLL5N routine (Lehmann  & Wilson, 1982) 
which was used for data reduction. Although 
empirical  absorpt ion measurements  (North, Phillips 

& Mathews, 1968) were recorded, the variations over 
the ~o angle were less than 2o-(I) and consequently 
no absorpt ion corrections were made. 7994 reflections 
were scaled and merged (Hamil ton,  Rollett & Sparks, 
1964) giving a residual of  1.7%. The contaminat ion 
of the intensities by the half-wavelength,  A/2, com- 
ponent was estimated from intensity measurements  
for reflections which were expected to be systemati- 
cally absent and these measurements  were compared 
with the values of their first-order harmonics:  
lo(hkl)(A/2)/lo(hkl)(A ); for example,  the (300) (A/2) 
and the (600) (A). The A/2 component  was estimated 
to be 2.4%. The intensities were corrected and only 
relatively small  changes, in most cases less than 0.1%, 
were produced in the resulting structure factors. The 
final neutron data set comprised 5994 reflections, of  
which 5601 had Fo > 3tr(Fo). 
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Fig. 1. (a) Atomic numbering and distribution of atom types in the vitamin Bt2 coenzyme molecule: filled circles are C atoms, small 

open circles are O atoms, the two larger open circles are the Co and P atoms and the open circles with horizontal lines are N atoms; 
(b) interatomic distances (,~) for the coenzyme B12 molecule: bold numbers (above bonds) refer to the neutron model while lighter 
numbers (below bonds) refer to the X-rayl model. 
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Table 1. Density calculations for coenzyme B12 crystals 
grown from H20 and D20 solutions 

H 2 0  (Lenher t ,  1968) D 2 0  

Measured density. D,,~ (Mg m -3) ! .355 (10) 1-381 (15) 
Molecular weight of coenzyme molecule 1580 1599 
Molecular weight of coenzyme + solvent 1899 1934 
Molecular weight of solvent in one 319 335 

asymmetric unit 
Expected number of water molecules per 17.7 (319/18) 16.7 (334/20) 

asymmetric unit 

Table 2. Summary of data collection; space group = 
P212121, Z = 4  

N e u t r o n  X- ray l  X-ray2 

Number of crystals 1 1 2 
Crystal volume (mm 3) 6.0 0.1 0. I 
Temperature (K) 279 (1) 277 (1) 277 (1) 
Wavelength (.~.) 1.67 1-5418 1.5418 
Resolution (,~) 0.95 1-10 0.92 
0max (°) 61 44 57 
Total number of measurements 7994 7491 ~ 13900 
Number of independent reflections 6339 4390 ~6100 
Number of equivalent reflections 1233 ~2500 ~5000 
Number of hkl with F o > 3tr(Fo) 5601 4152 5621 
Residual for symmetry-related hkl  (%) 1.7 4.6 6.5 

2. X-ray data 

X-ray diffraction data were collected on a Hilger 
& Watts Y290 four-circle diffractometer using Ni- 
filtered Cu Ka radiation. A cold-temperature 
apparatus mounted on the X circle was used to main- 
tain a stream of cold air at 277.0 (5) K over the crystal. 
15 reflections with 0max = 40 ° used for measuring lat- 
tice parameters. A complete set of data, X-rayl ,  
extending to a resolution of 1.1 ~ ,  and a partial set 
to 0.9 A were measured from a single crystal of 
approximate dimensions 0.5 x 0.3 x 0.3 mm using the 
moving-window technique (Tickle, 1975). h =0-24,  
k- -0-22 ,  l=0 - 16 .  For each reflection 60 steps were 
scanned (0.02 ° per step, 45 peak, 15 background, 1 s 
count time). Two equivalents were collected to 0-- 
30 °, and one equivalent between 0 = 30 and 45 °. Data 
collection was halted at this stage owing to a 
mechanical limitation in the design of the low- 
temperature device. After modifications to the device, 
a second set of data, X-ray2, was collected to a 
resolution of 0 .92~ .  h = 0 - 2 9 ,  k = 0 - 2 3 ,  l=0 -16 .  
Two crystals were required and it was found that their 
cell parameters differed significantly from each other 
and also from those of X-rayl ,  neutron and the 
original structure determination, 1968X-ray (Lenhert, 
1968). This highlighted the problem of variable 
parameter size with different batches of crystal, des- 
pite vigorous attempts to use a uniform crystal growth 
and deuteration procedure. At a subsequent stage the 
changes in cell parameters could be explained in 
terms of small differences in the molecular packing 
as well as the solvent structure (see part 2 of Results 
and Discussion). For this high-resolution data, X- 
ray2, the cell parameters were averaged and the 
intensity data from both crystals combined. Two 
equivalents to 0 = 57 ° were collected from the two 
crystals: to 0 =45 ° for the first crystal (51 steps of 

0.02 °, 34 steps for peak) and between 0 = 40 and 57 ° 
for the second (60 steps of 0.01 °, 6 s stationary back- 
ground counts). 

Four standard reflections were recorded every 50 
reflections and for X-rayl their intensity sum 
decreased by less than 5% during data collection, 
while for X-ray2 the corresponding sum for the two 
crystals used was about 10%. Empirical absorption 
corrections were made for all three crystals using the 
method of North et al. (1968). Both sets of data, 
X-rayl and X-ray2, were corrected for Lorentz, 
polarization, absorption and crystal decay. Symmetry 
equivalents were merged for each data set with 
residuals of 4.6 and 6.5%, to yield 4390 and 6100 
independent reflections respectively. 

Structure refinement 

The initial phasing model used for the refinement of 
the neutron and X-rayl models was based on the set 
of positional and thermal parameters obtained from 
the original structure determination (Lenhert, 1968). 
The refinement, based on F, was carried out using a 
combination of Fourier syntheses and reciprocal 
least-squares refinement techniques. The coenzyme 
B~2 molecule comprises 209 atoms (109 non-H and 
100 H atoms) making it computationally difficult to 
refine using conventional full-matrix least squares. 
Thus a combination of two methods was used. 

Stage 1: The models were treated as small 
macromolecules using the fast-Fourier-transform 
least-squares algorithm, FFTLS (Agarwal, 1978; 
Isaacs & Agarwal, 1978), in order to accelerate the 
convergence of the refinement. The structure factors 
were weighted using the expression w = (2 sin 0/A)P, 
where the weighting parameter, p, was initially chosen 
as -1 .5  (to give weight to low-resolution data), but 
set to 0.0 near the end of the refinement (i.e., unit 
weights). Only isotropic temperature factors were 
included at this stage. 

Stage 2: The models were treated as large 'small 
molecules' using conventional partially blocked full- 
matrix least squares, BFMLS, in which the molecule 
was divided into overlapping segments. Each reflec- 
tion was weighted during the refinement using the 
following scheme (Cruickshank, 1965): w -- 
[ 1 - e x p  ( - a  sin 0 /A) ] / (b+[F , , [+  c[Fo[2). The coeffi- 
cients a, b and c were adjusted to give appropriate 
weighting analyses, and in the final refinement cycles 
were chosen as follows: X-ray, a =20, b = 100, c =  
0.005; neutron, a = 17, b =  100, c=0.0005.  During 
the latter cycles of refinement, anisotropic thermal 
vibration parameters were included for each of the 
coenzyme atoms; solvent atoms were treated isotropi- 
cally. Corrections for extinction were made empiri- 
cally using a factor g, in the expression [1 + g[F,]]-~/2; 
in the final refinement cycles values of g =  
2.196x10 -4 and 1.147x10 -6 were used for the 
neutron and X-ray data respectively. 
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X-ray l  
Stage 1 

0.430 

O. 146 

Stage 2 

X-ray2 
Stage I 

Stage 2 

N e u t r o n  
Stage 1 

(4088 data) 

(5260 data) 

Table 3. Course of refinements 

Ref inement  me thod*  R factor  

Parallel refinement using: 
(1) FFTLS, DF's (2) BFMLS. DF's 0.370 

19 cycles 4 cycles 

Converged with r.m.s, deviation between 
models of 0.06/~ 0.149 

24 solvent sites assigned 

BFMLS 4 cycles (anisotropic U's), DF's 0.151 

57 solvent sites assigned 0.088 

FFTLS, DF's 0.210 

26 solvent sites assigned 0.163 

BFMLS, DF's 
3 cycles (isotropic U's) 0.170 
3 cycles (anisotropic U's) J, 

55 solvent sites assigned 0.136 

FFTLS, DF's 
Parallel refinement starting from 

2 different models: 
(1) 1968X-ray (2) X-rayl FFT model 0.408 

Converged with r.m.s, deviation of 0.08 ,~. 0.175 
90 H,D of coenzyme located 
11 solvent sites assigned 

All 100 H,D of coenzyme located 0.143 
32 solvent sites assigned 

Stage 2 BFMLS (2 cycles; isotropic U's), DF's 0.172 
(5994 data) ~ J, 

4 cycles (anisotropic U's) 0.131 

Final model: 212 coenzyme positions 0.085 
109 solvent positions 

* FFTLS:  fast  Four ie r  leas t -squares ;  BFM LS: part ial ly b locked  fu l l -matr ix  
least  squares ;  DF ' s :  difference Four ie r  syntheses .  

Table 3 shows the course of the refinements of the 
neutron and X-ray models. The X-ray scattering fac- 
tors were obtained from International Tables for X-ray 
Crystallography (1974); values for neutral atoms were 
used except for Co which was corrected for the disper- 
sion component of the anomalous scattering (Co 3÷, 
f '  = -2 .454 e). Neutron scattering lengths were as fol- 
lows: C=6 .65 ,  N=9 .40 ,  O=5 .80 ,  Co=2 .80 ,  P=  
5.50, H = - 3 . 7 4  and D = 6.67 fm (Bacon, 1980). 

1. X-ray 1 

In order to test for the convergence and consistency 
of the two least-squares methods, FFTLS and 
BFMLS, the first X-ray model was initially refined 
using the two methods in parallel. In terms of comput- 
ing CPU time per cycle of refinement, the FFTLS 
least-squares program required 2 min whereas the 
conventional BFMLS program required about 60 rain 
on an IBM 370/165 computer. The two independent 
refinements (R factors: 0.146 for FFTLS and 0.149 
for BFMLS) were seen to converge to almost the same 
model. The r.m.s, deviation between the two sets of 

coordinates was 0.06 A vindicating the usefulness of 
the Agarwal technique in high-resolution macro- 
molecular refinement. 

However, the r.m.s, deviations of these two models 
from the original phasing model (1968X-ray model) 
were 0.33 and 0 .34A respectively (max.= 1-85 A) 
indicating that the new X-ray structure (crystals 
grown from D20 and at a lower temperature, 
277 K) is somewhat different. The whole molecule 
appears to have rotated in the unit cell by approx- 
imately 5 ° (see later). The X-ray2 and neutron models 
also differ in a similar way from the 1968X-ray 
model. 

Refinement was continued using BFMLS least 
squares with the inclusion of anisotropic thermal 
parameters. Several difference Fourier maps were 
calculated to analyse the solvent regions in which 53 
water O sites and four acetone sites were assigned: 
the final R factor was 0.088, wR = 0.114, S = 0.69. 
Maximum LS shift <0.5o" and maximum and 
minimum heights in final difference m a p = 0 . 8  and 
-0 .9  e A -3. 

2. X-ray2 

The model obtained from the X-rayl refinement 
Was used as the initial phasing model. The final R 
factor was 0.136 and 51 water O sites and four acetone 
sites were included in the model, wR=0.196,  S =  
1.47. The higher R factor than that for the X-rayl 
data may be largely due to the combination of data 
from the two crystals with slightly different molecular 
packings (see part 2 of Results and discussion). 
Maximum LS shift <0.5o" and maximum and 
minimum heights in final difference m a p = 0 . 8  and 
-0"9 e A -3. 

3. Neutron 

The refinement proceeded in three steps due to 
processing of the data at different times: (1) using 
4088 data and FFTLS; (2) using 5260 data and 
FFTLS; and finally (3) 5994 data (all data to 0.95/~) 
and BFMLS (see Table 3). 

In step (1) two independent starting models were 
used: (a) the 1968X-ray model and (b) the X-rayl 
model (from stage 1). The resulting two models were 
seen to converge with a r.m.s, deviation of 0.08/k 
(R =0.175). 90 of the 100 coenzyme H and D atoms 
were located. In step (2), all the missing H atoms 
(attached to methyl groups) were located along with 
32 solvent sites. In step (3), anisotropic thermal 
parameters were included for all the coenzyme atoms 
and from the difference maps 109 solvent sites were 
assigned: final R=0 .085 ,  wR--0.109, S=2 .04 .  
Maximum LS shift <0.5o- and maximum and 
minimum heights in final difference map = 0.28 and 
-0 .35 fm. 
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Results and discussion 

The final set of coordinates and thermal parameters 
(including solvent sites) obtained from the refinement 
of the neutron and X-rayl data are listed in Table 4.* 

1. Bond lengths and angles 

The bond lengths and angles calculated from the 
neutron and X-rayl coordinates are given in Figs. 1 
and 2. The values obtained from the X-ray2 model 
(deposited) are, within experimental error, the same 

* A complete listing of  the structure factors, atomic coordinates, 
thermal parameters, occupancies, together with all the individual 
bond distances and angles for the three models, neutron, X-ray| 
and X-ray2, have been deposited with the British Library Docu- 
ment Supply Centre as Supplementary Publication No. SUP 43601 
(127pp.). Copies may be obtained through The Executive 
Secretary, International Union of  Crystallography, 5 Abbey 
Square, Chester CH1 2HU, England. 

as those for the neutron and X-rayl models; the e.s.d. 
ranges (A) for the models are as follows: 

Range Average 
Neutron (non-H atoms) 0.007-0.021/~ 0.012 
Neutron (H atoms) 0.015-0.065 0.027 
X-rayl 0"007-0.019 0.014 
X-ray2 0-012-0-04 ! 0.024 

Table 5 lists the corresponding bond lengths and 
angles around the Co atoms in the three refined 
models (and also the 1968X-ray model),  and the 
statistics of the chemically equivalent bonds for the 
neutron model; the bond lengths were not corrected 
for thermal motion. 

Generally, the mean lengths obtained for the stan- 
dard bond types were seen to be within 20. of their 
accepted values. However, some large deviations of 
up to 0.08 ~ (60-) were observed for several individual 
bond lengths, particularly for some of the single C-C 
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Fig. 2. (a) Interatomic angles in the coenzyme B~2 molecule: bold numbers refer to the neutron model and lighter numbers to the 
X-rayl model; (b) interatomic distances (bold numbers) and angles (lighter numbers) involving the H and D atoms of the neutron 
model. The distances are in /~ and the angles in degrees. 
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Table 4. List of atomic coordinates (x 10 4) and equivalent isotropic thermal parameters (~2 × 103) and occupancy 
factors derived from ( a) the neutron model and ( b ) the X-rayl model 

x y z Ueq Occ. x y 

(a )  Neu t ron  mode l  044 -176(61 -1583 (6) 
Co 495 (6) 1841(71 212(11) 26(5) 1.00 N45 -667(4) -812(51 
CI 288(2) 2632 (2) -1199 (4) 18(2) 1.00 D 1 9 8  -876(5) -1065(71 
C2 426(3) 2787(2) -2138(41 24(2) 1.00 D 1 9 9  -721(8) -355(12) 
C3 532(2) 2120(3) -2505(4) 22(2) 1.00 C46 1145(4) 1349(71 
HI10 862 (4) 2133(5) -2912(10) 27(4) 1.00 HI71 1179(71 1376(121 
C4 644(3) 1779(31 -1675(4) 26(2) 1.00 H172 1419(81 1005(141 
C5 907 (2) 1180 (3) -1669(4) 23 (2) 1.00 H173 1206 (9) 1777(251 
C6 914 (2) 847 (3) -943 (4) 22 (2) 1.00 C47 492 (5) 578 (5) 
C7 1172 (3) 227 (3) -808 (5) 34 (2) 1.00 H174 738 (9) 229 (8) 
C8 899 (3) -47(4) -1 (5) 32 (2) 1.00 HI75 100 (10) 414 (7) 
H i l l  1122 (7) -319(31 439(151 57(6) 1-00 H176 489(9) 612(91 
C9 747 (2) 545(3) 436(5) 19 (2) 1.00 C48 -258(3) 1578(51 
C10 714(31 586(3) 1325(5) 22(2) 1.00 H 1 2 8  -325(6) 1224(111 
HII2 767 (6) 169(91 1684(131 51(6) 1.00 H 1 2 9  -458(8) 2019(121 
CI1 597 (2) 1117 (3) 1794 (4) 21 (2) 1.00 C49 -381 (4) 1384 (5) 
C12 612(31 1176(31 2773 (5) 24(2) 1.00 HI30 -511(91 1829(111 
C13 289 (3) 1754(41 2909(5) 21(2) 1.00 HI31 -65(101 1298(91 
HII3 406(6) 1986(7) 3467(13) 39 (5) 1.00 C50 -741(4) 894(4) 
C14 356(3) 2077 (4) 2057(5) 26(2) 1.00 O51 -735(5) 602(6) 
C15 236 (3) 2700 (3) 1929 (5) 28 (2) 1.00 N52 -1053 (4) 782 (6) 
CI6 244(3) 2956(3) 1064(5) 32(2) 1.00 D200 -1300 (8) 449 (9) 
C17 162 (3) 3661(3) 841(5) 29 (2) 1.00 D201 -1073 (5) 1026(6) 
C18 62 (3) 3610(3) -158(5) 26(2) 1.00 C53 146(5) 3076(5) 
HII4 -314 (8) 3494(7) -231(111 47 (6) 1.00 H177 141(25) 2893 (23) 
C19 364(4) 3052(3) -423(5) 28(3) 1.00 HI78 311(13) 3508(121 
HII5 730(7) 3153(6) -508(10) 35(5) 1.00 H 1 7 9  -141(20) 3305(21) 
C20 -336(3) 2555(4) -1210(71 27(3) 1.00 C54 640(3) 4004(4) 
H159 -450 (6) 2154 (8) -1624 (131 51 (6) 1.00 HI80 628 (8) 4488 (8) 
H160 -472(6) 2431(8) -560(14) 48 (6) 1.00 HI81 956(6) 3781(101 
H 1 6 1  -520(7) 2945(12) -1451(14) 74(8) 1.00 H182 741(8) 3961(111 
N21 466(2) 2040(2) -992(3) 21(11 1.00 C55 -247(3) 4006(3) 
N22 707 (2) 1016(2) -131(31 24(1) 1.00 H132 -287 (7) 4459(7) 
N23 480(2) 1665(2) 1415(31 25(2) 1.00 H133 -145 (9) 4111(81 
N24 337 (2) 2645 (2) 373 (3) 24 (2) 1.00 C56 -738 (4) 3694 (5) 
C25 107 (3) 3172 (4) -2700 (6) 33 (3) 1.00 H134 -688 (7) 3193 (12) 
H162 275 (7) 3295(10) -3323 (161 65(7) 1.00 H 1 3 5  -920(10) 3631(181 
H16.3 -253 (6) 2930 (9) -2827 (12) 51 (6) 1.00 C57 -1058 (4) 4016 (5) 
H164 44 (7) 3622 (9) -2399 (12) 53 (6) 1.00 058 -979 (6) 4044(9) 
C26 933 (3) 3105(4) -2056(5) 24(5) 1.00 N59 -1435(3) 4312(31 
HlI6 1156 (5) 2903 (7) -1532 (9) 31 (4) 1.00 D136 -1514 (7) 4235 (9) 
HII7 868(4) 3608(7) -1820(101 30 (4) 1.00 C60 150(3) 4187(4) 
C27 1216(31 3148(41 -2879 (5) 32(2) 1.00 H149 232(10) 4061(8) 
028 1090(4) 3483 (5) -3488(7) 49 (4) 1-00 HI50 509(5) 4421(7) 
N29 1591 (3) 2788(4) -2935(6) 46(2) 1.00 C61 -243 (4) 4627(4) 
D192 1775 (4) 2755(6) -3508(12) 70(5) 1.00 062 -671(61 4461(71 
D193 1697 (5) 2511 (7) -2449 (121 69 (5) 1.00 N63 -142 (4) 5222 (3) 
C30 146(4) 1787(4) -3031(6) 36(3) 1.00 D202 -413 (5) 5553(6) 
HII8 -193 (7) 1836(7) -2723(12) 46(6) 1.00 D203 190(61 5375(5) 
HII9 219 (7) 1283 (7) -3007 (121 56 (6) 1.00 CPrl -1764 (5) 4666 (71 
C31 117 (4) 1961(5) -3986 (5) 40 (3) 1.00 HI37 -1956(161 4975(17) 
H120 -201 (6) 1655(81 -4285(11) 50(5) 1.00 H 1 3 8  -1534(131 4913(131 
HI21 -25 (7) 2439 (11) -4087 (13) 65 (7) 1.00 CPr2 -2156 (4) 4285 (5) 
C32 573 (3) 1841(4) -4479 (5) 31(3) 1.00 H139 -1993 (9) 3938(141 
033 751 (4) 1323(4) -4499(6) 39 (3) 1.00 CPr3 -2488(7) 4680(6) 
N34 758 (4) 2318(41 -4882(5) 56(3) 1.00 H189 -2793 (10) 4534(16) 
D194 1075(7) 2264(7) -5171(141 94(6) 1.00 HI90 -2316(151 4952(27) 
D195 595(5) 2751(81 -4892 (11) 79 (5) 1.00 HI91 -2741 (151 4972(29) 
C35 1182 (4) 1027(4) -2471(6) 29(3) 1.00 P -2511(4) 3239(5) 
H165 1325 (9) 1442 (121 -2814 (13) 83 (8) 1.00 OP2 -2020 (5) 3032 (6) 
H166 964 (t2) 840 (15) -3046 (21) 90 (111 1.00 OP3 -2435 (4) 3968 (5) 
H167 1477 (6) 724 (9) -2359 (12) 73 (6) 1.00 OP4 -2535 (4) 3032 (5) 
C36 1179 (5) -233 (7) - 1592 (8) 52 (4) 1.00 OP5 -2944 (5) 3045 (8) 
H168 820 (21) -229 (14) -1974(22) 120(17) 1.00 CRI -1461(31 1553(31 
H169 1433 (8) -134 (101 -2079 (19) 69 (8) I'00 H142 -1712 (9) 1109 (10) 
HI70 1257 (10) -661 (12) - 1400 (17) 75 (9) 1"00 CR2 -1701 (3) 2100 (4) 
C37 1707 (3) 387 (6) -520(111 45(4) 1.00 HI41 -2003 (7) 2014 (10} 
H122 1697 (10) 634 (17) 31 (26) 86 (111 1.00 CR3 - 1905 (4) 2378 (4) 
H123 1839(8) 671(121 -1071(181 75(8) 1.00 HI40 -2211(61 2077(9) 
C38 2051 (5) -126(61 -345(9) 71(51 1.00 CR4 -1492(3) 2253(4) 
039 1909 (5) -667(7) -199(111 72(5) 1-00 H143 -1203 (7) 2590(11) 
N40 2515(4) 95(6) -220(7) 52(3) 0.74 CR5 -1624(51 2253(6) 
D196 2800 (7) -213 (101 -37 (12) 86 (6) 0.74 H144 -1625 (10) 2728 (9) 
D197 2608 (6) 530(111 -303(16) 99(9) 0.74 H 1 4 5  -1328(8) 2069 (10) 
N640' 2270(11) -304(17) -1187(271 70(121 0.26 OR6 -1335(3) 1643 (4) 
D796' 2434(27) -776(34) -1307(521 144(31) 0.26 OR7 -1398(41 2531(71 
D797' 2339 (14) 23 (34) -1494(381 86(20) 0.26 D 2 0 6  -1432(81 2518(121 
C41 458(4) -439(5) -284(6) 39 (3) 1.00 OR8 -2038 (6) 1916(7) 
H124 550 (9) -836(12) -559(}3) 58(7) 1.00 D 2 0 7  -2296(7) 2229(121 
H125 285 (9) -164(101 -804(151 68(9) 1.00 N BI -1010(2) 1396(21 
C42 120(4) -608(4) 471(61 43 (3) 1.00 CB2 -581(31 1658(3) 
H126 -42(8) -202(101 760(13) 61(6) 1,00 H 1 4 6  -505(7) 1978(101 
H127 350(111 -852(161 1 0 3 2 ( 1 8 1  108(111 1.00 NB3 -261(21 1485(21 
C43 -254(4) -1034(41 144(51 42(3) 1.00 CB4 -369(4) 798(4) 

47(9) 
-167(8) 
-596(111 
-134(17) 
3030(12) 
3655(191 
2791(171 
2753(211 
3232(7) 
3076(15) 
3090(14) 
3929 (10) 
3024(6) 
2585(12) 
2845(151 
3971(71 
4291(12) 
4323(111 
4107(61 
4799(8) 
3480(7) 
3591(121 
2988(9) 
2745(6) 
3227(31) 
2646(20) 
2679(32) 
1050(61 
928(151 
694(14) 

1755(141 
1297(5} 
971(111 

1989(121 
1335(81 
1562(121 
674(22) 

1964 (7) 
2758(9) 
1621(71 
997(9) 

-689(5) 
-1382(121 

-446(121 
-718(61 
-873(11) 
-569(5) 
-625(8) 
-397(9) 
2136(111 
1743(311 
2645(22) 
2636(7) 
3007(151 
3108(121 
3401(241 
3641(39) 
2557(28) 
2028(6) 
1592(71 
1956(7) 
2958(81 
1466 101 
1137(51 
1060 15) 
777(6) 
326 II} 

1657(51 
1833 10) 
2282(5) 
2137 14) 
3228(6) 
3454 151 
3610 131 
2018(6) 
434(101 

-173(201 
3445(9) 
3366(121 
654(4) 
77315) 

1283(141 
181(31 

-113615) 

U~q Occ. 

68 (5) 1.00 
69 (3) 1.00 
95 (6) 1.00 

148 (13) 1.00 
57 (5) 1.00 
68 (9) 1.00 
80 (9) 1.00 

103 (14) 1.00 
46 (4) 1.00 
69 (8) 1.00 
66 (8) 1-00 
68 (7) 1.00 
39 (3) 1.00 
53 (6) 1.00 
68 (8) 1.00 
43 (3) 1.00 
77 (8) 1.00 
58 (7) 1.00 
42 (3) 1.00 
64 (4) 1.00 
62 (3) 1.00 

122 (9) 1.00 
8O (5) 1.00 
50 (4) 1.00 

137 (23) 1.00 
98(111 1.00 

160 (23) 1.00 
36 (3) 1.00 
87 (7) 1.00 
60 (7) 1.00 
73 (8) 1.00 
26 (3) 1-00 
44 (5) 1.00 
56 (7) 1.00 
50 (4) 1-00 
81 (10) 1.00 

106 (12) 1.00 
52 (3) 1.00 
8O (5) 1.00 
56 (3) 1.00 

111 (8) 1.00 
33 (3) 1.00 
74 (8) 1.00 
46 (5) 1.00 
4O (5) 1.00 
76 (5) 1.00 
44 (3) 1.00 
65 (4) 1.00 
69 (4) 1.00 
60 (4) 1.00 

119(151 1.00 
93 (11) 1-00 
51 (3) 1.00 
68 (8) 1.00 
84 (61 1-00 

107 (121 1.00 
170 (23) 1.00 
148 (20) 1.00 
33 (3) 1-00 
51 (4) 1.00 
49 (4) 1.00 
45 (3) 1.00 
76 (5) 1.00 
28 (2) 1.00 
77 (8) 1-00 
39 (3) 1.00 
54 (6} 1.00 
35 (3) 1-00 
42 (51 1.00 
33 (3) 1.00 
63 (7) 1.00 
48 (4) 1.00 
71 (8) 1.00 
57 (6) 1.00 
30 (3) 1-00 
52 (4) 1.00 

124 (9) 1.00 
63 (5) I .o0 

110 (8) 1.00 
31 (2) 1.00 
24 (2) 1.00 
55 (6) 1.00 
25 ( 1 ) 1.00 
35 (3) 1-00 
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x y z Ueq 

CB5 -692(3) 431(41 -1613(61 38(3) 
H147 -10(6) 812(71 -1345(13) 47 (5) 
CB6 -1183(4) 397(5) -1326(61 51(31 
CB7 -1337 (3) 703 (4) -557 (7) 45 (3) 
CB8 -986 (3) 1047 (4) -110 (5) 29 (2) 
H 1 4 8  -1711(61 661(12) -302(151 74(7) 
CB9 -492(3) 1091(3) -386(5) 30(2) 
CBI0 -537 (6) 93(6) -2387 (7) 59 (5) 
H186 -145(111 139(14) -2437(21) 96(111 
H 1 8 7  -740(16) 244(20) -2978(171 128(16) 
H188 -583 (20) -388(26) -2361(361 158(24) 
CBII -1533 (5) 27(6) -1801(131 59 (5) 
H183 -1850 (14) 53(23) -1537(211 131(181 
H184 -1525(17) 148(271 -2505(41) 137(271 
H 185 -1429(13) -436(14) -1904(26) 108(14) 
NAI 2014(3) 2647(3) 5180(4) 49(2) 
CA2 1790(41 3104(41 4732(6) 48(3) 
H151 1626(91 3444(121 5095(131 84(9) 
NA3 1750(31 3141(3) 3852(5) 50(2) 
CA4 1966(3) 2682(5) 3441(6) 44(3) 
CA5 2222(4) 2183(51 3866(6) 46(3) 
CA6 2231(31 2192(4) 4765(6) 46(3) 
NA7 2406(3) 1814(4) 3212(5) 67(3) 
CA8 2264(4) 2048(6) 2475(7) 59(4) 
H 1 5 2  2333(10) 1823 (9) 1864(19) 132(14) 
NA9 2012(2) 2566(3) 2575(4) 42(2) 
NAI0 2434(3) 1738(4) 5226(4) 58 (2) 
D204 2447 (6) 1789(81 5860(171 94(7) 
D205 2610(6) 1378 (9) 4976(11) 87(6) 
CAll  1772 (4) 2941(5) 1894(61 41(61 
H153 1649 (7) 3376(131 2228(12) 67(8) 
CA12 2118(41 3112(5) 1131(61 46(3) 
H154 2471(111 3055(161 1319 (171 92(111 
CAI3 1959(31 2657(4) 411(5) 31 (3) 
H155 2134 (6) 2176 (8) 544(131 47 (6) 
CAI4 1417(3) 2575(5) 607(5) 27 (3) 
H156 1253 (7) 2974(9) 371(131 57(6) 
CA15 1218(31 1987 (4) 254(6) 32 (3) 
H157 1356(5) 1599(81 622(3) 45 (5) 
H158 1330(6) 1909(71 -404(111 40(11) 
OAI6 1386(41 2604(5) 1530(61 42(3) 
OAI7 1989 (7) 3701(71 882(10) 68(5) 
D208 2181(71 3805(14) 458(191 144(101 
OAI8 2052 (4) 2893(7) -386(8) 48(4) 
D209 2059(6) 2534(9) -800(121 86(6) 

Solvent  posi t ions* 

O 2 1 1  3066(151 1249(22) 83(32) 103(101 
D302 3246 (141 1271(171 570(27) 106(91 
D 3 0 3  3055(171 1587 (25) -209(33) 136(131 
O212 3510 (C) -349 (C) 215 (C) 84 (C) 
D304 3759(131 -120(17) 494(24) 127(10) 
D305 3571 (C) -769 (C) 240 (C) 130 (C) 
O213 3606(8) 1453(111 5789(15) 83 (5) 
D 3 0 6  3460(121 1070(17) 5462(23) 139(91 
D 3 0 7  3714(111 1168(151 6340(22) 131(91 
O 2 1 4  1 7 8 1 ( 1 5 1  4772(24) 1826(33) 70(9) 
D308 2101 (C) 5108(C) 1907 (C) 120(6') 
D309 1917 (191 4446 (26) 1432 (36) 130 (151 
D708 1724 (46) 4604(60) 2387(84) 167(371 
O 2 1 5  1 5 1 2 ( 2 5 1  4496(311 3580(46) 116(211 
D 3 1 0  1667(30) 4008(36) 3645(51) 120(21) 
D311 1537(C) 4611(C) 2968(C) 120(C) 
O216 3404(9) 2673(12) 1374(191 83(6) 
D 3 1 2  1 5 1 7 ( 1 6 1  7800(22) 6639(30) 120(12) 
D 3 1 3  3266(24) 2856(311 1792(48) 112(16) 
O 2 1 7  3671(121 1333 (16) 1500(21) 104(81 
D314 3637(18) 1330(211 2089(32) 120(13) 
D315 3943 (19) 1090(24) 1428(32) 130(14) 
O218 3569 (13) 1782(161 3113(261 108 (9) 
D 3 1 6  3175(141 1730(181 3260(26) 130(101 
D 3 1 7  3701(20) 1825(271 3728(411 175(171 
O 2 1 9  1 9 7 4 ( 2 2 1  6650(26) 7780(37) 110(141 
C221 1671(81 6587(11) 8382(161 84(6) 
C420 1136(11) 6584(161 8321(21) 99(8) 
C225 1837 (C) 6619(C) 9292 (C) 103(C) 
0222 2437(12) 5 7 4 1 ( 1 5 1  4738(22) 85(8) 
D324 2357 (C} 5315 (C) 4459 (C) 130 (C) 
D325 2594 ( C ) 5861 (C) 4208 (C) 130 ( C ) 
0223 4213 (24) 2052 (27) 4786 (38) 117 (15) 
D 3 2 6  4506(30) 2 0 2 3 ( 3 1 1  4808(46) 144(19) 
I1327  3986(C~ 1919(C) 5206/C) 120(C) 
0226 1 5 5 4 ( 1 8 1  5 0 1 1 ( 2 5 1  9658(36) 941121 
D 3 3 2  1 2 1 6 ( 1 4 1  5 2 ( 1 0 1 1 7 )  9724(24) 138(10) 

* ( C ) i s  ass igned 

Table 4 (cont.) 
Occ. 

1.00 D333 
1-00 0228 
1.00 0428 
1.00 0229 
1.00 0231 
• 00 D338 
• 00 D538 
• 00 D339 
• 00 O410 
• 00 D500 
• 00 D501 
• 00 O4LI 
• 00 O414 
• 00 D508 
• 00 D509 
• 00 O415 
• 00 D510 

I '00 D511 
1.00 O417 
1.00 D715 
1-00 0623 
1.00 D726 
1.00 D727 
1 '00 O425 
1.00 0227 
1 '00 D533 
1.00 0426 
1 '00 0628 
1.00 0828 
1.00 0830 
1-00 O431 
1.00 0210 
1.00 D300 
1-00 D301 
1.00 O610 
I "00 D701 
1-00 O810 
• 00 D900 
• 00 0235 
• 00 O220 
• 00 D32C 
• 00 O619 
• 00 0620 
• 00 O621 

1.00 D530 
O601 
D704 
D705 

0.50 0603 
0.50 D702 
0.50 D703 
0.60 0604 
0.60 D706 
0.60 D707 
0.73 0607 
0.73 0608 
0.73 O618 
0' 50 0423 
0.20 D526 
0.45 D527 
0.25 O815 
0-45 O615 
0.17 D710 
0.21 D711 
0.65 0631 
0'60 U241 
0.30 U506 
0.66 U340 
0.66 U336 
0 66 U25 I 
0.60 U252 
0.60 U626 
0.60 
0.40 
0.60 
0.55 
0.40 
0.50 
0.25 
0.30 
0.40 
0-40 
0.45 
0.40 
0.70 

tO sites not refined in least squares due to overlap.  

x 

3348 (32) 
2464 (86) 
2452 (71) 
2329 (24) 
1965 (21) 
1691 (45) 
1966 (28) 
1733 (47) 
2487 (20) 
2247 (C) 
2586 (C) 
2000 (C) 
2036 (C) 
2176 (24) 
2024 (C) 
1821 (C) 
1619 (C) 
1869 (C) 
1533 (36) 
1131 (57) 
4284 (C) 
4619 (C) 
4048 (C) 
1786 (C) 
3696 (C) 
1606 (41) 
1495 (42) 
2262 (86) 
2474 (C) 
2186 (C) 
2279 (C) 
2334 (24) 
2214(C) 
2548 (C) 
2597 (C) 
1981 (31) 
2533 (52) 
2209 (30) 

778 (26) 
1275 (26) 
1152 (55) 
1825 (31} 
1145 (29) 
1331 (33) 
975 (32) 

3405 (C) 
3653 (C) 
3113(17) 
2400 (26) 
2060 (43) 
2583 (CI 
3427 (12) 
3429 (C) 
3762 (25) 
1845 (98) 
1826 (34) 
1607 (C) 
4284 (C) 
4596 (C) 
4252 (27) 
1369 (C) 
1583 (C) 
1347 (C) 
1548 (C) 
1614(411 
1395 (33) 
1444 (26) 
1611 (34) 
2043 (32) 
2032 (37) 
2081 (34) 
1851 (25) 

Y 

5065 (42) 
4441 (111) 
4918 (107) 
4445 (30) 
4059 (27) 
3659 (64) 
3619(371 
4255 (62) 
5853 (25) 
6160(C) 
5868 (C) 
8537 (C) 
5007 (C) 
5299 (37) 
4671 (C) 
4616 (C) 
4013 (C) 
4740 (C) 
8978 (50) 
9250 (70) 
2185 (C) 
1932 (C) 
1909 ( C 
6949 ( C 
5263 ( C 
4565 (53 
5405 (55 
4524 (99 
4471 (C 
4806 ( C 
4182 (C 
5820 (29 
6178 ( C 
5845 ( C 
5985 (C) 
6090 (40) 
4314 (65) 
5983 (38) 
4921 (33) 
6670 (34) 
6312 (79) 
8430 (40) 
6993 (39) 
6927 (42) 
7105 (39) 
-788 (C) 

-1128 (C) 
- 1079 (23) 

8912 (32) 
9052 (53) 
9043 (C) 
473 (14) 
-46 (C) 
580 (31) 

6745 ( 1221 
7919 (44) 
8399 (C) 
1932 (C) 
1886 (C) 
1817 (35) 
4372 (C) 
5007 ( C ) 
3912 (C) 
4809 (C) 
3977 (55) 
6093 (40) 
8571 (33) 
4178 (47) 
6812 (411 
5880 (44) 
6218(51) 
4941 (32) 

z 

5267 (68) 
4849 (161) 
9483 (1341 
3397 (45) 
8528 (38) 
8397 (54) 
8905 (51) 
8859 (91) 
1801 (41) 
1828 (C) 
2506 (C) 
5494 (C) 
1888 (C) 
1522 (43) 
1536(C) 
3678 (C) 
3515 (C) 
3743 (C) 
6492 (67) 
6444(1011 
5238 (C) 
5238 (C) 
5564 (C) 
9406 ( C ) 
4352 ( C 
9282 (73 
9380 (77 
4622 (212 
4083 ( C 
4684 ( C 
8908 ( C 
2315 (47 
2096 ( C 
2890 ( C 
2864 ( C 
2506 (57 
5921 (115 
1009 (90 
3315 (48 
7626 (51 
7442 (94 
7127 (59 
8183 (56 
9121 (63 
8632 (62 
231 (C 
338 ( C 
299 (33 

5447 (48 
5110(76 
4609 ( C ) 

117(211 
240 (C) 
502 (46) 

7639 (172) 
5851 (63) 
6346 (C) 
5694 ( C ) 
5498 ( C ) 
6196 (50) 
3489 (C) 
3437 (C) 
3450 (C) 
3775 (C) 
9232 (86) 
7796 (60) 
9309 (48) 
9724 (73) 
9773 (59) 
7961 (68) 
7631 (63) 
8656 (47) 

Ueq 

131 (24) 
130(591 
82 (58) 
68 (16) 

106 (14) 
120 (24) 
112(191 
146 (32) 
93 (14) 

120 (C) 
120(C) 
1oo ( c )  
79 (C) 

136 (16) 
120 (C) 
IIO(C) 
120 (C) 
120(C) 
121 (25) 
111 (41) 
IO0(C) 
120 (C) 
120(C) 
IIO(C) 
109 (C) 
155 (28) 
135 (30) 
130 (60) 
159 (CI 
167 (C) 
115(C) 
107 (16) 
93 (C) 

I I0(C)  
120(C) 
120(211 
105 (42) 
110(21) 
102 (18) 
123 (19) 
112 (37) 
7O (2O) 
76(181 
72 (22) 

100(211 
110 ((_') 
130(C) 
103 (12) 
76 (16) 

121 (28) 
110(C) 
70(7) 

130(C) 
136(181 
110 (74) 
99 (24) 

IO0(C) 
IO0(C) 
120(C) 
112(191 
100(C) 
IO0(C) 
I00 (C) 
100 (C) 
121 (28) 
75 (20) 
76 (17) 
81 (24) 
84(211 

100 (25) 
92 (23) 
80(171 

(b) X - r a y l  model  

Co 503(11 1827(11 192(11 13(1 
CI 198 (4) 2638 (5) -1199 (7) 8 (3 
C2 412 (4) 2797 (5) -2138 (7) 15 (3 
C3 521 (4) 2128 (5) -2507 (6) 12 (3 
C4 640 (4) 1781 (5) -1669 (7) 12 (3 
C5 916 (4) 1217 (5) -1659 (7) 14 (4 
C6 921 (4) 857 (5) -921 (7) I0 (3 
C7 1206 (5) 233 (6) -801 (7} 25 (4 
C8 921 (4) -27(5) -12(71 16(4 
c9 765 (4) 556 (5) 452 (6) 10 (4 
ClO 719 (4) 607 (5) 1339 (6) 15 (5 
Cl 1 611 (4) 1135 (5) 1794 (6) 12 (5 
c12 629 (4) 1190 (5) 2766 (6) 14 (5 

Occ. 

0.25 
0.13 
0.20 
0.22 
0.40 
0.17 
0.25 
0.25 
0.33 
0.20 
0-33 
0.15 
0.25 
0.25 
0.20 
0.30 
0.21 
0.20 
0.25 
0.16 
0-33 
0.30 
0.30 
0.30 
0.27 
0.30 
0-25 
0.20 
0.20 
0.20 
0.25 
0.33 
0.20 
0.30 
0.20 
0.25 
0.20 
0.15 
0.27 
0.33 
0.16 
0.16 
0.20 
0.16 
0.20 
0.30 
0.30 
0.35 
0.22 
0.16 
0-15 
0.43 
0.35 
0.35 
0.13 
0.20 
0-15 
0.23 
0-23 
0.23 
0.15 
0.16 
0.13 
0.15 
0.20 
0.16 
0-20 
0.16 
0.16 
0.20 
0.20 
0.25 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1-00 
1.00 
1.00 
1.00 
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C13 
C14 
C15 
C16 
C17 
C18 
C19 
C20 
N21 
N22 
N23 
N24 
C25 
C26 
C27 
028 
N29 
C30 
C31 
C32 
033 
N34 
C35 
C36 
C37 
C38 
039 
N40 
C41 
C42 
C43 
044 
N45 
C46 
C47 
C48 
C49 
C50 
O51 
N52 
C53 
C54 
C55 
C56 
C57 
058 
N59 
C60 
C61 
062 
N63 
CPrl 
CPr2 
CPr3 
P 
OP2 
OP3 
OP4 
OP5 
CRI 
CR2 
CR3 
CR4 
CR5 
OR6 
OR7 
OR8 
NBI 
CB2 
NB3 
CB4 
CB5 
CB6 
CB7 
CB8 
CB9 
CBI0 
CBI1 
NAI 
CA2 
NA3 
CA4 
CA5 
CA6 
NA7 
CA8 
NA9 

x 

280 (4) 
343 (4) 
224(4) 
230 (4) 
134 (4) 
40 (4) 

337 (4) 
-342 (4) 

456(3) 
719 (3) 
480 (3) 
325(3) 
71 (4) 

906(3) 
1185 (4) 
lO55 (3) 
1584(3) 

132 (4) 
lO7 (3) 
572 (4) 
760(3) 
770(3) 

1194(4) 
1191(5) 
1711 (4) 
2078 (5) 
1947 (3) 
2524(3) 
480 (4) 
154 (4) 

-234 (5) 
-143 (3) 
-628 (4) 
1138 (4) 
494 (4) 

-242 (4) 
-367 (4) 
-750 (4) 
-758(3) 

-1050(4) 
103 (5) 
612 (4) 

-282 (4) 
-770 (4) 

-1087 (4) 
-991 (3) 

-1477 (3) 
137 (4) 

-271 (4) 
-689 (4) 
-148(3) 

-1814(4) 
-2188 (4) 
-2538 (5) 
-2535 (1) 
-2057 (2) 
-2467 (3) 
-2530(3) 
-2954(3) 
-1458 (4) 
-1733 (4) 
-1920 (4) 
-1506 (4) 
-1611 (5) 
-1332 (2) 
-1421(3) 
-2037 (3) 
-1015 (3) 
-572 (4) 
-257 (3) 
-360 (4) 
-674 (4) 

-1161 (4) 
-1323 (4) 

-989 (4) 
-499 (4) 
-514 (5) 

-1518(5) 
1981 (4) 
1761(5) 
1724(3) 
1949 (4) 
2200(4) 
2216(4) 
2408(4) 
2286 (5) 
2004(4) 

Y 

1764(5) 
2089 (5) 
2705(5) 
2979 (5) 
3666 (5) 
3614 (5) 
3046(5) 
2539 (5) 
2047(4) 
1022(4) 
1681 (4) 
2660 (4) 
3167 (4) 
3134 (4) 
3171 (4) 
3497 (3) 
2808(4) 
1780 (5) 
1951 (5) 
1851(5) 
1339 (3) 
2332(4) 
1057(5) 
-202 (5) 

423 (5) 
-93 (6) 

-654 (4) 
100 (4) 

-424(4) 
-599 (5) 

-1033 (5) 
-1593(4) 

-789 (5) 
1374(5) 
596 (5) 

1582(5) 
1401(5) 
899 (5) 
618 (4) 
774 (5) 

3090(5) 
4021(4) 
4007 (5) 
3669(5) 
4004(5) 
4064 (4) 
4286(4) 
4203 (4) 
4651 (5) 
4496 (4) 
5243 (4) 
4641 (5) 
4271(5) 
4689(6) 
3196 (1) 
2967(3) 
3921(3) 
3003 (3) 
3004(3) 
1494(5) 
2073(5) 
2325 (4) 
2232 (4) 
2241 (5) 
1624 (3) 
2506(3) 
1939 (4) 
1370 (4) 
1640(5) 
1477 (4) 
787(5) 
428 (5) 
383 (5) 
686(5) 

1015(4) 
1083(4) 

70(6) 
-5 (8) 

2691 (4) 
3127(6) 
3191 (5) 
2735(6) 
2247(5) 
2230(6) 
1867(5) 
2117 (7) 
2648(5) 

z 

2913 (7) 
2050 (7) 
1916(7) 
1055(6) 
827 (6) 

-160(7) 
-424(6) 

-1193(7) 
-985 (5) 
-133(5) 
1415(6) 
369 (5) 

-2700 (5) 
-2055(6) 
-2891 (6) 
-3504 (4) 
-2949(5) 
-3025(5) 
-3990 (6) 
-4468(6) 
-4500 (4) 
-4861 (6) 
-2468 (5) 
-1590 (7) 

-534 (6) 
-323 (7) 
-261 (6) 
-238 (6) 
-262 (6) 

501(7) 
149(7) 
68 (5) 

-143 (8) 
3006(7) 
3234(6) 
3026 (6) 
3971(6) 
4118(7) 
4801(6) 
3482(7) 
2722(5) 
1044(6) 
1283 (6) 
1328(8) 
1925(7) 
2717(5.) 
1603 (6) 

-701 (6) 
-705 (6) 
-835(6) 
-568(5) 
2108(7) 
2588 (6) 
3060(8) 
2048(2) 
1583 (4) 
1944(4) 
2970 (4) 
1534 (4) 
1135(6) 
793(7) 

1667 (6) 
2238(7) 
3226(7) 
2008 (4) 
394 (5) 

3444(5) 
652 (5) 
779(7) 
180(5) 

-1126(7) 
-1582(7) 
-1315(7) 

-586(8) 
-93 (6) 

-379 (5) 
-2390(8) 
-1824(10) 

5161(5) 
4681(7) 
3831(5) 
3432 (6) 
3812(6) 
4726(7) 
3197 (6) 
2450(8) 
2547(5) 

Ueq 

12(4) 
13(5) 
15(5) 
13 (4) 
11 (4 )  
15(4) 
10(4) 
19(5) 
8(3) 

12(3) 
16(4) 
9(3) 

17(5) 
16(5) 
18(5) 
41 (4) 
31 (4) 
24 (4) 
23 (4) 
20 (5) 
33(3) 
38(4) 
21 (4) 
33 (5) 
23 (4) 
28 (5) 
50 (4) 
37 (4) 
24 (4) 
30 (5) 
29 (6) 
51 (4) 
54 (5) 
32(5) 
33 (5) 
28 (5) 
23 (5) 
27 (5) 
57 (4) 
47 (5) 
44(5) 
27 (4) 
26 (5) 
37(5) 
30(5) 
60 (4) 
32(4) 
26 (4) 
22 (5) 
56 (4) 
34 (4) 
28 (4) 
25 (4) 
55(6) 
21 (1) 
30(3) 
29 (3) 
31(3) 
32(3) 
24 (5) 
23 (4) 
19(4) 
23 (4) 
32 (5) 
31 (3) 
39(3) 
42 (3) 
20 (4) 
19(4) 
21 (3) 
21 (4) 
25 (5) 
34(5) 
34(5) 
20 (5) 
15(4) 
52(6) 
71 (7) 
37 (3) 
41 (4) 
34 (3) 
30(4) 
29 (4) 
39 (4) 
50(4) 
49 (5) 
33 (3) 

Table 4 
Occ. 

1 .oo 
1 -oo 
1 .oo  
1 .oo 
I-OO 
1 .oo 
1 .oo  
1 .oo  
1 .oo  
1 .oo  
1 .oo  
1 .oo 
1-oo 
1 .oo 
1 .oo  
1 .oo  
I .oo 
1 .oo  
I .oo  
I -oo 
1 .oo  
1 .oo 
1 -oo 
1 .oo  
1 .oo  
I -oo 
1.oo 
1 -oo 
1 .oo 
1.oo 
1 .oo 
1 -oo 
I .oo  
1 .oo 
1 .oo  
I .oo 
1 .oo 
I.OO 
1 .oo 
1 .oo  
I .oo 
1 .oo  
1 -oo 
1 .oo 
1 .oo  
1 .oo  
1 .oo 
I .oo  
1 .oo  
1 .oo 
1 .oo  
1 .oo  
1 .oo  
1 .oo 
1 .oo  
I .oo  
1 .oo 
1 .oo 
1 -oo 
1-oo 
I .oo 
1 .oo  
1 .oo  
I .oo 
i.oo 
1 .oo 
I .oo  
1 -oo 
1 .oo  
1 .oo  
1 .oo  
I .oo  
I -oo 
1 .oo 
1 .oo  
1 .oo 
.oo 
.oo 
.oo 
-oo 
.oo 
.oo 
.oo 
.oo 
.oo 

I.OO 
I .oo 

(cont . )  
x y z Ueq Occ. 

NAI0 2423 (4) 1759 (5) 5203 (6) 49 (4) 1-00 
CAll  1765(4) 2993 (5) 1864(7) 25(3) 1-00 
CAI2 2088(4) 3152(6) 1099(6) 32(4) 1.00 
CA13 1951(3) 2710(5) 404(6) 21(3) 1.00 
CAI4 1408(4) 2607(5) 584(5) 20(3) 1-00 
CAI5 1207 (4) 2028 (4) 233 (6) 22 (3) 1.00 
OAI6 1381(3) 2642(4) 1530(4) 38(3) 1-00 
OAI7 1971(4) 3782(4) 839(5) 58(3) 1-00 
OA18 2042 (3) 2922 (3) -442 (4) 34 (2) 1.00 

S o l v e n t  p o s i t i o n s  

O211 3042(4) 1260(5) 18(7) 77(4) 0.90 
O212 149714) 34715) 5225(7) 71i4) 0.88 
O213 3604(4) 1406(4) 5828(6) 48(4) 0.77 
O214 1785(5) 4819(7) 1881(10) 85(8) 0.70 
O215 1617(9) 4509(12) 3553(18) 106(12) 0.50 
O216 3388(4) 2610(5) 1325(8) 94(4) 0.95 
O217 3645(5) 1326(6) 1542(8) 81(5) 0.82 
O218 3481(8) 1758(11) 3083(15) 148(9) 0.75 
0219 3069(9) 3419(11) 2753(16) 117(8) 0.60 
C 2 2 1  3331(12) 3439(13) 3388(21) 95(10) 0.62 
C420 3836(12) 3422(15) 3353(22) 102(13) 0-62 
C 2 2 5  3143(19) 3387(24) 4297(35) 130(32) 0.55 
0222 2582 (8) 4284 (10) 9650 (15) 92 (8) 0.51 
0223 4150(10) 2111 (13) 4668(21) 102(10) 0.43 
0423 4292 (15) 1939 (18) 5855 (27) 66 (14) 0.23 
0623 4302 (8) 2229 (10) 5240 (16) 52 (7) 0.38 
0226 3475(16) 4940(23) 4415(28) 140(16) 0.40 
0227 3640(18) 5346(25) 4431(31) 122(20) 0.30 
0228 2356 (18) 4476 (23) 5124 (35) 150 (24) 0.35 
0428 2341(16) 5109(23) 4737(32) 134(22) 0.27 
O231 1836(10) 3998(10) 8516(15) 61(10) 0.40 
O 4 3 1  2181(18) 4103 (20) 8794(30) 102(17) 0-28 
O210 2379 (17) 5829(20) 2296(35) 100(19) 0.30 
O410 2435(12) 5859(14) 1853(24) 87110) 0.40 
0235 725(20) 5133(25) 3273(35) 116(17) 0-24 
O414 2032(35) 4991(37) 1855(60) 108(26) 0.15 
O614 2164 (40) 4472 (49) 2327 (72) 186 (67) 0.23 
O814 1853 (50) 4888(58) 1306(93) 98(45) 0-10 
O415 1922 (82) 4556(52) 3713(79) 120(39) 0.15 
O 6 1 5  1616(51) 4947 (66) 3518(76) 120(51) 0.13 
O 8 1 5  1315(40) 4464(43) 3451(52) 110(39) 0.20 
O 4 1 7  1554(25) 8930(32) 6493(41) 72(18) 0.18 
O418 1369 (49) 8330(63) 8757(103) 200(53) 0.13 
O419 3049 (42) 3047(66) 2769(78) 95(39) 0.12 
0220 3640(26) 3498(33) 2591(48) 152(31) 0.25 
0620 3861(29) 3291(37) 2678(52) 94(59) 0.17 
0425 3179(34) 3451(46) 4785(67) 140(62) 0.20 
0625 3095(19) 3198(26) 4590(37) 140(29) 0-20 
0426 3484(48) 4510(74) 4316(87) 130(35) 0.13 
0626 3251(59) 4853(73) 4850(113) 140(35) 0.12 
0627 3631(36) 5760(61) 4961(66) 150(58) 0-13 
0628 2695(57) 4559(62) 4948(95) 140(36) 0.15 
0828 2389 (40) 4603 (57) 4492 (103~ 140 (34) 0.20 
O631 3471 (25) 5999 (30) 3939 (44) 88 (28) 0-17 
O 8 3 1  2864(33) 6006(31) 3234(54) 127(24) 0.25 
O610 2487 (30) 5845(30) 2738(58) 72 (29) 0.17 
O810 2460(31) 5765(40) 1302(69) 100(35) 0-13 
O 6 0 1  1591(29) 686(45) 5212(55) 68(39) 0.12 
0603 2457(47) 8786(54) 5194(84) 100(35) 0.12 
O 6 1 6  2218(66) 4716(93) 1895(115) 136(66) 0.15 
0820 3846 (44) 2868 (60) 3776 (83) 130 (40) 0.12 
0825 2876(73) 3529(100) 4427(143) 130(52) 0.17 
0826 3071(107) 3677(160) 4362(201) 130(51) 0.15 
0827 2819(33) 3943(42) 3083(60) 105(43) 0 13 
0821 3505(63) 3088(65) 4557(90) 100(33) 0"13 
0829 2227(83) 4706(88) 3971(135) 140(56) 0-13 
0830 2299 (47) 5044(81) 4167 (111) 140 (36) 0.17 

bonds. These differences are probably related to: (1) 
uncorrected thermal motions, for example, precessing 
methyl groups, and (2) steric interactions between 
side groups, for instance, the tetrahedral sp  3 interac- 
tions C1-C2 and C2-C3 are seen to be approximately 
1.58 ,~ compared with the expected value of 1-54/k. 

The bond-length statistics involving the H and D 
atoms are also listed in Table 5. The average bond 
length of ca 1 . 0 0 ~  for the O - D  and N - D  polar 
groups is significantly shorter (40-) than the average 
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Table 5. Bond lengths ( f~ ) and angles (o) around the Co atom and coenzyme bond-length statistics ( ~ ) for the 
neutron model 

See text for average e.s.d.'s for bond distances. Average e.s.d.'s of bond angles around the Co atom are: -0.8 ° for neutron, -0.5 ° for 
X-rayl, -1.0 ° for X-ray2 and -2.0 ° for 1968X-ray. 

Neutron X-ray 1 

Co-N21 1.90 1.87 
Co-N22  1.96 1.91 
Co-N23  1-89 1.91 
Co-N24  1.82 1-89 
C o - N B 3  2.24 2.24 
C o - C A I 5  2.04 2.00 

N21-Co-N22  88 90 
N21-Co-N23  176 172 
N21-Co-N24  85 83 
N 2 1 - C o - C A I  5 92 92 
N22-Co--N23 95 97 
N22-Co--N24 171 172 
N 22-Co-C A 15 82 84 
N23-Co-N24  93 90 
N 2 3 - C o - C A  15 91 92 
N 2 4 - C o - C A  15 95 92 
N21-Co-NB3 91 91 
N22-Co-N  B3 88 89 
N 2 3 - C o - N B 3  86 85 
N24-SCo-N B3 96 94 
C A I 5 - C o - N B 3  169 173 

Mean length 
Bond type Number  ( /~) 

Co -N  Rings A, D 2 1.860 
Rings B, C 2 1.925 

N-C(sp  2) Rings ,4, D 2 1-289 
Rings B, C 4 1-379 

C(sp2)-C(sp 2) Inner ring 6 1-407 
C(sp2)-C(sp 3) Corrin nucleus 8 1-520 

Side chains 9 1.480 
C(sp3)-C(xp 3) Corrin nucleus 20 1.556 

Side chains 27 1- 540 
C = O Amide groups 6 1.243 
C - N  Amide groups 6 1.335 
C-O  Ribose 9 1.417 
C(sp2)-C(sp 2) Phenyl 6 1-414 
O - D  Hydroxyl 4 0-992 
N - D  Amide 15 1.012 
C - H  (sp 2, sp 3) 20 1.087 
C-H  Methylene 28 1.108 
C-H  Methyls 33 1.082 
CH, CH2, CH 3 81 1-092 

X - r a y 2  1 9 6 8 X - r a y  

1.82 1.92 
1.87 1.91 
1.87 1.97 
1.87 1-98 
2.22 2-24 
1.98 2.05 

89 91 
172 170 
83 81 
95 95 
97 98 

172 172 
83 86 
91 90 
91 89 
95 93 
90 93 
89 88 
85 85 
94 95 

171 170 

R .m . s .  A v e r a g e  e . s .d .  

deviation from refinement 
(A) (A) 

0.059 0.017 
0.050 0.017 
0-004 0-009 
0.032 0-008 
O-O56 0-010 
0-031 0.011 
0-017 0.014 
0-027 0.011 
0-036 0-013 
0.017 0.016 
0.029 0.014 
0.037 0.015 
0.027 0-013 
0.037 0-029 
0.034 0.022 
0-045 0.023 
0.052 0.025 
0.078 0.034 
0-063 0.028 

M a x .  deviation 
from mean 

(A) 
0-042 
0-035 
0-003 
0.045 
0.078 
0.030 
0.025 
0.061 
0-083 
0.026 
0.058 
0.064 
0.054 
0-054 
0.086 
0.111 
0-090 
0-241 
0.241 

C-H length of 1.09 A. The largest deviations are 
associated with the more disordered groups of C35, 
C53 and CPr3. As shown in Fig. 2(b), the angles in 
the ND2 groups are all around 120(4) °, with the 
D - N - D  angle slightly smaller (by 2-4o-) than the 
other two angles. 

2. Rotation of the coenzyme molecule in the unit cell 

When compared with the 1968X-ray model crystal- 
lized from H20 at room temperature, the three refined 
models grown in D20 at 277 K were seen to be rotated 
by approximately 5 ° about an axis which is almost 
parallel to the c axis of the unit cell and passing close 
to the Co atom (Fig. 3a). The r.m.s, deviations (A) 
of the positional parameters between the four models 
are as follows (maximum deviations in brackets): 

X - r a y  1 X - r a y 2  N e u t r o n  

1 9 6 8 X - r a y  0 .38  (1-68)  0 .33  (1 .63)  0 .27  (1 .68)  
X-rayl  0 .08  (0 .17)  0-09 (0 .20)  

X - r a y 2  0-07 (0 .15)  

The main consequence of the reorientation in the 
unit cell appears to be a redistribution of the hydrogen 
bonds around the phosphate group. In the 1968X-ray 
model, the phosphate O atom, OP4, is hydrogen 
bonded to NA10 (Fig. 3b) and also forms weaker 
contacts to N29 and OR8, whilst OP5 is bonded to 
OA18 and water W603. The N29 atom appears to 
form two weak hydrogen-bond contacts to two of the 
phosphate O atoms, one to OP4, H . . . O = 2 . 4 3 , ~  
(although N29. . .OP4 = 2.98 ,~), and the other to OP5, 
H.. .O = 2.67 ~ (N29. . .OP5 = 3.67 ,~). In the other 
three models (Fig. 3c), OP4 forms strong hydrogen 
bonds to NA10 and OR8, while N29 again forms a 
'three-centred interaction' with OP4 and OP5. 
However, this time it forms a shorter H. . .Ocontact  
with OP5 (2 .18,~)  than with OP4 (2.57,~)  even 
though the N29. . .OP4 distance (3.01/~)  is shorter 
than N29.. .OP5 (3.17 ,~). OP5 makes stronger hydro- 
gen bonds to N29 and OA 18 but a weaker contact to 
the water at position W603 (OP5...  W603 = 3.40 A). 
N29 appears to form a bifurcated hydrogen-bond 
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Fig. 3. (a)  Project ion o f  the non-H atoms of  the X-rayl  model 
(heavy line) and 1968X-ray model  (fine line) onto the ab plane 
of  the unit cell. Some side-chain labels are included. (b) and 
(c) rear rangement  of  the hydrogen-bonding  network a round the 
phosphate  group of  the coenzyme B~2 molecule:  (b) 1968X-ray 
model;  (c) neut ron  model.  The H-atom positions in the 1968X- 
ray model  are calculated posit ions ( X - H  = 1.0 A). Distances 
in A. 

Table 6. Regional comparisons of the temperature fac- 
tors, ~2 (#`2), for the neutron and three X-ray models 

[ B values (#,2) in parentheses] 

Inner Outer lnner Outer 
Model corrin ring corrin ring side chains sidechains 

X-rayl 0-014 (1-1) 0.022 (1.7) 0-028 (2.2) 0-045 (3-6) 
X-ray2 0.020 (1.6) 0.036 (2.8) 0-042 (3.4) 0.059 (4.6) 
Neutron (non-H only) 0.024 (1.9) 0.034 (2.7) 0.041 (3-2) 0.061 (4.8) 
1968X-ray 0.041 (3.2) 0.049 (3.9) 0-058 (4.6) 0-077 (6-I) 
Neutron (H and D only) 0.043 (3.4) 0.047 (3.7) 0.064 (5.1) 0.089 (7.0) 

arrangement to OP4 and OP5 and small movements 
of the amide H atom appear to be permitted without 
large disruptions in the overall hydrogen-bonding 
structure. 

The H.. .O hydrogen-bond length between OP3 and 
N640 of the c side chain is increased from 1.99 #` in 
the 1968X-ray model to 2.39 #` in the neutron model. 
This side chain in the latter model is disordered (see 
§ 5 below), which probably results from the weaken- 
ing of the H bond. 

3. Thermal parameters 

The thermal parameters of the individual atoms 
were generally seen to increase from the centre of the 
corrin ring outwards to the more peripheral side 
chains. Table 6 lists the average temperature factors 
over the various regions of the molecule for all four 
models. The isotropic equivalent temperature factors 
are plotted in Fig. 4. The thermal ellipsoids at the 
50% probability level for the individual atoms in the 
neutron model are drawn (Johnson, 1976) in Fig. 5. 

Six of the eleven methyl groups appear to be well 
ordered (Fig. 6a) and possess reasonably shaped 
ellipsoids although some are flattened with their 
smallest axis of vibration parallel to the C-H direc- 
tion. These ordered methyls are attached to tetrahe- 
dral C atoms and deviations of up to 20 ° occur in the 
torsion-angle value expected for an ideal staggered 
conformation. This is probably due to close repulsive 
H.. .H interactions which appear to be minimized 
with respect to maximizing the local H.. .H distances 
at the expense of the torsional contacts, X . . .H  (of 
X - C - C - H ) .  

The remaining five methyl groups were seen to have 
elongated neutron density maxima (Fig. 6b), indicat- 
ing extensive thermal libration or disorder. Four of 
these methyls, C35, C53, CB10 and C B l l ,  are 
attached to planar groups and can undergo small 
rotations until they encounter short H.. .H contacts. 
The fifth methyl, CPr3, is located next to a symmetry- 
related position of the disordered c side chain. 
(Although not shown, the CPr3 position is located 
- 3 . 3  A above N640 in Figs. 3b and 3c.) When the 
latter group occupies the alternative N640 position 
(see below), CPr3 must rotate to prevent a very close 
D...H.-(CPr3) ca 1.6 #`. 



4. Conformation of the side chains Inspection of an X-ray1 difference map, in which 
only the coenzyme non-H atoms were phased, 
revealed electron density maxima of between 0.2 and 
0.5 e A-3. The majority of  these peaks were located 
at the same positions as the H and D sites in the 
neutron model,  corresponding to 74 (62 for the X-ray2 
model) of  the 100 coenzyme H and D atoms: includ- 
ing 25 of the 33 methyl H atoms. Fig. 6(c) shows the 
electron density over methyls C20 and C46. 

9"0 

All the side chains (apart from the c acetamide) 
adopt the same relative conformations in the four 
different models. When the six terminal atoms of each 
amide group are included in the calculation of the 
least-squares plane, the largest deviation, 0.141 A, 
from the respective planes occurs for D198 in the d 
side chain. The r.m.s, deviation for the seven amide 

8"0 

7"0 

6"0 

5"0 

4"0 

3"0 

0"0 

6.0 ¸ 

O ~ (A 2) B (A 2) 

SIDE-CHAINS 

[ . iC  C O NIC C C O NI . . .  ~C C O NIC C C O NI .__IC C C O N I . . .  (CC C O NICC O N 

a b c d e f g 

CORRIN RING 

I 

i 
, ', t ,  : 

,, , , ' " . . ;  ", /,, ..:'.. ,". .; .... 
, ' ,  ',, .," ,,, ,, NEUTRON 
.," " "  ".i ' Y ' ~ " ' ~ ' ~ ' ~ /  " " " ' ,  " , , ; . . . . . .  X-RAY 1 

,,. 

(Jo i . . . . .  ~ ~ i o  . . . . . . . . .  2b~ ' ' NNI~ . . . . .  30 . . . . . . . . .  40 . . . . . . . . .  50 . . . . . . . . .  6"0" "l~: 
ATOMS 

(a) 

Pr 

7-0. 
S (A 2) 

5.0. 

4.0 

3.0 

2.0 ,.. ",,, ,,, ;'; 
j !/ ..... 

NUCLEOTIDE 

H. F. J. SAVAGE, P. F. LINDLEY,  J. L. F I N N E Y  A N D  P. A. TIMMINS 291 

! ......... " \ i .  

I NUCLEOSIDE 

I I "0.08 

• 0-07 

" 0 . 0 6  

.0"05 

-,.J i,,/,,,, '0.03 

"" - /  0"02 

NEUTRON 
. . . . .  X-RAY 1 0.01 

0 2 (A 2) 

"0.11 

'0-10 

-0.09 

-0"08 

i0.07 

" 0"06 

0-05 

0-04 

0.03 

0"02 

0.01 

0.00 

0.0 . 2. 3 ;i ~ 3 ~, 511~ 3 4 5 6 7 8~12 3 4 5 6 7 8 9101'1~1"~ :3 ~, 5 6 7 8 §1'0' 1"2" 1'4' 1'6' i8 0.00 Prl ATOMS 

(b) 
Fig. 4. Plot of the individual equivalent isotropic thermal parameters for the atoms in the coenzyme B~2 molecule for the neutron and 

X-ray1 models: (a) corrin ring and side chains, and (b) nucleotide and nucleoside moieties. 



292 VITAMIN B12 COENZYME 

planes is 0.044 A, which is three to four times that 
of the positional e.s.d.'s. However, when only the four 
non-H atoms are included, there is a general improve- 
ment in the planarity of the amide groups: the average 
r.m.s, deviation is 0.014 ~,  comparable to the average 
positional e.s.d, of 0.013 A. Several of the D atoms 
deviate significantly from their respective amide 
planes (non-H atoms), for example, D192 and D198 
deviate by 0.110 and 0.324 ~ and appear to be dis- 
placed in the direction of their hydrogen-bonded 
acceptor atoms. 

5. Disorder o f  the c side chain 

In the X-rayl and X-ray2 models, the c side chain 
was found to occupy an alternative conformation to 
that in the 1968X-ray structure. In the neutron model, 
however, both conformations were present with the 
largest difference occurring in the position of the 
amide group: two extreme positions were assigned, 
N40 and N640, which were ca 1.8 ,~ apart. The latter 
position corresponds to the conformation present in 
the 1968X-ray model. Fig. 7 shows neutron density 

Y-" ~ NA1 Y 
(a) 

~ ' ~ :  ~ . 

(b) 

OR7 

(c) 

Fig. 5. Stereoscopic drawings (ORTEP; Johnson, 1976) of the coenzyme Bl2 molecules for the neutron model; ellipsoids are drawn to 
enclose 50% probability: (a) nucleoside moiety; (b) corrin ring and side chains; (c) nucleotide moiety. The Co atom and three of 
the H atoms (H 161 of C20, H 167 of  C35 and H 141 of C R2) form non-positive-definite matrices and are included as isotropic atoms. 
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from difference maps over (a) the whole side chain, 
(b)  the C38 ,  N 4 0  and  N 6 4 0  reg ions  in m o r e  deta i l  
a n d  (c)  the  a m i d e  p l a n e s  o f  the  two  m a i n  c o n f o r m a -  
t ions .  The  o c c u p a n c y  v a l u e s  for  the  d i f ferent  N - a t o m  
p o s i t i o n s  a m o n g  the four  m o d e l s  were  a s s i g n e d  as 
f o l l o w s  (re f ined  in the n e u t r o n  m o d e l ) :  

Model N40 N640 Temperature (K) 
X-rayl 1.00 --  277 
X-ray2 1.00 --  277 
Neutron 0.74 0.26 279 
1968X-ray -- 1.00 294 

No significant disorder was observed for the car- 
bonyl 039,  which would otherwise be expected if the 
disorder simply involved a rotation around the C37- 
C38 bond. Inspection of the region around 039 
revealed that, if it moved as a result ofa  C-C rotation, 
the new position would approach the adjacent CPr3 
methyl group (symmetry related) to within 3.0/~ (less 
than the van der Waals contact, c a  3.5/k). The ther- 
mal parameters of atoms C7 and C8 of the B pyrrole 
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ring, to which the side chain is attached, are higher 
than expected when compared with those of similar 
positions on the remaining pyrrole rings (see Fig. 4a). 
Thus, instead of a C-C bond rotation, the disorder 
of this side chain appears to be more complicated 
with  the 0 3 9  p o s i t i o n  r e m a i n i n g  a l m o s t  f ixed,  w h i l e  
the movement of the N atom between two extreme 
positions is accommodated by small changes in the 
positions and torsion angles of the rest of the side 
chain and pyrrole ring (Fig. 7a). These movements 
(a) maintain the planarity of the amide group and 
(b) prevent the carbonyl O atom from approaching 
the nearby methyl group too closely. 

Continuous neutron density is seen between the 
N 4 0  a n d  N 6 4 0  sites (Fig.  7b)  i n d i c a t i n g  that  the  s ide  
chain is disordered and may be undergoing librational 
motion. A series of sites can be placed across the 
continuous density (N840, 841, 842) to represent 
alternative conformations. A better model might be 
achieved by the inclusion of anharmonic tem- 
perature/scattering factors for the individual atoms. 
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Fig. 6. Scattering density over methyl groups in the coenzyme B,2 
molecule: (a) and (b) neutron model: contour interval = 0-15 fm: 
(a) ordered groups, C20, C25, C36, C46, C47 and C54; (b) 
disordered groups, C35, C53, CPr3, CBI0 and CB11. (c) r lethyl 
groups C20 (three H atoms in plane) and C46 (two H atoms in 
plane) of the X-rayl model; * indicates equivalent positions in 
the neutron model; contour interval = 0.2 e/~-3. 
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6. Hydrogen-deuterium exchange 

In order to obtain an estimate of the H / D  exchange, 
which from the D 2 0 / c o e n z y m e  concentrat ion was 
calculated to be about 99% (10 mg coenzyme B12 per 
1 ml of 99-8% D20),  the thermal  and occupancy 
parameters for the D-atom sites were varied in several 
cycles of  least-squares refinement.  The average e.s.d. 
of  the occupancies  was 0.07 and al though several 
large deviations from unit occupancy were observed 
for D200(0.78), D201(0.88) and D209(0.83), only 
D200 deviates by more than 30". The average value 
of  the refined occupancies  for the 19 D-atom sites is 
0.95 (7), which is in good agreement with the con- 
centration estimate. 

7. Solvent and hydrogen bonding 

The details of  the solvent analysis,  refinement,  for- 
mulat ion of  water networks, structure and possible 
movements  are described in a separate publ icat ion 
(Savage, 1986). However, to illustrate the complexity 
of the associated disorder problem, an example  of  a 
possible interpretat ion of one region of  solvent 
density is given here, along with a br ief  summary  of 
the solvent analysis and refinement. 

A series of  difference Fourier  maps  was calculated 
for the neutron,  X-rayl  and X-ray2 models,  using the 

( a )  Frodo map: Fo - -F  c 

N N640 

(b) Fo--Fep~ne through 
C38, N40, N640 

(c) Amide planes: Fo-F c 

N40 position 

N640 position 
-- ~;,,,iiiii~.:- ... • ~",::~.!!~i~k; . . .  

~ ~ ;  / , / \ : ' , \  

(','F~ :.. :" " ~ i ~'\ ;~ . . . .  ~...:: ; .. ',, 
4 " / / /  

Fig. 7. Disorder of the c side chain (acetamide): (a) Frodo electron 
density map (IFol-IFcl) o v e r  the side chain and C7 pyrrole 
atoms showing three possible conformations; N40, N840 and 
N640. (b)Contoured section (IFoI-IF, I)through the C38, N40 
and N640 region (interval 0.2 fm). (c) Contoured section (IF,,I- 
IFc[) through the amide planes of the side chain in the N40 and 
N640 conformations (interval 0.2 fm). 

Table 7. Neutron hydrogen-bond geometries involving 
the D atoms of the coenzyme B12 molecule 

X - D  X - D . . . Y  D . . .  Y X - - .  Y 
( A )  (o) ( A )  ( A )  

N29-DI92 . . .NAI  1-02 (2) 168 (2) 2-14 (2) 3.14 ( 1 ) 
-D193. . .OP5 1.00 (2) 170 (2) 2.18 (2) 3" 17 (2) 

N34-DI94 0.99 (2) 
-D195. . .O44 1.05 (2) 166 (2) 1.88 (2) 2.90 (2) 

N40-D196.. .O212 I "08 (2) 149 2.03 3.01 
-D197...O211 0"99 (3) 146 (4) 2.10 (5) 2.98 (6} 

N640-D796. . .NA7 1' 14 (8) 164 (6) 2.41 (8) 3"53 (4) 
-D797. . .OP3 0.87 (8) 164 (5) 2.39 (5) 3.24 (4) 

N45-DI98 . . .028  1.04 (2) 164 (2) 1.82 (2) 2.83 (2) 
-DI99  1.01 (3) 

N52-D200.. .O214 1.01 (2) 152 2.09 3"02 
-D201 . . .OR6 0.93 (2) 162 (2) 2.14 (2) 3.03 (1) 

N59-DI36.. .O211 1.00 (2) 152 (3) 2.29 (5) 3.21 (4) 
N63-D202. . .033 1.05 (2) 160 (2) 1.93 (2) 2.94 ( 1 ) 

-D203.. .O51 1.02 (2) 165 (2) 1.84 (2) 2.84 ( I ) 
NAI0-D204. . .OP4 0.98 (3) 174 (2) 1.86 (2) 2.84 ( I ) 

-D205. . .O39 I '00 (2) 163 (3) 2.06 (2) 3-03 (2) 
OR7-D206. . .O216 0-94 (3) 167 (2) 1.95 (3) 2-87 (3) 
OR8-D207. . .OP4 I '00 (3) 152 (2) 1.97 (3) 2.89 (2) 
OAI7-D208 . . .0222  0.87 (3) 162 (3) 1.83 (4) 2.67 (4) 
OA 18-D209...OPS 1.01 (2) 179 (2) 1.62 (2) 2.63 (2) 

fully refined parameters  of  the coenzyme molecule.  
Initially, all the previously assigned solvent sites were 
omitted from the phasing and as various portions of 
the solvent regions were interpreted they were 
included in the refinement. 109, 57 and 55 solvent 
sites were assigned in the neutron, X-rayl  and X-ray2 

(a) Neutron 
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Fig. 8. Contoured sections (IFol-IFcl difference Fourier map) 
through the solvent region around the disordered c side chain 
(alternative N640 position is not shown; it lies ~1.8/~ behind 
the N40 position). Two water networks are present: network A 
contains waters 211 and 212, and network E contains waters 
601, 603 and 604; (a) neutron map, interval 0-07 fm and (b) 
X-ray2 map, interval 0.1 e A-3. 
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model  respectively, all with partial occupancies rang- 
ing from 0.95 down to 0.12. Four of the solvent sites 
in each of these models were assigned as an acetone 
molecule with occupancies of approximately 0.5, 0.6 
and 0.6 respectively. 

Fig. 8 shows the interpretation of the complex 
region of solvent density (from an Fo- Fc difference 
map) situated around the disordered c side chain. 
Two different water networks are observed in the 
overlapping density and these correspond to the two 
extreme disordered positions for the amide N atom: 

Network Water sites 

N40 A 211,212 
N640 E 601,603,604 

The N640 position is not shown in Fig. 8, but lies 
-1 .8  A behind the N40 position. 

The majority of the numerous hydrogen bonds in 
this crystal involve water molecules and a complete 
listing of all the values obtained for the hydrogen- 
bonding parameters, D... Y, X-D. . .  Y angles etc., is 
given in Savage (1986). The values for the hydrogen- 
bond geometries involving only the coenzyme D 
atoms are listed in Table 7. 
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