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This paper describes the first determination of the molecular and crystal structures of a synthetic un- 
saturated furanosyl adenine nucleoside. The title compound, 2",3"-dideoxy-2',3"-didehydroadenosine 
(DDA), has the molecular formula CIoNsO2HI~ and crystallizes in the orthorhombic space group 
P212~2~ with four molecules in the unit cell of dimensions: a-- 10.035 (2), b = 13.863 (3) and c= 7.830 (2) 
/~. The measured density of this crystalline form was 1.41 g cm -a and the density calculated from the 
crystal data assuming 4(C10NsO2H~I) per cell is 1.42 g cm -s. Intensity data (1860 reflexions) were meas- 
ured on an automated four-circle diffractometer to 20< 60 ° using Mo Ka radiation. The structure was 
solved by symbolic addition and tangent refinement procedures but only after all triplets containing 
three reflexions from the same axial zone were removed from the Y.2 listing. Full-matrix least-squares 
refinement of the atomic parameters converged to a conventional R index of 0.045. Bond lengths and 
angles in the adenine ring are within expected limits. The 2',3' double bond [length 1.317 (3) A] distorts 
the geometry of the furanose ring which is best described in the envelope conformation, 4E, with atom 
C(4') 0.107 A from the plane of the other four ring atoms. The crystal structure has base-base stacking 
of the adenine rings which are related by a 2~ axis passing through the centres of these rings and resulting 
in a high degree of base overlap. In addition to the base stacking there is an intermolecular hydrogen 
bond from 0(5') to N(3) of the neighbouring 21 related adenine ring [O(5')-N(3)= 2-744 (4) /~]. The 
stacks of 2~ related molecules are connected by two additional hydrogen-bonding networks. 

Introduction 

Unsaturated furanosyl adenine nucleosides are of in- 
terest for a number of reasons. Angustmycin A is a 
nucleoside antibiotic which possesses significant anti- 
bacterial and antitumour activity and its chemical syn- 
thesis has been reported (McCarthy, Robins & Robins, 
1968). This compound contains a C(4')-C(5') exocyclic 
double bond. Another antibiotic, blasticidin S, has 
been shown to consist of a 2',3' unsaturated pyranosyl 
derivative of cytosine (Otake, Takeuchi, Endo & Yone- 
barn, 1965). A proposal that unsaturation at the 2',3' 
position in the ribofuranose ring is an intermediate 
in the biosynthesis of 2'-deoxyribonucleotides has 
appeared (Reichard, 1962). Further work however, 
has cast some doubt on this proposal and another 
mechanism in which the hydroxyl group on the 2' car- 
bon is replaced by a hydride ion has been proposed 
(Larsson, 1965). The first reported synthesis of a 2',3' 
unsaturated furanosyl purine has been described by 
McCarthy, Robins, Townsend & Robins (1966). Treat- 
ment of Y-O-tosyl-2'-deoxyadenosine with sodium me- 
thoxide in dimethylformamide provides a direct syn- 
thesis of 2',3'dideoxy-2',3'-didehydroadenosine 
(DDA). The presence of the 2',3' double bond in the 
furanose ring places restrictions on the conformational 
flexibility of this ring. The ribofuranose nucleosides 
and nucleotides exhibit conformational restrictions 
about the glycosidic bond (~0cN) and the C(4')-C(5') 
bond (~0c4,-cs,) (Sundaralingam, 1969; Arnott, 1970). 
A recent analysis of the conformations of adenosine 
and guanosine (Kang, 1973) shows that sugar ring 

puckering is closely related to the conformationally al- 
lowed states for ~0CN and q9c4'-c5'. In the present com- 
pound, DDA, the rotational barrier due to the ring 
puckering and the H2' atom are removed. It is thus 
of interest to determine the molecular geometry of 
DDA and to examine the conformational angles ~OcN 
and ~Oc4,-cs, when these rotational barriers are ob- 
viated. The molecular structure and the atom number- 
ing scheme used in this analysis are shown below. 
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Experimental 

Suitable single crystals of DDA from acetone recrys- 
tallization were kindly supplied by Dr M. Robins of 
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the Chemistry Department, University of Alberta. Pre- 
liminary oscillation and Weissenberg photographs 
showed mmm symmetry and systematic absences h00, 
h = 2n + 1 ; 0k0, k = 2n + 1 ; 00l, l=  2n + 1. The unit-cell 
dimensions were determined from accurately centred 
20 values of 12 reflexions in the range 35°<20<45 ° 
(2=0.70926 A, Mo K71) by the least-squares procedure 
described by Busing & Levy (1967). These values and 
other pertinent crystal data are contained in Table 1. 

Table 1. Crystal data for 2'Y-dideoxy-2'3'-dide- 
hydroadenosine 

Molecular formula 
M.W. 
Crystal system 
Space group 
Cell dimensions : 

~calc 
dobs (flotation in C6HsC1 and C6HsBr) 
F(000) 
Crystal size 
Linear absorpt ion coefficient (#Mo K~) 
20 range explored 
Total measurements 
Total unique reflexions 
Total reflexions [I > 3a(/)l 
Temperature during data collection 

CloNsO2Hli 
233-2 
Orthot hombic 
P212i21 
10.035 (2) t~, 
13"863 (3) 
7.830 (2) 

1089.3 A, 3 
1"42 g c m  -3 
1"41 g cm -3 
488 e 
0.2 × 0-2 x 0-3 mm 
1.13 cm -x 
3 ° < 20 < 60 ° 
3565 
1860 
1319 (71%) 
22+ 2°C 

The intensity data were measured from a single crys- 
tal of DDA mounted with the c axis coincident with 
the spindle axis of a Picker FACS-1 diffractometer. 
Monochromated Mo Ke radiation (48 kV, 16 mA) 
from a highly oriented graphite monochromator was 
used as the incident radiation. The reflexions were 
scanned in the 0-20 mode with a scan speed of 2 ° 
min -1 and a basic peak width of 1.5 ° which was mod- 
ified by 0.692 tan 0 to allow for ~lez splitting. Fixed 
position background counts were taken for 10 s at 
either end of the 20 scan for each reflexion. Crystal 
decomposition and instrument stability were monitored 
by measuring three reflexions, 006, 2,10,0 and 651 after 
every 50 reflexions of the data run. No variation in the 
intensities of these three reflexions was observed. The 
intensity data were collected for the hkl and hkl oc- 
tants and the equivalent reflexions subsequently merged 
tO give 1860 unique measurements. The standard devi- 
ations of the intensities were computed from o-(I)= 
(P+ tZB+kZlZ)llz, in which P is the total peak counts, 
B the total background count, t the ratio of time spent 
on the peak scan to total time on the background, 
k=0.01 and I the net intensity of the peak. Using the 
criterion a(1)/I<0.3 a total of 1319 unique reflexions 
were used. in the subsequent structure solution and 
refinement. The intensities were reduced to structure 
amplitudes by the application of the appropriate 
Lorentz and polarization factors for normal-beam 
equatorial geometry. The small value of the linear ab- 

sorption coefficient (Table l) and the small crystal size 
did not warrant absorption corrections. 

Structure solution and refinement 

The relative structure amplitudes were placed on ab- 
solute scale by the application of a scale factor of 0-25 
derived from a Wilson statistical analysis. An overall 
isotropic temperature factor of 2.76 A 2 was also derived 
from this analysis. The first attempt at a structure solu- 
tion was done with the symbolic addition procedures 
of hand phasing (Karle & Karle, 1966). Initially a set 
of 30 reflexions was phased by hand and then expanded 
to include all reflexions with IEI-> 1.5 in tangent re- 
finement (Karle & Hauptman, 1956). The resulting E 
map produced what appeared to be a fragment of a 
six-membered ring which could have been part of the 
adenine moiety. Further interpretation of this map was 
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Fig. 1. (a) Section of the E map containing the a toms of the 
adenine ring. The phases were derived as ment ioned in the 
text and included the 'triple zero relations' in the  ~2 search 
and tangent refinement. (b) Same section of the E map com- 
puted flora tangent refinement omit t ing the 'triple zero re- 
lations'.  
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Fig. 2. The final difference map showing the section through 
the adenine ring. Contours  a l e  drawn at intervals of 0.05 
e A-3. Negative contours  shown using dot ted lines. The 
chained lines show the direction of hydrogen bonding. 
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not  possible.  The tangent  ref inement  was then repea ted ;  
in this cycle of  phase  de te rmina t ion  all Y.z relat ions 
a m o n g  three reflexions f rom the same (axial) zone were 
r emoved  f rom the ref inement  (Karle ,  1969; Delbaere  
& James ,  1973). This p rocedure  reduced  the R K a r l  e 

value (Kar le  & Karle,  1966) f rom 0.27 to 0.19 a n d  the 
17 largest  peaks  on the resul t ing E m a p  could  be inter- 
p re ted  easily in terms o f  a plausible molecular  model.  
Those  sections t h rough  the adenine  ring for  each of  
the above  ment ioned  E maps  are shown in Fig. 1. In 
each m a p  the final posi t ions of  the a toms  are indicated.  
A compar i son  of  these two maps  shows vividly the 
impor t ance  of  r emoving  the ' tr iple zeros '  especially in 
a s t ruc ture  such as this tha t  conta ins  a n u m b e r  of  
p l a n a r  a tomic  groupings .  

The a tomic  pa r ame te r s  t aken  f rom the second E 
m a p  were refined initially with isotropic  thermal  mo-  
ioa  p a r a m e t e r s  in three cycles o f  fu l l -matr ix  least- 

squares  calcula t ions  to an R index (R = ~ [ I F o l - k l F c l  1/ 
Y lFol) of  0.116. In this and  subsequent  leas t -squares  
cycles the funct ion minimized  was ~w(IFol-IFcl)2; 
I/w=[2Fo/P+B+(O'Oll)2]a/2. A difference m a p  com-  
pu ted  at  this stage showed the posi t ions of  all hydrogen  
a toms  in regions of  posit ive densi ty ranging  f rom 0.4 
to 0.8 e A -3. F o u r  fur ther  cycles of  fu l l -matr ix  refine- 
ment ,  with the thermal  mot ion  of  the non -hyd rogen  
a toms  descr ibed by an iso t ropic  ellipsoids a n d  the par-  
ameters  of  the hydrogen  a toms  included reduced  the 
R index to 0.045 (Rw{Yw(lFol-klFcl)2/~wlFol2}l/2= 
0.066). The goodness  of  fit, { Y,w(IFol - klFcl)2/(m - n) } m,  
was 0.79. N o  a tom p a r a m e t e r  shif ted by more  than  
0.17 of  its associa ted s t anda rd  devia t ion in the final 
cycle. 

In the above  c o m p u t a t i o n s  the a tomic  fo rm factors  
for  C, N a n d  O were those of  C r o m e r  & M a n n  (1968). 
The scat ter ing curve for  the hydrogen  a toms  was tha t  

Fig. 3. Stereo drawing of DDA. Thermal ellipsoids show 50 % probability. 

Table  2. Final atomic parameters and their standard deviations (in parentheses) 
The coordinates and temperature parameters of the non-hydrogen atoms have been multiplied by 104 ; the positional parameters 
fo, the hydrogen atoms by 103. The expression used for the anisotropic temperature factor is T=exp [-(,8~h2+,822k2+,83312+ 

2fllzhk + 2,813hl + 2,823kl)1 

x/a y/b z/c ,6'11 ,822 ,833 ,812 ,813 ,823 
N(I) 3031 (2) 5727 (2) 4065 (6) 61 (2) 37 (1) 245 (9) - 9  (1) 18 (4) 12 (3) 
C(2) 4178 (3) 5262 (3) 4124 (7) 56 (2) 42 (2) 237 (10) - 9  (2) 20 (4) 7 (4) 
N(3) 4408 (2) 4317 (2) 4381 (6) 53 (2) 43 (1) 176 (8) - 2  (1) 15 (3) 5 (3) 
C(4) 3361 (3) 3718 (2) 4604 (5) 51 (2) 35 (1) 134 (7) - 1  (1) 3 (3) - 5  (3) 
N(4) 3585 (3) 2783 (2) 4885 (6) 54 (2) 33 (1) 231 (9) 4 (1) 9 (4) 10 (3) 
C(5) 2074 (3) 4130 (2) 4557 (5) 48 (2) 31 (1) 126 (7) - 1 (1) 1 (3) - 2  (3) 
C(6) 2011 (3) 5110 (2) 4286 (6) 54 (2) 33 (1) 143 (7) 1 (1) 14 (4) 6 (3) 
N(7) 810 (2) 3739 (2) 4740 (5) 50 (2) 32 (1) 182 (7) - 4  (1) 6 (3) - 1 (2) 
C(8) 16 (3) 4485 (2) 4575 (6) 52 (2) 39 (1) 169 (8) - 4  (1) 7 (4) - 7  (3) 
N(9) 672 (2) 5336 (2) 4282 (5) 52 (2) 32 (1) 170 (7) 3 (1) 10 (3) 6 (2) 
C(I') 135 (3) 6321 (2) 4178 (6) 70 (2) 32 (1) 175 (8) 7 (2) 20 (4) 15 (3) 
C(2') -1092 (4) 6404 (3) 3095 (7) 94 (4) 54 (2) 135 (8) 11 (2) - 2  (4) 26 (4) 
C(3') -2080 (4) 6732 (3) 4037 (7) 76 (3) 54 (2) 176 (9) 19 (2) 2 (5) 28 (4) 
C(4') -1657 (3) 6859 (2) 5848 (7) 67 (3) 32 (1) 179 (9) 10 (1) 7 (4) 1 (3) 
O(1') - 232  (2) 6658 (2) 5812 (5) 67 (2) 41 (1) 177 (7) 7 (1) - 2  (3) - 1 0  (2) 
C(5") -2361 (4) 6157 (3) 7022 (6) 71 (3) 48 (2) 148 (8) - 5  (2) 7 (4) - 1 (3) 
O(5') -1983 (3) 6243 (2) 8743 (4) 59 (2) 62 (2) 150 (6) 10 (2) 7 (3) - 8  (3) 

A C 30B - 9 
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Table 2 (cont.) 

x/a y/b z/c B(A z) 
H(2) 489 (5) 569 (3) 399 (8) 3"6 (10) 
H(41) 294 (4) 245 (3) 500 (7) 2"7 (8) 
H(42) 438 (6) 258 (4) 477 (9) 5"3 (13) 
H(8) -88 (3) 448 (3) 455 (6) l'7 (6) 
H(I') 83 (6) 672 (4) 363 (8) 4"0 (11) 
H(2") -109 (5) 627 (4) 199 (9) 4-1 (11) 
H(3') -291 (6) 685 (4) 374 (8) 3.9 (10) 
It(4') -171 (6) 750 (4) 636 (9) 4.5 (12) 
H(5'l) -337 (4) 635 (3) 702 (7) 2"5 (8) 
H(5'2) -215 (5) 551 (4) 661 (8) 3"8 (10) 
H(5'3) -123 (6) 603 (4) 879 (8) 3"5 (12) 

given for the orbitally contracted model described by 
Mason & Robertson (1966). A final difference map is 
shown in Fig. 2 and there were no features greater 
than + 0.27 e A -s present. The positive regions of dif- 
ference electron density could be correlated with bond- 
ing electron density in the molecule which was not ac- 
counted for in the model.* 

Results and discussion 

The final positional and thermal parameters are con- 
tained in Table 2. The molecular conformation of the 
DDA molecule is shown by the stereoscopic drawing 
in Fig. 3. This drawing was made from the coordinates 
of the enantiomer that corresponds to the fl-D-isomer, 
although in the present study the absolute configura- 
tion was not determined. 

Fig. 4 contains the bond lengths and interbond an- 
gles for the DDA molecule. The e.s.d.'s in atomic posi- 
tions were determined from the diagonal elements of 
the inverse matrix of the final least-squares cycle. The 
resulting e.s.d.'s in the derived bond lengths for the 
non-hydrogen atoms average 0.003 A and for the bond 
angles involving these atoms 0.3 °. Those e.s.d.'s for 
the molecular parameters involving hydrogen atoms 
are an order of magnitude larger (i.e. 0.03 A and 3.0°). 

(i) 2',3'-Dideoxy-2',3'-didehydro-fl-o-glycero- 
pentofuranose ring 
This compound represents the first structural study 

of an unsaturated pentofuranose ring and as expected 
the presence of the 2',3' double bond has a marked 
effect on the geometry of this ring. 

The Csp2-Csp 2 double bond has a length of 1.317 (3) 
]k and is significantly shorter than the normal C=C 
bond length of 1.335 (5) A (Sutton, 1965). There is no 
apparent reason for this short bond but bonds of a 
similar length have been found in the butenolide 
moiety of gutierolide (1.316 A) (Cruse, 1973) and in 
A-8,14-anhydrodigitoxigenin (1-317 A) (Gilardi & 
Karle, 1970). The C(1')-C(2') and C(3')-C(4') bonds 

* The structure factor tables have been deposited with the 
British Library Lending Division as Supplementary Publica- 
tion No. SUP 30419 (10 pp.). Copies may be obtained from The 
Executive Secretary, International Union of Crystallography, 
13 White Friars, Chester CH 1 1 NZ, England. 

are similar to those of 1.493 A in L-ascorbic acid (Azar- 
nia, Berman & Rosenstein, 1972) and d-iso-ascorbic 
acid (Hvoslef, 1968). The carbon-oxygen bonds show 
the same pattern of unequal bond lengths [1-411 (3) A 
and 1.457 (3) A] found in many ribose rings (Sundara- 
lingam & Jensen, 1965) and in butenolide moieties 
(Gilardi & Karle, 1970; Cruse, 1973). 

The bond angles at C(2') and C(Y) show a signifi- 
cant deviation from 120 °. The values of 111.1 ° and 
109.1 ° respectively [Fig. 4(b)] are similar to those in 
L-ascorbic acid (Hvoslef, 1968) and in the butenolide 
ring of ouabain (Cruse, 1973) and is due to ring cycliza- 
tion. 

(ii) Torsion angles 
The conformation of the unsaturated pentofuranose 

ring is 4E with four of the atoms [C(I'), C(2'), C(Y) 

116"~ 117 

' "  '2882 aI 

(a) 

1 . 5 ~ . 4  7 0 

.88 

(b) 

Fig. 4. (a) Bond lengths and (b) angles in DDA. Standard de- 
viations in bond lengths are + 0-003 ~, in bond angles + 0.3 °. 
Deviations are 10 times greater when a hydrogen atom is in- 
volved. 
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and O(1')] being planar (maximum deviation 0.006 A, 
Table 3). The fifth atom C(4') is 0.107 A out of this 
plane and on the same side of the plane as atom C(5'). 
This deviation is much smaller than ~0.6 A found in 
many ribofuranose rings (Sundaralingam, 1969). 

Table 3. Least-squares planes for the adenine and un- 
saturated pentofuranose rings 

Deviation of atoms from least-squares planes 
p x  + q y  + r z  = s 

Adenine Pentofuranose ring 

N(1)* -0 -009  A C(I')* -0 .006/~,  
C(2)* 0"004 C(2')* 0"006 
N(3)* 0"000 C(3')* - 0"004 
C(4)* 0"000 O(1')* 0"004 
C(5)* 0.000 C(4') -0 -107  
C(6)* 0.004 H(2") 0.021 
N(7)* - 0.001 H(3') - 0.036 
C(8)* - 0 . 0 0 5  p =  2.5722 
N(9)* 0.007 q =  12.9028 
N(4) - 0 . 0 0 7  r =  2.0423 
C(I ')  -0"105 s =  9.3828 
H(41) 0.036 Z 2= 3.60 
H(42) 0.106 
p =  -0 .4189  
q =  -2 .2129  
r = 7-7227 
s = 3"2006 

•2 = 9"50 

* Atoms included in least-squares plane calculation. 

(James & Matsushima, 1973) @00=64.3 °, ~0oc = 
- 179.6°). This conformation appears to be adopted to 
facilitate hydrogen bonding, noticeably that between 
0(5')  and N(3). 

The torsion angle q)cs C(8)-N(9)-C(1')-O(1')  is 
+72"9 ° and has an anti conformation. This value of 
+72.9 ° is larger than normally found for purine nu- 
cleosides and nucleotides (Sundaralingam, 1969; kai 
& Marsh, 1972) of 4 ° to 40 °. Since H(2') is now in the 
plane of the unsaturated pentofuranose ring rather 
than above it, there is little steric hindrance between 
H(2') and H(8) [H(2')-H(8) 3.20 (7) A] allowing essen- 
tially free rotation about the N(9)-C(I ')  bond. The 
conformation observed in this crystal structure is dic- 
tated more by hydrogen bonding than by steric hin- 
drance of the adenine ring and the puckering of ribose 
ring. 

(iii) Adenine ring 
The bond angles and lengths in the adenine ring 

agree within experimental uncertainties with those found 
in earlier structures containing a neutral adenine ring 
(Lai & Marsh, 1972, and references cited therein). The 
nine non-hydrogen atoms of the adenine ring are co- 
planar (2'2=9.50, Table 3) with the largest deviation 
from the plane being N(1) at 0.009 A. The amino group 
nitrogen N(4) is within 3a of the plane although its 
hydrogens are displaced out of the plane toward the 
hydrogen-bond acceptors 0(5')  and N(7). 

The conformation about the C(4')-C(5') bond is 
gauche-trans (~0oo=62-9 °, ~0oc = -  178"3 °) rather than 
the preferred gauche-gauche (Sundaralingam & Jensen, 
1965). A similar conformation is found in tubercidin 
(Abola & Sundaralingam, 1973) (~0oo=62.0, q~oc = 
- 178.3 °) and in N-(fl-o-ribofuranosyl)imidazole 

(iv) lntermolecular hydrogen bonding and crystal packing 
The molecules stack in the crystal with a high degree 

of overlap of the adenine rings (Fig. 5). Each ring is 
related to others in the stack by a twofold screw axis 
passing through the adenine ring and approximately 
perpendicular to it. The rings are slightly tilted with 

Table 4. Hydrogen-bond distances and angles 

Type of bond Distance (A) Angle Symmetry 
A-H. • • B A. • • B A-H H. • • B A-H. • • B of acceptor 

-N(4)-H(42).. .  N(7) 3.085 (4) 0.85 (3) 2.36 (6) 143 ° 2~ !la 
-N(4)-H(41) • • • O(5') 2"880 (5) 0"80 (3) 2" 16 (5) 149 2t lib 
-O(5")-H(5'3)''- N(3) 2"744 (4) 0"81 (3) 1"95 (6) 166 2t llc 

Fig. 5. Stereo drawing of the molecular packing in the cell. Hydrogen bonds are indicated by dotted lines. The view is down the 
c axis with the a axis horizontal and the b axis down the page. 

A C 30B - 9* 
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respect to this axis (7.2 °) and have an interbase separa- 
tion of 3.91 ~. Using potential energy calculations, 
Motherwell & Isaacs (1972) predict an energy minimum 
when there is complete overlap of the purine rings. 
Usually steric hindrance and hydrogen bonding involv- 
ing the sugar moieties of nucleosides and nucleotides 
prevent this complete overlap. In this structure how- 
ever, the almost fiat pentofuranose ring and the lack 
of hydroxyl groups at the 2' and 3' positions greatly 
reduce steric hindrance allowing a much greater over- 
lap of the base rings. In addition to base-base inter- 
actions, there is hydrogen bonding between the mole- 
cules in the stack. A bond is formed between 0(5') 
of one molecule and N(3) of the adenine ring in the 
molecule directly below it in the stack (Table 4). 

These columns are held together by two additional 
networks of hydrogen bonds. A bond is formed be- 
tween N(4) and 0(5') of a symmetry-related (21//b) 
molecule. The oxygen atom 0(5') is thus both a 
hydrogen-bond donor and acceptor. Finally there is 
a third hydrogen-bond network between N(4) and N(7) 
of the molecules related by the 2, axis parallel to a. 
This packing is illustrated in Fig. 5, hydrogen bonds 
being designated by dotted lines. All the hydrogen 
bonds are bent (Table 4) ranging from 166 ° for 
N(3). . .H(5'3)-O(5')  to 143 ° for N(4)-H(42). . .N(7),  
a value slightly greater than the maximum deviation of 
30 ° from linearity as suggested by Donohue (1968). 
All available nitrogens and oxygens, except O(1') and 
N(1), are involved in hydrogen bonding. 

A final point regarding the hydrogen bonding ob- 
served in this structure involves those hydrogen bonds 
to the adenine ring. In each adenine ring of the struc- 
ture, atom N(4) acts as a hydrogen-bond donor in two 
cases and atom N(7) accepts a hydrogen bond. This 
bonding pattern for the adenine ring resembles that 
observed first by Hoogstccn (1963) and referred to as 
the Hoogsteen base-pairing. The Watson-Crick base- 
pairing involves the atoms N(3) and N(4) of adenine 
and this is also observed in the present structure with 
N(3) acting as an acceptor of a hydrogen bond from 
0(5'). 

This work was supported by the Medical Research 
Council of Canada under grant No. MA-3406. We 
thank L. Goulden for the photography of the figures. 

Computations were done with the X-RAY 70 sys- 
tem of programs (Stewart, Kundell & Baldwin, 1970) 
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