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attempts to explain the variation of bond lengths in 
terms of electronic effects due to the partial double 
bond character of C(7)-O. 

Table 5. The shorter intermolecular contacts (A) ex- 
cluding hydrogen atoms 

Symmetry code 
(i) 
(ii) 
(iii) 
(iv) 

C(23). • C(17 ~) 
C(9)'" "C(3 ti) 
C(9)'" .C(2 ~t) 
C(3)'" "C(19 ti) 
C(3)'" "C(20 ii) 
C(23)" • C(18 ~) 
C(8)'" "C(2 ii) 

½--x, --y, ½+z 
½+x, ½-y, - z  
½+x, --½--y, --z 
l - x ,  ½+y, - ½ - z  

3.50 C(10)... C(23 m) 3.65 
3.54 C(8) . . . .  C(3 it) 3.66 
3.55 C(10)-.. C(20") 3.68 
3.57 C(21)... O ~v 3.73 
3-61 C(3) . . . .  C(18") 3-74 
3.64 C(9) . . . .  C(20") 3.76 
3.65 

The crystal packing is shown in Fig. 2, and the 
shorter intermolecular contact distances, excluding 
those involving H atoms, are in Table 5. None of these 
is shorter than the sum of the van der Waals radii. 
Contact distances involving the I -  ion are all greater 
than 4 A. 

I thank Dr A. Yoshida for supplying the crystals, 
Professors J. C. Tatlow and J. C. Robb for their in- 
terest in this work, and the University of Birmingham 
for funds to purchase the diffractometer. 

References 

BUCOURT, R. (1974). In Topics in Stereochemistry, Vol. 8. 
Edited by E. L. EUEL& N. L. ALLINGER. New York: 
Interscience. 

ERNST, S. R. & CAGLE, F. W. JR (1973). Acta Cryst. B29, 
1543-1546. 

GOPALAKRISHNA, E. M. & CARTZ, L. (1972). Acta Cryst. 
B 28, 2917-2924. 

GuY, J. J. & HAMOR, T. A. (1974). Acta Cryst. B30, 2277- 
2282. 

GuY, J. J. & HAMOR, T. A. (1975). J. Chem. Soc. Perkin II, 
pp. 1074-1078. 

HAMILTON, W. C. (1965). Acta Cryst. 18, 502-510. 
HAMODRAKAS, S., GEDDES, A. J. & SHELDmCK, B. (1974). 

Acta Cryst. B30, 881-886. 
HAMOR, T. A. (1976). J. Chem. Soc. Perkin II. To be pub- 

lished. 
HANSON, H. P., HERMAN, F., LEA, J. D. & SKILLMAN, S. 

(1964). Acta Cryst. 17, 1040-1044. 
International Tables for X-ray Crystallography (1962). Vol. 

III. Birmingham: Kynoch Press. 
KLYNE, W. & PRELOG, V. (1960). Experientia, 16, 521. 
KNEALE, G., GEDDES, A. J. (~ SHELDRICK, B. (1974). Acta 

Cryst. B30, 878-881. 
STEWART, J. M., KRUGER, G. J., AMMON, H. L., DICKINSON, 

C. & HALL, S. R. (1972). The X-RAY System - version 
of June 1972. Technical report TR-192 of the Computer 
Science Center, Univ. of Maryland. 

STEWART, R. F., DAVIDSON, E. R. & SIMPSON, W. T. (1965). 
J. Chem. Phys. 42, 3175-3187. 

YOSHIDA, A., MORITA, M. & OGAWA, S. (1973a). J. Pharm. 
Soc. Japan, 93, 508-518. 

YOSHIDA, A., MORITA, M. & OGAWA, S. (1973b). J. Pharm. 
Soc. Japan, 93, 519-528. 

Acta Cryst. (1976). B32, 1850 

The Crystal Structure of an Orthorhombic Form of Adenosine-5'-monophosphate 
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Adenosine-Y-phosphate monohydrate was crystallized in the orthorhombic space group P212121, with 
a=22"997 (2), b=9.406 (1), c=6.599 (1)A,, Z=4.  The structure was solved by direct methods and 
refined to a final Rw of 0.0639 for 1320 significant reflexions measured on an automatic diffractometer. 
The conformation of the molecule differs significantly from that previously reported for the mono- 
clinic monohydrate [Kraut & Jensen, Acta Cryst. (1963), 16, 79-88]. The sugar conformation, for exam- 
ple, is here C(2)'-endo, and the glycosidic torsion angle has altered by almost 50 °. 

Introduction 

The structure of adenosine-5'-monophosphate (5'- 
AMP) was first determined by Kraut & Jensen (1963), 
who crystallized it in the monoclinic space group P2~. 

* Present address: The Free University of Berlin. 

The results of this and other nucleotide structure anal- 
yses have been instrumental in furthering knowledge 
of the structures of the nucleic acids (Arnott, 1970). 
Especially useful and interesting have been the find- 
ings that the solid-state conformations of the nucleo- 
tides have been found to fall into a small number of 
discrete classes (Sundaralingam, 1969, 1973). How- 
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ever, the degree of  con fo rma t iona l  f lexibil i ty of  these 
molecules  has long been a subject  of  dispute,  as has 
the quest ion of  whether  their  solid-state crystal struc- 
tures really reflect their  solut ion conformat ions .  Recent  
N M R  studies unfor tuna te ly  provide confl ict ing results 
(Barry,  Nor th ,  Glasel ,  Wi l l i ams  & Xavier,  1971; Sar- 
ma,  Mynot t ,  Hruska  & Wood,  1973). C o n f o r m a t i o n a l  
energy calcula t ions  (Thorn ton  & Bayley, 1975) suggest 
that  Y - A M P ,  at least, is relat ively flexible, wi th  a 
smal l  n u m b e r  of  preferred conformat ions .  The Krau t  
& Jensen structure corresponds  to a very low-energy 
(i.e. highly favoured)  state. 

It is therefore of  some interest to examine  the con- 
fo rma t ion  of  5 ' - A M P  in a different c rys ta l lographic  
env i ronment ,  possibly provid ing  an indica t ion  of  the 
confo rma t iona l  r igidity of  the molecule.  As par t  of  
our p r o g r a m m e  of  studies on nucleic acid const i tuents  
we have obta ined crystals of  an o r t ho rhombic  form,  
which  we have subjected to a full single-crystal  analysis.  

Experimental 

Colourless,  long th in  laths of  5 ' - A M P  (Sigma Chem-  
ical Co.) were obta ined  by slow evapora t ion  f rom 
aqueous  solut ion.  They showed paral lel  ext inct ion 
under  the polar iz ing microscope.  Pho tographs  re- 
vealed the crystals to have o r t h o r h o m b i c  symmetry .  
Systematic  absences h00, 0k0 and 001 with h, k and  l =  
2n + 1 respectively, uniquely  identified the space group 
as P2~2~2~. Cell d imens ions  were ob ta ined  f rom least- 
squares ref inement  of  20 values measured  on a dif- 
f ractometer .  

Crystal data 
CIoH14NsO7P.H2 O, F.W. 365-23. O r t h o r h o m b i c  

needles, e longated a long b. a = 2 2 . 9 9 7  (2), b = 9 . 4 0 6  (1), 
c = 6 . 5 9 9  (1) A, V =  1427.43 A 3, Do= 1.73 (2) (by flota- 
tion), D¢=1.711 g cm -3 for Z = 4 .  F ( 0 0 0 ) = 7 5 6 ,  /z= 
21.17 cm -1 for C u K ~  rad ia t ion  (2K,=1.54178 A). 
Space group P212121 (No. 19). 

Intensit ies were collected on a Siemens au tomat i c  
four-circle diffractometer .  1549 unique  reflexions were 
measured  wi th  a 0 -20  scan technique,  to a l imit  of  70 ° 
in 0, and  Ni-fi l tered Cu K~ radiat ion.  O f  these 1320 
were considered to have counts  s ignif icantly above 
background ,  with I>2.5a(I). An absorp t ion  correc- 
t ion was not  appl ied in view of  the smal l  size of  the 
crystal (0.20 × 0-05 × 0.02 mm).  

Structure determination and refinement 

The structure was solved by direct me thods  wi th  a 
mul t i so lu t ion  tangent  fo rmula  technique  p r o g r a m m e d  
by Dr  G. M. Sheldrick.  The posi t ions of  all 24 non-  
hydrogen  a toms ( including a water  O a tom) were 
clearly revealed in the most  consis tent  E map.  Refine- 
ment  was by ful l -matr ix  least squares,  ~w(FZo-FZc/k 2) 
being min imized ;  weights w were chosen as 1/aZ(F2o) 
f rom count ing  statistics, and  k was a scale factor. The 
posi t ional  coordinates  of  all H a toms  except those at- 
tached to the water  molecule  and  to a phospha te  O 
atom,  were deduced f rom difference syntheses cal- 
culated dur ing  the later stages of  ref inement .  These 
missing H a toms  were not  located at any stage of  the 
analysis.  Convergence  of  ref inement  was achieved wi th  

Table  1. Final positional ( x 10 4) and anisotropic (U~j) thermal parameters ( x 10 3) .for the non-hydrogen atoms 
Estimated standard deviations are given in parentheses. 

x y z Uu U22 U33 U23 U13 U~2 
C(l)' 1867 (3) 1117 (8) 7401 (16) 28 (4) 9 (4) 41 (5) 1 (4) - 4  (4) 0 (3) 
C(2) 3419 (4) 3729 (10) 7416 (18) 27 (4) 36 (5) 46 (6) - 3  (6) 5 (5) - 2  (3) 
C(2)' 1415 (4) 537 (9) 8895 (14) 37 (5) 12 (4) 31 (5) - 7  (4) 1 (4) 1 (4) 
C(3)' 1170 (4) -718 (8) 7704 (14) 31 (4) 13 (4) 29 (5) 1 (4) - 4  (4) - 3  (3) 
C(4) 2469 (3) 3341 (6) 7523 (15) 25 (4) 21 (4) 28 (4) - 2  (4) - 4  (4) - 3  (3) 
C(4)' 1226 (4) -279  (9) 5445 (14) 38 (5) 10 (4) 31 (5) - 4  (4) - 3  (4) - 4  (3) 
C(5) 2328 (3) 4835 (8) 7554 (15) 30 (4) 9 (4) 32 (5) 3 (4) 1 (4) - 2  (3) 
C(5)' 685 (4) 325 (10) 4498 (18) 42 (5) 21 (5) 50 (6) - 15 (5) - 10 (5) 1 (4) 
C(6) 2797 (3) 5765 (9) 7551 (14) 33 (4) 29 (5) 19 (4) - 3  (5) - 3  (4) - 1 5  (4) 
C(8) 1516 (3) 3722 (8) 7606 (16) 23 (4) 19 (4) 39 (5) 1 (4) - 2  (4) - 2  (3) 
N(1) 3334 (3) 5187 (7) 7520 (14) 24 (4) 24 (4) 47 (5) 2 (4) - 2  (4) - 8  (3) 
N(3) 3004 (3) 2793 (7) 7421 (14) 28 (3) 19 (4) 51 (5) 0 (4) 2 (4) - 2  (3) 
N(6) 2740 (4) 7199 (7) 7580 (16) 43 (5) 9 (4) 51 (5) 1 (4) -- 1 (5) - 10 (3) 
N(7) 1738 (3) 5023 (6) 7605 (14) 34 (4) 6 (3) 44 (5) - 2  (4) - 4  (4) - 3  (3) 
N(9) 1947 (3) 2685 (6) 7557 (13) 27 (3) 10 (3) 33 (4) 1 (3) 2 (4) 0 (3) 
O(1) 185 (3) 4059 (7) 5767 (14) 53 (4) 29 (4) 81 (6) - 2 2  (5) 2 (5) 5 (3) 
O(1)' 1688 (3) 784 (6) 5415 (9) 46 (3) 22 (3) 26 (3) - 3  (3) 4 (3) - 1 2  (3) 
O(2) 770 (3) 3217 (6) 2602 (14) 37 (3) 24 (3) 68 (5) 2 (4) 3 (4) - 10 (3) 
O(2)' 1652 (3) 195 (6) 10765 (11) 56 (4) 15 (3) 33 (3) - 2  (3) - 4  (4) - 7  (3) 
0(3) -254  (2) 2464 (7) 3089 (11) 24 (3) 30 (4) 63 (5) 12 (3) - 1  (3) - 8  (3) 
O(3)" 1545 (3) - 1928 (6) 8090 (10) 54 (4) 6 (3) 50 (4) - 1 (3) - 7  (3) 5 (3) 
O(5)' 523 (3) 1634 (6) 5546 (11) 55 (4) 17 (3) 38 (4) 2 (3) - 7  (4) 8 (3) 
P 319 (1) 2953 (2) 4183 (4) 24 (1) 17 (1) 56 (2) 2 (1) - 1  (1) - 3  (1) 
O(W)* 5341 (4) -1851 (8) 4223 (16) 58 (5) 31 (4) 77 (6) - 6  (5) - 8  (6) 0 (4) 

* O(W) refers to the water O atom. 
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non-hydrogen positional and anisotropic thermal  par- 
ameters, and hydrogen positional and isotropic ther- 
mal parameters,  all varied simultaneously. The final 
Rw was 0.0639 (Rw=ZwllFol-IFcll/YwlFol); R was 
0.0652. The final parameters are listed in Tables 1 
and 2.* 

Scattering factors and anomalous  dispersion correc- 
tions were taken from International Tables for X-ray 
Crystallography (1974). The signs of the dispersion 
corrections were taken by reference to the known 
D-ribose absolute configuration of the molecule; the 
positional parameters all correspond to the correct 

* A list of structure factors has been deposited with the 
British Library Lending Division as Supplementary Publication 
No. SUP 31580 (9 pp.). Copies may be obtained through The 
Executive Secretary, International Union of Crystallography, 
13 White Friars, Chester CH1 1NZ, England. 

Table 2. Final positional ( x  103) and isotropic (U) ther- 
mal parameters ( x  102) for the hydrogen atoms 

Estimated standard deviations are in parentheses. 
In each case the non-hydrogen atom to which each hydrogen 

atom is bonded, is shown. 
The average X-H distance is 1.00 (14) A. 

x y z 
H(1) (N1) 373 (4) 538 (10) 766 (18) 
H(2) (C2) 379 (4) 322 (9) 734 (16) 
H(6) (N6) 233 (3) 753 (8) 750 (16) 
H(6)'(N6) 304 (4) 751 (9) 774 (15) 
H(8) (C6) 109 (3) 354 (7) 757 (13) 
H(1)'(CI') 233 (3) 76 (7) 759 (13) 
H(2)'(C2") 109 (3) 120 (9) 900 (15) 
H(2)"(O2') 211 (4) 14 (11) 1075 (19) 
H(3)'(C3') 70 (3) -85  (8) 789 (13) 
H(3)"(O3') 159 (4) - 183 (9) 680 (16) 
H(4)'(C4') 136 (5) -109 (13) 439 (20) 
H(5)'(C5') 23 (4) - 14 (10) 470 (15) 
H(5)"(C5') 79 (4) 39 (9) 293 (15) 

U 
5 (3) 
4 (2) 
2 (2) 
2 (2) 
1 (2) 
] (2) 
3 (2) 
6 (3) 
2 (2) 
6 (4) 
8 (4) 
5 (3) 
3 (2) 

l.as(10 

' ~ '  ~ 1 . 5 3 4 0 2 )  

(~452L~°; 6387Q0 
Fig. 1. Intramolecular bonded distances in A. Estimated standard deviations are given in parentheses. 

01-P-Oa .o.5(4) t 
Oa-P-Os io8.5(4) 

~23.Xs)~Ig.XT) 

(~ ~1~) 127"4(7) ~ 24"2(1~'~7~ 

,o6.,C3) 07~Oy ,o9--~)5.v8)~ 

~3) ,o,.2C,) / ~ 'T 
1 0 9 - K z ) ( ~ , 2 . s ( 7 )  

Fig. 2. Valence angles, in degrees, with estimated standard deviations in parentheses. 
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configuration. The calculations were performed with 
a set of programs written by Dr G. M. Sheldrick, and 
implemented on a CDC 7600 computer. 

Discussion 

The molecular structure - bond lengths and angles 
The analysis has shown that 5'-AMP exists in the 

orthorhombic form as a zwitterion with protonation 
at N(1); the monoclinic form has the same distribution 

O 

o × 

O O 
Fig. 3. The conformat iona l  angles of  a nucleot ide unit. These 

are considered positive for a right-handed clockwise rotation 
(Sundaralingam, 1969). Angles co, ~0' are not applicable to a 
monomer, i.e. a mononucleotide. 

-(a) 

(b) 

Fig. 4. Views of  (a) o r t ho rhombic  5 ' -AMP and (b) monocl inic  
5 ' -AMP,  perpendicular  to the C(1) ' -O(1) ' -C(5) '  sugar  plane. 

of charge, with a negative charge presumably located 
on a phosphate O atom. Intramolecular bond lengths 
and angles for orthorhombic 5'-AMP are shown in 
Figs. 1 and 2. The values found compare well with 
those reported for monoclinic 5'-AMP, although there 
are a few significant bond length differences - these are 
detailed below. 

Average bond lengths and angles for the adenine 
base have been reported in a survey (Voet & Rich, 
1970). The geometry of the adenine in orthorhombic 
5'-AMP is comparable with these averages; as noted 
elsewhere (Saenger, 1973) protonation at N(1) has in- 
duced slight differences between the zwitterion and 
neutral molecules. N(1)-C(2), particularly, is length- 
ened in the ionic form, and the angle at N(1) is slightly 
widened. The anomalously long C(4)-C(5) recorded 
here (1.442 A), compared with averages of 1.365 for 
neutral and 1-392 A for protonated molecules, does 
not fit into this pattern and cannot easily be explained. 
C(5)-C(6), on the other hand, is much shorter than in 
monoclinic 5'-AMP (1.387 compared to 1.448 A) and 
conforms with the tabulated averages. The adenine 
ring is planar within experimental error (Table 3). 

Table 3. Least-squares planes 

Atoms marked (*) have been excluded from the calculation of 
the plane. Deviations from the planes are in .~. 

Adenine ring 
N(1) 0.022, C(2) -0.012, N(3) -0-015, C(4) 0.010, 
C(5) - 0.001, C(6) - 0.002, N(6) - 0.019, N(7) - 0.012, 
C(8) 0-001, N(9) 0.015 

Sugar ring 
C(1)' 0"000, C(2)' 0.359", C(3)' -0.146", C(4)" 0.000, 
o(1)' o.ooo 

The equat ions  for the least-squares planes are  in the fo rm:  
p x + q y + r z = s .  

p q r s 

Adenine  ring 0.025 - 0.022 0.999 5.028 
Sugar ring 0.685 - 0.727 - 0.042 1.974 

The geometry of the ribose sugar ring conforms well 
with expected values (Saenger, 1973), although the two 
hydroxyl bonds do differ more than might be expected 
from a reported mean of 1.41 A. The commonly ob- 
served finding of O(1)'-C(4)' longer than O(1)'-C(1)' 
is seen here. 

Although no proton was found on any of the phos- 
phate O atoms, its probable location was readily de- 
duced. P-O(3) is undoubtedly a double bond. Since 
0(2) has a close contact (2.5 A) with protonated N(I), 
it is likely that it carries a negative charge, rather than 
a proton, which must therefore be attached to O(1). 

Molecular conformation 
The conformational angles used in this discussion 

are defined in Fig. 3. These are discussed in some detail 
by, for example, Sussman, Seeman, Kim & Berman 
(1972) and Sundaralingam (1969). Table 4 gives the 
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values found for the angles, both from this analysis 
and for some other related nucleotides. It is apparent  
that  the two 5 ' -AMP structures exhibit  markedly dif- 
ferent conformations in all parts of  the molecules. 
These differences are shown in Figs. 4 and 5, which 
particularly highlight the nearly 50 ° difference in the 
O(1')-C(1 ')-N(9)-C(8) (X) glycosidic torsion angle. 
The monoclinic form has a syn conformation,  and the 
or thorhombic  may be said to be anti (although only 
just) ;  however, a l though the Z value for the former 
falls well within ranges of values for many purine nu- 
cleotides, that for the latter does not (Sundaral ingam, 
1969). 

This is probably connected with the C(2')-endo sugar 
conformation observed here, which contrasts with the 
C(3')-endo of the monoclinic form. This difference is 
shown in Fig. 5. The observed ribose torsion angles 
and out-of-plane deviations (Table 3) are typical of  
C(2')-endo puckering. The results of  the coaforma-  
t ional energy calculations of Thornton & Bayley (1975) 
are given in detail for a C(3')-endo sugar only; how- 
ever, these authors do suggest that  a C(2')-endo pucker- 
ing would prefer a Z angle of about  60 °, with preference 
for the syn state. This is indeed roughly what we find. 

These two sugar conformations are encountered 
equally commonly  among purine and pyrimidine nu- 
cleosides and nucleotides. However, a C(2')-endo ade- 
nylyl sugar is quite rare. Examples of its occurrence il- 
lustrate well the supposition that nucleotides are rela- 
tively flexible, and can adopt differing conformations 
without having to overcome a large energy barrier. 
Thus, of  the two independent  molecules in the crystal 
structure of adenosine tr iphosphate (Kennard et al., 
1971), one has a C(2')-endo sugar, and the other a 
C(3')-endo. The recently-reported structures of two 
dinucleoside phosphate-drug complexes show a C(2')- 
endo adenylyl sugar, in contrast to the C(3')-endo of the 
uncomplexed dinucleoside phosphates (Seeman, Day 
& Rich, 1975; Tsai, Jain & Sobell, 1975). It seems that, 
for drug interaction to occur, this conformational  
change is needed. 

Intermolecular packing 
Figs. 6 and 7 show two views of the crystal structure, 

which consists of  chains of  5 ' -AMP molecules linked 

Fig. 5. (a), (b), as in Fig. 4, but now viewed along the 
C(1)'-O(I)'-C(5)' sugar plane. 

i 

Fig. 6. The b-axis projection of the crystal structure; dashed 
lines represent hydrogen bonds. 

Table 4. Some nucleotide and polynucleotide conformations, torsion angles are in degrees 

X ~o ~ ~' To T1 Tz 33 z4 Sugar pucker 
This study 72"5 137"3 62"3 - 32"3 - 14"2 27-8 - 30-2 23"3 - 5"8 C(2)'-endo 
Monoclinic 5'-AM P (a) 25"7 177-2 40"0 74"8 4.8 - 29"8 42.3 - 40"0 22 .8  C(3)'-endo 
T-AMP (a) 3"8 149"5 171"2 83"8 -3"4 -19"1 34"6 -37"6 25"6 C(3)'-endo 
Adenylyl-3',5"-uridine (b) 

(adenylyl group only) 3.5 173 57 . . . . . .  C(3)'-endo 
Adenylyl-2',5'-uridine (a) 

(adenylyl group only) 54-6 --  45.3 148.4 - 30.5 43.5 - 37.8 20-2 6.1 C(2)'-endo 
B-DNA (c) 66 213 36 156 - 4  25 -35  33 - 19 C(2)'-endo 
RNA-11 (d) 14 180 48 83 3 126 37 -36  21 C(3)'-endo 

(a) Values have been taken from the compilation of Sundaralingam (1969). (b) Day, Seeman, Rosenberg & Rich (1973). The mean 
values for the two independent molecules are given. The torsion angles for the sugar residues are not reported. (c) Arnott & 
Hukins (1972). (d) Arnott, Hukins & Dover (1972). 
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O 

a 

Fig. 7. The c-axis projection of the crystal structure. 

together by strong hydrogen bonds to water molecules. 
These chains extend in both the b and c directions. The 
hydrogen bonds are from phosphate O atoms to the 
water O; O(1 ) . . .O(W)  is 2.651 and O(3 ) . . .O(W)  
2.623 A. There is also a very short (Donohue, 1969; 
Fuller, 1959) N ( l ) . . - 0 ( 2 )  interaction of 2.550 A, in- 
volving c-axis screw-related molecules (Fig. 7). The 
adenine bases are nearly parallel both to each other 
and to a, some stacking being evident, and with a 
mean inter-base spacing of about 3.5 A. As has been 
pointed out (Bugg, Thomas, Sundaralingam & Rao, 
1971), partial base overlap is usual for this class of 
compound. 

It is not surprising, in view of the conformational 
differences, that there are considerable differences in 
the packing modes of orthorhombic and monoclinic 
5 '-AMP in spite of their both crystallizing with one 
water molecule per nucleotide. For example, in the 
latter crystal structure, only two of the three phosphate 
O atoms participate in hydrogen bonding, whereas the 
sugar hydroxyl 0(2')  and 0(3')  do. 

We thank the Cancer Research Campaign and the 
Lawson Tait Trust for support, the Crystallography 
Institute of the Free University of Berlin for the data 
collection facilities, Drs H. J. Hecht and P. Beinhardt 
for assistance in their use and Dr E. G. Richards for 
various useful discussions on this structure. 
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