
precision optics were employed (Corn- 
ing, No. 1?1/). 

Much of the tendency of slides to 
deteriorate over a period of a few 
hours was traced to evaporation through 
pinhole imperfections in the wax used 
to seal the preparation. This was elimi- 
nated by using two cover slips of un- 
equal size creating a shoulder on which 
the wax could bind, and by using a 
mixture of one part Vaseline to three 
parts paraffin instead of pure paraffin. 

Although the effect of each of the 
above refinements is small, they com- 
bine to permit recording from primate 
cones lying on their sides. No changes 
were necessary in the electronics. 

Several hundred foveal and para- 
foveal primate cones (mostly human) 
have been examined oriented at right 
angles to the measuring beam in the 
course of developing these refined tech- 
niques. Ratios of signal to noise have 
been very poor until the series shown 
in Fig. 2; these are the best records 
which have been obtained so far and 
demonstrate the feasibility of the tech- 
nique. 

Each receptor is about 0.8 /t in 
diameter and absorbs about 1.3 percent 
at maximum. The pigment density in 
primate rods and cones is similar and 
is in turn comparable to the densities 
(1, 3) for frog rods and fish cones. 
With a specific absorption of 1.8 per- 
cent/ju, the total absorption of a foveal 
cone 45 /I in length would be about 50 
percent. This probably represents a 
lower limit due to light scattered around 
the receptor. Psychophysical experi- 
ments (10, 11) have indicated that the 
maximum absorption may be in excess 
of 80 or 90 percent. However, too few 
successful preparations were obtained 
to determine the relative numbers of 
cones of each spectral class, or to con- 
firm earlier measurements (4, 5) of 
the maximum absorption of each class. 
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Correll (1) has found imidodiphos- 
phate (P-N-P) linkages in algal "poly- 
phosphate." This is the first instance 
of P-N-P linkages being observed in a 
natural product. Almost nothing is 
known of the metabolism of P-N-P 
compounds, but knowledge of the 
molecular dimensions of the P-N-P 
linkage should aid in these studies. In 
addition, an adenosine triphosphate 
(ATP) analog in which an imidodi- 
phosphate grouping replaces the termi- 
nal pyrophosphate has been synthesized 
(2). Correll's finding and the striking 
similarity of this analog to ATP in 
binding to contractile proteins (2) led 
us to investigate the crystal and molec- 
ular structure of sodium imidodiphos- 
phate in relation to that of sodium 
pyrophosphate. 

Crystals of tetrasodium imidodiphos- 
phate-decahydrate were prepared ac- 
cording to Nielsen et al. (3). The crys- 
tals were monoclinic, with space group 
C2/c and cell dimensions a = 17.069, 
b = 6.905, and c =- 14.752 A, and P = 
110.33 ?, and were isomorphous with tet- 
rasodium pyrophosphate.decahydrate. 
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The measured density of 1.80 g/cm3 
and the calculated density of 1.812 
g/cm3 indicated that there were four 
molecules per unit cell. Of the 1065 
intensities measured with a Picker dif- 
fractometer, 985 were observed above 
background. The positional parameters 
and anisotropic thermal parameters 
were refined by least squares methods 
(4) to an R-index 

A_ I Fol-IF.,1I 
2 IFo 

of 0.054. All hydrogen atoms were 
located on the final electron density 
map but were not included in the re- 
finement (Table 1; Fig. la). There was 
no evidence for the tautomeric form 

OH 

-P N- 

as suggested by Nielsen (5). However, 
the shortened P-N bond distances, 
1.68 A versus 1.77 A for the single 
P-N bond distance in NaPO3NH3 (6), 
indicates at least partial double bond 
character of the P-N-P linkages. 
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Table 1. Comparison of the geometries of sodium pyrophosphate, sodium imidodiphosphate, 
and methylene diphosphonic acid. The standard deviation on 'the least significant digit is given 
in parentheses. 

Bond O(PO3)2NA 
O (P,0),Na4 HN(P0),2Na4 CH2(PO3)2Ht 

(H110) lo* (H,O),* (H20),0 

P-X 1.63A 1.631(7)A 1.678(5)A 1.79A 
P-O (ave) 1.48A 1.512(20)A 1.521'(7)A 1.54A 

P-P 2.942(16) A 3.006(3)A 3.05A 
P-X-P 133.80? 128.7(3) 127.2(5) ? 117? 

* Calculated from 246 observed structure factors using zonal data refinement (R = 0.22) (7). 
t See (15). 
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Imidodiphosphate and Pyrophosphate: Possible 

Biological Significance of Similar Structures 

Abstract. The structure of sodium imidodiphosphate has been determined by 
single crystal x-ray diffraction. The P-N-P bond angle (127.2?) and P-N bond 
distance (1.68 angstroms) are remarkably similar to newly refined values for the 
P-O-P bond angle (128.6?) and the bridging P-O bond distance (1.63 angstroms) 
of sodium pyrophosphate. This close similarity may explain why P-N-P linkages 
in algal "polyphosphates" escaped detection until recently and why adenosine tri- 
phosphate analogs with this linkage mimic adenosine triphosphate so closely. 
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For comparison purposes, structural 
data for sodium pyrophosphate (7) are 
given in Table 1. Because of the high 
precision of the imidodiphosphate di- 
mensions, the original 1023 Fo from the 
three-dimensional film data for pyro- 
phosphate were used in a refinement of 
the positional and anisotropic thermal 
parameters of the atoms. A final value 
of R=0.136 was obtained, although the 
thermal parameters did not remain 
positive definite on four atoms. This 
refinement markedly changed the P-O- 
P bond angle (134? to 129?) and in- 
creased the nonbridge P-O bond dis- 
tances slightly (1.48 to 1.51 A) (Table 
1, column 2; Fig. lb). 

For further comparison, the struc- 
tural data for the analogous carbon 
compound, methylenediphosphonic acid, 
are given in Table 1, column 4. 
These data are of interest since ATP, 
adenosine diphosphate (ADP), and 
guanosine triphosphate (GTP) analogs 

containing P-C-P linkages have been 
studied extensively (8, 9). 

Structurally, the important differences 
between these three compounds is cen- 
tered around the P-X-P linkage. The 
P-X bond length increases systemati- 
cally from P-O (1.63 A) to P-N 
(1.68 A) to P-C (1.79 A), while the 
P-P distance increases only slightly, 
2.94, 3.00, and 3.05 A, respectively. 
Of most interest are the P-X-P bond 
angles. The P-O-P and P-N-P bond 
angles are only slightly (but signifi- 
cantly) different, 129? and 127?, re- 
spectively. This contrasts with the 
smaller P-C-P angle of 117? (10). 
The combination of the longer P-C 
bond distance and the more acute 
P-C-P bond angle may explain why 
the methylene analog of ATP binds so 
weakly to myosin and actomyosin (11), 
because the methylene group with its 
two hydrogens protrudes to a much 
greater degree than does either the 

a 

[P03-NH-P03) (PO3-NFH-PO3) 

b 

at 

Fig. 1. (a) Stereodiagram of imidodiphosphate tetra-anion. A special viewer (14) should be used to see the structure in three dimensions. (b) Stereodiagram of pyro- 
phosphate tetra-anion. 
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oxygen or imido linkage (12). In the 
imido linkage, the proton is effectively 
buried between the two PO3 groups, as 
evidenced by its failure to hydrogen 
bond to the water molecules in the 
crystal lattice. 

The overall striking similarity of 
imidodiphosphate and pyrophosphate 
structures explains to a large degree the 
similarity of interaction of ATP and 
the imidodiphosphate analog of ATP 
with myosin and heavy meromyosin 
(2). Further evidence of the similarity 
is that the imidodiphosphate ATP ana- 
log mimics ATP in relaxing muscle. 
(13). By contrast the methylene analog 
of ATP is without effect. The useful- 
ness of the substitution of P-N-P bonds 
for P-O-P linkages in biologically im- 
portant molecules then is apparent and 
structurally reasonable. 
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