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Under carefully controlled conditions, hydroxyapatite was equilibrated with various mixtures of potassium andsodium 
chlorides. Potassium ion was found to penetrate only the hydration shell of the crystal while sodium, in addition, displaced 
calcium ions from the surfaces of the crystal lattice, apparently by a mole for mole non-equivalent exchange. These two 
physicochemical processes may account for the amounts of potassium and sodium observed to be present in fresh bone. 

Sodium ion, the principal cation in the extracellu
lar compartment of animals, is found in high con
centrations in the skeleton. In fact, one-third to 
one-half of the total body content of sodium is asso
ciated with the mineral crystals of bone.2 The 
physiological availability of this enormous, poten
tial alkali reserve has been the subject of a number 
of recent investigations.3-7 The chemical mech
anisms underlying the skeletal fixation of sodium 
have received but little attention, however. One 
earlier report8 attributed the presence of sodium in 
bone to an adsorption process as evidenced by the 
uptake of radiosodium by bone mineral in vitro. 
Chemical analyses for sodium were not performed. 
The skeletal content of potassium is very low4 and, 
presumably, for this reason very few studies have 
been concerned with this ion. 

I t seemed possible that the sodium and potas
sium content found in fresh bone could be explained 
as the result of passive, physicochemical reactions 
such as ionic exchange. Certainly the bone min
eral mirrors the composition of the solution in 
which it is placed9 and the extracellular fluids bath
ing the bone crystals are high in sodium, low in 
potassium content. To test this hypothesis, al
kali ion-bone mineral interaction was studied in 
vitro by suspending pure hydroxyapatite crystals in 
inorganic solutions of defined composition. 

Experimental 
The use of ashed specimens of bone introduces uncer

tainties with respect to crystal size, high initial and variable 
sodium content, etc. Therefore, a well characterized, syn
thetic hydroxyapatite, "L-apatite"1 0"1 2 was employed 
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throughout these studies. This prototype bone mineral9 

contained less than 0 .01% sodium. AU other chemicals 
were C P . grade unless otherwise indicated. 

Equilibrations were carried out by high speed stirring of 
the solid and solution in a water-bath maintained at 37° as 
previously described.13-14 The solutions contained sodium 
and potassium chlorides in varying proportions while the 
sums of their concentrations were kept constant to maintain 
a constant ionic strength. The solutions were buffered with 
5.0 mmoles/1. of diethylbarbituric acid (Barbital—Mallinc-
krodt) at a pK of 7.38 ± 0.04 by the addition of approxi
mately 2 mmoles/1. of KOH. Two grams of the dry hy
droxyapatite was equilibrated with a liter of solution for 18 
hours. Previous work has shown that solubility equilibrium 
is attained within this period15 and preliminary experiments 
demonstrated that the sodium content of the solid phase 
reached a constant value within two hours. At the end of 
the equilibration period, approximately 30 ml. of the solu
tion was withdrawn by suction through a very fine sintered 
glass filter to remove colloidal crystals14 which prevent ac
curate analyses for calcium and phosphate. Aliquots of 
the filtered solution were added to 0.17 M ethanolamine 
(redistilled—Eastman Kodak Co.) and the calcium content 
determined by titration with disodium ethylenediamine-
tetraacetic acid (Versene—Bersworth), using the dye Erio-
chrome black-T (Hartman and Leddon) as the indicator.16 

Phosphate was determined by the method of Fiske and Sub-
baRow.17 

The remainder of the solid-solution suspension was fil
tered through a sintered glass filter cup and centrifuged for 
two minutes a t about 800 g. The solid was then trans
ferred to specially designed cups11 and centrifuged in a Ser-
vall ss-1 or ss-2 centrifuge at a force in excess of 7,000 g. 
After two hours centrifugation, the solid was dried and 
analyzed for sodium and potassium by flame photometry 
(Weichselbaum—Varney Universal Spectrophotometer). 

Centrifugation.—The high speed centrifugation proce
dure is reported11 to remove all mechanically held water 
leaving only the hydrated crystals. To confirm and extend 
the earlier study,11 samples of hydroxyapatite were equili
brated with 0.16 M KCl in 0.005 Mbarbital and, after cen
trifugation at various speeds, the potassium content of each 
specimen after drying was determined flame photometric
ally. The results, presented in Fig. 1, are consistent with 
the view that mechanically held water is removed at forces 
in excess of 7,000 times gravity. 

Flame Photometry.—The analysis of sodium by flame 
photometry gives large positive errors when calcium is 
present. As shown in Fig. 2, the increase in flame intensity 
is not nearly as marked when phosphate is also present. 
In solutions of calcium less than 5 millimolar containing 
phosphate (Ca /P = 1.67 as in the synthetic apati te) , no 
measurable effect on flame intensity was noted. All solu
tions were therefore diluted prior to analysis for alkali metals 
to contain calcium at 5 mmoles/1. and phosphate at 3 
mmoles/1. and the resulting solutions compared with stand-
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Fig. 1.—Data showing the relationship between the force 
of centrifugation and the amounts of water and potassium 
retained by the solid. Circles represent potassium content; 
the dashed line represents the water content taken from a 
previous publication.11 Note that mechanically held solu
tion appears to have been removed by centrifugation in 
excess of 6000 times gravity. 

ards of similar composition. In addition, sufficient amounts 
of KCl were added to all solutions for sodium analysis to give 
a constant concentration of potassium and vise versa to mini
mize the effect of one alkali metal on the flame intensity 
of the other. 

Fig. 2.—Effect of calcium and phosphorus on sodium 
standard curve measured by the flame photometer at wave 
length 589 IJ.: • , no added Ca + + or P ; O, containing 50 
mmoles/1. Ca + + and 30 mmoles/1. P; A, containing 100 
mmoles/1. Ca + + and 60 mmoles/1. P ; A, containing 50 
mmoles/1. Ca + + and no P. 

Results 
Sodium and Potassium Uptake.—The first series 

of equilibrations was made at an ionic strength of 
0.162. The results, given in Fig. 3a, show that 
potassium uptake by the crystal-hydration shell 
system is almost in strict proportion to the concen
tration of potassium in solution. Sodium was 
taken up by the solid phase to an extent greater 
than potassium and there was not a strict propor
tionality between solution concentration and solid 
phase content. 
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Fig. 3.—Uptake of sodium and potassium by hydrated 
hydroxyapatite. 

A second series of equilibrations was performed 
at an ionic strength of 1.00. Again, as seen in Fig. 
3b sodium was taken up by the solid to a greater 
extent than was potassium. At the higher ionic 
strength, however, neither ion was fixed in strict 
proportionality to the solution concentration. 

Reversibility.—The reversibility of alkali metal 
binding was tested by the equilibration of samples 
of hydroxyapatite with four solutions always in 
the proportion of 2 g. of solid per liter of solution: 
A, 0.16MNaCl; B, 0.16 I f KCl; C, 1.0IfNaCl; 
D, 1.0 M KCl. The solids were filtered from the 
solutions and centrifuged. In two instances, the 
solids after treatment with A and C were re-equili
brated with B and D, respectively. Solid follow
ing equilibration with A was dried and reground 
before the second equilibration. The solid iso
lated from C was re-equilibrated immediately after 
centrifugation without drying. The results, given 
in Table I, indicate that the system is reversible 
within the limits of error of the methods of analysis. 

TABLE I 

T E S T OF REVERSIBILITY OF THE UPTAKE OF SODIUM BY 

HYDROXYAPATITE 
Alkali metal content of solid 

Equilibrating soln. 

A, 0.16 M N a C l 
B, 0.16 M KCl 
A, then B 
C, 1.0 M NaCl 
D, 1.0 AfKCl 
C, then D 

Na, mmoles/g. 
0.20 

<0 .01 
1.1 

<0 .01 

K, mmoles/g 

0.18 
0.18 

0.95 
1.0 

The Displacement of Calcium from the Crystals 
by Sodium Ion.—Equilibration of hydroxyapatite 
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crystals with aqueous solutions has shown that 
NaCl as the bulk electrolyte dissolves more solid 
phase than does KCl. In particular, the final 
concentrations of dissolved or "displaced" calcium 
are much higher in aqueous NaCl than in equivalent 
solutions of KCl.12 In these experiments, too, so
dium ions appeared to displace calcium ions from 
the crystals resulting in higher concentrations of dis
solved calcium. These data are given in Fig. 4. 

Discussion 
It is helpful to review briefly some of the known 

facts concerning the apatite: solution system as a 
frame of reference for the interpretation of the data 
reported above. In an aqueous medium, the crys
tals possess a hydration layer11 containing exchange
able ions15 and the crystals themselves probably 
possess a net charge.9 In such a system, a freely 
diffusible cation such as sodium or potassium could 
conceivably occupy several positions: a, in the bulk 
solutions; b, in the hydration shell; c, in the crys
tal surface; or d, a number of positions in the in
terior of the crystalline lattice. In the present stud
ies the equilibration periods were too brief to per
mit penetration of the crystal interior16 and, on 
theoretical grounds, it is unlikely that monovalent 
cations occupy interior positions {vide infra). 

Under conditions where temperature, pH and 
ionic strength are all constant, the net charge per 
crystal and the volume of the hydration layer may 
be assumed to remain constant and, therefore, the 
amount of cation taken up by the solid due to dif
fusion into the hydration layer is given by the rela
tion 

V[M'] = £/M[M] (1) 
(hydration shell) (sol.) 

[M'] = *•£-, [M] 
JM ' 

(2) 

where/ designates the activity coefficient and con
centrations are indicated by brackets. This rela
tion states that the amount of cation in the solid 
phase is directly proportional to the concentration 
of the cation in solution, provided the cation does not 
exchange for other cations in the crystal surface. The 
data given in Fig. 3 show that equation 2 describes 
the binding of potassium very well. At n = 0.16 
the curve is linear within experimental error; at /J. = 
1.00, there is a slight curvature which may be as
cribed to small changes in activity coefficients as the 
mole fractions of potassium, K+/ (Na + -)- K + ) , 
varies from 0 to 1. 

Since, under equilibrium conditions, the chemical 
potential in both solid and solution phases are 
equal, it may be assumed that the proportionality 
constant in equation 1 is equal to unity. With this 
assumption, the activity coefficient, }V, of potas
sium in the hydration shell can be calculated: 0.55 
at fi = 0.16 and 0.46 at y. = 1.0. As one would 
expect, these values are considerably lower than in 
the bulk solution. It seems only reasonable that 
ion:ion interaction and ion:solvent interaction 
would be greater in a charge-oriented hydration 
layer than in ordinary solution. 

Quite obviously equation 2 does not predict ac
curately the uptake of sodium ion. This is not sur-
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Fig. 4.—The displacement of calcium ions from hydroxy
apatite by sodium ions at constant ionic strength; n = 
1.00: O, calcium; • , total phosphates. 

prising. I t is a long established fact that bone min
eral when boiled in non-aqueous alkali takes up 
great quantities of sodium but does not take up po
tassium. For this reason, the classical ashing pro
cedures have always employed KOH.18'19 Appar
ently, sodium ion can react with the crystal sur
faces even in non-aqueous medium. For sodium 
ion to enter the crystal surface from an aqueous me
dium, calcium ion must be displaced and Fig. 4 
shows that this displaced calcium appears in solu
tion. 

This displacement might occur on either a charge 
basis (2 monovalent sodium ions replacing one di
valent calcium ion) or on a volume basis (one so
dium ion of radius 0.95 A. replacing one calcium 
ion of radius 0.98 A.). Possibly a combination of 
space-charge limitations are governing the displace
ment reaction. Fortunately a partial answer to the 
mechanism of the exchange can be obtained by a 
mathematical analysis of the data. 

The sodium ions entering the crystal surface 
may be represented by the total sodium content 
minus that sodium located in the hydration shell or 

[Na]10Hd = [Na]total — [Na]hydration shell 

While [Na Jtotai is observed, [Na !hydration shell must 
be estimated. If it is assumed that [Na]h,dration shell 
' L-"- !hydration shell under equivalent conditions, then 

[NaJ.olid = [Na] total — [KJhydrationahell 

and the sodium uptake resulting from exchange can 
be obtained by subtracting the potassium uptake 
curve from the observed total sodium uptake curve, 
cf. Fig. 3. From mass law, it follows that 

[Ca] solid + [Na]80In = [Na] solid + [Ca] sola 

or 
[Na]8OiU = MCa]10IW ( ^ ) (Z) 

\flOa /»oln 

If two sodium ions replace a single calcium ion 

or 

[Ca]10Hd + 2[Na]10In = [Na2J10Hd + [Ca]10i„ 

[Na2J1OHd = MCa]10Hd ( ^ ) (4) 
N^Ca /aoln 

(18) C. D. Crowell, H. C. Hodge add W. R. Line, J. Dent. Res., 14, 
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file:///flOa


1588 PHILIP NEWMARK AND DEAN FRASER Vol. 78 

In either case, linear relations can be expected 
only at low levels of sodium impregnation where the 
term [Ca]soiid remains essentially constant. When 
the data are plotted according to equations 3 and 4 
as in Fig. 5, a mole for mole exchange is indicated. 
Such a non-equivalent exchange can be expected 
either to reduce the positive charge on the crystals 
and/or result in a loss of anions associated with the 
crystals. I t has, indeed, already been shown15 that 
sodium impregnation sharply reduces the number 
of surface phosphate groups as measured by ex
change techniques. 
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Fig. 5.—Indication of a mole for mole ionic competition 
between sodium and calcium with hydrated hydroxyapatite 
crystals; M = 0.162. 

The data obtained in these studies in vitro cannot 
be extrapolated readily to the physiological state of 
bone in vivo. It is worth noting, however, that the 
sodium content of bone can be reasonably explained 
in terms of the hydration shell: crystal surface ex
change concept. The crystals of bone are smaller 
than the crystals of apatite used in these studies (68 
m.2/g.) and therefore present a greater surface 
area,9'20-21 probably approaching 200 m.2/g. On 
the other hand the crystals in bone are not fully hy
drated averaging only about 0.4 g. H20/g. apatite.11 

The sodium content of bone can thus be calcu
lated from the results obtained here. 

Crystal surface exchange = 0.04 mmole/g. X 
200 m.Vg, 
68 m.2/g. 
(apatite or ash) 

Hydration shell = 0.16 mmole/g. X 

0.12 mmole/g. 

0.4 g. H 2 0 /g . 
= 0.08 mmole/g. 

0 .8g.H 2O/g. 
Total predicted Na content = 0.2 mM/g. (apatite or ash). 

Total predicted Na content = 0.2 mM/g. (apa
tite or ash). A number of analyses by flame pho
tometry of various specimens of bone gave values 
for total sodium content varying between 0.2 and 
0.25 mmole/g. of bone ash, in excellent agreement 
with the value predicted from the data obtained in 
vitro. 
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Composition of an Abnormal Protein Present in Tobacco Plants Infected with Tobacco 
Mosaic Virus12 
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An abnormal nucleic acid-free protein is present in tobacco plants infected with tobacco mosaic virus. Though lacking 
infectivity, this abnormal protein resembles the virus closely in appearance and in other physical properties. In the present 
study the abnormal protein and virus have been shown to contain the same amino acids. No quantitative differences in 
amino acid composition have been detected by column chromatography on hydrochloric acid hydrolysates of the two pro
teins. These results emphasize the close chemical relationship of the abnormal protein to the virus. 

Introduction 
The presence of an abnormal protein, other than 

the virus in tobacco plants infected with tobacco 
mosaic virus, was reported by Commoner, New-
mark and Rodenberg,5 Takahashi and Ishii,6 and 
Jeener and Lemoine.7 Takahashi and Ishii8 showed 

(1) Presented at the 125th Meeting of the American Chemical So
ciety, Kansas City, Missouri, March, 1954. 

(2) Aided by a grant from the National Foundation for Infantile 
Paralysis. 

(3) Fellow of the National Foundation for Infantile Paralysis. 
Present address: Department of Biochemistry, University of Kansas, 
Lawrence, Kansas. 

(4) Department of Chemistry, Indiana University, Bloomington, 
lnd. 

(5) B. Commoner, P. Newmark and S. D. Rodenberg, Arch. Bio-
chem. Biophys., 37, 195 (1952). 

(6) W. N. Takahashi and M. Ishii, Nature, 169, 419 (1952). 
(7) R. Jeener and P. Lemoine, ibid., 171, 935 (1953). 
(8) W. N. Takahashi and M, Ishii, Am. J. Bd.. 40, 85 (1953). 

that this protein contained no nucleic acid, but yet 
could be polymerized into rod-like particles which 
under the electron microscope appeared to be iden
tical in width and in general very similar to the 
virus. As part of an over-all study on the rela
tionship of the abnormal protein to the virus, the 
amino acid composition of both were compared. 
The results are reported here. 

Experimental 
Tobacco mosaic virus is readily obtained in high purity 

by means of well established procedures.9 Isolation and 
purification of the abnormal protein is more difficult. By 
means of a procedure which we have outlined elsewhere,10 

the abnormal protein was obtained from a finely ground sus-

(9) R. Markham and J. D. Smith in "The Proteins," Vol. II, Part A, 
Academic Press. Inc., New York, N. Y., 1954. 

(10) C. C. Delwiche, P. Newmark, W. N. Takahashi and M. J. Ng 
Biochim. Biophys. Acta, 16, 127 (1955). 


