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SUMMARY

Taves and Reedy postulated that phosphate ions are adsorbed at hydroxyl
positions on the surface of hydroxyapatite, and proposed a model for the adsorption
of tripolyphosphate on the crystal surface. On the basis of this model and the hypoth-
esis that a hydroxyl position on the crystal surface corresponds to a chromatographic
C site, the experimental chromatogram for a mixture of AMP, ADP, ATP and
adenosine tetraphosphate obtained by Bernardi was analysed by using the theory
developed in an earlier paper in this series. It was estimated that the energy of adsorp-
tion on a C site for a univalent phosphate group on the polyphosphate chain of
nucleoside polyphosphate is 0.9-1 kcal/mole and that the adenosine group of the
molecule covers at most only one crystal site. Some other experimental parameters
were also evaluated. The reasonable results obtained in the calculation strongly sup-
port the hypothesis of the one-to-one correspondence between a hydroxyl position
and a chromatographic C site and the model of Taves and Reedy.

INTRODUCTION

A model of the surface structure of hydroxyapatite (HA) was proposed by
Taves and Reedy! on the basis of a comparison of the crystallographic structure of
HA with the structure of octacalcium phosphate (OCP). OCP contains alternating
sheets of an apatite structure* * and a loose water-rich layer, which are parallel to the
(B, ) plane of the crystal structure®-¢. The apatite structure in OCP consists of a mono-
layer of apatite cells, each of the four edges (corresponding to four 6; axes®?) of each
apatite cell being on the interface with the water-rich layer. Two positions that would
be occupied by OH ™ ions in the HA structure are involved in this edge: with OCP,
however, these positions are replaced by a water molecule and an HPO,>~ ion (see
Fig. I and refs. 5 and 6). Whether the crystal grows as OCP or HA appears to depend
on whether one of these positions is occupied by a phosphate ion or a hydroxyl ion®.
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The fact that these positions are on the interface between the HA cell and the water-
rich layer in the case of OCP suggests that the crystal surfaces [corresponding to (5, E)

and (b, —é) planes] of HA must also involve these positions. The fact that OCP grows
more rapidly than HA, even though the latter is more stable, is consistent with this
hypothesis®. Under physiological conditions where the hydroxyl ioms in the sur-
rounding solution would be present in much lower concentration than the phosphate
ions, these positions on the surfaces of HA must be occupied by many more phosphate
ions than hydroxyl ions®. Further, it can be estimated that the HPO2~ ion on the
crystal surface (or on the interface in the case of OCP) has oxygen—calcium distances
of 2.37, 2.39 and 2.63 A and a hydrogen bond length of 2.46 A (see Fig. 1), whereas
a hydroxyl in the corresponding position would have only two comparable calcium—
oxygen distances and only a weak hydrogen bond, if any®. The crystal growth of HA
must be blocked when the surface hydroxyl positions are taken up by phosphate ions!-°.

If unfilled, these positions form grooves running parallel to the ¢ axis and these can
be considered as adsorption sites for phosphate ions!-S. It is probable that the hydroxyl
position corresponds to a chromatographic C site, using the nomenclature of earlier

*QOx Caicium Eelcw,an,ard cbove plane
O Oxygen
o Phosphorous

Fig. 1. Atomic positions in OCP on an (;, E) plane at the level of z &~ 1/4. The ions connected by
dashed lines are those that are common to HA and OCP, and constitute an apatite layer (parallel to .t;)
inserted between water-rich layers. Two half-unit cells are shown for OCP and one for HA. The key
positions are at the corners of the ““HA unit cel”’. To allow the crystal to grow as HA, these must ke
OH™ ions instead of the H,O and HPO4>~ shown here (for HPO,?~, only one of them is shown).
This hydrogen phosphate ion (with phosphorus No. 14) has oxygen—calcium distances of 2.37, 2.39
and 2.63 A and a hydrogen bond length of 2.46 A (between atoms 20 and 36). A hydroxyl in the
position of oxygen No. 35 would have only two comparable calcium—oxygen distances, and oiﬂy a
weak hydrogen bond, if any. In both OCP and HA, two types of the plane alternate along the c axis
separated by | c 1/2 or 3.44 A at z &~ 1/4 (shown in the figure) and z = 3/4, respectively, that is, in the
second plane of the unit cell the HA cell contents including the water and hydrogen phosphate are
located in a reversed or 180° rotated manner. If the corners of the “HA unit cell” are unfilled, they
form grooves running in the lateral surfaces parallel to the c axis. (This figure is reproduced from ref
1. with the permission of Dr. D. R. Taves).
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papers’—? in this series (see Fig. 2). It was suggested by Kawasaki (Appendix I in ref.
7) that the C site exists on the side faces of the crystial or the lateral faces parallel to

the ¢ axis, which is consistent with the hypothesis that a C site corresponds to a
hydroxyl position on the (a, c) and the (b, c) surfaces of HA.
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Fig. 2. Schematic representation of hydroxyl positions on the (5, E) or the (B, E) surface of HA. The
minimal interval between the positions in the a or b direction (i.e., | a | or | b |) and the interval in the
c direction (i.e., | c |/2) are 9.42 and 344 A, respectively (cf, Fig. 1 and see refs. 2-4). It is probable
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with Fig. 3 in an earlier paper’ in which the possible arrangement of P sites is shown.

It was shown by Krane and Glimcher'® that various nucleoside tri- and di-
phosphates as well as inorganic pyrophosphate are adsorbed on synthetic apatite
crystals at physiological temperature and pH and that the terminal phosphorus atom
of the bound nucleotide is transferred, after incubation for several minutes, to a crystal
surface phosphate with the formation of pyrophosphate on the crystal and the
respective di- and monophosphate (for the transphosphorylation, see Discussion). In
connection with this finding, it was proposed by Taves and Reedy! that tripolyphos-

phate is likely to be adsorbed on the surface of HA with its long axis parallel to the ¢
axis of the crystal and that the three phosphate groups of the molecule occupy three
successive hydroxyl positions [separated by 3.44 A (see Fig. 2)] of HA, for the fol-
lowing reasons. Firstly, there is a very good fit when the ions on the hydroxy! positions
are replaced by a tripolyphosphate, while nothing comparable is found for other
orientations or replacements. Secondly, the displacement of HPO2~ from a hydroxyl
position would be much easier than the displacement of a structural phosphate. The
former has three favourable electrostatic distances, 2.37-2.63 A, while the latter has
five or more good electrostatic distances.

This model is firmly supported by the HA chromatography of nucleoside
mono-, di-, tri- and tetraphosphates and their derivatives carried out by Bernardi'!.
The non-phosphorylated derivatives were not retained by HA equilibrated with 1 mM
potassium phosphate buffer (pH 6.8); monophosphates were eluied by 1 mM potas-
sium phosphate buffer (pH 6.8) but they were retarded; ADP, ATP” and adenosine
tetraphosphate were eluted at increasingly higher characteristic phosphate molarities

* Abbreviations: AMP = adenosine monophosphate; ADP = adenosine diphosphate; ATP =
adenosine triphosphate.
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with an almost linear relationship between the number of phosphates and the molarity
(Fig. 3). This would indicate that the nucleoside phosphates are adsorbed via the
phosphate groups (on to C crystal sites) and that the interval between the neighbouring
phosphate groups on the polyphosphate chain fits satisfactorily with that between
adsorption sites on the crystal surface.
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Fig. 3. Chromatography, at room temperature, of a mixture of AMP, ADP, ATP and adenosine
tetraphosphate on a 10 X 1 cm HA column. The loading of about 2 mg of the mixture (in a small
volume of 0.001 M potassium phosphate buffer, pH 6.8) was carried out at zero volume'*; this
amount (for a 10 X 1 cm column) would be small enough for the effect of mutual interactions among
molecules adsorbed on HA or the mutual displacement of molecules'® to be virtually negligible (¢f.,
Figs. 3-5 in ref. 14). Elution was carried out with a linear molarity gradient of potassium phosphate
buffer (pH 6.8) (0.001-0.5 M; 100 + 100 ml), which was introduced after a volume of 4 m! had been
eluted after loading, but which begins at 40 ml owing to the adsorption of the ions of the buffer on to
the crystal surface (see Discussion); this was followed by refractometry and is indicated by the
broken line-{right-hand ordinate). On the abscissa, both the fraction number and the elution volume
are shown; the latter was estimated on the basis that the slope of the gradient of phosphate molarity
should be 0.5/(100 + 100) = 0.0025 (M/ml) (¢f., Discussion). The yields were 133, 113, 113 and 509,
for AMP, ADP, ATP and adenosine tetraphosphate, respectively, with an overall recovery of 1029
(for an explanation of which, see Discussion). For necessary information involved in the figure, see
Table I1. (This figure is reproduced with slight modifications, from Fig. 1 in ref. 11, with the permis-
sion of Prof. G. Bernardi).

In this paper, on the basis of the Taves and Reedy model’, an attempt is made
to apply the theory developed in an earlier paper’ to the experimental results of the
chromatography of a mixture of AMP, ADP, ATP and adenosine tetraphosphate
carried out by Bernardi'!, which is shown in Fig. 3, and to evaluate the adsorption
energy per univalent phosphate group on the polyphosphate chain of the nucleotides.
Some other experimental parameters are also evaluated. The reasonable results of the
calculation strongly support the hypothesis that a hydroxyl position on the crystal
surface corresponds to a chromatographic C site and the model for the manner of the
adsorption of polyphosphate proposed by Taves and Reedy'.

THEORETICAL

In an earlier paper’, it was shown that, provided the activity of competing ions
is proportional to the molarity, the elution molarity, m.,,, at the maximum height”

* Unless s is extremely small, it should be the elution molarity at the maximal height of the
chromatographic peak that can be described by eqn. 15 in ref. 7 or egn. 1 in this paper (see ref. 9).
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of each chromatographic peak of a mixture with a small load can be described by
eqn. 15 in ref. 7, or by

1

5 (x' + 1)-¢"- s 0 e™&/rT @ -mey + D — (@ + 1)7F1] 1)
in which
s=glL 2
and
’ ‘/12 ¢
@ = m : 3)
|

In egn. 2, g is a constant representing the slope (molarity pér unit column length) of
the linear gradient of competing ions and L is the length of the column; in eqn. 3,
A, is a parameter proportional to the activity of competing jons defined by eqn. 3 in
ref. 7 and m is the corresponding molarity. Therefore, ¢'®is a constant assuming
proportionality between the activity and the molarity. In egn. 1, 1, is the molarity
of competing ions in the initial buffer before the gradient is applied; x’ is the number
of sites of HA on which competing ions cannot be adsorbed owing to the presence
of an adsorbed molecule; x is the number of adsorption groups of the molecule that
can rezct with sites of HA; —e&; (g5 > 0) is the adsorption energy of an adsorption
group of the molecule on to one of the sites of HA*; and ¢ and f; are constants
related to the symmetry of the molecule®” and to the property of the column, respec-
tively. 2
Now, we propose a model for the adsorption ofi AMP, ADP, ATP and
adenosine tetraphosphate on the HA surface as shown in %able I, in which £” is the
adsorption energy (to one of the crystal sites) of a phogphate group of AMP or
the terminal phosphate group of the polyphosphate chairgof ADP, ATP and aden-
osine tetraphosphate; &’ is the adsorption energy for %ne univalent phosphate
group on the polyphosphate chain of ADP, ATP and aden®sine tetraphosphate; and
X, is the number of sites of HA on which competing ions cannot be adsorbed owing -
to the presence of the terminal phosphate group plus the adenosine part of the
nucleotide, assuming that a univalent phosphate on the polyphosphate chain covers
only one crystal site. It seems also reasonable to assume that a terminal phosphate
group covers only one crystal site, according to which x; — 1 indicates the number
* It is evident that the term xe; in eqn. I can be re-written as x,&” + x.¢” if the molecule contains
two types of adsorption groups with different adsorption energies, ¢” and ¢, which is the case with
nucleoside phosphate (cf., Table I).

“" In a following paper*, it will be mentioned that the theory for rigid molecules can be extended
to the general case of flexible molecules and that ¢ represents not only the symmetry but also the
flexibility of the molecule. It is reasonable to consider that the molecule of nucleoside phosphate is
not completely rigid. It also seems reasonable to assume, however, that the values of ¢ for AMP,
ADP, ATP and adenosine tetraphosphate are almost equal, because except for the part of the
molecule fixed on the crystal surface or the phosphate chain (see below), the structures of these
molecules are identical.
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TABLEI

CHROMATOGRAPHIC MODELS OF AMP, ADP, ATP AND ADENOSINE TETRA-
PHOSPHATE

In the last column, symbols indicating the phosphate elution molarities at the maximal height of the
chromatographic peaks are also shown for ADP, ATP and adenosine tetraphosphate. AMP is not
retained on the column, however (see Fig. 3).

Molecule Adsorption energy x’ Phosphate elution molarity
per nolecule

AMP & x4 Not retained on the column

ADP " + & X6 + 1 Ne1u(ADP;

ATP & 4 2¢° x6+ 2 Meiucate)

Adenosine tetraphosphate " + 3¢’ x5+ 3 Metu(atetraP)

of crystal sites covered by the adenosine group of the nucleoside phosphate. On the
basis of this model, eqn. 1 can be re-written for ADP, ATP and adenosine tetraphos-

phate as

a
get’ T — ___ - . 4
P (¢, 2)-¢" “Scappy €5 €T @
b
Poes"" T — ®)

G + 3¢ -Scater (7

and

C
Boes" kT — ©)
(x; -+ 4) '<P' *Scatetrap)” (ee'/lcT)3

respectively, in which

a= ((p,.melu(ADP) —+ 1)14')-1—2 _ ((p'-min + l)xo-l-z (7)

b= (¢ -Mmauarm + 1)“""‘3 — (@ -my, + 1)x6+3 ®)
and

¢ = (wl'melu(At:traP) + 1):6«}-4 — (¢ -my, + l)x:)+4 ©)

where the subscript AtetraP represents adenosine tetraphosphate. In egns. 4-6, 8 is
used instead of fBs; Scapey, Scatey 204 Scacerrapy are the effective values of s (eqn. 2) for
ADP, ATP and adenosine tetraphosphate, respectively, which are equal to s provided
that the R values before the gradient of phosphate ions is applied are exactly zero.
Actually, however, these values [Rr jocappys RrF.incatey 204 Rp jncarerrapy] must be
slightly greater than zero and increase in the order 0 < R incatctrary < RF.incate) <
Rr incappy» Which means that the effective lengths [Liapg), Liate) @0d Liatetrapy] Of the
column for these molecules are smaller than the actual length (L) and decrease in the
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order of L = Liacirary = Leatey = Leappy- This also means that s = Scatetrap) =
Scatry = Scape, (see eqn. 2). Now, by eliminating foet”/*T between eqns. 4 and 5 and
between eqns. 5 and 6, we obtain

ent _ Scabpy X0+ 2 b 10
€ = T (10}
Satey X, + 3 a.
and

cetkT — _Scatey  Xo +3 ¢ an
’
ScAtetrap) xo + 4 b

Further, by eliminating e®’/*T between eqns. 10 and 11, and by using eqn. 7, we obtain

m _ 1 {1 Scappy Scaterrapy | (%0 +2)-(x0 +4) B |
elu(ADP) — r I S(ATP)z (xl __i_ 3)2 c T
(1]

¥
P i S
+ (@' -my, + 1)"““] otz — 1} 12)

Now, if the values of x;, Scapp)> Scatp)s Scatetzapys P> Mins Mernate) a0A Meycatercap) 2F€
known, then the values of #..capey and €’/%T can be estimated by using eqn. 12 and
eqn. 10 (or eqn. 11), respectively, which enables one to evaluate foez”/*T by using one
of eqns. 4-6.

In order to estimate these values by using Fig. 3 or the information involved
in it as shown in Table II, we consider the following successive approximation method.
Let us introduce several hypothetical values such as 1, 2, 3, ... into x; and, as a first
step of the successive approximation, let us assume that S;app) = Scatp) = Scatetrapy =
s (see Table II). It should be noted that this assumption would be slightly different
from the actual case in Fig. 3 but that it can be realized, if the gradient of phosphate
ions can be applied immediately after loading of the sample is completed. We substitute
the hypothetical values of x;, Scapp)> Scatey 204 Scacerrary and the experimental values
of my,, Meuarey aNd Moycarerrapy (See Table II) into eqn. 12, which now expresses
Muappy as a function of ¢ only. Fig. 4 illustrates the dependence of m.jucape) ON
log,o ¢’ for different values of x;. It can be seen that there exists a finite value of ¢’
which gives m,app) @ minimal value and that m;,apnp) tends to different finite values
when ¢’ tends to zero (i.e., log;y ¢’ tends to —oo) and oo, respectively, or we can
write

2
. S(aDP) " S(atetrap) . MetuatP) — Minl
lim miycappy = > : + my, 13)
g'—0 Scate) Mycatetrap) — Min
and
im m __ | Scapp) " Scatetrary (xo + 2)"(xo + 4) x
m elu(ADP) — > o T 3)
FroF® Scate) Xo T
.
m xg+3 __ g Xg+3)2 . x{+2
x [ elu(ATP) in ] + mlnxo+2 () (14)

T+ ' +4
MeiucAtetraPy™o M=ot
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TABLE II
INFORMATION INVOLVED IN FIG. 3
Pararieter Symbol Information
Column length L 10 (cm)
Column diameter (7] 1 (cm)
Slope of phosphate molarity gradient (in molarity per unit grad 0.0025 (M/ml)
elution volume)
Interstitial volume per unit length of the column v 0.628 (ml/cm)*
Total interstitial volume of the column V+ 6.28 (ml)
Slope of phosphate molarity gradient (in molarity per unit g 0.00157 (M/cm)*"
column length)
Product of g and L s 0.0157 (M)
Molarity of phosphate ions before the gradient begins mi, 0.001 (M)™""
Volume of the solvent eluted from sample loading | 244 40 (ml)
until the gradient begins
Temperature r Room temperature§
Elution volume at the maximal height of AMP Viane) 20 (m})
chromatographic peak
B or Rf value at the maximal height of AMP peak Bincane) OF 0.314%5
Re, incame
Phosphate elution molarity at the maximal height of Meiuapp) 0.08; (M)
ADP peak
Phosphate elution molarity at the maximal height of MerucaTP) 0.20, (M)
ATP peak <
Phosphate elution molarity at the maximal height of Merucarerap) 0.28; (M)

adenosine tetraphosphate peak

* Calculated by the relationship v = @%/4 - = - 0.8 = 0.628 &2, where the factor 0.8 is the
ratio of the interstitial volume to the total packed volume of HA estimated by Bernardi®S.
** Calculated by the relationship g = v - grad.
“** This is not precisely the experimental value, but it must ke close to the true value (see
Discussion).
f The value of £’ is estimated by assuming that room temperature is 25° (see Table IV).
% Calculated by the relationship Biacamey OF Ry, incanmey = Vr/Viame (cf., eqn. 20).

It is evident that, in order for ¢’ to have a physical meaning, ¢’ > 0 (sce eqn. 3).
Now, in order for eqn. 12 to have a physical meaning, there must be a one-to-
one correspondence between m,,,app) and ¢’, which is evident because if the “activity
coefficient” ¢’ (see eqn. 3) is given, M app, Should be defined uniquely, while, for
M.iuapp) to be defined, ¢” must have a unique value. This means that the part of each
curve in Fig. 4 which can have a physical meaning is either the point at which m,,
is at a minimum or the region in which Elj{ll o Metn < Mepy < }pilq_lo m.,. The latter

possibility can be excluded, because, provided that this is the situation, it is possible
that, when ¢’ varies (for instance, by the addition of an organic solvent to the :system),
Meiuappy varies but that both muate) and P1yarerapy CONtinue to have constant
values. This is due to the fact that the shape of each curve in Fig. 4 is constant provided
that both m.iuate) a0d M 1u(arecapy aT€ constant, which is not the actual situation. The
reason why the mathematical expression, eqn. 12, involves physically meaningless
relationships is evident because, if 72.,appy> Merucate) 804 Meyycateicapy AT€ given, eqn.
12 can be considered as the equation for ¢’; this should be soluble (provided that it
has solutions) whatever combinations among the values of M iuappys Merucatey 304
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Fig. 4. m.ucanp as a function of log,, @’ for several values of x{ calculated in the first cycle of the

successive approximations. Two asymptotes obtained when log,, ¢’ tends to both —oo and +oo are
also shown for each curve of ni.,,app, (for details, see text).

Micpycarcirapy May be assumed; it is only one of these combinations that can have a
physical meaning. Hence, the elution molarity of ADP must be written as

. I ([ Scapp)"Scatetrapy  (¥o + 2)-(x0 + 4) b
mgy, = min (——- L .
1u(ADP) w,ln (‘P 1[ Satey (x, + 3)? c

b @+ DT 1)) as)

from which the value of ¢’ can be determined at the same time. In the Appendix, we
give a mathematical proof for a more general relationship than eqn. 15:

(25, o
P MMz

where M,, M, and M; represent any one of Meiucappys Meucatey and me,u(mc,,a?,,
respectively.

The following step of the calculation is to substitute the values of M.iuape
and ¢’ obtained from eqn. 15 into eqn. 10, or only the latter value into eqn. 11, which
gives the value of e*’/*T. We then substitute m2.y,appy OF the experimental value of
either M. yuatpy OF Meycarerrapy, the experimental value of m;, and the hypothetical
values of x; and scapp), Scatr) OF Scaterrary IRLO €qn. 4, 5 or 6, which now gives the value
of Baet”/*T_ By using this value of foet”/*T, we can calculate the values of B or R (see
ref. 7), By, or R, iy, in the initial state of the chromatography before the gradient is
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applied (in which the phosphate molarity is m;,) for AMP, ADP, ATP and adenosine
tetraphosphate, respectively, by the following relationships (cf., egn. 1 in ref. 7):

1
Bincamey = Rr.inamp) = 1 = Boc® T (¢ my,, + 1), (16)
T in 71
Biﬂ(ADP) = RF.in(ADP) - 1+ ﬂgeen/kT e /kT ((p' m;, 4 1)—x[')—1 (] )
= = ! 18
Bin(ATP) - RF.in(ATP) - 1+ ﬂo_eeu/kr (es'lkT)?. ((P’ Min + 1)-3{)_2 ( )
and
1
Bincatetrary = Rr incatetrary = T+ Boet I*T (e W T) (g7 ity + 1) 70> 19)

It follows from eqn. 16 that the theoretical value of the elution volume of AMP,
Viases 1S

_ (20)

l (AMP)
RF.in(AMP)

where V. is the total interstitial volume of the column (see Table II). The effective
lengths of the column and the effective values of s for ADP, ATP and adenosine tetra-

phosphate can be calculated, by using eqns. 17-19, respectively, as

V'

Liappy =L — v * RE incabp) @n

- V, -

L(ATP) =L — _v_. RF.in(ATP) (22)

Vl

Liaterrapy = L — 5 * RF in(AtetraP) (23)

Scapp) = & Lapm (24)

Scatey = & Leate (25)

and

(26)

StaterraPy — & L(A(ctra?)

where ¥’ is the volume of the initial buffer eluted from loading the sample until the
gradient begins (see Table II) and v is the interstitial volume per unit length of the

column (see Table II).
The first cycle of the successive approximaticn is now finished. The second
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cycle begins by substituting the values of Siapp), Scatp) a0d Scarerrapy) Obtained by eqgns.
24-26 into eqn. 15, and the values of m.iuapeys 9> Viarmeys Scaners Scates Scatetrapys €LC.,
are again calculated through eqns. 15-26. These values must be slightly different from
the values calculated in the preceding cycle. The discrepancy between the values ob-
tained in the nth and the # — 1th cycles must tend to zero when the value of 2 in-
creases, however. Hence, the theoretical values of m.uappy, ¢'> Fiame [OF Rr jncamm]s
ctc., can finally be estimated for each hypothetical value of x;. The values of m.;,app)
and Viamey [0r Re incampy] are compared with the experimental values (see Table II)
and the value of x; is determined, from which it follows that the values of ¢’, e&'/xT
(or &), Boes”*T, By amey [OT R incamer)s Bincane [OF R iacapm} Bincate) [OT Re inatey)s
Binatetrary [0T RE incatetram]s Leaneys Lateys Liatetrarys Scapeys Scatey 204 Scacerrapy ar€
finally estimated. Fig. 5 summarizes the method for the evaluation of these param-
eters.

Introduction of several hypothetical values of xj,
ond experimental values of Mg (ate) AN Mgy (A tetraP)
in Table T

Repetition of the cycles of successive approximation
(see text) on the basis of the model in Table I

l

Production of the parameters mg, (app)s Y(amp)r P4
e€7kT, ase€7KT, etc., as functions of x!

Comparison with expenTentul values of me{u(ADP) and
Yamp) [oF R, in (amp)] in Toble T

A2
l The value of ¥} is determined ]

I The volues of @) e=/XT, p5e€ /%7 etc | are determinedJ

Fig. 5. Method for the estimation of the values of x,, ¢’, ee’’tT, Bges”kT eic.

RESULTS OF CALCULATIONS

Table IIT shows values of ¢', M. uappy and Viaap calculated in the first to
sixth cycles of the successive approximation for the case when x, = 2, in which it can
be seen that six cycles are sufficient to give good enough fits of the values with those
obtained in the preceding cycle. Similar calculations were carried out assuming x;, =
1, 3,4, 5,6 and 7. In all instances, six cycles were sufficient to give good fits. Fig. 6
illustrates m,,,app) as a function of log,, ¢’ obtained through eqn. 12 in the last of
the six cycles for x; = 1-4. The value of m.,app) With a physical meaning is at the
minimum of each curve (see Theoretical). In Fig. 6, the experimental value of m_;ucapp)
[0.083 M (sece Table ID] is also shown; this is closest to the minimum of the curve with
xo = 2 (0.087 M), but also close to the minimum of the curve with x; = 1 (0.077 M).
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TABLE I1I

VALUES OF ¢’, meuape AND Viiue, CALCULATED IN THE FIRST TO THE SIXTH
CYCLES OF THE SUCCESSIVE APPROXIMATION FOR THE CASE WHEN x; = 2

Number of cycle @ Meruapey (M) Viasery (ml)
1 1.3 0.1048 20.5
2 4.6 0.0873 24.6
3 4.3 0.0844 27.6
4 4.6 0.0866 272
5 4.6 0.0870 26.7
6 4.6 0.0866 26.7

On the other hand, it can be shown that the experimental value of V(s e, [20 ml (see
Table II)] is closest to the theoretical value obtained assuming x; = 1 (22 ml) and
next to the value corresponding to x; = 2 (27 ml). Table IV summarizes the values
of several parameters finally determined for both x; = 1 and x; = 2.

Qaz

Q.14

Mely (ADP)
o
©

0.094

experiment

Q.08 4

T — T —

-2 -1 (o] 1 , 2 3
logy, ¥

Fig. 6. me(ane, as a function of log,, ¢’ for several values of x; calculated in the last of the six cycles
of the successive approximation. Two asymptotes obtained when log;, ¢° tends to both —oo and
+oo are also shown for each curve of my,(ape,- The minimum of each curve gives the theoretical
value of r1..capp)- It can be secen that the best fit with the experiment is obtained when x; = 2 (for
details, see text).

DISCUSSION

All calculations were carried out by assuming that the molarity, m,, of
phosphate ions before the gradient begins is equal to the molarity of both the solvent
of the sample solution and the starting buffer with which the gradient was made, i.e.,
0.001 M (see legend of Fig. 3). In the experiment in Fig. 3, however, the gradient of
phosphate ions was introduced into the column after a volume of only 4 ml had been
eluted after loading (which was done at zero volume; see legend of Fig. 3), and it can
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TABLE IV
ESTIMATED VALUES OF SEVERAL EXPERIMENTAL PARAMETERS FOR x; = 1 AND

xp =2

Parameter X5 Parameter X
1 2 1 2

[ 6.7 4.6 Biacare) OF R jncare 0.013 0.013
es’/kT 5.45 4.80 B[n(,\gglr;p) or RF.]n(,\[:[raP) 0.0025 0.0028
e[KT 1.70 1.57 L ape) (cm) 5.6 6.2
&’ (kcal/mole)” 1.00 0.93 L a1py (M) 9.1 9.2
Boes"/xT 2.53 3.29 L atetrapy (€M) 9.8 9.8
Biacame) OF Rr.inaurs 0.28 0.23 Scanpy (M) 0.0089 0.0097
Bincapp) OT Reincanp)y 0.068 0.060 Scarey (M) 0.0144 0.0144

Scatetrapy (M) 0.0155 0.0154

* Calculated assuming that 7 = 25°.

be seen that the gradient begins at an elution volume of 40 ml or that the volume of
the solvent eluting between the introduction and the beginning of the gradient is 36
ml, which is much larger than the total interstitial volume of the column, i.e., 6.28 ml
(see Table II). This would indicaie that the gradient is delayed owing to the adsorption
of the ions of the buffer on to HA. On the other hand, it can generally be observed
that the actual slope of the gradient is virtually equal to the slope that would be realized
if there were no adsorption of the ions on the crystal surface”; this means that the
delay of the gradient occurs immediately after the gradient is introduced and that,
after the initial delay, any part of the gradient migrates with the same rate and
Ry = 1. This may be due to the fact that the concentration of the ions in the interstices
of the column is extremely high and virtually independent of the adsorption on to the
crystal surface (except just at the beginning of the gradient). In Fig. 3, it is difficult
to know the exact molarity of the phosphate between the introduction and the
beginning of the gradient; this must be small because refractometry shows it to be
virtually zero!?, but it is probably higher than 0.001 M. Eqns. 16-19 show that the
values of Ry ;, vary only very slightly with a variation in the value of my,, provided,
however, that ¢’ -m;, < 1.

It is also assumed that the adsorption of a molecule on the surface of HA is
unique; this is correct if a particular orientation of the molecule on the crystal surface
is energetically much more stable than the other possible orientations, and could be
applied approximately to all nucleoside phosphates in Fig. 3. However, the exactness
of the approximation must be different for different molecules and it must be better
following the order of the values of the adsorption energies in the most stable orienta-
tion, i.e., following the order adenosine tetraphosphate, ATP, ADP and AMP. Ac-
cording to this consideration, the theoretical values of ¥ (4upy and My ape) estimated
on the basis of the approximation of the unique adsorption of the molecule and by
using the experimental values of both 7. ucatey aNAd Mepy(acerrary (s€€ Table Ik might

. * In the experiment in Fig. 3, however, it was reported!! that the volume of each chromatographic
fraction is 3 ml. If the slope of the gradient is calculated by using this value, it becomes slightly larger.
This must be due to the fact that the measurement of the fraction volume is not exact'’.
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be slightly larger than the corresponding experimental values; this suggests that the
value 2 estimated for x; is more probable than the value 1 because, if x; = 2, both
the theoretical values of m. uappy (0.087 M) and Vianmp, (27 ml) are larger than the
corresponding experimental values [#.,ucape, = 0.083 M and V4 \py = 20 ml], where-
as if x; = I, the theoretical value of m.yappy (0.077 M) is smaller than the experi-
mental value (see Results of calculations). On the other hand, however, a similar
experiment for poly-L-lysine suggests that the theoretical value of m.,,app, Would be
slightly smaller than the experimental value owing to a slight deviation from linearity
of the relationship between 1, and m (see ref. 15).

In this step, it is difficult to determine the exact value of x;. However, a value
of 1-2 estimated for x;, which would indicate that the adenosine group of adsorbed
nucleosides covers at most only one crystal C site (see Theoretical), seems reasonable
and consistent with the hypothesis that a C site corresponds to a void of the hydroxyl
ion of HA (see Introduction). The value (0.9-1 kcal/mole) estimated for £’ or the ad-
sorption energy for a univalent phosphate group on the polyphosphate chain of the
nucleotide (Table 1V) is also reaspnable and about twice the value (0.5 kcal/mole)
estimated for a carboxyl group on the basis of the microheterogeneous model of
tropocoilagen'’. As these reasonable conclusions were reached on the basis of the
assumption that each phosphate group on the polyphosphate chain should be ad-
sorbed on a C site with a good fit between the intervals of neighbouring phosphate
groups and neighbouring C sites, and as the good fit of the intervals would be pos-
sible only if a C site corresponds to a hydroxyl position of HA (see Introduction), it
can be concluded that these results verify the hypothesis of the one-to-one correspon-
dence between a C site and a hydroxy! position (void of the hydroxyl ion).

Jung et al'® suggested, however, from adsorption experiments with inorganic
pyrophosphate and two diphosphonates (containing a P-C-P structure in contrast to
a P-O-P structure in pyrophosphate), namely disodium ethane-1-hydroxy-1,1-di-
phosphonate (EHDP) and disodium dichloromethylene diphosphonate (Cl,MDP),
the existence of not only a common binding site but also a separate site preferential
for pyrophosphate. This suggestion is justified!® by the following arguments: (a) A
Scatchard plot (a plot of the ratio of the number of molecules bound to the free con-
centration in solution as a function of the amount bound) shows that the affinity
consiant of the first class of sites is highest for EHDP, foillowed by pyrophosphate,
and smallest for CI,MDP; but the index for the total binding capacity is largest for
pyrophosphate, followed by EHDP and smallest for CLMDP". When the concentra-
tion of pyrophosphate in solution (pH 7.4) is high, a binding of about two molecules
per surface unit cell of HA can be estimated (under some assumptions, of course);
this is greater than the value predicted by the model of Taves and Reedy! (see Intro-
duction). (b) The addition of EHDP displaces pyrophosphate previously bound on
HA, but when EHDP is added in amounts up to 50 % of the pyrophosphate previ-
ously present on the HA, the displaced pyrophosphate and the added EHDP are in
molar proportions of 1:3. For larger amounts of EHDP, the relative displacement of

" It is necessary, however, to be careful enough about how the mutual interactions among
molecules adsorbed on the surface of HA!® influence the values obtained through the Scatchard plot,
which would indicate, in the ideal case, the affinity of molecule for HA and the binding capacity of
HA.
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pyrophosphate decreases. These observations are consistent with the existence of two
types of adsorption sites”. It can be considered, however, that chromatography re-
flects mainly the state where the density of molecules on the crystal surface is small
enough, because the development of molecules is possible only when the density is
small, the state where a considerable proportion of molecules in a section of the col-
umn is in solution being realized when the density is small. In this state, the strongest
site must be used mainly for the adsorption of molecuies, and this must be the C site.

It was shown by Krane and Glimcher!? that synthetic apatite crystals form
complexes with various nucleoside tri- and diphosphates as well as inorganic pyro-
phosphate at physiological temperature and pH. The terminal phosphorus atom of
the bound nucleotide was transferred to a crystal surface phosphate with the forma-
tion of pyrophosphate on the crystal and the respective nucleoside di- and mono-
phosphate. It was also shown by Krane and Glimcher!® that the susceptibility to in-
organic pyrophosphatase of the pyrophosphate bound to the crystal was different,
depending on whether the pyrophosphate was bound as such from solution (829
hydrolysed) or whether it was formed from the transphosphorylation reaction with
ATP (169, hydrolysed). On the other hand, when the crystals from both types of
experiment were dissolved and the pyrophosphate was isolated and allowed to react
with pyrophosphatase, essentially all of the inorganic pyrophosphate was converted
into inorganic orthophosphate. Krane and Glimcher suggested!® that this difference
in enzymatic susceptibility is due to a different orientation of the pyrophosphate on
the surface of the HA, depending on the origin of the pyrophosphate. A reasonable
atomic explanation was given by Taves and Reedy?, who considered that the position
of the resulting pyrophosphate from the transphosphorylation reaction is roughly

perpendicular rather than parallel to the ¢ axis of HA. It was reported by Bernardi'!
that the chromatography of a mixture of AMP, ADP, ATP and adenosine tetra-
phosphate on an HA column (Fig. 3) gave yields of 133, 113, 113 and 509/, respec-
tively. It is probable that this is due to the fact that the terminal phosphorus of the
bound nucleoside di-, tri- and tetraphosphates was partially transferred to a crystal
surface phosphate with the formation of pyrophosphate on the crystal and the respec-
tive nucleoside mono-, di- and triphosphate.

Another example of the molecular reaction that is catalysed by HA on its
crystal surface is the degradation of RNA at a high temperature (70°), reported by
Martinson and Wagenaar!®. In this instance, it is considered!® that the crystal surface
of HA is not directly involved in the degradation of RNA but that the degradation
is due to a presumably very high concentration of Ca** ions near the crystal surface,
perhaps held there by the requirement of electrostatic charge balance. It was also
reported’ that there is no detectable degradation in the case of DNA, which is
consistent with the work of Bernardi?®, who showed that, at room temperature, no
significant changes in the physical, chemical and biological propertices of native DNA
take place upon the adsorption-elution process on HA columns.

Finally, the value of the parameter ¢’ (4.6-6.7) estimated in this work (Table
IV) for competing phosphate ion is comparable to the value of 5 estimated in earlier
work’ for competing potassium ion [see Fig. 2 (e) in ref. 7]. However, this value is

* The possibility that the second type of crystal site corresponds to a P site”® can almost be
excluded, because this site reacts with the basic group of the molecule.
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much larger than the value of 0.6 estimated for phosphate ion?, which was based on
the experimental data for tropocollagen (Fig. 5 in ref. 7); it was shown that x’ ¢' =
179, and the value of 300 estimated for the parameter x’ for tropocollagen by as-
suming that no C sites under the adsorbed molecule can react with phosphate ions”.
The estimation of the value of x’, which is based on the well known molecular dimen-
sions and shape of tropocollagen, must be correct at least in its order of magnitude,
whereas if the value of 4.6-6.7 for the parameter ¢’ estimated in this work is substi-
tuted into the relationship x’ ¢’ = 179, one obtains x" = 27-39; this is much less than
300. Tropocollagen is a rod-like molecuie with three polypeptide chains forming a
triple helix, which involves mainly glycyl and imino residues occupying 1/3 and 1/5-
1/4 of the total residues, respectively; it is considered that the conformation of the
triple helix is similar to that of (Gly-Pro-Pro), (see ref. 21). As glycyl residues oc-
cupying 1/3 of the total residues have no side-chains, it might be possible that phos-
phate ions of the buffer can enter the spaces among presumably protruding side-
chains of aspartic and glutamic residues under the adsorbed molecule, carboxyl
groups of which are reacting with C sites; this would reduce considerably the value
of x’. In a following paper’?, it will be shown that it is probable that competing ions
can enter the spaces among protruding side-chains of poly-L-lysine, s-amino groups
of which are reacting with P sites”® of HA. One cannot, however, exclude the pos-
sibility that the adsorption of phosphate ions on to the molecular surface of tropo-
collagen, if it occurs to a high extent, changes the apparent values of x’.

APPENDIX

A mathematical proof for eqn. 15’ is given below. According to our chromato-
graphic model, it can be considered that, under any experimental condition where ¢’
has a constant value, M,, M, and M5 are functions of two parameters (concerning
the property of the sample molecule) ¢ and &¥ = &” + kT log o if X, is given,
respectively, or it can be written

M, =1 (¢, ) (A1)
M, =1, (¢, %) (A2)
M; = f5(&, &%) (A3)

Now, eliminating £" and £* among egns. A1-A3, one has

M, = F(M>, M) (A9)
or
oF aF
dM1 = ‘a—‘m"sz + —m"dAl3 (AS)

* It can be considered that tropocollagen is adsorbed on to C sites by using carboxyl groups of
aspartic and glutamic residues’. These residues occupy about one tenth of the total residues.
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As the function F involves ¢’ as a parameter, it is possible to re-write eqns. A4 and
AS, respectively, as

M, =@’ ; M,, M) (A6)
and

: o .

s = (38, )y s M (o3t ) 4, O *n

On the other hand, it is possible to consider that eqn. A6 has the form
M, = D¢, M, (¢"), M5(¢")] (A3)

from which we can derive

, [ 3D K
W (G gy M2 (B, O A

oD
M= (57) e

Now, by comparing eqn. A9 with eqn. A7, it can be concluded that

(ﬂ) —0 (A10)

a?" Mo, M3
which is eqn. 15'. It should be noted that (8D),, M, is a virtual displacement.
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