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SUMMARY 

In an earlier paper, the energy of adsorption of nuclcoside phosphates ou to a 
C site of hydroxyapatite was estimated. In this paper, the theory of chromatography . 
developed for rigid molecules in earlier papers is extended to the case of flexible 
molecules, and the experimental chromatogram obtained by Bernardi for a low-mo_- 
lecular-weight poly-L-lysine is analysed by using a method similar to that applied to 
nucleoside phosphates. It is estimated that the energy of adsorption on to a P site 
for an c-amino group of the side-chain of poly-L-lysine is 2-2.2 &al/mole. It is prob- 
able that the feature of interaction among competing or sodium ions near the crystal 
surface of hydroxyapatite is different from that which occurs in the usual bulk solu- 
tion On the basis of a crystallographic study, it can also be. deduced that a P site 
IS constructed with six oxygen ions belonging to three crystal phosphates and that 

P sites are arranged hexagonally on the (z_%) crystal surface of hydroxyapatite with 
a minimal distance of 9.42 A. The manner of the adsorption of poly+lysine on an 
array of P sites is discussed by using space-filling models for both poly-L-lysine and 
the crystal surface, the latter being constructed on the surface of the plasticme, which 
is compared with the results obtained from the analysis of the chromatographic data: 
The chromatographic data for lysozyme and cytochrome c discussed in an earlier 
paper are again discussed on the basis of several parameters obtained in this paper. 

Bemardi1s2 and Bernardi and Kawasaki3 conchrded that the principal mech- 
anisms of the.chromatography of nucleoside phosphates (or nucleic acids) and acidic 

.* We have omitted the term “&id mo!ecr&s’* from the title. as the theory has n&v been extended 
to uie’trtse of molecules with any ffexibfe s&uctures. 
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polypeptides must be the specific competition of the phosphate and carboxyl groups 
of these molecules with phosphate ions of the eluent for common adsorbing sites 
(called C sites?‘) of hydroxyapatite (HA)‘. In fact, the elution of these acidic mol- 
ecules is carried out only by phosphate ions and is hardly influenced by cations or 
chloride ions in the buffer1-3. Bemardi and co-workers8*’ also concluded, on the basis 
of the chromatographic data for a number of synthetic poiypeptides and proteins 
with different isoelectric points, that there is a second type of adsorbing site on the 
surface of HA. These sites (called P sites-) must adsorb the basic groups of basic 
polypeptides and basic proteins, and the elution of basic molecules from the HA 
columns must be due to specific competition of these motecules with cations of the 
buffer which are also adsorbed on to P sites, because the elution of basic molecules 
seems to be carried out only by cations (see refs. 8 and 9 and Appendix I in ref. 10)“. 

The fact that the elution of acidic and basic molecules is hardly influenced 
by cations and anions, respectively, of the same buffer (see above) suggests that C 
and P sites exist in different domains on the crystal surface. The fact that the adsorp- 
tion capacity of HA for basic proteins is much larger than that for acidic DNA (see 
Appendix I in ref. 4) also suggests that C and P site domains are separated and 
that the area of the P site domain is much larger than that of the C site domain. 
HA crystals prepared for our chromatography have blade-like shapes (see Appendix 
II in ref. 10)“‘. When a typica basic protein, cytochrome c, is adsorbed on HA, 
the flat surfaces of the crystaIs, which represent the Iargest part of the total crystal 
surfaces, are stained; this indicates that the adsorption of cytochrome c and other 
basic moIecuies must occur mainly on flat crystal surfaces, and the adsorption of 
acidic molecules on side faces that occupy only a small proportion of the total crystal 

’ surfaces (see Appendix II in ref. IO and Appendix I in ref. 4). 0n the other hand, 
from the measurement of the angies made by two different side faces of the crystals, 

it is highly probable that (g 2) planes of unit crystal cells”-i3 appear on flat crystal 
_ 2 

surfaces and that both (a, c) and (g, p) planes”-i3 appear on some of the side faces 
(see Appendix.11 in ref. 10). 

Taves and Reedy” showed, on the basis of a crystallographic study, that both 
phosphate ions and phosphate groups of the polyphosphate ion (as a part of the 

* To be precise, it should be stated that the mechanism of chromatography is a competition 
between acid mokcules themselves and phosphate ions of the eluent, because ffie possibility that 
some crystal sites under an adsorbed molecule are covered by the molecule but are not reacting with 
phosphate or carboxyl groups of the molecule should be taken into account. The adsorption of phos- 
phate ions of the eluent on to some crystal sites under the adsorbed molecule may be blocked owing 
to the presence of the molecule, even if they are not occupied by or reacting with acidic groups 
of the molecule. This is the reason why the value of the parameter E can be less than unity (see later). 

** It is diflicult to prove directly that anions do not interfere in the elution of basic polypeptide, 
as it is impossible to perform the experiment by eliminating the anions from the system. However, 
this is highly probable from the experiment with proteins with different isoekctric points (see Ap- 
pendix I in ref. 10 and refs. 8 and 9). In contrast to the case with basic molecules, the proof that the 
elution of acidic molecules is carried out only by phosphate ions of the buffer is much easier and 
clearer, because chloride ions, although anions, do not interfere in the elution of acidic mokcuks; 
it can be shown that elution phosphate molarities of acidic molecules are hardly intiuenced by the 
coexistence of KCl and NaCl, except under some extreme experimental condition.F3. 

l =* Au chromatographic eXperimen tscitedinthispaperwerecarriedoutbyusingHAcrystals 
prepared by the method of Bernard?, microphotographs of which are shown in Appendix II in ref. 10. 
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nucleoside phosphate) must be adsorbed on hydroxyl positions devoid of hydroxyl 
ions existing on the surface of HA. It is assumed that these positions correspond 
to chromatographic C sites (see above). In Parts I-III of this series- a theory of 
chromatography on HA cohmms with small loads was developed on the basis of 
the competition model (see above), and in Part IV’ the experimental chromatogram 
obtained by Bernardi -I5 for a mixture of AMP, ADP, ATP and adenosine t&m- 
phosphate was analysed by using the theory developed earlierc-6 and OQ the basis 
of the model of Taves and ReedyI’ for the adsorption of both phosphate and poly- 
phosphate ions on the crystal surface (see above). By means of this analysis, it was 
estimated that the adsorption energy on to a C site for a univalent phosphate group 
on the polyphosphate chain of nucleoside phosphates is 0.9-l kcal/rnole, and that 
the adenosine group of these molecules covers at most only one crystal site; arguing 
in the other direction, these reasonable conclusions strongly support the idea of the 
one-to-one correspondence between a hydroxyl position and a chromatographic C 
site, and the model of Taves and Reedy’. Further, this idea is compatible with the 
conclusion obtained from the adsorption experiment that acidic molecules mu?t be 

adsorbed on side faces of the HA crystal that correspond to both (G, p) and (g, c3 
planes (see above), because, according to the Taves and Reedy’j model, hydroxyl 
positions devoid of hydroxyl ions must appear on crystal surfaces corresponding to 
these planes. 

In this work, a chromatogram obtained by Bernardi” for a low-molecular- 
weight poly-L-lysine (see Fig. 1) has been analysed with a method similar to that 
applied in Part IV’ for the analysis of the chromatogram of the nucleoside phosphates 
mixture. It is shown that the theory developed in earlier papers&’ for molecules with 
rigid structures is valid for molecules with any flexible structure only if another 
physical interpretation is given to the parameter (r. It is estimated that the adsorption 
energy on to a P site for an ~-amino group on the side-chain of poly+lysine is 2- 
2.2 kcal/mole. The dependence of the activity of competing or sodium ions on the 
molar&y is also discussed: this is different from that observed for the sodium salt 
in the usual aqueous solution, and it can be suggested that the feature of interactions 
among sodium ions near the HA surface is different from that which occurs in the 
usual solution. It can be considered that poly-r;-lysine molecules have highly stretched 
conformations under the experimental conditions (see Appendix I). In Appendix I, 
the adsorption of poly-L-lysine on the HA surface is discussed. In Appendix II, the 

HA surface structure, parallel to (z, i;> planes of unit cells (see above), is explored 
on the basis of crystallographic data. It is probable that a P site is constructed with 
six oxygen ions (three Oh and three Oh1 ions “-‘3 belonging to three crystal phosphates 
and that P sites are arranged hexagonally on the crystal surface [corresponding to 

(z g) planes] with a minimum distance of 9.42 A. In Appendix III, the configuration 
of poly-L-lysine adsorbed on an array of P sites is again discussed by using space- 
tilling molecular models for both poly-r;-lysine and the crystal surface, the latter being 
constructed on the surface of plasticine. In Appendix IV, the chromatographic data 
for lysozyme and cytochrome c discussed earlier’ are again discussed on the basis 
of several results presented in this paper. 
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THEORETHXL 

(A) Extension of the theory of chromatography for rigid molecules to the general case 

of jlexible molecules 

The theory of chromatography for rigid molecules developed in earlier pa- 
per+’ can be extended to the general case of flexible molecules. According to the 
previous. thee@-‘, the ratio, B, of the number of molecules in the mobile phase 
to the total number of molecules in a column section (which is the fundamental factor 
determining the position of a chromatographic peak) depends upon the factor /?a 
(see eqns. 1 and 2 in ref. 4’) where p is a parameter concerning the properties of 
zhe coIurnn assuming the activity coefficient for the sample molecule in the column 
interstices is constant. This is a reasonable assumption, as the concentration of the 
sample molecule in the column interstices is usually very low, which means that the 
value of the activity coefiicient is virtually unity. Eqn. Al in Appendix I in ref. 4 
shows that @ is proportional to the coordination number, z, of adsorption sites on 
the crystal surface of HA; the parameter B therefore depends on the product of G 
and z. Provided that the molecule is rigid and that it-is adsorbed in the energetically 
most stal& manner on the surface of HA, the product CT= would represent the num- 
ber of possible orientations plus configurations of the molecule on the surface of 
HA. Therefore, if there is only one energetically most stable configuration, G is the 
symmetry factor of the molecule, the value of which can lie between l/z and 1, and 
is unity for the usual asymmetric molecule. If there are n energetically most stable 
configutitions of the molecule, the value of o should be n times as large. It can also 
be considered that the factor --XC - kT ln(zo), the value of which is different from 
that of the factor -In q in eqn. i in ref. 4 by a constant value, and where xe*rep- 
resents the adsorption ener_q per molecule, represents a type of free energy of ad- 
sorption per molecule. In general, the configuration of the molecule on the crystal 
surface wouId follow a Boltanann distribution and the molecule would be adsorbed 
virtually in the energetically most stable configuration ouly if the value of the ad- 
sorption encgy, E, per adsorption group of the molecule is large enough. Therefore, 
the general physical meaning of the factor zc for the rigid molecule would be the 
approximate number of possible orientations plus configurations of the molecule on 
the crystal surface, provided that the value of the factor --XC - kTln(zo) is close 
to the .minimum. More precisely, values of both G and --XC - kT In(zo) must be 
relevant to the water stnicture near the crystal surface. It is easy to understand that 
the theory developed in earlier paper&’ can be extended to the general case of 
flexible molecules if, in this instance, a physical meaning of the approximate number 
of the possible orientations and configurations plus possible stereochemical conforma- 
tions of the molecule is assigued to the parameter zo; as above, the factor -XC - 
kT ln(zo) should be close to the minimum. 

(B) Interpretation of the experimental chromatogram of poly-L-Zysine 
It can be seen in Fig. 1 that the chromatogram of a low-molecular-weight 

poly-L-lysiue hydrobrcmide (for details of the molecule, see the legend of Fig. 1) 

- In some instances in ref. 4, the symbol fi, was used instead of j3. 
l * Ln ref. 4, the symbol + was used instead of E. 
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contains a sharp peak (peak 1) that appears before the molariv gradient of sodium 
ions begins and a series of peaks (peaks 2-9) that are eiuted at different sodium 
molar&s. The intervals between the latter peaks are roughly constant, and the 
heights of peaks decrease gradually on the right-hand side of the chromatogram. On 
the left-hand side, they begin to decrease but stop abruptly. 

ELUTION VOLUME, ml 

0 100 200 300 400 

o IO 20 30 40 50 60 70 
0 

FRACTION NUMBER 

Fig. 1. Chromatography, at room temperature, of a poly-L-lysine- HBr sample [Miles-Yeda, code No. 
8120A (new code No. 71-12OA) Iot No. LYl25] with molecular weights between 1500 and 8000, i.e., 
with degrees of polymerization of 7-38. Fifty-nine A B units, or 20 mg as estimated by using Fig. 
10.1 in ref. 17, of the sample in 4 ml of 0.01 M sodium phosphate buffer of pH 6.8 (NaP) were 
loaded at zero voIume on a 22 x I cm KA coIumn. After rinsing the column with 30 ml of 0.01 M 
Nap, elution was carried out with a linear molarity gradient of NaP constituted by three. 15O-ml 
solutions of 0_01,0.5 and 1 M NaP. The yields were 23 0k and SO%, respectively, for peak 1, which is 
not retained on the column, and for the other part of the chromatogram including peaks 2-9 that elutes 
after the molar&y gradient begins, with an overall recovery of 73%. The number of molecules 
involved in the latter part of the chromatogram, which can be estimated to be equivalent to 10 mg 
(see above), would he small enough (for a 22 x 1 cm column) for the effect of mutual interactions 
among molecules adsorbed on HA or the mutual displacement of moIecuIesl* to be virtuahy negligible 
(cf., Fig. 3 in ref. 19, from which it can be estimated that the hum possible displacement of the 
elution molar&y is of the order of 0.02 hf). Some other information involved in the figure is given 
in Table L Ehis 6gui-e was reproduced with slight modilications from Fig. 5a in ref. 16, where it is 
mentioned that potassium buffer was used (instead of sodium buffer) and that the maximum height 
of peak 1 is 2.067 (instead of 2.430), which are misprints. Some information not given in ref. 16 but 
only in this paper was obtained directly from the original data with the permission of Prof. G. 
Bernardi]. 

It can be shown theoretically that, with sufficiently small molecules,-the elu- 
tion molar&y is governed mainly by the parameter x rather than by the parameter 

E (= x/x’)“, where x is tbe number of adsorption groups per molecule that react 
with sites of HA aad x’ is the number of sites of HA where competing ions cannot 
be adsorbed owing to the presence of an adsorbed molecule; this means that peaks 

l With large molecules, the elution molarity is governed by the parameter E. 
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that appear at high sodium molar&s invoive molecules with high x values or high 
molecular weights. As it can be considered that poly+lysine is adsorbed on P crystal 
sites by using .E-amino residues of side-chains (for details, see Appendix I and Discus- 
sion), the discre.te distribution of peaks (Fig. 1) must be a reflection of a stepwise 
variation in numbers of e-amino groups per molecule that react with P sites. It can 
also be assumed that the gradual decrease in the heights of the peaks on the right- 
hand side of the chromatogram (as in a binominal distribution) reflects a statistical 
property concerning the distribution of the polypeptide chain lengths of the poly- 
L-lysine sample. A similar consideration was made in earlier papers’0*20 for the in- 
terpretation of the chromatogram of tropocollagen. The reason why the distribution 
of the peaks that appear in the sodium gradient stops abruptly on the Ieft-hand side 
(see Fig. I) cm be understood, for poly-L-lysine, by assuming that for small com- 
ponents the total energy per molecule of the interaction with P sites is too small 
to be retained on the cohunn, and that these molecules arc involved in peak 1, which 
appears before the sodium gradient begins (see Fig. 1). The possibility that the asym- 
metry of the distribution of peaks 2-9 is due to mutual interactions among macro- 
molecules.on the crystal surface, as considered in earlier papers (e.g., refs. 10, 18, 
20 and 21) can almost be excluded, as the load of the sample is small (see the legend 
of Fig. 1). 

Now, the fact that the width of peak 1 is very narrow (see Fig. 1) indicates 
that the value of x for molecules involved in this peak is almost constant. The situa- 
tion is the same as for peaks 2-9 (see above). The fact that the height or the area 
of peak 1 is (much) larger than that of peak 2, am-! ‘&at the total chromatogram 
including peak 1 has two maxima (see Fig. l), suggests that the value of x for mol- 
ecules involved in peak 1 is the minimum possible value that can be realized, because 
the statistical distribution must have only one maximum unless there is a reason 
for the distribution to be limited*. It follows from this that the number, x, of E- 
amino groups per molecule that react with P sites must be (approximately; see Dis- 
cussion) 1, 2, . . . . 9 for molecules involved in peaks 1, 2, . . ., 9, respectively, because 
the minimum possible value of x is (approximately; see Discussion) unity. Further, 
if the value of x for molecules involved in peak 1 is equal to or greater than about 2, 
it is difficult to explain why only peak 1 elutes before the sodium gradient begins; 
in order for this to occur, the ratio of the adsorption energy (or the value of x) for 
a mole&e involved in peak 2 to the energy (or the value of x) for a molecule in 
peak 1 must be much greater than the ratios of the energies (or values of x) between 
molecirles involved in the other pairs of successive peaks (for details of the argument 
for values of x, see Discussion)_ 

Finally, it is reasonabIe to assume that all molecules of poly-L-lysine have 
almost identical values of the parameter E; this means that the value of x or the 
adsorption energy per molecule increases linearly with the increase in the value of 
x’ or the dimensions of the molecule. 

* It Can be shown that the fraction number that corresponds to the centre of gravity of the total 
chromatogram i~~hiing peak 1, Le., the werage fraction number between 30 and 31, is aImost 
identical with the fraction number that correq.~~nds to the maximum height of the chromatogram 
elating in the sodium gradient, Le., 30; this also suggests that the _poly-r&sine sample is a statistical 
assembly of components with difkrcnt chain lengths and &at components with minimum possible 
wlues of x arc illvolvcd in peak 1. 
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(C) Methods for the estimation of the salve of the adsorption energy for an E-amino 
group of poly-L-lysine and other experimental parameters 

‘In Part IV, the value of the adsorption energy on to a C crystal site for a 
univalent phosphate group on the polyphosphate chain of nucleoside phosphates, 
the value of the proportionality constant, f$, between the parameter II (see ref. 7) 
and the molar&y, m, relating to phosphate ions of the eluent etc. were estimated 
from the chromatogram for a mixture of AMP, ADP, ATP and adenosine tetra- 
phosphate (Fig. 3 in ref. 7) We can find the following parallels between the chro- 
matography of nucleoside phosphates (Fi,. -= 3 in ref. 7) and that of poly-L-lysine (Fig. 
1): firstly, whereas with nucleoside phosphates there was a difference of unity in 
numbers of univalent phosphate groups adsorbed on C sites between molecules in- 
volved in successive cbromatographic peaks (Le., between AMP and ADP, between 
ADP and ATP, and between ATP and adenosine tetraphosphate; see Table I in ref. 
7), with poly-L-lysine there is also a difference of unity (not always precisely unity; 
see Discussion) in the numbers of c-amino groups adsorbed on P sites between mol- 
ecules involved in successive peaks in Fig. 1 (see Section B). Secondly, whereas with 
nucleoside phosphates there was a difference of unity in numbers of C sites on which 
phosphate ions cannot be adsorbed owing to the presence of an adsorbed molecule 
between nucleoside phosphates involved in successive peaks (see Table I in -ref. 7), 
with poly-L-lysine there is a difference of almost l/E in the numbers of P sites on 
which sodium ions cannot be adsorbed owing to the presence of a molecule between 
components involved in successive peaks, because any molecules of poly-L-lysine must 
have almost identical values of the parameter E (see Section B)_ From these parallels 
it can be understood that the value of the adsorption energy, E, for an ~-amino group 
of poly+lysine on to a P crystal site, the value of the parameter q’ for sodium ions, 
etc., can be estimated from Fig. 1 if the value of the parameter E. is given, and if 
the parameter n and the molar&y m relating to sodium ions in the eluent are pro- 
portional to each other. 

The assumption of the proportionality between li and m (see above) is un- 
reasonable, however, with poly-L-Iysine, because molecules elute over a range of high 
sodium molarities (0.25-0.9 M) ( see Fig. l), in contrast to the case with nucleoside 
phosphates, which elute at phosphate molarities lower than 0.3 M (see Fig. 3 in ref. 
7)_ Nevertheless, it is possible to calculate apparent values of the par&meters e, v’, 
etc., from any pair of successive peaks in Fig. 1’ if the parameter 9 in the term 
#mm in eqn. 1 in ref. 7 is replaced with the ratio, qlln, of n to m when m is equal 
to its initial value of mi, (= 0.015 M) (see TabIe I; for the method of evaluation 
of the parameter Q)‘~, see below)_ As d and m must be proportional to each other 
when m is close to zero, if both parameters vgi,, and E are given, and if apparent 
values of B, q‘, etc., obtained from different pairs of peaks that appear at different 
(average) sodium molarities are extrapolated to zero molar&y, then the true value 
of the parameter E, the value of the parameter q~’ at m =‘O (called q),), etc., can be 
obtained. 

Now, provided that only the value of E is given, the value of $rn can be 
estimated as follows. For a hypothetical value of F’~,, apparent values of q’ are cal- 

l With nuclcoside phosphz&cs, values of the corresponding paramctck wcrc calculated from the 
pair of chromatographic peaks of ATP and adcnosiue tetraphosphate’. 
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TABLE1 

DA-l-A INVOLVED IN FIG. 1. 

Baranteter SpTlLlOl’ Value .Notes” 

Column length 
Column diameter 
Slope ofsodium molarity gradient 

(molarity per elution volume) 
Interstitial volume per unit length of 

cohlmn 
Total interstitial volume of column 
Slope of sodium molar&y gradient 

(mokarity per column length) 
Product of g and L 
Molar&y of sodium ions before the 

gadient hegins 
Volume of solvent eluted from the sample 

toad until the gradient begins 
Temperatnrc 
Elution volume at the maximum height 

ofthepeakl 
Elution sodium molarity at the maximum 

height 
ofpeak 
ofpeak 3 
ofpea!! 
OfpeakS 
ofpeak 6 
ofpeak 
Ofpeak 

ofpeak 

L 
0 

grad 

V 

Vr 

g 0.00207 M/cm 2 
S 0.0456 M 

v 
T 

22cm 
1Cm 

0.0033 M/ml 1 

0.62S ml/cm 2 
13.816 ml 

0.015 M 3 

66ml 
Room temperaturc 4 

12 ml 

0.2% M 
0.3oe M 
0.423 M . 
0.545 M 
0.6& M 
0.72, M 
0.8oe M 
0.87, M 

l Some of the symbols do not appear in the text, but they are shown here in order to facilitate 
comparison of this paper with Part Iv7. 

-* Notes: (I) Note that the gradient is not expreszd in terms of the phosphate molarity but of 
the sodium molarity, because poly-&sine competes with sodium ions of the buffer (see text). (2) See 
Table II in ref. 7. (3) This is the approximate value in elution volumes immediately before the sodium 
gradient begins; c$, ref. 7. (4) if necessary for the c&uIation, this is assumed to be 25 “C. 

. 

culated from different pairs of peaks appearing at different sodium molarities. These 
values of-q’ are extrapolated to m = ml,. The extrapolated value of q’, ~)‘c_~~.,, 
must, in general, be different from the initially assumed value of Q)‘~~. Calculations 
are repeated until the value of gYls that produces a value of Q)‘~~=,_+, identical with 
itself is found, which must be the true value of ~1’~~. Actually, the value of @8n is 
virtually equal to the value of q (see above), because the value of m,, (0.015 M) 
is close to zero (see Results of Calculations). 

As values of E, #rn (W q), etc., were calculated when the value of E was given, 
it is possible to determine the empirical formula of the function p’(m) (which fulfils 
the relationship q’ = @in when m = m,, for any given value of E) in such a way 
that the positions of peaks 2-9 of poly+lysine calculated by using this fuuction would 
be equal to those obtained experimentally. It &ill be shown that, for any reasonable 
value of 5, li is proportional to m (Le., cp’ is constant) when m is smal! enough. 

Now, we must estimate the value of E.. It can be considered that the value 
of @e-E’/‘2, where E’ is the adsorption energy of a competing ion on to a crystal 
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site, is independent of the type of competing ions when the molarity, ~tz, of the ions 
is low enough, because $e- &‘IkT is proportional to the activity coefficient of the ions*_ 
Roth the (average) value of q’, when m is small, for phosphate;ions of the buffer 
and the value of the adsorption energy for a univalent phosphate group on the poly- 
phosphate chain of nucleoside phosphates are known (see above)_ In order to estimate 
the value of E, the fol!owing assumptions must be made: (1) the adsorption energy 
for a univalent phosphate ion of the buffer (the phosphate buffer at pH 6-8 used 
in the experiment is an equimolar mixture of univalent and divalent phosphate ions) 
is equal to the energy for a univalent phosphate group on the polyphosphate chain 
of the uuclecside phosphate; (2) the adsorption energy for a divalent phosphate ion 
of the buffer is twice as large as the energy for a univalent ion; (3) the proportion 
of univalent and divalent ions adsorbed on the crystal surface follows the Boltzmann 
distribution; (4) the (average) value of v’e- ~‘1~~ calculated for phosphate ions on 
the basis of assumptions (l)-(3) is virtually equal to the limiting value when 172 tends 
to zero; and (5) the adsorption energy for a sodium ion is virtually equal to the 
energy for an s-amino group of poly-L-lysine (because both the sodium ion and the 
e-amino group have a univalent charge). The value of the parameter g ca~ uow be 
estimated in such a way that the value of q;e-&‘I” [Le., e-&‘ikr l.i.iO #(m)] for sodium 

ions obtained by using assumption (5) and the hypothetical value of E be equal to 
the (average) value of #e- @ikT obtained for phosphate ions. Xence, values of pa- 
rameters E, Q, ( sz #&, etc., and the empirical formula of the function v:(m) can finally 
be determined. (For details of the method, see Results of Calculations). 

RESULTS OF CALCULATIONS 

Fig. 2 illustrates an example of calculations of apparent values of q~‘, E, 
#?aeEa/kr, so and 60 (for the definition of .so and methods of calculations of .ro and 
/lo, see below) obtained on the basis of elution molarities of seven different pairs 
of successive peaks in Fig. 1 (Le., peaks 2 and 3, peaks 3 and 4, ___, peaks 8 and 
9), and by assuming E = l/2 and Q)‘%,, = 10. In Fig. 2, the abscissa is the molarity 
of sodium ions and dotted vertical lines indicate the positions of the maximum heights 
of peaks 2-9 in Fig. 1. As E A l/2 and E = x ix’, the values of x’ for molecules in- 
volved in peaks 2-9 must be equal to 4,6, . . . , 18, respectively; pairs of closed circles 
on different levels indicate pairs of peaks chosen as the basis of calculations of ap- 
parent values of the parameters. From a pair of peaks, two apparent values of r$ 
and two apparent values of E (or the adsorption energy for au .s-amino group as 
the difference in the apparent adsorption energies between molecules involved in suc- 
cessive peaks) can-be calculated, at the same time with apparent elution molarities 
for the right- and the left-hand neighbour peaks of the pair chosen as the basis of 
the calculation, which are shown by open circles in Fig. 2”. In fact, if the value of 

l p’ = A/m and _J = n ee’ltr, where 1 is the absoIute activity of competing ions. Therefore, we 
have gY e-8’/tr 5 J./III, R/m being proportional to the activity coefficienP. 

*- In ref. 7, q’; E and /3 o epoftr we= cakulated at the same time only with the elution molaritv 
for the left-hand neighbour peak of the basic pair, i.e., they were calculated at the same time with 
the theoretical elution molarity for the peak of ADP by choosing peaks of ATP and adenosine_ tetra- 
phosphate as the basic pair. The fact that these parameters can also be calculated at the same time 
with the elution molar&y for the right-hand neighboor peak is proved in the Appendix in ref. 7. 
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q’ is independent of the sodium molar&y and if values of both E and qYIn ase ux- 
rectly assum then open circles (see above) must be superposed on the dotted vertical 
lines, and values of both up’ and E cakulated at the same time with theoretical elution 
molarities of the right- and the left-hand peaks of the basic pair must he equal to 
each other; this means that vah~es of both e)’ and e calculated from any basic pairs 
of peaks must also be equal to one another. In parenthese~above and below the 
other vahres in the tabular matter to the right side of Fig. 2 are given values of 
q’ and E obtained concomitantly with positions of open circks on the right- and the 
left-hand sides of the pair of closed circles, respectively ; the values between those 
in parentheses are the means of the values of q~’ and E given in parentheses. The fact 
that the values of both q’ and c depend not only on whether the molar&y for the 
right- or the left-hand peak is calculated at the same time but also on which pair 
of the peaks is chosen as the basis of the calculation would indicate that the value 
of I$ depends on the sodium molar&y or@.nd that the hypothetical value of E is 
incorrect (see above)*. It can be considered, however, that the dependences of ap- 
parent values of q~’ and E on the method of the calculation are mainly due to the 
dependence of the value of 9’ on the sodium molarity because, for any reasonable 
h~thetical values of E, values of both v’ and E depend in similar ways on the method 
of calculation. 

Fig. 2. Exampie of cakulations of apparent va_k~es of Q’, E, &rHkr, Q and @o obtained on the basis 
of the elution mokities of seven Merent pairs of successive peaks in Fig. 1 (Le., paiss of peaks 2 
and 3, peaks 3 and 4, ___, peaks 8 and 91, and by assuming E = l/2 aad Q’,= = 10. 

On the right of Fig. 2 are tabulated values of /Gre%JkT calculated from the 
seven pairs of chromatographic peaks in Fig. 1 by using a method similar to that 
in ref. 7, where e, is the apparent adsorption energy for molecules involved in the 
left-hand neighbour peak of the pair chosen as the basis of the calculation; apparent 

* The value of pPIIn chosen here is that which should be true provided the hypothetical v&xc of 
E is true (see Theoretical, Section C, and below). 
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values of both a,, and /?o calculated by as sum&g E0 = XE* are .also- tabulated, where 

E is the mean value shown between the values in parentheses in the second column. 
It a be seen from the table in Fig. 2 that the values of all of the parameters q’, E, 
@eYnr and a,, change monotonously from top to bottom in the respective columns 
except for the value of E calculatuzd from the pair of peaks 2 and 3. It can also be 
seen that the value of @G is always of the order of 10d2 when the basic pairs of peaks , 
for the calculation are chosen from peaks 3-9; it is exceptionally high when the pair 
of peaks 2 and 3 is chosen as the basis of the calculation, however. It can be con- 
sidered that this exceptionally high value of &T is related to the fact that the interval 
between peaks 2 and 3 is very narrow or that the elution moltity of peak 2 is too 
high (for an explanation of the elution molarity of peak 2, see Discussion). 

The points in Fig. 3 are logarithms of mean values of q’ shown between the 
values given in parentheses in the first column of the table in Fig. 2 verw mesn 
elution molarities for pairs of peaks used as the basis of the calculations of cor- 
responding p’ values; the value of v’ calculated from peaks 2 and 3 is not plotted, 
as the position of peak 2 is exceptional (see above). The intermediate straight line 
in Fig. 3 is the regression line for Inq’ on m obtained by the least-squares method 
for the points in the same figure; the upper and the lower broken lines are regres- 
sion lines for corresponding points (not shown) obtained by assuming that q’rn = 
14 and +rn = 6. . 

The three points in Fig. 4 are the exponents of the ordinate values of the 
three regression lines at m = min (= 0.015 M) in Fig. 3 [denoted by Q)‘~~=,,,J versus 

Fig 3. Points: plots of logarithms of mean values of q~’ shown between the upper and lower values 
in parentheses in the first cohmn of the table in Fig. 2 versus mean elution molarities of pairs of 
peaks used as the basis of c&x&ions of corre5ponding q’ values. The values of 8’ CalcuWeti from 
peaks 2 and 3 are not plotted, as the position of peak 2 is exceptional. The intemdkte line is the 
&on Ihe for these points; the upper and the lower broken lines are regression Iin& for con-e- 
spending points (not shown) obtained by asaming $*a = 14 and qYl, = 6 instead of $‘ln = 10. 

‘-It is also assumed that values of x iQvoIved in peaks 5 3, . . . . 9 are exactly eqKal to f 3, . . . . 9. 
respectively. For the validity of this assumption, see Discussion. 
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Fig. 4. Points: -plots of the exponents of ordinate values of the three regression lines at m = mlr 
(= 0.015 M) in Fig. 3 [denoted by c#~~.=~,,] versus the corresponding (p’,= values. ,It.can be seen 
that the value of Q’~~= ‘,=, coincides with the vzIue of (P’,_ when (P’,* = 10. 

the corresponding qlin values. It can be seen from Fig. 4 that the value of @tct=mro) 
coincide% with that of Q)‘~~ when #in - 10, which means that the value of ~l’~* should 
belOifE= l/2 (see Theoretical, Section C). 

The points and the crosses in Fig. 5 are apparent values of E (mean values 
shown between the values given in parentheses in Fig. 2) and PO in the table in Fig. 
2 NTSUS the mean elution molarities of pairs of peaks used as the basis of the calcda- 
tions of E and 00, where E = l/2 and qIIn = 10; values of e and &s calculated Corn 
the pair of peaks 2 and 3 are not plotted, as in Fig. 3. The oblique straight line in 

2.5 

T 1 

fJ! 8 cl 

0 0.5 m I 

Fig. 5. Symbols: plots of apparent values of(e) E (mean vzllues shown between the upper and lower 
values in parentheses) and ( X) #?a in the table in Fig. 2 versus mean elution rnolarities of pairs of chro- 
matographic peaks used as the basis of calculations of corresponding E and /?a, zspectively. Values 
of E and flu calculated from the pair of chromatographic peaks 2 and 3 are not plotted, as the posi- 
tion of peak 2 is exceptional. The oblique straight line is the regression line for the points, from which 
it can be estimated that the value of E extrapolated to m = 0 is 2-2 kcal/mole, which must be the true 
value iprovided $ = l/1); the horizontal continuous and two broken lines indicate the mean value and 
the range of the standard deviation of the apparent values of j3~. respecGveIy. It is assumed tiiat the 
mean value is roughly equal to the true value of /3c~ ._ 
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Fig. 5 is the regression line for apparent values of E on m obtained by the least- 
squares method for the points in the same figure, from which it can be estimated 
that the value of E extrapolated to M = 0 is 2.2 kc&/mole, which must be the true 
value (provided 5 = l/2); the horizontal continuous line and the two broken lines 
indicatethe mean value and the range of the standard deviation of the apparent values 
of @a, respectively, and we assume simply that the mean value is about equal to the 
true value of PO, which is a rough approximation. However, the considerable random 
variation of the apparent values of /3cr around the mean value in Fig. 5 suggests that 
the chromatography does not depend substantially on the value of #?G, which can be 
verified (see below). 

Now, it is possible to calculate theoretical positions of the peaks in Fig. 1 

by using values of parameters #fin, E and /Sa estimated above with the assumption 
that E = l/2, and also by assuming several empirical equations for the function 
#(m), which should fulfll a condition such that q’ = Q)‘~,_ when m = min. As the 
function q’(m) should be related to the activity coefficient of competing ions (see 
below), a simple assumption for this function may be that 

v,‘(m) = w’ 
where 

f = e-QRtm) 

(1) 

(2) 

and CL is a constant. If the dependence of 9’ on m is essentially due to the dependence 
of the activity of competing ions on the molar&y in the column interstices far enough 
from HA surfaces for it not to be influenced by HA surfaces, then the parameter 
y’ in eqn. 1 should be equal to the activity coefficient, y, for the ions in the usual 
aqueous solution (see Discussion). The curves in Fig. 6 represent theoretical elution 
molarities for peaks 2-9 in Fig. 1 as functions of the parameter a in eqn. 2 calculated 
by assuming l/2 for the value of E and three di!Zerent equations for the function 
R(m) : 

R(m) = fi (34 
R(m) = M . (W 

or 
R(m) = m2 (3c) 

The broken vertical lines in Fig. 6 represent the positions of the maximum heights 
of peaks 2-9 in Fig. I. It can be shown by using the same model that the adsorption 
energy for molecules involved in peak 1 is too small for them to be retained on the 
column and that these molecules elute at a volume of 34.9 ml, which explains qua- 
litatively the fact that it is only peak 1 that elutes before the gradient of sodium ions 
begins (see Fig. 1). The theoretical elution volume of peak 1 is larger than the ex- 
perimental value of 12 ml (see Table I), however, and this will be reconsidered in 
the Discussion. It can be seen from Fig_ 6 that a best fit between the theoretical 
and experimental elution molarities for molecules retained on the column is obtained 
only when R(m) = m and when Q = 0.9, except for the position of peak 2. In the 
above, we assumed, for the value of #ia, the mean value 0.049 of the apparent values 
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Fig. 6. Theoretical elution sodium molarities for peaks 2-9 in Fig. 1 (abscissa) as functions of the 
parameter Q in eqn. 2 (ordinate) calculated by assuming E = l/2 and three difFerent equations for the 
function R(m). The vertical broken lines are positions of the maximum heights of peaks 2-9 in Fig. 1. 
It can be seen that the best fit between the theoretical and experimental values is obtained only when 
R(mj = m and (L = 0.9, except for the position of peak 2. 

of this parameter in Fig. 5. Similar results are obtained if both extreme values (0.031 
’ and O-068) of the range of the standard deviation of the apparent values (Fig. 5) 

are assumed for @a: it is only peak 1 that elutes before the sodium gradient begins 
and it appears at elution volumes of 27.0 and 42.3 ml if j?a = 0.031 and 0.068, 
respectively: it is only when R(m) = m and a = 0.96 and 0.86 that best fits between 
the theoretical and experimental results are obtained with respect to the ehttion 
molar&es of peaks 3-9 if #?a = 0.031 and 0.068, respectively, the interval between 
peaks 2 and 3 calculated theoretically always being larger than the empirical vahre. 

If different values of 2/3 and l/3 are assumed for E, different values are ob- 
tained for I$,~, E and fro (see Table II), but it is also when R(m) = m that the best 
fits beWeen theoretical and experimental restdts are obtained with respect to the elu- 
tion molar&s of peaks 3-9; in these instances, also, the interval between peaks 2 

TAB&I- 

VALUES OF C, #Jq q;, (= q) AND a ESTIMATED FOR SEVERAL HYPOTHETLCAL 
VALUES OF c’ 

.,2.2 R= 
203 0_070 * 0.022 1s 0.87 (0-q 0.91) 

112 2.20 0.049 i 0.01s 10 0.90 (0.840.96) 
lj3 2.63 0.024 f 0.012 7 O-97 (0.94, 1.03) 

* The left- and the right-hand values in parentheses are those derived by assuming the upper 
and the lower limits, respectively, of @ in the third column. 
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and 3 calculated theoretically is larger than the experimental value; it is only peak 
1 that elutes before the sodium gradient begins and the theoretidal_elution volumes 
for peak 1 are larger than the experimental value, being 28.7-42.7 ml if E = 2/3 and 
24.3451 ml if 6 = l/3. Fig. 7 is the corresponding figure to Fig. 6 for the case when 
E = 2/3. If it is assumed that 5‘ = I, it is drfficnlt to estimate the exact value of @in. 
In this instance, in plots corresponding to those in Fig. 4, the points approach so 
cIosely to the straight line #Cm=mr,, = p’r,, that the points and the straight line are 
aimost superposed when Q)‘~~ 2 50, from which it can be estimated (cJ, Fig. 5) that 
E 2 2.2 kcal/mole, because the value of E: increases monotonousiy with increase in . 
qfam. Table U summarizes the results of the calculations obtained so .far. 

0.9 - 

R (ml = VT3 

0.8 - 

0.9 - 

a R(ml= m 

0.8 - 

1.2 - 

R(m,= m2 

?.I - 

0 0.5 m I 

Fig. 7. As Fig. 6. but assuming E = 2J3. In this instance also it is only when R(m) = m but a = 0.87 
that the best fit between the theoretical and experimental values is obtained, except for the position 
oftbepeak2. 

In Fig. 8, the parameter y’ (see eqns. 2 and 3b) for three different hypothetical 
vaiues of E (213, l/2 and 1.13) and optimal a values (see Table II) are plotted as 
functions of the molarity of sodium ions in the eluent. In Fig. 8, mean activity 
coeflicients (r) for both sodium chloride and potassium chloride measured in the 
usual aqueous solutions (cited from ref. 22) are plotted as functions of the molarities 
of these salts. It can be suggested that the different behaviours of y’ and y are mainly 

due to different (average) features of the interactions of the ions between the interstices 
of the HA column and the usti bulk solution (see Discussion). 

Fig. 9 iliustrates the relationships between n (= q’m; see ref. 4) and m cal- 
culated by using the functions y’(m) shown in Fig. 8 for three different values .of 
$. It can be seen from Fig. 9 that there ape almost linear relatioG&ips between A 

and m, for any values of &, if the sodium concentration is lower than CQ_ 10ml M. 
‘We dis+ssed .above possible values of #rn, E and /Jo tid- possible equations 

for p’(m) for some hypothetical values of & We must now estimate the, value of 
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Fig. C. Curves: plots of y’ (eqn. 2) as functions of the sodium motarity for three different !wothetical 
values of 5 and best a values (see Table II). Symbols: plots of activity coefficients (_/) of (0) NaCl and 
( x) KC1 at 25 ‘C as functions of salt molarities. It can be suggested that the different behaviours of y’ 
and y are mainly due to different (average) features of interactions of ions between the interstices of 
the HA column urd the usual bulk solution. 

-$: Table Iv in ref. 7 summarizes values of the parameter Q’ for phosphate ions of 
the buffer @H 6.8) and the adsorption energy for one of the univalent phosphate 
groups ori the phosphate chain of nucleoside phosphates estimated from the ex- 
perimental chromatogram for a mixture of AMP, ADP, ATP and adenosine tetra- 
phosphate. ‘By using the vaiue of the adsorption energy for the phosphate group 
estimated in ref. 7 and assumptions (l)-(3) under Theoretical (Section C), the average 
value of the adsorption energy for rhe phosphate ion of the buffer can be estimated 
to be 1.70-1.86 kcal/mole and, by using this value, assumption (4) under Theoretical 
(Section C) and the value of I’ estimated in ref. 7, the limiting value of #e’&‘/tr 
when m tends to zero [see Theoretical (Section C); denoted by P] is estimated to 

be 0.26-0.29 M-l. On the other hand, r0 can be evaluated by using assumption (5) 

0 - 0.5 r11 I 

Fig_ 9. LI as functions of m cdcdated by using functions y’ (nl) shown in Fig. 8 for three different 
hy_pothetical values of 6. It can be seen that there ate almost linear relationships between A and m, for 
any value of Q if the sodium molar&y (m) is lower than about 10-l it4 



HXDROXYAPATTFE CHROMATOGRAPHY WITH SMALL LOADS. V. 23 

under Theoretical (Section C) and values of E. and Q)**= (a F) estimated for some 
different hypothetical values of E (Table II), the -results of which are shown in the 
second column in Table III: It can be seerr in Table IEE that the value of.T” estimated 
for the phosphate ion (see above) is cfosest to the value for the sodium ion obtained 
by assuming that E = l/2. It is also close to the value for the sodium ion obtained 
by assuming that .$ = 213. 

TABLE Ii1 

VALUES OF I=‘, I’, /3 AND Q ESTIMATED FOR SEVERAL HYPOTKET~CAL VALUES OF E 

: P (M-1) r (UIGP) fi cT* 

1 --l.z -3.0 -a12 
213 0.49 1.21 4.79 - 10-Z 1.0-1.9 
112 0.25 0.62 246-10-2 1.3-2.7 
l/3 0.08 0.20 0.79. lo-’ 1.5-$.6 

- The left- and the right-hand values are those derived by assuming the low& uld the upper 
values of pa in the third column in Table II, respectively. 

Finally, we estimate the value of the parameter @, which enables us to estimate, 
by using the value of #a shown in Table II, the value of CT that is relevant to both 
the geometrical con6guration and the stereochemical conformation of the molecule 
on the crystal surface [see Theoretical (Section A)]. The parameter #l is defined, for 
small loads, by eqn. Al in Appendix I in ref. 4 or by 

p=rz-g (4) 

where z is the coordination number of P crystal sites which must be equal to 6 (see 
Appendix 11); U/6V is the ratio of the effective surface of EEA where there are P 
sites to the interstitial volume in the column section, which is estimated to be 6.6 x 
10e3 unit-‘; -“unit” meaning the unit length (8.77 A) defined such that the area of 
the etementary surface of RA that contains a singIe P site would be equal to unity 
if it is measured in terms of this unit (see Appendix I in ref. 4); T is the ratio of 
the absoiute activity to the concentration (number/volume) of macromolecuks, which 
must be identical with r”, because the actual concentration of macromolecules in 
the interstices of the column is very low and the value of r or X”’ is independent 
of the type of molecuks or ions. It should be noted, however, that T has dimensions 
of volume and that, in eqn. 4, the volume should be expressed in terms of the tmit 
of~(8.77 A)3 (see above). As 1 M corresponds to 0.406 [number/@.77 A)] (se Ap- 
pendix I in ref. 4), by using 0.26-0.29 M for the value of To obtained for phosphate 
ions (see above), the value of T in eqn. 4 can be estimated to be OH-U.71 unit3. 
Now, by substituting values of r, z and &l/&V in eqn. 4, p is estimated to be O-025- 
0.028. The parameter B-appears to have dimensions of area, because T and &4/&V 
have dimensions of vohrme and reciprocal length, respectively, and z is a dimen- 
sionkss quantity. It should be considered in eqn. 4, however, that 1X4/6 V has dimen- 
sions of reciprocal volume, because the physical meaning of SV/&4 is the interstitial 
volume measured in units such that the area of the elementary stiace of HA that 
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contains a single P site would be equal to unity, which means that /I is a dimen- 
sion!ess quantity. In the third column in Table III, values of r calculated from vahres 
of r0 for sodium ions obtained by assuming that 5 = 1, 2/3, l/2 and I/3 are shown; 
in the .last two columns, values of @ and (r calculated by using values of F in the 
third column and vaiues of @s in the third column in Table Ii are shown for E = 
2/3, l/2 and l/3, respectively. It can be seen from Table III that values of /I calculated 
by assuming 5 = 2/3 and 5 = l/2 are close to the value of 0.025-0.028 calculated 
by using the value of p obtained for phosphate ions (see above), which is a natural 
conclusion, because this value of To is close to the corresponding values for sodium 
ions obtained by assuming E = 2/3 and E = l/2 (see above). It can also be seen from 
Table III that the values of r~ are always slightly larger than unity; this suggests 

that the number of possible stereochemical conformations of the poly-L-Iysine mol- 
ecule on the crystal surface is close to unity (see Discussion). 

DISCU8SION 

In Appendix I, the result of hydrodynamic studies on poly-Mysine solutions 
carried out by Daniel and Alexandrowicz23 are mentioned, which shows that low- 
molecular-weight poly-L-lysine molecules such as those used to obtain Fig. 1 have 
highly stretched conformations. It is probable that molecules of poly-L-lysine are 
adsorbed on arrays of P sites on crystal surfaces by conserving extended molecular 
conformations (see Appendix I). Further, it can be considered (see Appendix I) that, 
along the highly stretched chain of poly-L-lysine, there are two arrays of .+amino 
groups ‘of the side-chains arranged with a minimum distance of 7.23 A, and that 
every four s-amino groups on one of the two arrays, i.e., every eight s-amino groups 
of the whole molecule, react with every three P sites on an array of P sites arranged 
with a minimum interdistance of 9.42 A on the HA surface; this model is compatible 
with the estimation that the molecular weights of the sample range between 1500 
and 8000 daltons (see the legend of Fig. 1 and Appendix I). This model would also 
be compatible with the value of G being slightly larger than unity as estimated in 
Results of Calculations (see Table III); according to this model, the number of pos- 

‘sible stereochemical conformations of the molecule on the crystal surface must vir- 
tually be equal to unity, and the number of possible geometrical configurations on 
the crystal surface for the (8n + m)-mer molecule, where n = 0, 1, 2, . . . qnd m = 
I, 2, . ..) 8, can be estimated to be m, which must virtually be equal to G [see The- 
oretical (Section A)]. As the position of the peak is influenced only slightly by the 
value of /ia or o (see Results of Calculations), molecules with different values of CF 
would appear in the same peak if they have the same value of X. It can be estimated 
that the average value of G is 4.5, which is slightly larger than the values estimated 
in Table III: this discrepancy might be due to a change in the water structure near 
the crystal surface that would occur when charged molecules are adsorbed on the 
crystal- surface [cf-, Theoretical (Section A)] and/or the fact that the estimation of 

the value of dA/tJ V (see Results of Calculations) is not sufficiently precise. 
For this type of adsorption of the molecule there are, logically, at least three 

possible values for the parameter 5, viz., 1, l/2 and l/3. E = 1 corresponds to the 
case when, of three P sites under the adsorbed molecule, two sites except the one 
reacting with the s-amino group (see above) can react freely with sodium ions of 



HYDROXYAPATITE CHROMATOGRAPHY WITH SMALL LOADS. V. 25 

the buffer. f = l/2 corresponds to the case when oae of the two crystal sites that 
are uot reacting with the &-amino group but are under the adsorbed molecule cannot 
interact with the sodium ion of the bufler being blocked by the presence of the mol- 
eeule- Finally, E = l/3 corresponds to the case when neither of these two P sites 
can adsorb sodium ions. In Appendix II, the distribution and the structure of P sites 
on the crystal surface of HA are explored on the basis of crystallographic data, ac- 
cording to which it is probable that P sites are arranged hexagonally with a minimum 

distance of 9.42 A (between centres of sites) on the (z, z) surface of HA and that 
a P site is constructed with six oxygen ions (belonging to three crystal phosphates) 
arranged in two triangular arrays parallel to the crysta1 surface. In Appendix III, 
the adsorption of the stretched polypeptide chain of poly-L-lysine on an array of 
P sites is studied by using space-filling molecular models for both poly-L-lysine and 
the crystal surface+ the latter being constructed on the surface of the plasticine. This 
study su_eests that the value of E is of the order of l/2_ In Appendix IV, the chro- 
matographic data for lysozyme discussed in ref. 4 are again discussed on the basis 
of several results obtained in Results of Calculations, which suggests that the value 
of v is greater than about 7; this means that the value of E for poly-L-lysine is greater 
than about l/3 (see Table 11). Under Results of Calculations, it was shown, on the 
basis of assumptions (l)-(5) in Theoretical (Section C), that the most probable value 
of 5 is l/2, but that the value 2/3 is also probable_ It follows from these estimations 
that the most probable value for the adsorption energy, E, for an e-amino group 
of poly-L-Iysine on to a P crystal site is 2-2.2 kcal/mole (see Table II). 

Under Results of Calculations, all calculations were carried out by assuming 
that the number, x, of c-amino groups of a poly-L-lysine molecule that can react 
with P sites is unique or that the molecule is adsorbed in the energetically most stable 
configuration (or con@urations). More precisely, it should be considered that the 
geometrical con&uration of the molecule on the crystal surface follows a l3oltzmarm 
distribution and that x represents the average number of adsorption groups that react 
with crystal sites. However, the value of 2-2.2 kcal/mole for the adsorption energy, 
E, obtained on the basis of the assumption of a unique value of x (see above) justifies 
this assumption, because values 2-2.2 kcal/mo!e for E correspond to values of 29- 
41, respectively, for the Boltzmanu factor, e & ‘f / at 25°C. This means that the prob- 
ability that the molecule is adsorbed in the energ&zally most stable cou8guration 
(or configurations) by using the maximum possible number of s-amino groups is ap- 
proximately 2941 times as high as the probability that it is adsorbed in different 
configurations, assuming that possible numbers of any geometrical configurations on 
the crystal surface with identical adsorption energies are about equal to one another. 
Hence, the molecule must virtually be adsorbed in the energetically most stable con- 
figuration (or confr~~ations) (but see below). 

It was shown (Results of Calculations) that the apparent value of & calculated 
from the pair of peaks 2 and 3 in Fig. 1 is exceptionally large (see the table in Fig. 
2); this is due to the fact that the interval between peaks ‘2 and 3 is very narrow 
or that the elution moIarity of peak 2 is too high, which is evident from Figs. 6 
and 7. The possibility that this is experimentally fortuitous can almost be discounted, 
because other similar experiments have shown the same tendencies (Fig. 5b iu ref. 
16, Fig. la iu ref. 8 and unpublished work by Prof. G. .Bemardi). A reasonable ex- 
planation. for this phenomenon can be obtained by assuming that molecules with 
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relatively short peptide chains (presumably with 9-16 amino residues; c$, Appendices 
I and III) involved in peak 2 cau be adsorbed on the crystal surface by using not 
only two e-amino groups but also more than two at the expense of the deformation 
of the stretched conformation of the molecule. If this is true, one cannot exclude 
the possibility that one of the groups that react with P sites in a deformed molecular 
conformation is the a-amino group of the N-terminal residue. As it can be considered 
(see Appendix I) that the stretched conformation of the molecule is mainly due to 
the energetical factor, i.e., the repulsive interactions among charged c-amino groups 
on the sidechains of the molecule, the apparent average value of the adsorption 
energy per amino group must decrease when there is a deformation of the molecular 
conformation. The decrease in the adsorption energy per amino group may also be 
possible if contacts of some amino groups to P sites are made incompletely in this 
molecular conformation. These ideas may explain qualitatively the reason why chro- 
matographic peak 2 is displaced only slightly to a higher sodium molarity. In Fig. 
1, there appears to be a small shoulder on the left-hand side of peak 2, the position 
of which corresponds approximately to that realized provided that molecules are ad- 
sorbed by- using only two E-amino groups (see Figs. 6 and 7). This might suggest 
that some molecules (perhaps the smallest ones) among those involving presumably 
9-16 amino residues are adsorbed by using two amino groups only. However, one 
cannot exclude the possibility that the occurrence of this small shoulder is experi- 
mentally fortuitous. 

It was also shown (Results of Calculations) that the experimental elution vol- 
ume for peak 1 is smaller than the theoretical value. A similar result was obtained 
in the chromatography of the mixture of nucleoside phosphates’. A qualitative ex- 
planation for these phenomena can be obtained by assuming that the conformation 
or the adsorption of the molecule on the crystal surface is inlluenced considerably 
by thermal motions of the molecule when it is fixed on the crystal surface with small 
energies and that the average energy of fixation per molecule becomes even smaller. 
This argument should be distinguished from that applied to the manner of adsorption 
of relatively large molecules (presumably with more than 16 amino residues) involved 
in peaks 3-9, which were used for estimations of the values of E, v, cr, etc.; in this 
instance both the conformation and the adsorption ener_q of the moIecule on the 
crystal surface can be considered to be virtually unique, because the loss of energy 
per molecule by the deformation of the molecular conformation must be large, and 
one manner of adsorption of the molecule on the HA surface must be energetically 
much more stable than the others (see above). 

Finally, we have seen in Fig. 8 that the dependence of y‘ on the molarity 
of sodium ions in the interstices of the column is different from that of the activity 
coefficient, y, of the sodium salt in the usual aqueous solution. It can be suggested 
that this difference is due at least partially to the different features of the interactions 
among sodium ions near the HA surface from that which occurs in the usual aqueous 
solution’. It is not likely that the different behaviour of y’ and y is due to interactions 

l It might be possible that different behaviour of y and y’ results from the fact that y is t& mean 
activity coeEcient of the salt where2s y’ is concerned only with sodium ions. It is known. however, 
that the tendencies of the dependence of y on the ionic strength of the solution are similar bet~~1.8 
different salts, i.e., y always decreases almost exponentially with increase in the square root of the 
ionic strength when the ionic strength is low enough (Debye-Hackel theory), while it can be seen in 
Fig. 8 that y’ dw exponentially with increase in the ionic stxngtkitself; this suggests that the 
feature of interactions among ions near the crystal surface is fundamentally different from that in the 
Usual aqueous solution. 
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between sodium ions completely fixed on P sites, because 9.42 A for the minimum 

distance between P sites (see Appendix II) seems to be too large for sodium ions 
with an ionic radius of about 1.0 A (see ref. 24) to interact .strongly enough with 
one another. It should be added that the exchanges of several types of cations and 
anions at the crystal surface of HA were studied on a kinetic basis by Pak and 
Barttee; they suggested that these ions are substituted for one another at the crystal 
surface, including the hydration shell that is in contact with the surface, in such ways 
that the charge balance at the crystal surface, including the hydration shell, is con- 
served. 

APPENDIX I 

It is shown, by using both optical and hydrodynamic methods, that poly-L- 
lysine in aqueous solution undergoes a transition from a random coil to a helicai 
conformation with an increase in pH at a pH of about 10, which is the approximate 
pK, value of the a-amino group 26,27. This indicates that the random coil and the 
helical conformations are realized when side-chains of the molecule are positively 
charged and neutral, respectiveIyt6, and that the molecule is in both charged and 
random-coil states under the chromatography conditions at pH 6.8. Several hydro- 
dynamic properties of charged poly-L-lysine hydrochloride in aqueous solution both 
in the absence of the salt and in the presence of 0.01-I M sodium chloride were 

investigated in detail by Daniel and AlexandrowiczB. They concluded that the effect 
- of the ionic strength on the conformation of the molecule is small and that the 

frictional coefficient of the macromolecule does not depend, or depends only slightly, 
on the ionic strength of the solution, especially when molecules have small chain 
lengths; although the conformation of the molecule is called a random coil, the 
peptide chain of a rather small molecular weight poly-L-lysine hydrochloride (with 
a degree of polymerization of 50-70) is sufficiently extended in both the absence and 
the presence of the salt to make its frictional coefficient approximately equal to that 
calculated from the equation for a corresponding cylinder with a length of the re- 
peating unit and a radius of the unit of 3.64 and about 6 A, respcctivelyB. Further, 
by interpreting the experimental results for the frictional coefficient with the Kuhn- 
Kuhn-Silberberg equation’s, values of a statistical element length of 44 A (or 12 
monomer units) and a hydrodynamic diameter of about 8 A were obtained=. It is 
probable that the poly-L-lysine hydrobromide sample with a degree of polymerization 
of 7-38 (see the legend of Fig. 1) used in the chromatography that resulted in Fig. 
1 is highly stretched and that it is adsorbed on an array of P sites of HA conserving 
this molecular conformation (see below); this would be compatible with the value 
of cs being slightly larger than unity (see Table III), estimated from the chromato- 
graphy (see Discussion). 

The fact that the polypeptide chain of poly-L-lysine is highly stretched suggests 
that the region on the “molecular surface” in which a charged e-amino group can 
move without a considerable loss of energy is small, because the stretching of the 
polypeptide chain itself must be due to mutual electrostatic repulsions among a-amino 
groups themselves; this would mean that a close fit of the distance between c-amino 
groups with that between P sites of HA is neecssary in order for the molecule to 
be tied stably on the HA surface. According to the Corey and Pauling model’J’, 
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a fully extended polypeptide chain has a periodic&y of 7.23 A (we denote this pe- 
riodieity by r; Table AI) in the axial direction of the mokcuk and two side-&Gins 
orienting in opposite directions are -involved in each repeating unit (cf-, Fig. A6)). 
It is probable that the stretched polypeptide chain of poly-r+lysine, along both sides 
of which are arranged r-amino groups of the side-chains with 8 minimum interval 
of 7.23 A (presumably with only slight fluctuations; see above) is adsorbed by using 
one of these two arrays of s-amino groups on one of the arrays of P sites on the 
crystal surface (cf-_ Fig. A6); it is improbable that the molecule is adsorhkd on the 
crystal surface by using both arrays of .xunino groups at the same time because, 
for this manner of adsorption, a considerable deformation of the molecular con- 
formation is necessary and there is no reason why the (free) energy can be increased 
by this manner of adsorption (see below). 

TABLE AI 

RELATIONSHIPS BETWEEN THE PERIODICm, r, FOR eAMti0 GROUPS ARRANGED 
ON ONE OF THE TWO ARRAYS OF THESE GROUPS ALONG TJiiE FULLY EXTENDED 
POLYPEFTIDE CI-IAJN OF POLY-L-LYSINE AND PERIODICITIES q,, qr, q3 AND q. FOR 
P SITES ON THE CRYSTAL SURFACE OF HA 

(0) y 

1 

2 
3 
4 

rv (d V I-V 14 
~. 

723 5 36.15 
14.46 6 43.38 
21.69 7 SO.61 
28.92 8 57.84 

f6) n wfd v fv - 91n cfo 

1 9.42 1 -2.19 
2 18.84 3 t285 
3 28.26 4 i-O.66 
4 37.68 5 -1.53 
5 47.10 7 t3.51 
6 56.52 8 t1.32 

(4 n 

1 16.32 2 -1.86 
2 32.64 5 i-3.51 
3 48.% 7 t1.65 

(rt) ?J w(A) v m-wtA/ 

1 24.93 3 -3.24 
2 49.86 7 $-o-75 

1 33.98 5 t2.17 
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.. In ~Appendix II, the distributidn and the structure of P sites on the crystal 
surface ‘of HII are explored &I -the-basis of crystalbgraphic data, from which it is 
probable that P sit& are arranged-hexagkally on the crystal surface -with a minimum 
distance of 9.42 A. Fig. AI illustrates schematically P sites arranged on the crystal 
surface and four different arrays of- P sites with minim-. intervals q1 (= 9.42 A), 
q2 (= 16.32 A), q3 (= 24.93 A) and q4 (= 33.98 A)*. Table AI shows how the dis- 
tan&s between ~-amino groups on one of the sides of the fully extended poiypeptide 
chain- (see above) match those between P Sites on the sufiace of EZA: in part (a) 
are given the values of-the minim- distance between s-amino groups and multiples 
of this value; in the second coiumns in parer (b), (c), (d) and (e) are given vahzes 
of ql, qz, q3 and q4 (see Fig. Al) and their multiples, and in the last column in parts 
(bj, (c), (d) and (e) are given the IGGIIIU~ possible differences between intervals of 
~-amino groups [part (a)] and those of P sites. It can be seen from Table AI that 
the smallest difference of 0.66 A between the interval of E-&o groups and that 
of P sites occurs when poly+lysine is adsorbed on the array of P sites with a minimum 
distance of q1 or 9.42 A and when v = 4 and n = 3, i.e., when evv four E-amino 
groups on one of the two arrays of these groups along the polypeptide chain react 
with every three P sites on the array of the minimum distance between P sites on 
the crystal surface vine 3 in part (b) of Table AI]. It should be noted that the slight 
difference between the interval of .s-amino groups and that of crystal sites is due to 
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Fig. Al. Schematic representations of P sites arranged on he (z, z) surface of HA and four different 
arrays of P sites with 
(= 33.98 A). 

minknu~~~ inter&s qx <= 9.42 A),, q2 (= 16.32 L%), q3 (= 24.93 A) and q+ 

l In ref. 4, It is mentioned that 1 a’ 1 s q1 = 9.432 A, which is cited from ref. Il. In this paper, 

we use the value 9.42 .& foi 12 1 obtained 0x1 the basis of a moth precise crystallographic study of 
HA in ref. 12. 
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the fact that the former is slightly larger than the latter, -which must- be a better 
condition for the adsorption of the molecule on to ‘the -crystal surface than if the 
form& interval was smaller than the latter, because the fully stretched molecule can 
contract but cannot extend any more. Further, Table AI shows (1) that, in order 
for a larger proportion than one quarter of the e-amino groups on one of the .two 
arrays of these groups along the polypeptide chain to interact with P sites, Le., in 
order for the value of v to be smalkr than 4, the difference between the interval of 
s-amino groups and that of P sites has to be much Iarger than 0.66 A or it has to 
be 1.&i-3.24 A, and (2) that, in order for the difference between the interval of ad- 
sorption groups and crystal sites to be smaller than 0.66.A, the value of v has to 
be greater than 5, Le., the proportion of r-amino groups that can react with P sites 
has to be-less than one f&h of those existing on one of the two arrays of the side- 
chains of the polypeptide chain, because the adsorption of the molecule has to occur 
on the array of P sites with a minimum distance larger than qI or 33.98 A. This 
indicates that the manner of adsorption of poly-r_-lysine such that every four ~-amino 
groups on one of the two arrays of the side-chains of the polypeptide chain interact 
with every three P sites arranged on an array of P sites with a minimum distance 
of 9.42~ A is energetically the most stable, assuming (a) that there is virtually no 
increase in the energy of interaction between an &-amino group and a P site if the 
difference between the interval of r-amino groups and that of P sites decreases further 
from 0.66 A, but (b) that there is a considerable loss of energy if the difference be- 
tween the two intervals exceeds 1.86 A, which are reasonable assumptions. 

This model for the manner of adsorption of poly-L-lysine on the surface of 
HA is strongly supported by the following result of a simple calculation. As the 
degree of polymerization of the poly-I_.-lysine sample used to obtain the chromato- 
gram in Fig. 1 is estimated to range between 7 and 38 (see the legend of Fig. l), 
by assuming that every eight e-amino groups of the whole molecuie interact with 
P sites, the numbers of r-amino groups per molecule that interact with P sites or 
the value of x can be estimated to range between 7/S and 38/S, i.e., between about 
1 and 5; these x values correspond, according to the interpretation of the chromato- 
gram made under Theoretical (Section C), to the x values for molecules involved 
in peaks l-5, which occupy most of the chromatogram in Fig. 1. 

Finally, we see no reason why the (free) energy can be increased provided 
that molecules are adsorbed on the crystal surfaces by taking conformations different 
to a stretched conformation because, firstly, deformation of the molecular conforma- 
tion from the stretched state must accompany a decrease in energy because of an 
increase in repulsive interactions among charged e-amino groups (see above), and 
secondly, the range of the values of x estimated from the experimental chromatogram 
can be explained by assuming the stretched molecular conformation which should 
be the most stable (see above, but see also Discussion for the manners of adsorption 
of molecules with very short peptide chains presumably with less than 17 amino 
residues). 

APPENDIXII 

It would be reasonable, in general, to consider that mechanisms of the ad- 
sorption of both free ions and adsorption groups of macromolecules on to crystal 
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surfaces resemble the fkt step of the epitaxial growth of the crystal, where epitaxy 
consists in the growth of one crystal, in one or more particular orientations, on a 
substrate of another, with a ne& geometrical fit be&v&n the &spective networks that 
are in cont&t3*. In the Introduction, it was mentioned that both free cations of the 
buffer and basic groups of basic macrotiolecules must be adsorbed @ the ffat crystal 

surface of HA which is parallel to (z, g) planes of unit cells. it is probable that both 
cations and basic .groups are adsorbed, if not exactly, on positions of the crystal 
surface where calcium ions should be coordinated, provided that -the crystal structure 
extends over -the actual surface. This idea is supported by the fact that, at least in 
the interior of the crystal structure, Cazf ions can be partially replaced with ions such 
as Nai, R+ and PbZ+ (ref. 31). It is known that there are two types of calcium ions, 
called Ca, and Cau ions, in the interior of the HA structure, class&d according 
to the environments in which the ions are arranged*, which are shown in Figs. A2 
and A3, respectively. Therefore, there are two types of possible positions of P sites 
on the crystal surface of HA. 

Fig. A2. Perspective view of Cal ions. The outline of the unit cc4 is also shown, where z is 

horizontally directed to the right in the plane of the paper, 2 is directed into the paper and zis vertical 
and upwards. The ions are shown at a small size in comparison with the size of the unit cell. It can 
be seen that there are two columns of Car ions per unit cell along two three-foid rotational symmetry 
axes, and that each column is constituted of two Ca, ions occurrin g at z = O&l and z = 0.50 (nearly 
hut not precisely at z = 0 and z = l/2, respectively). (Reproduced from ref. 13 with the permission 
of Prof. R. A. Young). 

We examine first the possibility that a Ca,, position (devoid of calcium iohs) 
on the crystal surface corresponds to a P site. As can be seem in Fig. A3, there are 
a pair of triangular arrays of Cau ions per unit cell kentred on each edge (63 axis) 

of the cell, which lie on two mirror planes Cparallel to the (z, z) plane] being at levels 
of z = l/4 and z = 3/4, and they are inserted by two parallel triangles of oxygen 
ions (O,,, ions; not shown in the figure) being at z = 0.07 and z = 0.43 and at z = 
0.57 and z = 0.93. As six OuI ions inserting one of the Ca,, triangles belong to three 
crystal phosphates, the phosphorus atoms of which are at the same level as that of 
the Ca,, triangle itself, it is impossible for CaI, ions to be exposed to the medium 

at the crystal surface parallel to (i, g) planes of unit cells. Therefore, it is also im- 

l For details of the crystallography of HA, see refs. 11-13. ’ 
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possible for ‘Y& positions devoid of calcium ions”, if they exist, to be exposed to 

the medium at the (nf c) crystal surface.- However, as Ca,, triangles are smaller than 
OnI triangles and as they are both cent&d on the same 63 axes of the unit cells (see 
Fig. -A3), it might be possible that, although Cau positions are buried in “holes” 
made by Our triangles at the crystal surface, they are partially exposed to the medium. 
Therefore, if they are devoid of calcium ions, they might constitute adsorbing sites; 
this is improbable, however, because, there appears to be no reason why only Cau 
positions at the crystal surface that are coordinated by &[oxygen ions in the same 
manner as for Ca,, positions in the interior of the crystal should be devoid of cakiurn 
ions. Even if oniy Can positions at the crystal surface are devoid of cakium ions 
(although this is an improbable assumption), it is improbable that they correspond 
to P sites for the following reason: if Ca,, positions on the crystal surface correspond 
to P sites, there must be three P sites per unit crystal ceil or parallelogram made 

by vectors i and 6’ where 14 = $1 = 9.42 A, from which it can be estimated that 
the number of P sites that are covered by a molecule of lysozyme adsorbed on the 
crystal surface is of the order of 30, assuming that lysozyme is represented by a 
prolate spheroid of dimensions 45 x 30 x 30 A, that the adsorption is such that the 
maximum molecular surface is brought into contact with the crystal and that most 
of the sites under the adsorbed molecule are covereda. On the other hand, the most 
probable numbers of P sites covered by an adsorbed lysozyme are estimated to be 
4-8 or even 6-7 from the analysis of the chromatographic hehaviour. of lysozyme 
(see Appendix IV), which could be explained only by assuming that there is only 

one P site per parahelogram of vectors z and ?_ 

Fig. AX As Fig_ A2, but for CalI ions- It can be seen that-there are a pair of triangular arrays of Call 
ions centred on each edge (63 axis) of the unit cell, or tbat there are a pair of triangular arrays of Gil 

ions per unit cell, which lie on two mirror planes lparailel to the (af g) plane] being at IeveIs oft = 
l/4 and z = 3/4, respectively. (Reproduced from ref. 13 with the permission of Prof. R A. Young). : 

* rt may be possible that they are only some of the sites under the adsorbed molecule that are 
covered by the molecule, as with poly-Mysine (see Appendix III). Even take into account this pos- 

sibility, the assumption that there is only one P site per parallelogram of vectors z and gseems to be 
most reasonable ic order to explain the very small number of P sites covered by an adsorbed lysozyme 
estimated experimen tally. In fact, this number wotzld suggst tbat some of P sites &ranged at every 
9.42 A> under the adsorbed molecule are not covered -by the molecule. 
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Now, we examine the alternative possibility that it is a ca, position (devoid 
of calcium ions) that corresponds to a P site. As can be seen in Fig. A2, there are 
two cohunns of Ca, ions per unit cell along two three-fold rotational symmetric axes, 
and each column consists of two Ca, ions occurring at z = 0.00 and z = 0.50 (nearly 
but not precisely, at z = 0 and z = l/2, respectively). Each CaI ion is coordinated 

by nine oxygen ions in three triangular arrays parallel to the (g, $) plane, centred 

on the Ca, column itself, and one above (along positive “,I, one below and one at 
nearly the same level (cf-, Figs. A4 and A5). Fig. A4 illustrates schematically a pro- 

jected view of a column of unit crystal Cells on an (G, G) or a (Z, S) plane, in which 
the dots and thick horizontal lines represent Ca, ions and oxygen tiangles, respec- 
tively; thick lines at z = 0.07, z = 0.43, etc., which represent triangles of OIII ions, 
are drawn long in order to emphasize that these triangles are larger than the other 
two types of triangles of OX and OrI ions which are represented by thick lines inserted 
between two dots of CaI ions and those inserted between two thick lines of O,,, ions, 

respectively. Projected views, on an (a7 g) plane, of three triangles of 01, O,, and 
OIII ions at z = 3/4, z = 314 and z = 0.93 are drawn in Fig. A5, from which it cam 
be understood that three successive 0111, 011 and 0111 triangles (the levels of which 
are relatively close to one another; see Fig. A4) belong to three crystal phosphates, 
the phosphorus atoms of which are at the same level as that of the 011 triangle itself 
of this series; this excludes the possibility that a plane inserted between 011 and OIrr 

Oorl ; 
0.93 -I---- ---- ____ _-- --____ ---_____-- --_-_ 

3/b _________ ____ - -_____ _ _ _ _ _ _ _ _ _ _ _ mirror plane 

0.57 ----- _______ _ _______-_______- _ ____ _ 
________________*_______ 

E30 - 
________________*_______________ 

________ _ --____ ----------_ ____ 

, ,4 _ _ - _ _ _ _ _ ___ ________ --------- - mirror plane 
H 

0.07 __________________________ ____ 
0’ Oak-l 

0.93 ----- ___________________ ---___. 
” 

3,4 -_* -----. ___- -____ _. --- -- --_ -mirror plane 
g-S& ----- ____ __--_____ - ----__ -- ---_ ________ _____e_____________________*_____ __--__-_ o~53____“____________‘____.‘. ____ 

,,4 _ __ - - __ - _ _____ _____ ------- -m;rror plant 
&~,,________ __-___----_---- ___. 

Oar1 1 

Q OS- b 

Fig. A4. Schematic represent&on of a projected view of a column of HA unit cells on an (at 2) or 

a (z, ;) plane. The dots and thick horizontal lines represent Car ions and oxygen triangles, respec- 
tively. me other components of the crystal: phosphorus at mirror planes, Cam ions at mirror planes 
near 6a axes (see Fig. A3) and hydroxyl ions near mirror planes at Q axes are not shown). Thick lines 
at z = 0.07, z = 0.43. etc., which represent t&&s of 0 IIl ions, are drawn long in order to 
emphasize that these triangles are larger than the other two types of trimgks of 0, and OIE ions* 
which anz represented by tick lines inserted l+wen two dots of Cal ions and those inserted be- 
e two thick lines of Olu ioq respeaively. T~RX successive Ou~,O,~ and 0111 Mangles, the leyeIs 
of v&i&-are relatively c&e to one another, belong to three crystal phosphates, .the phosph_orus 
atoms of which are at the same level asXl~& of the 011 triangle itself of this series; this excludes the 
possibility that a plane inserted betmen O,, and O,,r tciaogles appears on the crystal surface. 
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Fig. AS. Deduced structure of the (z,%) surface of HA. Crystal phosphates and two Cax positions 

appeariag on the (-2;) surface of HA are shown at a small size in cornparis& with the outlined unit 
Ml. It can be considered that both the cation of the buffer and the positively charged group of the 
macromqlecule are adsorbed mainly at or near the left-hand Cal position coordinated by three Oat 
and ‘&ree Om ions that constitute triauglular arrays at z = 314 and z = 0.93, respectiiely, and that 
this position corresponds to a P site. It is probable that the cation and the positively charged group 
of the macromolecule are also adsorbed weakly at or near the right-hand Car position coordinated 
by three Or ions at z = 3/4. (Reproduced with modifications from Fig. 2c in ref. 13 with the permis- 
sion of Prof. R A_ Young). 

triangles appears on the crystal surface. Thus, it must be a plane between two OIiI 
triangles centered on neighbouring Car columns or the level of Car positions that 
appears on the crystal surface (see Fig. A4). Therefore, Car positions exposed to 
the medium at the crystal surface would be expected to adsorb both cations of the 
buffer and positively charged groups of macromolecules, if they are devoid of calcium 
ions; the latter condition is probable because two types of Car positions at the crystal 
surface are coordinated by only six oxygen ions (in two triangular arrays) and by 
only three (in a single triangular array) (see Figs. A4 and AS); in contrast to a Car 
position in the interior of the crystal, which is coordinated by nine oxygen ions in 
three triangular arrays (see Fig. A4), and whether or not Ca, positions at the crystal 
surface are occupied by calcium ions does not seem to be important for the co- 
operativity of the crystal structure as a whole. 

It is probable that Car positions coordinated by six oxygen ions adsorb both 
free cations and adsorption groups of macromolecules with much higher probabilities 
than those coordinated by three oxygen ions because, firstly, the probability that 
both free ions and adsorption groups of macromolecules are adsorbed on to Car 
positions coordinated by six oxygen ions must he higher than the probability that 
they are adsorbed on posititions coordinated by three oxygen ions, for energetic 
.reasons. Secondly, the chromatographic results with lysozyme could be explained 
most satisfactorily by assuming that there.is only one adsorbing site per parallelogram 

made .hy vectors 2 and b’(see -above) and this is possible only when one of the two 
types of Car positions is a practical adsorbing site. Thirdly; it was shown in ref. 14 
that the HPO,*- ion adsorbed on a hydroxyl position (C site) of HA should have 
three appropriate calcium to oxygen distances of 2.39-2.63 A and a hydrogen bond 
len,@h of 2.46 A and, in Part IV, that the energy of the adsorption for a univalent 
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phosphate group on the polyphosphate chain of nucleoside phosphates (which should 
aIs0 be adsorbed on to C sites) should be 0.9-I kcd/mole (see introduction)‘;. Under 
Results of Calculations, the adsorption energy for an c-amino group df poly-L-lysine 
on to a P site was estimated to be 2-2.2 kcal/mole, in spite of the fact that this ad- 
sorption group has only a-single charge, which seems to be possible only when the 
adsorption group is coordinated by six oxygen ions. Fourthly, it is improbable that 
Car positions coordinated by six oxygen ions are almost always occupied by calcium 
ions and that only those coordinated by three oxygen ions are available for the ad- 
sorption of both cations of the buffer and adsorption grozlps of macromolecules 
because, even if the energy for the occupation of a Car position by a calcium ion 
is higher than that for occupation by an adsorption group of the macromolecule, 
the energy per molecule with severa active adsorption groups would exceed the energy 
per calcium ion, and Car positions would be occupied by adsorption groups of macro- 
molecules rather than calcium ions. Similarly, if the concentration of competing cat- 
ions in sotution is much higher than that of calcium ions (which is the usual practice), 
Car positions must be occupied by competing cations rather than calcium ionj. Fi- 
nally, the possibility that one of the two types of Car positions is occupied only by 
competing cations and that the others are occupied only by adsorption groups .of 
macromolecules can almost be excluded from the study of the adsorption of poly- _ 
L-Iysine on the crystal surface performed by using space-filling models (see Appendix 

ln)- 
Hence, it is probable that a Car position coordinated by six oxygen ions (three 

Cir and three Oln ions) corresponds to a P site, the detailed structure of which is 
shown in both Figs. A5 and A6. 

APPENDIX III 

In Appendix II, it was mentioned that P sites must be arranged hexagonally 

with a minimum distance of 9.42 A on the (2, g) surfaces of HA and that a P site 
must be constructed with six oxygen ions (three On and three Ou, ions) belonging 
to three crystal phosphates. In Appendix I, it was mentioned that the polypeptide 
chain of poly-L-lysine must be highly stretched under the experimental conditions 

* It can be considered that a C site is constructed with two Call ions (at the same .r surrounding 
the same 63 axis; cf., Fig. A3) or two Call ions plus an oxygen ion of the crystal phosphate when the 
adsorbed phosphate or the phosphate group of the adsorbed poiyphosphate contains a hydrogen 
atom. In Fig. 1 in ref. 14 (or Fig. 1 in ref. 7), the manner of fhiation of an HPOI’- ion on to a 
hydroxyl position (a C site) of the HA part of octacalcium phosphate is shown, where it can be seen 
that an oxygen (No. 35) of the phosphate ion interacts with two Call ions (Nos. 6 and 8) of HA with 
distances of 2.63 and 2.37 A, respectively; another oxygen (No. 38) of the phosphate ion interacts 
with Cau ion (No. 6) of HA with a distance of 2.39 A, and another oxygen (No. 36) of the phosphate 
ion interacts with an OIu ion (No. 20) of HA through the hydrogen atom of the phosphate ion con- 
stituting a hydrogen bond length of 2.46 A. It should be noted that, in Fig. 1 in ref. 14, atomic posi- 
tions in the HA ceil are the mirror image of those in Fig. A5 or that, in the former figure, atomic 
positions are projected from under the phme of the paper of the latter figure. It should also be noted 
that cmrdimtes of the atoms determined for the HA part of 0ctacaIciuin phosphate3z are slightly 
different from those determined very precisely for the HA crystal=; therefore, the distances between 
the oxygen and hydrogen atoms of the phosphate ion and some crystal ions estimated above would 
be shghtiy different in adsorption of the phosphate ion on to the HA crystal surface in the cbroma- 
tographic experiment. \ 
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and that it must be adsorbed on the surface of HA in such a manner that every 
four c-amino groups on one of the two arrays of these groups along the stretched 
polypeptide chain, where the minimum distance between these groups is 7.23 A, must 
react with every three P sites on an array of P sites arranged with a minimum distance 
of 9.42 pi on the crystal surface. For this type of adsorption, there are, logically, 
at least three possible values of the parameter E, viz., 1, l/2 and l/3 (see Discussion)). 

Fig. A6a shows a photograph of space-filling models of poly-L-lysine un- 
decamer and two sodium ions adsorbed on the model surface of HA, which was 
constructed on the surface of the plasticine also by using space-filling models of 
phosphate ions. Parallelograms on the surface of the plasticine show outlines of crystal 

unit cells projected on an (2, g) plane. On the left-hand side of the photograph, a 
free P site constructed with three 01, and three Om ions and a presumably weak 
adsorbing site constructed with three O1 ions can be seen (see Appendix II and Fig. 
A5). It can also be seen that a molecule of poly-L-lysine that is extended almost 
completely not only in the axial direction, the N-terminal being..on the left-hand 
side, but also in the direction perpendicular to it*, is adsorbed by Using two E-amino 
groups of the side-chains belonging to the second amino residues from the N- and 
the C-terminal residues of the peptide chain on to every three P sites. For the con- 
formation of the E-amino group reacting with a P site, it is assumed that the plane 
defined by the three hydrogens of the tetrahedron of the charged or the protonated 
primary amine is paralIe1 to the triangular arrays of both Ou and 0111 ions of crystal 
phosphates and that each hydrogen of the primary amine is superposed on each Ou 
ion arid inserted by two 011, ions; in this manner of adsorption, each hydrogen of 
the E-amino group can be kept in contact with one 011 and two 0111 ions with rea- 
sonable distances of about 2.5 A (see Fi g. A6a). One could not, however, preclude 
the possibility that the triangle of the three hydrogens of the protonated primary 
amine is superposed on the triangle of the O,, ions with a displacement of 60” to 
each other. It should be noted in Fig. A6 that the molecule is brought into contact 
with the HA surface through the array of five c-amino groups and not through the 
opposite array of six E-amino groups, which is only for the sake of convenience. It 
is evident that, if the molecule is adsorbed through this array, it can be adsorbed 
in two different conGgurations; therefore, there is a total of three possible geometrical 
configurations on the HA surface for the stretched undecamer molecule (cf-, Discus- 
sion)_ 

- Possible conformations for three E-amino groups of the molecule that are in 

contact with the crystal surface but are not superposed on P sites (see Fig. A6a) 
appear to be limited, being blocked by the existences of protruding 0111 ions on the 
crystal surface, which can be understood from Fig. A6b, where three intermediate 
side-chains in contact with the HA surface of the model molecule in Fig. A6a are 
shown from the rear. It can be seen in Fig. A6b that a hydrogen of the &-amino 

l This is an assumption, but it is reasonable because the average distance among charged E- 
amino groups is maxin& in this conformation. Under Discussion, it was suggested that poly-r-lysine 
with 9-16 amino residues is adsorbed on the crystal surface not only in the stretched conformation 
Cm the axial direction) but also in a deformed conformation or conformations by using more than 
two ~-amino groups. Here, we consider only the stretched conformation for the undecamer model 
of poly-r-lysine, however, because our purpose is to understand the manner of adsorption of molecules 
with higher molecular weights by using this model. 
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Fig. A6. (a) Photograph of space-filling models of a poly-r_-lysine undecamer and two sodium ions 
adsorbed on the model surface of HA which is constructed on the surface of the plasticine also by 
using space-filling models of phosphates. Parallelograms on the surface on the plasticine show 

outlines of crystal unit cells projected on an (2, g) plane. On the lefthand side, a free P site con- 
structed with three Ott and three On1 ions and a presumably weak adsorbing site constructed with 
three 0, ions can be seen (cf, Fig. A5). It can also be seen that a molecule of poly-r-lysine which is 
almost comple*My extended not only in the axial direction, the N-terminal being on the left-hand 
side, but also in the direction perpendicular to it is adsorbed by using. two s-amino groups of the 
side-chains belonging to the second amino residues from the N- and C-terminal ones of the peptide 
chain, respectively, onto every three P sites. (b) Photograph of three intermediate side-chains in 
contact with the HA surface but not superposed on P sites of the model molecule shown in (a), taken 
from the rear side, and two sodium ions adsorbed on P sites. 
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group of the right-hand side-chain intrudes slightly into the triangular array of Om 
ions of crystal phosphates in order to avoid protruding OilI ions on the crystal sur- 
face, while the left&hand side-chain is slightly raised in order to avoid another Om 
ion;- the conformation of the intermediate ~-amino group seems to be less limited. 
III -spite of the presences of these- side-chains of the molecule, &isorption of com- 
peting or sodium ions on to both of Ca; positions (see Appendix II), which are under 
the adsorbed molecule but are not superposed by E-amino‘groups, seems to he pos- 
sible (see Figs. A6a and b) and the value of E seems to be close to-unity. However, 
the position of the hydrogen of. the right-hand c-amino group in Fig. A6b or the 
~-amino group of the left-hand side-chain of the intermediate three side-chains in 
contact with the HA surface in Fig. A6a is so close to the Cat position Of the crystal 
that it might prevent the-adsorption of the-sodium ion on to this Car.position, where&s 
it does-seems unlikely that .the adsorption of the sodium ion on ‘to the~l.eft-hand 
Car- position in Fig. A7bis prevented; .this would mean that the value of E is close 
to l/2_ Further, it was shown by Bernardi (unpublished work) that an almost identical 
chromatogram for the iow-molecular-weight poly+lysine sample. can be obt&ned 
by using a IS* system instead of the Na+ systim, which would mean that potassium 
ions are adsorbed on the crystal surface in a similar manner to sodium ions in rela- 
tion to the position of the adsorbed macromolecule. As the ionic radius of the 
potassium ion (1.3 A) is larger than that of the sodium ion (1.0 A)zs, it might be 
very difficult for the potassium ion to be adsorbed on to the right-hand Cal position 
in Fig. A6b. One cannot, however, exclude the possibility such that adsorption of 
sodium or potassium ions on to both or one of the Ca, positions is partially hindered 
by side-chains of poly-L-lysine, and/or that &-amino groups of the molecule. interact 
slightly with the surface of HA even if they are not superposed completely on P 
sites, which would contribute slightly to the (apparent) value of 5. Taking into account 
all of these factors, the probable value of E seems to be of the order of l/2. 

Finally, the possibility that one of the two types of Car positions on the crystal 
surface that are coordinated by six and three oxygen ions, respectiveiy, react with 
adsorption groups of macromolecules and that the other Car positions react only 
with competing ions (which was considered in Appendix II) can almost be excludep 
by examining Fig. A6a; it is evident that all Car positions coordinated by only three 
Oi ions are acceptable to sodium ions, even if the maximum number of Cal positions 
coordinated by three On and three OnI ions are occupied by macromolecules and 
vice versa, which means that there is no competition between macromolecules and 
sodium ions for adsorption on to the crystal surface if they are adsorbed on to-different 
types of Ca, positions. 

APPENDIX IV 

In an earlier pap&, chromatographic data for lys.ozyme and cytochrome c 
were plotted on the ]n~~i~k+), Ins (K+,] plane, and values of parameters such as x’ 
and Inq were estimated for these basic molecules on the basis of the theory developed 
in the same paper’ and by assuming,’ in most calculations, that the activity coefiicient 
of K+ ions in the interstices of the cohumn is equal to the mean activity coefficient 
of potassium chloride measured in the usual aqueous solutions Under Results of 
Calculations, it was shown, however, that the dependence of the activity of sodium 
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ions on the concentration in the column interstices is different from that measured 

for sodium chloride in the usual aqueous solution, .probably owing to particular 
intiractions among sodium ions occurring near the crystal-surface of HA (see Discrrs- 
sion); the “activity coefficient”, y’, of sodium ions in the c&unn interstices varies less 
withan increase in the cation concentration, m, than does the activity coefficient, y, of 
sodium ch!oride or potassium chloride in the usual aqueous solution in the range 
of small ~tz ‘values~(see Fig. S), and as the result of the mild dependence of y’ on m, 
the parameter d increases almost linearly with an increase in m when m is small 
(see Fig. 9). Here, by assuming that the dependence of li on m for potassium ions 
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Fig. A7. (a) Points: experimental pIots of In s-+, versus ml.~+) for lysozyme reproduced from Fig. 
26, c ore in r&A The cw~es are tkoretical, obtained by giving values of 3-6 to x’. Et can be seen 
that good fits with the experimental results cm be obtained only when Y > 4. (b) As (a), but the theo- 
retical cmves were obtained by giving values of 7-15 to x’. It can be seen that good fits with the ex- 
perimental ~&es can be obtained only when x’ = 7. 



is virtdly the same as that for sodiunrionsl’,’ chromatographic data for Iysozyme 
and cytochrome c shown in Fi g. 2b; d and e and Fig. 4 in ref. .4, respectively, are 
again analysed on the basis of eqn. 15 in ref. 4, and more precise values -of x’, lnq, 
etc., for these molecules are estimated. 

The points in Fig. A7a and b are experimental plots of ln~rx+, versus m,irlK+] 
(for detkiitions of these parameters, see ref. 4) for lysozyme reproduced from Fig. 
2b, d or e in ref_ 4; the curves are theoretical, calculated by using eqn. 15 in ref.-4, 
assuming a linear relationship between n and m (see above) and giving values of 
3-7, 9 and 15 for x’ and values that give the best fits with the experimental results 
for q’ and lnq (except when x’ = 3 ; see below)“. It can be seen in Fig. A7a and b 
that, when x’ > 9, the theoretical curves are less curved than the experimental result; 
when 4 < x’< 7, good fits between the theoretical and experimental results are ob- 
tained, and when x’ = 3 the average slope of the theoretical curve is almost constant 
and is always less than that of the experimental result provided that q’ 2 100. If 
$ 5 100, the average slope of the curve becomes even smaller, and no good fits 
with the experimental values can be obtained when x’ = 3. In the first three columns 
in Table All are summarized the best values of x’, q’ and lnq; it should be noted 
that best values (N-15) for Q, obtained from the experiment with poly-r;lysine (see 
Results of Calculations and Discussion) are involved in the region of the best values 
of 9’ obtained from a different type of experiment for lysozyme. In columns 6, 8 
and 9 in Table AII are given values of xc/kT, x and E for lysozyme estimated for 
two most reasonable values of QY (13 and 9), which are slightly smaller than best 
values (15 and 10) for 9~ (see above)_ In fact, by taking into account the fact that 
the linear dependence of li on the molar@, m, becomes slightly invalid with increase’ 
in m in the range of the experiment with lysozyme, i.e., in the range 0 5 m 5 0.3 

TABLE AI1 

PARAMETERS ESTIMATED FOR LYSOZYME 

x’ 9’ . In 4 
fLmed) 

xejkT E x 5 - 
(assumed) 
(kca&nole) 

4 -100 -11.7 
5 26 & 2 8.6 
6 13 -r_ 2 7.2 4.79 - 10-z 1 

2 
4 

10 
7 9&l 6.7 2.46 - 1O-z 1 

2 
4 

10 
8 711 6.5 

10.2 2.03 3.0 0.50 
9.6 2.8 0.47 
8.9 2.6 0.43 
7.9 2.3 0.38 

10.4 2.20 2.8 0.40 
9.7 2.6 0.37 
9.0 2.4 0.34 
8.1 2.2 0.31 

‘This is a reasonable assumption, because almost identical chromatograms for the Iow- 
mo!ecuIar-weight poly-~-&sine sample are obtained by using Na+ and K+ systems (Bernardi, un- 
published data; see Appendix Ill). 

l * It can be understood from eqn. i5 in ref. 4 that the &ape of the curve &p&is on JZ’ and Q’ 
and that the curve moves vertically when Inq changes_ 
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Fig. AS. Points: experimental plots of In s,+, ver.w.s m.,,tro for cytochrome c reproduced from 
Fig. 4 in ref. 4. The contirmous and broken curves are theoretical, obtained by giving best values of 
9 and 13 to tp’, respectively. 

(compare Fig. A% and b with Fig. 9), the values of 13 and 9 for (p’ obtained from 
the experiment with lysozyme would almost correspond to best values of 15 and 
10 for v obtained from the experiment with poly-L-lysine. Further, it was assu:med 
that the value of E for lysozyme is equal to that obtained for poly+lysine (see column 
7 in Table AII; cf., Tables II and III); for o, several values between 1 and 10 were 
assumed. As lysozyme is a rigid molecule and as the value of E can be considered 
to be large enough for the molecule to be adsorbed virtually in the energetically most 
st&ie configuration (or configurations) (see Discussion), the value of cr would rep- 
resent the number of energetically most stable configurations of the molecule on 
the crystal surface [see Theoretical (Section A]. It can be seen in Table AI1 that 
the theoretical values of both x and 5 are not much infIuenced by the value of 6, 
however. 

The points iu Fig. A8 are experimental plots (corresponding to those in Fig. 
A7) for cytochrome c reproduced from Fig. 4 in ref. 4; two curves are theoretical, 
calculated by giving the hest two values 13 and 9 (see above) to the parameter q’ 
and values that give the best fits with the experimental results to parameters x’ and 
lnq, which are given in columns 1 and 3 iu Table AIII, respectively. In columns.6, 
8 and 9 iu Table AI11 are given values of x&/kT, x and E for cytochrome c estimated 
for the two most reasonable values of p3’ and for several 
In this instance also, theoretical values of both x and 5: 
by the value of C. 

TABLE AI11 

PARAMETERS ESTIMATED FOR CYTOCHROME c 

h$othetical values of 6. 
are not much influenced 

x’ 4 In 4 d xe/kT E x r’ 
(assumed) (assumed) 

(kcuijnwle) 

5.5 f 0.2 13 9.5 4.79 - 10-Z 1 12.5 2.03 3.6 0.65 
2 11.9 3.5 0.64 
4 11.2 3.3 0.60 

10 10.2 3.0 0.55 
6.4 i 0.2 9 9.1 2.46.10-z 1 12.8 2.20 3.4 0.53 

2 12.1 3.3 0.52 
4. 11.4 3.1 0.48 

10 10.5 2.8 0.44 
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_ Finally, it should be recalled that theoretical curves in Figs. A?&d A8 were 
calculated by taking into account the fact that the RF or the B vdugf of the molecules 
before the molar&y gradient of potassium ions begins (i.e., when the potassium con- 
centration is 0.0015 M) is virtually zero, which was verified experimenta!~y_ This can 
be verified also from Tables AII and AIII: by using values in Tables ALL and AIII 
and eqn. L in ref. 4, it can be shown that the B values of the molecules at a potassium 
concentration of 0.0015 M are close to zero, i.e., 0.8 - 10-3-1.4- 10e3 for lysozyme and 
0.8 - lOBa-1 .2- 10s4 for cytochrome c. 
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