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SUMMARY

Assuming that macromolecules are adsorbed on to a single type of hydroxy-
apatite site through a single type of adsorption group, the relationship between the
elution molarity and an experimental parameter that involves the column length
and the slope of the gradient of competing ions has been investigated theoretically
for the case when the linear molarity gradient is applied and when the amount of
macromolecules loaded is small. By using this relationship, the chromatography
of several proteins has been examined, and in the Appendix, parameters such as
x and & for these proteins are roughly evaluated. The microheterogeneous model
of tropocollagen proposed in earlier papers is also discussed.

INTRODUCTION

In earlier papers'—®, the theory of the chromatography of rigid rod-like macro-
molecules has been developed. In this theory, the mutual interactions among adsorbed
macromolecules were taken into consideration, but the assumption that the value
of x’, the number of sites on hydroxyapatite (HA) where competing ions cannot
be adsorbed owing to the presence of an adsorbed macromolecule, is infinity has
been involved. If the density of molecules on the crystal surfaces is small, the effect
of the molecular interactions is negligible. A theory that is valid only when there
are no molecular interactions but can be applied to molecules of any shape and dimen-
sions has also been developed (see Appendix 11 in ref. 1). If the load of molecules is
very small and if the width of the zone of molecules that have been initially adsorbed
on the column is very small, the state of small molecular density will be realized
during the chromatography (see below). In this paper, the relationship between
the elution molarity, m,,,, and an experimental parameter, s, which involves the
column length and the slope of the gradient of competing ions, is investigated theo-
retically for the case when a linear molarity gradient is applied and when the amount
of macromolecules loaded is very small. Using this theory, we discuss the experimental
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results obtained for several proteins in earlier work”. It should be noted that this
theory, and also the theory developed earlier!~®, are based on the assumption that
molecules are adsorbed on to only a single type of adsorption site and that they
are eluted by only a single type of competing ions. Bernardi et al.®, however, showed
thatthere aretwo different sites on the surface of HA crystals, thefirst (Csites)appearing
to be responsible for the binding of acidic groups, carboxyl and phosphate, and
the second (P sites) for the binding of basic groups and cations. It was also shown
that acidic and neutral proteins appear to be eluted mainly by phosphate ions in
the buffer and basic proteins by cations, which suggests that the former molecules
are adsorbed mainly on to C sites through carboxyl groups and the latter on to
P sites through basic groups (see also Appendix I in ref. 3). In the following paper®,
a theory in which account is taken of the existences of two different adsorption
sites on the crystal surfaces is developed and the experimental results obtained earlier?
are again discussed.

THEORETICAL

Let us consider the chromatography of a very small amount of molecules.
A zone of adsorbed molecules with a very small width will be formed at the top of
the column when the loading has been completed and will usually remain at the same
position during the rinsing process which continues after the loading!''®. It is
evident that the total amount of molecules in any column section is less than or
equal to the maximum amount thatcan be adsorbed on the crystal surfaces of the
section. This condition applies during the whole of the chromatography if the
amount of molecules loaded is sufficiently small, and hence eqn. 39 in ref. 1 can be
used for the expression of the experimental parameter B. In the case of gradient
elution, the density of molecules on the crystal surfaces will decrease gradually
with the movement of the molecular zone. If the amount of molecules loaded is
very small and if the ratio of the width of the initial molecular zone to the total
column length is very small, then the density will remain very small throughout
the column during the chromatographic process and the effect of the mutual inter-
actions among adsorbed molecules will therefore be negligible. Hence eqn. A32
in Appendix IT in ref. 1 can be used for the expression of the parameter B. This
equation can be written, with slight modifications, as

- L M
l4+g(A,+1D7*
where
logq = 752 + log (B;0) @
and
Ay =2, e/ T 3

* For the definitions of the svmbols, sece ref. 1.
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It should be recalled that the physical meaning of B is the ratio of the number of
molecules in the mobile phase to the total number of molecules in a column section;
x is the number of adsorption groups per macromolecule that can react with sites
of HA ; —¢, and —&; (g,, &3 >0) are the adsorption energies of a competing ion and of
an adsorption group of a macromolecule to one of the adsorption sites of HA,
respectively; 4, is the absolute activity of competing ions; and ¢ and $; are constants
related to the symmetry of the molecule and to the properties of the column, re-
spectively. It can be seen from eqns. 1-3 that B is independent of the concentration
of macromolecules in the interstice of the column but depends uniquely on the
activity of the competing ions. Hence, in the chromatography of a mixture of several
components, each component is eluted independently. In Fig. 1, the elution
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Fig. 1. Schematic representation of the development of macromolecules on the column when
a linear molarity gradient is applied.

of macromolecules when the linear molarity gradient is applied is shown schemati-
cally; the abscissa L is the distance from the top of the column and the ordinate m
is the molarity of the competing ions, and L3 and L, are the distances from the top
of the column of the mean part of the molecular zone and of the beginning of the
molarity gradient, respectively. The fact that the concentration of the competing
ions is not influenced by the interaction of the ions with the adsorbent means that
the velocity of the beginning of the gradient is almost equal to the velocity of the
solvent, provided that the ions are not adsorbed. Therefore, writing

_dL, *
Ry = L. @

R varies from 0 to 1 and the physical meaning of R is ratio between the actual
mobility of the mean part of the molecular zone and the mobility of the mean part of
the molecular zone realized provided that molecules are not adsorbed. We can
consider that R, is equal to B at the mean part of the molecular zone, which is
evident from the physical meaning of this parameter. It should be noted that the
velocity of the mean part of the molecular zone is equal to the mean velocity of the



316 T. KAWASAKI

macromolecules, because B is independent of the concentration of the molecules.
We now have

From eqns. 1, 4 and §
dL -
L. = L+ a{dama)+1}7 ©6)

is obtained, where n,,, is the value of 2z when L =L, and can be defined as the elution
molarity of macromolecules for a column of length L; (see Fig. 1). If we denote by
mg the value of the molarity of competing ions at the top of the column and by
m;, the same value in the initial buffer, the relationship

Moy =My _ La—L; )
Mg — My, Lz

is obtained (see Fig. 1). It is also evident that my—m,, is proportional to L;, i.e.
Mo—m;,=gL, ®

where g is a constant representing the slope of the gradient of competing ions. The

value of m,, is virtually zero in most experiments. Using eqns. 7 and 8 and introduc-
ing the parameter

s=glLj )]
we have

sz _ dm,_,,u .
and from eqns. 6 and 10 the equation

dm,,, —

"“&‘;" = q{Ax(mgy,)+1}7° a1

is obtained. In the case of ‘“‘retained’’ molecules'?, it can be assumed that m,=m,,
when s=0, as the initial molecular zone with an infinitesimal width remains at the
top of the column before the gradient begins. This assumption is generally valid

provided that the gradient begins as soon as the loading is completed. It follows
from this assumption that

= % j (A, (m)+ 13 dm 12)

As A, is, by definition (see eqn. 3), proportional to the activity of competing ions
and as the activity can be written, using the activity coefficient y, as ym, A, can be
expressed, introducing a proportionality constant ¢, as

Az=qpym (13)
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If the activity is proportional to the molarity, A, can be rewritten by using a new
constant, ¢, as

As=¢@'m 14)
In this case, eqn. 12 becomes
1 1 , ,
S = lrn u+1x+1_ Im +lx+1 15
q (x"}-l)(Pl {(‘p cl ) ((P n ) } ( )

If x’>1 and (@' mey, + DY 1> (@'m,+ 1)+, eqn. 15 reduces to

S =

poRh (@ Moy +1)¥ (16)

Furthermore, if ¢'m,, is small, but large enough for the relationship (¢’mg,,+ 1)¥'>
(¢'m;,+ 1)x’' to hold, then we have ¢'m,,,+1 e and eqn. 16 reduces further to

§ = —— . g¥ P Mot an
qxo
or
logs=x'¢o'm,,—logg—log(x'¢e’) (17a)
It should be noted that eqn. 12 can be rewritten as

Melu

logs+logg= logf {A; M)+ 1} dm (12a)
myy

If the molecules are very large, both X’ and x are also very large, so that the left-
hand side of eqn. 12a is almost equal to log g (see eqn. 2) and m,, is almost inde-
pendent of s, i.e., of the column length and the slope of the gradient.

ANALYSIS OF SEVERAL EXPERIMENTS

In the preceding section, the relationship between two experimental parameters.
me1, and s, was investigated theoretically and involves g, x’ and ¢ (or ¢') as constants,
the first two concerning the properties of the macromolecule. In this section, these
constants are evaluated for several proteins, namely lysozyme, cytochrome c,
tropocollagen and S-lactoglobulin A by using the experimental data published in
an carlier paper’. For lysozyme and tropocollagen, some other data are also used.
In Figs. 1 and 2 in ref. 7, the elution molarity, m,,,, is plotted as a function of the
column length and of the slope of the gradient. In the case of T, phage (see Fig. 1E
in ref. 7), m,,, is independent of both the column length and the slope of the gradient,
so that both x' and x are extremely large (see the preceding section). In this case,
it is impossible to know the exact values of the constants. In Figs. 1 and 2 in ref. 7,
M.y, i1s defined as the molarity of phosphate ions at which the centre of gravity of
the protein peak is eluted. However, in this paper, we define m,,, of tropocollagen
as the molarity at which the maximum height of the chromatogram is eluted (see
below).
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Lysozyme

As lysozyme is a basic protein (isoelectric point=10.5-11.0, see ref. 11), we
assume that the elution is caused only by potassium ions in the buffer. This assumption
can be considered to be correct at least as a first approximation from the experimental
point of view®, and means that molecules are adsorbed on to P sites through basic
groups (see Introduction). The validity of this assumption is considered again in
the following paper®. The points in Fig. 2 are experimental plots of log S(Kk+) versus
Me(k+)» Where the subscript (K*) indicates that these values concern potassium
ions. All points except v correspond to points in Fig. 2A in ref. 7. In Fig. 2a, the ratio

log S(k*) 0

P b

(a)

(b)
x* = 10

T -1 loggq= 2721
0002 £c £ 0667

—> Malu (K*)
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(henceforth called ¢) of the amount of the sample loaded (mg) to the column length
(cm) is between 0.002 and 2. In Fig. 2b and 2c, the values of this parameter are
between 0.002 and 0.667 and between 0.002 and 0.095, respectively. The curves
in Fig. 2a and 2c¢ (these are theoretical curves, see below) are the same as the inter-
mediate curve in Fig. 2b. It can be seen that when c is less than 0.667, the experimental
points are distributed about equally on both sides of the curves. When ¢ increases,
the points are distributed mainly on the left-hand side of the curve (see Fig. 2a),
which means that when ¢ is less than 0.667, the experimental points can be explained
by assuming that an infinitesimal amount of molecules is loaded. In Fig. 2b, we

|095(K+)0 “ < 1o (c)
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0.002 €c< 0.095

-2 |

-3 t-

-l |-

-5 |-

-6 b

-7 |

-8 1 |

0 ol 02 0.3
—" Malu(KY)
log s(K...)O - (d)
%’ =
T -1 | logq = 57
0.002€c<0.667

-2 |-

-3 |-

-4 |-

—S -

-6 |-

- 7 =

-8

o} 0.1 0.2 0.3

— Malu (K*)

Fig. 2. (Continued on p. 320)
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Fig. 2. (a) Plots of the experimental and theoretical results of the chromatography of lysozyme
on to the (log s+), Meiy(k+)) plane. The symbols correspond to those in Fig. 2A in ref. 7,
except for 7. The values of the parameter ¢ of any experimental point are between 0.002 and 2,
The theoretical curve is the same as the intermediate one in (b). (b) As (a), 0.002 <c¢ <0.667.
Theoretical curves were calculated taking into account the dependence of the activity coefficient
of potassium ions on their concentration. The intermediate curve calculated assuming that
x’=10, log g=7.1 and that =8 shows a best fit with the experimental results. (c) As (a), 0.002 <<
¢ <0.095. (d) As (b), x’=20. A good fit between the experimental and theoretical results cannot
be obtained because a too high value was chosen for x’. (¢) As (b), proportionality between the
activity and the molarity of potassium ions has been assumed. It can be seen that the value of
log g that gives the best fit between the experimental and theorctical results, /.e., 6.4, is close
to the value obtained by taking into account the effect of the concentration dependence of the
activity coefficient of K+, i.e., 7.1 (see (b) and text).

have drawn three theoretical curves assuming that x’ =10 and using eqns. 12 and 13.
The activity coefficient, v, of potassium ions has been estimated by assuming that it
is equal to the mean activity coefficient of potassium chloride, which could be ex-
pressed approximately as

yze-OJS./m (18)
when the concentration of potassium chloride is less than 0.3 M (ref. 12). The param-
eter g (see eqn. 8) has been estimated by using a value of 0.8 for the ratio of the inter-
stitial volume of the column section to the total packed crystal volume!3. It is evident
from eqn. 12 that the theoretical curve moves vertically when log g changes. It is also
evident that when ¢ increases, the slope of the curve increases. It can been seen from
Fig. 2b that the best fit is obtained when log g=7.1 and when ¢=8. Good fits are
also obtained between experiment and the theory if S<x’<15. The corresponding
values of log ¢ and ¢ are 12,7 and 90, respectively, when x’=35, and 6.4 and 4, respec-
tively, when x’ = 15, If we assume that x’ =20, the theoretical curves are all less curved
than the experimental result (Fig. 2d), while if x’ is too small, the situation is reversed.
In Fig. 2e, we have drawn theoretical curves assuming that x’=10 and that the
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activity of potassium ions is proportional to the molarity, and using eqn. 16. In order
to obtain the best fit with the experimental results, log 4=6.4 and ¢'=35 should be
chosen. It should be noted that the value of log g thus obtained is close to the value
obtained by taking into account the dependence of the activity coefficient on the
molarity, i.e., 7.1.

In Appendix II in ref. 3, it was mentioned that cytochrome ¢, which is a basic
protein like lysozyme, is adsorbed on the flat surfaces of the blade-like crystals of
HA and that the adsorbing P sites are probably arranged hexagonally on the surface
with a minimal distance of 9.432 A (see also Appendix I). Fig. 3a shows schematically
a molecule of lysozyme adsorbed on the flat crystal surface. In order to simplify the
figure, it has been assumed that lysozyme is represented by a prolate spheroid of
dimensions 45x30x30 A (ref. 14). It has been also assumed that the adsorption is
such that the maximum molecular surface is brought into contact with the crystal,
as this should be energetically favoured. It can be seen in Fig. 3a that the value of
X’ is about 10, which is in good agreement with the value 5<<x’<<15 estimated above.

Fig. 3. (a) Schematic representation of the molecule of lysozyme adsorbed on P sites of HA.
It has been assumed that lysozyme is represented by a prolate spheroid of dimensions 45 x 30 x 30
A and that crystal P sites are arranged hexagonally with a minimal interval of 9.432 A. (b) As
(a), in the case of cytochrome c. It has been assumed that cytochrome ¢ is represented by a prolate
spheroid of dimensions 37 x 25x 25 A. (c) As (a), in the casc of B-lactoglobulin A. It has been
assumf\d that S-lactoglobulin A is represcnted by a series of two spheres each having a diameter
of 36 A.

Cytochrome ¢

In Fig. 4 are plotted the results for cytochrome c¢ in the same manner as for
Fig. 2. All points correspond to Fig. 1A in ref. 7 and have ¢ values of less than 0.2.
As cytochrome c is also a basic protein (isoelectric point=9.8-10.1, ref. 15), it has
been assumed that the elution is made only by potassium ions. The threecurves are
theoretical, calculated by using eqn. 18 for the expression of the activity coefficient
of potassium ions and, as for lysozyme, using ¢ =8. In parts (a), (b) and (c) in Fig. 4,
the value of x’ has been chosen as 10, 8 and 6, respectively, and the corresponding
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Fig. 4. Plots of the experimental and theoretical results of the chromatography of cytochrome
c on to the (log sae+), Mmeiuc+)) plane. The symbols correspond to those in Fig. 1A in ref. 7.

When x’ is between 8 and 10, good fits between the experimental and theoretical results can
be obtained.

values of log g have been determined in order to obtain the best fits. It can be seen
that the slope of the theoretical curve is too small when x'=6, but when x’ is between
8 and 10, good fits between the theoretical and experimental results are obtained and
the value of log ¢ is estimated to be between 8.5 and 10.2, As cytochrome ¢ can be
represented by a prolate spheroid of dimensions 37x25x25 A (ref. 16), the value
of x’ estimated above is reasonable (see Fig. 3b).

Tropocollagen*®

As the clution of tropocollagen is hardly influenced by sodium chloride or
potassium chloride (see Appendix I in ref. 3), we can consider that the elution is
caused by phosphate ions in the buffer and that molecules are adsorbed mainly on
to C sites through carboxyl groups (see Introduction). The theoretical analysis is
carried out on the data from 26 experiments, 16 of which correspond to 16 points in
Fig. 2B in ref. 7. In this section, m,,, is defined as the phosphate molarity at which
the maximum height of the chromatogram is eluted, because with tropocollagen the
coordinate of the maximum height can often be measured more precisely than the
centre of gravity of a peak. especially when the chromatogram shows several peaks.

* The isoelectric point of tropocollagen is about 7 (ref. 17).
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Fig. 5. (a) Plots, on to the (log s(r), mew(r)) plane, of the experimental result of the chromato-
graphy of tropocollagen and of the regression line for some of the experimenta) points shown
in (c). The values of the parameter ¢ of any experimental point are between 0.014 and 0.556.
Symbols O, @ and @ show the cases when the chromatography is carried out by using the slope,
expressed as values reduced to a column of diameter 1 cm, of phosphate gradicnt, grad,
that are equal to about 10-% M/ml, 4-10~4 M/ml and 4-10-5 M/ml, respectively. Sixtecen of the
points are for the same experiments as in Fig, 2B in ref. 7. It can be considered that the regression
line represents the theoretical curve and x‘e’ and log ¢ can be evaluated from it. (b) As (a), 0.014 <
¢ <<0.095. () As (a), 0.014 <c<C0.042,
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The -points in Fig. 5a, 5b and Sc are experimental plots of log sp) versus meyyp),
where the subscript (P) indicates that the values concern phosphate ions. In Fig,
5a, 5b and 5S¢, the ranges of ¢ values are 0.014 <<c¢ <{0.556, 0.014 <¢ <<0.095 and
0.014 < <0.042, respectively. The straight line in each part of Fig. S is the regression
line for m,,, on log s obtained by the least-squares method for six points in Fig. Sc,
It can be seen that when c is greater than 0.095, the experimental points are distributed
mainly on the left-hand side of the regression line, which means that the dependence
of m,,, on c¢ is greater for tropocollagen than for lysozyme (see Fig. 2a, 2b and 2c).
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Fig. 6. Plots of dme1u as a function of ¢. The symbols correspond to those in Fig. 5. It is reasonable
to assume that the value of Anrews extrapolated to ¢=0 is zero.

In Fig. 6 are plotted the differences, 4m,,,, between the experimental »1,, values and
the values on the regression line at the same value of log s, as a function of ¢. The
points obtained for the lowest values of ¢ (i.e., ¢ <0.05) in Fig. 6 correspond to those
in Fig. 5c that were used for the calculation of the regression line. It is reasonable
to assume that the value of 4m,,, extrapolated to ¢=0 is zero, which means that the
regression line can be used, provided that the amount of sample loaded is very small*.
If we assume further that the activity of phosphate ions is proportional to the molarity,
then eqn. 17a can be applied in order to relate log s, and mg ), because for tropo-
collagen x’ is large and ¢'m,,, is small (see below). It should be noted that egn. 17a
shows a linear relationship between log s,y and #m1.,p, and that the regression line
in each part of Fig. 5 can represent the theoretical curve for tropocollagen. This
enables us to estimate values of log g=12.1 and x’¢’py=179. In Appendix Il in ref. 3,
it was mentioned that C sites are probably arranged on the crystal surface with a

* In Figs. 2B and 1D in ref. 7, it has been shown that /eiu depends on the column length

but not on the slope of the phosphate gradient. It can be shown that, even if this dependence
does occur, it is too small to be detected in this case.
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minimal interval of the order of 10A and that x’ is of the order of several hundreds.
If it is assumed that tropocollagen is adsorbed on a single array of C sites, which is
probable (see Appendix II), then x’ can be estimated to be about 300. Using this value,
we obtain ¢’'~0.6. It is easy to show that eqn. 15 or 16 gives essentially the same
curve as eqn. 17 in the range of the experimental values of m,,, if both x’ and ¢' have
values of the orders estimated above. This means that the estimation of x’ by the
method developed for lysozyme is impossible.

It would be interesting to estimate x’ and log ¢ when tropocollagen competes
with cations. In this case also eqn. 17a can be used and the values x’'=23.8 and
log g=30.0 are obtained, assuming that ¢’=35 (see Lysozyme). As the tropocollagen
molecule is much larger than those of basic proteins (tropocollagen is represented
by a rod of about 15x3000 A, ref. 18), the estimated value of x’, which is only
about twice the value obtained for basic proteins, is unreasonable. Therefore, we are
obliged to assume that tropocollagen is adsorbed mainly through carboxyl groups.

Finally, it should be recalled that we obtained a value of log g=12.1. As this
value is of the same order as that calculated for basic proteins, and as the total
number of carboxyl groups of tropocollagen, i.e., about 280 (see ref. 19), is much
larger than the number of basic groups of basic proteins, i.e., about 20 (see ref. 20),
it can be suggested, assuming that there is no great difference between values of
log (f50) for both types of adsorption (see also Appendix I), that the adsorption
energy for a carboxyl group is much less than the value for a basic group. This fact
could explain why the elution molarities of acidic proteins are generally low com-
pared with the molarities of basic proteins®:°,

B-Lactoglobulin A*

Fig. 7a and 7b are plots of the experimental points of Fig. 1C in ref, 7, shown
as Mgk +) versuslog k+y and mgup) versus log spp). The ¢ values of all points are less
than 0.2. In Fig. 7a and 7b, we have drawn the theoretical curves that siaow the best
agreement with the experimental points. These curves were evaluated assuming that
molecules are adsorbed on to P or C sites. For the calculation of the theoretical curve
in Fig. 7a, eqn. 18 was used for the expression of the activity coefficient and it was
assumed that ¢ =8. For the curve in Fig. 7b, it was assumed that the activity is pro-
portional to the molarity of phosphate ions and eqn. 17a was used. This equation can
be considered to be valid as an approximate relationship even in the case of small
macromolecules. In these calculations, the values of X’ and log g obtained are x'=10
and log ¢g=9.5, and x’=57 and log ¢=6.6. For the estimation of the latter value
of x’, it was assumed that ¢’ =0.6 (see Tropocollagen). Fig. 3c represents schematically
the molecule of B-lactoglobulin A adsorbed on P sites; we used as a model for the
molecule two spheres each having a diameter of 36 A (see ref. 22). It can be seen that
the number of adsorption sites covered by a molecule is about twice the number
corresponding to lysozyme and that the value of x' is about 20. This conclusion is
valid even if the molecule is adsorbed on to C sites, as the minimal interval between
neighbouring sites is probably about the same as for P sites (see Appendix 1Iin ref. 3).
This value is intermediate between those obtained by assuming that the molecule is

* The isoelectric point of A-lactoglubolin A is 5.1-5.2 (ref. 21).
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Fig. 7. (a) Plots, on to the (log suc+), Mmeuix+)) plane, of the experimental result of the chromato-
graphy of f-lactoglobulin A in Fig. 1C in ref. 7 and of the theoretical curve that gives the best
fit with the experimental results obtained by assuming that f-lactoglobulin A is adsorbed only
on to P sites through basic groups, The symbols correspond to those in Fig. 1C in ref. 7. (b)

As (a), with plots on to the (log s(r), me1n(r)) plane assuming that B-lactoglobulin A is adsorbed
only on to C sites through carboxyl groups.

adsorbed only on to P or C sites. In the following paper®, it is shown that the experi-

mental results in Fig. 7 can be explained by assumihg that f-lactoglobulin can be
adsorbed on to both P and C sites.

APPENDIX I

In this paper, log ¢ has been estimated for several proteins. From its definition
(see eqn. 2), xe3/kT can be estimated if the value of log (83;0) is known. As all
of the proteins considered have asymmetric shapes, the value of o is unity. In this
Appendix, we give a rough estimation of 83 and of x and &,

Now, £33 has been defined by eqn. 31 in ref. 1 and by eqn. 42 in ref. 2. When
the density of the molecules on the crystal surfaces is small, the number of possible
orientations of each molecule, z’, can be replaced by the coordination number, =z,
of the adsorption sites on the crystal surface. In this case, eqn. 31 in ref. 1 (eqn. 42 in
ref. 2} is valid for molecules of any shape and dimensions and can be written as

Bs= T3z 55 (A1)

Ia=g (A2)
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In egn. Al, 64 and &V are the total effective crystal surfaces and the interstitial

volume in the column section, respectively. It should be noted that the value of
" 04 can be different for P and C adsorption sites (see below). In eqn. A2, 4; and
m; are the absolute activity and the concentration (number/volume) of macromole-
cules in the interstitial liquid. As the concentration of macromolecules is low, m4
can be assumed to be equal to the activity, so that I'y is effectively independent of
the type of molecules.

Estimation of 6A[/0V

Adsorption on P sites. In Appendix II in ref. 3, it was mentioned that HA
crystals have blade-like shapes and that the adsorption of cytochrome ¢ on the flat
surfaces of the crystals can be observed. On the other hand, it has been observed that
about 14 mg of cytochrome ¢ are adsorbed per millilitre of packed HA crystals
equilibrated with 1073-10~2 M phosphate buffer (pH 6.8). When pure distilled water
is used as the solvent, the amount of adsorbed molecules decreases slightly. In the
case of lysozyme, the amount that can be adsorbed is about 10 mg/ml when equili-
brated with 1073102 M phosphate buffer and 2.5 mg/ml if pure distilled water is
used as the solvent. Assuming that these molecules virtually saturate the crystal
surfaces when the buffer concentration is between 10~ and 1072 M and that one
molecule of cytochrome ¢ (mol. wt. 1.2 10*) occupies 37 x25=925 A2 (see Fig. 3b)
and one molecule of lysozyme (mol. wt. 1.4-10%) occupies 45 x 30=1350 A2 (see
Fig. 3a), then the total area of the crystal surfaces per millilitre of packed HA on
which adsorption occurs can be estimated to be 6.5-10* cm? and 5.8-10% cm?.
These values are approximately equal. As, on the other hand, the interstice of the

packed crystals occupies about 80%, of the total volume'3, we obtain for the value
of 5A4/6V

R 4
%’-’=-6—6%§-=7.5-104cm"=7.5-10"4 At (A3)

where the subscript P’ indicates P sites; it should be noted that 64/5V has the di-
mension of (length)~!. In eqn. A1, however, the length has to be expressed in such
a unitthat the area of the elementary surface on HA that contains a single adsorption
site is equal to unity. As P sites are very probably arranged hexagonally on the
crystal surface and as the minimal interval between the neighbouring sites is 9.432 A
(see Fig. 3), it is easy to calculate the value of this unit as 8.78 A and hence

5A|!'

Sy = 7-5:107%-8.78=6.6-107" unit ™" (A9

Now, assuming further that adsorption occurs on both faces of the crystal, the
mean value of the thickness of the crystal can be estimated by using eqn. A3 to
be about 670 A.

Adsorption on C sites. We can consider that the most typical example of
adsorption on C sites is the adsorption of DNA, because there are only acidic
adsorption groups on the molecular surface. It has been shown by Bernardi'® that
about 10 4540 units or 0.5 mg of native DNA is adsorbed per millitre of packed HA
crystals equilibrated with 1073 A phosphate buffer. As the molecular weight of
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DNA is about 700 per 3.4 A and as its molecular diameter is about 20 A, assuming
that adsorbed molecules are parallel (see Appendix I in ref. 1) with an interval of
20 A, one can estimate the total area of the adsorption surfaces of HA per millilitre
of packed crystals to be about 3-10% cm?, which is one twentieth of the value es-
timated for basic proteins. It follows from this estimation that

6Ac'

7%
where the subscript C’ indicates C sites and where it has been assumed that the value
of the unit of eqn. A5 is the same as in eqn. A4. This assumption is reasonable as
a first approximation, because the shape of the unit cell of HA is reasonably sym-
metrical (see Appendix I in ref. 3)*. As the effective surface is very small in the
case of adsorption on C sites, it is likely that this type of adsorption occurs on the
side faces of the crystals (see below). In this case, if a molecule is adsorbed perpen-
dicular to the flat surfaces, it has to be adsorbed by using only one part of its length,
because the molecules are usually much longer than the thickness of the crystal,
i.e., 670 A. It is evident that the maximum possible number of molecules that can
be adsorbed on the crystal surfaces in a column section is obtained if each molecule
is adsorbed perpendicular to the flat crystal surfaces. If the total amount of mole-
cules in the column section is large, one cannot exclude the possibility that the *“‘per-
pendicular phase™ is realized. However, as the concentration of molecules in the
interstitial liquid is usually small, the ‘“‘parallel phase™, in which each molecule is
energetically stable but where the maximum possible number of molecules that can
be adsorbed is small, will be realized in the section of the column in the first step
of the loading. In the second step, new molecules will flow into the section, but
the total amount of molecules in the section will still be small, because the concen-
tration of molecules in the solution is small. Even if the saturation state in the
“parallel phase’ has finally been reached on the crystal surfaces before the inflow
of new molecules, the occurrence of the phase transition to the ‘““perpendicular phase™
caused by the inflow of molecules is improbable, because the amount of flowing
molecules is always small. These molecules will remain in the solution and flow
out in the next step. It should be noted that the “*parallel phase’” has been assumed
for the calculation of eqn. A5**.

It is now necessary to estimate the ratio of the area of the side crystal faces
to the area of the flat surfaces and to test whether this ratio is compatible with the

*“ If we assume that adsorption sites are arranged so as to make elementary rectangular
cells of dimensions 6.881 x 9,432 A2 (see later), we can calculate essentially the same value for

0A/6V.

** Using the assumption that the adsorption occurs on the side faces of the crystal, we can
estimate the arrangement of the adsorption sites by using the same method as in Appendix II
in ref. 3. Tt is now probable that the plane parallel to the ¢ vector appears on the side faces.
Therefore, it can be considered that the adsorption sites are arranged so as to make rectangular
elementary cells, one of the sides of which has a length of l?| or 6.881 A and is perpendicular
to the flat crystal surfaces. If the row of the repeating units presenting the minimum interval
between them on the flat crystal surfaces or a plane parallel to both a and b vectors appears on
on the effective side faces, then the side of the elementary rectangle which is parallel to the

flat crystal surfaces has a length equal to lal or |3|, i.e., 9.432 A, which seems the most probable
value. '

= 3-10"% unit™! (AS)
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hypothesis that adsorption on C sites occurs on the side faces. We can consider
that Fig. A2 in Appendix II in ref. 3 represents a typical photograph of HA crystals
prepared for the chromatography, and it can be seen that many of crystals have
a diameter of the order of 0.01 mm. On the other hand, as the thickness of the crystals
has been estimated to be about 670 A, the ratio between two different crystal surfaces
can be estimated to be of the order of 10”2, which is smaller than the value of 1/20
for the ratio of the adsorption capacities between DNA and basic proteins. However,
as it is probable that the HA preparation contains small crystals that cannot be
observed definitively, these two different ratios seem to be compatible. One cannot,
of course. eliminate completely the possibility that DNA is adsorbed on the flat
surfaces but that the adsorption capacity z’ (see ref. 1) is small because of the strong
repulsive interaction between molecules. This model, however, does not seem prob-
able, because the interaction energy would be extremely high.

Tropocollagen

It has been shown that about 2 mg of tropocollagen are adsorbed per millilitre
of packed HA crystals equilibrated with 107* M phosphate buffer (pH 6.8) which
is 0.15 M in sodium chloride and | M in urea. Assuming that a molecule (mol.
wt. 300.000) occupies an area of 14 %2800 A2 on the crystal surface, the adsorption
surfaces of HA per millilitre of packed crystals can be estimated to be about 1.6-10%
cm?. This value is five times that for DNA and one quarter of that for basic proteins.
Assuming that P and C sites are arranged on the flat surfaces and the side faces of
HA, respectively, the adsorption capacity for tropocollagen could be explained by
the hypothesis that molecules are adsorbed on both P and C sites through basic
and carboxyl groups, respectively. On the other hand, we have mentioned that tropo-
collagen is adsorbed mainly on to C sites, because the elution of molecules is hardly
influenced by sodium chloride and potassium chloride. The same conclusion has
been reached in the analysis of the chromatography of tropocollagen. It should
be noted, however, that the chromatography reflects mainly the state where the
density of molecules on the crystal surfaces is small, because the development of
molecules is possible only when the density is small. It will be in this state that
molecules are adsorbed mainly on to C sites.

Finally, it should be also noted that basic proteins might be adsorbed on
both P and C sites in the saturation state. If this is true, our calculation carried out
on the assumption that all molecules are adsorbed on P sites in the case of basic
proteins is valid, as the domain of C sites is much smaller than the domain of P sites.

Estimation of 3

Assuming that P and C sites are on the flat surfaces and side faces of the crys-
tals, respectively, the values of the coordination numbers of the adsorption sites
can first be estimated to be

Zp.=6 (A6)
and

Zo=2 (A7)

* It should be noted that in all calculations, the effect of the possible oricntations of each
competing ion on the adsorption site, which is related to the coordination number of the sites,
has not been taken into consideration, as this cffect will influence the result of the calculations
only slightly.
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Now, we can estimate /'3 and [3; (see eqn. Al). Assuming that tropocollagen is
adsorbed on a single array of C sites (when the density of the molecules on the crystal
is small), it has been shown that

(p’(p)=0.6 (AS)

in which the subscript P indicates that the value concerns phosphate ions in the
buffer and ¢’'(p, is defined by eqn. 14 or by

"™/} m) KT

v (P) __ LB ’

Py =g =¢ T (py (A9)
P)

In an earlier paper®, assuming the “‘microheterogeneous model” for tropocollagen,
the adsorption energy on a carboxyl group, ¢, (the subscript @ represents an acidic
group) has been estimated as

£,~0.5 kcal/mole (A10)
or we have
et *Tx25 (Al0a)

On the other hand, it is known that the elution phosphate molarities of denatured
DNA., poly(L-glutamic acid) and poly(L-aspartic acid) are about 0.12-0.14 A/
(ref. 13), 0.25 M and 0.4 M (ref. 23), respectively. We can consider that all these
molecules exist as random coils under the experimental conditions. In DNA, there
is one phosphate group per nucleotide, the molecular weight of which is about 350,
and in poly(L-glutamic acid) and poly(L-aspartic acid) there is one carboxyl group
per amino residue, the molecular weights of which are 130 and 150, respectively.
Now, as the elution molarity is approximately proportional to the ratio between
the numbers of adsorption groups of the molecule reacting with the adsorption sites
of the crystal and of the crystal sites covered by the molecule, provided that the
adsorption energies on phosphate and carboxyl groups are the same and as this
ratio could be roughly proportional to the reciprocal of the molecular weight per
residue that contains one adsorption group, it can be concluded that the adsorption
energy on a carboxyl group is about equal to the energy on a phosphate group.
It should be noted, on the other hand, that the phosphate buffer at pH 6.8 contains
equal amounts of monovalent and divalent phosphate ions. We assume now that
the adsorption energy on a divalent phosphate ion is twice the energy of a monovalent
ion and that the energy on a phosphate ion of the buffer is, on average, 1.5 times
the energy on a phosphate group of DNA or a carboxyl group of protein. We can
now have

£ 20.75 (A11)
or

" PV/kT 4 (Alla)
and from eqns. Alla, A8 and A9, the value

I'e,=0.15 (A12)
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is obtained. It should be noted that m4, is expressed in terms of molarity and that
that m; (see eqn. A2) has to be expressed in terms of number/(8.78 A)3, where
8.78 A was the unit used in eqns. A4 and AS. It is easy to show that | A/=0.407
(number/unit®). Now, as the activity coefficient, y, of the competing ions could
be estimated to be roughly 0.75 when the molarity of the ions is close to the elution
molarity'? and as the activity coefficient of macromolecules could be considered
to be virtually unity, because the concentration of macromolecules in the column
" interstice is usually low, I'y can be roughly estimated as

F3=~T’q, 4/0.40720.5 (A13)

Hence, the value of f; in the cases of adsorption on P and C sites (denoted by Sy
and .. respectively) can be calculated, by substituting eqns. A4, A6 and Al13 and
eqns. A5, A7 and A13, respectively, into eqn. Al, as

fp-=2-1072 (Al4)
and

fcr=3-1074 (Al5)
or we have

log Bpr = —3.9 (Alda)
and

log B¢~ —8.1 (Al15a)

Estimation of xe3/kT, x and &

In the third column of Table AI are given values of xe3/kT estimated for
lysozyme, cytochrome ¢ and tropocollagen by using eqns. Al4a, Al5a and 2. Now,

TABLE Al
PARAMETERS FOR DIFFERENT PROTEINS

Prorein Type of xealkT ealkcal/mole) X X’ &
adsorption assumed
assumed
Lysozyme Basic, groups, 11.0 2 3.3 10 0.35
P sites : .
Cytochrome ¢ Basic groups, 12.4 2 3.7 8 0.46
P sites
Tropocollagen Carboxyl 20.2 0.5 22 300 0.073

groups, C sites

we can estimate the adsorption energy on a basic group ¢, (the subscript b indicates
a basic group) of a macromolecule. We now have the relationship

+
e x KT ) vy

= eftk* )/kTr'(K+) (Al6)
M +)

‘P'(K+) =
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for the potassium ions in the buffer. Therefore, assuming that
I'ery= (A17)

and that the adsorption energy on a basic group is the same as the energy on a po-
tassium ion, and using the value of ¢’ +,

k=S5 (A18)
estimated in this paper, we can have

e®/kT o ot /KT o, 30 (A19)
or

gy X ek +y X 2 kcal/mole (A19a)

In the fifth column of Table Al are given the value of x for three proteins estimated
by using eqn. Al9a or eqn. A10. We have estimated the values of & (the last column)
for three proteins using the values of x’ given in the sixth column. It can be seen
that the values of both x and & are larger for cytochrome ¢ than for lysozyme. which
can be explained by the fact that the total numbers of basic amino residues of cyto-
chrome ¢ and lysozyme are 24 and 18, respectively?® and that the value of x’ for
cytochrome c¢ is perhaps slightly smaller than the value for lysozyme (see Fig. 3a
and 3b). It can also be seen that the values of & for both basic proteins are much
larger than the value for tropocollagen. This could be explained at least partially
by the fact that the proportion of basic amino residues to the total residues in basic
proteins (0.14 and 0.23 for lysozyme and cytochrome ¢, respectively?®) is larger
than the proportion (0.09) of acidic residues in tropocollagen!®. This difference,
however, is not large enough to explain completely the difference in & values. It
is probable that this difference can be mainly explained by the fact that a globular
protein is more flexible (giving rise to a large value of /7 (ref. 3)) than tropocollagen.
Moreover, it is known that the total number of active groups is small for small
molecules; this produces, in general, large variations in the adsorption modes or
in the number of groups that can react with adsorbing sites of HA. Therefore,
there are large differences between the mean value and the maximum possible number
which we have chosen as our parameter?,

APPENDIX II

In Appendix I, the value of x for the molecular species of tropocollagen that
appears in the main peak of the chromatogram was estimated to be about 22. This
value, however, is larger than the value (about 13) calculated earlier*. In this Ap-
pendix, we want to explain the discrepancy between these x values. The manner
of adsorption of tropocollagen on HA is also discussed.

In the earlier paper®, we assumed, in order to calculate the theoretical chro-
matogram, that X’ is infinite. Moreover, the total number, v, of *“‘elementary domains™
was chosen in order to obtain the best fit with the experimental results. On the other
hand, we have shown in Appendix II in ref. 1 that the transition in B values occurs
(on average) at a smaller phosphate molarity if x’ has a smaller value. This conclusion
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is valid even when molecular interactions occur. One would therefore expect that
the theoretical chromatogram of tropocollagen would appear at a smaller phosphate
molarity if a finite x’ value is used, which means that a smaller value of » has also
to be chosen in order to maintain the fit with the experimental values, because if
v decreases, x increases and the position of the peaks moves to the right (see Fig. 1
in ref. 3) or to a higher phosphate molarity. This explains qualitatively why the
value of x estimated in Table Al in Appendix I is larger than the value in the earlier
paper®. As the decrease in v causes a slight increase in the total number of chromato-
graphic peaks (see Fig. 1 in ref. 3), it can be suggested that 7z (see ref. 3) is of the
order of 0.9 or slightly larger, because the number of peaks decreases if 7 increases
(see Fig. 6 in ref. 3). Here, it should be recalled that the value of ¢, was estimated
in ref. 4 by using the » value which gives a best fit with the experimental values
assuming that x'=co. It can be shown that the best value of ¢, changes only slightly
if a smaller v value and larger & value are chosen.

Now, we shall try to explain quantitatively the difference in the x values.
In an earlier paper', we showed that the value of A, at which the chromatographic
peak is eluted when there are no molecular interactions is equal to A°, (=e&ea/kT—1)
provided that x’ = co0. Therefore, denoting by m1° », the value of the phosphate molarity
when A4, =41°,, we have

A% 5 e¥a/kT _ g
(P'(p) ‘P'(p)

and the value of m°py can be estimated by using eqns. A10 (or A10a) and A8 and
a value of § (see Table AI) as 0.117. On the other hand, the experiments used for
the comparison with theory in ref. 4 were run at a slope of the phosphate gradient
of about 4-107° M/ml (see Figs. 6, 7 and 8 in ref. 24) and correspond to points
such as @ in Fig. 5 in this paper. It can be seen in Fig. 5 that these points exist in
the range of phosphate molarities of 0.05-0.075 M, which means that the theoretical
chromatogram has to be calculated (assuming that x’= o0 and that there are no
molecular interactions) such that the maximum height of the pattern is eluted at
a phosphate molarity of 0.117 M instead of 0.05-0.075 M. It also means that the
value of x for the highest peak has to be 13-:0.117/(0.05-0.075)=20-30 instead
of 13. It can be seen that the range of values 20-30 is in good agreement with the
value of 22 estimated in Table Al

Now we can attempt to calculate the critical value, m°k+,, of the potassium
molarity. This molarity can be expressed as

n o(p) = - (AZO)

AO(K"') _ egcb/kr_l

me g+ =

- - (A21)

P+ Pk
As the total number of basic groups of tropocollagen is essentially equal to the
number of carboxyl groups, using for & the value estimated in Table Al and also
using eqns. A19 (or Al9a) and A18, m°+, can be calculated to be 0.06, which is
smaller than the value of the molarity of sodium chloride in the initial buffer, i.e.,
0.15 M (see refs. 7 and 24). This means that the adsorption of molecular species
with & (concerning basic groups) equal to 0.073 on to P sites is gencrally impossible,
provided that the adsorption energy on a sodium ion is equal to the eneigy on a
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potassium ion and that the value of ¢’ is also the same for these two types of ions.
In Appendix I, on the other hand. we mentioned that tropocollagen is probably
adsorbed on to both C and P sites only in the initial stage of the chromatography.
Here, it should be noted that some molecular species probably have higher & values.
If we double the ¢ value, we have m°+,=0.13, which is close to 0.15. It seems,
however. that even this value is slightly too small to explain the hypothesis that some
molecules are initially adsorbed on to P sites. It should be noted, however, that all
parameters in Appendix I have been evaluated only roughly.

Finally, let us recall that the parameter ¢’p, was evaluated on the assumption
that tropocollagen is adsorbed on a single array of Csites when it is adsorbed through
carboxyl groups. One cannot., however, exclude the alternative possibility that the
molecules are adsorbed on two arrays of sites (see Appendix Il in ref. 3). Using this
assumption, one can evaluate x’ to be 600 and ¢’;, to be 0.3, Following the same
argument as in Appendix I. one obtains log fp-= —4.6 and log .= —8.8, which
is essentially the same result as in Appendix 1 (see eqns. Al4a and Al5a). One can
also calculate that &,=2.5 kcal/mole, and for tropocollagen. x=23, £=0.038 and
m® py=0.117. If we assume further that ¢’ +,=35, then m° ., =0.03 and m° k.,=0.07
are obtained for §=0.038 and £=0.038-2=0.076, respectively”. It can be seen that
these values of m1° ., are smaller than the values 0.06 and 0.13 obtained by assuming
that tropocollagen is adsorbed on a single array of C sites when it is adsorbed through
carboxyl groups. Therefore, it does not seem probable that molecules are adsorbed
on more than a single array of C sites.
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