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Studies on Human Serum High-Density Lipoproteins.
Self-Association of Human Serum Apolipoprotein

A-IT in Aqueous Solutions®

Lidia B. Vitello} and Angelo M. Scanu*#$

ABSTRACT: Some of the solution properties of pure prepa-
rations of human serum high-density apolipoprotein A-II
were studied by sedimentation equilibrium ultracentrifuga-
tion, conducted at different apoprotein concentrations and
at several speeds. The concentration dependence of the ap-
parent weight average molecular weight indicated that apo-
lipoprotein A-II, when dissolved in 0.02 M EDTA (pH 8.6),

Apolipoprotein A-II (apo-A-II)! is one of the major
components of the human serum high-density lipoprotein
(HDL) class (Morrisett et al., 1975; Scanu et al., 1975).
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undergoes self-association. Over a protein concentration
range between 0.8 and 1.5 mg/ml, the self-association could
best be described by a monomer-dimer-trimer step associa-
tion, although indefinite self-association could not be ruled
out. The equilibrium constants obtained were sufficient to
describe the system over the concentration range investi-
gated.

The chemical properties of this apoprotein are known, in-
cluding its amino acid sequence (Brewer et al., 1972); it has
a molecular weight of 17 400 and is made up of two identi-
cal polypeptide chains linked together at the sixth position
from the amino terminal by a single disulfide bridge. It is
now established that apo A-II retains binding capacity for
lipids in vitro. Several investigations have been conducted
on the definition of the molecular properties of this apopro-
tein with reference to its lipid binding (Assmann and Brew-
er, 1974; Makino et al., 1974; Morrisett et al., 1975; Reyn-
olds and Simon, 1974; Stoffel et al., 1974; Vitello et al.,
1975).

Even though a large amount of information is available
on the properties of apo A-II, very little is known on the be-
havior of this polypeptide in aqueous solutions. In this re-
port, we present data indicating that apo A-II tends to self-
associate in aqueous solution.

Materials and Methods

Preparation of Apo A-II and Assessment of Purity.
Human serum HDL (p 1.063-1.21 g/ml) were separated
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FIGURE 1: Typical plot of a sedimentation equilibrium experiment of
apo A-I11in 0.02 M EDTA (pH 8.6); initial concentration, 0.86 mg/ml;

speed, 16 000 rpm; temperature, 20 °C. For details, see text.

and purified by preparative ultracentrifugation as previous-
ly described (Scanu, 1966), starting from fresh pooled
blood. Apo-HDL was obtained by delipidation in 3:2 (v/v)
ethanol-ethyl ether at —10 °C (Scanu and Edelstein,
1971). The resulting apo-HDL was solubilized in 0.01 M
Tris (HCI) buffer (pH 8.2) and 8 M urea, and fractionated
by Sephadex G-200 column chromatography in 8 M urea
(Scanu et al., 1969). Peak IV eluted from this column was
further resolved by DEAE-cellulose ion exchange column
chromatography in 6 M urea under conditions described
previously (Scanu et al., 1972). The fraction corresponding
to apo A-ll was dialyzed exhaustively against 0.01 M
NH4HCOs;, and was either used immediately after dialysis
or lyophilized and stored under nitrogen at —10 °C. The
purity of apo A-II was carefully controlled, since impurities
would have affected the results. The preparations used mi-
grated as a single band by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (Weber and Osborn, 1969)
over a range of protein concentrations between 20 and 200
ug. They also gave a single line of immunoprecipitation
with antibodies raised in the rabbit against human apo
A-II, but did not react against anti-apo A-I antibodies. Oc-
casionally, the amino acid composition of the preparation
was checked and found to correspond to that in published
reports (Scanu et al.,, 1975; Morrisett et al., 1975).

Studies in the Analytical Ultracentrifuge. The pure apo
A-Il was extensively dialyzed at 4 °C against 0.02 M
EDTA (pH 8.6), u = 0.12, 1072 M NaNj. The final protein
concentrations were between 0.8 and 1.5 mg/ml, as deter-
mined by the method of Lowry et al. (1951) with bovine
serum albumin used as the standard and with an appropri-
ate correction factor from amino acid analyses.

Molecular weight determinations were carried out by
means of a Beckman Model E analytical ultracentrifuge
equipped with electronic speed control and Rayleigh optics.
The conventional sedimentation equilibrium method de-
scribed by Richards et al. (1968) was followed. In order to
reduce the time required to reach equilibrium, we used an
initial overspeed interval of 2 to 3 h at 1.5 times the final
speed. The range of final speeds was between 14 000 and
18 000 rpm. Details of this procedure have been described
by Chervenka (1970). A synthetic boundary centerpiece
was used in all experiments. We omitted the fluorocarbon
oil layer, however, to avoid its possible interaction with apo

1162 1976

BIOCHEMISTRY, VOL. 15, NO. 5,

VITELLO AND SCANU

A-II. The initial concentration in fringes, ¢y, was deter-
mined from a diffusion experiment immediately following
the completion of the sedimentation equilibrium run. The
conversion factor between fringes and concentration was
2.39 X 1074 g ml~! fringes™!. The partial specific volume
of apo A-II, calculated from the amino acid composition,
was 0.743 ml/g. Solvent densities were measured in a Met-
tler-Anton Paar magnetic density meter (Mettler, Hights-
town, N.J.). All studies were carried out at 20 °C.

Results

The apparent weight average molecular weight, My,
can be obtained from sedimentation equilibrium measure-
ments by the basic equation:

2RT

M, =-———
Y (1 = bp)w?

dlnc¢/d(#?) (N
where R is the gas constant, T the absolute temperature, &
the partial specific volume, p the density of the solution, w
the angular velocity, ¢ the concentration of the solute, and »
the distance from the center of rotation.

For apo A-II, the plots of log ¢ vs. r? (Figure 1) were
nonlinear over the concentration range studied (0.8 to 1.5
mg/ml) and for speeds between 14 000 and 18 000 rpm.
The apparent weight average molecular weights determined
from tangents to curves such as that shown in Figure 1
ranged from about 18 000 at the lowest to about 35 000 at
the highest concentration. The actual molecular weight
range in the individual runs depended upon the initial pro-
tein concentration and rotor speed. The observed increase of
the apparent weight average molecular weight with the in-
crease in protein concentration can be ascribed to nonideal
effects and/or to higher molecular weight species present in
solution. The first possibility may be ruled out by the fact
that the plot of the reciprocal of the apparent weight aver-
age molecular weight as a function of protein concentration
was nonlinear and had a large negative limiting slope. Also,
the nonlinearity of the plot would require virial coefficients
of higher orders to permit extrapolation to the monomer
molecular weight. Alternatively, the effect may be attrib-
uted to charge fluctuations. This possibility seems improba-
ble, however, due to the moderately high ionic strength of
the medium employed, and due to the fact that the chosen
pH of the solutions was far from the isoelectric point of the
protein (p/ = 4.65; Edelstein et al., 1973); both of these
factors tend to minimize the effect of charge fluctuations
(Tanford, 1967). Hence, the most likely interpretation for
the increase in the apparent weight average molecular
weight attending the increase in protein concentration ap-
pears to be the self-association of the apo A-II monomer to
form higher molecular weight species. Based upon this con-
clusion, the concentration dependence of the apparent
weight average molecular weight of apo A-II was analyzed
according to standard procedures for self-associating sys-
tems (Adams, 1965; Rao and Kegeles, 1958; Steiner, 1952).
The basic assumptions used in the analysis were that (a) the
partial specific volumes of all species were equal, (b) the re-
fractive index increments of all species were equal, and (c)
the activity coefficient, y;, of each species was represented
by In y; = iBMc, where B is the second virial coefficient
and all terms higher than the first order in ¢ are negligible.

For self-associating systems, the apparent weight average
molecular weight, M, is defined by:

MM, = (M1/My) + BM ¢ (2)

Wapp
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where M, is the monomer molecular weight and M., is the
weight average molecular weight corrected for the nonideal
effects (Adams and Williams, 1964; Goldberg, 1963) de-
fined as:

M, =Y ciMi/co (3)

where M; is the molecular weight of species i and ¢ is the
total protein concentration. The latter can be expressed
(Adams and Williams, 1964; Adams, 1967) as:

c= ZC,’ (4)

where ¢; is the concentration of species i. Adams and Wil-
liams (1964) have shown that the concentration of a mono-
mer is given by the equation:

c| = aexp(—BMc) (5)

in which
w=cexp [ UMMu) - 116 (©)

The exponential term in eq 6 represents the apparent weight
fraction of the monomer, fa, which can be obtained from
the experimental data by integration of a plot of [(M/
M,,.) — 11/c vs. ¢ (Adams, 1967).

The number average molecular weight, M, can also be
obtained from sedimentation equilibrium studies (Adams,
1965) by eq 7 where My, is the apparent number average
molecular weight and M, is defined in eq 8.

j; " (MyMuy,)de = (eMi/My) + (BM1c¥2) =

(eM/My,,)  (7)
My = /3 ciM; (8)

Additional expressions of the type M "Z¢;M;" can be devel-
oped as needed for the analysis (Adams, 1967, Adams and
Lewis, 1968).

Monomer-Dimer Self-Association. The initial model
used in an attempt to fit the data was the monomer-dimer
equilibrium as described by the relation:

2P| - Pz

where P is the molecule undergoing association and P; is its
associated form.

The equilibrium constant, K, for this process is given by
eq 9. By expressing ¢, as K»{cy)?, substituting this value
into both eq 2 and 3, and rearranging the terms, one obtains
eq 10. Equation 10 contains two unknowns, B and K. By
using eq 4 and 9 and expressing ¢, in terms of the second
virial coefficient (eq 5), one can eliminate K3, and eq 11
now only contains one unknown, B.

Ky = [c3/(e1)?] (%)
1
(M\/cM ) — BM,

=) +2K2€12 (10)

1
(Ml/CMWapp) - BM]

Solution of eq 11 for BM/ by successive approximations
at each protein concentration (solutions of apo A-II in 0.02
M EDTA, pH 8.6) gives values of BAMf, which were found
to increase systematically from —1.67 X 102 ml/g at low
concentrations to —0.584 X 102 ml/g at the highest concen-
tration investigated. This indicates that the monomer-

2¢c = aexp(—BMc) + (1

dimer model is not adequate to explain the experimental
data.

Monomer-Dimer-Trimer Model. The next model in-
cluded the possibility of trimer formation, which may be
represented by:

2P =P,
3P, =P,
The constant K> has been defined by eq 9, and
K3 = c3/(c1)’ (12)

Expressing ¢z as K2(c1)? and ¢3 as K3(c;)? and substituting
the values into eq 2 and 3, one obtains:
1

(M\/cM ,,,) — BM,
which contains three unknowns: BM, K>, and K;. K, and
K3 may be eliminated by use of eq 4, 5, 8,9, and 12:
6CM1
M

=C|+2K2€12+3K36‘13 (13)

—5¢=2aexp(—BMc) +
Napp

1
(Ml/CMWapp) - BM1

The solution of eq 14 by successive approximations at each
concentration gave values of BM; which varied randomly
between 5.84 X 102 and —2.29 X 102 ml/g; the average
value was (—0.3 £ 2.1) X 102 ml/g. Since BM| was zero
within experimental error, the system was assumed to be
ideal in the subsequent calculations. By rearranging eq 13,
one can show that a plot of:

3BMic? — (14)

1 1
[(M,/cMW) - BM, c'] [Zﬁ]

vs. ¢1 should yield a straight line with a slope of 3K3/2 and
an intercept of K,. The results for apo A-II follow a linear
relationship with the derived values of K, and K3 being 8.87
X 10> M~!and 2.05 X 108 M2, respectively. These results
indicate that the experimental data may be explained on the
basis of the monomer-dimer-trimer model.

In addition to the two models discussed above, alterna-
tives were examined, namely, the monomer-trimer and mo-
nomer-dimer-tetramer models. Neither of these fitted the
experimental data.

Finally, we considered the indefinite self-associating
model.

Indefinite Self-Association. If the self-association of a
given solute proceeds without limit, the system represents
an indefinite self-association (Adams, 1967; Adams and
Lewis, 1968) which may be described by expressions of the
type: 2P; = Py, K12 = [Py][P1]% Py + P, = P3, K33 =
(P3]/[P1][P2], etc. Following the convention described by
Adams (1967), the concentrations of the reacting species
are expressed in grams per milliliter. If it is assumed that all
the equilibrium constants, K, are equal, the intrinsic associ-
ation constant & may be defined as k = 1000K/M;. In
terms of k, the total concentration will be represented by
the series:

C=C1(1 +2kC12+ 3k2612+4k4614+...) (15)
which, when k¢, < 1, becomes:
C=Cl/(1 —kCl)z (16)

It has also been shown that the relationship between the
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FIGURE 2: Comparison of the experimental values of M),/M.,, for
apo A-II with two theoretical models: (@) experimental data; (—) mo-
nomer-dimer-trimer self-association; (- -) indefinite self-association.
(See text for details.)

experimentally obtained quantities M/M,,, and M\/M
and the nonideal term BM is given by eq 17 and 18.

Napp

M 1
= +BMc  (17)
M“’app 2 -1
Ml/Mnapp—BMlc/Z
M BM
L= (1 = key) + (18)
M“app

By solving eq 17 for BM, at each protein concentration,
we obtained the values of BM . These values were found to
vary randomly between 0.584 X 10? mi/g and —1.42 X 102
ml/g, with an average of —0.08 £+ 0.71 ml/g. Since BM is
again zero within experimental error, the system can be as-
sumed to be ideal. Therefore, the second term on the right
side of eq 18 becomes zero. A plot of M1/M,,, vs. ¢ should
be linear, with an intercept of 1 and a slope equal to k. This
relationship holds and yields a value of & = 3.09 X 102
ml/g which, in units of moles per volume, is Kijsa = (5.4 =
0.1) X 103 M~} Hence, indefinite self-association also fits
the data within experimental error.

According to our analyses, both the monomer-dimer-tri-
mer and the indefinite self-associations have been shown to
describe the dependence of the Mu,,, of apo A-II as a func-
tion of concentration. A plot of M/M..,,, vs. concentration
is shown in Figure 2. The solid and dashed lines were calcu-
lated for the monomer-dimer-trimer and indefinite self-
associations, respectively. A detailed analysis of the fit indi-
cates that the sum of the squares of the deviations between
experimental and theoretical points for the monomer-
dimer-trimer model is 0.0011 and that for the indefinite
self-association is 0.0017.

The association constants for the models considered as
well as the ratios of MI/MWapp obtained experimentally and
calculated at several concentrations for the monomer-
dimer-trimer and indefinite self-associations are summa-
rized in Table [.

Discussion

By using established procedures to study the behavior of
self-associating systems, we have shown that aqueous solu-
tions of pure human apo A-II follow self-associating pat-
terns which may be described by a discrete self-association
of monomer-dimer-trimer or by an indefinite self-associa-
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Table I: Comparison of Experimental and Calculated M /M

for Apo A-IL tapp
MMy

¢ (Fringes) Exp n=1,2,3a ISAb.c
2 0.784 0.778 0.792

4 0.662 0.653 0.678

6 0.590 0.591 0.604

9 0.530 0.541 0.527

11 0.510 0.521 0.488

9K,=(8.87£0.02) x 10° M~"; K, = (2.05 = 0.06) X 10° M2,
bISA = indefinite self-association. ¢ Kjga = (5.4 £ 0.1) X 10° M~

tion system. In the protein concentration range studied, and
under the chosen experimental conditions, it is not possible
to distinguish unequivocally between these two modes of as-
sociation. However, a detailed numerical analysis of the
data shows that the sum of the squares of the deviations is
about 25% lower for the monomer-dimer-trimer system
than for the indefinite self-association mode. This would
tend to support the former model. In a recent report, which
appeared after this work was completed, Osborne et al.
(1975) make reference to unpublished results indicating
that native apo A-II undergoes dimerization in aqueous so-
lutions. In the absence of technical details we are unabie to
make a direct comparison between those results and the
ones presented in this paper. It is possible, however, that
conditions of analyses may account for the different modes
of apo A-II association observed. According to Osborne et
al. (1975), the tendency to dimerize is retained by the single
reduced and carboxymethylated chain of apo A-II although
the potential influence of the chemical modification on this
process was not determined. In this context it is of interest
to note that the naturally occurring single chain of apo A-11
of the Rhesus monkey (M. mulatta) self-associates in aque-
ous solutions (Barbeau and Scanu, 1975).

The definition of the mode of association of apo A-II in
solution is also important for the understanding of the
mechanism whereby this apoprotein interacts with lipids.
Work conducted in this laboratory (M. C. Ritter and A. M.
Scanu, manuscript in preparation) has shown that lipid
binding by apo A-II is markedly influenced by its state of
aggregation. Similar observations were made with apolipo-
protein A-I, the major apoprotein of HDL (Vitello et al,,
1975; Vitello and Scanu, 1976). It follows that the solution
properties of the HDL apolipoproteins, and probably of any
other apoprotein, must be established before studies on
their interaction with lipids or any other ligand are carried
out and interpreted.
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A Kinetic Study of Protein-Protein Interactions?

Ruth Koren and Gordon G. Hammes*

ABSTRACT: Kinetic studies have been carried out of the
monomer-dimer interaction of insulin, S-lactoglobulin, and
a-chymotrypsin using stopped-flow and temperature-jump
techniques. The pH indicators bromothymol blue, bromo-
phenol blue, and phenol red were used to monitor pH
changes associated with the monomer-dimer interaction. In
all three cases a kinetic process was observed which could
be attributed to a simple monomer-dimer equilibrium, and
association (k) and dissociation (k_) rate constants were
determined. The results obtained are as follows: for insulin
at 23 °C, pH 6.8, 0.125 M KNO3, k; = 1.14 X 108 M~!
s7! k-1 = 1.48 X 10*s~!; for B-lactoglobulin AB at 35 °C,
pH 3.7, 0.025 M KNO;, k) = 4.7 X 10* M~} =t k_, =
2.1 s7Y for a-chymotrypsin at 25 °C, pH 4.3, 0.05 M

A number of studies have been directed toward charac-
terizing the equilibrium properties of protein-protein inter-
actions (cf. McKenzie, 1967; Blundell et al., 1972: Aune et
al.,, 1971; Horbett and Teller, 1974). However, relatively
little information is available concerning the dynamics of
protein-protein interactions. In the work reported here, ki-
netic studies have been carried out of the self-association of
insulin, 3-lactoglobulin, and a-chymotrypsin using stopped-
flow and temperature-jump techniques. Changes in pH ac-
companying the self-association have been used to monitor
the course of the reaction.

* * From the Depgrtment of Chemistry, Cornell University, Ithaca,
New York 14853. Received October 8, 1975. This work was supported
by a grant from the National Institutes of Health (GM 13292).

KNOs, k; =37 X 103 M~ !5~} k_; = 0.68 s~'. The kinet-
ic behavior of the separated $-lactoglobulin A and B was
similar to that of the mixture. In the case of chymotrypsin,
bromophenol blue was found to activate the enzyme cata-
lyzed hydrolysis of p-nitrophenyl acetate, and a rate process
was observed with the temperature jump which could be at-
tributed to a conformational change of the indicator-pro-
tein complex. The association rate constant for dimer for-
mation of insulin approaches the value expected for a diffu-
sion-controlled process, while the values obtained for the
other two proteins are below those expected for a diffusion-
controlled reaction unless unusually large steric and electro-
static effects are present.

Ultracentrifuge studies of insulin (Zn free) aggregation
have been made at pH 2 (Jeffrey and Coates, 1966) and at
neutral pH (Pekar and Frank, 1972). Monomer, dimer, tet-
ramer, and higher aggregates have been used to account for
the data at pH 2, while at neutral pH values monomer,
dimer, hexamer and higher aggregates were found to ac-
commodate the data better. Although a detailed study of
the pH dependence of the aggregation equilibria is not
available, the amount of polymerization appears to decrease
with decreasing pH (Blundell et al., 1972). In the kinetic
studies, attention was confined to a range of protein concen-
trations in which the monomer and dimer are the prevalent
species.

The aggregation properties of 3-lactoglobulin have been
studied over a wide pH range (McKenzie, 1967; Albright
1165
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