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ABSTRACT Analysis of the binding of hydrophobic peptides or proteins to membranes generally assumes that the solute
is monomeric in both the aqueous phase and the membrane. Simulations were performed to examine the effect of solute
self-association in the aqueous phase on the binding of monomeric solute to lipid vesicles. Aggregation lowered the initial
concentration of monomeric solute, which was then maintained at a relatively constant value at the expense of the aggregated
solute, as the lipid concentration was increased. The resultant binding isotherm has a more linear initial portion rather than
the classic hyperbolic shape. Although this shape is diagnostic of solute self-association in the aqueous phase, various
combinations of values for the membrane partition coefficient and the solute self-association constant will generate similar
isotherms. Data for cytochrome b, were analyzed and, when the self-association constant was estimated by gel filtration, a
unique value for the membrane partition coefficient was obtained. Thus, to obtain a true partition coefficient the state of the
solute in the aqueous phase must be known. If the concentration of the monomeric solute species in the aqueous phase can
be independently determined, then, even with heterogeneous aggregates, the true partition coefficient can be obtained.

INTRODUCTION

It is generally accepted that the unique localization of mem-
brane proteins in cell membranes is due in most cases to
distributed segments of hydrophobicity along the polypep-
tide chain. Many efforts have been made to quantitate the
hydrophobicity of a protein, a peptide, or even a single
amino acid, by measuring the partitioning of it between
water and lipid bilayers or between water and an organic
phase. One ultimate aim of such studies is to place the
individual amino acids on a “hydrophobicity scale.” If such
a scale could be accurately constructed it would be possible
to reliably predict which segments in a protein sequence
would be membrane-inserted. Many such scales have been
generated and have been summarized extensively (Eisen-
berg, 1984; Wimley and White, 1996).

Several methods have been used to compare the hydro-
phobicities of the amino acid side chains, and the most
complete experimental study is that of Wimley and White
(1996), which builds upon earlier studies (Wimley and
White, 1992, 1993; Jacobs and White, 1989). In their recent
report they measured the mole-fraction partition coefficients
between buffer and lipid vesicles of a series of “host-guest”
pentapeptides, in which the central residue in the pentapep-
tide was each of the 20 amino acids taken in turn. As these
peptides were shown not to penetrate deeply into the lipid
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bilayer, these studies determine the free energies of transfer
of each amino acid side chain between water and the bilayer
interface. Other studies have investigated the interaction of
larger peptides, which penetrate deeper into the membrane,
and the free energies of transfer of various mutated hydro-
phobic signal sequences have also been determined (Jones
and Gierasch, 1994).

This report examines the effect of self-association in the
aqueous phase on membrane partitioning. As far as we are
aware this has not been considered previously, although a
solute that has enough hydrophobic character to associate
with a membrane would be expected to self-associate in the
aqueous phase. Indeed, Wimley and White (1996) noted
that one of the peptides they had synthesized, AcWL,
appeared to aggregate in the aqueous phase and hence the
authors did not make use of the AG of transfer calculated for
this peptide in any of the computations performed in that
publication. The only other case in which the effect of
self-association of a peptide solute upon partitioning has
been noted was in the studies of the interaction of the
peptide alamethicin with lipid vesicles by Schwarz and
co-workers (Rizzo et al., 1987). They noted that the binding
of alamethicin to vesicles could only be simulated by pos-
tulating the self-association of the peptide in the bilayer but
not by self-association of the peptide in the aqueous phase.
Although this self-association in the membrane is to be
expected because of the pore-forming properties of alam-
ethicin, it has also been shown to occur with certain trans-
membrane helices derived from intrinsic membrane proteins
(Bormann and Engelman, 1992).

In order to examine the effect of self-association in the
aqueous phase on membrane partitioning of hydrophobic
peptides we have simulated binding curves, by an iterative
numerical technique, for a solute that undergoes self-asso-
ciation in the aqueous phase. The effect of the number of
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molecules in the aggregate and the strength of the self-
association were examined. Because the amount of solute
bound to the vesicle is related to both the membrane parti-
tion coefficient and, reciprocally, to the strength of solute
self-association in the aqueous phase, quite similar binding
curves can be generated by different combinations of these
two parameters. This suggests that the evaluation of an
experimental partition coefficient for a self-associating sol-
ute is difficult unless the dissociation constant for the ag-
gregate can be obtained independently. As a test of these
conclusions, previously published binding data on cyto-
chrome bs (bs) (Tretyachenko-Ladokhina et al., 1993) were
reanalyzed with the additional knowledge of the dissocia-
tion constant of the aqueous phase aggregate.

Cytochrome bs has been studied extensively as a model
membrane protein since it has the advantage of being water-
soluble in the absence of detergents. In aqueous solution the
protein has been shown to exist predominantly as an oc-
tamer (Spatz and Strittmatter, 1971; Calabro et al., 1976),
although the binding to lipid vesicles has been shown to
proceed through the monomeric form (Leto and Holloway,
1979; Krishnamachary et al., 1994). It is also known from
previous studies that bs does not aggregate in the bilayer
plane when bound to vesicles (Freire et al., 1983). We are
currently interested in the effect of amino acid substitutions
in the membrane-binding domain and alterations in the
composition of the lipid bilayer on the interaction of the
protein with vesicles (Basaran et al., 1996). If the protein
self-associates in the aqueous phase, then this will compli-
cate the normal analysis of binding curves that are based on
a two-state model. We show here that the fitting of an
experimental bs binding curve without any constraints does
not produce reasonable results. However, when the value of
the dissociation constant for the aggregate evaluated by
small-zone gel filtration is used, reasonable estimates of
both the partition coefficient and the aggregation number of
the aggregate are obtained. This analysis is applicable to
other measurements of partition coefficients and, provided
the concentration of free monomeric solute in the aqueous
phase can be determined, the true partition coefficient can
be obtained even when the solute is present as random
aggregates in the aqueous phase.

MATERIALS AND METHODS

The native rabbit endoplasmic reticulum form of cytochrome bs was
isolated from Escherichia coli as described previously (Ladokhin et al.,
1991). The buffer used in the gel filtration was 10 mM HEPES-0.1 mM
EDTA (pH 7.3 at 25°C), which was the same buffer used previously to
study the binding of bs to SUV made from POPC (Tretyachenko-
Ladokhina et al., 1993). The conductivity of this buffer as measured with
an Omega CDB-70 conductivity meter (Omega Engineering, Stamford,
CT) was 504 uS. The measurement of conductivity was a simple procedure
for standardizing the ionic strength of various buffers. Samples of 10, 5,
2.5, 1.9, or 1.25 nmol of by in 40 wl HEPES buffer were mixed with 10 ul
SM KCl, to ensure all the protein was in the aggregated form (Calabro et
al., 1976), and were then applied to a column (1 X 22 cm) of Sephadex
G200 Superfine at 25°C. The flow rate was 2.4 ml/h and the effluent from
the column was monitored at 412 nm with a flow cell in a spectrophotom-
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eter, the output from which was interfaced to a computer via an interface
board (Omega Engineering, Stamford, CT). Data points were taken every
20 s and written in a computer file. The concentration of protein eluting
from the column was estimated using an € = 117,000 M~ cm™".

RESULTS AND DISCUSSION
Simulations of protein binding to vesicles

Simulations of the binding of a protein to lipid vesicles were
performed using a partition model. The mole fraction par-
tition coefficient, Ky, is defined as:

Ky = ([SI/ILDASIW/IWD) (1)

where [S]; and [S]yy are the molar concentrations of solute
in the vesicle fraction and aqueous fraction (bound and
free), respectively, and [L] and [W] are the molar concen-
trations of lipid and water, respectively (Wimley and White,
1996).

If the solute undergoes self-association into an aggre-
gated form, an N-mer, in the aqueous phase:

NS =Sy

In practice, the concentration of Sy, would usually be deter-
mined by measuring the concentration of the molecules of S
which are in the aggregated form. Hence the actual concen-
tration of Sy will be the measured concentration of the
solute S which is in the aggregated form, divided by N
([SnIJw/N). The dissociation constant of this aggregation
process can then be written as:

Ky=N- ([S]W)N/[SN]W (2)

where K is the dissociation constant for the conversion of
N-mer to monomer and [Sy]y is the concentration of the
solute molecules which are in the N-mer form in the aque-
ous phase. The existence of this equilibrium will influence
the binding of the solute to lipid vesicles. For any lipid or
solute concentration both the solute-lipid interaction equi-
librium (Eq. 1) and the protein dissociation equilibrium (Eq.
2) must simultaneously be obeyed. In particular, the con-
centration of [S]y, available for binding to the vesicles will
depend upon the equilibrium expressed in Eq. 2.

The effect of the equilibrium in Eq. 2 upon the binding of
solute to vesicles, modeled by Eq. 1, was simulated by a
program written in BASIC. In this program, trial values of
Kp, N, and total solute concentration were used to calculate
the concentrations of free monomer and N-mer in an itera-
tive manner using Eq. 2. This value of monomer concen-
tration was then used with Eq. 1 to calculate the concentra-
tion of bound solute. This results in a perturbation of the
equilibrium shown in Eq. 2, which then requires a recalcu-
lation of monomer and N-mer concentrations. At each lipid
concentration, the values found for free monomer tended to
converge in the program after ~20 iterations of Eq. 2 and
the values of bound protein after 300 iterations of Eq. 1.
More importantly, at this point the values of K, and Ky
calculated from the derived concentrations of the three



930 Biophysical Journal

solute species were equal to the original values input for K,
and Ky. As the number of iterations required depended
upon the lipid concentration, the number of iterations for
Eq. 2 were set at 100 and the number of iterations of Eq. 1
at 1000, to ensure the correct convergence had occurred at
each lipid concentration. At this point the program incre-
mented the lipid concentration by a predetermined amount
and the process was repeated.

For the initial simulations, the protein was assumed to
undergo cooperative aggregation to an 8-mer. In all cases
the partition coefficient (Ky) was set at 107 and K, was set
at infinity, with no aggregation occurring, or at 3.29 X
10732 M7 or 2.09 X 10~ M’. The choice of N came from
earlier studies with bs; where there was evidence that the
protein formed an 8-mer (Calabro et al., 1976) and Ky came
from preliminary fitting of b5 binding data (see below). The
values of K, were obtained from Eq. 2 by setting the
concentrations of monomeric protein, in the presence of 1
1M total protein, to realistic values of 0.05 uM and 0.02
1M (see by data later). As shown in Fig. 1, when K, =
infinity (closed circles) a normal binding isotherm is ob-
tained. As K, is assigned smaller values (closed squares and
closed triangles), the simulated binding curves at low lipid
concentrations become more linear and the protein appears
to have a lower affinity for the lipid.

The validity of the simulations can be seen from the
following model calculations. The simulated data, from
which the isotherm represented by the closed triangles was
generated, gave the following values of the three protein
“species” when 101 uM lipid was present: protein mole-
cules present as 8-mer in the aqueous phase ([Sylw),
0.63680 wM; protein molecules present as monomer in the
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FIGURE 1 Simulations of the effect of protein self-association upon the
binding of the protein to vesicles. The simulations were performed for an
8-mer with a Ky of 107 and a K, of infinity (closed circles), 3.29 X 1072
M’ (closed squares), and 2.09 X 10~%° M7 (closed triangles). In addition
a simulation for a 30-mer and K;, of 2.94 X 107212 M?° (closed diamonds)
is shown. The open circles show the simulation defined by the closed
triangles can also be fit by using a fixed value for Ky of 10% and a value
of K;, found by least squares, of 1.91 X 107 M.
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aqueous phase ([S]y), 0.01895 uM; and protein molecules
bound to lipid ([S],), 0.34425 uM. When these values are
inserted into Eq. 1,

Kx = ([SI/ILDASIW/IW])
= (0.34425 X 107 - (55.6)/(101 X 107)
-(0.01895 X 1079
=0.9995 X 107

compared to the input value of 107 for Ky.. When the values
are inserted into Eq. 2,

Kp=N- ([S]W)N/[SN]W
=(8) -+ (0.01895 X 107%)?%/(0.63680 X 107°)
=2.089 X 107%° M,

compared to the input value for K 0of 2.09 X 107°> M’ The
protein concentrations in this simulation are here presented
to unrealistic accuracy because any rounding of the values
would have a large effect upon the ultimate calculated value
of K, and so mask the precision of the calculations.

Also shown in Fig. 1 is the simulated binding curve for a
solute which aggregates to a 30-mer with a value of K, set
at 2.94 X 1072'> M?° (closed diamonds). This value of K,
was calculated from Eq. 2 assuming that the monomer
concentration, in equilibrium with the 1 uM protein existing
as a 30-mer, was also 0.05 uM. As can be seen, the binding
curves for the 8-mer (closed squares) and 30-mer (closed
diamonds) initially superimpose at low lipid concentrations,
but the binding curve for the 30-mer maintains a longer
linear portion until it sharply curves to join the curve ob-
tained with the protein that does not aggregate (closed
circles).

The reason for these “more linear” binding curves is seen
in Fig. 2, where the corresponding concentrations calculated
for protein in the unbound monomeric and aggregated forms
in the same simulations are shown. The initial concentration
of free monomeric protein (dotted lines) becomes progres-
sively smaller as K, is decreased, but then the concentration
of monomeric protein declines only slowly from this initial
value as the lipid concentration increases. In these latter
situations it is the concentration of protein in the aggregated
form (solid lines) which decreases as the lipid concentration
increases. In essence, the aggregated protein is acting as a
buffer for the monomeric protein and, as the latter remains
relatively constant, the amount of bound protein is almost
linearly proportional to the lipid concentration, while ap-
preciable concentrations of aggregated protein exist. Once
the concentration of aggregated protein approaches zero
then a more hyperbolic binding curve is obtained. It should
be noted that the very small size of K, is a result of its
7th-power (or 29th-power for the 30-mer) dependence. As
will be shown later, the free energy term associated with this
equilibrium is for the incorporation of N molecules into the
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FIGURE 2 Simulations of the effect of protein self-association upon the
concentration of unbound monomer and unbound aggregate in the presence
of vesicles. The amounts of the unbound monomer (dotted lines) and
unbound aggregate (solid lines) are from the same simulations shown in
Fig. 1, and the same symbols are used.

N-mer. A more useful free energy value is for the incorpo-
ration of one molecule into the N-mer.

While these simulations generate binding curves that are
obviously dependent upon all the input parameters, there is
some interdependence between Ky and K, which might,
intuitively, prevent a unique fit to an experimental binding
isotherm. In order to test this concern, the original BASIC
program was modified so as to globally search for values of
Ky and K which would best fit (by least squares) the
simulated data in Fig. 1. These results are also shown in Fig.
1 where the data that resulted from the simulation with K
and K, of 107 and 2.09 X 107°° M’, respectively, were
subjected to the fitting program with K fixed at 10° and N
fixed at 8. The best fit was now obtained with K, = 1.91 X
1079 M’ (open circles), which corresponds to an initial
monomer concentration of 0.002 uM rather than the 0.02
1M used to generate the original simulated data. Given that
these fits are to “ideal” data, it is apparent that a unique fit
to “real” experimental data would be very difficult to obtain
when both K, and Ky are allowed to vary simultaneously.
If a unique value for Ky is to be obtained, some independent
estimation of K is needed (see below).

Analysis of experimental binding data obtained
with cytochrome b,

The simulated binding isotherms shown in Fig. 1 at non-
infinite values of K, are quite similar to published binding
curves for bs (Leto and Holloway, 1979; Tretyachenko-
Ladokhina et al., 1993; Taylor and Roseman, 1995). Such
binding curves have been analyzed according to various
models but, as far as we are aware, the self-association of
the protein in the aqueous phase has not yet been incorpo-
rated into any of these models. As a test of the concerns
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expressed above, previously published fluorescence data for
the binding of bs to lipid vesicles (Tretyachenko-Ladokhina
et al., 1993) were subjected to the analysis described in the
present report.

The original binding data for bs were obtained by fluo-
rescence titration. This technique is often used to monitor
the binding of solutes to membranes and depends upon the
fluorescence enhancement that occurs as the solute moves
from the aqueous phase into the hydrophobic environment
of the bilayer. The overall fluorescence (F;) of a sample
containing monomer, aggregate, and vesicle-bound solute
will be:

Fw - [Slw + Fx - [Sxlw + Fo - [S]L 3)
[Slw + [Sx]w + [SL

FT=

where Fy,, Fy, and F; are the fluorescence values of the
solute when completely monomeric in aqueous solution,
completely aggregated in aqueous solution, or completely
bound to the vesicle, respectively. Fy, and Fy can be deter-
mined once the aggregatory properties of the system, as
described in Eq. 2, are known. F; is difficult to obtain,
unless binding is very tight, as light scattering will interfere
with the fluorescence measurements at high lipid vesicle
concentrations and full binding will of course only be ap-
proached asymptotically. Interestingly, the method of Eis-
inger and Flores (1985), which is very effective in compen-
sating for light scattering effects, may not be valid here as
this procedure uses a sample dilution technique to extrapo-
late the observed fluorescence to infinite dilution, and this
dilution will perturb the various equilibria.

The situation with bs is actually less complicated than the
general case described above. Previous studies have defined
the fluorescence changes that occur upon aggregation and
vesicle binding of bs. The binding of bs to lipid vesicles is
accompanied by a twofold increase in fluorescence quantum
yield, whereas the conversion of octamer to monomer is
accompanied by only a 3% increase in quantum yield, and
only a 1.5 nm red-shift in the emission maximum (Leto and
Holloway, 1979).

Equation 3, above, then simplifies to:

Fr = (Fy - ([Slr — [Sl) + F - [SI/[S 4)

where Fy, and F; are the fluorescence intensity values of by
in the absence of lipid and when fully bound to vesicles,
respectively, and [S]; is the total amount of bs. Although
Eq. 4 is valid irrespective of the mechanism of binding of
the bs, we have shown previously that the species of bs
which binds to lipid vesicles is the monomeric form (Krish-
namachary et al., 1994; Leto and Holloway, 1979). In
addition, fluorescence studies have shown that neither bs
nor even its isolated membrane-binding domain self-asso-
ciate in the membrane (Freire et al., 1983).

The difficulty in assigning a value for the fluorescence of
the fully bound b5 will markedly influence the data analysis.
This can be appreciated from the simulation shown by the
closed triangles in Fig. 1, where only 98% of the protein is
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bound even at a lipid concentration of 500 uM. At this lipid
concentration appreciable light scattering would be occur-
ring and any attempt to increase the lipid concentration
further would be counter-productive. If the fluorescence
enhancement seen at 500 wM lipid were used to calculate
[S]. at each lipid concentration, a large systematic error
would be introduced. Instead of picking an almost arbitrary
value for F; and fitting the derived values of [S];, it was
decided to fit the original experimental fluorescence data. In
addition, in an effort to circumvent the difficulty of choos-
ing an appropriate value for F; , the computer program used
for fitting the simulated binding isotherms, as described
above, was modified to allow the maximum fluorescence
(Fp) to also be varied as the experimental fluorescence data
were fit. In this way it should be possible to extract values
of Ky and K, from any experimental fluorescence data
without ever reaching full binding of the protein, with its
associated light scattering problems. In practice, an initial
value for F; was chosen (1.75) which was well below the
maximum fluorescence value experimentally observed
(1.82) and this value was then incremented in a step-wise
manner in order to determine the sensitivity of the fitting
procedure to the value chosen for F; . For each value of F,
the values of K, Ky, and N were then varied to produce
calculated values of F that gave the best fit, as judged by
the “sum-of-the squares-of the-residuals,” to the actual ex-
perimental fluorescence binding data. In this way no pre-
conceived assumptions were made as to the values of N or
F,. The residuals of these fits are shown in Fig. 3 and
indicate that the best overall fit is obtained with a 25-mer
using a maximum fluorescence value of 1.86. From Fig. 3 it
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FIGURE 3 Fitting of experimental fluorescence data for bs binding to
lipid vesicles. The iterative program was used to find the value of K, which
best fit the bs fluorescence binding isotherm as the value of K, , the value
of the maximum normalized experimental fluorescence enhancement upon
binding, and the aggregation number (N) were varied. The data shown are
for values for N of: 8, 9, 10, 12, 14 (closed: circle, square, triangle, inverted
triangle, diamond), 16, 18, 20, and 25 (open: circle, square, triangle,
inverted triangle).
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appears that better fits to the experimental data are obtained
with values of N greater than 12 when the maximum fluo-
rescence is set between 1.83 and 1.85. Fig. 4 shows the
simulated binding curves for 8-, 12-, 18-, and 25-mers with
the maximal fluorescence set to 1.83, 1.84, 1.85, and 1.86,
respectively, together with the experimental data (closed
circles). The values of Ky determined by these simulations
ranged from 2.2 X 10° for a 25-mer to 4.0 X 10° for an
8-mer. If attempts are made to fit the data without consid-
ering aggregation, then the fit shown by the open circles was
obtained, which corresponds to a Ky of 0.9 X 10°. This
latter fit had a sum-of-the-squares-of-the-residuals 10 times
that of the other fits in the figure. The same fit as that
indicated by the open circles was also obtained when the
data were fit by a nonlinear least squares program (Johnson
and Frasier, 1985).

Although these fits to the experimental data are very
good, and are almost indistinguishable by eye, there was
concern that the fitting routine selected both large aggrega-
tion numbers and high values for the maximum fluores-
cence, and thus the final value of K; could be in error.
Previous studies had indicated that the aggregation number
for b5 was 8; however, this value was obtained in a different
buffer system and it was noted that the amount of mono-
meric bs decreased dramatically as the buffer concentration
was increased slightly (Calabro et al., 1976). More recently
we have found that the concentration of monomeric bs in
equilibrium with aggregated protein was also influenced by
the type of buffer and its pH. These latter observations could
be rationalized by measurement of the conductivity of the
buffers, whereupon it was found that a constant monomer
concentration was seen at constant conductivity, irrespec-
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FIGURE 4 Global fitting of experimental fluorescence data for bs bind-
ing to lipid vesicles. The best fits to the experimental data (closed circles)
for values of N of 8, 12, 18, and 25 were obtained from Fig. 3 and had
values of Ky 0of 4.0, 3.2, 2.6, and 2.2 X 10°. The binding curves simulated
from these values are shown by the short dash, solid, medium dash, and
dotted lines, respectively. The best fit to the experimental data assuming no
aggregation was obtained with a Ky of 0.9 X 10° (open circles).
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tive of buffer type and pH. This sensitivity to ionic strength
is presumably due to the highly charged polar domain of the
bs which contains 8 Asp, 10 Glu, 8 Lys, and 3 Arg residues.
However, if slight increases in ionic strength of the buffer
shielded these charges sufficiently to displace the equilib-
rium toward the aggregated form, then it could well allow
more efficient packing and a larger aggregation number. In
order to address these concerns about the previous, unre-
stricted, fitting procedure, where K, Ky, N, and F; were all
allowed to vary, it was decided to use gel filtration to obtain
some estimation of K.

Analysis of cytochrome b, self-association by
gel filtration

In an earlier publication the self-association of by isolated
from rabbit liver was examined by analytical ultracentrifu-
gation and gel filtration (Calabro et al., 1976). In an aggre-
gating system such as this, a complete thermodynamic anal-
ysis cannot be made by small-zone gel filtration (Ackers,
1970) but it can give some indication of the size of the
aggregate and of the self-association equilibrium constant.
If the self-association of a membrane protein is driven, as is
its binding to membranes, by the hydrophobic effect, then it
is likely that the aggregate contains many monomers and
that the self-association is a cooperative process. There
would be little shielding of the hydrophobic domain if
lower-order aggregates were formed. This is what is seen
with most detergents. Detergent micelles have quite defined
aggregation numbers because of geometric considerations
(Tanford, 1980) and gel filtration has been used to examine
detergent micelle-monomer systems (Herries et al., 1964).
When a solution containing detergent micelles is applied to
an appropriate gel filtration column, the micelles elute near
the void volume followed by a plateau corresponding to the
concentration of monomer which at all times is in equilib-
rium with the micelles. If a self-aggregating solute is un-
dergoing a cooperative aggregation, then depending upon
the degree of aggregation, the monomer “plateau” seen
upon gel filtration can be used to estimate Kp. With most
detergents the aggregation number (N) is very large and the
“plateau” concentration is the “critical micelle concentra-
tion” which is equal to 1/K;, (Tanford, 1980). However,
even for much lower values of N, the monomer concentra-
tion is relatively independent of total solute concentration,
as shown in Fig. 5. In Fig. 5 the dependencies of monomer
concentration upon the total solute concentration were cal-
culated from Eq. 2 with [S]yy set at 0.05 uM, [S] set at 1.7
uM, and values of N varied as 5, 6, 7, 8 (dashed lines), 9
(dotted lines), and 10, 12, 20, and 35 (solid lines). As can be
seen, even with an 8-mer, by the time the concentration of
solute reaches 2 to 4 uM the concentration of free monomer
is relatively independent of further increases in total solute
concentration. Hence, if an estimation of the concentration
of monomer in a solution containing 2-4 uM of total
protein can be obtained, then this can be used to calculate an
approximate value of K, by Eq. 2.

Membrane Protein Self-Association 933

0.08

0.07 A

0.06 -

0.05 -

0.04 -

0.03 -

MONOMER CONCENTRATION (uM)

0.02 t : . . . .
0 2 4 6 8 10 12
TOTAL SOLUTE CONCENTRATION (uM)

FIGURE 5 Relationship between monomer concentration and total sol-
ute concentration in a system with differing aggregation numbers. The
equilibrium constant for the cooperative self-association of the different
aggregates was calculated assuming the monomer and total solute concen-
trations were 0.05 and 1.7 uM, respectively. The curves, with decreasing
monomer concentration, represent 5-, 6-, 7-, and 8-mer (dashed lines),
9-mer (dotted line), and 10-, 12-, 20-, and 35-mer (solid lines).

Gel filtration upon Sephadex G200 was performed with
bs using the same buffer as used previously in the binding
experiments. The results are shown in Fig. 6 and it can be
seen in the inset of Fig. 6 that irrespective of the size of the
sample applied and a 20-fold variation in concentration of
the peak eluted in the void volume, the concentration of by
eluting between 1700 and 1900 s never exceeds ~0.05 uM
and is relatively constant with time. This region corresponds
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- N
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TIME (103 seconds)

FIGURE 6 Gel filtration of cytochrome bs. Samples of bs in 40 ul of
HEPES buffer were mixed with 10 ul SM KCI to ensure the protein was
all aggregated and were then applied to the gel filtration column equili-
brated with HEPES buffer at 25°C. The absorbance of the eluate was
monitored at 412 nm. The samples applied contained 10, 5, 2.5, 1.9, or 1.25
nmol of by from highest to lowest eluate profile. The line types in the inset
correspond to the ones in the full figure.
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to the “plateau” region seen in the gel filtration of deter-
gents, but is less defined because of the relative Stokes’
radii of the monomeric and aggregated protein species. The
concentrations of the by in the sample (0.05 ml) applied to
the column ranged from 25 to 200 uM, whereas the peak
concentration of bs in the aggregate eluting from the column
ranged from 0.2 to 3.7 uM, ~100-fold lower because of
dilution during the gel filtration. Most critically, despite a
doubling of concentration of the applied sample from 100 to
200 uM, which resulted in a corresponding near-doubling
of the concentration of the aggregate peak, from 1.6 to 3.6
uM, there was no increase in the concentration of the
included peak, 0.05 wM. This is a characteristic of an
aggregating system. In addition, the concentration of the
aggregate peak in these two experiments, 1.6 and 3.6 uM, is
very close to the total concentration, 1.7 uM, used in the
previous experiments where the binding of b5 to vesicles
was followed by fluorescence (Tretyachenko-Ladokhina et
al., 1993). Hence, it will be assumed, based on these gel
filtration data, that the concentration of monomeric protein
in equilibrium with aggregated protein at the start of those
previous fluorescence experiments was 0.05 uM. Given the
lack of information on the precise value of the aggregation
number, the possibility of nonspecific interactions between
the protein and the gel-filtration matrix under the low ionic
strength conditions (10 mM HEPES-0.1 mM EDTA (pH 7.3
at 25°C), conductivity 504 uS), and the precision with
which these low absorbances (<0.01 OD) can be measured,
it is felt that this value is a reasonable estimate of the
maximum monomer concentration present in a solution of
1.7 uM bs.

Analysis of the binding data for cytochrome bg
using the K obtained by gel filtration

The original binding experiments with bs (Tretyachenko-
Ladokhina et al., 1993) were performed at a protein con-
centration of 1.7 uM. Based upon the gel filtration data it is
assumed that this solution should contain monomeric pro-
tein at 0.05 uM and K, can be calculated from Eq. 2 [(N X
0.05M)/1.65]. The values of K, for aggregation numbers of
5,6,7,8,9, 10, and 12 are: 9.5 X 107°' M*, 5.7 X 107"
M3 33 X 100% M® 1.9 X 10752 M’, 1.1 X 107 M¥,
59X 107" M? and 1.8 X 10~ ®" M'!, respectively. These
values of Ky, and the respective N, were inserted as fixed
values into the simulations, again allowing Ky and the
maximum fluorescence to vary for each K, and N pair. The
residuals of the fits obtained are shown in Fig. 7 and
indicate that the best fits are now obtained with N = 7-10
with the maximum fluorescence set at 1.80. Under these
circumstances, the 12-mer or higher aggregates do not pro-
vide as good a fit. The binding curves for the simulations for
all N are shown in Fig. 8 with the maximum fluorescence
set to 1.80. In this plot, compared to Fig. 4 where the
fluorescence value of 1.84 gave the best fits, the higher
fluorescence values are not given as much weight which,
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FIGURE 7 Fitting of experimental fluorescence data for bs binding to
lipid vesicles. The value of K, was fixed at the value calculated from the
gel filtration data and the iterative program was used to find the value of
K which best fit the b5 fluorescence binding isotherm, as the value of the
maximum normalized experimental fluorescence enhancement upon bind-
ing and the aggregation number were varied. The data shown are for values
of N of 5, 6, 7 (closed: circle, square, triangle), 8, 9, 10, and 12 (open:
circle, square, triangle, inverted triangle), and lines are drawn through the
data for values of N of 7 (solid line), 8 (dashed line), and 9 (dotted line).

given the risk of light-scattering contributions at higher lipid
concentrations, is probably advisable. The values of Ky
which produced these simulations are 19.5, 19, 18, 18, 17.2,
17, and 17 X 10° for the 5-, 6-, 7-, 8-, 9-, 10-, and 12-mer,
respectively.
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FIGURE 8 Restricted fitting of experimental fluorescence data for bs
binding to lipid vesicles. The best fits to the experimental data (closed
circles) obtained from Fig. 7, with K, fixed at the value calculated from the
monomer concentration of 0.05 uM obtained from gel filtration data, for
5-mer and Ky = 19.5 X 10° (dashed line), 6-mer and Ky = 19.0 X 106,
7-mer and Ky, = 18.0 X 10°, 8-mer and Ky = 18.0 X 10°, 9-mer and K, =
17.2 X 10°, 10-mer and Ky, = 17.0 X 10° (solid lines), and 12-mer and
Ky = 17.0 X 10° (dotted line) are shown.
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The experimental binding data for native b5 can thus be
well fit with a molar partition coefficient, Ky, of 18 X 10°
with the additional constraint that the monomer which binds
to the vesicle is in equilibrium with an aggregated (N =
7-10) form of the protein with a dissociation constant, Kp,
ranging from 3.3 X 10~*> M® for the 7-mer to 5.9 X 10~¢’
M? for the 10-mer. There is no necessity for inclusion of
negative cooperativity or of a “binding-to-sites,” although
these may indeed be part of the mechanism of the binding of
bs to vesicles.

When these binding data were analyzed previously (Tre-
tyachenko-Ladokhina et al., 1993) the binding curves were
analyzed by a method in which the normal binding process
is modified to account for the “number of lipids in the
binding site” (Hille et al., 1981), but aggregation of the
protein in the aqueous phase was not taken into account.
This model considers the interaction of the solute and ves-
icle as an equilibrium reaction where each solute binds to Z
molecules of lipid, and renders those lipid molecules un-
available for binding further molecules of solute (Hille et
al., 1981):

Ky =[Slw- (L] = Z-[SI/[Sk )

where K| is the dissociation constant of the reaction (Hille
et al., 1981) and, as before, [S], and [S]y, are the molar
concentrations of monomeric solute in the vesicle fraction
and aqueous fraction (bound and free), and [L] and [W] are
the molar concentrations of lipid and water, respectively.
When the binding data were refitted with this model, also
allowing the fluorescence maximum to vary in a stepwise
manner, the results shown in Table 1 were obtained. Very
good fits can be obtained with this model, actually better
than with the partition model (see Fig. 7), and the best fit
was obtained with a fluorescence maximum of 1.81, a K| of
4.4 uM, and 65 lipids in the binding site. When the aggre-
gation of the protein was also taken into consideration and
the best fits to the experimental data were obtained with
each K and N pair, as K, fluorescence maximum, and the

TABLE 1 Fitting of binding isotherm for cytochrome by
assuming no aggregation

Final K Number Sum of squares
fluorescence (uM) of lipids of residuals
1.79 3 65 275X 1073
1.80 33 66 1.54 x 1073
1.81 4.4 65 112 x 1073
1.82 6.0 63 1.18 X 1073
1.83 7.2 63 1.55x 1073
1.84 9.0 62 231 x 1073

Experimental data previously published for the binding of bs to POPC
SUV (Tretyachenko-Ladokhina et al., 1993) were subjected to the least-
squares fitting program, using the “binding-to-sites” model with the as-
sumption that no aggregation was occurring. The values of K; , which gave
the lowest sum-of-the-squares of the residuals for all combinations of the
value of the maximum normalized experimental fluorescence enhancement
upon binding and the number of lipids in the binding site, were determined
and the overall best fit for each fluorescence value is listed.
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number of lipids in the binding site were varied, it was
found that there was little change in the value of K, , the fit
deteriorated, and became worse as more lipids were in-
cluded in the binding site. This lack of improvement of fit
with the inclusion of aggregation is to be expected as the
amount of protein bound at low lipid levels is limited
primarily by the number of “sites” and only secondarily by
the available monomeric protein.

A very complete study of the binding of bovine bs to
various lipids was performed by Taylor and Roseman
(1995). They used a Scatchard analysis in studies of the
binding of bovine bs to POPC SUV in 20 mM Tris-acetate,
100 mM NacCl, and obtained a value of 17 for the lipids in
the binding site and an association constant (per lipid) of
2.2 X 10* M, which corresponds to a dissociation con-
stant of 45 uM. The aggregation properties of bovine bs
have not been examined in detail and we have not generated
binding isotherms with the rabbit by in the presence of high
salt, so a comparison between the two systems is not pos-
sible. However, from other measurements (manuscript in
preparation), we find binding of rabbit b5 to POPC SUV is
40% tighter in high salt.

If the self-association of hydrophobic ligands, such as
membrane proteins, is a common phenomenon, then it is
instructive to examine the advantage of obtaining an esti-
mate, however approximate, of Kp. In the present system
the estimated concentration of monomer from the gel filtra-
tion experiment was 0.05 uM. As a test of the sensitivity of
the fitting procedure, values of monomer were also set at
0.033 uM and 0.075 uM. These were again used to calcu-
late K, for different aggregation numbers. The values of Ky
and N which gave the best fits for the three chosen values of
monomer, 0.033, 0.05, and 0.075 uM, were 28 X 10° with
a 6-mer, 18 X 10° with a 7-mer, and 12 X 10° with a 7-mer.
These values of Ky can be compared to the values derived
by the global fitting where K, was not restricted: Ky =
2.2 X 10° with a 25-mer having a Kp = 5.5 X 1075 M?*,
The gel filtration procedure would clearly have excluded the
latter fit as this K, corresponds to a monomer concentration
of 0.3 uM.

With many hydrophobic ligands the aggregate may not be
of defined size or may be very large; in these cases also, an
estimation of the concentration of monomer would still be
of value. The simulations in Fig. 1 showed that identical
initial slopes are seen for both an 8-mer and a 30-mer, each
in equilibrium with identical monomer concentrations. The
major difference between the two binding curves is the
“sharpness” of the curvature at high levels of binding. These
linear portions of the curves are occurring where the mono-
mer concentration is constant, hence Eq. 1 reduces to: Ky =
([S1/[L]D/([monomer]/[W]). If a binding experiment gives
a nonhyperbolic binding curve with an appreciable linear
portion, the slope of the linear portion multiplied by 55.5/
[monomer] is Ky. If Ky is being determined by a single
partition measurement between two phases or between ves-
icles and buffer, then, provided the true monomer concen-
tration can be determined by gel filtration, by centrifuga-
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tion, or by ultrafiltration, then Ky can be calculated. All of
this assumes that only the monomer partitions into the
hydrophobic phase, as did the detailed analysis above, and
as has been shown specifically with the bs system.

These Ky and K, values can be used to determine the AG
of the two processes. Two groups have recently made de-
terminations of the AG of membrane partitioning and both
noted the difficulty of choosing the correct K values for the
calculation (Wimley and White, 1993; Jones and Gierasch,
1994). We have, for simplicity, used the mole fraction
partition coefficient (Ky), with AG = —RT In Ky, which
gives a value for AG of —9.9 kcal mol . The values of N
which produced the best fits (Fig. 6) were in the range of
7-10. If the self-association is assumed to be to an 8-mer,
then by analogy with detergent micellization (Tanford,
1980), for each monomer binding to the 8-mer the average
AG = (RT/8) In (1.9 X 107 °%) = —8.8 kcal mol™~'. Within
the errors of the estimation of K, by gel filtration and the
fitting procedures, it appears that the AG for membrane
association is slightly more negative than the AG for self-
association, as is observed qualitatively in binding studies.

The techniques used here can be used in other systems
even where the solute aggregate does not have a reasonably
defined aggregation number; however, we think that this
report should also serve as a cautionary tale. The very
property, hydrophobicity, which causes peptide domains to
insert into bilayers must also tend to cause the peptide
domains to self-associate. That this self-association occurs
so proficiently with bs; may be due to the two-domain
amphipathic nature of the protein, but it should be suspected
with any hydrophobic peptide or solute. Although self-
association in the membrane is much more relevant to
biological processes such as pore formation (Schwarz et al.,
1986; Arkin et al., 1995) or helix-helix interaction (Bor-
mann and Engelman, 1992), and self-association in the
aqueous phase would probably never occur under physio-
logical concentrations, the latter phenomenon can severely
complicate the interpretation of experimental binding data.
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