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The assessment of the physical size of integral membrane protein com-
plexes has generally been limited to samples solubilized in non-ionic
detergent, a process which may introduce artifacts of unknown scope
and severity. A system has been developed that allows observation of
the small angle scattering profile of an integral membrane protein while
incorporated in small unilamellar phospholipid vesicles. Contrast match-
ing of isotopically substituted phospholipid eliminates the contribution of
the bilayer to the observed scattering, resulting in a profile dependent
only on the structure of the individual membrane protein complexes and
their spatial arrangement in the vesicle. After appropriate compensation
for their spatial arrangement, information about the molecular mass and
radius of gyration of the individual complexes can be obtained. The val-
idity of the approach has been established using monomeric bacteriorho-
dopsin as a model system.
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Introduction

Many important biological processes involve the
association of protein molecules or subsegments of
protein molecules in the phospholipid bilayer of
cellular membranes. For example, the folding of
integral membrane proteins depends on structural
interactions in this environment (Popot &
Engelman, 1990; le Maire, 1986). Moreover, associ-
ations between integral membrane proteins play
an important functional role in many physiological
processes (Hurtley & Helenius, 1989; Bormann &
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Engelman, 1992; Manolios et al., 1990). For many
cell surface receptors, the transduction of extra-
cellular signals to the cytoplasm is believed to be
mediated by reversible oligomerization reactions
(Heldin, 1995; Ullrich & Schlessinger, 1990; Wells,
1994). Although this model is supported by a large
body of inferential experimental data, physical evi-
dence of oligomer formation in the membrane is
still weak because of the problems inherent in
studying associations within cellular membranes
(Gennis, 1989; Carraway et al., 1989; Carraway &
Cerione, 1991). To date, the most direct evidence
for such interactions comes from crystal structure
analysis of complexes between ligands and soluble
fragments of receptors which have had their mem-
brane-spanning domains excised (de Vos et al,,
1992; Livnah et al., 1996).

Experimental studies of the association of pro-
tein domains in the phospholipid bilayer have gen-
erally employed either chemical cross-linking
in situ (Gaffney, 1985; Cochet et al., 1988; Heegaard
et al., 1990) or hydrodynamic analysis of detergent-
solubilized membranes (Tanford & Reynolds, 1976;
le Maire et al., 1986, Casey & Reithmeier, 1991;
Moller et al., 1988). Chemical cross-linking has pro-
duced misleading results in at least one system,
which was later characterized using scattering
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techniques (Capel et al., 1987), while detergent
solubilization of membranes may introduce struc-
tural perturbations of unknown scope and severity
(Tanford & Reynolds, 1976; le Maire, 1986).
Alternatives to these approaches have been fluor-
escence resonance energy transfer (Veatch &
Stryer, 1977; Carraway et al., 1989; Carraway &
Cerione, 1991) and target size analysis by radiation
inactivation (le Maire et al., 1990); both of these
techniques are sensitive to an array of experimental
artifacts.

Because of the difficulties and ambiguities
inherent in all of the existing experimental
approaches, we have explored the feasibility of
using small angle neutron scattering (SANS)
(Jacrot, 1976) to characterize the physical size of
integral membrane protein complexes reconstituted
into phospholipid vesicles. A small unilamellar
phospholipid vesicle will typically have a molecu-
lar mass between 2 x 10° and 3 x 10”7 daltons and
contain only 1% to 20% protein by weight (Racker
et al., 1979; Gennis, 1989). Because of the over-
whelming preponderance of phospholipid com-
pared with protein as well as the large size of the
vesicles compared with individual protein mol-
ecules, it would be effectively impossible to
observe scattering from the protein if all of the
components in the vesicle had equal contrast.
Nonetheless, it should be possible to use neutron
scattering in conjunction with solvent contrast vari-
ation (Ibel & Stuhrmann, 1975; for a review, see
Zaccai & Jacrot, 1983) to selectively suppress small
angle scattering from the phospholipid and thereby
allow direct observation of the protein in the recon-
stituted vesicles.

A variety of theoretical and practical experimen-
tal complications must be considered when apply-
ing neutron scattering techniques to objects of such
chemical and geometrical complexity. Therefore,
before attempting to characterize a system invol-
ving integral membrane protein folding or oligo-
merization, it was necessary to explore the
technical obstacles using a simple model system in
order to determine whether it is possible to obtain
an accurate estimate of the molecular weight and
the radius of gyration for an integral membrane
protein in situ in phospholipid vesicles. For this
purpose, we chose the well-characterized pro-
tein bacteriorhodopsin (bR) which is a light-driven
transmembrane proton pump (Oesterhelt &
Stoeckenius, 1971; Khorana, 1988) and has served
as a structural prototype for the ubiquitously dis-
tributed seven-helix receptors from eukaryotic cells
(Findlay et al., 1993). This protein offers the
additional advantage that its three-dimensional
structure has been determined at approximately
3.5 A resolution using electron crystallography
(Grigorieff et al., 1996).

The most straightforward way of using the con-
trast variation technique is to make scattering
measurements with the contrast level (i.e. the scat-
tering length density) of the solvent adjusted to
match the contrast level of the species whose scat-

tering is to be suppressed, which effectively ren-
ders this species “invisible” in the scattering
experiment. Therefore, in applying this technique
to reconstituted vesicles, protein scattering profiles
can be measured in buffers adjusted to the contrast
match point of the relevant phospholipid. An
important limitation is that the scattering density
of the species to be matched (i.e. the phospholipid
bilayer) should be as homogeneous as possible,
because deviations from the mean contrast value
will contribute to the observed signal. Deuterated
phospholipids were used in the neutron scattering
experiments rather than protonated phospholipids
in order to make the scattering density distribution
within the bilayers more homogeneous as well as
to optimize the signal-to-noise in the measure-
ments. The patterns of deuteration in these syn-
thetic phospholipids are shown in Figure 1. The
neutron contrast level of fully protonated dimyris-
toyl-phosphatidylcholine (DMPC) is equivalent to
that in an aqueous buffer containing 11% “H,O
while the neutron contrast level of the deuterated
hospholipids is equivalent to that in either 94%
H,O (de-DMPC) or 99% *H,O (dg-DMPC). In
principle, protein scattering profiles could be
measured in either environment because the neu-
tron contrast level of a tyfical protein molecule is
equivalent to that in 42% “H,O (Ibel & Stuhrmann,
1975). However, neutron scattering measurements
in the presence of a high concentration of 'H,O are
complicated by an intense background of incoher-
ently scattered (i.e. phase-randomized) neutrons
(Jacrot, 1976). Furthermore, a slightly higher pro-
tein contrast level is obtained in the two buffers
containing high concentrations of *H,0.

In a physical system of this complexity, scatter-
ing experiments can be compromised by a variety
of interference effects (Malfois ef al.,, 1996;
Veretout et al., 1989). In our experiments with
vesicles containing bR, we have systematically
addressed the three most important sources of
error in order to ensure that we are observing an
undistorted scattering profile for an individual
protein molecule.

Theoretical Considerations

Protein-protein correlations in a
phospholipid vesicle

Protein-protein correlations within a single ves-
icle will certainly contribute to the observed scat-
tering profiles for low values of the scattering
angle Q. Qualitatively, the intensity at very low Q
should be dominated by the arrangement of pro-
tein monomers in the vesicle, while, under certain
circumstances, the intensity in an intermediate Q-
range should represent a relatively undistorted
small angle scattering profile for the isolated pro-
tein monomer (Glatter & Kratky, 1982; Curmi ef al.,
1988).

As the basis for a quantitative description of the
experiment, consider the scattering profile of a
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Figure 1. Patterns of deuteration in the synthetic
DMPCs used in the SANS experiments.

single vesicle in a specific orientation with a
specific distribution of protein monomers (Feigin &
Svergun, 1987; Guinier, 1963):

I(Q) = Zfif}-*eiQ'R‘/ = Z |f|2 + fo* e/QR;
ij

i#]

In this equation, I(Q) is the intensity of the scat-
tered radiation as a function of scattering angle
(Q =4nsin0/%), f; is the structure factor of the
monomer, which is a complex number dependent
on the orientation of the protein molecule, and R;
is a vector from the center of monomer i to the
center of monomer j. (Combination of the terms i,j
and j,i in the second sum on the right-hand side of
the equation yields a real-valued function, consist-
ent with its description of an intensity.) Note that
the scattered intensity described by this equation is
a linear function of the pairwise interference terms
fif} €@%i. Although there will only be a limited
number of pairwise interactions in any single ves-
icle, the linearity of the intensity function can be
exploited to average the interference function over
all of the vesicles in the sample.

The number of pairwise interactions in a ves-
icle containing n protein molecules is given by
1/2(n* — n), which is approximately equal to 1/2n?
for large n. Thus, we can average the intensity
function over all of the vesicles V| with a given
size and shape in the following manner:

(OF + S A (fif )
In this equation, d, represents the surface density
of protein in vesicles in the sample (a function of
the lipid-to-protein ratio), A, represents the surface
area of each vesicle V}, and m, represents the num-
ber of vesicles V| in the sample. Based on these
relationships, ny = d,-A,. Given the fact that there
are at least 10" vesicles in the neutron beam
during a measurement, it is possible to use an
ensemble average of this kind. Assuming a random
orientation of vesicles in the sample, the term
(1f;1% represents the orientationally averaged
small angle scattering profile of the protein mono-
mer.

The experimentally observed intensity will equal
the sum of the intensity contributed by vesicles of
all different sizes and shapes:

Q) =ds- (Xk: i 'Ak> Ifilh) + g %

mi - ds - Ax - (| fil)

<ka AR - (fifi'e Q%) )

The total number of protein molecules in the
sample is described by the following expression:

szmk'ds'Akzds'Z(mk'Ak)
k k

Finally, the observed scattering intensity can be
normalized to protein concentration:

I(Q)/N = (Ifil*) + di >

my - Ax % iQR;
(T () o)

Thus, the observed intensity should be given by
the sum of the scattering profile of the monomer
plus an interference term which is linearly pro-
portional in magnitude to the surface density of
protein in the vesicles. Therefore, all inter-protein
interference terms within an individual vesicle
tend toward zero in the limit as the surface density
of the protein is reduced. On this basis, we con-
clude that intra-vesicular interference effects are
negligible compared with the small angle scatter-
ing from the isolated monomer in any Q-range in
which the normalized scattering profile is indepen-
dent of the lipid-to-protein ratio in the sample.

Lack of match in detail

Distortions can be introduced into the scattering
profile due to interference between the protein
molecule and the residual fluctuation of scattering
length density in the phospholipid bilayer.
Although the average scattering length density of
the phospholipid is equal to the scattering length
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density of the solvent, the contrast level inside the
bilayer is not matched in detail. Specifically, the
scattering length density in the hydrophobic core
of the bilayer in the vesicles is slightly higher than
that of the solvent, while the scattering length den-
sity in the headgroup region is slightly lower.
These fluctuations in the scattering length density
of the bilayer occur on a length scale of approxi-
mately half the thickness of the bilayer (4 ~ 15 A).
Since interference effects should only become sig-
nificant at values of Q > n/d ~ 0.2, we do not
expect them to be significant in the Q-range in
which we have analyzed our experimental data,
ie. Q < 0.10 (for reviews, see Feigin & Svergun,
1987; Glatter & Kratky, 1982). Moreover, the con-
trast within the bilayer is very weak compared
with the contrast between the protein and the
deuterated lipid.

Nonetheless, the volume of the bilayer greatly
exceeds the volume of the protein molecules in a
reconstituted vesicle, and the geometric arrange-
ment of the scattering length density in the vesicle
is fairly complex. In this context, we thought that it
would be advisable to address the possibility of
protein-lipid interference effects experimentally.
Therefore, we have performed a complete set of
neutron scattering experiments with bR reconsti-
tuted into phospholipid vesicles made from two
different kinds of isotopically substituted dimyris-
toylphosphatidylcholine (DMPC), ie. dg-DMPC
and d4-DMPC (Figure 1). These vesicles should
have substantially different scattering length den-
sity profiles across the bilayer (Zaccai et al., 1979;
Biildt et al., 1978, 1979; Wiener & White, 1992), so
that we would expect to observe a difference
between the data acquired in the two phospholi-
pids if protein-lipid interference effects make a sig-
nificant contribution to the observed neutron
scattering profile of the protein. Since the protein
scattering profiles measured in these two environ-
ments look identical, we conclude that the contri-
bution of these interference effects are negligible in
this system in the relevant Q-range (see Figure 6,
below).

Results

Contrast matching of deuterated phospholipids

Vesicles were made from one of two isotopic
variants of DMPC containing different levels of
deuteration in their choline headgroup: dg;-DMPC
and dq-DMPC (Figure 1). The results of exper-
iments to determine the contrast match point of
dgs-DMPC are shown in Figure 2(a), which shows
scattering profiles measured from pure lipid ves-
icles in buffers containing varying amounts of
H,0; all profiles are scaled to a phospholipid con-
centration of 100 mg/ml. The contrast match point
is given by the *H,O concentration at which the
intensity of neutrons scattered in the forward
direction goes to zero, i.e. I(0) =0. Because I(0)
values cannot be measured directly, they must be
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Figure 2. Contrast matching of pure phospholipid ves-
icles. (a) Small angle scattering profiles of dg-DMPC
vesicles measured in buffers containing different concen-
trations of 2H,O (D,0). All of the profiles are scaled to a
phospholipid concentration of 100 mg/ml. (b) Plot of
the estimated forward scatter of the vesicles (i.e. I(0)) as
a function of the solvent contrast level. The data are
plotted in the format [I(0)/c]'/? versus % *H,O, where ¢
represents the concentration of phospholipid. The pro-
cedure used to determine the I(0) values from the data
in (a) is described in the text. (c) SANS profiles of pure
phospholipid vesicles at their nominal contrast match
points: 94% 2H,O for dg-DMPC (<) and 99% *H,O for
de;-DMPC ([O); the profiles are scaled to a phospholipid
concentration of 100 mg/ml. Error bars representing +1
standard deviation are shown.
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determined by extrapolation of the observed scat-
tering profiles to zero angle. According to the
approximation of Guinier (1963), the scattering
profile should be linear at small angles when
plotted in the form In[I(Q)] versus Q2 although this
relationship is rigorously observed only for values
of Q <R, ! (Feigin & Svergun, 1987). The R,, or
radius of gyration, of the vesicles used in these
experiments is at least 250 A, meaning that the
Guinier approximation strictly applies only to
angles with Q < 0.004, i.e. only to angles smaller
than those accessible in our experiments. Nonethe-
less, replotting the data in Figure 2(a) in the Gui-
nier format yielded straight lines at low Q values
for all of the scattering profiles (data not shown),
indicating that it is possible to approximate this
local segment of the scattering profile of the pure
lipid vesicles as a Gaussian function. Least-squares
regression was used to extrapolate these lines to
zero angle, yielding pseudo-I(0) values for the
samples. The square-root of these pseudo-I(0)
values are plotted as a function of *H,O concen-
tration in Figure 2(b); the linear relationship
observed in this graph indicates that the extrapol-
ation procedure is robust enough to yield intensity
values which have the correct functional depen-
dence on the solvent contrast level.

The position of the intercept of the line in
Figure 2(b) on the abscissa indicates that the con-
trast match point of dg-DMPC vesicles is approxi-
mately 94% *H,O. An equivalent set of
experiments performed with ds-DMPC vesicles
indicates that the contrast match point of this lipid
species is approximately 99% *H,O (data not
shown). Because of potential inaccuracies in the
procedure used to determine the contrast match
points, additional experiments were performed to
define the values more accurately, as well as to
characterize the sensitivity of the scattering profiles
to perturbations in the exact solvent contrast level.
For each of the two deuterated lipid species, scat-
tering profiles were measured from a sample in
which the solvent ?H,O content was varied system-
atically in 0.5% steps within +2% of the nominal
contrast match point (by adding small aliquots of
'H,O or ?H,0 buffer directly to the vesicle sample
in the cuvette). No significant change was observed
in the scattering profile of either lipid species for
variations in ?H,O content within +1% of the nom-
inal contrast match point (data not shown).

Figure 2(c) compares the residual scatter of dg;-
DMPC vesicles and do-DMPC vesicles at their
respective contrast match points. Although the
intensity of neutron scattering by the vesicles is
dramatically suppressed, some residual scattering
is observed in this Q-range. There are a number of
possible explanations for the physical origin of this
signal. The first possibility is that it could derive
from a very small mismatch between the mean
scattering length density of the buffer and the
bilayer, which would produce an appreciable sig-
nal because of the massive size of the vesicles,
although the insensitivity of the residual scattering

profile to small variations in *H,O concentration
tends to weigh against this explanation. The
second possibility is that the residual signal could
derive from some heterogeneity in the physical
state of the phospholipid. DMPC multilayers
would be expected to have a slightly different con-
trast match point from DMPC bilayers because
these phases differ in their specific volume and
water binding properties (Marsh, 1990; Bendzko
et al., 1988); therefore, a low concentration of multi-
layers in the vesicle solution (Knoll et al., 1981)
could give rise to coherent neutron scattering, even
at zero angle. Dynamic fluctuations in bilayer den-
sity could also produce coherent scatter at zero
angle, although the fluctuations would have to
modulate the mean density of an entire vesicle.
The final possibility is that some of the residual
signal could derive from incoherent or phase-ran-
domized scatter. Even though the coherent scatter-
ing length density of the buffer and the bilayer is
matched, there may be a mismatch in their inco-
herent scattering length density because their
chemical and therefore isotopic composition is
different (Lehmann & Zaccai, 1984); this effect
would contribute a background of neutron inten-
sity which is independent of the scattering angle.
We have not pursued a deeper analysis of the
physical origin of the residual scatter from the
phospholipid vesicles at their nominal contrast
match point because the data presented below
show that this signal can be effectively subtracted
from the observed scattering profiles of protein-
containing vesicles.

Scattering profiles from protein-containing
vesicles at the lipid contrast match point

Figure 3 shows small-angle neutron scattering
profiles of vesicles containing bR compared with
pure phospholipid vesicles. All of the profiles were
measured at the nominal contrast match point of
the phospholipid and scaled to a phospholipid
concentration of 100 mg/ml (after buffer subtrac-
tion). Data for dg-DMPC vesicles and d,-DMPC
vesicles are shown in Figure 3(a) and (b), respect-
ively. For each lipid species, data are shown for
vesicles containing two different weight ratios of
lipid relative to protein. Variation in the lipid-to-
protein ratio is achieved by mixing protein-contain-
ing vesicles with pure lipid vesicles and perform-
ing two rounds of freeze/thaw followed by
sonication. Data are shown for the vesicles contain-
ing the highest and the lowest protein concen-
trations used in the experiments (approximately a
6:1 and 15:1 weight ratio of lipid-to-protein).
Although it is obvious that the protein-containing
vesicles scatter neutrons very strongly compared
with pure lipid vesicles, the magnitude of the
residual scatter from the phospholipid is too large
to be ignored, especially for the samples at the
highest lipid-to-protein ratios. Therefore, this signal
must be subtracted from the scattering profiles of
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Figure 3. SANS profiles of bR vesicles at the contrast match point of the phospholipid. Profiles are shown for vesicles
at two different lipid-to-protein weight ratios (6:1 (&) and 15:1 ([0)) as well as for pure lipid vesicles (+). All of the
profiles are normalized to a DMPC concentration of 100 mg/ml. The concentration of phospholipid in these samples
was approximately 70 mg/ml. Error bars representing +1 standard deviation are shown. (a) Profiles of samples in
dgs-DMPC measured in a buffer containing 94% 2H,O. (b) Profiles of samples in dg,-DMPC measured in a buffer con-

taining 99% 2H,0.

the protein-containing vesicles before the structural
parameters of the protein can be evaluated.

Intervesicular interference effects

Interparticle interference effects frequently dis-
tort the small angle scattering profiles observed
for macromolecules and macromolecular com-
plexes in aqueous solution (for reviews, see
Zaccai & Jacrot, 1983; Feigin & Svergun, 1987;
Glatter & Kratky, 1982). These effects arise from
spatial correlations between the scattering par-
ticles, which leads to interference of the radiation
scattered from different particles. As discussed
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above, in scattering experiments with reconsti-
tuted vesicles, interparticle interference can arise
either from correlations between the scattering
species in different vesicles (inter-vesicular inter-
ference) or from correlations between the scatter-
ing species in a single vesicle (intra-vesicular
interference).

Inter-vesicular interference effects can be exam-
ined by diluting vesicles with buffer in order to
determine the effect of vesicle concentration on the
observed scattering profile. Figure 4(a) shows buf-
fer-subtracted SANS profiles of pure dg-DMPC
vesicles at four different concentrations between
33mg/ml and 8mg/ml; these profiles are all
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Figure 4. Vesicle concentration series measured in 93% 2H,O. The sample containing the highest concentration of the
vesicles was measured first, and it was progressively diluted with dialysis buffer to produce the samples at lower
concentration. (a) Pure ds-DMPC vesicles measured at 33 mg/ml (<), 25 mg/ml ([J), 17 mg/ml (+), and 8 mg/ml
(x). All of the profiles are scaled to a phospholipid concentration of 200 mg/ml. (b) Lipid-subtracted profiles of ves-
icles containing bR at a 10:1 lipid-to-protein weight ratio in dg-DMPC. All of the profiles are scaled to a protein con-
centration of 10 mg/ml. The phospholipid concentrations in the samples were: 44 mg/ml (&, ¥), 33 mg/ml (0OJ),

22 mg/ml (+), and 11 mg/ml (x).
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scaled to a lipid concentration of 200 mg/ml. The
residual scatter of the phospholipid is concen-
tration-independent over the entire Q-range (0.025
to 0.15). However, the observed scattering profile
of bR in dg-DMPC vesicles is dependent on the
concentration of the vesicles, as shown by the data
in Figure 4(b). This panel shows lipid-subtracted
SANS profiles of bR vesicles containing a 10:1
weight ratio of lipid-to-protein measured at four
different vesicle concentrations. The profiles were
acquired at phospholipid concentrations between
44 mg/ml and 11mg/ml and eventually all
scaled to a protein concentration of 10 mg/ml
A suppression of the small angle scattering of the
protein is observed at Q < 0.04 in the samples
containing higher concentrations of the vesicles.
An effect of this kind is observed in many highly
concentrated systems because of short-range order
(Malfois et al., 1996; Tardieu et al., 1992; Veretout
et al., 1989). Under these conditions, any tendency
of the constituents to avoid one another due to
electrostatic repulsion or excluded volume effects
will cause their spatial locations to be correlated. In
this situation, the suppression of the scattering
intensity at low Q can be rationalized in a qualitat-
ive sense based on the statistical tendency of the
particles to form a “pseudo-lattice” due to mutual
avoidance (Zaccai & Jacrot, 1983). The substantially
stronger interference observed for the bR vesicles
compared with the electrostatically neutral pure
phospholipid vesicles suggests that the effect could
be mediated by electrostatic repulsion; the bR ves-
icles are expected to carry a significant net surface
charge because the asymmetrical orientation of the
protein leads to preferential exposure of its anionic
carboxy terminus on the external surface of the
DMPC vesicles (Huang et al., 1980). In any event,
analysis of the structural parameters of the protein
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in the reconstituted vesicles will have to be
restricted to data points at Q > 0.04, where the
protein scattering profile is independent of vesicle
concentration.

Intravesicular interference effects

Intravesicular interference can be examined by
varying the lipid-to-protein ratio in the vesicles
because the surface density of the protein is essen-
tially inversely proportional to the lipid-to-protein
ratio. This variation was accomplished by mixing
protein-containing vesicles with pure lipid vesicles
and then fusing them by two rounds of freeze/
thaw /sonication prior to remeasuring their scatter-
ing profile. Figure 5(a) and (b) shows lipid-
subtracted SANS profiles of bR at four different
lipid-to-protein ratios in dg-DMPC or dg-DMPC,
respectively. In both lipid environments there is
a strong interference phenomenon resulting in
increased scattering intensity at low angle as the
surface density of the protein increases in the ves-
icles. However, the scattering intensity is indepen-
dent of the lipid-to-protein ratio at Q > 0.05 in the
des-DMPC vesicles and at Q> 0.06 in the in the
de,-DMPC vesicles.

This behavior is exactly what is expected in this
system based on the theoretical considerations out-
lined above. The constructive interference observed
at low angles is attributable to the arrangement of
the protein molecules in the phospholipid vesicles
and reflects the overall size and shape of the ves-
icles. (We estimate that there are between 200 and
500 bR monomers per vesicle under the conditions
of these experiments.) However, intravesicular pro-
tein-protein correlations cannot contribute to the
scattering profiles in the Q-range where the
observed intensity is independent of the surface
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Figure 5. Protein surface density series. SANS profiles of bR vesicles at four different lipid-to-protein weight ratios:
6:1 (¢), 9:1 (O), 12:1 (+), and 15:1 (x). The vesicles at the lowest lipid-to-protein ratio (6:1) were measured first and
then fused with pure lipid vesicles to produce the vesicles at higher lipid-to-protein ratios (see Materials and
Methods). All of the profiles are scaled to a protein concentration of 0.8 mg/ml. The phospholipid concentration in
these samples was approximately 70 mg/ml. (a) bR in dg;-DMPC vesicles measured in a buffer containing 94% 2H,O.
(b) bR in dg-DMPC vesicles measured in a buffer containing 99% 2H,O.
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density of the protein in the vesicles. Therefore, the
scattering profile in this region reflects the size and
shape of the protein molecule (including its oligo-
meric structure).

Figure 6 presents a review of the protocol used
to process the small angle scattering profiles of
reconstituted vesicles measured at the nominal
contrast match point of the phospholipid. Samples
are measured at a series of lipid-to-protein ratios
(and at least one of these samples is measured at a
series of vesicle concentrations). The raw data are
corrected for the background scattering of the buf-
fer, the sample transmission, and the electronic
background using standard techniques (Ibel, 1976;
Ghosh, 1989). Next, all of the profiles are scaled to
the same phospholipid concentration (Figure 3),
and the scattering profile of the pure lipid vesicles
is subtracted from the scattering profile of each
sample of protein-containing vesicles. Finally, the
lipid-subtracted profiles are scaled to the same
protein concentration (Figures 6(b) and 7). These
profiles represent the small angle neutron scatter-
ing of the protein component in the reconsti-
tuted vesicles and reflect the size and shape of
the protein molecule as well as its arrangement
in the vesicles. As described in the preceding
paragraph, analysis of the profiles acquired from
samples at different lipid-to-protein ratios allows
determination of the relative contribution of the
size and shape wversus the arrangement of the

protein in the different regions of the scattering
profile.

Guinier plots for bR in reconstituted
DMPC vesicles

Guinier plots for bR in dg-DMPC  and
de;-DMPC are presented in Figure 7. These lipid-
subtracted scattering profiles were acquired from
the vesicles at the highest lipid-to-protein ratio
(~15:1, by weight) in buffers at the nominal con-
trast match points of the phospholipids. Data
points are shown in the Q-range where the scat-
tered intensity reflects the size and shape of the
protein molecule and where protein-protein inter-
ference effects are insignificant. According to the
well-known Guinier approximation (Guinier,
1963), the scattering profile follows the relationship
In[I(Q)] = — (R3/3)-Q” in the limit as the scattering
angle goes to zero so that the radius of gyration of
a protein molecule can be inferred from the slope
of its scattering profile at small angles. Moreover,
the molecular mass of the protein molecule can be
estimated from the I(0) or forward scatter (Jacrot &
Zaccai, 1981), which can be determined by extra-
polation of the curves in Figure 7 to zero angle.

Table 1 presents a summary of the structural
parameters of bR as estimated from the Guinier
plots in Figure 7. Equivalent estimates of the struc-
tural parameters of bR are extracted from the scat-
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Figure 6. Summary of the processing protocol for scattering profiles acquired at the lipid contrast match point. Buf-
fer-subtracted SANS profiles (column 1) are scaled to a specific lipid concentration (column 2 and Figure 3, above).
Next, the residual scatter of the phospholipid is subtracted (column 3) and the profiles are scaled to a specific protein
concentration (column 4 and Figures 4 and 5, above). The fully corrected protein profiles are compared for samples
measured at different vesicle concentrations (Figure 4, above) and different protein surface densities (Figure 5,
above). Finally, the scattering parameters of the protein are evaluated in a Q-range where the fully corrected protein

scattering profiles are invariant (Figure 7, below).
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Figure 7. Guinier plots for bacteriorhodopsin in reconsti-
tuted DMPC vesicles. Protein SANS profiles were
measured at a 15:1 weight ratio of lipid-to-protein either
in dg-DMPC vesicles at 94% 2H,O ([J) or in dy,-DMPC
vesicles at 99% *H,O (<). This Figure shows fully cor-
rected protein profiles, scaled to a protein concentration
of 0.8 mg/ml. Error bars representing +1 standard devi-
ation are shown. The sample in d4-DMPC shows a
higher intensity of scattered neutrons because of the
higher contrast of the protein molecule in the buffer con-
taining 99% 2H,0.

tering profiles measured in the two different
phospholipid environments. The data indicate a
radius of gyration of either 16.3 A (dg-DMPC) or
162 A (d,,-DMPC) and a molecular mass of
either 26(+4) kDa (dg-DMPC) or 28(+4) kDa
(dg;-DMPC). The monomer molecular mass of bR
with its covalently bound co-factor is 26.9 kDa.
(Note that the offset between the two curves in
Figure 7 arises from the lower contrast level of the
protein in 94% *H,O compared with 99% *H,0.)
The calculation of the molecular mass of the pro-
tein depends on assumptions as to the partial
specific volume of the protein and the level of
'H/?H exchange in the protein in the ?H,O buffers
used for the SANS measurements. Unfortunately,
these assumptions cannot be verified independently
and represent a potential limitation on the accuracy
of the estimates of the molecular mass. In our calcu-
lations, we have assumed a protein partial specific
volume of 0.75cm®/g. This estimate is probably

correct within £2% and almost certainly correct
within £4% (Zamyatnin, 1984), which propagates
into a maximum uncertainty of £14% in the esti-
mate of the molecular mass (Jacrot & Zaccai, 1981).
We have estimated that 75% of the exchangeable
protons in bR equilibrate with the *H,O in the buf-
fer. This estimate is based on the assumption that
all of the protons in bR exchange except for
approximately 15 amide protons on the backbone
of each of the seven transmembrane o-helices. This
assumption seems reasonable a priori (see Materials
and Methods), and it is consistent with the level of
amide exchange observed in purple membrane
using polarized infrared spectroscopy (Earnest et al.,
1990). Nonetheless, we believe that there could be
as much as a 10% error in our estimate of the
exchange level, which would propagate into a 6%
error in the estimate of the molecular mass. Another
potential source of systematic error is the quanti-
tation of the specific activity of the radiolabel in the
protein, which is only reliable to within approxi-
mately £3%, because of limitations on the precision
of the quantitative amino acid analyses; this uncer-
tainty propagates into an equivalent +3% uncer-
tainty in the estimate of the molecular mass. Finally,
we expect a statistical uncertainty of approximately
+3% in our quantitation of the protein concen-
tration in the individual SANS samples because
of the limited precision of the pipetting process
which is used to aliquot the samples for scintillation
counting.

Given all of these uncertainties, the small discre-
pancies between the molecular mass of bR
measured in the SANS experiments and the known
monomer molecular mass of bR are insignificant.
In fact, an overall level of precision of only
approximately £15% is expected in estimates of
molecular mass based on the calibration of neutron
scattering data on an absolute intensity scale
(Jacrot & Zaccai, 1981). We conclude that the
observed forward scatter is consistent with bR
being present as a monomer in the reconstituted
phospholipid vesicles.

Calculation of the theoretical R, of bR based on
the coordinates of the atomic model given by
Grigorieff et al. (1996) predicts a value of approxi-
mately 16.7 A for the monomer and 24.1 A for the
trimer observed in the unit cell of the two-dimen-

Table 1. Summary of the observed SANS parameters of bR in DMPC vesicles

Measured X Theoretical R, A)
Environment molecular mass (kDa) Measured R, (A) Monomer Trimer
dgs-DMPC/94% 2H,0 25.6 163 16.7 24.1
dg,-DMPC/99% 2H,O 28.1 16.2 16.8 241

The scattering parameters of bR were estimated from the Guinier plots shown in Figure 7. The calculations of the molecular mass
were performed assuming 75% 'H/?H exchange and a protein specific volume of 0.75 cm®/g. The covalent molecular mass of the
bR monomer is 26.9 kDa. The experimental estimate of the R, was derived from analysis of the Guinier plot in the Q—range with
0.8 < Q-R, < 1.6. The calculations of the theoretical R, were performed using the protein coordinates from model 2BRD in the
Brookhaven Protein Data Bank (Grlgorreff et al., 1996) and assuming approximately 75% 'H/?H exchange (i.e. exchange of all but
approximately 15 backbone protons in the core of each transmembrane helix as described in detail in Materials and Methods); when
full backbone exchange was assumed in these calculations, values of 17.1 A and 24.3 A were obtained for the R, of the monomer
and the trimer, respectively, independent of the solvent contrast level.
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sional crystals of bR. Therefore, the experimental
estimate of approximately 16.3 A derived from the
SANS measurements is consistent with expec-
tations for the R, of the bR monomer. However,
there are several practical and conceptual compli-
cations that should be considered in interpreting
this close correspondence.

It can be difficult to make an accurate prediction
of the experimental R, value of a protein even if its
three-dimensional structure is known at atomic res-
olution (Lattman, 1989). The R, value, especially
that measured by SANS, depends on the detailed
distribution of scattering length density in the mol-
ecule (Ibel & Stuhrmann, 1975), which is affected
by the amount and the density of bound solvent
and counter-ions (Lehmann & Zaccai, 1984; Zaccai
et al., 1986; Zaccai, 1986), species that are not well-
determined in most protein structures. Beyond
these conceptual difficulties, there is a practical
problem in applying the calculation to the atomic
model of bR from electron crystallography because
it is missing the first six residues and the final 22
residues in the mature protein molecule. These
protein segments will be located at long radii rela-
tive to the center of scattering length density in the
protein so that their absence means that calcu-
lations based on these coordinates will tend to
underestimate the R, value of bR. The contribution
of these disordered segments to the observed R,
value will be reduced compared with what might
be expected for 11% of the covalent structure
because all of the exchangeable protons in these
segments will equilibrate with the H,O in the
buffer, thereby reducing their contrast level. More-
over, the retinal chromophore was omitted from
the calculation of the R,, and this omission will
tend to produce a small inflation in the predicted
R, value because the chromophore resides very
close to the center of scattering length density in
the protein molecule. In the context of these practi-
cal ambiguities and the more fundamental ambigu-
ities related to the behavior of bound solvent and
counter-ions, we believe that there is a reasonably
convincing correspondence between the measured
R, and the predicted value of the R, of the bR
monomer, although the measured value might rep-
resent a slight underestimate.

The relatively high Q-range that was used to
evaluate the R, could account for this minor discre-
pancy. Ideally, the radius of gyration of a particle
is estimated based on analysis of the scattering
data at Q <1/R, ie. Q-R; <1 (Feigin &
Svergun, 1987). Unfortunately, in our experiments,
the data at very low values of Q cannot be used to
estimate the scattering parameters of the protein
molecule because of protein-protein interference
effects in the vesicles. We have evaluated the
radius of gyration of bR based on analysis of data
in the range 0.8 <Q-R, <1.6. Our inability to use
data at lower values of Q could produce a sys-
tematic error in the estimate of the R, and based
on the observed shape of the extended scattering
profile, this error would result in an underestima-

tion of the R,. However, model calculations by
Feigin & Svergun (1987) suggest that the magni-
tude of this error should be less than 5% in the
Q-range used in our analysis.

It is important to note that essentially identical
values of the R, are obtained from measurements
in both the dg- and dg- phospholipids. Bilayers
made from the different deuterated phospholipids
will have substantially different internal fluctu-
ations in their neutron scattering length densities
(Zaccai et al., 1979; Buldt et al., 1979, 1978; Wiener
& White, 1992). We would expect to observe a
difference in the scattering profile of the protein
molecule in the two bilayers if protein-lipid inter-
ference effects made a significant contribution to
the small angle scattering in either type of vesicle.
The identical shape of the protein scattering profile
in the two environments indicates that such inter-
ference effects are negligible in the relevant
Q-range. We conclude that the SANS experiment is
not compromised by the inability to match the
neutron scattering length density of the phospholi-
pid bilayer in detail.

Observation of chemical cross-linking in situ

In order to confirm that we are able to observe a
change in the aggregation state of an integral mem-
brane protein in a phospholipid bilayer, we con-
ducted a chemical cross-linking experiment in situ
using glutaraldehyde. After SANS profiles were
measured for pure lipid vesicles and protein-con-
taining vesicles at the contrast match point of the
phospholipid, a small amount of glutaraldehyde
(~1% by volume) was added to each of the
samples, and their SANS profiles were measured
again. Figure 8(a) shows the buffer-subtracted scat-
tering profiles (prior to lipid subtraction). The
cross-linking reagent has little effect on the residual
scatter from the phospholipid but produces a dra-
matic increase in the intensity scattered at low
angle by the protein-containing vesicles. Scattering
profiles are shown for the bR vesicles at approxi-
mately one hour and five hours after the addition
of glutaraldehyde; these two profiles are essentially
identical, indicating that the cross-linking reaction
is completed during the first hour of incubation.

Figure 8(b) shows a Guinier plot of the scattering
profiles from the protein-containing vesicles after
lipid subtraction and scaling according to protein
concentration. A dramatic increase in the forward
scatter and the average radius of gyration of the
protein is observed upon the addition of cross-
linking reagent. These samples were analyzed by
SDS-polyacrylamide gel electrophoresis following
removal from the neutron beam; approximately
50% of the protein had been converted to dimer,
and a small amount had been converted to higher-
order aggregates (data not shown). Therefore, the
cross-linking experiment proves that the SANS
profile is sensitive to the aggregation state of the
reconstituted protein molecule. Furthermore, it
suggests that this method could be used to charac-
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Figure 8. Chemical cross-linking of bR in situ in reconstituted ds;-DMPC vesicles. Glutaraldehyde was added to the
samples and to the pure buffer to a final concentration of 1% (w/v). The samples were incubated at 35°C for one
hour prior to the first SANS measurement. There was a 10:1 weight ratio of lipid-to-protein in the bR vesicles (corre-
sponding to approximately a 400:1 molar ratio). The buffer contained 93% 2H,O prior to the addition of glutaralde-
hyde. (a) Buffer-subtracted profiles scaled to a phospholipid concentration of 200 mg/ml. Plots are shown for the
pure lipid vesicles before (*) and after (x) the addition of glutaraldehyde and for the bR vesicles before (+) and after
one hour (¢) and five hours ([J) of glutaraldehyde treatment. (b) The protein profiles from (a) are replotted in the
Guinier format following lipid subtraction (using the same symbols). The profiles are scaled to a protein concen-
tration of 10 mg/ml. Error bars representing +1 standard deviation are shown.

terize functional changes in integral membrane
protein aggregation state in situ in reconstituted
phospholipid bilayers.

Discussion

The small angle neutron scattering measure-
ments in contrast-matched DMPC bilayers indicate
that bR is present as a monomer in this environ-
ment at 35°C (at a high lipid-to-protein ratio).
Since previous experiments using a variety of
other techniques have come to the same con-
clusion (Cherry et al., 1978), we believe that the
neutron scattering experiments presented here
represent a viable approach to the determination
of the aggregation state of integral membrane
proteins in reconstituted phospholipid vesicles.
This conclusion is reinforced by the ability to
observe a chemically induced change in the
aggregation state of bR in situ in the reconsti-
tuted DMPC vesicles.

Nonetheless, inter-particle interference effects are
intrinsic to scattering experiments in reconstituted
vesicles, and these effects must be examined expli-
citly in order to isolate a region of the neutron scat-
tering profile which is relatively free from their
influence. Reasonable estimates of the structural
parameters of individual integral membrane pro-
tein molecules can be extracted from this region of
the scattering profile, as long as it falls in a range
of angles where the Guinier approximation is
valid. In the case of the bR/DMPC vesicles at a
15:1 weight ratio of lipid-to-protein, this region
occurs between 0.05 < Q < 0.01, which corre-
sponds to 0.8 < Q-R, < 1.6. There should be at

most a 5% distortion in the estimate of the R, of
the protein molecule based on analysis of the scat-
tering profile in this region (Feigin & Svergun,
1987).

An important question concerns whether this
SANS method is applicable to proteins larger or
smaller than bR. The range of scattering angles in
which we obtained reliable data for the bR mono-
mer would not be suitable for the analysis of a pro-
tein with a substantially larger radius of gyration.
However, since the scattering power of a protein
molecule is linearly proportional to its molecular
mass, the scattering profile of a larger protein can
be measured in vesicles at a higher lipid-to-protein
ratio. In such vesicles it will be possible to obtain
an undistorted protein scattering profile in a lower
angular range because the magnitude of the intra-
vesicular interference effects is inversely pro-
portional to the lipid-to-protein ratio in the recon-
stituted vesicles. Under the correct conditions, it
may be possible to obtain a reliable estimate of
the R, of a molecule substantially larger than bR.
We believe that it should be possible to apply
the SANS method in exactly the manner pre-
sented here to integral membrane protein com-
plexes ranging in size from 10 kDa to 150 kDa.

It is worthwhile to examine in detail some of the
considerations that contributed to this conclusion.
We are limited in this experimental system by the
angular range in which interparticle interference
effects are negligible and by the intensity of neu-
trons scattered by the protein relative to the inten-
sity of the residual scatter of the phospholipid. If
the scattering of the protein molecule is too weak,
the scaling of the protein scattering profile will be
sensitive to subtraction errors due to statistical
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uncertainty in counting the neutrons and quantitat-
ing the concentration of phospholipid in the
samples. Based on analysis of the signal levels in
our experimental data, we believe that reliable pro-
tein scattering profiles could be obtained for bR at
lipid-to-protein weight ratios up to approximately
30:1 (twice as high as the highest ratio used in our
experiments). Since the scattering power of a pro-
tein molecule is linearly proportional to its molecu-
lar mass (Guinier, 1963), higher lipid-to-protein
ratios can be used for SANS experiments with lar-
ger proteins, and, in general, the optimal lipid-to-
protein ratio will scale with the first power of
the molecular mass of the protein (or the protein
oligomer).

On the other hand, in the dilute limit where par-
ticle-particle distances are independent of particle
size, intravesicular interference effects scale with
the first power of the surface density of the protein,
which is inversely proportional to the lipid-to-pro-
tein ratio in the vesicle. Since larger protein mol-
ecules can be measured at higher lipid-to-protein
ratios, intravesicular interference effects will be
reduced, and it will be possible to obtain an undis-
torted scattering profile for the protein molecule at
lower values of the scattering angle. The exact
angular range that will be accessible depends on
both the surface density of the protein and the
shape function for its distribution (see Theoretical
Considerations, above). We have evaluated the
shape function for the bR wvesicles (data not
shown); the slope of this function is very steep
below Q =0.025 but relatively gradual for angles
in the range 0.025 < Q < 0.06. Therefore, it is unli-
kely that it will be possible to obtain an undis-
torted protein scattering profile at Q < 0.025, even
at a very high lipid-to-protein ratio, because of the
steep slope of the vesicular shape function in this
angular region. Given this restriction, it probably
will not be possible to obtain an accurate estimate
of the scattering parameters of a protein molecule
with an R, greater than 40 A using the methods
presented here.

A variety of techniques can be envisioned to cor-
rect the protein scattering profiles for the spatial
arrangement of the protein molecules in the recon-
stituted vesicles (i.e. the intravesicular interference
effect). However, since the magnitude of the inter-
ference effect is proportional to the surface density
of the protein, all of the correction schemes are sen-
sitive to errors in the estimation of this parameter.
We have found that it is difficult to evaluate the
surface density of the protein with sufficient accu-
racy. So far, we have not identified a correction
protocol which yields a more reliable estimate of
the scattering parameters of bR than a straightfor-
ward evaluation of the lipid-subtracted SANS pro-
file in the region where it is independent of the
lipid-to-protein ratio in the reconstituted vesicles.
Application of the SANS method to very large pro-
teins (>150kDa) or small peptides (<10 kDa)
would require the development of a reliable correc-
tion protocol.

Materials and Methods
Materials

Synthetic phospholipids were purchased from Avanti
Polar Lipids (Highbluff, AL). Triton X-100 (TX-100) was
purchased from Pierce (Rockford, IL) in Surfact-Amp
grade; B-octylglucoside (B-og) was purchased from
Sigma (St. Louis, MO); and octanoyl-N-methylglucamide
(Mega-8) was purchased from Boehringer-Mannheim
(Indianapolis, IN). All phospholipids and detergents
were used without further purification. [*C]DPPC was
obtained from Dupont-NEN (Boston, MA). Glutaralde-
hyde was purchased in sealed ampoules from Sigma.
Chloroform was obtained in spectrophotometric grade.
The 0.22 um pore size polycarbonate syringe filters were
purchased from Costar (Cambridge, MA).

Buffers

Column chromatography and protein reconstitution
were performed in 200 mM NaCl, 50 mM NaH,PO,,
0.025% (w/v) NaNj (pH 6.0); this buffer is called Chlor-
ide HPLC Buffer (CHB). Small-angle neutron scattering
experiments were conducted in 'H,0/?H,O buffers con-
taining 200 mM NaCl, 38.65 mM NaH,PO,, 11.6 mM
Na,HPO,, 0.02% (w/v) NaN (pH 6.0). The *H,O content
of all buffers is expressed in % (v/v); these solutions
were made by mixing appropriate volumes of a pure
'H,O buffer and a pure ?H,O buffer. The dg-DMPC ves-
icles were measured in a buffer containing 94% 2H,O
while the d,,-DMPC vesicles were measured in a buffer
containing 99% 2H,0.

Phospholipid preparation

The synthetic phospholipid was dissolved in chloro-
form at 20 mg/ml, and trace ["*C]JDPPC (less than 0.01%
by mass) was added out of a stock solution in ethanol/
toluene. After mixing, the solvent was removed on a
Rotovap, and the lipid film was dried overnight at high
vacuum (<50 mTorr) prior to being dissolved at 20 mg/
ml in 3% (w/v) Mega-8 in CHB. Following sonication
for one hour at approximately 45°C in a Bransonic 2000
bath sonicator, the stock solution was filtered through a
pre-rinsed 0.22 um pore size polycarbonate syringe filter;
the yield of lipid during filtration was in excess of 99%
based on scintillation counting. The stock solution was
stored at —20°C pending use in reconstitutions.

Preparation of bacteriorhodopsin

Purple membrane was prepared and biosynthetically
labeled with [*H]leucine as described by Popot et al.
(1987). The specific activity of the protein was deter-
mined using quantitative amino acid analysis. In our
hands, the published procedures for the delipidation and
reconstitution of bR (Huang et al., 1980) that were avail-
able at the time that we initiated these studies produced
protein that was at least partially denatured and aggre-
gated by the time that it had been reconstituted into ves-
icles, presumably due to instability of bR in the
detergents used for purification. The presence of the pro-
tein aggregates in the reconstituted vesicles rendered the
small angle scattering profiles of the protein uninterpre-
table. These aggregates also could be detected by gel fil-
tration chromatography in the detergent B-og following
solubilization of the vesicles (see below). Therefore, a
procedure was developed that produces rigorously
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monodisperse protein as assayed by gel filtration chro-
matography. We found that bR exhibits superior stability
in the detergent Mega-8, and this detergent offers the
additional advantage that bR/Mega-8 mixed micelles are
substantially larger than phospholipid/Mega-8 mixed
micelles so that these species can be separated with base-
line resolution in gel filtration chromatography on either
TSK-3000SW or TSK-2000SW columns.

In a typical preparation, 15 mg of purple membrane
was collected by ultracentrifugation and resuspended in
0.9 ml of buffer containing 5.0% (w/v) TX-100, 20 mM
NaH,PO, (pH 7.0). A small Teflon stir-bar was added to
this solution, and solubilization proceeded with gentle
stirring. After a minimum of 12 hours incubation at
room temperature in the dark, unsolubilized membrane
was removed by centrifugation at maximum speed in an
A95 rotor in an Airfuge (Beckman, Palo Alto, CA) for 45
minutes at room temperature. Concentrated Mega-8 and
CHB buffer salts were added to the supernatant to final
concentrations of 5% (w/v) and 1X, respectively, and
this solution was filtered through a pre-rinsed 0.22 pm
pore size polycarbonate syringe filter. The protein was
separated from phospholipid and TX-100 by a single
step of gel filtration in 2.2% (w/v) Mega-8 in CHB on a
TSK-3000SW column (21 mm x 300 mm) equipped with
a TSK-SW pre-column (21 mm x 50 mm). The protein
solution (~1.8ml) was injected, and the column was
eluted at a flow-rate of 4.0 ml/min at room temperature.
Protein-containing fractions were pooled and stored at
4°C pending reconstitution.

Reconstitution

Vesicles were produced by dialysis. Phospholipid
and protein in Mega-8 buffer were mixed in the appro-
priate weight ratio (approximately 4.5:1) and trans-
ferred to SpectraPor-2 tubing for dialysis against 50
volumes of CHB at 4°C. Dialysis proceeded for a mini-
mum of 72 hours with at least six buffer changes. Pure
phospholipid vesicles were prepared in the same man-
ner. Following reconstitution, the vesicles were col-
lected by ultracentrifugation and resuspended in CHB
at a phospholipid concentration of approximately
80 mg/ml; resuspension was accomplished by gentle
vortexing in conjunction with bath sonication at 37°C
over a period of approximately 30 minutes. The vesicle
suspension was transferred into SpectraPor-2 tubing
and dialyzed against 20 volumes of pure ?H,O buffer
for 24 hours at room temperature. Finally, the samples
were dialyzed against 20 volumes of buffer with the
appropriate H,O content for the SANS measurement;
this dialysis proceeded for 24 hours at room tempera-
ture with one change of buffer.

Vesicle manipulation during SANS measurements

In the early stages of the experiments, chronic pro-
blems were encountered due to sedimentation of the
vesicles during SANS measurements, and consistent
background subtraction and scaling could not be
achieved. These problems were alleviated by limit soni-
cation of the vesicles in a bath sonicator immediately
prior to measurement and maintenance of the vesicles at
35°C (safely above the phase transition temperature) at
all times during measurement. The samples were soni-
cated directly in the quartz cuvettes used for the SANS
measurements which were sealed with a Teflon stopper
and Parafilm. Sonication proceeded at 37° to 42°C for ten

minutes and then continued for an additional ten to 15
minutes if the turbidity in the sample seemed excessive.
To confirm that appreciable sedimentation was not
occurring during SANS measurements, the concentration
of lipid and protein in the solution was quantitated
immediately before and immediately after each measure-
ment by scintillation counting of a small aliquot (~12 pl)
removed in a manner so as to avoid resuspending any
sedimented vesicles. In all cases, the observed sample
concentration before and after the measurement varied
by less than 2% (i.e. within the limits of accuracy of the
quantitation).

The lipid-to-protein ratio in the bR vesicles was varied
by fusing them with pure lipid vesicles. Fusion was
accomplished by two cycles of freeze/thaw/sonication.
The vesicles were mixed directly in one of the quartz
cuvettes used for the SANS measurements. The solution
was frozen by immersing the bottom of the cuvette in a
solid CO,/ethanol bath, thawed in a breaker of water at
room temperature, and then sonicated for five minutes
(at 37° to 42°C). Following a second round of freeze/
thaw in an identical manner, the vesicles were sonicated
for ten minutes and then transferred to the thermally
regulated sample holder.

Glutaraldehyde cross-linking

Immediately after opening a sealed ampoule, glutaral-
dehyde was added to the samples in the cuvettes to a
final concentration of 1% (v/v). The samples were incu-
bated for approximately one hour at 35°C prior to the
first SANS measurement. The bR sample and the pure
DMPC sample contained 44 mg/ml and 32 mg/ml phos-
pholipid, respectively. A profile of glutaraldehyde-con-
taining buffer was used for background subtraction of
the profiles measured from these samples.

Quantitation of isotopic labels

A double radiolabeling scheme was employed because
accurate assessment of the concentration of both the
phospholipid and the protein in each sample is essential
for successful data scaling. The protein contained a
low-level biosynthetic label in the form of [*H]leucine,
while the deuterated phospholipid preparations con-
tained trace ["*C]DPPC. *H decay was quantitated in an
energy window from 0 to 5keV where the specific
activity of the protein was approximately 40 cpm/pg.
1C decay was quantitated in an energy window from 10
to 100 keV where the specific activity of the phospholi-
pid was approximately 3 cpm/pg. The fractional spill-
over in both windows was determined by counting pure
protein and pure lipid samples. Scintillation counting
was performed using a Tri-Carb 2000CA liquid scintil-
lation counter (Packard, Downers Grove, IL); samples
were dispersed in the scintillant Optifluor (Packard) in
7 ml glass vials. Analysis was performed on three inde-
pendent aliquots of each sample (4 pl, 8 ul, and 12 pl)
that were collected using a Microman M-25 positive-dis-
placement micro-pipet (Rainin, Woburn, MA).

Analytical chromatography

Analytical gel filtration chromatography was per-
formed on a TSK-2000SW column (7.5 mm x 300 mm)
equipped with a TSK-SW pre-column (7.5 mm x
50 mm). The column was equilibrated in CHB containing
1.5% (w/v) B-og and run at a flow rate of 0.5 ml/min at
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room temperature. Following the completion of the
SANS measurements, each sample was assayed for the
presence of irreversibly aggregated protein using gel fil-
tration chromatography. A 15l aliquot of the sample
was dissolved in 110 pl of the B-og buffer and injected
onto the column without pre-column filtration. In the
samples used for the analysis of the scattering par-
ameters of bR, at most 3% of the protein appeared in
large aggregates eluting in the void volume of the col-
umn, and there was no evidence of any smaller protein
aggregates.

Neutron scattering measurements

Small angle neutron scattering profiles were measured
on station D11 (Ibel, 1976) at the Institut Laue-Langevin
in Grenoble, France. A neutron wavelength of 10 A was
selected using a helical slot velocity selector with 9%
full-width at half-maximum. The sample-to-detector dis-
tance was either 1.54 m or 2.0 m, and the 2.5 m collima-
tor was used. The integration time for the acquisition of
SANS profiles was normalized to 500,000 monitor
counts, while the integration time for the acquisition of
transmission data was normalized to 30,000 monitor
counts. Samples were measured in 2.00 mm path-length
quartz cuvettes. The sample cells were maintained at
35°C during the SANS measurements. The profile of an
aliquot of the appropriate dialysis buffer was used for
background subtraction. The observed small angle scat-
tering profiles were corrected for sample transmission,
buffer scattering, and electronic background using stan-
dard subtraction protocols (Ibel, 1976, Ghosh, 1989). All
of the SANS profiles presented here are plotted on an
absolute-intensity scale so that the intensity of neutrons
scattered at angle Q is expressed as a ratio relative to
that of a 1.00 mm sample of pure H,O (Jacrot & Zaccai,
1981, Ghosh, 1989). The scattering angle Q is defined as
4nsin®/) where is 0 equal to 1/2 the angle of deflection
and A is the neutron wavelength. An extensive series of
preliminary SANS experiments were performed on
station H9B at Brookhaven National Laboratory in
Upton, NY.

The use of an absolute intensity scale allows straight-
forward evaluation of the molecular mass of the scatter-
ing particle using the following formula (Jacrot & Zaccai,
1981):

- [@unpe] A=T) 100 [xb b3]"
" [ TO0)mo Ty A4n-C-t-Na

(Mr)m Na

In this expression, I(0) represents forward scatter, T,, is
the transmission of the reference sample of H,O, C is the
concentration of the protein in mg/ml, t is the path-
length of the sample cuvette in cm, N, is Avagadro’s
number, Xb; is the sum of the neutron scattering lengths
of the atoms in the protein monomer, (M,),, is the mol-
ecular mass of the protein monomer, b is the mean neu-
tron scattering length density of the buffer, and V is the
partial specific volume of the protein. In evaluating the
molecular mass of bR in the reconstituted vesicles, we
assumed that 75% of the exchangeable protons equili-
brate with the solvent based on the considerations out-
lined in the next section.

Theoretical calculation of the R,

The atomic model of bR from electron crystallography
was used to estimate the theoretical neutron scattering

Rg using the following formula (Guinier, 1963; Feigin &
Svergun, 1987):
Z ADb; - 7”12

2 i
Rg - ZAbi
i

In this expression, Ab; represents the excess scattering
length of residue i, and r; represents the distance of the
a-carbon atom of the residue from the center-of-mass of
the excess scattering length in the protein. The excess
scattering length represents the contrast level of the
amino acid relative to the buffer and is calculated as the
difference between the scattering length b; of the amino
acid (Jacrot, 1976) and the scattering length of an equiv-
alent volume of buffer:

Ab,‘:b,‘—é%)i

The scattering lengths of the amino acids were adjusted
for individual residues in the protein molecule according
to the 'H/?H exchange level assumed at each position.
Standard values were used for the volumes of the amino
acids, v; (Zamyatnin, 1984). The average scattering length
density of the buffer, b, was calculated using the follow-
ing formula, where y represents the volume fraction of
2H,0 in the buffer (Jacrot, 1976):

b = (0.0697y — 0.00562) - 102 cm/A’

Calculations were performed using a program from
Venki Ramakrishnan (University of Utah), which was
modified to allow specification of the exchange level
independently for each amino acid in a three-dimen-
sional structure. The atomic coordinates for bR were
taken from file 2BRD in the Brookhaven Protein Data
Bank, which contains the refined structure reported by
Grigorieff et al. (1996). Non-protein atoms were ignored
in the calculation. All of the exchangeable protons were
assumed to equilibrate with solvent except for approxi-
mately 15 backbone protons in the core of every trans-
membrane a-helix (i.e. except for the hydrogen-bonded
backbone protons more than three or four residues from
a helix terminus); this exchange model corresponds to an
overall "H/?H exchange level of about 75%.
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