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Abstract. Previously published small-angle neutron and
X-ray scattering data from coated vesicles, reassembled
coats, and stripped vesicles have been analyzed in terms
of one common model. The neutron data sets include
contrast variation measurements at three different D,O
solvent concentrations. The model used for interpreting
the data has spherical symmetry and explicitly takes into
account polydispersity, which is described by a Gaussian
distribution. A constant thickness of the clathrin coats is
assumed. The fitting of the model shows that the coated
vesicles consist of a low-density outer protein shell
(clathrin) and a central protein shell (accessory polypep-
tides and receptors) of approximately six times higher
density. For the X-ray scattering and neutron contrast
variation data, the polydispersity of the samples is of the
order of 90 A (full-width-at-half-maximum value) and
the average outer radius js approximately 400 A. The
inner high-density shell has inner and outer radii of 115
and 190 A, respectively. A simultaneous fit to the three
neutron contrast variation data scts identifies the lipid
membrane with a thickness of 40 A and an outer radius
of 196 A. Thus, the membrane and the high-density
protein shell overlap in space, which shows that the lipid
membrane contains protein. The molecular mass of the
average particle is 27 x 10° Da. The coated vesicles con-
sist, on average, of approximately 85% protein and 15%
lipids. About 40% of the protein mass is sitnated in the
central high-density shell, which gives a large amount of
protein in the lipid membrane. The densities of the cen-
tral shell and the lipid membrane show that the hydration
1s small in the central region. A comparison of the total
mass, the mass distribution, and the structure of the aver-
age-size particles with the barrel structure shows that the
accessory polypeptides are incorporated in the lipid
membrane. The results from the neutron data for the
reassembled coats show that the structure of these parti-
cles is very similar to the structure of the native coats. The
main difference is a higher density of the central protein
shell, which shows that the membrane is replaced by
protein in the reassembled coats.
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1. Introduction

The protein clathrin plays an important role in connec-
tion with endocytosis in living cells (Pearse and Crowther
1987). The clathrin forms a shell of a polygonal network
on the cytoplasmic side of the membrane, stabilizing the
structure of the coated vesicle. Clathrin (the heavy chain)
is an 180 kDa protein, which forms trimers, termed
triskelions (see, e.g. Pearse and Crowther 1987, and refer-
ences therein). The triskelion is star-shaped molecule of
about 800 A in diameter with kinks at the three legs at
about 200 A from the center of the molecule (Unge-
wickell and Branton 1981; Crowther and Pearse 1981).
Each leg ends in a globular terminal domain. Three light
chains of mass ~ 35 kDa bind to the triskelion, giving a
total mass of 630 kDa for the triskelion. (Ungewickell
1983; Kirchhausen et al. 1983). The outer lattice network
is formed by packing of the triskelions. The second im-
portant component in the coats is the accessory polypep-
tides (AP). They belong to four classes with masses of
approximately 20, 50, 100, and 180 kDa (Unanue et al.
1981; Zaremba and Keen 1983; Pearse and Robinson
1984; Pearse 1985). These polypeptide and complexes of
them are believed to form the contact between the
clathrin shell and the internal vesicle.

During the formation of the clathrin-coated vesicle,
some of the receptor molecules of the cell membrane are
incorporated in the membrane of the coated vesicles.
These receptor molecules have been observed to have a
relatively large extracellular part, with a ligand binding
site, and a smaller cytoplasmic part (Perry and Gilbert
1979). In the native coats some receptors have much
greater occurrence as compared to the cell membrane,
whereas other receptors are nearly completely excluded
(Bretscher et al. 1980). Therefore the coats work as



80

molecular filters, transporting specific molecules into the
cell. After the clathrin coats have pinched off from the
cell membrane, they disassemble and the clathrin is recy-
cled in the process. Clathrin-coated vesicle and pits are
also known to be involved in the process of infection of
cells (Marsh and Helenius 1980; Roman and Garoff
1985).

Clathrin coated vesicles can be purified from mam-
malian cells as first described by Pearse (1975). The con-
stituents of the coated vesicles, clathrin and the accessory
polypeptides, can be purified and reassembled into coats
without lipid membrane under appropriate conditions
(Ungewickell and Branton 1981; Crowther and Pearse
1981; Zaremba and Keen 1983; Pearse and Robinson
1984). In the present work the term reassembled coats is
used for these, and the term coated vesicles is used for the
native particles.

Most of the information available on the structure of
the coated vesicles and the reassembled coats is from
electron microscopy studies. Negative staining has been
used for obtaining the structure of the outer clathrin lat-
tice of the coats (Pearse 1975; Crowther et al. 1976;
Crowther and Pearse 1981). The clathrin shell is made up
of 12 pentagons and a variable number of hexagons. The
smallest number of hexagons seems to be four. The inter-
nal structure of the coats has been investigated by cry-
electron microscopy, in which the coats are incorporated
in vitreous ice (Vigers et al. 1986a, b). The micrographs
were processed and image reconstructions were per-
formed. For the reassembled coats the ‘hexagonal barrel’
was selected and investigated. It has a maximum outer
size of about 400 A in radius. The image reconstructions
clearly show the outer clathrin shell. They further reveal
a central shell between 100 and 200 A in radius, which is
attributed to the accessory polypeptides. Another cen-
tered around 250 A is observed, which is attributed to the
terminal domains of the clathrin triskelion. Similar inves-
tigations of coated vesicles (Vigers et al. 1986 b) are more
difficult as the particles are quite polydisperse in size.
Studies of individual particles have shown the existence
of a shell of high-density situated 250 A below the outer
surface of the coats. This shell was interpreted as being
due to proteins possibly incorporated in the lipid mem-
brane. The membrane itself cannot be observed as its
electron density is quite similar to that of the surrounding
ice.

Deep-etch visualization studies (Heuser and Keen
1988) of coated vesicles have shown that the accessory
polypeptides are present as aggregates with a project size
of 90 x 70 A. The estimated molecular mass of the aggre-
gate is about 300 kDa. The micrographs show that the
AP aggregates are often connected to the terminal do-
mains of the triskelions and that enzymatically stripped
vesicles have aggregates on the surface. The stripped vesi-
cles have a radius of 200250 A in the micrographs.

Coated vesicles and reassembled coats have also been
studied by the small-angle scattering technique (Bauer
et al. 1991, 1992). The analysis of the data gave a coated
vesicle radius of 400—500 A. A neutron contrast-varia-
tion study gave a composition for the coated vesicles of
75% protein and 25% lipids, in agreement with the re-

sults of Pearse (1975) obtained by chemical analysis. The
molecular mass was determined as 33 x 10° Da. The
composition and molecular mass were used for indirectly
determining the radius of the membrane. It was found to
be 190 A. However, further analysis was not done as no
structural model was available.

The present work concerns a detailed structural analy-
sis of the small-angle scattering data previously published
by Bauer et al. (1991, 1992). The data have been analyzed
using spherical models consisting of several concentric
shells, as is previously described in the literature (Schnei-
der et al. 1978; Chauvin et al. 1978; Sjoberg 1978; Cu-
sack et al. 1985). The model used in the present work is
different from these, as it explicitly incorporates polydis-
persity of the particles. In order to give a clear presenta-
tion of the model, a special section has been devoted for
describing the details of the model.

The primary advantage of the small-angle scattering
technique is that the samples are kept under near-physio-
logical conditions throughout the sample preparation
procedure and the measurements. A second advantage
concerns the contrast variation technique for neutron
scattering, which allows the constituents of the particles
to be identified. Furthermore, for neutrons, the scattering
contrast of the lipid membrane is quite large for high
D,0 solvent concentrations, which means that the tech-
nique is quite sensitive to membrane scattering. This sen-
sitivity does not exist for X-ray scattering and electron
microscopy. For these techniques the similar electron
density of the solvent and lipids leads to a very poor
contrast. The aim of the structural analysis is thus to
determine the protein distribution in the particles and the
position of the lipid membrane. The neutron scattering
data, which are on an absolute scale, also give the molec-
ular mass of the particles.

2. Materials and methods
Samples and measurements

As mentioned in the introduction the small-angle scatter-
ing data used in the analysis in the present work are the
data published by Bauer et al. (1991, 1992). The samples
were prepared by G. Jones, M. Behan, and D. Clark in
the Biological Support Laboratory at Daresbury Labora-
tory, UK. The details of the sample preparations are
given in Bauer et al. (1991, 1992). The clathrin coated
vesicles were purified from bovine brains by successive
centrifuging in sucrose gradients and by gel exclusion
chromatography. The uncoated vesicles for the X-ray
scattering experiments were taken from the low-molecu-
lar-weight tail of the elution volume. For the reassembled
coats, the coated vesicles were separated into their con-
stituents and the clathrin and accessory polypeptides
were purified and reassembled. The details of the experi-
mental procedure for the small-angle X-ray scattering
experiments and neutron experiments are described in
Bauer et al. (1991, 1992). The data sets are: (i) X-ray data
on coated vesicles, reassembled coats, and stripped vesi-
cles, (i) neutron contrast variation data on coated vesi-



cles in 0, 42, and 75% D,0, and (i/i)) neutron data on
coated vesicles and reassembled coats in 100% D,0.

The polydispersity of the samples is of particular inter-
est in connection with finding a model for describing the
scattering data. Bauer et al. (1991, 1992) have obtained
results for the polydispersity using dynamic light scatter-
ing. The measurements were performed on 50—100 times
diluted samples in order to get a reasonable signal inten-
sity. For the contrast variation study, the average hydro-
dynamic radius of the coated vesicles was determined by
Bauer et al. (1992) to R, =450+ 13 A and the average
molecular mass was M = (24 + 4) x 10° Da. The poly-
dispersity factor (the width of a Gaussian size dis-
tribution) was determined to 6 = 30 + 5%. For the neu-
tron scattering samples in 100% D,O (Bauer et al. 1991)
the light scattering gave R, =470 A, 6=35% for the
coated vesicles and R, = 710 A, 6 = 36% for the reassem-
bled coats. Electron microscopy (Bauer et al. 1991, 1992)
qualitatively confirms the presence of relatively large
polydispersities. However, the values for the polydisper-
sities are in general smaller.

The relatively large size polydispersity of the coated
vesicles deserves comment. The clathrin forms a polygo-
nal network structure around the vesicle, consisting of
pentagons and hexagons (Crowther et al. 1976). In order
to form a closed coat, 12 pentagons are required, whereas
the number of hexagons can be varied. This means that
in principle the size of the coat takes on discrete values;
however, electron microscopy (Zaremba and Keen 1983;
Pearse and Robinson 1984; Ahle and Ungewickell 1986)
shows that in practice the distribution of sizes is continu-
ous. Thus in the model presented in the following the
distribution is considered to be continuous. The observed
polydispersity of 20—-30% is much larger that the one
determined for samples of influenza virus (Ruigrok et al.
1984a) and of adenovirus (Ruigrok et al. 1984b). For
these two virus samples, polydispersities of, respectively,
12 and 6% were found. Compared to the small-angle
scattering curves for monodisperse samples, the polydis-
persity of the clathrin coated vesicles gives rise to a large
smearing of the curves. Therefore the polydispersity ef-
fects are incorporated explicitly in the models used for
analyzing the small-angle scattering results.

Structural models

The data were analyzed using spherical models consisting
of several concentric shells as have previously been used
in the analysis of small-angle scattering from virus parti-
cles (Schneider et al. 1978; Chauvin et al. 1978; SjGberg
1978; Cusack et al. 1985). The application of models with
spherical symmetry means that the finer structural fea-
tures of the clathrin lattice are neglected. This point is
investigated and discussed in the Appendix. The parame-
ters in the models are the radii of the shells R, and the
scattering length density g; of the shells. These parame-
ters are optimized by means of non-linear least-squares
methods. The measured data points are weighted accord-
ing to their statistical error (Bevington 1969). One of the
important differences in the present work, as compared
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to the previous application of shell models, is that the
parameters describing the various smearing effects are
not treated as fitting parameters. The variation of the
parameters have previously been performed in order to
mimic the effects of systematic errors, such as polydisper-
sity effects (Cusack et al. 1985). We have instead included
the polydispersity explicitly in the model. However, it is
generally recognized that one cannot determine the size
distribution and the structure of the particle, at the same
time, from a scattering curve. This is due to the scattering
curve being given as the convolution the size distribution
and the form factor. In order to be able to determine the
structure it is therefore necessary to assume a particular
form the size distribution. In the present work we have
chosen a simple form, namely a Gaussian distribution.
The shapes of the size distributions determined for re-
assembled coats (Zaremba and Keen 1983; Pearse and
Robinson 1984; Ahle and Ungewickell 1986) are in fact
nearly Gaussian.
The cross section for the general model is:

dalg) _
0 - fD(r)F(q, r)? dr, 1)

where D (r) is the Gaussian number size distribution:

1 r?
expl—=—s |, 2
2no? P ( 20} ) .
and F(q, r) is the form factor of the particle for the devi-
ation r in size relative to the average size.

The variance o, of the Gaussian distribution is related
to the FWHM value Ar by:

Ar
0= = €)
2./2In2

In the rest of the paper 4r is referred to as the polydisper-
sity. Where polydispersities are given in per cent it is Ar
relative to the outer radius of the particles. The polydis-
persities could in principle be fixed at the values deter-
mined by other techniques such as, for example, light
scattering. However, it was clear from the data analysis
that the polydispersity is very sensitive to small changes
in the sample preparation procedure. It was therefore
taken as a free fitting parameter.

For the X-ray measurements the instrument does not
give any significant smearing of the measured scattering
curves (Skov Pedersen and Riekel 1991). For the neutron
measurements the smearing effects are more pronounced
and in the analysis of the neutron data the cross section
(1) is convoluted by the instrumental resolution as de-
scribed by Skov Pedersen et al. (1990). The resolution
function R({q). q) describes the distribution of wave
vectors g probed for the nominal vector {(g). The mea-
sured intensity I({g)) is given by:

da(q)
de

The analysis by Vigers et al. (1986b) of reassembled
clathrin coats and intact coated vesicles by cryo-electron
microscopy indicates that the thickness of the clathrin

D(r)=

1{g) = JR .9 dq. 4)
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Fig. 1. The radial density distribution for reassembled coats and an
intact coated vesicle as derived from the radial mass distributions
determined by Vigers et al. (1986 a, b) from cryo-electron microsco-
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coat 18 constant, i.e., independent of particle radius. For
the reassembled coats and for some of the coated vesicles,
Vigers et al. (1986b) determined a radial mass distribu-
tion. Fig. 1 shows this distribution converted to a radial
density distribution for the reassembled coats and for a
coated vesicle of radius 475 A. For the latter, the negative
values arising from the phase-contrast ripples have been
suppressed. However, some of the oscillations seen in the
figure are likely to be due to the these ripples. The density
in Fig. 1 is due to the protein in the coats as the lipids
have an electron density which is close to that of the
water.

The simplest model that can be derived from the den-
sity shown in Fig. 1 is a model with two successive shells
for the protein and with an empty core:

F,(g,1)=0,92(qR,+71)—(0,—0;) P(q,R,+7)
- QZ(D(q,R3 + I‘), (5)

where R, and R, are the outer and inner radius of the
outer shell and R, are the inner radius of the inner shell.
The scattering densities of these two shells are ¢, and g,,
respectively. In the equation, @ (g, R) is the form factor of
a sphere of radius R:

3[sin(gR) — qR cos(qR)]
@R)?

R = 3R ©

For the lipid membrane the form factor was chosen as:
Fm(q)r)=Qm[¢(q=Rm+r)_¢(q’Rm_Wm+r)]5 (7)

where W, is the width of the membrane. The fits are not
very sensitive to the particular value of this parameter, as
it has a value (~40 A) which is quite close to the resolu-
tion of the data: n/0.1 A =31A. It was therefore kept
fixed at 40 A in all the fits. This value was estimated from
the membrane thicknesses found by Harrison et al.
(1971); Schneider et al. (1978); and Cusack et al. (1985).

The total form factor of the model is the sum of the
protein and the lipid contributions:

F(g,r)=F,(g.7) + E.(q,7). )

For the neutron scattering, the scattering length density
0; of the ith component depends linearly on the D,0O
fraction x of the buffer:

e:=0/ (x—x7), ©®

where x} is the match point of the ith component and
o? x? is the scattering density in pure H,O. This depen-
dence is used explicitly when fitting the three data sets at
different contrasts simultaneously. This approach is in
line with the approach first used by Cusack et al. (1985)
in the analysis of the scattering data from influenza virus.
In all the fits a constant background was also added to
the model given in (1) in order to fit residual background
in the data.

One of the major problems when fitting the spherical
models to the data is a significant correlation between the
scattering length densities g, and the radii of the shells R,.
For the X-ray scattering data, the smearing of the scatter-
ing curves is almost entirely due to polydispersity and it
appears that the gradients in the different parameters are
sufficiently independent to allow a simultaneous fit of the
scattering densities, the radii, and the polydispersity. The
search procedure of Marquardt (1963) (described also by
Bevington 1969) was applied for least-squares method.
However, for the neutron scattering data the additional
smearing due to instrumental resolution apparently in-
troduces correlations between the parameters, and it is in
some cases not possible to fit the parameters simulta-
neously. In such cases a grid search was applied, in which
the parameters are optimized successively and repeatedly
(see Bevington 1969). This procedure is time consuming
but it converges reliably. Once the minimum is found, the
errors were determined from the usual error matrix (Bev-
ington 1969) by fitting all the parameters in the model
simultaneously. In some of the fits, the correlation be-
tween the parameters remains large even at the minimum
and the errors of the correlated parameters are not reli-
able.

3. Results
Lower resolution model for the X-ray scattering data
The small-angle X-ray scattering was performed by Bauer

et al. (1991 on three different samples: Reassembled coats,
native coated vesicles, and stripped vesicles. The mea-
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Table 1. Results from the X-ray data for the two-shell model for the
reassembled coats and the coated vesicles, and the one-shell model
for the stripped vesicles. The radii are for the average particle. The
densities are in arbitrary units and can only be compared within
each column

Reass. coats Coated vesic.  Stripped vesic.

Ar [A] 65+3 9345 130+ 62
R, [A] 461+4 38445 -
R, [A] 159+7 13745 14445
R, [A] 12947 79+4 99+6
R,—R, [A] 30248 24746 -
R,—R.[A] 30410 5846 45+8
0, [a.u] 1.61+0.1 22401 -

0, [a.u} 46420 25+13 3114
V, [10% A7) 3.940.1 23401 -

v, [108 A3 79426 87+12 84415
M,/(M,+M,) 037+0.05 0.30+0.05 -

sured data are shown in Fig. 2. For the reassembled coats
and the coated vesicles a secondary maximum is present
around g =0.026 A~'. The maximum is broadest for the
coated vesicles. For the stripped vesicles, the secondary
maximum is only weakly present at a slightly smaller
scattering vector g = 0.023 R‘ L

For X-ray scattering, the contrast is given by the differ-
ence in the electron density in the particles and the sol-
vent. For the protein the typical value is 0.08 elect./A3,
whereas for lipids it is in the range from —0.03 to 0.001,
depending on the density of the lipid molecules (Perkins
1988). Thus, the contribution to the scattering from the
lipid membrane is much smaller than the contribution
from the protein. In the first model we will therefore
neglect the scattering from the membrane and take the
particle form factor to be equal to the protein form factor
(5) consisting of two shells. For the stripped vesicles only
one shell is used. The two models have, respectively, 7 and
5 parameters, each including a parameter to describe re-
sidual background in the data. The fits of these models to
the data are shown in Fig. 2. The models agree quite well
with the measured data for g < 0.04 A™!, corresponding
to a resolution of about 80 A.

The parameters resulting from the fits are given in
Table 1 and the radial protein densities of the average
particles are displayed in Fig. 3. The average outer radius
is somewhat larger for the reassembled coats than for the
coated vesicles. Both types of particles have a shell of high
density of thickness 30—60 A at a relatively small radius.
This shell of high density is also present in the stripped
vesicles. The volume of the shell is similar for all three
types of particles: ~ 8 x 10® A3. The polydispersity rela-
tive to the average outer particle radius is 14% for the
reassembled coats and 24% for the coated vesicles. For
the stripped vesicles the absolute value of the polydisper-
sity is significantly larger than for the two other types of
particles, probably due to the way this sample was pre-
pared.

The density in the high-density inner shell is about
30 times larger than the density in the outer shell for the
reassembled coats. For the coated vesicles, the ratio of the
two densities is about 11. Neglecting the possible influ-
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ence of the membrane on the form factors, the mass of the
protein in the two shells is proportional to the volume
times the density of the shell. Using this one can calculate
the ratio of the masses in the two shells. For the reassem-
bled coats 37+ 5% of the protein mass is in the central
shell, whereas for the coated vesicles the central shell con-
tains 30+ 5% of the protein mass. The errors on these
parameters are estimates and not calculated by the usual
error analysis. The scattering densities and the volume of
the shells are very correlated, as it is the product of these
two entities which is proportional to the scattering ampli-
tude. The correlation of the parameters gives relatively
large errors in both parameters. However, the mass,
which is proportional to the product of the scattering
density and the volume, is a better defined parameter as
the scattering amplitude of each component is propor-
tional to the mass.

Contrast variation neutron scattering data

The neutron scattering data recorded by Bauer et al.
(1992) for the three contrasts of 0, 42, and 75% D,0 are
displayed in Fig. 4. A secondary maximum is clearly pres-
ent at ¢ =0.027 A~1in the 0% data, and a weaker maxi-
mum is observed in the 75% data. For the 42% data, the
scattering length density of the protein is matched, and
the secondary maximum is nearly absent.

The analysis we have performed consists of two steps:
First, the two data sets in 0 and in 75% D,O were fitted
individually with the model presented in the previous
section. Second, all three contrasts were fitted simulta-
neously, taking into account the known variation (9) of
the scattering length density with D,O concentration.
The first step is required in order to have good estimates
for the starting parameters in the simultaneous fitting,

The data have previously been analyzed (Bauer et al.
1992) in terms of model-independent information. By as-
suming monodispersity of the samples a composition of
254 5% lipids and 75 + 5% proteins was found. From the
scattering length densities of lipids and protein and their
variation with D,O concentration (Jacrot 1976; Cusack
et al. 1985), one finds that the lipids contribute only 12%
of the total scattering amplitude at 0% D,O. At 75%
D,0, the lipids and protein both contribute about 50%
of the scattering. Owing to these considerations, we have
used the following procedure: First the 0% D,O data
were fitted by including only two shells in the structure
factor, that is, we neglected the smaller contribution to
the scattering from the lipids. Then the 75% D,O data
were fitted, including a shell to describe the membrane.
The scattering length densities in the two shells, also used
for the 0% data, were multiplied with a factor of 0.76 in
order to take into account the reduction in effective scat-
tering density between 0 and 75%, as expected for
protein. Only the parameters describing the membrane
were optimized in the second fit.

The fit to the 0% D,O data is excellent and given
parameters that agree very with those found when fitting
the X-ray scattering data for the coated vesicles, except
for small differences for the high density shell in the cen-
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Fig. 4. Small-angle neutron scattering data for coated vesicles. The
data are on absolute scale and they are normalized with respect
to concentration by dividing with the concentrations in the units
mg/ml. The lower, middle, and upper data sets are for 42, 0, and
75% D, 0, respectively. The data for 75% are multiplied by 10. The
solid lines are the simultaneous fit of the two-shell model, smeared
by instrumental resolution. The dotted lines are the corresponding
1deal fit. The statistical errors on the measured data are omitted for
clarity but they can be found n Bauer et al. (1992)

ter. It has an outer radius of 194 A and a thickness of 76 A.
The polydispersity is Ar =704 and the outer radius of
the average particle is R, = 391 A, giving a relative poly-
dispersity of 18%. When fitting the 75% data, the poly-
dispersity was fixed at the value found for the 0% data.
The fit to the data is not quite as good as for the 0% data.
The main discrepancies are at low g values where the
model intensities are lower than the data. Including the
polydispersity into the fits only gave an increase to
Ar=84A with only a minor improvement of the fit.
Therefore, the deviations at low g are probably due either
to some weak aggregation in the sample or to the pres-
ence of a small fraction of larger particles in the 75% data.
The fit was very good at large g values, where the model
reproduces the weaker secondary maximum in the data.
The outer radius of the membrane is 195 A, which shows
that the membrane and the inner high density protein
shell overlap.

In the simultaneous fit to all three data sets, the match
points were taken as x{ = 0.12 for the lipids and x] = 0.42
for the protein (Jacrot 1976; Cusack et al. 1985). These
values were fixed in the fits, so that the prefactors in the
linear expression of the scattering length density (9) di-
rectly relate to the amount of lipids and protein. The
whole range of the measured scattering curves were fitted,
and a common size distribution and polydispersity were
assumed. The model has nine fitting parameters, includ-
ing two parameters describing the residual background in
the 0 and 75% D,O data. The 5% uncertainty in the
concentrations used for normalization of the data was
incorporated in the errors of the experimental data.

The result from the fit for the structural parameters are
given in Table 2, and the resulting average density profile



T { T T

30 b Contrast variation |
Coated vesicles

30 T T l T
100% D,0
Coated vesicles

2= -
5
s
a
10 - -
0 b —
30 ™ T
100% D,0
Reassemblied coats
—20 - -
3
s
Q
10 + .
Q
0 100 200 300 400 500

R (A)

Fig. 5. Average particle radial density profiles from the neutron
scattering data. The upper profile is for the coated vesicles from the
simultaneous fit of the contrast variation neutron data. The mem-
brane component is dark shaded. The middle part is from the fit to
the 100% D, O data for the coated vesicles. The lower part is from
the fit to the 100% D,O data for the reassembled coats

is shown in Fig. 5. The continuous curves in Fig. 4 are the
fits of the model, smeared by instrumental resolution, and
the dotted curves are the ideal fits. The fit to the data is
very good, and the variation in the shape of the secondary
maxima is well reproduced by the model. The polydisper-
sity is 23%, corresponding to the variance 5, = 38 A. Note
that the size distribution contains 68% of the particles
between + g, and —g,. In the following analysis we will
consider the average particle with radius R, as well as
those with radius R, —o, and R, +0,. Some results for
these three particle sizes are also given in Table 2. The
scattering intensity at g = 0 is weighted approximately as
the radius to the power six. The fits are therefore much
more sensitive to the large-radius part of the size distribu-
tion compared to the small-radius part. The average par-
ticle has an outer radius of ~ 400 A. The coat thickness,
defined as the distance from the outer surface of the coat
to the outer surface of the membrane, is 200 A. The cen-
tral high-density protein shell has a width of 75 A.

As the size distribution is determined by the fit, various
parameters for equivalent monodisperse samples can be
calculated. For instance, the forward scattering intensity
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Table 2. Results for the neutron scattering data from the simulta-
neous fit to the three contrast. The results are given for the particles
of average size R, and those of size R, —o, and R, +0,. M is the
total molecular mass, M , and M, are the molecular mass of the
protein and lipids, respectively, and M, ; and M 5.2 are the mass of
the protein in the outer and inner shell respectively. The polydisper-
sity is: Ar=90+5A

'‘R,—o] 'R} '‘Ri+0]

R, [A] 359 397+2.6 435
R, [A] 151 190+0.7 228
R, [A] 77 115+1.3 153
R, [A] 158 196+0.8 235
M {10° Da] 18.7 273 378
M, [10° Da] 16.3 234 321
M, , [10° Da] 11.2 14.6 184
M, , [10°Da] 51 8.9 13.7
M, /M, 0.31 0.38 043
M, [10° Da] 24 3.9 57

I(qg=0) are 9.4, 14.3, and 20.4 ml/(mg cm) for respec-
tively, the R; —o,, Ry, and R, +g, particles at 75% D,O.
The corresponding overall match points for the three dif-
ferent sizes are respectively, 36.4, 35.9, and 35.5% D,O.
The variation of these parameters with particle size is due
to a small variation in the composition. The composition
of the particles can be calculated from the match points
by using the known values for the scattering length densi-
ties (Cusack et al. 1985; Bauer et al. 1992). For the lipids
we have ¢,=109x10""(x—0.12)cm/Da and for
protein ¢,=7.0x107'*(x —042)cm/Da. From the
match point of the particle the mass fraction M ,/M of the
protein can be calculated:

_ Qg (xo—x;’)J_l
Q,O(xo—x?) ’

M,/M = [1 (10)

where x, is the match point for the particle and the values
of the rest of the parameters are easily found by compar-
ing to the expression for ¢, and ¢, given above. Using this
we find a protein mass fraction of 86% for the average
particle, and 87% and 85% for particles deviating — o,
and +g¢, in radius, respectively. The statistical errors on
these values are quite small (< +1%).

Table 2 contains results for the radii of the shells in the
model, the total molecular mass, and the molecular mass
of the different components, for the average particle as
well as those deviating —o, and + g, in radius. The total
molecular mass is given by:

1) 10°
= N (1)

where I(0)/c is the observed forward scattering, normal-
ized to the concentration in units mg/ml, N, is Avo-
gadro’s number, and the factor 10* converts mg to grams.
The scattering contrast Ag is given by the composition:

M M
to= S e+ [1- G e, o

The molecular mass of the average particle is 27.3+
4 % 10° Da. The error is mainly given by the uncertainty
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from the determining the absolute scale of the data. Note
that the molecular mass of the particle, given in Table 2,
varies by a factor of two between the particle of radius
R, —o0, and of radius R, +¢,. For the average particle,
38% of the protein mass is in the central high-density
shell.

Neutron scattering data in 100% D,0

The neutron scattering data recorded by Bauer et al.
(1991) for coated vesicles and reassembled coats are
shown in Fig. 6. The data for the two types of particles are
quite similar, and also similar to the data for 75% D,0
from the contrast variation series. The model from the
previous section was fitted to the data. For the coated
vesicles the model has 9 parameters and for the reassem-
bled coats it has 7. The fits, smeared by instrumental
resolutions are shown in Fig, 6 as full lines, and the ideal
curves are shown as dotted lines. The agreement with the
measured data is very good except at very low g and close
to 0.045 A1, where small deviations are present.

The radial distribution functions, resulting from the
fits, are shown in Fig. 5 and the parameters are displayed
in Table 3. When comparing with the results for the con-
trast variation series one sees that the distributions are
very similar with a slightly smaller radius of the mem-
brane for the 100% D,O data. The coat thickness (the
distance from the outer coat surface to the outer mem-
brane surface) is 250 A. The polydispersities are much
larger than for the data sets described above, namely,
42%, for the coated vesicles and 38% for the reassembled
coats. For comparison, the 75% D,0O data set from the
contrast variation series, was also fitted with the model.
For this data set, a larger polydispersity can also be ex-
pected because the simultaneous fit, described in the pre-
vious section, had some deviations at small g. However,
the determined polydispersity was only 27%. The larger
polydispersity for the 100% D,O data gives a pro-
nounced smearing of the scattering curve, which causes
some loss of information. This might give rise to errors in
the density distributions.

The molecular mass of the average-size particle is
36+ 5 x 108 Da for the coated vesicles and 26+ 5 x 10° Da
for the reassembled coats. For the coated vesicles, one can
identify the 40 A thick shell with the lipid membrane, and
this gives a composition of 89% protein and 11% lipids
of the particles. These numbers have quite large uncer-
tainties, as the identification is based on the assumption
that the 40 A thick shell consists of lipids. The central
high-density shell contains 28% of the total protein mass
for the coated vesicles and 42% for the reassembled coats.

Higher resolution model for the X-ray scattering data

The fits of the lower resolution model to the X-ray data
were not satisfactory at large g, which suggests that addi-
tional features (shells) should be included. In this section
the best fits of models of higher resolution to the X-ray
scattering data are presented. The number of shells in the
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Fig. 6. Small-angle neutron scattering data for samples in 100%
D,0. Upper data points: reassembled coats. The data are multiplied
by 10. Lower data points. native coated vesicles. The solid lines are
the fits of the two-shell model, smeared by instrumental resolution.
The dotted lines are the corresponding ideal fits. The statistical
errors on the measured data are of the order of the size of the
symbols

Table 3. Results for the neutron scattering data in 100% D, 0O for
coated vesicles and reassembled coats. The results are given for the
particles of average size R,

Coat. vesic. Reass. coats
100% D,O 100% D,0
Ar [A] 17545 157+5
R, [A] 413422 409+2.1
R, [A] 184+1.7 182406
R, [A] 99+2.4 114409
R,—R,[A] 229428 227422
R,—R, [A] 85429 6841.1
R, [A] 166+3 -
M [10° Da] 355+5 26445
M, [10°Da] 31.7 26.4
M, [10°Da] 231 153
M, ,[10°Da] 8.6 11.1
M, /M, 0.27 042
M, [10° Da] 3.8 0

model was increased until the quality of the fits did not
improve. It has not been the intention to use the same
model for the three data sets, but rather to find the ones
that fit the data best, in order to find possible differences
between the three types of particle: Reassembled coats,
coated vesicles, and stripped vesicles. However, we note
that when introducing more parameters and features in
the models, there is a greater risk that a possibly wrong
form for the size distribution will give rise to structural
features in the individual coats (form factors). The models
used in the analysis are similar to those used in the anal-
ysis described above, ie., a Gaussian size distribution of
spherically symmetrical particles consisting of shells.
The fit to the data is presented in Fig. 7, and the radial
density distributions for the average particle sizes are
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Fig. 7. Small-angle X-ray scattering data. Upper data points. native
coated vesicles. Middle data points: reassembled coats. Lower data
points: stripped vesicles. The curves are the fits of the best (higher
resolution) models presented in the last part of Sect. 3. The corre-
sponding radial density distributions for the average particle sizes
are shown in Fig. 8

107

30 7 T T T
Reassembled
coats
—~ 20 -
3
8
Q.
10 —
o ] Wrmmmeretren
! Merh. ! !
30 > Coated

vesicles

Stripped

30 - vesicles

CromremeTT | !
0 100 201 300 400 500
R A
Fig. 8. Radial protein densities, from the X-ray scattering data, of
the average particle for the best models. The densities correspond to
the fits shown in Fig, 7
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Table 4. Results from the X-ray data for the best (higher resolution)
models. The radii are for the average particle. The densities are in
arbitrary units and can only be compared within each column. The
shell for the coated vesicles given by R, and R is added to the shell
and density given by R, and R, (see Fig. 8). The mass ratio M,/M
is the mass in the inner high density shell divided by the total mass

Reass. coats Coated vesic. Stripped vesic.

Ar[A] 7742 72+1 12743
R, [A] 43343 459+4 -
R, [A] 304+5 390+3 277+7
R, [A] 157+4 159+4 158 + 64
R, [A] 12744 9745 12144
Rs[A] - 275+7 —
R, [A] - 191432 -
0, [a.u] 2.85+0.1 14401 -
0, [a.u] 1.1402 32401 11401
05 [a.u] 84.6+21 3242 34+5
0. [a.u] - 26407 -
M, /M 047+0.1 0.28 +005 —

shown in Fig. 8. We first note that for these models the
values of the reduced y2 (see e.g. Bevington 1969) are
about a factor of two to four smaller than for the lower
resolution models. So from a statistical point of view it is
justified to include the additional parameters in the mod-
el. The parameters for the best fits are displayed in
Table 4. The polydispersity of the reassembled coats and
the coated vesicles is similar (~ 75 A), whereas that for the
stripped vesicles is significantly larger (127 A). The radial
density distribution function for the reassembled coats
(Fig. 8) displays a pronounced outer shell in the range 300
to 430 A, which can be associated with the clathrin coat.
The radial distribution of the coated vesicles is quite sim-
ilar to the one found from the first two-shell model, with
some additional density in the range 190 to 255A and in
the range 390 to 460 A. For the stripped vesicles, density
is found outside the central main shell (120—160 A) in the
range up to 280 A. The mass ratio M,/M of the mass in
the high-density shell to total mass is given in Table 4. For
the coated vesicles only the mass for the radius <159 Ais
included in M ,. This choice is somewhat arbitrary as one
could argue that the range up to 255 A should belong to
the central part of the particle. This would give a much
closer agreement with the mass ratios given in Table 1.

4. Discussion

Eight different X-ray and neutron scattering data sets
have been analyzed by one common model. Polydispersi-
ty of the particles, in terms as a Gaussian distribution, is
included in the model in such a way that the particles
have a coat of constant thickness. The main features of
the structure are a low-density outer protein shell of
thickness 200—300 A and a central high-density protein
shell with a thickness less than 80 A. In the analysis of
neutron scattering from the coated vesicles, the presence
of a lipid membrane shell of thickness 40 A that overlaps
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with the central protein shell was found. Owing to the low
scattering contrast of X-rays for lipids, the membrane was
not included in the model for the X-ray scattering data on
coated and stripped vesicles. For the analysis of the data
from stripped vesicles, the model was modified such that
it did not include the outer protein shell.

In the appendix the possible systematic errors from
neglecting the deviations from spherical symmetry in the
model used in the data analysis is investigated in detail.
The calculations lead to the conclusion that this neglect
gives rise to an error on the structural parameters with an
upper limit of about 10%, whereas the upper limit on the
error on the molecular mass is about 20%.

The polydispersity for the experimental data varies a
lot between different sample preparations. However, all
values are much larger than the about 7% that might arise
from the eccentricity of the particles (see the Appendix).
The X-ray scattering (Bauer et al. 1991) from coated vesi-
cles and reassembled coats show a polydispersity of about
80 A (18%), whereas the stripped vesicles have a polydis-
persity of 130 A. The neutron scattering from samples in
100% D,O shows significantly larger polydispersity
(~40%) than that from the corresponding X-ray scatter-
ing data. Even the data for the neutron contrast variation
study exhibit a variation in polydispersity, despite the fact
that the basic material of the samples was prepared in the
same procedure. Fits to the individual contrasts give
polydispersities of 18% for the D,O sample, 27% for the
75% D,0 sample, and 31% (relative to an outer radius of
400 A) for the 42% D,O sample. The differences in the
polydispersities of the neutron scattering samples are
qualitatively confirmed by the dynamic light scattering
measurements performed by Bauer et al. (1991, 1992). All
of the samples were prepared from bovine brains, so there
should be no difference in the original material. Also the
sample preparation procedures used are nearly identical.
Therefore, the conclusion that can be drawn is that the
polydispersities of the samples are quite sensitive to mi-
nor changes in sample preparation procedure.

Comparison of the structural models

First, we will discuss the structure of the coated vesicles
with reference to the structure (Fig. 5) determined from
the neutron contrast variation data. This structure is
based on three data sets measured at different contrasts,
and it is therefore also the most reliable with respect to
the identification of the protein and lipid contributions.
Furthermore, the modest polydispersity for the three data
sets should only cause small systematic errors. For this
model, the outer radius of average particles is close to
400 A, and the central high-density shell has outer and
inner radii of 190 and 115 A, respectively. We associate
the outer shell with the clathrin protein and the inner shell
with the accessory polypeptides and receptor proteins,
We return to this point in the next section. The lipid
membrane has an outer radius of 196 A and a thickness of
40 A. For the 100% D,O data, a relatively large polydis-
persity is found, and, consequently, the structural
parameters derived from this data are less reliable. How-

ever, the structure (Fig. 5) is quite similar to the one
derived from the contrast variation data, except that the
membrane has a 30 A (15%) smaller radius. As mentioned
previously, the identification of the lipid membrane is less
reliable in this case, as it is only based on one contrast.
The structure for the X-ray scattering data from the two-
shell model (Fig. 3) has smaller radii for the average par-
ticle size. Adding 25 A to the values brings the radius of
the outer shell and the inner radius of the high-density
shell into reasonable agreement with the neutron struc-
tures. However the outer radius of the high-density shell
is some 30 A lower than for the neutron models. This is
probably due to the lipid membrane having a negative
scattering density, which reduces the total scattering den-
sity in the region 150-190 A. The position of the mem-
brane is indicated in Fig. 3. For the best fit to the X-ray
scattering data, the profile (Fig. 8) agrees well with the
presence of a negative density membranc at 160—200 A.
The central protein has its major density inside the mem-
brane, but also some density outside the membrane in the
region 190-260 A.

The one-shell model (Fig. 3) for the X-ray scattering
data from the stripped vesicles has a shell thickness which
is only slightly smaller than the thickness of the central
shell in the two-shell model for the X-ray data for coated
vesicles. It is therefore likely that the shell for the stripped
vesicles corresponds to the protein, and that the mem-
brane is in the region 150—190 A and therefore almost
enwraps the protein. The two-shell model (Fig, 8) for the
stripped vesicles has additional density ranging up to
275 A. This model is very similar to the best model for the
coated vesicles for radii smaller than 275 A. We conclude
that the stripped vesicles contain a large portion of
protein and receptors.

The two-shell model for the 100% D,O neutron scat-
tering data for the reassembled coats gives structural
parameters (Table 3 and Fig. 5) which are nearly identical
to those of the coated vesicles derived from the contrast
variation and 100% D,O neutron data. Comparing only
the 100% D,O results for the coated vesicles and re-
assembled coats (for data taken in the same run and with
similar polydispersity) the main differences are a smaller
thickness of the central high-density shell and a higher
fraction of the protein in this shell for the reassembled
coats. The differences are also found when comparing the
results from the X-ray data for the two-shell model
(Table 1) and for the best models (Table 4). However, the
conclusions for the X-ray data are less firm owing to
differences in the outer shell radius and the presence of the
negative density membrane in the coated vesicles. The
best model for the reassembled coats (Table 4 and Fig. §)
does not have a constant density in the outer low density
region, but has an outer shell of thickness 130A with a
higher density than in the intermediate region from 304 to
157 A. This is probably due to the outer clathrins polygo-
nal shell being resolved because of a relatively small poly-
dispersity. Note that the density profiles, shown in Fig. 1,
derived from cyro-electron microscopy (Vigers et al
1986 b) display a similar shell structure. For the best mod-
el for the X-ray data on coated vesicles a similar shell
structure is not found.



Composition and molecular mass

In the previously published analysis of the neutron con-
trast variation data (Bauer et al. 1992), the distance distri-
bution functions were used for calculating the forward
scattering. The variation of the forward scattering with
D,O percentage was used for determining the composi-
tion of the particles and the molecular mass. It was im-
plicitly assumed that the samples were monodisperse. The
analysis gave a composition of 25 + 5% lipids and 75+ 5%
proteins, and a molecular mass of (344 5) x 10° Da. The
model fitting in the present work gives an average compo-
sition of 14% lipids and 86% protein. The discrepancy
between these results is due to a different interpretation of
the low-q part of the data. In the analysis of Bauer et al.
the entire variation was assumed to be due to contrast
variation, whereas in the model fitting here, some of the
variation is neglected as being due to aggregation effects
or differences in polydispersity. We believe that the values
from the model fitting are more precise, as they are based
on the consistency of the model with all three data sets.
The molecular mass from the model fitting is determined
to be (27+4) x 10° Da from the contrast variation and
(36 +5) x 10° Da for the 100% D,O data. Note that the
results in the appendix indicate a possible additional sys-
tematic error in these values of ~10%. We consider the
value for the 100% D,O data to be the less accurate, as
this sample has a very high degree of polydispersity. The
difference in the molecular mass for the two ways of ana-
lyzing the contrast variation data is mainly due to the
difference in the composition used in the two calculations.
The molecular mass of the reassembled coats of (26 +4)
% 10® Da determined from the 100% D,O data is quite
similar to the molecular mass of the coated vesicles.
The composition and molecular mass of the barrel
structure can be estimated from the data compiled by
Pearse and Crowther (1987) and the suggested packing of
the clathrin in the coats (Crowther et al. 1976; Crowther
and Pearse 1981). The best estimate of the radius of the
barrel structure is probably from the cryo-electron mi-
croscopy investigations (Vigers etal. 1986a,b), which
suggest an average outer radius of 400 A, taking the ec-
centricity of the barrel into account. The suggested pack-
ing (Crowther et al. 1976; Crowther and Pearse 1981)
with one triskelion at cach vertex, gives a total of 36
triskelions in the barrel. The triskelion consists of three
heavy chain clathrin molecules of 180 kDa and three light
chain clathrin molecules of approximately 35kDa
(Pearse and Crowther 1987), giving a total mass of
630 kDa. Thus, the clathrin in the barrel structure has an
estimated molecular mass of 22.7 x 10% Da. The 20, 50,
and 100 kDa accessory polypeptides forms aggregates
consisting of one 20 kDa, one 50 kDa, and two 100 kDa
polypeptides. This gives a total mass of about 300 kDa of
the aggregate (sec e.g. Heuser and Keen 1988; Pearse and
Robinson 1990). The ratio of 100 kDa polypeptide to
clathrin triskelion appears to be in the range 2—3 in re-
assembled coats (Pearse and Robinson 1984; Keen 1987).
This gives a molecular mass of the accessory polypeptide
in the reassembled coats in the range of 11 x10° to
16 x 10° Da. The amount of accessory polypeptides
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seems to be smaller in coated vesicles. The work of Heuser
and Keen (1988) suggests a mass of about 3 x 10° Da in
coated vesicles with the barrel-shaped coating. From
these values, the total mass of the reassembled coats is
34-39 x 10° Da, and the minimum protein mass in a
coated vesicle is 26 x 10° Da for barrel-shaped structures.
The accessory polypeptides constitute 32-41% of the
mass of the reassembled coats and only 12% of the coated
vesicle protein mass.

The value of the outer radius of the barrel structure,
estimated from the cryo-electron microscopy results, is in
excellent agreement with the value for the average parti-
cle found in the present work both for coated vesicles and
reassembled coats. It has previously been claimed (Pearse
and Crowther 1987) that the barrel-shaped structures do
not contain vesicles. However, this was based on the as-
sumption that the vesicles should be present inside the
shell of accessory polypeptides. The present work shows
that the accessory polypeptides are actually incorporated
in the lipid membrane. In order to test the significance of
this conclusion, a fit to the neutron contrast variation
data was performed with a model that did not have vesi-
cles in the smallest coats. The limit between coats with
and without coats was described by a smooth function
which allowed the parameter describing the limit to be
fitted. In the optimization, the limit moved toward a small
value (~140 A) and had no significant influence on the
model. Therefore, the neutron data does not support the
suggestion that the barrel-shaped coats do not contain
vesicles.

By assuming that the average particles have a barrel
shape, one can compare the masses determined from the
neutron scattering with those estimated above from other
techniques by adding the molecular masses of the compo-
nents (clathrin and accessory polypeptides). For the re-
assembled coats, the mass determined from the neutron
scattering is smaller than the estimated value. The differ-
ence is about 25%, which is larger than the uncertainty on
the experimentally determined mass, including a possible
systematic error of about 5—10%. However, for the mass
distribution between the central high-density shell, and
the outer-low density shell the agreement is very good.
The neutron scattering result that gives 42% of the mass
in the central shell agrees with the estimate for 11 x 10° Da
accessory polypeptides.

For the coated vesicles, there is nearly perfect agree-
ment between the total protein mass determined from the
neutron scattering and the estimated value. However, the
mass distribution determined from the neutron scattering
data does not agree with the expected mass distribution.
The portion of the protein in the central shell is much
higher in the neutron results. This is probably due to the
presence of a significant amount of receptor molecules in
the membrane. If we take this into account, the estimated
value of the total protein mass is of the same magnitude
as the mass of the reassembled coats. This suggests that
for the coated vesicles there is also a disagreement be-
tween the total mass from the neutron scattering and the
estimated value. 1t should be noted that the association of
the average particle size with the barrel structure is con-
nected with some uncertainty. We therefore only con-
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clude that the average-size particles have masses which
are about 25% smaller than those expected for barrel-
shaped particles of coated vesicles and reassembled coats.
However, we believe that the results gives strong support
for the conclusion that the accessory polypeptides are
situated in the lipid membrane in the native coated vesi-
cles.

Densities and packing of components

For the neutron scattering data, the molecular masses of
the various shells and components have been determined.
By simply dividing the masses by the volume of the corre-
sponding shells the densities can be calculated. These val-
ues can be compared to the densities derived from the
specific volume and the expected hydration. For the
proteins, the specific volume is about 0.75 ¢cm?/g (see Cu-
sack et al. 1985) corresponding to a density of 1.33 g/cm?.
For close packing of globular, spherical-shaped proteins,
a good estimate of the volume fraction is 0.7, giving a
hydrated density of ~ 1.0 g/cm®. This value agrees with
the density in the protein capsid of many simple vira
(Chauvin et al. 1978, 1979; Cuillel et al. 1981; Devaux
et al. 1983; Berthet-Colominas et al. 1986). The lipids
have a specific volume of 0.96 cm?*/g, corresponding to a
density of 1.04 g/cm?® (Cusack et al. 1985). Allowing the
lipids to have a non-dense packing reduces the density to
0.8-0.9 g/cm? for 10-20% free space in the lipid bilayer.
This density is similar to the one for the membrane in
influenza virus (Cusack et al. 1985), which also contain
small amounts of trans-membrane glyco-proteins.

The model for the coated vesicles derived from the
contrast variation data has three components: An outer
protein shell, an inner protein shell and a lipid membrane.
The outer protein shell has a density of ¢, ; = 0.10 g/cm®.
As already mentioned, we associate the outer protein
shell with the clathrin polygonal lattice and the low den-
sity in the outer shell is obviously connected with the
open structure of the lattice. The inner shell has a density
of g, ;= 0.66 g/cm>. The membrane shell, which overlaps
with the inner protein shell has a density of ¢,,=0.41 g/
cm?®. From these two values, one sees that the hydration
is very low in the region with the membrane. The corre-
sponding densities for the model for the 100% D,O data
are: g, , =0.14 g/em>, ¢, ,=0.65 g/cm® and ¢,,=0.59 g/
cm?3. These values agree reasonably with those for the
contrast variation structure. The differences might be due
to the larger uncertainties in the parameters in the fit of
the model for the 100% D,O data, owing to the larger
polydispersity of this sample.

For the reassembled coats, the density of the outer
shellis g, ; = 0.10 g/cm? and the density of the inner shell
is g, ,=1.0 g/cm®. The value of g, , is identical to the
value for the structure of the coated vesicles derived from
the contrast variation series. The density g, , of the inner
shell is higher than that for the coated vesicles, The value
is close to those found for the protein capsids of virus
particles, and it shows that the hydration of the layer is
very small,
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Fig. 9. Schematic drawings of the coated vesicles (left-hand side) and
reassembled coats (right-hand side). Cuts through the center of bar-
rel-shaped particles are shown

5. Summary and conclusions

The analysis of the small-angle scattering data has shown
that the structures of the coated vesicles and the reassem-
bled coats are very similar. The main new conclusions
from the present work are: (i) The smaller particles from
preparations of coated vesicles also contain a lipid mem-
brane. (ii) The position of the membrane coincides with
the central high-density protein shell, and consequently,
the membrane contains a large amount of protein.
(iii) The structures of the native coats and the reassembled
coats are very similar.

The discussion of the densities of the central shell
demonstrates a nearly constant density of material in the
central high-density shell of the particles. For the coated
vesicles, protein and membrane both contribute to the
density, whereas for the reassembled coats, the membrane
contribution is ‘replaced’ by additional protein. This
leads us to suggest the schematic models shown in Fig. 9,
which also incorporate some of the structural informa-
tion from cryo-electron microscopy (Vigers et al. 1986 a, b).
The structures are shown as cuts through the center of
barrel-shaped particles. For the coated vesicles, the re-
sults that the accessory polypeptides are situated in the
cell membrane. These molecules probably work as recep-
tors for the clathrin molecules when the clathrin lattice is
formed. When reassembling the purified components of
the coats, the hydrophobic parts of the accessory
polypeptides combine and the polypeptides form a dense
shell. The clathrin lattice is then formed around this shell
by connecting to the receptor-like parts of the accessory
proteins.

We will finally summarize in greater detail the justifica-
tions for the models shown in Fig. 9. For the reassembled
coats the X-ray and neutron scattering density distribu-
tions give a total coat thickness of 300-330 X, in close
agreement with the cryo-electron microscopy results of
Vigers et al. (1986 b) (see also Fig. 1). If the average-size
particle is associated with the barrel structure, which has
nearly the same size, one sees from the Figs. 1, 3, 5, and 8,
that the mass distribution determined from the scattering
experiments is quite different from the one determined by
electron microscopy (Vigers et al. 1986 b). The scattering
experiments give a much higher density in the central
shell than in the outer shell, whereas electron microscopy
gives a more homogeneous density. The total mass and
the mass distribution deduced from the neutron experi-
ments in 100% D, 0, and the expected ratio of clathrin to



accessory polypeptides (Pearse and Robinson 1984; Keen
1987, Ahle et al. 1988) suggest that the central shell con-
sists of accessory polypeptides (and receptors) and that
the outer shell consists of clathrin.

For the native coated vesicles both the electron mi-
croscopy (Vigers et al. 1986 b) and the scattering experi-
ments give a total coat thickness of 300-320A in close
agreement with the results for the reassembled coats. Also
the distribution of the protein with a high density central
shell is quite similar for the electron microscopy and the
scattering experiments. If the average-size particle is
again associated with the barrel structure the mass and
the mass distribution determined from the neutron scat-
tering data strongly indicates that the low-density outer
shell is due to clathrin and that the high-density central
shell consists of accessory polypeptides and receptors.
This interpretation is quite different from the one by
Vigers et al. (1986 b). They interpreted the low-density
shell to be due to clathrin and accessory polypeptides,
and the high-density shell to be due to other proteins
situated in the membrane. With their interpretation the
coat thickness (clathrin and accessory polypeptides) is
about 40 A smaller than for the reassembled coats.

With the assignment of the central shell to the accesso-
ry polypeptides and receptors, the position of the mem-
brane determined by the neutron scattering experiments
is within this shell. This is in contrast to the previous
suggestion (Vigers et al. 1986b; Pearse and Crowther
1987; Pearse and Robinson 1990) that the accessory
polypeptide are outside the membrane and connected to
the cytoplasmic part of the receptors. We have found that
it is not possible to fit the neutron contrast variation data
with the membrane at significantly smaller radius. We
therefore believe that the results strongly support the
model for the coated vesicles shown in Fig. 9. The posi-
tion of the membrane is further supported by the X-ray
scattering results (Figs. 3 and 8), which shows a narrower
central shell and a total coat thickness similar to the one
determined from the neutron scattering data. As the lipid
membrane is expected to have a negative scattering densi-
ty for X-rays the position is likely to be close to the out-
side of the high-density shell.

The position of the accessory polypeptides within the
lipid membrane is, however, surprising as the accessory
polypeptide complexes are not know to be integral mem-
brane proteins. This point should be investigated further
in the future.
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Appendix: Deviation from spherical symmetry

In this appendix, the possible influence on the results of
deviation from spherical symmetry of the particles is in-
vestigated. It is well known that the finer details of a
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Fig. 10. The structure used in the model calculations. The left-hand
side shows the barrel composed of hexagons and pentagons. The
right-hand side shows the positions of the spheres, making up the
coat structure. The circle shown by a broken line indicates the
positions of the sphere in model (II), which simulates the extra mass
below the coat. Also shown is a cut through the center of the
structure, showing the central shells

structure can have a pronounced influence on the corre-
sponding small-angle scattering curve (Jack and Harrison
1975). For example, for scattering from icosahedral cap-
sids consisting of globular protein, the packing arrange-
ment gives rise to large broad bumps at intermediate
values of the scattering vectors (Chauvin et al. 1978; Cu-
sack et al. 1981). The position of the bump is related to the
characteristic distance d between the proteins as g ~ 2 7/d.
For the clathrin coats, numerous electron microscopy
studies have shown a characteristic arrangement of the
clathrin, which consists of a polygonal network of
hexagons and pentagons (Pearse and Crowther 1987, and
references therein). In the following, scattering curves
from models containing these features are generated, and
subsequently analyzed by spherical models in order to
determine the systematic errors in the structural parame-
ters arising from these features.

Several structures have been found experimentally
(Crowther et al. 1976), and among these is the barrel-
shaped one, which is shown in Fig. 10. It would be an
overwhelming job to calculate the scattering of all the
different structures and we have therefore restricted our
investigation to the barrel structure. This structure is also
the most frequent one observed for reassembled coats
(Pearse and Robinson 1984). The coat of barrel-shaped
particles has two contributions to the deviation from
spherical symmetry: First, the already mentioned polygo-
nal net in the surface; second, the eccentricity of the bar-
rel, which is similar to a prolate ellipse. The barrel struc-
ture is probably the particle with the largest eccentricity.
Both the smaller and larger coats have shapes that are
more spherical (Crowther et al. 1976). The small-angle
scattering curves of the model structures were calculated
by means of the well-known Debye formula as described
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by Glatter (1972). For spherically symmetrical sub-units,
the scattering from an assembly of randomly oriented
particles is given by:

N N

do(q) sin (g dij)
dQ - igl jglgz ¢1 (q) QJ ¢j (q) q d”
where ¢, is the scattering density of the ith sub-unit, which
has the form factor @;(q), given by an expression similar
to Eq. (6). The parameter d;; is the distance between the
ith and the jth sub-unit, and N is the number of sub-units.
First, the scattering curve from an empty shell is calu-
lated. The barrel structure (Fig. 10) has one hexagon at
the top and one at the bottom, and it has further a ring of
six hexagons around the ‘belly’. Two rings each of six
pentagons connect the top and bottom hexagons to the
ring around the ‘belly’. In the model, all the sides in the
pentagons and hexagons are taken to have the same
length, and this gives an eccentricity of about 1.2. A total
of 198 spheres is placed along the sides, as indicated on
the figure. The dimensions of the barrel are estimated
from the electron micrographs of Vigers et al. (1985a, b).
The distance from the center of the barrel to the vertices
closest to the ‘belly’ is 350 A, and the radius of the spheres
is 50 A. The vertex-vertex distance is 194 A, and with a
distance of 49 A between the centers of the spheres, there
is no significant influence of the regular spacing of the
spheres for ¢ <0.1 A™!. When calculating the scattering
curves, the full (622) symmetry of the barrel is used in
order to reduce the number of terms that have to be
calculated in (13). For all the calculated mode! scattering
curves, 3% relative Gaussian distributed noise is added in
order to allow analysis of the curves by the least-quares
fitting routines used for the analysis of the experimental
data. The calculated scattering curve for the barrel is
shown in Fig. 11 as ‘experimental’ points. The curve has
a pronounced minimum at g =0.09A~! owing to the
form factor of the thickness of the coating shell. When
fitting a model of a spherical shell to the generated scat-
tering curve, the thickness of the shell has to be fixed at
70 A in order to reproduce the minimum. The outer ra-
dius of the shell was determined to be 417 A by fitting the
low-q part of the data (g < 0.01 A~1). The fit is shown as
the solid line in Fig. 11. Owing to the spherical symmetry,
the minima and maxima are much more pronounced
than in the simulated curve. There are also significant
deviations in the range ¢ > 0.02A ™! due to the internal
structure of the shell. Introducing a polydispersity of 30 A
in the fitted models in terms of a Gaussian distribution
gives a smearing of the maxima and minima which is
somewhat smaller than the smearing in the simulated
curve. However, the minimum at 0.09 A~! originating
from the coat thickness is, with this polydispersity, more
smeared than in the simulated data. The simulated scat-
tering data have a significantly higher intensity for
g >0.02 A1 than the curve given by the spherical model.
Note that the integrated scattering (volume times scatter-
ing density) of the two curves are identical. A fit of an
elliptical shell to the data does not give better agreement
with the maxima and minima in the simulated data. This
is due to the smearing mainly being caused by the internal
structure of the shell, i.e. the pentagons and hexagons.
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Fig. 11. Small-angle scattering from the an empty hexagonal barrel.
The points are from the simulation and the curve is a fit of a model
consisting of a thin shell. Lower curve - Fit of a monodisperse model.
Upper curve- Fit of a polydisperse model. The upper scattering
curves have been multiplied by 100
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In the following, the scattering curves of two struc-
tures, similar to those determined from the experimental
data, are investigated for different polydispersities. In the
models, a Gaussian polydispersity similar to the one de-
scribed in Sec. (2) is used. The thicknesses of the various
shells are kept constant. Introducing polydispersity of the
radii of the shells in the barrel structure is of course, not
the most realistic approach, as this would make the side
length of the polygons in the structure change. This length
is likely to be constant, and the difference between parti-
cles of different size is the number of hexagons they have.
However, the features in the scattering curve originating
from the internal structure of the coats are very broad,
and, therefore, a polydispersity of a reasonable magnitude
is mainly smearing the maxima and minima in the scatter-
ing curves with a modest influence on the other features.
In order to avoid a lower density in the coat when rescal-
ing the radius of the shell, the radius of the spheres are
scaled with the factor (R, + r)/R,, where R, is the radius
of the outer shell for the average particle and r is the
deviation in size. We note that in the actually measured
samples the eccentricity of the particles is in general
smaller than for the model as most of the structures have
nearly spherical shapes. Therefore the influence of eccen-
tricity is larger when analyzing the simulated data than
when analyzing the experimental data.

The two models that have been used both have a cen-
tral spherical shell of high scattering density with an inner
radius of 115 A and an outer radius of 190 A. Model (I)
has a spherical shell of low density with an inner radius of
190A and an outer radius of 340 A. This shell corre-
sponds to the terminal domains of the clathrin triskelion,
which connects the outer polygonal coat to the inner
protein shell. It is also possible that this shell includes the
light chains, which are known to be situated near the
center of the triskelions (Ungewickell 1983; Kirchhausen
et al. 1983). Setting the total scattering length (scattering-
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Fig. 12. Small-angle scattering from the model (I). The points are
simulated data for polydispersities 100, 40, and 15 A, going from
top to bottom. The two upper curves have been multiplied by 100
and 10,000, respectively. The full curves are fits of the polydisperse
two-shell model
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Fig. 13. Small-angle scattering from the model (II). See the legend
of Fig. 12 for additional information
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length density times volume) of the outer barrel equal to
unity, the scattering length of the middle shell is 0.769 and
the scattering length of the central shell is 1.267. Assum-
ing that the particles contain only one kind of material
(i.e., protein), this corresponds to a mass fraction of 0.42
for the inner shell, in accordance with the mass fraction
for the experimental data.

In the model (II), the middle shell is replaced by 36
spheres of radius 75 A which are placed under the vertices
of the polygonal network of the coat. This is in agreement
with the cyro-electron micrographs (Vigers et al. 1985b),
which reveal protein at these positions. The distance from
the center of the barrel to the spheres closest to the "belly’
is 275 A. The total scattering length of outer shell and the
central shell are the same as for model (I), and the total
scattering length of the 36 spheres in the intermediate
region is equal to unity. This gives as mass fraction of 0.39
of the inner shell for this model.

The scattering curves of the two models are shown in
Figs. 12 and 13 for polydispersities of 15, 40, and 100 A,
corresponding to 3.6, 9.6, and 24% polydispersity, rela-
tive to an outer radius of 417 A. The curves for the two
models are surprisingly similar, considering that model
(IT) has a much larger fraction of material arranged in
accordance with the symmetry of the barrel. The fraction
is 0.60 as compared to 0.33 for model (I).

The simulated scattering data are analyzed similarly to
the experimental data using least-squares optimization of
a polydisperse two-shell model. The results are given in
Table 5, together with the parameters of the original mod-
¢ls (in the parenthesis). All the values given in the table are
for the particles with average size. The results for the two
models are very similar, and the parameters agree quite
well with the original values. The largest discrepancies are
for the determined polydispersities of the models with an
original polydispersity of 15A. The values deviate by
more than a factor of two from the original one. This is
probably due to the eccentricity of the particles, which
smears out the features in the scattering curve. By com-
paring with the results for the empty barrel, it seems rea-
sonable to conclude that the eccentricity gives rise to an
effect which is similar to a polydispersity of about 30 A.
For the models with an original polydispersity of 1004,
the values are underestimated by 40% for model (I) and

Table 5. Results of the analysis of the simulated scattering curves m Figs. 12 and 13 for the models (I) and (IT) described in the text. The model
used in the least-squares analysis 1s a polydisperse two-shell model. The radii and masses are for the average particle. The masses are in units
of the mass of the outer polygonal coat. The numbers in parenthesis are the values of the parameters for the original models. When only given

1n the first column, the values are the same for the whole row

Model (I) Model (IT)
Ar[A] 31 (19) 50 (40) 80 (100) 42 (15) 56 (40) 66 (100)
R, [A] 443 (417) 438 449 428 423 432
R, [A] 189 (190) 192 210 188 195 213
R, [A] 116 (115) 119 137 113 127 144
R, —R,[A] 254(227) 246 239 240 228 219
R,—R,[A] 73 (75) 73 73 75 68 69
M, /M 0.57 (0.58) 0.54 (0.58) 0.47 (0.58) 0.62 (0.61) 0.55 (0.61) 0.61 (0.49)
M /M 0.43 (042) 0.46 (0.42) 0.53 (0.42) 0.38 (0.39) 0.45 (0.39) 0.51 (0.39)
M[au] 1.02(1.0) 0.95 0.94 1.16 093 0.96
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33% for model (II). The values for the radii agree within
10% with the original values, for the models with original
polydispersities of 15 and 40 A. Note that for all models,
the thickness of the shells are reproduced with less than
10% deviations. For the models with 100 A polydispersi-
ty, all the radii are overestimated by 10—15%. The large
particles dominate the scattering curve, owing to the
weighting according to the square of the total scattering
length (equal to the square of the mass for particles con-
taining only one kind of material). A comparison of the
average scattering weighted particles would give a better
agreement. Note that these results demonstrate a low
sensitivity to the small-size part of the size distribution.
The discrepancies in the mass distribution found for the
100 A polydisperse models are also mainly due to this
effect. For the larger particles, a larger part of the mass is
situated in the central high-density shell. The total mass
M of the average particle is calculated as described in
Sec. (4 b). The masses given in Table 5 are normalized so
that the average particle has a mass of unity in the origi-
nal models. Except for one calculation, the masses agree
within 10% with the original ones.

The overall conclusion from the investigations de-
scribed in this appendix is that the contribution from
non-spherical effects has only a minor influence on the
parameters determined by the least-squares analysis. The
model with spherical symmetry can therefore be applied
to the analysis of the experimental data. The systematic
errors caused by the spherical approximation are, in most
cases, about 10%. A large polydispersity might also cause
systematic errors.
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