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Coat protein complex I (COPI)-coated vesicles, one of three major types of
vesicular carriers in the cell, mediate the early secretory pathway and
retrograde transport from the Golgi to the endoplasmic reticulum. COPI
vesicles are generated through activation of the regulatory GTPase Arfl at
the donor membrane and the subsequent recruitment of coatomer, a coat
protein complex consisting of seven stably associated components. Coat-
omer functions in binding and sequestering cargo molecules and assembles
into a polymeric protein shell that encompasses the surface of COPI vesicles.
Little is known about the structural properties of this heptameric complex.
We have isolated native yeast coatomer and examined its structure and
subunit organization by single-particle electron microscopy. Our analyses
provide the first three-dimensional picture of the complete coatomer and
reveal substantial conformational flexibility likely to be critical for its
scaffolding function.

membrane trafficking;
yeast

© 2011 Elsevier Ltd. All rights reserved.

Transport vesicles shuttle proteins and lipids
between different subcellular compartments. These
cargo carriers are generated at the donor compart-
ment by a highly regulated, multistep process that
involves several essential factors including coat pro-
teins. Coat proteins are a set of cytoplasmic proteins or
protein complexes that are recruited to the membrane
of the donor compartment by a regulatory GTPase of
the Arf family upon its activation by guanosine 5'-
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chphosphate -to-guanosine 5'-triphosphate (GTP)
exchange." Coat proteins play critical roles in sorting
and concentratmg cargo molecules and assemble into
a polymeric “coat” structure that deforms the donor
membrane, a process that ultimately leads to vesicle
budding.” It has been suggested that coat proteins,
which cover the surface of transport vesicles, might
also contribute to vesicle targeting specificity by
serving as a molecular identification code for recog-
nition by the vesicle tethermg machinery located at
the acceptor membrane.’

Clathrin, coat protein complex I (COPI), and coat
protein complex II (COPII) are the three ma]or types
of coats found on transport vesicles.”* Clathrin-
coated vesicles mediate endocytic uptake and post-
endoplasmic reticulum (ER) sorting at the Golgi,
while COPI-coated vesicles participate in both intra-
Golgi trafficking and retrograde transport from the
Golgi to the ER. COPII-coated vesicles are respon-
sible for exporting cargo from the ER to the Golgi.
These three coat proteins are divergent in composi-
tion but are highly analogous in overall design. In

0022-2836/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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particular, they all consist of an “adaptor” module
that interacts directly with the cargo and the donor
membrane and a “cage” module that mediates
intersubunit interaction and formation of a poly-
meric coat structure.”*

For clathrin and COPII, the adaptor and cage
modules exist as separate protein complexes, which
integrate into a two-layer coat structure during
biogenesis of the transport vesicle.” The molecular
architecture and organization of the clathrin and
COPII coats have been extensively studied. In
particular, pseudo-atomic models of the clathrin
and COPII coats have been generated based on cryo-
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electron microscopy (EM) reconstructions of in vitro
assembled coats and crystal structures of individual
components or subcomplexes.”” These structures
revealed how clathrin and COPII coat proteins,
specifically their cage modules, use extended «
solenoid and PR propeller domains to mediate
intersubunit interactions.

By contrast, the adaptor and cage modules of the
COPI coat form a single complex known as coat-
omer. Coatomer consists of seven components (c, B,
B’, v, 9, ¢, and ¢) and is recruited en bloc to the donor
membrane by activated Arfl.*’ Biochemical ana-
lyses suggested that the «, p’, and € components of

|

10 15
Elution volume (ml)

20

(d)

Fig. 1. Purification and negative-stain EM analysis of yeast coatomer. (a) Coomassie-stained 12.5% SDS-PAGE gel of
coatomer purified by the conventional two-step TAP procedure.'” The TAP-tagged strains are shown on the top, with the
identities of the individual subunits denoted on the right. Asterisks in each lane indicate the TAP-tagged subunit, which
contains only the calmodulin-binding peptide (CBP) part of the tag, as the protein A module is proteolytically removed
during TAP purification. (b) Gel-filtration chromatography. The arrow indicates the coatomer peak, with the
corresponding silver-stained gel shown on the right. The second peak corresponds to contaminants and dissociated or
degraded complexes. (c) A raw image of negatively stained coatomer with individual particles circled. The scale bar
represents 50 nm. (d) Eight representative class averages of cryo-negatively stained coatomer with schematic
representations underneath each panel showing the two major domains of the coatomer (dark gray for globular domain
and light gray for extended domain). The side length of each panel is 38 nm.
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coatomer form the cage module or the B subcom-
plex, while p’, v, §, and ¢, four components that
share limited sequence similarities with subunits of
the canonical clathrin adaptors AP-1 and AP-2,
constitute the corresponding adaptor module or the
F subcomplex.'” Although high-resolution structures
of two small subunits (¢ and ¢) and fragments of three
larger subunits (a, p’, and vy) have recently been
determined,'''* crystallographic analysis of the
complete heptameric coatomer has not yet been
successful, and little is known about the overall
structure of coatomer and its subunit organization.
Here, we report the structural characterization of
native yeast coatomer by single-particle EM. Our
analyses provide insights into the overall architecture
and subunit organization of the full coatomer
complex and reveal substantial conformational flex-
ibility likely to be critical for its scaffolding function.

Purification of native coatomer from yeast

To obtain sufficient quantities of coatomer for
structural studies, we first developed a reproducible
purification method for this complex. The fact that
coatomer contains seven subunits, four of which are
larger than 90 kDa, has precluded the use of
recombinant expression systems for this purpose.
The traditional method of isolating native coatomer
involves repeated ion—exchan%e chromatography
and high-salt elution steps,'”'® and these more
stringent procedures could compromise the struc-
tural integrity of coatomer. Tandem affinity purifi-
cation (TAP) is a proven method for isolating native
complexes from yeast extracts.'” The TAP tag
consists of a calmodulin-binding peptide separated
from a protein A tag b}/ a tobacco etch virus (TEV)
protease cleavage site.'” The two-step TAP proce-
dure, involving IgG Sepharose and calmodulin
Sepharose, is simple and uses mild buffers and
elution conditions. To evaluate the feasibility of
using the TAP method to isolate coatomer, we
carried out conventional two-step TAP purification
from the extracts of six different yeast strains. Each
of these strains encodes a TAP tag fused to the C
terminus of the essential «, 3, B/, vy, and 6 subunits
or the nonessential € subunit. The addition of the tag
does not appear to interfere with the function of
coatomer, as all six strains exhibited wild-type
growth rates in yeast/peptone/dextrose (YPD)
medium. We were able to recover a seven-compo-
nent complex from the six independent purifications
(Fig. 1a), although the subunit stoichiometry varied
to some degree. Mass spectrometry confirmed that
the bands on the SDS-PAGE gels corresponded to
the seven coatomer subunits (Table S1).

We next tested whether we could modify the
standard TAP procedure to improve the purity of
the isolated coatomer. In particular, we substituted
the second affinity purification step (calmodulin

Sepharose) with gel-filtration chromatography,
which is more effective than calmodulin Sepharose
in separating and removing aggregated protein,
subcomplexes, and the tobacco etch virus protease
used to elute the complexes from the IgG Sepharose
resin. We carried out the two-step IgG Sepharose
gel-filtration procedure for all six TAP-tagged
strains and observed one major peak in the gel-
filtration profile of all samples (a-TAP is shown in
Fig. 1b). SDS-PAGE analysis confirmed that the
peak fractions contained all seven coatomer sub-
units and showed that the new procedure resulted
in improved purity of the complex (a-TAP is shown
in Fig. 1b). Coatomer eluted from the gel-filtration
column at a volume similar to that of the mass
standard thyroglobulin (669 kDa), indicating that
the purified complex (calculated mass of 570 kDa) is
likely a “monomer,” with a large hydrodynamic
radius (Fig. 1b). We also found that addition of
glycerol and the detergent NP40 was necessary to
prevent protein aggregation. Furthermore, we no-
ticed that the detergent 3-[(3-cholamidopropyl)
dimethylammonio]propanesulfonic acid (CHAPS),
although successfully used in the purification of the
Nup84'® and TRAPPII' complexes, compromised
the structural integrity of coatomer.

Negative-stain two-dimensional analysis
and three-dimensional reconstruction of
yeast coatomer

With the ability to isolate relatively pure yeast
coatomer, we next characterized its structure by
single-particle EM methods. We first used uranyl
formate to prepare negatively stained specimens
from the peak fraction of the gel-filtration column
(a-TAP) and then examined these specimens on a
CM10 electron microscope operated at 100 kV. The
raw EM images showed monodispersed particles
with different overall shapes (Fig. 1c). To better
resolve the structural details of coatomer, we
collected more images on imaging plates at a
nominal magnification of 67,000x and a defocus
value of —1.5 pm using a Tecnai T12 electron
microscope operated at 120 kV. We selected 12,515
particles from the digitized images using BOXER,
the display program associated with the EMAN
software package,”’ and classified these particle
images into 100 classes using the SPIDER software
package.”’ From the averaged images of these
classes, we deduced that coatomer consists of two
major domains: a more globular domain connected
to the midsection of a more extended domain (Fig.
Sla). The observation of these two domains is
consistent with the notion that coatomer consists
of two subcomplexes, which represent the cage and
the adaptor modules, respectively.'” These two
domains appear to adopt multiple conformations,
resulting in striking differences in the overall
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morphology seen in the calculated class averages  impossible to use this technique for very heteroge-
(Fig. Sla). neous specimens. Negative staining not only pro-

The substantial structural variability of the coat-  vides higher image contrast but also often induces
omer population revealed by the two-dimensional =~ the molecules to adsorb in one or a few preferred
averages (Fig. Sla) ruled out cryo-EM analysis of the  orientations to the carbon support film, making it
coatomer structure, as it is currently virtually = possible to classify the imaged particles into
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Fig. 2. 3D reconstruction and subunit organization of yeast coatomer. (a) Different views of the 3D reconstruction of
coatomer corresponding to the class average shown in the top left panel of Fig. 1a. The arrows indicate the flexibility of the
terminal parts of the extended domain. The scale bar represents 5 nm. (b) A silver-stained gel of purified coatomer with
GFP fused to the y subunit (y-GFP) (left) with two representative averages (right). The arrow indicates the GFP density.
The side length of each panel is 43 nm. (c) A silver-stained gel of purified coatomer with GFP fused to the & subunit
(6-GFP) (left) with two representative averages (right). The arrow indicates the GFP density. The side length of each
panel is 43 nm. (d) Placement of the crystal structure of the clathrin AP-2 core complex [Protein Data Bank (PDB)
code: 2JKR]** into the coatomer EM density map. The labels indicate the proposed locations of the seven subunits. A
putative model for coatomer recruitment and intersubunit interaction is shown. Upon its activation by GTP exchange,
Arfl (PDB code: 2KSQ)® recruits coatomer by binding to its p and <y subunits. Coatomer units interact with each
other through the terminal regions of the B subcomplex, which contains the p propeller domains of the o and p’
subunits. In particular, the tandem p propeller domains of the 3’ subunits from neighboring complexes interact with
each other to form the vertex element of the COPI coat (PDB code of core B subcomplex: 3MKQ)."
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structurally homogeneous groups according to their
conformation. However, negative staining also in-
troduces preparation artifacts, most notably flatten-
ing of the particles upon sample dehydration. Cryo-
negative staining has been shown to minimize
preparation artifacts and, when combined with the
random conical tilt approach, provides a powerful
method to determine accurate three-dimensional
(3D) reconstructions de novo.”> We therefore pre-
pared cryo-negatively stained specimens by embed-
ding purified coatomer (a«-TAP) in a layer of glycerol
and uranyl formate sandwiched between two
carbon films on Quantifoil grids. The specimens
were frozen in liquid nitrogen and maintained at
liquid nitrogen temperature during data collection.
We collected pairs of images (50° tilted /untilted)
from these specimens at a magnification of 50,000x
and a defocus value of =2 pm using an Oxford CT-
3500 cryo-transfer holder and a Tecnai F20 electron
microscope operated at 200 kV (Fig. Slb). We
selected 20,561 pairs of particles from 56 corre-
sponding pairs of images using WEB, the display
program associated with SPIDER,*' and classified
the particles from the images of the untilted
specimen into 100 classes using SPIDER. The
resulting class averages showed a lack of stain
accumulation around the particles and clear struc-
tural features, indicating that the purified complexes
were well preserved during specimen preparation
and imaging (Fig. 1d and Fig. S1c). The majority of
the 100 class averages resemble those seen in the
class averages obtained with the negatively stained
specimen (Fig. S1b and c). Using the corresponding
particles from the images of the tilted specimen, we
calculated independent 3D reconstructions using
the random conical tilt approach,” a procedure
implemented in SPIDER.?' We only selected classes
with at least 200 particles to ensure that the 3D
reconstructions we calculated would represent a
significant percentage of the coatomer population.
We also omitted classes that showed diffuse
densities in their averaged images, as these indicate
poor alignment and/or substantial remaining
heterogeneity in the class.

We determined 3D reconstructions of 20 classes.
The density maps show a similar two-domain
architecture but display considerable differences in
the structural features and orientation of the two
domains (Fig. S1d and Fig. S2a—e). In particular, the
extended domain, as shown by the two-dimensional
class averages (Fig. 1d) and substantiated by the 3D
reconstructions, is highly flexible and leads to an
overall shape of coatomer that ranges from a “V” to
a “horseshoe” (Fig. 1d). The terminal regions of the
extended domain project to different directions,
resulting in even more structural diversity. The
inherent flexibility of the extended domain may be
important for coatomer to make the necessary
adjustments needed to form coats on vesicles of

varying sizes. This structural property may also
allow coatomer to overcome the geometrical con-
straints imposed by having the cage and the
adaptor modules in a single entity. We also found
that the size of the globular domain varies between
different reconstructions when we displayed the
maps at the contour level consistent with the
calculated mass of the coatomer. We attribute this
problem to the more flexible parts being averaged
out in the reconstruction process. Inspection of each
density map at different contour levels showed that
the 3D reconstruction from class 36 was least
affected by this issue (Fig. 2a), indicating that it
was the class with the least heterogeneity. We
therefore chose this particular reconstruction as the
reference structure for our interpretation and
further discussion. Based on its strong resemblance
to other class averages, this density map also seems
to capture most of the key structural elements of
coatomer. With an estimated resolution of 36 A
according to the Fourier shell correlation=0.5
criterion (Fig. S1d), the class 36 reconstruction has
an overall T shape with two well-defined domains
(Fig. 2a). The extended domain is triangular and
slightly curved and spans a distance of approxi-
mately 250 A, with an ellipsoidal density at one end
(Fig. 2a). In projection, the extended domain re-
sembles the Sec13-Sec31 complex, the cage module
of the COPII coat.”® The globular domain, with a
dimension of about 100x110x 60 A, connects to the
extended domain at an angle and contains a central
groove reminiscent of that in AP1 and AP2, two
clathrin adaptor complexes that are believed to
share structural homology with the adaptor module
of the coatomer.***

Subunit organization of the coatomer

To validate our assignment of the two modules,
we carried out EM-based green fluorescent protein
(GFP) localization studies to investigate the subunit
organization of coatomer. In this approach, we take
advantage of the globular fold instead of the
fluorescence property of GFP, which is sufficiently
large to be observed by EM.”® We generated three
yeast strains, in which GFP was fused to the C
terminus of the components of the B subcomplex, a,
p’, and ¢, and two additional strains, in which GFP
was fused to the C terminus of the components of
the F subcomplex, y and 6. We purified the GFP-
tagged complexes from these strains based on TAP-
tagged « or, in the case of a-GFP, TAP-tagged 6.
Although the overall yields varied across the
different strains, all five GFP-tagged complexes
could be isolated at a purity comparable to that of
the non-GFP-tagged complex (Fig. 2b and ¢ and Fig.
S2f-h). Furthermore, the GFP tag did not seem to
interfere with complex assembly, as all five com-
plexes eluted at volumes from the gel-filtration
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column as the one without GFP (data not shown).
We prepared negatively stained specimens from the
purified GFP-labeled complexes and collected
images using a Tecnai T12 electron microscope.
For each of the five samples, we selected at least
3000 particles from the digitized images, which we
classified into 200 classes using SPIDER. For y-GFP
and 6-GFP, we could unambiguously identify an
additional density in the class averages positioned
directly underneath the globular domain (Fig. 2b
and c). By contrast, we could not detect any
additional density in the class averages obtained
for a-GFP, B’-GFP, or e-GFP (Fig. S2f-h). A possible
explanation is that the GFP tags are positioned
within the core density and are thus obscured.
Alternatively, the positions of the GFPs could be
too variable, causing them to be averaged out.
Nevertheless, the GFP labeling data provide evi-
dence supporting our interpretation that the globu-
lar domain represents the F subcomplex or adaptor
module and imply that the extended domain
corresponds to the B subcomplex or cage module.

Using the position of the central groove as a
guide, we were able to place the crystal structure of
the clathrin AP-2 core into the globular domain of
the class 36 density map. According to this
placement, coatomer is positioned with its globular
domain facing the donor membrane (Fig. 2d), which
would position the adaptor module subunits B and
v in close proximity to Arfl. In agreement with this
proposal, previous studies have shown that Arfl,
upon activation by GTP exchange, localizes to the
donor membrane and recruits coatomer by binding
to these two proteins®”’ (Fig. 2d). We were,
however, unable to fit the crystal structure of the
core cage module (B in complex with a fragment of
) into the class 36 density map.'” One possible
explanation is that this particular 3D map captured
a conformation of coatomer different from the one
found in the crystal structure, but the uncertainty
concerning the appropriate threshold for contouring
prevented us from using our other density maps for
docking experiments. Our 3D reconstruction also
does not have sufficient resolution and structural
detail to allow unambiguous docking of the crystal
and NMR structures of the € and { components into
the density map. We did notice, however, that the
N-terminal p propeller domains of the B’ subunit,
which engage in a three-way junction hypothesized
to mediate intersubunit interactions at the vertex of
the COPI cage,'” are flexible and could potentially
represent the ellipsoid subdomain in our EM map.
Future experiments will focus on developing
methods to reconstitute COPI coats in vitro to not
only validate this proposal but also further delineate
the molecular details of the interaction between
different subunits within coatomer and between
different coatomer complexes within an assembled
coat.

Supplementary materials related to this article can
be found online at doi:10.1016/j.jmb.2011.03.029
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