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Abstract

Caveolins are an unusual family of membrane proteins whose primary biological function is to
build small invaginated membrane structures at the surface of cells known as caveolae. Caveolins
and caveolae regulate numerous signaling pathways, lipid homeostasis, intracellular transport, cell
adhesion, and cell migration. They also serve as sensors and protect the plasma membrane from
mechanical stress. Despite their many important functions, the molecular basis for how these
50-100 nm “little caves” are assembled and regulate cell physiology has perplexed researchers for
70 years. One major impediment to progress has been the lack of information about the structure
of caveolin complexes that serve as building blocks for the assembly of caveolae. Excitingly,
recent advances have finally begun to shed light on this long-standing question. In this review, we
highlight new developments in our understanding of the structure of caveolin oligomers, including
the landmark discovery of the molecular architecture of caveolin-1 complexes using cryo-electron
microscopy.
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Introduction

Almost 70 years ago, numerous 65-nm diameter vesicles now known as caveolae were
observed closely nestled to the plasma membrane of endothelial cells in capillaries of
multiple tissues (Palade 1953). The integral membrane protein caveolin was identified as
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a major protein component of caveolae some 40 years later (Glenney and Soppet 1992,
Rothberg et al. 1992, Kurzchalia et al. 1994). It was also among one of the earliest proteins
to be identified in detergent resistant membranes (Lisanti et al. 1993, Sargiacomo et al.
1993). The initial discovery of caveolin was rapidly followed by the discovery of two
additional family members, caveolin-2 (Cav2) and caveolin-3 (Cav3), leading to re-naming
of caveolin as caveolin-1 (Cavl) (Way and Parton 1995, Scherer et al. 1996, Tang et al.
1996). Expression of Cavl is required to drive biogenesis of caveolae in non-muscle cells
(Fra et al. 1995, Drab et al. 2001, Razani et al. 2001, Zhao et al. 2002), whereas Cav3 is
essential for caveolae in muscle (Galbiati et al. 2001).

Caveolins and caveolae are found in diverse cell types, including endothelial cells, smooth
muscle cells, fibroblasts, myoblasts, and adipocytes (Williams and Lisanti 2004, Bastiani
and Parton 2010, Chidlow and Sessa 2010, Ariotti and Parton 2013, Hansen et al. 2013,
Parton and del Pozo 2013, Parton 2018). Mice lacking caveolins exhibit defects in multiple
organ systems such as the vasculature, lungs, heart, muscle, and adipose tissue, suggesting
these proteins play critical regulatory roles in multiple pathways, cell types, and tissues
(Razani and Lisanti 2001, Mercier et al. 2009). Consistently, in humans, dysregulation of
caveolae and caveolins are linked to pulmonary arterial hypertension, cardiovascular disease,
lipodystrophies and other systemic diseases (Mercier et al. 2009, Lamaze and Torrino 2015,
Patni and Garg 2015, Ma and Chung 2017, Shu et al. 2017, Parton 2018, Pradhan and
Proszynski 2020, Mathew 2021). Caveolae are also multi-functional at the cellular level.
They regulate signaling, intracellular trafficking, lipid homeostasis, and cell migration, and
serve as mechano-sensors and mechano-protectors of the plasma membrane (Parton and del
Pozo 2013, Lamaze et al. 2017, Parton 2018, Parton et al. 2020, Parton et al. 2020, Del Pozo
et al. 2021). Several models have been advanced to explain the role of caveolae in these
events at a mechanistic level. For example, caveolae are now thought to function as plasma
membrane reservoirs that buffer the plasma membrane in response to stress by reversibly
flattening (Sinha et al. 2011, Nassoy and Lamaze 2012, Cheng et al. 2015, Lamaze et

al. 2017, Torrino et al. 2018, Andrade et al. 2022). Flattening of caveolae also serves a
mechanotransduction role, leading to the release of accessory proteins that go on to perform
biological activities elsewhere in the cell (Torrino et al. 2018, McMahon et al. 2021, Qifti et
al. 2022).

Cavl is a relatively small protein (~21 kDa) and consists of several distinct domains
[reviewed in (Williams and Lisanti 2004, Parton et al. 2006, Root et al. 2019)]. The
N-terminal region of the protein contains a predicted disordered domain (residues 1-48), a
highly conserved signature motif (residues 68-75), a scaffolding domain (residues 82-101),
and an oligomerization domain (residues 61-101). The central region of the protein consists
of a highly hydrophobic region of the protein known as intramembrane domain (residues
102-134). The C-terminal region of the protein (residues 135-178) contains three cysteines
which serve as palmitoylation sites. Multiple regions of Cav1 control its trafficking and
specific residues required for caveolae biogenesis have also been identified (Machleidt et
al. 2000, Ren et al. 2004, Kirkham et al. 2008, Ariotti et al. 2015). On a mechanistic

level, however, our understanding of how caveolins facilitate the formation and function of
caveolae been limited by lack of information about the structure of caveolins. In particular,
most structural studies have focused on truncated forms of the proteins or used experimental
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conditions where caveolins are monomeric [reviewed in (Root et al. 2015, Root et al. 2019)].
Until recently, much less was known about the three-dimensional structure of caveolins
organized in biologically relevant complexes that function as the fundamental building
blocks of caveolae (Parton and Collins 2022). Excitingly, the molecular organization

of oligomeric Cavl complexes has finally been uncovered. Here, we review these new
discoveries and the foundational studies that made them possible.

8S complexes function as the major structural unit of caveolin

To support caveolae assembly, Cavl must first undergo a series of oligomerization and
trafficking events (Monier et al. 1995, Scheiffele et al. 1998, Hayer et al. 2010, Busija

et al. 2017). The process begins early in the secretory pathway where newly synthesized
Cavl self-assembles to form highly stable oligomeric complexes. These complexes were
originally estimated to contain 7-16 Cavl protomers, and were subsequently dubbed 8S
complexes based on their sedimentation in sucrose density gradients (Monier et al. 1995,
Sargiacomo et al. 1995, Schlegel et al. 1999, Hayer et al. 2010). Although the exact site

of the assembly of 8S complexes in the secretory pathway has recently been questioned
(Morales-Paytuvi et al. 2022), it is clear that 8S complexes eventually organize into higher-
order 70S complexes and are subsequently trafficked to the plasma membrane where they
recruit specific lipids and accessory proteins that assist in sculpting caveolar membranes
and regulating caveolae dynamics (Hill et al. 2008, Hansen and Nichols 2010, Hansen et
al. 2011, Moren et al. 2012, Stoeber et al. 2012, Ariotti and Parton 2013, Ludwig et al.
2013, Kovtun et al. 2014, Kovtun et al. 2015). Mutant forms of Cav1 that are unable to form
oligomers correctly fail to be delivered to the plasma membrane and cannot drive caveolae
assembly (Galbiati et al. 1999, Sotgia et al. 2003, Ren et al. 2004, Pol et al. 2005, Hayer et
al. 2010). The formation of 8S complexes of Cav1 is thus essential for caveolae assembly.

Early insights into the structure of caveolin complexes

Several potential clues as to the architecture of caveolin complexes emerged from analysis
of isolated complexes using electron microscopy (EM). A very early study reported
detergent-solubilized homo-oligomers appear as spherical particles, 4-6 nm in diameter,
when visualized by EM using platinum shadowing (Sargiacomo et al. 1995). In contrast,
oligomers generated by a truncated version of the protein (residues 1-101) were shown to
assemble into ring-like complexes 11 nm in diameter containing 7 copies of Cavl, which
themselves were capable of forming higher-order filamentous structures (Fernandez et al.
2002). More recent studies of 8S complexes purified from mammalian cells showed full
length Cav1 organizes into flat discs with an average diameter of 15 to 17 nm and estimated
thickness of 4-5 nm (Stoeber et al. 2016). However, no other structural features were readily
obvious (Stoeber et al. 2016).

Analysis of detergent-solubilized Cav3 oligomers provided a more detailed picture of
the architecture of caveolin complexes (Whiteley et al. 2012). Here, negatively stained
complexes were reported to be toroidal, with a diameter of ~16.5 nm, and height of ~ 5.5
nm (Whiteley et al. 2012). In 3D reconstructions, the complex consists of an outer ring
of protein connected by spoke-like densities to a central domain that forms a cone on one
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surface. Although a distinct symmetry was not obvious in the individual images of particles,
2D averages, or the 3D structure, the discs were proposed to consist of nine copies of

Cav3, with the C-terminus of the protein facing the interior portion of the disc and the
N-terminus on the outside of the disc. The resolution of these structures was low (>17

A), most likely due to the heterogeneity of the disc combined with the inherent resolution
limits of negative stain. Nevertheless, until recently this represented the highest resolution
structural data available for any caveolin oligomeric complex.

EM finally reveals the molecular architecture of the human Cav1l 8S

complex

Insights into the structure and organization of 8S Cavl complexes have advanced rapidly
over the last two years through studies from our groups of human Cav1l 8S-like complexes
expressed and purified from £. coli. These advances were enabled by the discovery that
heterologously expressed Cav1l oligomerizes and induces membrane curvature in £. coli,
generating caveolae-like structures known as heterologous caveolae or /-caveolae (Walser
et al. 2012, Ariotti et al. 2015, Shin et al. 2015). These features make £. coli an attractive
model for structural studies of Cav1.

In an initial series of studies, we used negative stain single particle EM analysis to define
the overall architecture of human 8S Cavl complexes and identify key determinants of their
structure and stoichiometry (Han et al. 2020). We found that the Cav1 complexes form ~15
nm diameter disc-shaped structures composed of an inner and outer ring that are flat on

one surface and contain a central protrusion generated from the C-terminal most residues of
Cavl on the other (Figure 1). Since the N- and C-termini of Cav1 are both known to face the
cytoplasm, this allowed us to assigned the protrusion-containing surface as the cytoplasmic
face of the complex and the flat surface as membrane facing. These complexes could also be
directly visualized in purified /~caveolae (Figure 2), reinforcing the idea that they form the
fundamental building blocks of these membranous structures (Han et al. 2020).

The organization of Cavl protomers within the 85 complex has now been fully uncovered
in our 3.5 A resolution cryo-EM structure of human Cav1 8S complex (Porta et al. 2022)
(Figures 3 and 4). The disc-like Cavl 8S complex is composed of eleven closely packed
protomers with a diameter of 14 nm (Figure 3). Side views show a centrally located p-barrel
protruding from the cytoplasmic face of the complex (Fig. 000). The opposing membrane
facing surface is essentially flat and is coated by a detergent micelle, confirming this surface
of the complex interacts with membrane (Porta et al. 2022). When viewed én face, the
complex consists of an outer rim, curved spokes, and an inner hub region (Fig. 000) (Porta
et al. 2022). Along the outer rim, the N-terminus of each protomer forms a loop that tucks
under the adjacent protomers, making extensive protomer-protomer contacts that stabilize
the overall organization of the disc. The protomers form curved a-helices organized in a
“pinwheel”-like arrangement of spokes as they emerge from the rim region and enter the
inner B-barrel “hub”, composed of 11 parallel B-strands formed by the C-terminal most
residues of each protomer (Figure 3).
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The high resolution of the cryo-EM structure allowed us to build an atomic model and locate
the position of all of the previously described domains of Cavl, connecting for the first
time the structural importance and positions of regions known to be important for biological
function (Figure 4). For example, the highly conserved signature motif (SM) (Scherer et

al. 1996, Tang et al. 1996) plays an integral role in maintaining close contacts between
adjacent protomers in the outer rim region of the complex. The scaffolding domain (SD),
long thought to be important for both oligomerization as well as serving as a protein-protein
interaction interface (Li et al. 1995, Schlegel et al. 1999), is also localized to the outer rim
of the complex where it is both accessible for binding to other proteins and helps define

the overall organization and structural integrity of the complex. In contrast, residues 1-48,
which are predicted to be disordered (Root et al. 2019), were not resolved.

Several new and surprising features of Cavl emerged from the structure. First, residues 49—
81 at the N-terminal side of the scaffolding domain interact with the neighboring protomer
to help lock protomer-protomer interactions in place, leading us to name this region the “pin
motif”. The extensive protomer-protomer interactions mediated by this part of the protein
helps to explain why this region is required for caveolae formation (Kirkham et al. 2008).
A second feature of interest is the intramembrane domain (IMD). Classically, the IMD has
been proposed to form a helix-break-helix structure that inserts into the lipid bilayer acting
as a wedge (Figure 5A) (Parton et al. 2006, Lee and Glover 2012, Stachowiak et al. 2013,
Jarsch et al. 2016, Parton et al. 2021). The structure of the complex shows that instead,

this region is tightly packed with neighboring protomers to form a flat membrane-binding
surface. This surprising finding has important implications for our understanding of how
caveolins shape cell membranes (discussed further below). Immediately following the IMD
is an alpha helical region (residues 135-169) which we termed the “spoke region” based on
its position in the structure. These helices lie in the same flat plane as the intramembrane
domain and are also tightly packed, providing a striking expansion of the hydrophobic
surface of the protein. The presence of the 11-stranded parallel p-barrel in the center of the
protein, the largest currently known to exist in nature, was yet another surprise. Assembled
from the extreme C-terminal residues of each protomer, the barrel is lined on the inside
primarily with hydrophobic residues and forms a pore through the center of the complex.
Truncation or mutagenesis of residues contributing to the beta barrel causes Cavl complexes
to become structurally heterogenous, suggesting the p-barrel stabilizes the complex (Han
et al. 2020). Interestingly, several disease-associated frameshift mutations in the C-terminal
domain of Cavl disrupt the p-barrel (Han et al. 2020), suggesting it may also fulfill as-yet-
to-be-determined biological functions in addition to providing structural stability for the
complex.

The structure of the Cavl 8S complex suggests new models for how it

associates with and sculpt membranes

The cryo-EM structure of Cavl also speaks to how the protein inserts into and bends
membranes. Two models for how caveolins induce membrane curvature to generate caveolae
in mammalian cells have been proposed. The first model posits that the IMD forms a
helix-break-helix motif that adopts a “hairpin” shape and inserts into the cytoplasmic leaflet
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of the plasma membrane, forming a wedge that induces continuous membrane curvature
(Parton et al. 2006, Lee and Glover 2012, Stachowiak et al. 2013, Jarsch et al. 2016, Parton
et al. 2021) (Figure 5). Cholesterol has been speculated to control the degree of insertion of
the wedge and thus the degree of curvature that Cavl can generate (Parton et al. 2021). A
second model has now arisen based on more recent findings that caveolae and /-caveolae are
polyhedral, rather than continuously curved, and contain a regular distribution of repeating
polygons (Ariotti et al. 2015, Ludwig et al. 2016, Stoeber et al. 2016, Lamaze et al. 2017,
Khater et al. 2019). This model proposes that the 8S complexes comprise the flat surfaces
of the polygons (Ariotti et al. 2015, Ludwig et al. 2016, Stoeber et al. 2016, Lamaze et

al. 2017). The extensive and flat membrane-facing surface of the disc-shaped 8S complex
(Figures 3, 4) supports this latter model.

Cav1 also works together with other caveolar components such as the cavins to dictate the
geometry, size, and lipid and protein composition of mammalian caveolae (Ludwig et al.
2016, Busija et al. 2017, Parton et al. 2020, Parton et al. 2021, Tillu et al. 2021, Zhou et

al. 2021). Exactly how Cav1 contributes to these events is likely intimately coupled to how
the complex inserts into membrane. The cryo-EM structure of Cavl suggests the entire flat
disc region inserts deeply into the membrane, essentially replacing hundreds of lipids on
the cytoplasmic face of the membrane (Figure 5B) (Porta et al. 2022). This model has a
number of interesting implications, including the possibility that specific lipid species could
be enriched in the patch of membrane opposing the complex or around the periphery of the
complex. More work will be required to test these intriguing hypotheses.

Conclusions and future directions

Nearly 30 years after the identification of Cav1 as a major structural component of caveolae,
a high-resolution structure of the protein in a biologically relevant oligomeric complex has
finally been determined. It is now possible to begin to answer a number of long-standing
questions in the field. For example, the cryo-EM structure provides a clear explanation

for how Cavl monomers interact with one another to form stable 8S complexes and the

role of specific residues and domains of the protein in protomer-protomer interactions. The
structure also makes strong predictions about what regions of Cav1 are available to bind
other proteins and lipids. These insights will be essential to generate new models for how
Cavl and caveolae regulate cellular functions such as membrane buffering and cell signaling
that are essential to ensure proper function of the many tissues and cell types where caveolae
are abundant. Other aspects of the structure raise new questions, such as exactly how the
complex is positioned in the membrane and how it interacts with specific proteins and lipids
to generate curvature. Further investigation into these issues should help resolve the still
poorly understood roles of caveolins in the process of caveolae assembly and flattening.
Finally, the structure provides a framework for understanding how both common variants
and disease-associated mutations of Cav1 impact the structure and function of caveolae.
Given the high level of homology between Cav3 and Cavl, it should now become possible
to probe the structural basis for the function of this muscle-specific caveolin family member
as well. This will be critical moving forward to understand the basis for the shared and
isoform-specific features of these two important proteins and could provide insights into
diseases linked to defects in Cav3 function.
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Figatjjre_ 1. Overall organization of human CAV 1 8S complexes asrevealed by single particle EM
analysls.

(@ Igepresentative 2D class averages of negatively stained Cavl 8S complexes are disc-like
structures with a protruding central stalk (arrow). Examples of both en face views (#) and
side views (") are shown. Scale bar, 30 nm. (b) Dimensions and major features of the Cavl
8S complexes. (¢) Representative image of negatively stained Cav1-Venus 8S complexes.
Venus serves as a fiducial marker of the C-terminus. Scale bar, 50 nm. (d) Representative 2D
class averages of Cav1-Venus 8S complexes. The overall shape and size of the complexes
are similar to those shown in panel a, with the exception of the extra fan-like density
corresponding to the Venus tag emerging from the central protrusion (arrow). This suggests
that the C-terminus of Cav1 is localized in the center of the complex. Scale bar, 30 nm.
Adapted from Han, B, JC Porta, JL Hanks, Y Peskova, E Binshtein, K Dryden, DP Claxton,
HS McHaourab, E Karakas, MD Ohi and AK Kenworthy (2020). Structure and assembly
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of CAV1 8S complexes revealed by single particle electron microscopy. Sci Adv 6(49):
eabc6185
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Figure 2. 8S complexes consisting of Cav1-Venus 8S can be visualized on h-caveolaeisolated from
E. coli.

(a) Representative negative stain image of isolated /+caveolae generated by expression of
Cavl-Venus in E£. coli. The fan shape of the Venus tag (arrows) serves as a fiducial for
recognizing the 8S complex. White dashed boxes mark h-caveolae shown in panel b. Scale
bar, 100 nm. (b) Close up view of examples of individual /+caveolae isolated from E. coli
expressing Cavl1-Venus. Note the knob-like structures on the surface of each. Scale bar,

50 nm. (c, d) Representative negative stain image (c) and close up views (d) of isolated
h-caveolae generated by expression of WT Cavl in £. coli. Scale bars are 100 nm in ¢ and
50 nm in d. Adapted from Han, B, JC Porta, JL Hanks, Y Peskova, E Binshtein, K Dryden,
DP Claxton, HS McHaourab, E Karakas, MD Ohi and AK Kenworthy (2020). Structure and
assembly of CAV1 8S complexes revealed by single particle electron microscopy. Sci Adv
6(49): eabc6185.
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Figure 3. Cryo-EM structure of the human Cavl 8S complex revealsit isatightly packed disc
composed of 11 copies of Cavl.

(@) Cryo-EM density map of the Cav1 8S complex at 3.5 A resolution. A single Cavl
protomer is highlighted in magenta. (b) Side view of the complex. (c) Secondary structure
model of the complex shows it is composed of tightly packed a-helices and contains a
central p-barrel. (d) Side view of the secondary structure map showing the dimensions of the
complex. Adapted from Porta, JC, B Han, A Gulsevin, JM Chung, Y Peskova, S Connolly,
HS McHaourab, J Meiler, E Karakas, AK Kenworthy and MD Ohi (2022). Molecular
architecture of the human caveolin-1 complex. Sci Adv 8(19): eabn7232.
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Figure 4. Position of key regions of Cavl in the atomic model of the human Cav1 8S complex.
Previously described domains of Cav1 include the signature motif (SM, red), scaffolding

domain (SD, green), intramembrane domain (IMD, purple), and oligomerization domain
(OD, dashed box). Also shown are the newly described pin motif (PM, yellow), spoke
region (SR, gray), and B-strand (cyan). Positions of the N terminus (NT) and C terminus
(CT) are marked. Adapted from Porta, JC, B Han, A Gulsevin, JM Chung, Y Peskova,

S Connolly, HS McHaourab, J Meiler, E Karakas, AK Kenworthy and MD Ohi (2022).
Molecular architecture of the human caveolin-1 complex. Sci Adv 8(19): eabn7232.
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Figure 5. Proposed model for how Cavl 8S complexes associate with membr anes.
(a) Classic model of how Cav1l oligomerizes and inserts in membranes. (b) New cryo-EM

structure-based model. See text for details. For comparison, positions of the SM (brown),
OD (blue), SD (green), and IMD (magenta) are highlighted in each model. Adapted from
Porta, JC, B Han, A Gulsevin, JM Chung, Y Peskova, S Connolly, HS McHaourab, J Meiler,
E Karakas, AK Kenworthy and MD Ohi (2022). Molecular architecture of the human
caveolin-1 complex. Sci Adv 8(19): eabn7232.
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