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Abstract

Caveolins are a unique family of membrane remodeling proteins essential for building flask-
shaped nanoscale plasma membrane invaginations that regulate signaling and stress
responses in vertebrates known as caveolae. Recent evidence suggests that to generate
caveolae, human caveolin-1 assembles into amphipathic disc-shaped complexes consisting of
11 symmetrically arranged protomers, each of which assumes an identical novel fold.
Interestingly, caveolins are expressed broadly throughout Metazoa, including in organisms that
lack conventional caveolae. The structural features of caveolins that control their functionality in
diverse organisms have yet to be established. To address this fundamental question, we use
AlphaFold2 as a predictive tool to investigate the structural properties of 72 representative
caveolins across evolution. The results of this analysis reveal caveolins consist of six common
structural elements that can be mixed and matched, uncover principles that govern their
assembly into oligomeric discs, and provide evidence that the association of caveolins with
membranes is one of the most ancient functions of the protein. We also identify homologs of
caveolins in choanoflagellates, pointing to a pre-metazoan origin of the protein family. Together,
these findings define a new structure-based framework for probing the functional roles of
caveolins across evolutionary space.

Main text

Eukaryotes contain elaborate endomembrane systems consisting of morphologically and
functionally distinct membrane-bound compartments. The construction and maintenance of
these compartments relies on the actions of ancient families of proteins capable of remodeling
membranes 2. To support enhanced requirements for cell-cell adhesion, communication, and
signaling during the transition from single celled eukaryotes to multicellular animals, a dramatic
expansion in membrane-associated proteins occurred °. Among the membrane proteins
thought to have first emerged in Metazoa is the caveolin family of membrane remodeling
proteins *°. Best recognized for their role in vertebrates as structural components of flask-
shaped invaginations of the plasma membrane known as caveolae, caveolins have been
identified in most metazoan clades, suggesting they fulfill essential roles in multiple organisms *
®. Caveolins and caveolae are distributed throughout the body and serve as important
regulators of multiple organ systems "*°. Furthermore, caveolins and caveolae have been more
broadly implicated in regulation of cell signaling, lipid metabolism, and sensing and responding
to stress® 4,

Unlike traditional vesicle coat proteins such as clathrin, COPI, and COPII that cycle on and off
membranes and share evolutionary origins and structural features ?, caveolins are unrelated in
sequence to other proteins and remain integrated in membranes throughout their life cycle.
Caveolins lack a traditional transmembrane domain and are instead embedded within a single
leaflet of cell membranes, with both their N- and C-termini facing the cytoplasm **’. In humans,
the caveolin gene family includes three family members: CAV1, CAV2, and CAV3 **8,
Expression of CAV1 and CAV3 is essential for caveolae biogenesis in non-muscle and muscle
cells, respectively °?’. Both CAV1 and CAV3 function as highly stable oligomers containing
between 7 and 14 protomers ?®*. Oligomerization occurs early in the secretory pathway and is
required for their ultimate delivery to the plasma membrane ***°. Although itself incapable of
supporting caveolae assembly in the absence of CAV1, CAV2 has a number of important
physiological roles ****.
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Most studies of caveolins have focused on their roles in mammalian cells where caveolae are
often abundant '®****, However, caveolins can function independently of caveolae in some cell
types lacking a second class of proteins required for caveolae biogenesis known as cavins ***'.
Furthermore, the expression of members of the cavin family is thought to be limited to
vertebrates *®. This suggests that in most organisms, caveolins function independently of
classically defined caveolae. To date, however, only a handful of examples of caveolins from
non-vertebrate organisms have been studied >*°°2. Thus, our knowledge of the functions of
caveolins across evolutionary space is currently extremely limited.

Until recently, the molecular architecture of caveolins was unknown. A breakthrough in our
understanding of caveolins emerged with the discovery of the structure of human caveolin-1
(CAV1) homo-oligomeric 8S complex using cryo-electron microscopy (cryo-EM) >***, The
complex is composed of 11 copies of CAV1 that are symmetrically arranged to form a disc-like
structure. N-terminal sequences located on the outer rim of the disc generate a “key-lock”
structure consisting of a pin motif and oligomerization domain that play a critical role in
interlocking adjacent protomers together to maintain the complexes disc or ring-like shape.
From the N-terminal domains, a long amphipathic a-helix from each protomer extends toward
the center of the disc. A parallel B-barrel formed from single B-strands contributed by the C-
terminal-most residues of each monomer further stabilizes the complex. Yet even in light of this
major advance, caveolins remain among the most enigmatic and elusive membrane proteins in
biology, and the relationship between the structure and function of caveolins, and how this
differs across family members and species, is still largely unknown.

In the past year, tremendous advances have been made in structural elucidation through the
development of deep learning-based methods such as AlphaFold2 (AF2), capable of predicting
protein structures based on their amino acid sequence *°>. We recently showed that despite the
unusual feature of human CAV1, AF2 is able to predict its overall fold and reproduce many key
structural features of the CAV1 8S complex *°. In the current work, we now use AF2 to
investigate the structural features of caveolins across evolution.

Results

AF2 can explain several experimental features of human CAV1, CAV2, and CAV3, making
it a useful tool for studying the structural properties of caveolins more broadly

As a starting point for our analysis, we compared the structures of human CAV1, CAV2, and
CAV3. Human CAV2 is 38% identical and 58% similar to human CAV1 *’. Human CAV3 lacks
the first 27 amino acids found in CAV1 but is otherwise 65% identical and 85% similar to Cav1l
2528 (Figure 1A). To understand how these differences in sequence translate to differences in
structure, we first obtained the predicted structures of human CAV1, CAV2, and CAV3
monomers from the AF2 database °’ and compared them to the Cryo-EM structure of the
human CAV1 complex (Figure 1). As for the case of human CAV1, CAV2 and CAV3 are
predicted to contain extended helical regions with a high confidence level, whereas the N- and
C-terminal regions consist primarily of coils predicted with medium to low confidence (Figure 1).

To better compare the structural features of the protomers, we mapped the position of regions
of CAV1 identified as structurally or functionally important in the literature or in light of our
analyses based on the recent cryoEM structure. These features include the pin motif, a series of
residues in the outer rim of the complex that locks adjacent protomers into place >; the
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signature motif, the most highly conserved region of the protein ***’; the scaffolding domain, a

region important for both oligomerization as well as serving as a protein-protein interaction
interface °*°°; the intramembrane domain, which the structure reveals tightly packs with
neighboring protomers to form a flat membrane-binding surface °*; the spoke region, consisting
of amphipathic a-helices immediately following the intramembrane domain *°; and a C-terminal
B-strand that interacts with other protomers to form a parallel B-barrel with a hydrophobic interior
%3, This analysis reveals that the predicted structure of both the CAV2 and CAV3 monomers
share many features with that of CAV1, including the presence of a loop at the N-terminal region
that makes a 180° turn and the helical nature of the scaffolding domain, intramembrane domain,
and spoke region (Figure 1D- I). One major difference is that, unlike CAV1 and CAV3, the
CAV2 monomer does not bend between helix 1 (green) and helix 2 (purple) (Figure 1F and G).

Next, we compared the predicted structures of homo-oligomers of human CAV1, CAV2, and
CAV3 using AF2.1 (Figure S1) and AF2.2 (Figure 2). Both AF2.1 and AF2.2 are capable of
assembling homo-oligomeric complexes. AF2.1.0 includes the original AlphaFold-Multimer data
pipeline, model, and metrics. AF2.2 incorporates updated AlphaFold-Multimer model
parameters °° and is thought to reduce the number of clashes on average and be slightly more
accurate than AF2.1. It also allows for the evaluation of larger complexes due to the higher
upper limit of residues that can be analyzed.

As recently reported *°, both AF2.1 and AF2.2 predict that CAV1 forms disc-shaped complexes
assembled from spirally packed long helices. The complexes also contain a characteristic pin
motif and a central B-barrel formed by strands contributed by the C-termini of adjacent
protomers (Figure 2A-C, Figure S1A-C). Multiple copies of CAV3 are also predicted to
assemble into a disc-shaped complex similar in overall structure to that observed experimentally
for CAV1 (Figure 2G-I, Figure S1G-l). This agrees with biochemical and structural evidence
that both CAV1 and CAV3 form 8S complexes similar in overall shape and size **°!. One
notable distinction is that the N-terminal most residues of CAV3 are predicted to form a helical
structure, unlike that of CAV1, which are primarily disordered. The presence of this predicted o-
helix in CAV3 observation agrees with a preliminary report from another group .

Interestingly, CAV2 was also predicted to form multimers containing between 2 and 11
protomers (Figure 2D-F, Figure S1D-F). However, the CAV2 oligomers either fail to generate a
closed disc-like structure or form discs that are highly asymmetric and twisted (Figure 2D-F,
Figure S1D-F). These findings suggest that differences in angles between helix 1 and helix 2 of
CAV1/CAV3 and CAV2 protomers may play a critical role in determining whether the protomers
pack together into tightly apposed spirals that ultimately form a closed disc. It is also consistent
with observations that unless CAV1 is present, CAV2 fails to assemble into high molecular
weight oligomers or support caveolae assembly 3% \We did however note that when we
repeated these predictions at later dates, AF2.2 showed an increased tendency to assemble
CAV?2 into more regular, symmetric complexes (Figure S2).

In summary, both available versions of AF2 predict the overall secondary, tertiary, and
guaternary structure of CAV1. They also assemble CAV1 protomers into a disc-shaped
complex that shares many features with the experimentally determined 8S complex structure
and predict that CAV3 can also form closed, symmetric disc-shaped complexes but that CAV2
cannot. These findings suggest AF2 can be a useful tool to propose testable hypotheses on
both structure and function of caveolins. Given that the only high-resolution experimental
structure of any caveolin family member currently available is for human CAV1, the relative
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accuracy of AF2.2 compared to AF2.1 in predicting other structural forms of caveolins remains
unknown. In the following analysis, we, therefore, employed AF2.1 to predict the structures of
representative caveolins across Metazoa and then used the prediction results of AF2.2 to cross-
validate and supplement these findings.

The formation of helically-based spiral multimers with a hydrophobic membrane facing
surface is a conserved feature of metazoan caveolins

The above analysis suggests caveolins capable of supporting caveolae biogenesis form closed,
regular, disc-shaped oligomeric complexes. This raises the fundamental questions of when
mammalian caveolins gained these behaviors and which if any of its current structural features
were directly inherited from the ancestral caveolin. The degree of structural and functional
diversity of caveolins across species is also currently unknown. To address these questions,
we performed large-scale structural predictions on 72 examples of PFAM-annotated caveolin
family members from representative species of 13 different Metazoan phyla/superphyla
(Supplemental File 1). For our initial analysis, we generated n-mers of increasing size with
AF2.1 (Supplementary File 1). Structures with interesting properties were subsequently
analyzed using AF2.2.

The results of this analysis reveal that packing of caveolins in a spiral pattern is a common
feature for most of the caveolins examined. Indeed, caveolins found in almost all species we
examined are predicted to form closed spiral-packed discs (Figure 3, Figure S3, and
Supplemental File 1). Several of these structures also were predicted to contain parallel -
barrels in the center, similar to the structure of human CAV1. This suggests that even in the
most distantly related metazoans, at least a portion of caveolins oligomerize like their
counterparts in other phyla/superphyla. A notable exception is the sequences from
Amphimedon queenslandica, a sponge native to the Great Barrier Reef. As one of the most
distantly related metazoans to humans, this species is a useful model to examine the evolution
of metazoans °®. None of its caveolins were predicted to form closed discs by AF2.1 (Figure S3).
However, most of them still tend to organize into spiral-like assemblies (Figure S3 and
Supplemental File 1). Interestingly, AF2.2 predicted most Amphimedon queenslandica
caveolins to form closed disc or ring-like structures with median to low confidences (Figure 3).

Mammalian caveolins are monotopic membrane proteins ***’. Consistent with this, the disc-

shaped human CAV1 complex is primarily hydrophobic both on its membrane facing surface
and around the outer rim. To test if other caveolins share this feature, we compared the
distribution of hydrophobic and hydrophilic residues on the predicted structures. In all models
examined, the plane formed by the long helices is predicted to be amphipathic, consisting of a
primarily hydrophobic membrane-facing surface and a hydrophilic surface likely facing the
cytoplasm (Figure 3, Figure S3). This amphipathic feature extends to include the outer rims of
the complexes, as well as the interior of the C-terminal B-barrels for caveolins that contain these
structural elements. The association of caveolins with membranes may thus be an ancient and
highly conserved feature of the protein. Around 45% of the 72 Cavl complexes we examined
have a completely hydrophobic membrane facing surface, whereas others, including human
CAV1, contained one or more charged residues positioned in different patterns (Figure S4).
The presence of these charged residues in the membrane facing surface suggests they may be
functionally important, but their biological roles remain to be determined.

Caveolins consist of six basic structural units
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We next sought to identify specific structural motifs found in multiple caveolins across evolution.
Previous studies have identified the oligomerization, scaffolding, and intramembrane domains
as functionally important regions of mammalian caveolins >*"?%°#>° However, these domains
were primarily identified by sequence analysis or truncation studies and do not map in a
straightforward way to the experimentally determined structure of human CAV1 °® (Figure 1).
We thus instead used the structure itself as a template to deconstruct the protein into six
structurally defined domains (Figure 4). To illustrate their position in the structure and
relationships to one another, we mapped them onto the predicted structures of two different
caveolins: human CAV1 and one of the two C. elegans caveolins (Q94051) (Figure 4). From
the N-terminus to the C-terminus, these six basic structural units are as follows:

1) N-terminal variable region. In human CAV1, residues 1-48 are predicted to be disordered
and were not resolved in the cryoEM structure 3. Similarly, other caveolins are predicted to
contain N-terminal disordered regions. Both the length and sequence of the most N-terminal
region are highly variable across caveolins. For example, for C. elegans caveolin Q94051, this
region is predicted to be 99 residues in length (Figure 4C, in red). The structure of this region is
usually predicted by AF2 with low confidence, further illustrating its flexible nature (Figure 1,
Supplemental File 1).

2) Pin motif. First identified in the experimental structure of the human CAV1 8S complex *°,
the pin motif (residues 49-60 in human CAV1) is critical for neighboring protomers to interact. It
stacks on top of the neighboring protomer in the complex, stabilizing the protomer-protomer
interaction at the rim portion of the disc-shaped 8S complex *3. A similar motif is predicted to
exist in C. elegans caveolin Q94051 (Figure 4C, in yellow).

3) Hook structure. Residues 61-81 of human CAV1 consist of a loop that undergoes a 180°
turn (Figure 4A-B, in green). It corresponds to the first half (residues 61-81) of the
oligomerization domain (residues 61-101) of human CAV1. Embedded within this same region
is the highly conserved signature motif (residues 68-75) (Figure S5). In the cryo-EM structure,
the signature motif consists of a 3/10 helix followed by a short coiled structure (Figure S5). The
positioning of the signature motif enables it to form hydrogen bonds with nearby residues that
help to sustain the hook structure as well as interactions with neighboring protomers (Figure
S5).

4) Bow-like long helical region. Residues 82-169 of human CAV1 consist of a series of a-
helices connected in tandem by short loops, generating a long helical region in the middle of the
protein. All turns and kinks occur along the same orientation and plane, bending the helices into
an arc of about 180°. This region of the protein encompasses the scaffolding domain (residues
82-101), the intramembrane domain (residues 102-134), and the spoke region (residues 135-
169) (Figure 4A-B, in cyan). The presence of these bow-like helices is a characteristic feature
of most caveolins examined (Supplemental File 1).

5) C-terminal B-sheet. Following the helical region, the C-terminal domain of each human
CAV1 protomer folds into a B-strand (Figure 4A-B, in orange). Together with neighboring
protomers, the strands assemble into a parallel B-barrel. In human CAV1, the strand is 7
residues long (residues 170-176). In other caveolins examined here, the predicted strands
range in length from 3 to 18 residues.
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6) C-terminal variable region. Human CAV1 has only two residues immediately following the
B-strand at the C-terminus. A subset of other caveolins also contains a similar region (C-
terminal variable region) with differences in length and composition across caveolins (Figure 4,
in purple). The structure of this region is typically predicted by AF2 with low confidence,
suggesting it is disordered (Supplemental File 1).

Phylogenetic analysis reveals the existence of a non-metazoan relative of caveolins and
a previously unidentified clade(s)

Previous studies have suggested that caveolins are only found in metazoans *°. All vertebrate
caveolins are thought to descend from three ancestral sequences: CavX, Cavy, and CavZ.
CavX and CavZ occupied adjacent positions in the ancestral genome °. Whereas CavY appears
to have been lost in most vertebrates, CavX seems to have given rise to Cavl and Cav3, the
‘canonical’ caveola-forming family members °. In a similar fashion, CavZ appears to have given
rise to the Cav2 and Cav2R groups, Cav2R having later been lost from placental mammals °.
Other clades include ‘Group 1’ protostome sequences that appear to form a monophyletic group
with CavY descendents (‘CavY extended’), Protostomia Groups 2 and 3, and a more distantly
related group coined the ‘caveolin-like’ group °. However, the structure of the caveolin family’s
common ancestor, as well as the similarities and differences in structure across clades are
currently unknown.

To address this question, we first performed an updated phylogenetic analysis. To do so, we
inferred a maximume-likelihood phylogeny using a set of previously categorized caveolin and
caveolin-like sequences ° together with 72 protein sequences with caveolin PFAM annotations
from 13 distantly related holozoans (Table S1). Two of these species, Amphimedon
gueenslandica (Porifera, Metazoa) and Salpingoeca rosetta (Choanoflagellatea, the sister group
to Metazoa), are of particular evolutionary interest due to their early divergence with respect to
vertebrates °®®’. Caveolins are absent from the genome of the choanoflagellate Monosiga
brevicollis and had previously been described as exclusive to metazoans *°. However, a
caveolin-like protein has been identified in Monosiga ovata ®®. To help confirm the homology of
the S. rosetta sequence (UniProt: F2U793) and the A. queenslandica sequences with previously
characterized caveolins, we built a caveolin profile from the latter using HMMER. Searches
against the S. rosetta and A. queenslandica proteomes retrieved the relevant sequences with E-
values of 2.5 x 107!, indicating a confident prediction of homology. These findings suggest that
caveolins are in fact not limited to Metazoa, but are also found in the closest living relatives of
Metazoa ®’. The caveolin sequence from S. rosetta was thus used as a tentative outgroup for
our analysis.

Though achieving only weak support values, the resulting tree largely replicated the previously
proposed clades, consisting of Cavl/3, Cav2/2R, CavY extended, Protostomia Group 1,
Protostomia Group 2, and Cav-like (Figure 5). Many of the 72 sequences of interest could be
assigned to one of these previously defined groups (Figure 5). As expected, the caveolin
sequence from S. rosetta (F2U793) was separated from all other metazoan caveolins on the
phylogenetic tree (Figure 5, Table 1). We named the clade this sequence belongs to as Choa-
CAV. Correspondingly, we named all metazoan caveolins as Meta-CAV (Table 1). Within the
Meta-CAV group, the selected caveolin homologs from Amphimedeon queenslandica also could
not be placed in any of these pre-established clades. These sequences appeared in a
monophyletic group that appears to be a sister to all other metazoan sequences, suggesting an
early divergence with respect to the other metazoan sequences. We chose to designate this
group as “atypical caveolins” and the remaining Meta-CAV groups as “typical caveolins”.
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We further broke down the typical caveolins into Type | and Type [I-CAV. Almost all of the
relatively well studied caveolins belong to Type 1I-CAV, such as human CAV1, CAV2, and CAV3,
as well as C. elegans caveolins and Apis mellifera (honey bee) caveolin. Type 1-CAV
corresponds to the CAV-like clade in a previous study °.

Comparison of structural features of metazoan and non-metazoan caveolins

Next, we compared the structural features of caveolins across clades. For this analysis, we
used AF2 to predict the structures of 72 representative caveolins selected based on their
position in the phylogenetic tree (Table 1). We compared how many of the six basic structural
units each caveolin contained, their propensity to form spiral assemblies, and the distribution of
charges on their membrane-facing surface. To better illustrate key similarities and differences
across caveolins, caveaolin-like proteins (Type 1-CAV), and their ancestors, we selected
representative examples from major classes of caveolins, including the choanoflagellate
caveolin from S. rosetta (F2U793), an example of an A. queenslandica caveolin (AOALX7UHP5)
from the newly identified clade, and a “CAV-like (Type I-CAV)” protein from S. purpuratus
(AOA7TMTTAC?2) (Figure 6A). Human CAV1, a member of the Cavl/Cav3 family (Type II-CAV),
is shown for comparison (Figure 6A). For clarity, dimers rather than higher-order homo-
oligomer of each representative caveolin are shown. Our initial analysis was performed using
AF2.1, and key findings were examined further using AF2.2.

The Choa-CAV from S. rosetta is predicted by AF2.1 to contain a long helix similar in length to
its metazoan counterparts with high confidence. However, it is predicted to exist in an extended
rather than bow-like shape (Figure 6B). It lacks a signature motif, and the hook structure was
predicted only with low confidence. Interestingly, AF2.1 predicts multiple copies of Choa-CAV
assemble into a parallel helical bundle, and C-terminal B-strands were observed only for 5-mers
and higher oligomers (Figure 6B-D, Supplemental file 1). The structure of Choa-CAV
monomer predicted by AF2.2 was generally similar to that suggested by AF2.1. In contrast to
the predictions of AF2.1, however, AF2.2 suggests Choa-CAV assembles into spirally packed
hat-like structures (Figure S6). This model predicts that the protomer undergoes a substantial
conformational change as part of the oligomerization process. When we rendered the AF2.2-
predicted 7-mer with hydrophobicity, an amphipathic structure emerged reminiscent of the
amphipathic feature of the human CAV1 complex (Figure S6B-D). Notably, the structure of the
oligomeric forms of Choa-CAV were predicted with lower confidence than for the protomer
either by AF2.1 or AF2.2.

All caveolins from the representative sponge species A. queenslandica were clustered as a
clade separated from all other metazoan caveolins (Table 1). Intriguingly, caveolins from this
clade are predicted by AF2.1 to share features of both Choa-CAYV and typical caveolins. All
sequences from this clade were predicted to form long bow-like helices (Table 1, Supplemental
file 1). However, as illustrated in the case of A. queenslandica caveolin AOA1X7UHP5, AF2.1
predicts two totally different oligomerization patterns. Some models were very similar in overall
appearance to Choa-CAV, whereas others displayed spiral packing features similar to human
CAV1 (Figure 6E-J). However, the structure of the signature motif was only predicted with low
confidence. In addition, no C-terminal B-sheet or closed structures were predicted to form for
any n-mer we tested for the sequences examined from this clade (Figure 6H and J,
Supplemental file 1). Here again, the predictions of AF2.2 and AF2.1 were similar for
monomers, but diverged for higher order oligomers. As for the case of Choa-CAV, AF2.1
predicts the atypical caveolin AOA1X7UHPS5 generates helical bundles (Figure S7A), while
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AF2.2 predicts higher order oligomers of this and other atypical caveolins range in shape from
closed rings to closed discs (Figure S7B-P). For the most ring-like structure (AOA1X7TMH4),
the entire spoke region protruded perpendicularly to the plane of the membrane bilayer (Figure
S7H-J). Confidence levels for the predicted oligomeric structures were much lower than for a
single protomer. These atypical caveolins may thus also have the ability to assemble into
oligomers with variable conformations.

A previous study defined a “CAV-like” clade of caveolins °. This clade was separated from all
other typical-CAV1 on the updated phylogenetic tree (Table 1). Analysis of the predicted
structures of the CAV-like caveolins revealed they share some features with other Typical-CAVs,
but also exhibit distinct properties (Table 1). Most of the analyzed sequences from this clade
were predicted to form homo-oligomers with spiral helical regions. Most of them even generated
closed disc structures and formed C-terminal 3-sheets for trimers and larger oligomers (Table 1,
supplemental file 1, Figure 6K-M and Q). However, the pin motif was absent from all

predicted structures, and no C-terminal B-strands were predicted to be present in dimers (Table
1, supplemental file 1, Figure 6K-M and Q). We thus re-named this clade as Type I-CAV and
all other Typical-CAVs as Type II-CAV.

Although disc-shaped structures dominated the predictions for Typical-CAVs (Supplemental
file 1), AF2.2 predicted ring-like structures for two caveolins from typical-CAV clades (Figure
S8A-B). These structures are very similar to the predicted structures for truncated versions of
human CAV1, CAV1 AC (residues 1-147) and CAV1 AN AC (residues 49-147) (Figure S8C, D).
Importantly, these two truncated versions of CAV1 are capable of driving the formation of
caveolae in mammalian cells ®°. This implies that a ring-like amphipathic structure may be
sufficient to drive the deformation of membranes and caveolae assembly.

Structural basis for hetero-oligomerization of evolutionarily distinct caveolins

Finally, we examined the ability of evolutionarily distant caveolins to hetero-oligomerize. The
best studied example is mammalian CAV1 and CAV2. CAV1 and CAV2 are co-expressed and
co-localize in caveolae in many cell types, co-fractionate during purification, and co-migrate in
native electrophoresis gel >**%"°" However, in the absence of CAV1, CAV2 fails to form
stable high molecular weight oligomers, is localized in the Golgi complex, and cannot support
caveolae biogenesis ****®_ Consistent with this, as shown above, CAV2 is predicted to be
unable to form regular closed disc-shaped complexes. CAV2 is separated by a long
evolutionary distance from CAV1 °. It is thus not clear how these two evolutionarily distinct
caveolins interact with each other.

To address this question, as a test case we asked AF2 to predict the structure of a complex
containing five CAV1 protomers and five CAV2 protomers. AF2 predicted CAV1 and CAV2
indeed can assemble into a hetero-oligomer. Furthermore, the overall structure and organization
of the CAV1/CAV2 complex was generally similar to that of the experimentally determined
CAV1 8S complex (Figure 7A-B). Of the five models AF2 predicted, 3 assembled into fully
closed disc shapes with a flat membrane facing surface, and all of them segregated CAV1 and
CAV2 protomers on opposite sides of the complex (Figure S9A-J). The structure of CAV2
protomers within the complex was predicted with high confidence (Figure 7F-J). These findings
suggest that CAV1 helps to stabilize CAV2 into a conformation that is compatible with
interacting with CAV1 to create a heter-oligomeric complex capable of packing into caveolae.
They also raise the interesting possibility that depending on the stoichiometry hetero-oligomeric
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caveolin complexes could be asymmetrical structures, with CAV1 and CAV2 endowing distinct
functions to different sides of the complexes. It is important to note that the predicted
CAV1:CAV2 oligomerization patter represents one of several possible ways these two caveolins
could pack within complexes, even when the same number of CAV2 protomers are present in
the complex. The organization of complexes could also differ as a function of the ratio of
CAV1:CAV?2 or for complexes containing different numbers of protomers.

Another notable feature of the CAV1/CAV2 hetero-oligomers is the nature of the interactions
between CAV1 and CAV2 at the protomer-protomer interfaces. Due to the spiral packing of
protomers into a disc, neighboring CAV1 and CAV2 protomers can potentially interact with one
another in two different orientations: CAV1/CAV2 or CAV2/CAV1 (Figure 7C). When we
overlayed these two different configurations, their scaffolds appeared almost identical except for
small differences in angles in the C-terminal region and the N-terminal coiled region (Figure 7D-
E). Close examination of the pin motif region reveals the exact same set of critical residues that
mediate the protomer-protomer interactions in the experimental CAV1 homo-oligomeric
structure also exist for both possible arrangements of the CAV1/CAV2 protomer interface. The
angles of these residues are also nearly identical to each other and are also very similar to
those observed in the CAV1 homo-oligomeric complex model (Figure 7E) °°.

Even more elaborate hetero-oligomers may potentially form in cells where CAV1, CAV2, and
CAV3 are co-expressed, such as smooth muscle cells. In this cell type, CAV1, CAV2 and CAV3
co-immunoprecipitate ", raising the interesting possibility that they form mixed hetero-oligomers
containing all three caveolin family members. Consistent with this possibility, AF2 predicts that
these three caveolins likewise may assemble into a common disc (Figure S9 and S10).

Discussion

Although caveolins are expressed in a wide variety of organisms throughout metazoa, very little
is known about the structural features of caveolins beyond human CAV1. Based on the proven
ability of AF2 to predict overall features of the secondary, tertiary, and quaternary structures of
human CAV1 *®, we used it here as a tool to gain insights into the shared and distinct features of
caveolins throughout the gene family.

Remarkably, most metazoan caveolins share the ability to assemble into helically-based spiral
multimers with a hydrophobic membrane facing surface. Yet, many species, including humans,
express multiple, evolutionarily divergent forms of the protein (Table 1). Presumably, these
different caveolins fulfill tissue- or cell type-specific roles in distinct organisms. Mammalian
CAV3, a muscle-specific form of the protein, is a good example. Both mammalian CAV1 and
CAV3 are capable of forming caveolae, albeit with the help of different members of the cavin
family *>"7*. Like CAV1, CAV3 has been reported to form disc-shaped complexes *. These
complexes are similar but not identical to those formed by CAV1 experimentally ®* and as
predicted here by AF2. Exactly how the differences in the structures of CAV1 versus CAV3
dictate their tissue-specific functions, however, remains to be determined.

It is also important to note that not all of the caveolins we examined are predicted to form closed
discs. This emphasizes that caveolins do not necessarily need to form intact homo-oligomeric
discs to function. This is well illustrated by the case of CAV2, which gives rise to severe
phenotypes when knocked out in mice *°. One simple mechanism by which such caveolins
function is through hetero-oligomerization. Hetero-oligomerization could endow unique
properties to caveolins complexes, as predicted here for the case of asymmetric CAV1/CAV2
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complexes. The exact organization of such complexes likely vary depending on the relative
abundance of each caveolin family member. It is also possible that other non-disc forming
caveolins may have distinct functions as monomers or homo-oligomers. These possibilities will
require further investigation.

Classically, caveolins have been depicted as consisting of several major domains including a
scaffolding domain, an oligomerization domain, an intramembrane domain, and a C-terminal
region. Based on our structure-based analysis, we now propose that caveolins can be
decomposed into six distinct structural units: a variable N-terminal region, pin motif, hook
structure, bow-like helical region, B-strand, and variable C-terminal region. It is interesting to
compare the key similarities and differences in these features across major caveolin groups
(Figure 6). The hook structure and long helices appear to be the most highly conserved
structural features across most caveolins. The helical region appears to be especially critical, as
caveolins that lack helices are predicted to oligomerize poorly (Table 1). The pin motif also
likely helps stabilize the complexes to generate closed disc-like structures but may not be
essential for certain types of caveolins. Based on sequence alignments and AF2 predictions,
the structure and packing of the pin motif appear to be conserved among many metazoan
caveolins but are missing from caveolins from A. queenslandica (Table 1, Table S1,
Supplemental file 1). These caveolins are predicted by AF2.1 to fail to pack into spirally
assembled complexes containing more than four monomers (Supplemental file 1). However,
four caveolins from S. purpuratus also lack well defined pin motifs, yet are strongly predicted by
AF2 to form disc-like complexes (Table 1). This suggests different structural elements of
caveolins could potentially compensate for one another during evolution to support complex
formation. Assembly of the C-terminal B-strands into a central parallel B-barrel further
contributes to the proper packing of protomers into regularly shaped disc-shaped complexes .
Absence or disruption of the B-barrel destabilizes the complexes and can interfere with caveolin
function, as evidenced by C-terminal frameshift mutations of CAV1 linked to pulmonary arterial
hypertension and congenital generalized lipodystrophy °*/*"%"57® " This modular design could
also help to support hetero-oligomer formation. Considering the large number of possible
combinations among distinct caveolins in species expressing multiple forms of the protein, this
could potentially be an important mechanism to fulfill different functions during development or
in response to varying environmental cues.

Many caveolins are predicted to contain N- and C-terminal unstructured regions, and these
regions can vary dramatically in length and composition (Table 1). In many caveolins, the N-
terminal regions appear to be longer and more variable than the C-terminal regions. Choa-CAVs
and Atypical-CAVs tend to have longer C-terminal regions, whereas type II-CAV exhibit
considerable diversity in this region (Table 1). In human CAV1 the C-terminal variable region is
essentially absent, but in other caveolins, this region is predicted to be upwards of 45 residues
in length. The N-terminal region of CAV1 differs in length between the two major isoforms,
CAV1a and CAV1p 28 It also differs between CAV1 and CAV3, which we and others report to
contain an N-terminal o-helix ®2. While residues 1-48 of mammalian CAV1 are dispensable for
caveolae formation °, they fulfill several regulatory roles. Tyr 14, a known Src phosphorylation
site in CAV1, is required for development in zebrafish ®. The N-terminus of CAV1 also contains
an additional phosphorylation site and multiple ubiquitination sites and participates in several
protein-protein interactions 3°. Other potential roles of the disordered regions include aiding in
curvature generation and mediating protein-protein interactions via phase separation/
condensate formation °**?. There is some evidence that such interactions occur between
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disordered regions in Cavl and cavin-1 . Whether this represents a more general mechanism
responsible for mediating other protein-protein interactions with the caveolins will be an
important possibility to test moving forward.

Another important finding reported here is that caveolin-related proteins are not limited to
Metazoa: they are also found in choanoflagellates, the closest living relatives of animals. Thus,
caveolins appear to be among the ancient proteins borrowed and repurposed from unicellular
organisms. This raises the interesting question of what functional roles caveolins fulfill in
choanoflagellates and how these relate to their functions in mammals. A potential clue is that
several binding partners and signaling pathways that caveolins have been linked to in mammals

are also found in choanoflagellates. Specific examples include cell adhesion proteins and Src
68,94,95

A related question is which structural features of caveolins are optimized for caveolae formation
and which fulfill broader functional roles. Current evidence suggests caveolae are limited to
vertebrates due to the requirement for both cavelins and cavins to build caveolae **%. This
means that outside of vertebrates, caveolins function independently of classically defined
caveolae. Even in vertebrates, there are cell types such as neurons where caveolins are
expressed, but caveolae are not present due to the absence of cavin expression ***’. Some
invertebrate caveolins, such as honeybee caveolin, are capable of supporting caveolae
formation, whereas others are not °. Several of the functions ascribed to caveolins, such as
regulation of signaling and lipid metabolism, may not require the incorporation of caveolins into
caveolae ***’. The mechanosensing and mechanoprotection roles of caveolins ***? may also
not be limited to organisms where caveolae are present. Recent evidence suggests that
caveolins can protect and maintain tissue integrity in the absence of cavins and traditional
caveolae in invertebrates *'. It is also formally possible that expression of caveolins may be
sufficient to drive the formation of caveolae-like structures in in other organisms, as has been
observed upon ectopic expression of caveolins in E. coli °**’. Our analysis does, however,
suggest that the most evolutionary distant caveolins, such as the Choa caveolins or atypical
caveolins found in A. queenslandica, are structurally distinct from other caveolins, implying they
also function differently from other caveolins. As experimental approaches to study the cell
biology of organisms like choanoflagellates continue to advance ®, it should be possible to test
the structure-function relationship of these evolutionarily diverse forms of the protein in the
future.

Finally, our comparison of caveolins across evolution, especially with the identification of Choa
caveolins, predicts a possible path for the evolution of their structure. We speculate ancestral
caveolins may have been primarily helical, with a tendency to oligomerize in parallel helical
bundles. Early caveolins also likely contained an N-terminal hook-like structure. Incorporation
of kinks at key positions may then have allowed the helices to progressively shift to a spiral,
partially flattened ring or disc. AF2 hints that this may be the case for the most evolutionarily
distant caveolins, although such structures are predicted with low confidence. Our finding that
Choa caveolins and Atypical-CAVs can also form ring-like oligomers with a hydrophobic surface
suggests this may represent one of the most ancient functional unit of the protein in metazoans.
A similar ring structure may also be sufficient to promote membrane bending and caveolae
assembly, as evidenced by the predicted structures of human CAV1 lacking N- and C-terminal
domains. These possibilities will require further analysis in the future.
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There are several limitations to our findings. The most important limitation is that the structure
predictions presented here are designed to formulate hypotheses and remain to be verified
experimentally. This is especially important because caveolins are a challenging class of
proteins for AF2. They fall into the poorly studied class of monotopic membrane proteins, are
unrelated in sequence and structure to other proteins, and assemble into symmetric, circular
oligomers. Furthermore, the experimental structure of human CAV1 was not present in the
database when AF2 was trained. Despite this, AF2 was able to predict the overall fold and
many details of the structure of human CAV1 *°, providing the impetus for our current study.
Here, we found that both AF2.1 and AF2.2 can sense the differences among different caveolins
clades and distinguish them structurally. The exact readouts of AF2.1 and AF2.2 did, however,
vary. AF2.1 underestimates the numbers of protomers within the spirally packed human CAV1
oligomers *°, whereas AF2.2 has a stronger tendency than AF2.1 to assemble caveolins into
closed structures. Their predictions also differed substantially for the most evolutionarily distant
caveolins, although in these cases, the confidence of the predictions was also low. The exact
oligomeric state of the caveolins is also uncertain. For the case of CAV1, AF2 predicts
additional oligomeric states exist in addition to the experimentally observed 11-mer. In support
of this possibility, there is experimental evidence that suggests varied oligomeric states may
assemble in cells 232, However, some of these oligomeric states predicted by AF2 appear less
likely to exist due to energetic strains °®. The structures presented here should thus not be
interpreted as ground truth but rather as providing a window into the principles of design
underlying caveolin structure and function. Nevertheless, our finding that the overall features of
the oligomers and complexes are common across caveolins suggests that these models may
depict their fundamental structural properties.

Methods
AlphaFold2 Prediction

Predicted structures of caveolin homo-oligomers were generated using AF2.1 or AF2.2 by
systematically increasing the number of monomer input sequences until the upper limit of the
residues that could be analyzed was reached. AlphaFold v2.1.0 predictions were performed
using a Colab notebook named “AlphaFold2_advanced (AlphaFold2 advanced.ipynb -
Colaboratory (google.com)” with default settings. AlphaFold v2.2.0 predictions were performed
using default settings via another Colab notebook named “alphafold21 predict_colab” provided
by ChimeraX daily builds version (ChimeraX 1.4.0). Version v2.2.0 includes updated
AlphaFold-Multimer model parameters. See https://github.com/deepmind/alphafold/releases for
a description of other differences in AF2.1.0 versus AF2.2.0. Due to the upper limit in the
number of residues that could be analyzed by AF2.1, where indicated, caveolin sequences were
truncated to exclude the predicted N-terminal disordered regions. Unless otherwise stated, the
rank model 1 of the 5 models output for each prediction is shown. Confidence levels of the
predictions are rendered on the models using pLDDT (predicted local-distance difference test)
values *°.

Conservation analysis

Conservation analysis was based on protein sequences alignments collected from UniProt of 72
Metazoan caveolin sequences from 13 representative species of different phylum/superphylum
via EMBL-EBI online tool MAFFT (Multiple Alignment using Fast Fourier Transform) (MAFET <
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Multiple Sequence Alignment < EMBL-EBI) and displayed on 3D structure by using Chimera
v1.15. The figures were analyzed, rendered, and exported with Chimera v1.15, ChimeraX 1.4.0
(daily builds version), or ChimeraX1.3.

Sequence alignments

Clustal Omega was used to perform sequence alignments. Jalview 2.11.2.4 *° was used for
alignment image typesetting and exporting.

HMMER searches

For HMMER searches, a hidden Markov model (HMM) profile was built directly from the
alignment of truncated caveolin sequences by Kirkham et al 2008 using hmmbuild from the
HMMER package '®. The profile was then searched against the S. rosetta and A.
gueenslandica genomes using hmmsearch.

Phylogenetic analyses

The selected caveolin homologues were aligned with MAFFT v7.310 **1%2. The alignment was
then truncated to a region corresponding to the residues 54-158 in human CAV1 using a simple
Python script (https://doi.org/10.5281/zenod0.6562402). Gaps were removed before combining
the sequences with those from the supplementary information of Kirkham et al (2008) ° and re-
aligning with MAFFT. ProtTest3 (version 3.4.2) ' was then used to determine the best model of
evolution (LG+I+I+F). Finally, a maximum likelihood phylogeny was inferred using RAXML
(version 8.2.11; ***'% with 100 rapid bootstraps. A trimmed tree was produced in RStudio using
the ape package . Trees were rendered using FigTree v1.4.4 and prepared for publication
using Inkscape (version 1.0.1).
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Figure Legends

Figure 1. Predicted structures of human CAV1, CAV2, and CAV3 monomers compared to
the experimental structure of human CAV1. (A) Sequence alignment of human CAV1, CAV2,
and CAV3. Specific regions of each are color coded as follows: pin motif, yellow; signature
motif, red; scaffolding domain, green; intramembrane domain, purple; spoke-like region, gray; -
strand, cyan. The oligomerization domain includes the signature motif and scaffolding domain
and is indicated by brackets. (B-C) En face and side views of the cryo-EM structure of the
human 8S CAV1 complex (PDB: 7SCO0). (D-I) Predicted structures of CAV1 (D, E), CAV2 (F, G)
and CAV3 (H, I) monomers from the AF2 database. Structures in C, E, G, and | are rotated 90°
on y-axis relative to those shown in B, D, F, and H. Color coding in (B-I) are is identical to that in
panel A. (J-K) As in B and C except that the position of a single protomer is highlighted in red.
(L-Q) As in D-I, except the structures are colored by pLDDT confidence values.

Figure 2. Predicted structures of human CAV1, CAV2, and CAV3 oligomers. AF2.2
models for 11-mers of human CAV1 (A-C), CAV2 (D-F), and CAV3 (G-I). Views of the
cytoplasmic surface, side view, and membrane facing surface are shown for each. Models are
colored according to the pLDDT confidence values. Zoomed in views of the C-terminal regions
of each model are highlighted in the lower panels in B, E, and H.

Figure 3. Conserved structural features of metazoan caveolins highlighted by AF2
predictions. AF2.2 models for monomers (A) and multimers (B-E) of metazoan caveolins from
representative species of thirteen different metazoan phyla/superphyla. Models in rows A and B
are colored by pLDDT confidence values. Models in rows C-E are colored by lipophilicity values.
All multimer models are for 11-mers except AOA1X7UHP5 which is 10-mer.

Figure 4. Proposed structural elements of metazoan caveolins. Structural elements include
a variable N-terminal region (red), pin motif (yellow), hook structure (green), bow-like helical
region (blue), B-strand (orange), and variable C-terminal region (purple). For illustration
purposes, elements are mapped into the structures of (A) two neighboring protomers from the
cryo-EM based secondary structure model of human 8S CAV1 complex (PDB: 7SCO0), (B) a 2-
mer of human CAV1 (Q03135) predicted by AF2.1, and (C) a 2-mer of Caenorhabditis elegans
caveolin (Q94051) predicted by AF2.1.

Figure 5. Phylogenetic relationships of caveolin sequences. A maximum likelihood
phylogeny was inferred for representative caveolins from the current study (black) in
combination with caveolin sequences previously analyzed by °. Previously analyzed caveolins
are color coded according to their classifications °. Support values (percentage replication) are
shown for the major splits. *, caveolin-related protein from Salpingoeca rosetta.

Figure 6. Structural features of representative metazoan and non-metazoan caveolins. (A)
Sequence alignment of representative caveolins. Conserved residues are colored according to
the percent identity. (B-P) Panoramic and zoomed in views of the N- and C-terminal regions of
AF2.1 models of dimers from representative caveolins. (B-D) Choa-CAV from Salpingoeca
rosetta (F2U793). (E-J) Rank 1 and rank 3 models of an Atypical-CAV from Amphimedon
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gueenslandica (AOA1X7UHPS5). Residue 1-160 were hidden in (F), (G), (1) and (J) to better
display the structures. (K-M) Type I-CAV from Strongylocentrotus purpuratus (AOA7M7T4C2).
(N-P) Type II-CAV from human CAV1. In B to P, all models are colored by pLDDT confidence
values. Pin motif in (O) is highlighted by gray dotted lines. Regions in (I) and (L) which align with
the pin motif of human CAV1 are highlighted by gray dotted lines. Side chains within signature
motif region and the hydrogen bonds associated with them are shown in (C), (F), (1), (L) and (O).
(Q) Model summarizing the key structural similarities and difference in different groups of
caveolins based on the phylogenetic analysis and structural comparisons presented in Table 1
and Supplemental file 1.

Figure 7. Predicted structures of hetero-oligomeric CAV1/CAV2 complexes. (A-B) En face
and tilted views of a hetero-oligomeric caveolin complex containing five human CAV1 protomers
(purple) and five human CAV2 protomers (orange) from a secondary structure model predicted
by AF2.2. (C) CAV1 and CAV2 interact with each other in two different ways within the complex,
as highlighted here by extracting them from the full complex in B. (D) Overlay of the

CAV1/CAV2 heterodimers from C. (E) Zoomed in view of the boxed region in D. (F-J) As in A-J,
except the models are colored by pLDDT values.

Table 1. Summary of the structural features of caveolins suggested by AF2.1 predictions.
Phylogenetic tree shown on the left-hand side of the table is based on Figure 5. Since not alll
caveolins were predicted to form closed disc-like structures, the presence or absence of
structural features was scored from predicted homo-dimers. When a structural element was not
predicted in a dimer, predictions for higher order n-mers were checked and used as
supplementary information in this table. @, structural element was predicted to be presentin a
dimer; @, structural element was not predicted in dimers but was predicted for other n-mers; &,
structural structure was not predicted for any n-mers. NA, not applicable. In the C-terminal beta
sheet column (C-term sheet), the numbers in parentheses indicate how many residues were
predicted to form the beta strand. The numbers in N-terminal variable regions (N-term VR) and
C-terminal variable regions (C-term VR) columns represent the number or residues in this
region based on alignments with the sequence of human CAV1.

Scoring rules of the “Spiral assembly” were as follows: ¥z, long helices lack a bow-like feature
even at monomer level and cannot be assembled as homo-oligomers into a spiral packing
pattern; %, long helices are predicted to be bow-like in monomers, but cannot be assembled as
homo-oligomers into a spiral packing pattern; %+, long helices are predicted to be bow-like and
can assemble as homo-oligomers into a loose spiral packing pattern, but do not form closed
disc-like structures for any n-mer; %%, protomers homo-oligomerize into closely packed
spirals, but do not form closed discs for any n-mer; %% %1, closed disc-like structures are
predicted to form, but the predictions were based on the truncated version of corresponding
caveolin and the disc-like models were not the rank 1 model; %% ¥ ¥ closed disc-like structures
were predicted, but none of the closed models were the rank 1 model; #¥## ¥4, closed disc-like
structures were predicted as rank 1 models, but the predictions were based on truncated
version of corresponding caveolin; #¥#¥# , closed disc-like structures were predicted as rank
1 models, and the predictions were based on the full-length sequence of the corresponding
caveolin.

In the “NC (negative charge) sites on bottom” column, the superscript ” indicates that multiple
negative charge sites from one protomer were found on the bilayer facing side and # indicates
that positive charge sites were found on the bilayer facing side.
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Supplementary materials

Figure S1. Structures of human CAV1, CAV2, and CAV3 oligomers predicted by AF2.1
and AF2.2. (A-l) 8-mers models of CAV1 (A-C), CAV2 (D-F) and CAV3 (G-I) predicted by
AF2.1. (J-R) 11-mer models of CAV1 (J-L), CAV2 (M-O) and CAV3 (P-R) oligomers predicted
by AF2.2. All the models are colored with the corresponding pLDDT confidence values.
Zoomed in views of the C-terminus regions of each model are highlighted in the lower panels in
B, E, H, K, Nand Q.

Figure S2. Prediction results for the structure of human CAV2 over time. Results are
shown for both AF2.1 and AF2.2 predictions performed during the indicated timeframes. All
models were colored by pLDDT confidence values.

Figure S3. Conserved structural features of metazoan caveolins highlighted by AF2.1
predictions. AF2.1 models for monomers (A) and multimers (B-E) of metazoan caveolins from
representative species of thirteen different metazoan phyla/superphyla. Models in rows A and B
are colored by pLDDT confidence values. Models in rows C-E are colored by lipophilicity values.
Sizes of oligomers vary between 4-mers and 9-mers.

Figure S4. Electrostatic potential distribution patterns on the bilayer facing surface of
predicted caveolin oligomers. Examples of different patterns of charged residues on the
membrane facing surface are shown for representative caveolins oligomers predicted by AF2.2.
They include (A) completely neutral membrane facing surface; (B-C) a negatively charged ring
contributed by a single Glu located in the middle of the long helices; (D) a negatively charged
ring contributed by a single Glu located near the C-terminal region of the long helices; (E) two
negatively charged rings contributed by a Glu or an Asp in the middle of the long helices; (F) a
single negatively charged ring contributed by a Glu and an Asp in the middle of the long helices,
(G) a positively charged ring contributed by a single Lys in the middle of the long helices, (H) a
positively charged ring contributed by a single Lys near the C-terminal region of the long helices.
The relative abundance of each pattern for is listed below each model (from a total of 72
caveolins investigated).

Figure S5. Structural relationship between the hook structure and signature motif in the
cryo-EM structure of the human CAV1 8S complex. (A) Two adjacent protomers within the
complex are highlighted in green and blue. (B) Zoomed in view of the hook structure (pink) and
signature motif (purple) from (A).

Figure S6. Structures of Choa-CAV (F2U793) predicted by AF2.1 and AF2.2. (A)
Comparison of the prediction results for the indicated n-mers for AF2.1 versus AF2.2. (B-D)
Three different views of Choa-CAV 7-mer predicted by AF2.2. Models in panel A are colored by
pLDDT values and models in panels B-D are colored by lipophilicity values.

Figure S7. Structures of Atypical-CAVs predicted by AF2.1 and AF2.2. (A) Comparison of
predicted structures for the indicated n-mers for AF2.1 versus AF 2.2 for a representative
Atypical-CAV (AOA1X7UHP5). The sequence of the N-terminal variable region was removed to
avoid going over the sequence input limit for the AF2.1-based predictions of 5- to 7-mers. (B-P)
Predicted structures of several different atypical caveolins, as modeled by AF2.2. Three
different views are shown for each. (B-D) AOA1X7UHP5 10-mer, (E-G) AOA1X7UGAL 11-mer;
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(H-J) AOALX7TMH4 11-mer; (K-M) AOALX7VPY7 11-mer; and (N-P) AOA1X7VRVS8 11-mer. All
models were colored by pLDDT values.

Figure S8. Examples of ring-like caveolin oligomers predicted by AF2.2. (A) 11-mer of a
Type I-CAV (R7U639). (B) 11-mer of a Type II-CAV (A0A267DC90). (C) 11-mer models of
human CAV1 AC (Residue 1-147) oligomer. (D) 11-mer models of human CAV1 ANAC
(residues 49-147) oligomer.

Figure S9. Top five predicted structures of hetero-oligomeric complexes formed by
human CAV1/CAV2 or CAV1/CAV2/CAV3. (A-J) En face and side views of human
CAV1/CAV2 hetero-oligomeric complexes formed by 5 CAV1s (purple) and 5 CAV2s (orange)
as predicted by AF2.2. All 5 of the top ranked models are shown. (K-T) En face and side views
of human CAV1/CAV2/CAV3 hetero-oligomeric complexes formed by 3 CAV1s (purple), 3
CAV2s (orange), and 3 CAV3s (gray) as predicted by AF2.2. All 5 of the top ranked models are
shown. Models in upper panel are colored by pLDDT confidence value, and models in lower
panels are colored by different caveolins.

Figure S10. Predicted structures of hetero-oligomeric CAV1/CAV2/CAV3 complexes. (A-B)
En face and tilted views of a hetero-oligomeric caveolin complex containing three human CAV1
protomers (purple), three human CAV2 protomers (orange), and three human CAV3 protomers
(gray) from a secondary structure model predicted by AF2.2. (C) CAV1, CAV2, and CAV3
interact with each other in several different ways within the complex, as highlighted here by
extracting them from the full complex in B. (D) Overlay of the heterodimers shown in panel C. (E)
Zoomed in view of the boxed region in D. (F-J) As in A-J, except the models are colored by
pLDDT values.

Table S1. Alignment of the caveolin sequences clustered in Figure 5. Sequences were
truncated to a region corresponding to residues 54-158 in human CAV1 prior to alignment.

Residues were colored by percentage identity. Four standard annotations for the alignment

(conservation, quality, occupancy and consensus) are shown below the sequences.

File S1. Prediction results of the structures of caveolins monomer or oligomers by
AlphaFold2.1 with different protomer numbers. The 2D example color sketches were
generated from the 3D model by AlphaFold2_advanced notebook. All right panels of the 2D
schematics are colored by pLDDT confidence values. For the left panels, the monomers were
colored by N-term to C-term, the multimers were colored by chain. Five models were generated
for each prediction. The 2D sketches were based on rank 1 models (R1) in this supplemental
file if there is no special note was left under the pLDDT value.
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