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Caveolin-1 (CAV1) is a membrane-sculpting protein that
oligomerizes to generate flask-shaped invaginations of the
plasma membrane known as caveolae. Mutations in CAV1 have
been linked to multiple diseases in humans. Such mutations
often interfere with oligomerization and the intracellular
trafficking processes required for successful caveolae assembly,
but the molecular mechanisms underlying these defects have
not been structurally explained. Here, we investigate how a
disease-associated mutation in one of the most highly
conserved residues in CAV1, P132L, affects CAV1 structure
and oligomerization. We show that P132 is positioned at a
major site of protomer–protomer interactions within the
CAV1 complex, providing a structural explanation for why the
mutant protein fails to homo-oligomerize correctly. Using a
combination of computational, structural, biochemical, and
cell biological approaches, we find that despite its homo-
oligomerization defects P132L is capable of forming mixed
hetero-oligomeric complexes with WT CAV1 and that these
complexes can be incorporated into caveolae. These findings
provide insights into the fundamental mechanisms that control
the formation of homo- and hetero-oligomers of caveolins that
are essential for caveolae biogenesis, as well as how these
processes are disrupted in human disease.

Flask-shaped invaginations of the plasma membrane known
as caveolae function as critical regulators of human health and
disease (1–3). The integral membrane protein caveolin-1
(CAV1) is a major structural component of caveolae and is
required for caveolae formation in nonmuscle cells (4). Its
intrinsic ability to induce membrane curvature enables it to
trigger the formation of caveolae-like structures even in bac-
teria (5, 6). In mammals, CAV1 and caveolae are widely
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distributed in many tissues where they function in mechano-
sensation, lipid homeostasis, signaling, endocytosis, and
mechanoprotection (1, 7–9). Conversely, dysregulation of
CAV1 and caveolae contributes to the development and pro-
gression of diseases such as cancer, asthma, pulmonary
fibrosis, pulmonary arterial hypertension, chronic inflamma-
tory respiratory diseases, and lipodystrophy (10–16).

Assembly of CAV1 into oligomeric complexes is an essential
step in caveolae biogenesis, and defects in oligomerization can
give rise to disease (17–21). Under normal conditions, CAV1
undergoes an initial oligomerization step that generates com-
plexes �8S in size when analyzed by velocity gradient centri-
fugation, termed 8S complexes (20). 8S complexes then can
form higher order 70S complexes that are ultimately incor-
porated into caveolae together with cavins and accessory
proteins (20–24). Oligomerization of CAV1 depends on the
presence of a region of the protein known as the oligomeri-
zation domain (18). Disruption of other regions of CAV1 can
also interfere with its oligomerization, suggesting that the
conformation of caveolins is highly optimized (19).

One important mutation known to interfere with oligomer
formation is a proline (P) to leucine (L) mutation in one of the
most highly conserved residues across caveolins, P132 (25, 26).
Identified in 16% of primary human breast cancers, P132L was
subsequently shown to impact cell migration, invasion, and
metastasis (27–29). Although the prevalence of the P132L
mutation in breast cancer was later questioned (30–33), an
identical mutation has been identified in lung adenocarci-
nomas (34), and a related P132A mutation has been identified
as a genetic variant linked to amyotrophic lateral sclerosis (35).
Furthermore, an equivalent mutation in caveolin-3 (CAV3),
P105L (denoted as P104L in many studies), gives rise to
muscular dystrophies both in humans and model organisms
(36–39). These findings highlight the importance of P132 in
caveolin function in health and disease.

CAV1 P132L exhibits a number of defects compared to its
WT counterpart. Instead of assembling into 8S oligomers,
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Structural basis for the P132L mutation in caveolin-1
P132L forms a combination of monomers/dimers and high-
molecular-weight complexes (19, 20, 40, 41). It also is
retained intracellularly (19, 20, 40). Oligomerization and traf-
ficking defects have likewise been observed for P105L mutants
of CAV3 (37, 42). P132L has also been reported to disrupt the
ability of WT CAV1 to traffic to the plasma membrane
correctly, suggesting it can function as a dominant negative
(40). P132L is thus a powerful tool to investigate how defects
in trafficking and oligomerization of caveolins interfere with
caveolae formation and other functions of the protein (5, 19,
20, 28, 43–47).

Despite the importance of P132 to caveolin biology, due to
the lack of a high-resolution structure of CAV1, it has not been
possible to study how this residue contributes to the structure
and function of the protein. We have now determined a 3.5 Å
cryo-EM structure of the human CAV1 8S complex (48). The
complex consists of 11 CAV1 protomers organized into a disc
with a central protruding β-barrel at the center (48). The
structure uncovers extensive interprotomer interactions that
extend along the entire length of each protomer, locked in
place by a previously unidentified pin motif close to the N-
terminus and a C-terminal β-barrel extending from the cyto-
plasmic face of the disc (48).

In the current study, we use the structure as a framework for
investigating the molecular basis for how the P132L mutation
alters CAV1 structure and oligomerization states. We propose
a new structure-based model predicting how the P132L mu-
tation disrupts homo-oligomerization. We also provide evi-
dence that P132L can form hetero-oligomeric complexes with
WT CAV1 and that these complexes are capable of supporting
caveolae biogenesis. These findings provide new insights into
the mechanisms that control caveolae biogenesis at a molec-
ular level and the structural impact of disease-associated
mutants on this process. They may also help lead to the
development of therapeutic tools for the treatment of disease.
Results

P132 contributes to multiple protomer–protomer interfaces in
the CAV1 complex

We first examined how P132 contributes to the structure of
8S complexes. Based on the cryo-EM structure, P132 falls in α-
helix 3 of the highly hydrophobic region of CAV1 termed the
“intramembrane domain” (IMD). In the cryo-EM structure,
the IMD corresponds to a predominantly helical structure
lying along the plane parallel to the membrane surface (48)
(Fig. 1). The positioning of the IMD in the complex suggests it
fulfills two distinct functions: forming a portion of the flat
membrane-facing surface of the complex (Fig. 1A) and
participating in numerous protomer–protomer interactions
stabilizing the integrity of the complex. Within the IMD, P132
is located in a hydrophobic pocket between adjacent proto-
mers, suggesting it primarily contributes to the packing of the
complex rather than mediating membrane binding events
(Fig. 1, A–C).

To probe the potential roles of P132 in supporting oligo-
merization, we examined its proximity to other protomers and
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conserved residues within this region. To facilitate this anal-
ysis, we refer to three adjacent protomers, i, i+1, and i+2
(Fig. 1C). The sidechain of P132 of chain i points into a hy-
drophobic pocket formed by M111 and the highly conserved
W115 of the protomer i+1 on the membrane-facing side and
V71 and I72 of the protomer i+2 on the cytoplasm-facing side.
Notably, V71 and I72 are located in the signature motif of
CAV1, the most strongly conserved region of the protein
across members of the caveolin gene family (49, 50) (Fig. S1).
Thus, P132 makes important contacts with other conserved
hydrophobic residues in several adjacent protomers within the
complex. Furthermore, there is little space in the hydrophobic
pocket to accommodate amino acids with larger side chains
without structural rearrangements on the backbone atoms on
the neighboring protomer. Mutation of P132 could also
potentially affect the angle of the kink located in the middle of
the nearby π helix. Mutations at this location of the structure
could thus potentially alter the ability of CAV1 protomers to
tightly pack into a stable oligomer via multiple mechanisms.

To explore the structural impact of the P132L mutation
further, we used a computational approach to examine its effect
on 12 neighboring residues that fall within 8 Å of this position
(Table 1). This group includes four residues on either side of
P132 on the same protomer (128–131 and 133–136 of chain i)
and highly conserved residues on adjacent protomers i+2 (V71,
I72) and i+1 (W115) in the structure (Fig. 2). For these studies,
we used Rosetta to calculate the ddG for each of these residues
induced by the P132L mutation (Table 1 and Fig. 2). Positive
ddG values indicate that the respective mutation is not ener-
getically favorable, while negative ddG values indicate that the
mutation is energetically favorable. For this analysis, we focused
primarily on local changes, without allowing for large-scale
rearrangement of the CAV1 complex structure; the impact of
the P132L mutation on the global stability of the CAV1 com-
plex is analyzed further subsequently. Most residues within the
vicinity of P132 had positive ddG values in response to the
P132L mutation, suggesting this mutation is not favorable. Part
of this effect was caused by the destabilization of the helix
backbone due to the replacement of a restrained proline with a
leucine residue as observed for the protomer i residues facing
away from L132, and part of it was caused by the clashes
induced by the bulkier leucine side chain that faced other hy-
drophobic residues in the vicinity. Bulky residues such as
V71i+2, I72i+2, and W115i+1 showed the largest increase in ddG,
which was also reflected by the movement of the V71i+2 and
W115i+1 sidechains away from the leucine residue in the
mutant structure. These calculations suggest P132L disrupts
both the stability of the helix backbone and the hydrophobic
packing of the residues in its vicinity. In combination, these
disruptions would be predicted to alter the ability of mutant
protomers to pack into an organized oligomeric complex.
Computational modeling predicts that substituting any other
residue for P132 destabilizes CAV1 homo-oligomers

We next asked how the structural alterations introduced by
the P132L mutation change the ability of CAV1 to



Figure 1. P132 is located at a major protomer–protomer interface in the CAV1 complex. A, side, tilted, and en face views of the structure of the 8S
CAV1 complex are shown in ribbon representation and colored as in panel B. B, structure of CAV1 protomer. The previously defined regions are labeled and
colored: PM, pin motif (yellow); SM, signature motif (red); SD, scaffolding domain (green); IMD, intermembrane domain (purple); SR, spoke region (gray); and
β-strand (cyan). The oligomerization domain (OD), which contains the SM and SD, is indicated by the dashed box. P132 is shown in stick representation and
indicated by an arrow. C, zoomed up view of the boxed region in panel A. Select residues are shown in stick representation and labeled.

Structural basis for the P132L mutation in caveolin-1
homo-oligomerize. For comparison, we studied two other
hydrophobic residues positioned at protomer-protomer in-
terfaces, L122 and V130 (Fig. S2). Several naturally occurring
genetic CAV1 variants in humans have been reported for both
Table 1
Effect of P132L mutation on the predicted stability of adjacent
residues

Residue Rosetta ddG ConSurf score

W115i+1 0.51 5
W128i −0.09 9
A129i 0.10 4
V130i 0.55 6
V131i 0.41 6
P132i −0.21 9
C133i 0.10 5
I134i 0.01 5
K135i −0.05 6
S136i 0.22 5
V71i+2 0.81 8
I72i+2 0.74 8

Per-residue Rosetta energies of 12 amino acids within 8 Å of P132L were subtracted
from that of the P132P mutation. Residues predicted to be most strongly impacted by
the P132L mutation are highlighted in bold. ConSurf scores (84) are provided for each
residue (range of 1–9, where 1 = variable, 5 = average, and 9 = highly conserved). See
Figures 1 and 2 for the positioning of protomers i, i+1, and i+2 in the complex. All ddG
units are in Rosetta Energy Units (REU).
of these residues (Table 2). As an additional control, we
studied F99. F99 is located at the outermost rim of the com-
plex and is predicted to make contact with the membrane
(Fig. S2).

To investigate the contributions of these residues on the
stability of CAV1 complexes, we used the cryo-EM 8S CAV1
structure as a template in Rosetta to analyze to how single
amino acid substitutions at P132, F99, L122, and V130 are
predicted to affect CAV1 oligomers. We computationally
performed single amino acid substitutions at each position and
calculated the corresponding ddG values relative to substitu-
tion with the identical residues (i.e., P132P) as a control
(Fig. 3). Positive ddG values indicate that the respective mu-
tation destabilizes the structure, while negative ddG values
indicate that the mutation is stabilizing.

Amino acid substitutions of F99 were predicted to yield ddG
values that were either close to zero or negative, suggesting
that this site can tolerate a variety of different residues
(Fig. 3A). Substitutions of L122 yielded a combination of sta-
bilizing and destabilizing effects, whereas substitutions of V130
were on average destabilizing. Compared to these other resi-
dues, the substitution of any amino acid at residue 132 resulted
in the most highly destabilizing ddG values (Fig. 3). The extent
J. Biol. Chem. (2023) 299(4) 104574 3



Figure 2. Impact of the P132L mutation on the stability of nearby
residues. A, Rosetta ddG scores calculated for the residues within 8 Å of
L132 are color coded on the mutant structure. Blue indicates the P132L
mutation has a stabilizing effect on the residue, and red indicates P132L’s
effect is destabilizing. B, as in A, except rotated 90 degrees.

Structural basis for the P132L mutation in caveolin-1
of destabilization varied depending on the specific amino acid
substitution. For example, P132T, P132M, and P132A were
predicted to have relatively small effects, whereas P132G,
P132E, and P132Y led to the highest ddG values indicating
they are the most destabilizing (Fig. 3D). P132L had a mod-
erate effect on the stability of the system. Thus, while any
amino acid substitution at position 132 is predicted to desta-
bilize the oligomer, the replacement of P132 with charged
residues that would be buried in a hydrophobic environment,
with bulky aromatic amino acids that can clash with other
residues in the neighboring protomers, or with glycine that
affects the helix backbone have particularly large destabilizing
effects on the system.

We also compared the ddG scores for several of the
naturally occurring CAV1 variants with commonly used
bioinformatical metrics that report on the frequency and
deleteriousness of amino acid substitutions, including CADD,
PHRED, allele frequency, SIFT, and PolyPhen scores
(Table 2). CADD and PHRED are metrics to measure the
relative pathogenicity of human genetic variants (51). Allele
Table 2
Examples of naturally occurring genetic variants of CAV1

Variant Raw CADD PHRED Allele frequency SIFT

P132L 3.91 27.00 0.000003984 0.00
P132A 3.50 25.00 0.0000239 0.00
P132S 3.70 25.70 0.000003984 0.00
V130F 3.99 27.60 0.000003984 0.00
V130L 3.32 24.40 0.000003984 0.04
V130I 3.16 24.00 0.000003984 0.31
L122F 2.91 23.40 0.000003982 0.01
L122V 2.13 20.90 0.000003982 0.16

CADD, PHRED, allele frequency, SIFT, and PolyPhen scores for each variant were obtain
reported in Rosetta Energy Units (REU).
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frequency is the frequency at which a particular variant is
observed among the tested populations. More deleterious
mutations are expected to occur at a lower frequency than
less deleterious mutations since these potentially have more
disruptive effects. SIFT score is a normalized probability of
observing a different amino acid at a given position within a
range of 0 to 1 (52). Finally, PolyPhen scores predict the
probability of a variant being damaging in terms of phenotype
(53, 54). The allele frequencies were low for most variants.
That said, the allele frequency of P132A was six times higher
than the frequency of P132L, which may suggest a milder
phenotype for P132A compared to P132L. There was no
significant correlation between the SIFT or PolyPhen scores
and the calculated ddG values. However, we observed a
strong correlation (R2 = 0.85) between the calculated ddG
values and the CADD and PHRED scores. Overall, these
comparisons suggest that the ddG calculations can capture
the destabilizing effects of various CAV1 mutations reported
by other metrics.
Experimental analysis confirms that single amino acid
substitutions to P132 cause CAV1 to accumulate in the Golgi
complex

It is well established that P132L is trapped intracellularly as
a consequence of its inability to oligomerize correctly (19, 20,
40). To test whether this is also the case for the other P132
mutants, we utilized a previously described caveolae recon-
stitution assay (26, 55, 56). In this assay, the CAV1 variants of
interest are exogenously expressed in CAV1−/− mouse em-
bryonic fibroblast (MEF) cells. Cell surface levels of cavin-1,
another essential caveolae component, is normally low in
these CAV1−/− MEFs due to the requirement for CAV1 to
stabilize it at the plasma membrane (57). Re-expression of WT
CAV1 leads to the recruitment of cavin-1 to cell surface
puncta, providing a readout of successful caveolae assembly
(26, 55, 56).

We selected a subset of CAV1 P132 single amino acid
substitutions for this analysis, including P132I, P132K, P132Y,
P132S, P132W, P132A, and P132T. For comparison, we
studied several naturally occurring genetic variants of CAV1
to determine if they exhibit similar trafficking defects,
including V130F, V130L, V130I, L122F, and L122V (Table 2),
as well as a F99C mutant. To carry out these experiments,
myc-tagged versions of WT or mutant CAV1 were each
SIFT category PolyPhen PolyPhen category Rosetta ddG

Deleterious 1.00 Probably damaging 3.78
Deleterious 1.00 Probably damaging 1.97
Deleterious 1.00 Probably damaging 2.86
Deleterious 0.67 Possibly damaging 4.20
Deleterious 0.33 Benign 1.70
Tolerated 0.33 Benign 1.37
Deleterious 0.13 Benign 2.50
Tolerated 0.03 Benign −1.70

ed from Uniprot or gnomAD. Rosetta ddG values are from the current study and are



Figure 3. Impact of single amino acid substitutions at P132, F99, L122, or V130 on ddG values for a single CAV1 protomer. Per-protomer Rosetta
ddG scores were calculated for CAV1 complexes relaxed with 11-fold symmetry containing the indicated single amino acid substitutions at each of the
indicated residues, relative to substitution with the WT residue at this site. Scores are reported in Rosetta Energy Units (REU). A, F99. B, L122. C, V130. D, P132.

Structural basis for the P132L mutation in caveolin-1
expressed individually in CAV1−/− MEFs. Cells were then
fixed and immunostained for myc and endogenous cavin-1
(Figs. 4, S3 and S4).

As expected, expression of WT CAV1 led to the formation
of cell surface puncta positive for both CAV1 and cavin-1
(Fig. 4). A similar result was obtained for F99C (Fig. S4).
L122 and V130 point mutants likewise were delivered to the
plasma membrane and recruited cavin-1 although not as effi-
ciently as WT CAV1 or F99C (Figs. 4 and S4). In contrast, all
of the P132 mutants showed extensive perinuclear localization
in Golgi-like compartments (Figs. 4 and S3). Interestingly, the
P132A mutant also showed some plasma membrane staining
and accompanying recruitment of cavin-1 (Fig. 4). These ob-
servations suggest that P132A has less severe trafficking and
oligomerization defects than the other P132 mutants exam-
ined, in line with the existence of P132A as an exome variant
in humans and its less destabilizing Rosetta ddG score
compared to P132L (Table 2 and Fig. 3). P132I likewise
showed some plasma membrane localization, although its
Rosetta ddG score was relatively close to that of P132L (Figs. 3
and S3). Given the established disease connections of P132L,
combined with its severe trafficking defects, for all further
studies we focused on this mutant as a model.

Computational modeling predicts P132L can form mixed
complexes with WT CAV1

P132L was reported to function as a dominant negative,
resulting in the trapping of WT CAV1 with P132L in
internal compartments (40). One possible mechanism un-
derlying this phenomenon is via oligomerization of P132L
with WT CAV1. However, the dominant negative phenotype
is dependent on overexpression, cell type, and tagging stra-
tegies (41, 58, 59). It thus remains unclear to what extent the
stability and fate of CAV1 complexes are perturbed by the
incorporation of P132L protomers. As a first step toward
addressing this question, we introduced the P132L mutation
in silico, systematically increasing the number of mutant
protomers from 1 to 11 while correspondingly decreasing
the number of WT copies of CAV1. For this initial analysis,
mutant protomers were introduced at neighboring positions
within the complex (Fig. 5A). We then calculated the
destabilization caused by these mutations as a function of
the increasing number of P132L mutations in terms of
Rosetta Energy Units (REU), both in terms of the overall
stability of the complex (Fig. 5B) and on a per-mutant basis
(Fig. 5C).

A single P132L mutation destabilized the complex by
�0.6 REU. This low value implies that the amount of
destabilization is minor and may be compensated by the rest
of the system (Fig. 5C). However, as the number of copies
of P132L was increased from one to four, the ddG calcu-
lated on a per-mutation basis increased drastically (Fig. 5C,
blue line). The per-protomer ddGs then leveled off for
complexes containing five or more P132L mutations at a
value indicative of substantial destabilization (Fig. 5C, orange
line).
J. Biol. Chem. (2023) 299(4) 104574 5



CAV1 WT
Cavin 1
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CAV1 P132L
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CAV1 P132A
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Figure 4. Single amino acid substitutions to P132, but not to L122 or V130 cause CAV1 to accumulate in the Golgi complex in CAV1−/− MEFs.
Representative confocal images are shown for CAV1−/− MEF cells expressing myc-tagged A, WT CAV1; B, P132L; C, P132A; D, P132Y; E, L122F, or F, V130F.
Cells were allowed to express the indicated constructs for 24 h, fixed, and immunostained for endogenous cavin-1 (magenta) and myc (green) prior to
imaging. Dashed boxes indicate the position of zoomed images. Bars represent 5 μm.

Structural basis for the P132L mutation in caveolin-1
We next examined the effects of spacing of the P132L
mutants on the stability of the mixed complexes. We hy-
pothesized that as the spacing between the P132L protomers
increased, their overall impact on the stability of the complex
might be less perturbing. To test this, we generated five
different models. Each contained four copies of P132L and
seven copies of WT CAV1, but differed in the arrangement of
6 J. Biol. Chem. (2023) 299(4) 104574
the mutant protomers (Fig. 5D). In the first model, the four
P132L protomers were arranged side by side as described
earlier. In the second model, two P132L protomers were
placed side by side and were separated by a single WT pro-
tomer. The third model also contained two pairs of P132L
protomers arranged side by side, in this case separated by two
WT protomers. The fourth model consisted of three adjacent



Figure 5. Computational predictions of the energetic cost of incorporating P132L protomers into mixed complexes. A, schematic of CAV1 complexes
containing increasing numbers of P132L mutant protomers. In this scenario, mutant protomers are located directly adjacent to one another. B, Rosetta ddG
for CAV1 complexes containing increasing numbers of P132L mutants located directly adjacent to one another as in panel A. C, as in B, except here, Rosetta
ddG was normalized per number of P132L mutations. Lines are drawn to guide the eye to highlight differences in predicted stability when one to three
copies of P132L (blue line) versus four or more (orange line) positioned directly adjacent to one another are present in a mixed complex with WT CAV1 (green
circles). For comparison, per-protomer Rosetta ddG values are shown for mixed complexes containing four copies of P132L arranged at different spacings
(colored triangles) as shown in panel D. D, schematic of CAV1 complexes containing four copies of P132L arranged at different spacings. E, Rosetta ddG
values for CAV1 complexes containing four P132L protomers arranged at different spacings shown in panel D. REU, Rosetta energy units.

Structural basis for the P132L mutation in caveolin-1
P132L protomers separated from a single mutant protomer by
a single WT protomer. In the final model, individual P132L
protomers were separated as far as possible from one another.
In this configuration, each mutant protomer was flanked on
either side by WT CAV1. Rosetta ddG calculations revealed
that the most significant destabilization occurred when three
or four mutant protomers were directly adjacent to one
another (Models 1 and 2), followed by the models with pairs of
P132L protomers separated by one or two WT CAV1 proto-
mers (Models 3 and 4) (Fig. 5, C and E). The complex con-
taining the largest spacing between the P132L protomers
showed the lowest perturbation overall, corresponding to less
than 1 REU per mutant protomer (Model 5) (Fig. 5, C and E).
These findings suggest that, depending on their spacing,
multiple copies of P132L can be incorporated into complexes
with WT CAV1 with minimal disruption to the overall stability
of the complex.

P132L and WT CAV1 co-assemble into 8S complexes in a
heterologous Escherichia coli model system

We next set out to test the prediction of our computational
analysis that P132L can be efficiently incorporated into CAV1
8S complexes using a heterologous E. colimodel system. As we
have shown, WT CAV1 expressed in E. coli assembles into 8S
complexes that can be purified and analyzed biochemically and
by electron microscopy (48, 60). Furthermore, E. coli-
expressed P132L has been reported to exhibit oligomerization
defects similar to those seen in mammalian cells (5), sug-
gesting E. coli is a good platform to investigate the effect of the
P132L mutation on CAV1.

We first confirmed that P132L and WT CAV1 behave as
expected using blue native PAGE (BN-PAGE) to monitor their
oligomerization status (19, 41, 55, 56, 60). For these experi-
ments, we expressedWT CAV1 or P132L, either individually or
in combination, with and without fused mVenus tag (CAV1,
P132L, CAV1-mVenus, and P132L-mVenus) in E. coli.
Following the cell lysis and purification of total membranes, we
checked the oligomerization status of the proteins using blue
native-PAGE followed by Western blotting. Two antibodies
were used to specifically detect CAV1: an anti-N-term CAV1
antibody that recognizes both WT and P132L, and an anti-GFP
antibody, which only detects the protein fused to mVenus.

In blue native gels, WT CAV1-mVenus migrated as a high-
molecular-weight band in a position expected for 8S
J. Biol. Chem. (2023) 299(4) 104574 7
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complexes (Fig. 6) (60). In contrast, P132L migrated as a smear
(Fig. 6), consistent with its reported oligomerization defects
(5). Strikingly, however, when both proteins were coexpressed,
P132L-mVenus comigrated in a high-molecular-weight band
with WT CAV1 (Fig. 6, lane 5, red brackets). These results
show that P132L CAV1 can form mixed 8S complexes with
WT CAV1 when expressed in E. coli as predicted by our
Rosetta calculations. The finding that the high molecular
bands were not disrupted by coexpressing with P132L further
implies that the presence of P132L does not grossly destabilize
these complexes (Fig. 6, lane 5 and 8).

We wondered whether the structure of the oligomers was
perturbed by the incorporation of the P132L mutant. To test
this, we examined oligomers formed by P132L and the P132L/
WT CAV1 mixed complexes using negative stain EM. For
these experiments, WT CAV1, CAV1-mVenus, P132L, and
P132LmVenus were expressed singly or in combination in
E. coli, purified using nickel beads, and fractionated using
FPLC (Fig. S5). Pooled samples were then negatively stained
and imaged by EM.

Consistent with our previous results (60), CAV1-mVenus or
CAV1 fractionated into two peaks, P1 and P2 (Fig. S5, A and
C). We focused our analysis on the P1 fractions, which consist
of 8S complexes (60). As reported previously, these complexes
are disc-shaped and �15 nm in diameter (Figs. 7, A and B and
S6, A and B). Examples of both en face views and side views of
the disc-shaped 8S complexes can be seen in 2D average
classes of CAV1 and CAV1-mVenus (Figs. 7, A and B and S6,
1048

C
AV

1
P1

32
L

C
AV

1-
m

Ve
nu

s 
(C

V)
P1

32
L-

m
Ve

nu
s 

(P
V)

PV
 +

 C
AV

1
PV

 +
 P

13
2L

C
V 

+ 
C

AV
1

C
V 

+ 
P1

32
L

C
AV

1
P1

32
L

C
AV

1-
m

Ve
nu

s 
(C

V)

Marker 
(kDa)

720

480

242

146

66

20

Anti-CAV1 (red)
Lane # 1    2    3   4    5    6   7   8 1    2    3   

Anti-G

Figure 6. P132L forms mixed 8S oligomers with WT CAV1 in Escherichi
expressing the indicated constructs was lysed in C12M and subjected to BN-P
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A and B). CAV1 oligomers also form 8S complex “dimers”
composed of two 8S complexes interacting with each other via
their central protrusions (Fig. 7, B and I). CAV1-mVenus
particles contain an additional fan-shaped density emanating
from a central protrusion (β-barrel) visible in the side views
consistent with the C-terminal mVenus tag (Fig. 7, A and J).
Unlike CAV1, CAV1-mVenus complexes do not form dimers
(Fig. 7A). However, in control experiments in which CAV1 and
CAV1-Venus were co-expressed, dimeric complexes could be
observed (Fig. 7E). 2D averages of the side views of CAV1/
CAV1-Venus dimers had increased central density in the stalk
region (Fig. 7K) when compared to CAV1 complexes alone
(Fig. 7I), likely reflecting the presence of the mVenus tag.

P132L displayed a more complicated FPLC profile than WT
CAV1 complexes, consisting of at least seven shoulders con-
taining heterogeneous particles when examined by negative
stain EM (Figs. 7D, S5B, and S6C). Consistent with their
predicted inability to homo-oligomerize correctly, the P132L
and P132L–mVenus complexes in the P1 fraction were not
structurally well organized. They were thus not amenable for
2D averaging (Fig. 7, C and D).

Finally, we visualized mixed complexes formed by co-
expression of WT-CAV1 and P132L-mVenus (Fig. 7G). 2D
class averages (Fig. 7L) revealed the presence of discs with
diameters comparable to those formed by WT CAV1 + WT
CAV1-mVenus. Here again, increased density could be
observed between dimers, again suggestive of the presence of
mVenus. Taken together, these findings indicate that P132L
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Figure 7. P132L forms mixed 8S complexes with WT CAV1 as assessed by negative stain EM. Purified CAV1 complexes were negatively stained and
visualized by EM. Representative images of negatively stained P1 fractions of (A) CAV1-mVenus, (B) CAV1, (C) P132L-Venus, (D) P132L, (E) CAV1 + CAV1-
mVenus, (F) P132L + P132L-mVenus, (G) CAV1 + P132L-mVenus, and (H) P132L + CAV1-mVenus. Scale bar represents 30 nm. Representative 2D aver-
ages of (I) CAV1 complexes, (J) CAV1-mVenus 8S complexes, (K) CAV1 + CAV1-mVenus mixed complexes, and (L) CAV1 + P132L-mVenus mixed complexes.
The arrow marks regions of additional density from the Venus tag. Scale bars represent 10 nm.

Structural basis for the P132L mutation in caveolin-1
and WT CAV1 are capable of co-assembling into 8S com-
plexes similar in size and shape to those generated by WT
CAV1. They further suggest that the presence of P132L does
not disrupt the overall structure of at least a subset of 8S
complexes.
P132L and WT CAV1 form mixed detergent-insoluble 8S
complexes in mammalian cells.

We next asked whether P132L has the potential to
productively co-assemble with WT CAV1 into 8S com-
plexes in mammalian cells. To test this, we used a
biochemical approach to assay for 8S complex formation
(20, 41, 55, 56). WT CAV1 and P132L constructs were
expressed either individually or together in cells lacking
endogenous caveolin expression, CAV1−/− MEF cells. After
transfection with CAV1 constructs, the cells were allowed
to express the protein for 16 h and then lysed with 0.5%
TX-100. The lysates were then subjected to sucrose density
centrifugation (20, 41, 55, 56). WT CAV1 was enriched in
two peaks corresponding to the position of 8S and 70S
complexes (Fig. 8A), whereas P132L was mostly fraction-
ated as low-molecular-weight species (Fig. 8B). However,
when co-expressed with WT CAV1, P132L was recruited
into both 8S and 70S complexes (Fig. 8C). This strongly
suggests that P132L and WT CAV1 form mixed 8S and
70S complexes.

We next probed the stability of the mixed complexes. To do
so, we subjected cells to lysis in 0.4% SDS plus TX-100 and
then carried out sucrose density centrifugation (20, 56). This
treatment causes the dissociation of 70S complexes while
maintaining the integrity of 8S complexes of WT CAV1 (56).
However, 8S complexes formed by F160X, another disease-
associated mutation of CAV1, dissociate into smaller struc-
tures under these conditions (56). This approach can thus be
used to evaluate the impact of disease-associated mutation on
complex stability. We found the mixed 8S complexes formed
by WT CAV1 and P132L remained intact under these more
extreme lysis conditions, similar to the behavior of WT CAV1
(Fig. 8, D–F). This implies that the mixed WT/P132L 8S
complexes are biochemically stable.

Another characteristic biochemical feature of WT CAV1 is
that it associates with buoyant detergent-resistant mem-
branes (DRMs) when properly incorporated into caveolae (19,
55, 56, 61). P132L, however, is typically excluded from DRMs
(40, 41). We thus wondered whether the mixed complexes
formed by WT CAV1 and P132L are detergent resistant. To
address this question, CAV1−/− MEF cells overexpressing
WT-CAV1 and P132L were extracted with 0.5% cold Triton
X-100 followed by sucrose density fractionation (55, 56). WT
CAV1 was associated primarily with DRM fractions, as ex-
pected (Fig. 9A). Although P132L localized to detergent sol-
uble fractions when expressed on its own (Fig. 9B), it shifted
to the DRM fractions upon co-expression with WT CAV1
(Fig. 9C). Thus, P132L can become incorporated together
with WT CAV1 into detergent-resistant 8S complexes in
mammalian cells.
P132L and WT CAV1 co-assemble into caveolae in mammalian
cells.

Both 8S and 70S complexes function as the fundamental
building blocks of caveolae (20). We, therefore, wondered
whether mixed 8S complexes formed by P132L and WT CAV1
J. Biol. Chem. (2023) 299(4) 104574 9



Figure 8. P132L forms mixed 8S and 70S complexes with WT CAV1 in
CAV1−/− MEF cells. CAV1−/− MEF cells transiently transfected with (A and D)
CAV1-myc, (B and E) P132L-HA, or (C and F) CAV1-myc plus P132L-HA were
lysed in either 0.5% Triton-X-100 (A–C) or 0.2% Triton X-100 plus 0.4% SDS
(D–F) at room temperature. Extracts were run through 10 to 40% sucrose
velocity gradients and fractions were analyzed by SDS-PAGE/Western blot.
Fraction numbers are indicated at the top of the blots and the positions of
8S and 70S complexes are indicated by red lines.

Structural basis for the P132L mutation in caveolin-1
could support caveolae biogenesis. To address this question,
we utilized CAV1−/− MEFs, this time to assay for caveolae
formation.

As expected, expression of WT CAV1 in CAV1−/− MEFs
recruits endogenous cavin-1 to the plasma membrane, where it
colocalizes with caveolin-positive puncta as visualized by
AiryScan confocal microscopy (Fig. 10A) or TIRF microscopy
(Fig. S7A). Similar results were obtained in cells expressing
either CAV1-myc or CAV1-mCherry, or when both CAV1-
myc and CAV1-mCherry were co-expressed (Fig. 10, A, D, E
and H). In contrast, P132L localized primarily to the Golgi
complex, and little P132L or Cavin-1 staining could be
10 J. Biol. Chem. (2023) 299(4) 104574
detected at the plasma membrane (Figs. 10B and S7B). We
then asked whether WT CAV1 could recruit P132L into cav-
eolae upon co-expression of the two proteins. In this analysis,
P132L colocalized extensively with WT CAV1 and cavin-1 in
puncta at the cell surface (Figs. 10C and S7C). We did note
however that the level of colocalization of WT CAV1 with
P132L was slightly lower than in cells co-expressing two
different tagged forms of WT CAV1 (Fig. 10H).

In addition to the cavins, caveolae incorporate accessory
proteins that help regulate their morphology and dynamics
(24, 62–66). We tested whether two accessory proteins,
PACSIN2 and EHD2, are found in mixed caveolae containing
P132L. EHD2 and PACSIN2 partially colocalized with caveolae
containing either WT CAV1 complexes or P132L/WT com-
plexes (Figs. S8 and S9). We conclude that mixed 8S com-
plexes formed by P132L and WT CAV1 can successfully
assemble into caveolae that contain a normal complement of
accessory proteins.
Discussion

Our results suggest the following model for how P132L
impacts the structure, oligomerization, and function of CAV1.
We propose that P132 normally contributes to hydrophobic
packing between protomers along the outer ring of the 8S
complex. The introduction of a leucine residue at P132 in-
troduces additional bulk facing the residues in neighboring
protomers. This causes clashes with other conserved hydro-
phobic residues of CAV1 and prevents homo-oligomers con-
taining more than a few copies of P132L from forming. Despite
its homo-oligomerization defects, P132L can form hetero-
oligomers with WT CAV1. Our computational analysis sug-
gests that multiple copies of P132L can be incorporated into
8S complexes with WT CAV1 without compromising the
integrity of the complex. These complexes can be detected
experimentally using multiple techniques, appear structurally
similar to those formed exclusively by WT CAV1, are bio-
chemically stable, and can even become incorporated into
caveolae that recruit caveolae accessory proteins appropriately.
How many P132Ls can productively oligomerize together with
WT CAV1 likely depends on their arrangement in a given
complex. Complexes containing widely spaced mutants are
predicted to be energetically favored over those where the
mutant protomers are closely apposed. Such destabilized
complexes could in turn induce proteostatic stress (67).
Alternatively, the presence of intracellular pools of incom-
pletely oligomerized P132L could potentially interfere with the
normal functions of caveolin by disrupting interactions with
critical binding partners of CAV1. For example, CAV1 P132L
is not recognized correctly by valosin-containing protein, a
protein that cooperates with the ubiquitin-like–domain-con-
taining protein UBXD1 to bind to ubiquitylated CAV1 oligo-
mers and sort them to endolysosomes for degradation (43).

Based on structural analysis of CAV1 within the context
of a complete 8S complex, we show that P132L primarily
disrupts hydrophobic packing. This conflicts with previous
work based on studies of a truncated form of CAV1



Figure 9. P132L is recruited into DRMs by WT CAV1 in CAV1−/− MEFs.
DRMs were isolated from CAV1−/− MEF cells transiently transfected with (A)
CAV1-myc, (B) P132L-HA, or (C) CAV1-myc plus P132L-HA. Fractions were
analyzed by SDS-PAGE/Western blotting. Flotillin-1 and calnexin were used
as markers for DRMs and detergent soluble fractions, respectively. Fraction
numbers are indicated at the top of the blots and the positions of the DRM
fractions are indicated by red lines.

Structural basis for the P132L mutation in caveolin-1
(residues 62–178) that suggested the P132L mutation alters
the secondary structure of the IMD by extending an α-helix
(44). We speculate the truncated form of the protein, which
behaved as a monomer, may have undergone structural
transitions that do not occur in the context of the fully
assembled oligomer. Our results do agree, however, with the
conclusion that no other hydrophobic residue can fully
substitute for the function of P132 in this position (44). One
partial exception is a P132A mutant. Although also predicted
to be destabilizing, P132A could partially traffic to the
plasma membrane and recruit cavin-1. However, it did so
much less efficiently than WT CAV1. Another group studied
a related construct (consisting of 5 alanine substitutions
from residues 130–134) and also found it to behave more
similarly to WT CAV1 than P132L (19). This could poten-
tially be of physiological importance, as a P132A mutation
has been identified as a genetic variant linked to ALS (35).
We also observed that low levels of P132I could be delivered
to the plasma membrane. For comparison to P132, we
examined the impact of several point mutations to other
hydrophobic resides including naturally occurring variants of
L122 and V130 as controls. These variants were generally
predicted to be energetically unfavorable. However, unlike
the P132 mutants, neither the L122 nor V130 variants
accumulated in the Golgi complex. While this does not
exclude the possibility that these variants are perturbing at
some level, it emphasizes these residues play a fundamentally
different role in regulating the oligomerization and traf-
ficking of CAV1 than P132 does despite their location at
protomer interfaces.

We also found that P132L can become incorporated into
caveolae together with WT CAV1. This finding was surprising
in light of previous reports that expression of P132L cause WT
CAV1 to become trapped intracellularly (40). However, these
original studies were carried out in cells that express WT
CAV1 endogenously and have a tendency to accumulate
overexpressed CAV1 in the perinuclear region as a conse-
quence of aggresome formation (58, 59). On the other hand,
stable exogenous expression of P132L has also been reported
to have no effect on caveolae formation in H1299 cells, a cell
line expressing endogenous CAV1 (28). Taken together, these
findings highlight the complexities of studying caveolins and
the importance of studying the proteins under conditions that
preserve their ability to oligomerize and assemble into
caveolae.

The P132L mutation has been identified in several different
patient samples including breast cancer and lung adenocarci-
nomas (25, 26, 34). In addition to P132L, a variety of other
pathogenic mutations in caveolins have been identified in
humans (12, 35, 39, 45, 55, 56, 68–76). The most direct
equivalent to P132L is a P105L mutation in CAV3 associated
with muscular dystrophy (69, 70). Muscle biopsies from pa-
tients harboring the P105L mutation with an autosomal form
of dominant limb-girdle muscular dystrophy contain consid-
erably decreased CAV3 levels compared to controls (69). Like
CAV1 P132L, in mammalian heterologous expression systems,
the P105L mutant protein accumulates in the perinuclear re-
gion and can trap WT CAV3 intracellularly (37, 77). However,
the nature of the oligomerization defects appears to be
somewhat different, as P105L CAV3 tended to form much
larger oligomers than WT CAV3 (37). Although a high-
resolution structure of CAV3 has yet to be determined, it
seems likely that the P105L mutation plays a similar role in
destabilizing the structure of CAV3 complexes, as is the case
for CAV1. To this point, it was recently suggested that P105
contributes to hydrophobic packing based on the modeling of
the structure of CAV3 using AlphaFold2 (67).

In contrast to P105L CAV3, disease-associated frameshift
mutations in the C-terminal region of CAV1 appear to operate
by a different mechanism than P132L. A mutation identified in
patients with both familial and idiopathic forms of PAH,
P158P, gives rise to a new C-terminus that is one residue
longer than WT CAV1 and introduces a de novo ER retention
signal (55, 78). A different frameshift mutation, F160X, was
found in a patient with both PAH and CGL and leads to
premature termination of the protein (56, 71, 72). Unlike
P132L, F160X can form 8S-like complexes and even support
caveolae assembly when expressed in CAV1−/− MEFs (56).
However, mixed complexes formed by WT CAV1 and F160X
J. Biol. Chem. (2023) 299(4) 104574 11
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Figure 10. P132L localization defect is rescued by co-expression of WT CAV1 in CAV1−/− MEFs. Representative AiryScan images are shown for CAV1−/−

MEF cells expressing (A) CAV1-mCherry, (B) P132L-myc, (C) CAV1-mCherry plus P132L-myc, (D) CAV1-mCherry plus CAV1-myc, or (E) CAV1-myc. Cells were
allowed to express the indicated constructs for 24 h, fixed, and immunostained for endogenous cavin and myc-tagged constructs prior to imaging. Bar
represents 5 μm. In (A–E), red arrowheads point to examples of colocalized puncta. F–H, Pearson’s correlation analysis (n = 90 ROIs from three independent
experiments). A one-way ANOVA with Tukey’s test (≥3 groups) or an unpaired Student’s t test (2 groups) was used to calculate p-values. n.s., not significant.
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in patient cells are destabilized compared to those formed by
WT CAV1 (56). This destabilization likely results from the
inability of F160X to form the central β-barrel of the 8S
complex, evidenced by the loss of the central protrusion in
these complexes when observed by negative stain EM (60).
Both P158P and F160X can also form 8S-like complexes in
E. coli (60). While disc shaped, these complexes are less regular
than WT 8S oligomers, suggesting that disruption of the
C-terminus interferes with packing and stability of the com-
plex (60). This can be understood based on their position in
the cryo-EM structure: P158 and F160 are both located close
to the center of the complex between helix 5 and the beginning
of the β-barrel (48). In contrast, the defects introduced by the
P132L mutation are much more dramatic, highlighting the
importance of this residue in controlling the overall oligo-
merization state of the protein.

In conclusion, we have now identified the importance of
P132 in controlling the oligomerization of CAV1 and the
impact of a disease mutation at this site. These findings pro-
vide a molecular framework for understanding how defects in
caveolins ultimately influence the assembly of caveolar do-
mains and new insights into the fundamental processes that
control caveolae biogenesis.

Experimental procedures

Cell culture

CAV1−/− MEFs (KO MEFs) were obtained from ATCC and
cultured in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum, 1% Pen/Strep at 37 �C, and 5% CO2.

Constructs and transfections

CAV1-mCherry, CAV1-mycHis, and P132L-mycHis for
mammalian cell expression and CAV1-His, P132L-His, CAV1-
mVenusHis, and P132L-mVenusHis for E. coli expression were
as described previously (41, 58, 60). The construction of C-
terminus HA or myc-tagged CAV1 (WT and P132L mutant)
expression constructs was based above mentioned CAV1-
mycHis or P132L-mycHis plasmids using PCR. The primers
used were as follows: CAV1/P132L-HA: CGGGATCCATG
TCTGGGGGCAAATACGTAG and CGGAATTCTTAGCT
AGCGTAGTCTGGGACGTCGTATGGGTATATTTCTTTC
TGCAAGTTGATGCG; CAV1/P132L-myc: CGGGATCCAT
GTCTGGGGGCAAATACGTAG and CGGAATTCTTAC
AGATCCTCTTCTGAGATGAGTTTTTGTTCGGGCCCAA
GCTTTATTTCTTTCTGCAAGTTGATGCG. Constructs
were verified by sequencing.

Additional single-site mutations were introduced by the
QuikChange Lightning Site-Directed Mutagenesis Kit (Agi-
lent, #210518) using CAV1-myc plasmid as a template. The
primers used (Integrated DNA Technologies) were as follows.

F99C: GTGACGAAATACTGGTGCTACCGCTTGCTGT
CTGCCCTCTTTGG; P132I: GCACATCTGGGCAGTT
GTAATCTGCATTAAGAGCTTCCTGATTGAG; P132K:
GCACATCTGGGCAGTTGTAAAGTGCATTAAGAGCTT
CCTGATTGAG; P132Y: GCACATCTGGGCAGTTGTA-
TACTGCATTAAGAGCTTCCTGATTGAG; P132S: GC
ACATCTGGGCAGTTGTATCCTGCATTAAGAGCTTCC
TGATTGAG; P132W: GCACATCTGGGCAGTT
GTATGGTGCATTAAGAGCTTCCTGATTGAG; P132A:
GCACATCTGGGCAGTTGTAGCGTGCATTAAGAGCTT
CCTGATTGAG; P132T: GCACATCTGGGCAGTTGTAACC
TGCATTAAGAGCTTCCTGATTGAG; L122F: GGCATT-
TACTTCGCCATTTTCTCTTTCCTGCACATCTGG; L122V:
GGCATTTACTTCGCCATTGTCTCTTTCCTGCACATCT
GG; V130F:CCTGCACATCTGGGCATTCGTACCATGC
ATTAAGAGC; V130I:CCTGCACATCTGGGCAATCGTACCA
TGCATTAAGAGC; V130L:CCTGCACATCTGGGCACTC
GTACCATGCATTAAGAGC. Constructs were verified by
sequencing (Genewiz).

Transient transfections were performed using Lipofect-
amine 2000 (Life Technologies) as per the manufacturer’s in-
structions. Cells were transfected 1 day before observation or
biochemical analysis.

Antibodies

Mouse anti-GFP mAb (catalog number 632381) was ob-
tained from Clontech. Mouse anti-mCherry mAb (catalog
number NBP1-96752) was obtained from NOVUS. For
Western blots, rabbit anti c-Myc pAb (catalog number sc-789)
was obtained from Santa Cruz Biotechnology. Mouse anti c-
Myc mAb (clone 9B11, #2276) and mouse anti HA mAb (6E2)
(catalog number 2367) were obtained from Cell Signaling
Technology. Rabbit anti-CAV1 pAb (catalog number 610060),
mouse anti-flotillin-1 mAb (catalog number 610820), and
mouse anti-calnexin mouse mAb (catalog number 610523)
were purchased from BD Transduction Laboratories. Rabbit
anti-6X His pAb (catalog number 137839), rabbit anti-cavin1
pAb (catalog number 76919), and goat anti-EHD2 pAb (cat-
alog number 23935) were purchased from Abcam. Rabbit anti-
PACSIN2 pAb (catalog number AP8088b) was purchased from
Abgent. For Western blotting, fluorescently conjugated sec-
ondary antibodies and blocking buffer were obtained from LI-
COR Biosciences. For immunofluorescence assays, Alexa-
labeled secondary antibodies were obtained from Life
Technologies.

Immunofluorescence microscopy of cells expressing single
amino acid substitution mutants of CAV1

CAV1−/− MEFs were seeded at 150,000 cells/well of six-well
plates containing glass coverslips and transfected with Lip-
ofectamine per manufacturer’s protocol with each of the
indicated constructs. After 15 h, cells were washed 2× in PBS
and fixed for 15 min in 4% paraformaldehyde. Crosslinking
was quenched via washing 3× in 100 mM glycine in PBS. Cells
were blocked and permeabilized with blocking buffer (5%
glycine in PBS containing 0.1% TX-100 and 5% goat serum) at
room temperature (RT) for 1 h. Cells were costained with
mouse anti-Myc (Cell Signaling Technology, 911B, 1:200
dilution in blocking buffer) and rabbit anti-cavin1 (Abcam,
ab76919, 1:200 dilution in blocking buffer) antibody for 2 h at
RT in a humid chamber, then washed 3× in PBS. Coverslips
were incubated in Alexa 488 and Alexa 546-conjugated
J. Biol. Chem. (2023) 299(4) 104574 13
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secondary antibodies (488 goat anti-mouse IgG, Life Tech-
nologies; 546 goat anti-rabbit IgG, Life Technologies) at 1:500
concentration for 1 h at RT. After washing 3× in PBS, cover-
slips were mounted using ProLong Gold Antifade reagent with
DAPI (Cell Signaling Technology). Cell samples were imaged
using a Zeiss LSM 880 confocal microscope with a Plan-
Apochromat 63×/1.4 oil DIC M27 objective at RT. Signals
from the green (Alexa 488) and red (Alexa 546) channels were
collected with a 34-channel GAsP spectral detector. All images
were collected at 16-bit depth. Contrasts were adjusted linearly
with ImageJ and exported as TIFFs.
Immunofluorescence microscopy of cells expressing mixed
caveolin complexes

CAV1−/− MEFs were seeded at 150,000 cells/plate in Mat-
Tek dishes and transfected with Lipofectamine as per the
manufacturer’s instructions. Twenty four hours post-
transfection, cells were rinsed 2× with PBS and fixed for
12 min in 4% paraformaldehyde in PBS at RT. After another 3×
rinsing in PBS containing 100 mM glycine, the cells were
blocked and permeabilized with blocking buffer (0.1% saponin
in PBS containing 0.5% bovine serum albumin) at RT for 1 h.
The cells were stained with anti-Myc antibody (9B11, 1:1000
dilution in blocking buffer) plus antibodies against respective
caveolin accessory proteins as indicated in figures (rabbit anti-
cavin1, 1:200, Abcam 76919; goat anti-EHD2, 1:200, Abcam
23935; rabbit anti-PACSIN2, 1:200, Abgent AP8088b) at 4 �C
overnight. Glass-bottom dishes were then rinsed 3× with PBS
containing 0.01% Triton X-100 and then incubated in a 1:500
dilution of Alexa 488 and Alexa 647-conjugated secondary
antibodies (EHD2 sample: 488 donkey anti mouse IgG, 647
donkey anti goat IgG; cavin1 and PACSIN2 samples: 488 goat
anti mouse IgG, 647 goat anti rabbit IgG). After another 3×
rinse in PBS containing 0.01% Triton X-100, 1 ml PBS was
added to each dish.

For AiryScan imaging, cell samples were imaged using a
Zeiss LSM 880 confocal microscope with a Plan-
Apochromat 63×/1.4 oil DIC M27 objective, in PBS, at
RT. Signals from all three channels were collected with the
AiryScan detector in super resolution, frame-switching
mode. For quantitation, images were taken with the same
objective and a 6× zoom factor, in confocal mode. Signals
from the far-red channel (Alexa 647) were collected with a
PMT detector, while signals from the green (Alexa 488) and
red (Alexa 546) channels were collected with a 34-channel
GAsP spectral detector. All images were taken in 16 bits
format. Contrasts were adjusted linearly with ImageJ. Im-
ages were then exported as JPGs.

For total internal reflection fluorescence microscopy, sam-
ples were imaged using a Leica Thunder Imager equipped with
a TIRF system and the LAX operating software, in 3-channel
mode (647/546/488), at RT. An HC PL APO 100×/1.47 oil
objective and a Leica-DFC9000GTC-VSC11976 camera were
used and the penetration depth was 110 nm.

Colocalization analysis was performed as described before
(56) using Macbiophotonics ImageJ with the "Intensity
14 J. Biol. Chem. (2023) 299(4) 104574
Correlation Analysis" plugin. In brief, images used for
colocalization analysis were taken with a 6× zoom factor at
22.5 μm × 22.5 μm dimensions. For each set of comparisons,
90 images from at least three independent experiments were
used for analysis. Pearson’s correlation coefficients are re-
ported as the mean ± standard error for all the images. A
one-way ANOVA with Tukey’s test (≥3 groups) or an un-
paired Student’s t test (2 groups) was used to calculate p-
values.

Electrophoresis

Blue Native-PAGE was performed as described before (41)
with the NativePAGE Bis-Tris Gel System (Life Technologies).
Total membranes of E. coli were lysed at 4 �C for 30 min with
lysis buffer [NativePAGE 1× Sample Buffer, complete protease
inhibitor cocktail from Roche, and 2% C12 M (n-dodecyl-β-
maltopyranoside) (Anatrace)], then spun at 13,100 rpm, 4 �C.
The supernatant was used for the following analysis. 4 to 16%
NativePAGE gels (Life Technologies) were used for the protein
separation. Equal amounts of protein were loaded. The mo-
lecular weight was evaluated using NativeMark unstained
protein standards.

SDS-PAGE electrophoresis was conducted by using Novex
NuPAGE SDS-PAGE Gel System (Life Technologies).
NuPAGE 4 to 12% Bis-Tris gels (Life Technologies) were used
for the protein separation. See Blue Plus2 Pre-stained Protein
was used to evaluate the molecular weight.

Western blotting

The electrophoretic transfer was conducted by using the
Mini Trans-Blot Electrophoretic Transfer system (Bio-Rad).
For Blue Native-PAGE, the polyvinylidene fluoride membranes
(Millipore Sigma) were destained with methanol and washed
with Tris-buffered saline buffer. An LI-COR Odyssey infrared
imaging system (LI-COR Biosciences) was used for the signal
detecting of blots. Quantification of Western blot images was
performed using IMAGEJ.

Caveolin complexes fractionation

Caveolin complexes were fractionated by velocity gradient
centrifugation as described before (20, 41). For each fraction-
ation, 4 × 106 CAV1−/− MEFs were lysed for 20 min in 330 μl
0.5% TX-100 (or 0.4% SDS plus 0.2% TX-100) in TNE
[100 mM NaCl, 20 m M Tris–HCl pH 7.5, 5 mM EDTA]
buffer, supplemented with ‘Complete’ protease inhibitors
cocktail (Roche) at RT. Postnuclear supernatants were pre-
pared by conducting a 5-min centrifugation at 1100g. Three
hundred microliters of the postnuclear supernatant were
recovered and loaded onto linear 10 to 40% linear sucrose
gradients. The sucrose solution was prepared with TNE buffer
with protease inhibitors cocktail (Roche). Sucrose gradients
were centrifuged in an SW55 rotor using an Optima LE-80K
Ultracentrifuge (Beckman Coulter) for 5 h at 48,000 rpm
and 4 �C. Fourteen equal volume (about 360 μl) fractions were
harvested from the top and analyzed by SDS-PAGE/Western
Blot with 10 μl loading from each fraction.
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DRM fractionation

Caveolae-enriched DRMs were fractionated as described
(41). Approximemtly, 1.6 × 107 CAV1−/− MEFs were sus-
pended in 300 μl precooled 0.5% TX100 in TNE buffer, sup-
plemented with “Complete” protease inhibitors cocktail
(Roche). Cell suspensions were homogenized by passing 10
times through a precooled 1-ml syringe with a 27-gauge
stainless steel needle (BD Biosciences). The homogenate was
adjusted to about 40% sucrose by the addition of 700 μl of 60%
sucrose prepared in TNE and placed at the bottom of an ul-
tracentrifuge tube. A 5 to 30% linear sucrose gradient was
formed above the homogenate and centrifuged at 40,100 rpm
and 4 �C for 16 h in an SW55 rotor using an OptimaTM LE-
80K Ultracentrifuge (Beckman Coulter). Fourteen 360 μl
fractions were collected from the top and analyzed by SDS–
PAGE/Western blot with an equal loading volume. Western
blots were images and quantified as indicated above.

Expression of caveolin in E. coli and purification of CAV1
complexes

Protein expression and purification were conducted as
described with minor modifications (60). In brief, caveolin
proteins were expressed in E. coli BL21 using the auto-
induction expression system (79). First, MDG starter of
monoclonal bacteria was cultured at 37 �C and 250 rpm for
20 h, then auto-inducing ZYM-5052 media was used to
enlarge the culture at 25 �C and 300 rpm for 24 h. E. coli cells
were washed with 0.9% NaCl and then resuspended with buffer
(200 mM NaCl and 20 mM Tris–HCl, pH 8.0). Bacterial cells
were homogenized with a French press pressure homogenizer,
and 1 mM PMSF and DTT were added just prior to homog-
enization. A 15 min centrifugation at 9000 rpm and 4 �C was
conducted to remove large cell debris, then total membranes
were pelleted at 40,000 rpm (Ti-45 rotor, Beckman Coulter)
and 4 �C for 1 h. Membrane pellets were homogenized with
Dounce tissue grinder in a buffer composed of 200 mM NaCl,
20 mM Tris–HCl (pH 8.0), and 1 mM DTT. To solubilize
caveolin proteins from membranes, 10% C12 M (Anatrace)
stock solution was mixed into membrane homogenate to a
final concentration of 2%, and the mixture was slowly stirred
for 2 h at 4 �C. Insoluble material was pelleted down by
centrifugation at 42,000 rpm (Ti-50.2 rotor) for 35 min, and
the supernatant was used for nickel Sepharose–based affinity
purification. The caveolin-containing eluate was concentrated
and further separated by size-exclusion chromatography using
a Superpose 6 Increase 10/300 Gl column (GE Healthcare) in
buffer containing 200 mM NaCl, 20 mM Tris–HCl (pH 8.0),
1 mM DTT, and 0.05% C12 M.

Negative stain EM and data processing

Negative stain EM was performed using established
methods (80). In brief, 200-mesh copper grids covered with
carbon-coated collodion film (EMS) were glow discharged for
30 s at 10 mA in a PELCO easiGlow glow discharge unit
(Fresno). Aliquots (3.5 μl) of the purified sample were adsor-
bed to the grids and incubated for 1 min at RT. Samples were
then washed with 2 drops of water and stained with two
successive drops of 0.7% (w/v) uranyl formate (EMS) followed
by blotting until dry. Samples were visualized on a Morgagni
transmission electron microscope equipped with a field
emission gun operating at an accelerating voltage of 100 keV
(Thermo Fisher Scientific) at a nominal magnification of
22,000× (2.1 Å per pixel).

The negative stain datasets were collected using a Tecnai
Spirit T12 transmission electron microscope operated at
120 keV (Thermo Fisher Scientific). Datasets were collected at
a nominal magnification of × 26,000 (2.34 Å per pixel) except
for the P132L-mVenus and P132L-mVenus + CAV1-His
datasets, which were collected at a nominal magnification
of ×42,000 (1.45 Å per pixel). Sample data were collected using
Leginon software on a 4 k × 4 k Rio complementary metal-
oxide semiconductor camera (Gatan) at −1.5-μm defocus
value (81). Images were manually curated. All data processing
was carried out in Relion 3.1.0 (82). About 1000 particles were
picked manually and 2D classified. Clear resulting classes were
selected and used as references for particle selection on all
images. Particles were extracted with a 128-pixel (2.34 Å per
pixel datasets) or 208-pixel (1.45 Å per pixel datasets) box size
(30 nm by 30 nm boxes). The extracted particles were then 2D
classified. The P132L-His and P132L-mVenus datasets con-
sisted of 35,405 and 12,634 particles, respectively. The P132L-
mVenus + P132L-His, P132L-His + CAV1-mVenus, and
P132L-mVenus + CAV1-His datasets had 47,711, 51,339, and
12,015 particles. The CAV1-His, CAV1-mVenus, and CAV1-
mVenus + CAV1-His datasets had 31,956, 9,370, and 42,197
particles.

Symmetric ddG calculations

The experimental CAV1 structure was used as the starting
point for all the calculations (PDB 7SC0). Membrane co-
ordinates of this structure were calculated with the PPM
(Positioning of Proteins in Membranes) server (83). A single
chain from this structure was used as the input for the sym-
metric FastRelax calculations in Rosetta 3.10. 11-fold sym-
metry files were created with Rosetta 3.10 based on the
experimental structure, and this symmetry was imposed on the
monomeric unit for all the following calculations. The position
132 was mutated into all 20 amino acids (including P132P) to
screen for the effect of different mutations at this site. Spe-
cifically, the amino acid at this site was first mutated using the
MutateResidue mover of Rosetta 3.10, followed by a FastRelax
calculation to minimize the system with restraints on the
system (0.5 Å deviation was allowed). All the calculations were
run with the membrane score function mpframe-
work_smooth_fa_2012. Scores are reported for a single proto-
mer (i.e., total score/11). A similar approach was used to
analyze point mutants of F99, L122, and V130. Bar graphs were
generated with the matplotlib package of Python.

Asymmetric ddG calculations

Asymmetric ddG calculations were used to analyze varying
numbers of P132L incorporated into the CAV1 complex.
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First, different numbers P132L mutations (1–11) were
introduced at neighboring protomers, and the Rosetta energy
differences with respect to the P132P self-mutation were
calculated both for the overall system and per protomer
(total score/number of P132L mutations). Only backbone
motions and side chain repacking were allowed for the res-
idues within 8 Å of position 132. Next, five different com-
binations bearing four P132L protomers were tested using
the same protocol.
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