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ABSTRACT Caveolins mediate the formation of caveolae, which are small omega-shaped membrane invaginations involved
in a variety of cellular processes. There are three caveolin isoforms, the third of which (Cav3) is expressed in smooth and
skeletal muscles. Mutations in Cav3 cause a variety of human muscular diseases. In this work, we characterize the secondary
structure, dynamics, and topology of the monomeric form of the full-length lipidated protein. Cav3 consists of a series of mem-
brane-embedded or surface-associated helical elements connected by extramembrane connecting loops or disordered do-
mains. Our results also reveal that the N-terminal domain undergoes a large scale pH-mediated topological rearrangement
between soluble and membrane-anchored forms. Considering that roughly one-third of pathogenic mutations in Cav3 influence
charged residues located in this domain, we hypothesize that this transition is likely to be relevant to the molecular basis of
Cav3-linked diseases. These results provide insight into the structure of Cav3 and set the stage for mechanistic investigations
of the effects of pathogenic mutations.
INTRODUCTION
Caveolae are present in the plasma membranes of a wide
variety of mammalian cells. These small omega-shaped
invaginations are enriched in glycosphingolipids, choles-
terol, and lipid-anchored membrane proteins (1,2), and
support a wide range of cellular processes including endo-
cytosis (3,4), cellular signaling (5,6), lipid metabolism
(7,8), and mechanosensation (9). The formation of caveo-
lae is critically dependent on caveolin proteins, which
include Caveolin 1 (Cav1), Caveolin 2 (Cav2), and Caveo-
lin3 (Cav3) (10–12). Cav1 and Cav2 are broadly coex-
pressed in a variety of tissues including adipocytes,
endothelia, and type-1 pneumocytes. On the other hand,
Cav3 is the sole caveolin isoform expressed in skeletal
and smooth muscle tissue (12,13). Pathogenic mutations
within the Cav3 gene are responsible for a variety of
neuromuscular and cardiac disorders including limb-girdle
muscular dystrophy 1-C, inherited rippling muscle dis-
ease, distal myopathy, idiopathic persistent elevation of
serum creatine kinase, and familial hypertrophic cardio-
myopathy (14–17). Thus, insight into the structure and
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function of Cav3 is of direct relevance to human health
and disease.

Although Cav1 is the most extensively characterized
caveolin protein (18–20), the three isoforms are highly
homologous (Cav3 is 65% identical and 85% similar to
Cav1), indicating they are likely to adopt a similar topology
and structure. Caveolin proteins are traditionally divided
into four structural domains: a flexible N-terminal domain
(residues 1–54), a caveolin scaffolding domain (55–74), a
membrane embedded domain (75–106), and a C-terminal
cytosolic domain (107–151) (21). The cytosolic N-terminal
domain contains a highly conserved caveolin signature
motif (residues 41–48, FEDVIAEP). The caveolin scaf-
folding domain is believed tomediatemembrane association,
cholesterol binding, oligomerization, and the formation of
various protein-protein interactions (5,22–24). The mem-
brane-embedded domain consists of a helix-break-helix
motif that enters and exits the inner membrane leaflet
(25,26). Finally, the cytosolic C-terminal domain of Cav1
was recently found to contain one long a-helix (27). This
domain also contains three cysteine residues (residues 106,
116, and 129) known to undergo palmitoylation in Cav1
(28,29). These cysteines are conserved in Cav3, which is
also known to be palmitoylated (30), though the precise
palmitoylation pattern has yet to be determined. Although
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such lipid modifications often mediate important biological
or biophysical processes (31–38), we recently found that
lipid modifications have minimal influence on the structure
of Cav3 in 1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-
glycerol (LPPG) micelles, conditions in which the protein
appears to be monomeric (39), as described further below.
Although various aspects of the secondary structure and to-
pology of caveolin proteins have been previously character-
ized (19,20,26,40,41), a variety of questions regarding the
structural properties of themonomer and themeans bywhich
they mediate the formation of oligomeric caveolae com-
plexes remain unanswered.

Oligomerization of caveolin proteins is essential for the
formation of caveolae membrane coats (10). However, the
biologically relevant oligomeric states of caveolins remain
the subject of some debate. Investigations involving a
C-terminally truncated Cav1 construct provided evidence
that caveolins form a heptameric oligomer (42). Alternative
evidence has instead suggested Cav1 forms either a non-
amer (43) or a 14–16 mer (24,44). Though the precise nature
of the oligomeric unit is unclear, the assembly oligomers is
believed to result in the condensation of as many as 180
caveolin proteins in a single caveolae (45). The identity of
the caveolin domain(s) mediating homooligomerization
is also the subject of debate. Lateral interactions between
caveolin scaffolding domains were initially believed to drive
oligomerization (42,46). However, a recent study of Cav3
has suggested that C-terminal interactions instead drive
nonamerization (43). Regardless of the biochemically rele-
vant oligomeric states, the structural properties of caveolin
monomers must provide the initial driving force for the
formation of oligomers. We previously identified favorable
conditions for the characterization of full-length, mono-
meric Cav3 using solution NMR and described the influence
of lipid modifications on its structural properties (39). In this
study, we characterize the secondary structure, dynamics,
and topology of a lipidated full-length human Cav3
construct. Furthermore, we demonstrate that the N-terminal
domain undergoes a dramatic topological rearrangement in
both micelles and vesicles that is reversibly mediated by pH.
Given that a number of pathogenic mutations occur within
this region, we suggest that the disruption of this confor-
mational switch may be relevant to the molecular basis of
disease.
MATERIALS AND METHODS

Expression and purification of Cav3

Most of the experiments of this work employed a mutant form of Cav3 in

which six of the native cysteine sites were mutated to Ala or Ser (C19S,

C72A, C94A, C98A, C124S, and C140S). The fifth, sixth, and eighth

Cys sites (C106, C116, and C129) were either lipidated (C116 and C129)

or mutated to Phe (C106). This doubly lipidated mutant was previously

found to yield a higher quality NMR spectra than the Cav3 mutant in which

all three natively palmitoylated Cys sites were retained (39). Cloning,
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expression, purification of the doubly lipidated Cav3 variant into LPPG

micelles, and lipidation were carried out as previously described (39).

For the studies of this work lipidation involved attachment of a thiooctyl

groups to the two Cys sites through a disulfide bond.
Solution NMR of Cav3 in POPG vesicles

For reconstitution of Cav3 into lipid vesicles, the protein was expressed, pu-

rified, and lipidated as previously described (39), except the protein was

exchanged into sodium dodecyl sulfate (SDS) on the Ni-NTA column

just before the final step of purification by equilibrating the Cav3 attached

to the Ni-NTA resin with 12 column volumes of 25 mM sodium phosphate

(pH 7.2) containing 0.5% SDS. The protein was then eluted with 25 mM

sodium phosphate (pH 7.9) containing 250 mM imidazole and 0.5% SDS.

To make a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol

(POPG) mixed micelle stock solution for use in the reconstitution protocol,

50 mM HEPES (pH 6.5) containing 300 mM NaCl, 1 mM EDTA, 50 mM

POPG, and 250 mM SDS in the buffer was repeatedly flash-frozen in liquid

nitrogen and thawed in a water bath sonicator until the solution clarified. To

initiate reconstitution the POPG mixed micelle stock added to a solution of

purified lipidated Cav3 to a final protein: lipid molar ratio of 1:250. The so-

lution was then transferred to dialysis tubing and dialyzed against 4 L of

10 mM imidazole (pH 6.5) containing 0.5 mM EDTA, with stirring and

multiple changes of buffer for 5 days. The vesicular sample was then

concentrated and exchanged into 75 mM imidazole (pH 7.0) containing

25 mM sodium acetate and 0.5 mM EDTA. After collection of the first
1H 15N TROSY spectrum under this condition, the pH of the solution

was subsequently adjusted to 4.5 with the addition of acetic acid. After

acquisition of the second 1H 15N TROSY spectrum under this condition,

the sample pH was adjusted back to pH 7.0 with NaOH before acquisition

of the third 1H 15N TROSY spectrum.
Fluorescence measurements of Cav3 in POPG
vesicles

Single-cysteine variants of 568F Cav3 (C19S, C72A, C94A, C98A, C124S,

and C140S, with the three natively lipidated Cys sites mutated to Phe) were

eluted in 250 mM imidazole, pH 7.8 containing 0.2% LPPG and concen-

trated to a final volume of 1200 ml. EDTA and Tris(2-carboxyethyl)phos-

phine were then added to final concentrations of 1 mM and 3 mM,

respectively. Monobromobimane (mBBr) was then added to each protein

sample to a final concentration of 10 mM, and the mixture was incubated

at room temperature for 24 h. Excess mBBr and imidazole was removed

using a 10 mL Econo-Pac 10DG buffer exchange column preequilibrated

with 25 mM sodium phosphate buffer (pH 7.2) containing 0.2% LPPG.

The protein was eluted within the first 4 ml of buffer, as judged by A280.

The protein sample was then tumbled for 1 h with Ni-NTA resin that had

been equilibrated in 25 mM sodium phosphate (pH 7.2). The protein was

then eluted into SDS micelles and reconstituted into POPG vesicles as

described previously. Proteoliposomes solutions were then diluted to a final

protein concentration of 2 mM in a solution containing 15 mM acetic acid,

15 mM (2-(N-morpholino)ethanesulfonic acid) (MES), 30 mM Tris,

120 mM NaCl, and 0.5 mM EDTA at the indicated final pH (ranging

from 3.5 to 9.0) (47). Fluorescence spectra were collected on a Jobin

Yvon Fluoromax-3 (Horiba Scientific, Edison, NJ) at 25�C using an excita-

tion wavelength of 384 nm.
Specific amino acid labeling of Cav3

Cav3 bearing specific isotopically labeled amino acids were produced

to assist with the assignment of backbone amide 1H,15N NMR reso-

nances. To produce these proteins, Cav3 was expressed in an auxotrophic

Escherichia coli stain (CT19), which lacks the aspC, avtA, ilvE, trpB,
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and tyrB transaminase genes (48). Transformed CT19 cells were grown at

22�C with agitation (230 rpm) in 1 L of M9 media supplemented with

10 mg/ L ampicillin, 100 mg/L kanamycin, 20 mg/L tetracycline, glucose,

minimum essential medium (MEM) vitamins, CaCl2, MgSO4, and
14N

auxotrophic amino acids. Cells were harvested at OD600 ¼ 0.6 by centrifu-

gation at 3000 rpm for 15 min, and the cell pellet was resuspended in 1 L

of M9 medium containing the same components except 0.2 g of the
15N-labeled target amino acid in place of the corresponding 14N amino

acid. After 15 min of shaking at 22�C, Cav3 expression was then induced

with the addition of 1 mM isopropyl-b-D-thiogalactoside to the culture me-

dia. Expression was allowed to proceed for 16 h, at which point the cells

were harvested by centrifugation and the Cav3 was purified and prepared

for NMR using the standard method (39). 14N-Cys/Ser/Thr-15N-Cav3 was

also prepared using a similar protocol by inducing in M9 medium supple-

mented with 15N-NH4Cl and an excess of 14N-Cys/Ser/Thr (2 g/L M9).
Backbone resonance assignments and
secondary structure prediction

Three-dimensional (3D) NMR data were recorded at 45�C on Bruker 800

or 900 NMR spectrometers equipped with cryoprobes. The sequential

backbone resonance assignments for U-15N,13C-labeled Cav3 were carried

out using TROSY-based triple resonance experiments (49–51), including

HNCA, HNCACB, HN(CO)CA, HN(COCA)CB, HNCO, HN(CA)CO,

HNCANNH, and 1H-15N NOESY-HSQC pulse sequences. NMR data

were processed using NMRPipe (52) and analyzed using NMRView or

Sparky software (53). Sequential assignments were established by assessing

bond connectivities. a-Carbon connectivity was determined using a combi-

nation of HNCA and HN(CO)CA measurements. b-Carbon connectivity

was determined using a combination of HN(CA)CB and HN(COCA)CB

measurements. Finally, carbonyl carbon connectivity was determined using

a combination of HN(CA)CO and HNCO measurements. To assist in the

assignment of remaining unassigned peaks, a reference TROSY spectrum

was compared with that of various single site Cav3 mutants including

S61A, T67A, W70A, K108A, S109A, I114A, S118A, N122A, S124A,

R126A, and T127A. The assigned Ca, Cb, N, HN, and CO resonances of

lipidated Cav3 were used to determine the secondary structure using chem-

ical shift index (CSI) and Talos-N (54,55).
Probe-induced paramagnetic peak reduction to
probe membrane topology

The 900 MHz 1H 15N-TROSY spectrum of lipidated Cav3 was collected in

the presence of either lipophilic 16-doxylstearic acid (16-DSA) or Gd(III)-

DTPA at 45�C. To incorporate 16-DSA into NMR samples, a stock solution

was first prepared by dissolving 16-DSA in methanol to a final concentra-

tion of 2.5 mg/ mL. An amount of the 16-DSA stock needed to achieve a

final concentration of 4 mol % in the micelle phase was then dispensed

into an empty NMR tube, followed by evaporation of the methanol. The

micellar Cav3 sample was then transferred directly into the NMR tube to

solubilize the 16-DSA. The pH of NMR samples was adjusted to 7.2 or

5.5 with the addition of NaOH before the acquisition of 1H 15N-TROSY

spectra. NMR samples contained 180 uM 15N-lipidated Cav3 in a buffer

containing 80 mM imidazole, 20 mM MES, 5% (w/v) LPPG, 1 mM

EDTA, 10% D2O, and the indicated concentration of paramagnetic reagent.

The ratios of peak heights in the spectrum from a paramagnetic sample to

the heights of the corresponding peaks from a condition-matched diamag-

netic sample were measured.
NMR relaxation analysis

To probe the dynamics of lipidated Cav3, the longitudinal relaxation time

(T1) and transverse relaxation time (T2) of backbone 15N nuclei as well
as the backbone heteronuclear NOEs (hetNOE) were assessed using estab-

lished TROSY-based NMR experiments (56). Relaxation experiments were

carried out at 800 MHz (18.7 Tesla). T1 values were measured from 1H-15N

correlation spectra recorded with relaxation evolution delays of 10, 50, 100,

250, 500, 800, 1200, 1600, 2000, 4000, and 8000 ms. A 5 s delay was used

between scans. T2 values were measured from 1H-15N correlation spectra

recorded with relaxation evolution delays of 17, 34, 51, 68, 85, 102, 136,

170 and 204 ms. A delay of 4 s was used between scans. The steady-state
1H-15N heteronuclear NOE values were determined by calculating the dif-

ferences in peak intensity between spectra collected with and without a 3 s

presaturation of the proton dimension. To compare the dynamics of lipi-

dated Cav3 at pH 5.5 and 6.5, T2 values of backbone of 15N nuclei were

determined using an HSQC-based NMR experiment (57) at 900 MHz using

relaxation evolution delays of 16, 32, 48, 64, 80, 105, 144, and 192 ms. A

delay of 3.5 s was used between scans. The spectra were processed using

NMRPipe and analyzed using Sparky or NMRView.
Far-ultraviolet circular dichroism

Circular dichroism (CD) spectra were acquired using a Jasco J-810 spectro-

polarimeter (Jasco, Easton, MD) equipped with a Peltier temperature

control. Lipidated Cav3 was purified into LPPG micelles as described pre-

viously and exchanged into 25 mM sodium phosphate (pH 6.5) containing

0.2% (w/v) LPPG. The protein stock was then diluted to a final protein con-

centration of 10 mM in 25 mM sodium phosphate buffer with varying pH

containing 0.2% (w/v) LPPG. CD spectra were acquired at 25�C using a

1 mm pathlength cuvette.
RESULTS

Structural characterization of lipidated Cav3 by
solution NMR

We recently described the initial characterization of a modi-
fied form of full length human Cav3 bearing three lipid
modifications that mimic the putative palmitoylated form
of the protein (39). These studies were carried out in
LPPG micelles (see Fig. 1), because this medium was found
to yield much better NMR spectra of the protein than other
micelle and bicelle compositions tested. To enable specific
lipidation of Cav3 at its putative palmitoylation sites
(C106, C116, and C129), conservative mutations were
made at the native cysteines predicted to fall within the sol-
uble portion (C19S, C124S, and C140S) and membrane-
embedded portion (C72A, C92A, and C98A) of Cav3. The
lipidated form of this protein exhibited favorable properties
for structural analysis by solution NMR spectroscopy (39).
However, the yield of this construct was insufficient for
the 3D NMR experiments needed to complete assignment
of the 1H 15N TROSY spectrum. To circumvent this limita-
tion, we mutated the first putative lipidation site to phenyl-
alanine (C106F) while maintaining the other two lipidated
cysteines (C116 and C129). This construct exhibited consis-
tently improved yields relative to the original construct.
Furthermore, the 1H dimension of the 1H 15N TROSY
spectra were virtually identical regardless of whether Cav3
was modified with two or three acyl chains, which suggests
that the structural properties of these constructs are quite
similar. For these reasons, we used the doubly lipidated
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construct for these investigations, which will be referred to
as Cav3 from this point forward.

The backbone amide resonances of lipidated Cav3 in
the 1H 15N TROSY spectrum exhibit narrow dispersion
(Fig. 1 A), suggesting that the protein is largely a-helical or
disordered. Nevertheless, we succeeded in assigning 119 of
144 expected backbone resonances using 3Dpulse sequences
in conjunction with selective amino acid labeling (Fig. S1 in
the Supporting Material) (Biological Magnetic Resonance
Bank (BMRB):19903). Five peaks in the 1H 15N TROSY
spectrum could not be assigned because the corresponding
resonances were not observed in the 3D spectra. The remain-
ing resonances could not be confidently identified or assigned
due to line broadening. Based on these data, Talos-N and CSI
analyses (54,58) confirm that lipidated Cav3 contains both
random coil domains (N-terminal domain and extremeC-ter-
minus) and a series of a-helices: helix 1 (res. 55–80), helix 2
(84–98), helix 3 (106–113), helix 4 (117–120), helix5 (125–
128), and helix 6 (132–146) (Fig. S2). Of importance, these
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predictions are consistent with the presence of a mem-
brane-embedded helix-break-helix motif that is also present
in Cav1 (25). Solution NMR dynamics measurements (T1,
T2, and steady-state NOEs) reveal an enhanced mobility of
the N-terminal domain (residues 1–55) relative to the
micelle-associated portions of Cav3 (Fig. 2), which suggests
this region may be dissociated from the micelle complex
under this condition. Taken together, these results confirm
the presence of a micelle-embedded helix-break-helix motif
and suggest that the N-terminal domain is a structurally inde-
pendent soluble domain.

Relaxation measurements also provide insight into the
oligomeric state of Cav3. Based on their low transverse
relaxation times (T2) and high 1H 15N NOE values, a contin-
uous stretch of the micelle-associated residues (72 to 112)
appears to be uniformly immobile. We determined effective
rotational correlation times for each of the observed peaks in
this range from the T1/T2 ratio (57). Assuming a spherical
aggregate, the average correlation times determined from
these peaks (15.4 5 2.7 ns) would imply an aggregate mo-
lecular mass in the range of 45 kDa. This is smaller than ex-
pected for the Cav3/ LPPG complex considering LPPG
alone forms micelles in the range of 60–85 kDa (59,60).
This underestimation of the aggregate molecular mass could
potentially be related to one or more of the following fac-
tors: 1) residual mobility in the micelle-associated portions
of Cav3, 2) a nonspherical geometry of the protein-micelle
complex, or 3) a potentially reduced LPPG aggregation
number in the protein-micelle complex. Nevertheless, these
results strongly suggest the observed signal is derived from
a low-mass, monomeric form of Cav3. That Cav3 maintains
a monomeric state is likely due to its effective dilution in the
micelle phase (~4 micelles per protein under these condi-
tions) and/or the destabilization of oligomers by the anionic
headgroup of the LPPG detergent.
Topological heterogeneity of lipidated Cav3
at pH 6.5

To probe the topological features of lipidated Cav3, we first
characterized the accessibility of backbone amides to methy-
lene hydrogens within the core of the LPPG micelle and/or
to water using 15N-edited NOESY-HSQC. NOEs could be
detected between detergent methylenes and many back-
bone amide hydrogens within each of the helical portions of
Cav3 (Fig. 3 A), suggesting these regions of the molecule
are either embedded within the micelle or associated with
the micelle surface. The presence of detergent NOEs in the
oligomerization domain, CSD, and membrane embedded
domain are consistent with previous reports suggesting these
residues are associated with themembrane (26,61). Several of
these residues within each helix are also in contact with water,
indicating that the helices lie within the micelle interface or
thatwater can penetrate themicelle to some extent. In contrast
with the helical portions of Cav3, the amide hydrogens in the
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N-terminal domain only exhibited NOEs with water (due
to exchange), which is consistent with its dissociation from
the micelle complex under this condition. To confirm these
topological features, we characterized the susceptibility of
backbone amides to paramagnetic relaxation enhancement
(PRE) from water-soluble (Gd-DTPA) or lipophilic (16-
DSA) paramagnetic agents. Each of the helical portions of
Cav3were largely protected fromGd-DTPA (Fig. 3B), which
confirms that these segments of Cav3 are associated with the
micelle surface or embedded within the micelle core. Indeed,
PRE-induced peak broadening was most pronounced within
helical regions in the presence of the detergent-soluble
16-DSA paramagnet (Fig. 3 B). Notably, the seemingly disor-
dered N-terminal domain exhibits partial accessibility to both
Gd-DTPA and 16-DSA (Fig. 3 B), which suggest this domain
may exhibit heterogeneous topological properties under this
condition. Taken together, these results suggest that Cav3
persists as a dynamic structural ensemble under these condi-
tions in which the helical portions are associated with the
micelle while the N-terminal domain populates both sur-
face-associated and water-soluble states.
A pH-mediated conformational change in Cav3

There are 20 ionizable side chains within the N-terminal
domain (pI ¼ 4.2). We hypothesized that the ratio of the
two conformational states observed at pH 6.5 may depend
upon the charge state of the N-terminal domain. We therefore
compared the 1H 15NHSQC spectrumof lipidatedCav3under
conditions with varying pH. Large and widespread chemical
shift perturbations were apparent between pH 5.5 and 7.2
(Fig. 1 B), which confirms that the conformational ensemble
of Cav3 is quite sensitive to pH. To determine whether this
observation could potentially account for the topological het-
erogeneity observed at pH6.5,we compared the susceptibility
of backbone amides to paramagnetic relaxation enhancement
by the membrane-permeable paramagnet 16-DSA at both pH
5.5 and pH 7.2. This proved feasible even though, as a conse-
quence of peak broadening, only 73 residues could be confi-
dently assigned in TROSY-HSQC spectrum at pH 5.5. PREs
in the membrane-embedded domain characterized at pH 6.5
were quite similar to those under each of these conditions
(Fig. 3 C). However, PREs from the lipophilic 16-DSA in
the N-terminal domain were significantly enhanced at low
pH (Fig. 3 C), suggesting this domain associates with the
micelle surface under this condition. This interpretation is
consistent with an observed reduction of the T2 values of
N-terminal residues at pH 5.5 (Fig. S3). This reduction in
backbone motions is consistent with the association of the
N-terminal domain with the micelle interface at low pH.

To assess the effect of pH on the secondary structure of
Cav3, we collected the far-UV CD spectra under conditions
Biophysical Journal 110, 2475–2485, June 7, 2016 2479
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45�C. Backbone amide residues that exhibited detectable NOEs with water (blue), LPPGmethylene hydrogens (red), or both (green) are indicated in the amino

acid sequence. Residues for which NOEs could not be clearly interpreted are shown in black. The 1H 15N HSQC spectrum of lipidated Cav3 was recorded in the

presence and absence of water soluble (Gd-DTPA) or lipophilic (16-DSA) paramagnets under various conditions. (B) The intensity of backbone amide peaks in

the presence of 10mMGd-DTPA (black) or 4 mol % 16-DSA (red) relative to those collected in the absence of paramagnetic reagents in 100 mM imidazole (pH

6.5), 1 mMEDTA, and 5% LPPG are shown for each residue. Negative peaks denote resonances for which the ratio could not be accurately determined. (C) The

intensity of backbone amide peaks in the presence of 4 mol % 16-DSA relative to those collected in the absence of paramagnetic reagents are shown at pH 5.5

(red) and pH 7.2 (black). Negative bars denote residues for which the ratio could not be accurately determined. To see this figure in color, go online.
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with varying pH. Consistent with the NMR results and sec-
ondary structure predictions, the CD spectrum suggests
Cav3 is significantly helical under all these conditions
(Fig. 4 A). Furthermore, a prominent increase in helical con-
tent occurs at low pH (Fig. 4 A), which suggests this topo-
logical transition is coincident with the formation of
additional a-helical secondary structure. The midpoint of
this transition occurs at pH 6.35. Analysis of the CD spectra
using K2D3 suggests that the helical content of lipidated
Cav3 changes from 39% at pH 8.1 to 55% at pH 5.3 (62),
which corresponds to an increase of roughly 26 additional
helical residues at low pH. This is consistent with CSI anal-
ysis of the NMR data, which shows that at least 15 residues
in the N-terminal domain (residues 10–24) contribute to this
transition (Fig. S4; due to extensive line broadening at low
pH, the remaining residues that participate in this transition
could not be identified). Taken together, these results sug-
gest that Cav3 undergoes a large-scale topological change
in which the soluble N-terminal domain at neutral pH un-
dergoes a transition to micelle-associated helix at low pH,
with the midpoint of the transition occurring near pH 6.5.
Reversible association of the N-terminal domain
with the membrane

To probe the nature of the pH-mediated conformational
change in Cav3, we produced a series of single-cysteine var-
iants to facilitate the conjugation of fluorescent probes at
2480 Biophysical Journal 110, 2475–2485, June 7, 2016
various positions within the N-terminal domain (see Mate-
rials and Methods). For these studies the three putative pal-
mitoylation sites of Cav3 were replaced with phenylalanines
to serve as surrogate membrane anchors to facilitate specific
modification of single cysteine residues with mBBr, a mole-
cule that becomes fluorescent upon reaction with free thiols.
The use of mBBr reduces the background fluorescence asso-
ciated with unreacted fluorophores, which can be difficult to
remove from these samples due to the association of excess
fluorophore with detergent micelles. We then reconstituted
the mBBR-labeled Cav3 variants into LPPG micelles and
monitored the change in fluorescence emission spectrum
under conditions with varying pH. Consistent with solution
NMR measurements, reductions in pH were accompanied
by a sigmoidal blue shift in the emission maximum of
mBBr-labeled V25C Cav3 (Fig. 5 A), which likely reflects
the association of the N-terminal domain with the interface.
The fluorescence emission maximum of free mBBr-conju-
gated cysteine was found to be insensitive to pH, which
confirms that the shift in the emission spectrum of mBBr-
labeled Cav3 reflects a conformational change (data not
shown). This conformational transition was observed to be
similar when mBBr was conjugated to two other randomly
chosen positions within the N-terminal domain (Fig. S5),
which suggests that this conformational transition is inde-
pendent to the labeling position. The apparent pKa of the
transition occurs at 6.8 5 0.1 (Fig. 5 A), which is similar
to that observed by CD spectroscopy under these conditions



A

B
4 5 6 7 8 9 10

466

468

470

472

474

E
m

is
si

on
 M

ax
im

um
 (n

m
)

pH

3 4 5 6 7 8 9 10
462

464

466

468

470

472

474

E
m

is
si

on
 M

ax
im

um
 (n

m
)

pH

FIGURE 5 pH-mediated conformational transition of the Cav3 N-termi-

nal domain in LPPGmicelles and in POPG vesicles. The influence of pH on

the fluorescence spectrum of mBBr-labeled V25C Cav3 was assessed in

micelles and vesicles. (A) The fluorescence emission spectrum of mBBr-

labeled V25C Cav3 in 120 mM NaCl containing 15 mM acetic acid,

15 mM MES, 30mM Tris, 0.5 mM EDTA, and 5% LPPG was collected

as a function of pH. The wavelength corresponding to the emission

maximum is plotted against the pH. The data were fit with a model derived

from the Henderson-Hasselbalch equation (black line), and the apparent

pKa of the transition was determined to be 6.8 5 0.1. (B) mBBr-labeled

V25C Cav3 in POPG vesicles was equilibrated in 120 mMNaCl containing

15 mM acetic acid, 15 mM MES, 30 mM Tris, and 0.5 mM EDTA with

varying pH before acquisition of the fluorescence emission spectrum. The

wavelength corresponding to the emission maximum is plotted against

the pH. Closed symbols reflect data for the titration from low to high pH.

Open symbols reflect the data for the titration from high to low pH. The

data were fit with a model derived from the Henderson-Hasselbalch equa-

tion (black line), and the apparent pKa of the transition was determined to

be 5.11 5 0.06.
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FIGURE 4 Influence of pH on the secondary structure of lipidated Cav3.

The effect of pH on the secondary structure of lipidated Cav3 was inves-

tigated using CD spectroscopy at 25�C. (A) The far-UV CD spectrum of

lipidated Cav3 in 25 mM sodium phosphate containing 0.2% LPPG was re-

corded with varying pH. The mean residue ellipticity is plotted against the

wavelength. (B) The mean residue ellipticity at 222 nm is plotted against the

pH. The data were fit with a model derived from the Henderson-Hassel-

balch equation (black line), and the apparent pKa of the transition was

determined to be 6.35 5 0.04. To see this figure in color, go online.
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(6.35 5 0.04) (Fig. 4 B). These results suggest that a
mixture of two conformational states persist at pH 6.5,
which accounts for the topological heterogeneity detected
by solution NMR under this condition, as described previ-
ously (Fig. 3). To confirm that this conformational transition
also occurs in actual lipid bilayers, we carried out these ex-
periments on mBBr-labeled Cav3 variants reconstituted in
bilayered POPG vesicles. A similar conformation transition
was observed in vesicles (Fig. 5 B), though the transition ap-
pears to be more cooperative and the apparent pKa (5.11 5
0.06) is lower under these conditions. Again, the nature of
the conformational transition in vesicles was found to be
independent of the labeling position with the N-terminal
domain (Fig. S5). Moreover, the forward and reverse titra-
tions were quite similar (Fig. 5 B), suggesting that the
conformational ensemble reaches equilibrium.

To confirm that this conformational transition primarily
reflects the reversible association of the N-terminal domain
with the membrane, we reconstituted 15N-labeled lipidated
Cav3 into POPG lipid vesicles and compared the 1H 15N
TROSY spectrum at high and low pH. POPG was employed
as the lipid in experiments involving vesicles in this work to
best match structure of the LPPG detergent used in micellar
experiments. Due to the slow tumbling of the vesicles in
solution, the majority of the backbone amide peaks were
broadened beyond detection (Fig. 6). However, some peaks
from the N-terminal domain were still detectable at pH 7.0
(Fig. 6), confirming that this domain is dynamic and oc-
cupies the solution phase at neutral pH. However, reduction
of the pH to 4.5 resulted in the complete broadening of these
Biophysical Journal 110, 2475–2485, June 7, 2016 2481
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FIGURE 6 pH-mediated membrane association

of the Cav3 N-terminal domain. (A) Lipidated

Cav3 was reconstituted in POPG vesicles and equil-

ibrated in 75 mM imidazole (pH 7.0) containing

25 mM sodium acetate and 0.5 mM EDTA before

acquisition of the 1H 15N TROSY-HSQC spectrum

(left). The pH of the sample was then lowered to

pH 4.5 before a second acquisition of the 1H 15N

TROSY-HSQC spectrum (center). Finally, the pH

of the original sample was restored to 7.0 before

acquisition of a third 1H 15N TROSY-HSQC spec-

trum (right). (B) The 1H spectrum is shown for

the initial sample in lipid vesicles at pH 7.0 (dark

gray), as well as those taken subsequently at pH

4.5 (light gray) and then again at 7.0 (black).
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peaks (Fig. 6), which occurs as a result of the association
of the N-terminal domain with the membrane and a dramatic
reduction in motion. Subsequent adjustment of the sample
to pH 7.0 resulted in the recovery of the spectrum
(Fig. 6), again confirming the reversibility of this conforma-
tional transition. To ensure that this transition did not arise
as a result of the protonation of the N-terminal polyhistidine
tag, we repeated this experiment using a construct featuring
a C-terminal polyhistidine tag. The results were consistent
regardless of the position of the tag (Fig. S6), which con-
firms that this transition is intrinsic to the native residues
of the N-terminal domain. Taken together, these results
demonstrate that the N-terminal domain of Cav3 reversibly
associates with the membrane in a pH-dependent manner, as
illustrated in the working model of Fig. 7.
FIGURE 7 Working model for the organization of monomeric Cav3 in

membranes and the nature of its pH-mediated conformational transition.

A potential interaction between the acidic caveolin signature sequence

and basic residues of the caveolin scaffolding domain is implied in the

upper panel. Protonation of acidic residues at low pH may disrupt this inter-

action and drive association of the N-terminal domain with the membrane

interface. It is emphasized that the exact palmitoylation pattern of native

Cav3 is not known (the pattern shown here is based on Cav1) and that

most of the experiments on which this working model are based were

conducted with mutant forms of Cav3—usually chemically modified, and

usually using LPPG micelles as the model membranes. To see this figure

in color, go online.
DISCUSSION

Although Cav3 is a critical mediator of caveolae biogenesis,
the structural mechanisms that give rise to caveolin function
remain unclear. In this work, we explored the structural
properties of the monomeric form of lipidated Cav3. Our
analysis of its secondary structure may help to resolve in-
consistencies that have emerged from previous studies.
For instance, previous characterizations of the caveolin scaf-
folding domain have drawn conflicting conclusions as to
whether this portion of the molecule adopts a-helical or
b-strand secondary structure (26,40,41). We cannot rule
out the possibility that some of these differences might
reflect complications due to the presence of a number of mu-
tations in the Cav-3 construct used in this work combined
with the fact that Cav-3 may have some different structural
properties than Cav-1, despite their 65% sequence identity.
Other possible contributing factors to these differences
include the facts that all previous analyses were carried
out using different truncated caveolin constructs and some-
times also using different membrane mimetics. Our analysis
2482 Biophysical Journal 110, 2475–2485, June 7, 2016
of the full-length lipidated form of Cav3 indicates that the
scaffolding domain consists of a long membrane-associated
a-helix that is contiguous with the helix-break-helix motif
within the caveolin membrane domain (25,26). Our results
also demonstrate the presence of helical structure within
the C-terminal domain, consistent with what has previously
been observed for Cav1 (27). However, it should be noted
that we observed four different helical segments within
the C-terminal domain of Cav3 (helix 3, residues 106–
113, helix 4, residues 117–120, helix 5, residues 125–128,
and helix 6, residues 132–146) as opposed to one long
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C-terminal helix observed in nonlipidated Cav1 (27). The
CSI values proximal to the lipidation sites in Cav3 (residues
114–116 and 129–131) are low compared to those values re-
ported for the corresponding residues in Cav1 (Fig. S2) (27).
Furthermore, a comparison of the CSI values of lipidated
and nonlipidated Cav3 reveals differences proximal to the
lipidation sites (Fig. S7). Taken together, these results sug-
gest that the localized structural perturbations caused by
lipid modifications likely reflect helical breaks within the
C-terminal domain. In addition to altering the local second-
ary structure, lipidation of palmitoylated sites also reduced
exchange-broadening, which ultimately facilitated assign-
ments of amide peaks within the C-terminal domain.

Beyond providing insights into the secondary structure of
Cav3, our results also reveal that the N-terminal domain un-
dergoes a dramatic topological rearrangement that is medi-
ated by pH under these conditions. This structural transition
was accompanied by changes in the conformational dy-
namics (Fig. S3), secondary structure (Fig. 4), and topology
(Fig. 3, B and C) of the N-terminal domain. Furthermore,
this transition was observed in both micelles and in phos-
pholipid vesicles (Figs. 5 and 6). Based on the fact that all
of the peaks within the N-terminal domain are significantly
broadened at low pH in vesicles (Fig. 6), it seems likely that
these differences reflect a large-scale cooperative conforma-
tional change that involves the entire domain (see working
model in Fig. 7). This likely stems from the protonation
of conserved residues within the N-terminal domain in a
manner that drives membrane association. The cluster of
acidic residues in the caveolin signature sequence (residues
41–48, FEDVIAEP) could potentially serve as the pH sensor
for this transition. This acidic motif has been previously
suggested to interact with basic residues in the caveolin
scaffolding domain (42). Thus, it is tempting to speculate
that the protonation of the acidic residues may disrupt this
electrostatic interaction and drive the membrane association
of the signature motif at low pH, as is the rendered model in
Fig. 7. We emphasize that this is a working model that is
subject to revision based on future results. We acknowledge
that the lyso-phosphatidylglycerol micelles and POPG
vesicles employed in this work are not ideal mimics of cav-
eolar membranes, such that future validation of this working
model in more optimal media is merited. Furthermore,
we note that validation of the hypothesized conformational
switch is beyond the scope of this work, but remains an
intriguing hypothesis for future investigations.

The biological relevance of this conformational change
has yet to be explored. It has been shown that, during its
degradation, Cav1 is delivered to lysosomes from multive-
sicular bodies/late endosomes, where it becomes exposed
to the acidic lumen (63). Exposure of the protein to
reduced pH promotes membrane association of the N-ter-
minal domain in a manner that could disrupt its inter-
actions with other proteins, interactions that originally
formed at cytosolic pH. It is conceivable that mutations
that compromise this process could potentially cause a
buildup of Cav3 and/or the formation of toxic aggregates.
Indeed, there are many examples of pathogenic mutations
in integral membrane proteins that alter protein processing
and/or degradation. It is also possible that the pH-induced
conformational transition observed under our experimental
conditions may be triggered by other environmental stimuli
within the cell. The cooperativity and the apparent pKa of
the transition are quite different in LPPG micelles versus
POPG membranes, although LPPG and POPG each
feature a glycerol backbone and phosphoglycerol head-
group (Fig. 5). This observation suggests that subtle differ-
ences in the membrane environment, such as the high
degree of curvature occurring in caveolae or fluctuations
in surface charge density, could potentially also modulate
the ratio of these two conformational ensembles in vivo.
Regardless of the precise physiochemical drivers of this
conformational transition, it should be noted that nearly
one-third of the currently identified pathogenic missense
mutations in Cav3 alter native charged residues or intro-
duce nonnative charged residues within the N-terminal
domain (human gene mutation database, http://www.
hgmd.cf.ac.uk). This observation strongly suggests that
the charged residues in the N-terminal domain that mediate
this conformational change are of critical importance for
the native function of Cav3. Future studies are needed to
determine the relevance of this conformational change to
Cav3 function and the mechanistic effects of pathogenic
mutations within the N-terminal domain.
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