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Abstract: A bioinformatics study was performed to predict and compare the
structural and functional properties of human cavealins: caveolin-1, -2 and -3.
The computed local physicochemical properties, predictions of their secondary
structure elements and interacting partners of caveolin-2 and -3 were compared
to the experimentally determined structural and functional properties of cave-
olin-1. These data combined with sequence alignments of the three caveolins
dlowed the functional domains of caveolin-2 and -3 to be predicted and
characterised. The hydrophobic regions of these proteins are highly similar in
sequences and physicochemical properties, which is in good agreement with
their known membrane locations and functions. The most divergent in terms of
sequences and properties are the C-terminal regions of the caveolins, suggest-
ing that they might be responsible for their distinct predicted interactions, with
direct consegquences on signalling processes.
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INTRODUCTION

Cavealins belong to a family of small (around 20 kDa) integral membrane
proteins with both N- and C-termini facing the cytoplasm.l This family com-
prises three members in vertebrates: caveolin-1 (cavl), caveolin-2 (cav2) and
caveolin-3 (cav3). Cavl and cav2 are ubiquitously co-expressed, while cav3 is
muscle specific. Caveolins play essentia structural roles in the organisation of
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134 ISVORAN et 4.

the caveolae and also participate in many important cellular processes, such as
vesicular transport, signal transduction, cholesterol homeostasis and tumour sup-
pression.2

Cavl isthe most studied member of the caveolin family. It is oligomeric and
is a cholesterol and fatty acid binding protein. There are two isoforms of cavl:
the a- and the S-isoform. The g-isoform lacks the first 32 amino acid residues of
the a-isoform.34 Two types of post-translational modifications have been shown
to affect cavl, i.e., pamitoylation and phosphorylation, both of which are impor-
tant for its functions.>6 Three palmitoylation sites at cysteine 133, 143 and 156
and two phosphorylation sites at tyrosine 14 and serine 80 have been identified.

Caveolin-1 is expressed in most types of cells, whereby adipocytes, endo-
thelia cells, fibroblasts and type | pneumocytes have the highest levels of its
expression.” It is found only in vertebrates and has been the subject of numerous
research studies, the data of which provide the basis of the present knowledge
regarding the interactions of these proteins with their cellular environment. A
structural biocinformatics analysis of cavl revealed its highly conserved sequence
among vertebrate organisms (more than 64 % for vertebrates and 99 % for mam-
mals), its high similarity with cav2 and cav3 and enabled to its structural organi-
zation and functional regionsto be predicted.8 The functional regions of Cav1 are
the hydrophobic domain (HD), composed of residues 102 to 134, and two adja-
cent regions flanking the HD: the N-terminal attachment domain (N-MAD, resi-
dues 82-101) and the C-termina attachment domain (C-MAD, residues 135-150),
which were found to bind to membrane with high affinity.”.® The C-terminal
domain of cavl contains three cysteine residues that are modified by palmitoyl-
ation and are supposed to be involved in caveolin—caveolin and caveolin-ipids
interactions.” The N-MAD domain, also known as the scaffolding domain (CSD)
of cavl, has been shown to act both as an anchor for different proteins within
caveolae and as aregulatory element able to activate or inhibit the signalling acti-
vity of a given protein.10.11 Moreover, the interactions of cavl with other pro-
teins may also be mediated by other regions.12 The CSD includes a short amino
acid sequence, residues 94-101, known as the CRAC (cholesterol recogni-
tion/interaction amino acid consensus) motif,13 which is involved in the mem-
brane interaction of cavl.l4 It was proposed that the CSD has two functional
regions. the CRAC region responsible for interactions with cholesterol and its
first segment (residues 82-93) being involved in asignal transduction process.8

Earlier studies considered that proteins interacting with caveolin have a
specific “caveolin binding domain” (CBD), yXyXXXy or yXXXXyXXvy,
where v is an aromatic residue (Trp, Tyr or Phe)l® that interacts with the CSD
via their aromatic residues.916 However, recent studies argue against the role of
this motif in caveolin interactions and involvement in signalisation pro-
cesses.8.10,12,17 Tyrosine and serine phosphorylation of cavl, as well as cysteine
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palmitoylation also seem to be involved in caveolin—protein interactions. Tyro-
sine phosphorylation of cavl occurs at its N-terminal domain (Tyr14) and phos-
phorylated cavl serves as a scaffolding protein to recruit SH2-domain containing
proteins.18 Serine phosphorylation occurs at Ser80 and is responsible for the
topology change of cavl from a membrane protein to a secreted protein.” Cavl
pamitoylation has been proposed to play a role in the interaction of cavl with
lipids,16 in cholesterol binding and transport and for the assembly of signalling
molecules in caveolae.>6

Caveolin-2 exists as a homo-dimer1® and acts as a scaffolding protein within
caveolar membranes directly interacting with cavl to form a stable hetero-oligo-
meric complex that is required for targeting to lipid rafts and for caveol ae forma-
tion.20 It has three isoforms. @, f and y. The a- and p-isoforms differ in their
subcellular locations and the p-isoform does not interact with cavl.2l Cav2 is
phosphorylated at tyrosine residues 19 and 27.22 Phosphocaveolin-2 (Tyr(P)19)
islocalized near focal adhesions, remains associated with lipid rafts/caveol ag, but
no longer forms a high molecular mass hetero-oligomer with caveolin-1.23-25
Information about the y-isoform of cav2 is lacking.

Caveolin 3 (also known as M-caveolin) is the muscle-specific member of
caveolin family being the only member of the family that is present in striated
muscle. It shares 65 % sequence identity and 85 % sequence similarity with
cavl,? it aso forms alarge homo-oligomeric complex of 350400 kDa molecular
weight26 and appears to have similar cellular functions, such as caveolae forma-
tion and cellular signalling. It is a modulator of the function of the dystrophin—
—glycoproteins complex with consequences for muscle diseases.2’

Cavealins cellular functions ascribed to caveolae are endocytocis, transcyto-
sis and signal transduction. Caveolins aso play a role in some diseases: 26,28
cancer (they are implicated in both tumour suppression and oncogenesis), cardio-
vascular diseases, lung diseases and muscular dystrophy.

The structural and functional characteristics of caveolin proteins have not yet
been well defined, but some useful information can be obtained through sequence
based predictions using structural bioinformatics tools. In the present study, a
bioinformatics investigation was performed in which, to the best of our know-
ledge, al the three human caveolins were considered for the first timein order to
predict and compare their structural and functional properties. The sequence
identity, hydrophobicity, apha-helix and beta-turn profiles were analysed and the
secondary structure elements, the disordered regions and the interacting partners
were predicted. Comparing the obtained results with known structural and func-
tional data concerning caveolin 1, the functional domains of caveolin 2 and cave-
olin 3 were predicted and characterized.
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136 ISVORAN et 4.

EXPERIMENTAL

Within this study, bioinformatics tools were employed to analyse and predict structural
and physicochemical properties of the family of human caveolin proteins starting from
sequence information retrieved from SwissProt data base.?® Sequence analysis relating to the
sequence identity of the vertebrate caveolins was performed using the BLAST tool.3° The
sequence similarity between the human caveolins was studied using multiple sequence anal-
ysis performed with the CLUSTALW?2 on-line tool .31

The ProtParam tool32 was used to compute the global physicochemical properties of the
caveolins and of their predicted functional regions, i.e., the molecular weight, GRAVY index,
net charge and aiphatic index. GRAVY is the grand average of hydropathicity and indicates
the solubility of the protein. It is computed using the Kyte and Doalittle hydrophobicity
scale.33 A positive value of GRAVY reveals a hydrophobic protein and a negative value, a
hydrophilic one.

The aliphatic index is a measure of the relative volume occupied by the amino acids with
aliphatic side chains. This parameter is usually computed for globular proteins but it has also
been used for proteins containing membrane regions.3435

The ProtScale tool3? was also used to obtain the hydrophobicity, membrane tendency
and the alpha helix and beta-turn profiles for caveolins. The hydrophobicity shows the degree
of hydrophobicity of each amino acid in the protein chain versus its position in the chain. For
the hydrophobicity profiles, the Kyte and Doolittle hydrophobicity scale3? was used. Pre-
diction of the secondary structural elements of caveolins was performed using GOR,36
Jpred3,3” PsiPred,3 CFSSP® and ProtPred®? on-line tools and their results were compared.
Moreover, prediction of disordered regions of caveolins was obtained using ProtPred®,
RONN#! and GlobPlot*2 tools.

Caveolins are predicted to have an unusual membrane topology. They do not cross the
membrane, but they are anchored to one of its layers. A few computational tools for predicting
the re-entrant loops of membrane proteins can be found: OCTOPUS* and SPOCTOPUS*
and they were employed to predict the re-entrant |oops of the caveolins.

In order to obtain the membrane tendency (MT), the transmembrane tendency indexes
introduced by Zhao and London in 2006% were used, and for the alpha-helix and beta-turn
profiles, the apha-helix and beta-turn propensities indexes introduced by Deleage and Roux
in 198746 were employed. The MT sequence prediction scale shows the propensity of each
amino acid in the protein chain to participate in transmembrane helices® and the alpha-
-helix/beta-turn propensity is a measure of the tendency of an amino acid to adopt an apha
helix/beta-turn structure.4® All these profiles take into account the physicochemical back-
ground for every amino acid in the sequence, the average values of each considered property
being computed using a window of 21 amino acids with the considered amino acid at its
centre. The large window of 21 amino acids used for computation of profiles has been proven
to be good for membrane proteins®2 and the profiles that were computed in the present study
with windows of 9 and 13 residues did not significantly differ from the profiles computed
with a window of 21 residues (see Figs. S-1 and S-2 of the Supplementary material to this
paper). In the profiles computed with a window of 21 residues, predictions for the first 10 and
the last 10 amino acids of the sequence are lacking.

A short region of 8 amino acids was identified as identical in al three proteins,
FEDVIAEP, and it is named as the “ caveolin signature sequence” (CSS).2 Therefore, for cav2
and cav3, the profiles were translated in comparison to the cavl profile such that the caveolin
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STRUCTURAL PROPERTIES OF CAVEOLIN PROTEINS 137

signature amino acid sequence corresponds for al caveolins: 14 positions for cav2 and 28
positions for cav3.

STRING software?” was used to predict the interacting partners of the family of caveolin
proteins. STRING is based on both experimental and predicted interaction information and it
reports a network containing the highest scoring interacting partners and specifies if the
interaction has been proved experimentally. As parameters setting for using STRING, a me-
dium confidence score (i.e., higher than 0.400) was chosen and the following active prediction
methods: experiments, databases and text mining.

Cavl and cav2 have two and three identified isoforms, respectively. If not specified
further in the text, the cavl and cav2 notation will refer to the alphaisoforms.

RESULTS AND DISCUSSION

No three dimensional structure of caveolin proteins have been yet deter-
mined. Homology modelling using the Geno3D tool48 revealed that no satis-
factory template could be found for their sequences (see Fig. S-3 of the Supple-
mentary material to this paper).

The BLAST tool30 revealed that caveolin amino acid sequences have been
highly conserved throughout evolution, the sequence identity for vertebrates
being higher than 47 %. The members of the human caveolin family share high
sequence similarity: cavl and cav2 are 58 % similar, cavl and cav3 are 85 %
similar and cav2 and cav3 are 39.0 % similar. The sequence alignment was per-
formed using CLUSTALW2 software3! and the results are shown in Fig. 1, the
highly conserved regions being highlighted.

sp| 003135 CAVL HUMAN -MSGEKYVDSEGHL YTVPIRE QGNT YK PNNKAMADEL SEKQVYDAHTKET DIVNRDPRHL 59

3p| P36339 C@.VE_HH‘@N -MMAEEHTD LEAQTVKDIHCKEIDLVNRDPKNI 32
sp|P21636(CAVZ HUMAN MGLETEKADVQLFMD--------~------DDSY SHASGLE YADPEKFADSDQURDPHRL 45
B o ) K ek
(55— SRV N— A

5p| Q03135[CAVI HOMEN NDDWKIDFEDVIAEPECTHSFDG INKASFTT FTVIKYWFYRLLSALFGIPMALIWGIYE 119
sp|P26239 |CAV3 HUMAN NEDTVKVDFEDVIAEVGTY SFDGVRKVS YT TFTVSKYWCYRLLSTLLGVPLALLNGFLE 97
sp| P31636[CAVZ_HIMAN NS-HLKLGFEDVIAERVTTHSFDKVW ICSHALFELSKYVMYKFLIVFLATPIAFTAGITF 104

* [EEER 22212 - R SE L L ANE BEE SRR SR L IR TRE TS XL TN TR 1

___HD__________
sp|QD3135(CAVI HUMAY  ATLSFIAIWAVVRTCRSFLIETQCTSRVYSTYVHTVCDPLFFAVGKTFSNVRINLQKET 178
sp|PE539|CAV3 HUMAN  ACTSFCHIWAWVRCTRSYLIRTQCTSHTYSICTRTFCNPLFARLGQVCSSTRVVIRKEY 151
sp|Pa1636[CAV2 HUMEN  ATLSCLATWILMPFVKTCIMVLPSVOTIWKSVIDVIIAPLCTSVGRCESSVSLOLSQD- 162
AL L S N T A L
Fig. 1. Sequence alignment of the alphaisoforms of cavl, cav2 and cav3; * (asterisk) indicates
positions that have asingle, fully conserved residue; colon indicates conservation between
groups of very similar properties; period indicates conservation between groups of weakly
similar properties. The single-letter amino acid code is used. The caveolin signature sequence
(CSS) and the hydrophobic domain (HD) are highlighted in dark grey. The cholesterol
recognition/interaction amino acid consensus (CRAC) sequences of caveolins are highlighted

inlight grey.
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138 ISVORAN et 4.

Being membrane proteins, it is expected that caveolins possess highly hydro-
phobic amino acid domains. The hydrophobicity profiles of the caveolin proteins
obtained using the ProtScale tool32 and the Kyte & Doolittle hydrophobicity
scale33 are shown in Fig. 2, in which the hydrophobic residues have positive
indexes.

cav1

hydrophobicity index
o
o

'25 ] T T T T T T T T T T
0 20 40 60 80 100120140160180
residue position
Fig. 2. Hydrophobicity profiles of cavl, cav2 and cav3 obtained using the ProtScale tool. For

cav2 and cav3 proteins, the residue position was translated so as the caveolin signature
sequence correspond for all caveolins.

The hydrophobicity profiles divide the amino acid sequences of caveolinsin
two different regions. a hydrophilic region (residues 1-93 for cavl, 1-60 for
cav2 and 1-50 for cav3) and a hydrophobic region (residues 94-178 for cavl,
61-162 for cav2 and 51-151 for cav3). Figure 2 aso reflects that the known
hydrophobic domain of cavl (residues 102—134) and a part of its adjacent regions
are highly hydrophobic. Using this profile, it is suggested that the hydrophobic
domains of cav2 and cav3 proteins are composed of the amino acid sequences
87-119 and 75-107, respectively, and this suggestion is in good agreement with
the sequence alignment presented in Fig. 1.

The membrane tendency profiles were also analysed (see Fig. S-4 of the
Supplementary material to this paper). The profiles are very similar for the three
caveolins and, as expected, they are also similar to the hydrophobicity profiles.
Moreover, both tools, OCTOPUS*3 and SPOCTOPUS,#4 did not predict any re-
-entrant loops for the caveolins.

The apha-helix and beta-turn profiles obtained using the ProtScale tool are
presented in Fig. 3.

Alpha-helix profiles show the high probability for the following amino acid
sequences to form helical regions: 29-60 and 94-140 for cavl, 84-125 for cav2
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STRUCTURAL PROPERTIES OF CAVEOLIN PROTEINS 139

and 77-141 for cav3. Except for cavl, these profiles are in reasonabl e agreement
with the predicted membrane helices. The beta-turn profiles depict the probable
regions adopting beta-structures, i.e., amino acid sequences 1-38 for cavl, 20-50
for cav2 and 2541 for cav3.

— CAV-1
------ CAV-2
o vy CAV-3
S 115
Q
® 1104
=
T 1.054
g 1.00]
s
2 0.951
0.90
0.851
0 25 50 75 100 125 150 175
residue position
@
— CAV-1
------ CAV-2
e CAV-3
Q1.1
Q
8
z 10
=)
® 09
i)
2 o8-
0.7-
06

0 25 50 75 100 125 150 175
residue position
(b)
Fig. 3. Alpha-helix (a) and beta-turn (b) profile for caveolin proteins obtained using the

ProtScale tool. For cav2 and cav3, the residue position was translated so that the caveolin
signature sequence corresponds for all caveolins.

The alpha helix and beta-turn profiles obtained using the ProtScale tool were
not fully confirmed by the prediction of the secondary structure elements using
the GOR, Jpred, PsiPred, CFSSP and ProtPred tools (Fig. 4), by the predictions
using RONN, GlobPlot, ProtPred of their disordered regions (Fig. 5) nor by other
published data concerning their structural properties.
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1 10 20 30 40 50 60
cavl MSGGEYVDSE GHLYTVPIRE QGNIYKPNNE EMADELSEEQ VYDAHTEEID LVNRDPEHLN
GOR ccecceeecce cceeeeccee ccccccccch hhhhhhhhhh hhhhehhhhh heceececee

Jpred - -
PsiPred ccceccccooe coeeccecce cocccceccee cchhhhocee cecececcee cocceccece
CFSSP ccttecectt cceeeseect cteccctcth hhhhhhhhhh hhhhhhhhbhh hectetechh

ProtPred

6l 70 80 80 100 110 120
cavl DDVVEIDFED VIAEPEGTHS FDGIWEASFT TFTVTKYWFY RLLSALFGIP MALIWGIYFA
GOR cceeeeccce eeccccccce ccceeeeece eseeccchhh hhhhhhheee chhhhhhhhh
Jpred ———BEe-——— EEE-——————— -—hehhhh eeeechhhhh hhhhhhhhhh hhhhhhhhhh

PsiPred ccceccococcoe eecceccccce coceeeeeee eeeeseeechh hhhhhhhhhh hhhhhhhhhh
CF3SP hhheeehhhh hhhttcecech hhhhheeeee eeeseeecee hhhhhhhhhh hhhhhhhhhh

ProtPred --—-egeeceee eg -——peeee—-e eeeechhhhh hhhhhhhhhh hhhhhhhbhh
121 130 140 150 160 170 178

cavl ILSFLHIWAV VPCIKSFLIE IQCISRVYSI YVHTVCDPLF EAVGEIFSNV RINLOKEI

GOR hhceeceeee eccccceecc ccccceeeee eeeecccccc cccchhhhhh hhhheeec

Jpred hhhhhhhhhh hhhhhheese -hhhhhhhhh hhhhhhhhhh hhhhhhb-ee eee-—--
PsiPred hhhhceeeee chhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhcccee eeseccce
CF3SP hhhhhheeee esehhhhhhe eeececececee eceseehhhh hhhhheesee eehhhhhe
ProtPred hhhhhheeee ehhheeeehh hhhhhhhhhh hhhhh--hhh hhhhhhh ee eeceee—-

@

1 10 20 30 40 50 60
cava MGLETEKADV QLEMDDDSYS HHSGLEYADP ERFADSDQDR DPHRINSHLK LGFEDVIAEP
GOR cceecechhh hhhecocecee ceoceccecee ceccececce cchhhhhbhh ceceeeecec
Jpred e ecee e e--eeeee—

PsiPred ccCcCcooce eeeecCcCcoCC CCCCCCCCCC CCCCCCCCCC CCCCCCCOCe BReeeeecee
CFSSP hhhhhhhhhe hhhhhttcce cctcechhhh hhhhtthhee tccecthhhh hhhhhhhhee

ProtPred eeee hhhhhhhee eceeeee--—-

61 70 80 90 100 110 120
cav? VITHSFDEVW ICSHALFETIS EYVMYKFLTV FLATPLAFIA GILFATLSCL HIWIIMPFVE
GOR ceeeeeceee ecccceeecc hhhhhhhhhh hhhchhhhhh hhhhhococe ceeeeeceec
Jpred = --———- heh hhh-eeeeeh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh

PsiPred ccccccccce eecceeeeee eeeeeehhhh hhhhhhhhhh hhhhhhhhhe eeeeehhhhh
CFSS5P eeeeeceeee hhhhhheeee hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh

ProtPred —---———- e ehhheeeeee hhhhhhhhhh hhhhhhhhhh hhhhhhhhh- eeeeee-hhh
121 130 140 150 160

cavz TCIMVLEPSVQ TIWKSVTDVI IAPLCTSVGR CFSSVSLQLS QD

GOR CCeEeEeCCCC CCCCCCCCee EECCCCCCCC CCOCCCeeCee eC

Jpred eeee-hhhhh hhhhhhhhhh hhhhhhhhhh hh—eeeeece --
PsiPred hhceccchhhh hhhhhhhhhh hhhhhhhhhh hecceeeeee cc
CFSSP hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh heeeeeeeee ec
ProtPred hhhhhhhhhh hhhhhhhhhh -hhhhhhhhh hh—eee--- --

(b)

Fig. 4. Prediction of the secondary structure elements of human: @) cavl, b) cav2 and c) cav3
using the GOR, Jpred, PsiPred, CFSSP and ProtPred tools (h — helix, e — beta strand, ¢ — cail,
t—turn).
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1 10 20 30 40 50 60
cav3 MMAEEHTDLE AQIVKDIHCK EIDLVNRDPK NINEDIVKVD FEDVIAEPVG TYSEDGVWKV
gor ccceccechh hhhhhhheec eeccccccee cocecceeeec ceceecccec eeeeceeeee
jpred = —-m—mmmmm— mmmmmmmmom —mmm—mmm o co- e——eeg-———— ————— hehhh

psipred cccecccech hhhhecccee coccocecccce coccccesee CCeeeCcCCCC CCCCCCeEee
CFSSP hhhhhhhhhh hhhhhhhhhh hhhhetectc ceeeseeeee eeeeceeeee esehhhhhhe

ProtPred --———————- hhhhbhh--—- -—-———- ———- ceee -———= - cee

61 70 80 90 100 110 120
cav3 SYTTFTVSKY WCYRLLSTLL GVPLALLWGE LFACISFCHI WAVVPCIKSY LIEIQCISHI
gor £eeeeeeCcC CeeeseCCCC COCEeeeese e8eeeCccCe eeeecCCCet cococesece

jpred h-eeeeehhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhee eee—hhhhhh
psipred eeeeeeeeee ehhhhhhhhh hhhhhhhhhh hhhhhhheee eeechhhhhh hhhhhhhhhh
CFSSP eeeeeeesee eeehhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh hhhhhheeee
ProtPred ee-eeeceeh hhhhhhhhhh hhhhhhhhhh hhhhhhhhhh -eeeee---e eeehhhhhhh

121 130 140 150
cav3 YSLCIRTFCN PLFAALQVCS SIKVVLREEV
gor 2eeCcCCCcct CCCCCCCCCC eeeeeeceec

jpred hhhhhhhhhh hhhhhhhhh- -eeeee----
psipred hhhhhhhhhh hhhhhhhhhe ccceeseeec
CFSSP eeeeeeeeee hhhhhhhhhh hheeeccccce
ProtPred hhhhhhhhhh --hhhhhhhh -eececeee-

(©
Fig. 4. (Continued) Prediction of the secondary structure elements of human: a) cavl, b) cav2
and c) cav3 using the GOR, Jpred, PsiPred, CFSSP and ProtPred tools (h — helix, e — beta
strand, ¢ — coil, t —turn).

o8y e cav2

disorder probability

01 T T T T T T T T T T T T 1
0 30 60 90 120 150 180 210
residue position
Fig. 5. Prediction of the disordered regions of caveolins using RONN software (regions with
probability of disorder higher than 0.5 were predicted as disordered). For cav2 and cav3, the
residue position was translated so that the caveolin signature sequence corresponds for all
caveolins.
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The consensus of the secondary structure predictions made using different
bioinformatics tools led to the proposal that for cavl, the most probable helical
regions are 98-125 (predicted by all the used tools) and 141-165 (predicted by
Jpred, PsiPred and ProtPred).

Moreover, the consensus of the secondary structure predictions reflects that
the 86-94 and 126131 regions of cavl adopt a beta-strand secondary structure.
Furthermore, the prediction of the secondary structural elements of cavl (Fig. 4)
predicts that the first segment of the CSD contains a beta strand structural arran-
gement rich in hydrophobic amino acids and the segment 94-101 adopts a helical
structure. The hydrophobic domain of cavl is predicted to have a helical struc-
ture. The prediction of disordered regions of cavl obtained using RONN#L ref-
lects a quite disordered N-terminal domain with a long disordered region, 26-63
(Fig. 5).

The use of GlobPlot software?2 for the same purpose (see Fig. S-5 of the
Supplementary material to this paper) predicts the segment 24-47 as disordered
and the 102-135 region as hydrophobic. ProtPred tool reflects a disordered N-
terminal region (1-56) for cavl. These predictions of the secondary structure and
of disordered regions for cavl indicate that the N-terminal region of cavl is dis-
ordered and lacks secondary structure arrangement. It was also registered that all
tools used for secondary structure predictions (GOR, Jpred, PsiPred, CFSSP and
ProtPred) agreed in their prediction of a helical structure for the hydrophaobic
domain, but concerning the prediction of disordered regions, only Jpred and
ProtPred tools found the same amino acid sequences.

Comparisons of the computational and experimental data concerning the
structural properties of cavl or its fragments indicate controversial results. Based
on the analysis of cavl amino acids sequence using multiple computational
algorithms, a topology model for cavl was proposed.4® This model proposes that
the entire region of cavl has a high probahility to form helical structural elements
and that the highest helical probability is found for the region 113-127. Circular
dichroism (CD) and NMR spectroscopic studies of the hydrophobic domain of
cavl (96-136) revealed that this domain has a high a-helical content (57—65 %)
and possess a helix-break-helix structure, the helix breaking region being 108—
—110.%0 Other CD studies have been performed on cavl fragments in different
environments. In particular, a CD study of cavl fragments demonstrates that pep-
tides 2—20 and 1940 display 20 % content of alpha-helical structure and peptide
161-160 shows a 43 % content of alpha helix.51 Furthermore, CD analysis of
cavl (1-101) fragment in solution reflects that the amino acids 79-96 are
arranged in an alpha-helix>2. The same technique applied for the cavl (83-102)
in the presence of 1-pamitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
vesicles®3 and for cavl (82-101) in the presence of dodecylphosphocholine
(DPC) micelles™ revealed only a partially alpha-helical structure of this isolated
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STRUCTURAL PROPERTIES OF CAVEOLIN PROTEINS 143

domain. For alonger fragment, cavl (82-109), NMR studies indicate alpha-heli-
cal structures for the fragments 83-88 and 93-97 of the CSD domain and a stable
helical conformation only for the fragment 102—109 belonging to the first region
of the hydrophobic domain.>4 CD, FTIR and NMR experimental studies of cavl
(82-109) and cavl (83-102) in the presence of a POPC/cholesterol mixture indi-
cated that the CSD region of cavl contains both apha- and beta-structures, the
content of alpha-helices being higher for the longer fragment.>* The conforma-
tional model built by Hoop et al.®> proposes an anti-parallel beta-strand for the
region 84-94, which was also proposed by Spisni et al.8

For cav2, there is only one helical region in aphahelix profile, 84-125
which is in quite good agreement with predictions of the secondary structure
made using Jpred, PsiPred and CFSSP (Fig. 4) and this predicted helical region
also includes the predicted membrane region (87-104). The beta-turn profile
indicates that the region 20-50 adopts a beta-turn structure but this was not con-
firmed by the Jpred algorithm. The predicted disordered regions for cav2 are the
amino acid sequences 17-49 using RONN (Fig. 5) and 19-25 and 32-45 using
GlobPlot. These predictions are in good agreement with the results of the GOR,
Jpred and PsiPred algorithms (Fig. 4). GlobPlot software also predicts the amino
acid sequence 90-119 as the membrane domain of cav2 and this prediction
should be compared with the predicted helical region, amino acid sequence 84—
—125, with the proposed hydrophobic domain, 87-119 as well as with the pre-
dicted membrane region, 87-104. A CD experimental study of cav2 (1-73) frag-
ment indicated a 25 % helical content of this fragment.52 Only the CFSSP pre-
diction isin agreement with this experimental result.

Concerning cav3, the different algorithms used for the secondary structure
predictions unanimously predict the 77-141 amino acid sequence as helical. A
consensus for the membrane domain prediction was also obtained for the amino
acid sequence 84-104. No disordered regions of cav3 were identified using
RONN (Fig. 5) while the GlobPlot tools predict that the fragment 79-101 of cav3
is a hydrophobic domain and this prediction is in agreement with the hydropho-
bicity profile and with the membrane domain and secondary structure predic-
tions. An experimental CD study revealed that fragment 1-74 for cav3 contains
25 % of a-helical secondary structure,6 and the authors proposed that the CSD
of cav3 (residues 55—-72) forms an apha-helix and that the remaining region 1-54
lacks a stable secondary structure.®’

Taking into account the sequence alignments and the analysis presented
above, the following functional domains are proposed for cav2 and cav3.

For cav2: N-terminal domain — residues 1-66; CSD — residues 67-86, inc-
luding the CRAC motif (residues 79-86); HD domain — residues 87-119; C-MAD
domain — residues 120-135 and C-terminal domain — residues 136-162.
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For cav3: N-terminal domain — residues 1-54; CSD domain — residues 55-74,
including the CRAC motif (67-74); HD domain — residues 75-107; C-MAD
domain — residues 108-123 and C-terminal domain — residues 124-151.

To the best of our knowledge, no published data concerning the predicted
functional domains of cav2 have been published. Concerning cav3, the present
predictions are in good agreement with published data of Balijepalli and Kamp,
2009.57

The physicochemical properties of the predicted domains of cavl, cav2 and
cav3 arereported in Table.

TABLE |. Physicochemical properties of different functional domains of caveolins

Protein Net charge GRAVY Aliphatic index

domain  cavl cav2 <cav3 cavl <cav2 cavd cavl cav2 cav3
N-TER -8 -11 -9 -0.858 -0.889 -0.361 74.25 60.61 95.56
CSsD +2 +1 +2 -0.265 0.160 -0.385 39.00 9250 4350
HD 0 0 0 2009 2218 2015 17152 17152 165.45
C-TER +2 +3 +3 0212 0.774 0.796 108.46 118.89 118.21

As expected, the values presented in Table | show that the hydrophobic
domains have the highest hydrophobicity reflected by GRAVY and the highest
values of the aiphatic indexes. The GRAVY index of the CSD of cav2 strongly
differs from the GRAVY index of the CSD of cavl and cav3 as a result of the
different amino acid contents of these domains. The amino acid sequences of
cavl and cav3 CSD differ by 6 residues while cavl and cav2 CSD amino acid
sequences differ by 12 residues. The CSD of cav2 has a higher content of hydro-
phobic residues: Ile71 in comparison with Lys86 in cavl and Lys59 in cav3,
Ala75 in comparison with Thr90 in cavl and Thr63 in cav3, Leu76 in com-
parison with Thr91 in cavl and Thr64 in cav3 and Va83 in comparison with
Trp98 in cavl and Trp71 in cav3 (Fig. 1). The N-terminal domain of cav2 has a
more negative charge in comparison to that of cavl and cav3. These differences
could be responsible for the different folding of these proteins and/or for the
different properties of the associations with themselves or with other partners.

The predicted functional partners of human cav2 and cav3 were obtained
using STRING software?” and are compared with those of caveolin-1. There are
only a few common interacting partners for al the caveolins (they are presented
in Table Il), cavl and cav3 having more common partners than cavl and cav2
(Table ).

This may be due to the differences in the amino acid sequences of cavl and
cav2, but aso to the lack of data concerning these interactions. Some of the
predicted interacting partners of cav2 and cav3 do not contain the CBD, which is
in good agreement with recent literature data. 12
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TABLE Il. Proteins predicted to interact with all human caveolins: cavl, cav2 and cav3 (the
interactions that are experimentally proven are marked with an asterisk)

Interaction with CBM and/or CBM-like motif

Protein ini 1
cavl cav2 cav3 containing molecule
v-src Sarcoma viral oncogene homolog X*  X* X -
FYN oncogene related to SRC X* X X -
Nitric oxide synthase 3 ( NOS3) X* X X X
Gap junction protein, aphal (GJAL) X* X X X
Flotillin 2 (FLOT2) X*  X*  X* X
Integrin, beta 4 (ITGB4) X* X X -
Integrin, beta5 (ITGB5) X* X X -
Integrin, beta 6 (ITGB6) X* X X -
Integrin, beta7 (ITGB7) X* X X -
Integrin, beta 3 (ITGB3) X* X X -
Integrin, beta 8 (ITGB8) X* X X -
Integrin, beta 1 (ITGB1) X* X X -

TABLE |1 Proteins predicted to interact with cavl and cav2, respectively with cavl and cav3
(the experimentally proven interactions are marked with an asterisk)

Interaction with CBM and/or CBM-like

Protein cavl cav2 cav3 motif containing moleculel?
Caveolin 2 (CAV2) X* - = -
Insulin receptor (INSR) X* - X X
Insulin receptor substrate 1 (ISR1) X* - X X
Transient receptor potential cation channel, X* - X X
subfamily C

Nitric oxide synthase 3 ( NOS3) X* X X X
Rasrelated C3 botulinum toxin substrate1  X* - X X
(RACY)

Dystroglycan 1(DAG1) X* - X* X
Polymerase | and transcript release factor X* - X -
(PTRF)

Phospholipase D1, phosphatidylcholine- X* - X X
specific

Mal (MALL) X*  X* X
Platel et-derived growth factor receptor X* - X* X
Phospholipase D2 (PLD2) X*  X* X
Ras homolog gene family, member A X* - -
(RHOA)

Nitric oxide synthase 2, inducible (NOS2) X* - X*

V-Akt murine thymoma viral oncogene X - X -
homolog 1

Calcium channel, voltage-dependent, L type X - X -
Nitric oxide synthase 1 (NOS1) X* - X* X
Calcium channel, voltage-dependent, N type X X X
Solute carrier family 2 (SLC2A4) X - X -
RAS p21 protein activator (RASA1) X* X - -
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TABLE Ill. Continued

Interaction with CBM and/or CBM-like

Protein _— -
cavl cav2 cav3 motif containing moleculel’

Syndecan 2 (SDC2) - X - -
V-HarasHarvey rat sarcomaviral oncogene X* X - -

homolog

Solute carrier family 8, member 1 (SLC8A1) X* - X* X
Synaptosomal-associated protein (SNAP23) X* - X* X

SMAD family member 3 (SMAD3) X* - X* X

Stromal interaction molecule 1 (STIM1) X* - X* -

Dopamine receptor D1(DRD1) X* X* - X

CONCLUSIONS

For the first time, a bioinformatics study comparing all the three amino acid
sequences of human caveolins is presented. Taking into account the known data
about cavl (the most studied from this family), the functional domains of cav2
and cav3 were predicted and characterised. The predicted functional domains of
cav2 are: N-termina domain — residues 1-66; CSD — residues 67-86, including
the CRAC motif (residues 79-86); HD domain — residues 87-119; C-MAD
domain — residues 120-135 and C-terminal domain — residues 136-162. Simil-
arly, the predicted functional domains for cav3 are: N-terminal domain — residues
1-54; CDS domain — residues 55-74, including the CRAC motif (67—74); HD
domain — residues 75-107; C-MAD domain — residues 108-123 and C-terminal
domain residues 124-151.

The amino acid sequence of cav2 differs slightly from that of cavl and cav3
and its N-terminal is more hydrophilic and has a higher overall negative charge
than the N-terminal domains of cavl and cav3. All the caveolins possess three
cysteine residues in the C-terminal domains, their positions being conserved for
cavl and cav3 but not for cav2. Therefore, for cav3, the three cysteine residues
are most probably palmitoylated. The oligomerization domain of cavl contains
41 residues (region 61-101). Sequence alignment revealed that in the homol ogy
region of cav3 (residues 34—74), there are only 7 distinct residues (17 %) and in
the homology region of cav2 (residues 46-86), there are 17 distinct residues (41
%). This sequence dissimilarity may be responsible for the difference in oligo-
merization of the three caveolins: cavl and cav3 being able to form high weight
oligomers while cav2 forms only homo-dimers.19

The CSD of the three caveolins aso differ in sequence: there are 6 distinct
residues between the amino acids sequences of cavl (82-101) and cav3 (55-74),
and 12 distinct residues between the amino acids sequences of cavl (82-101) and
cav2 (67-86). These differences may be responsible for the specificity of the
interactions of the three caveolins, as the CSD domain has been proposed to be
involved in interactions with functional partners.
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The amino acid sequences of the hydrophobic domains of the three caveolins
are the most similar in sequence, they are highly hydrophobic and are predicted
to comprise helical structures. This expected result is in good agreement with
experimental data concerning the cavl (96-136) fragment in the presence of
lyso-myristoylphosphatidylglycerol .50

The amino acid sequences of the C-terminal domains of the caveolins are the
most divergent: there are 18 distinct residues between the amino acid sequences
of cavl (135-178) and cav3 (108-151) and 32 distinct residues between the
amino acid sequences of cavl (135-178) and of cav2 (120-162). The amino acid
sequence of the C-terminal segment of cavl is mostly hydrophilic, and has two
proposed functions: membrane anchoring for its first part (C-MAD, residues
135-150) and protein—protein interactions for its last part (residues 168-178),
which is also involved in homotypic interactions®® and contributes to the side-by-
side clustering of homo-oligomers of caveolin-1.7 There are few experimental
results concerning the C-terminal region of cav2, but it is known that the Ser154—
—Val155-Ser156 motif of the C-terminal of cav2 is essential for insulin-induced
phosphorylation and nuclear targeting of extracellular signal-regulated kinase;59.60
this motif being absent in the sequences of cavl and cav3. In addition, experi-
mental data suggest that the C-terminal domain of cav2 is necessary for targeting
cav2 to caveolae.2! Therefore, the divergence of the amino acid sequences of the
C-termina regions of the three caveolins may aso contribute to the different
location and distinct interacting partners of these proteins.

The performed bicinformatics analysis of the amino acid sequences of
human caveolins highlighted both similar and distinct structural and functional
properties of caveolins in correlation with their amino acid sequences. It also
highlighted the limitations of the currently existing tools concerning the predic-
tions of structural features of membrane proteins. An agreement between the dif-
ferent experimental structural data, especially obtained for cavl, is lacking. This
reflects that the structure adopted by the different regions of caveolin may be
distinct as a result of the different lengths of the considered fragments and of the
interactions with their environments. It must also be taken into account that the
computational tools for the prediction of the structural features of membrane pro-
teins have limitations.

Further research must be realised to elucidate the interaction network of
caveolins with physiological implications. From this point of view, knowledge
concerning their full length spatial structures would substantialy contribute to an
understanding of their functions.

SUPPLEMENTARY MATERIAL

Figures S-1-S-5 are available electronically from http://www.shd.org.r/JSCS/, or from
the corresponding author on request.
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Romania, 2Laboratory of Advanced Researches in Environmental Protection, West University of Timisoara, 4
Oituz, 300086 Timisoara, Romania, 3Teacher training Department, West University of Timisoara, 4
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Institute of Biology and Technologies of Saclay (iBiTecS) 91191 Gif-sur-Yvette Cedex, France u ®Department
of Physics, Université d’Evry-val-d’Essonne, 91025 Evry Cedex, France

Ypahena je duoundopmaTuuka cTyouja y Uumy npensuhama U ynopehusama CTPyKType
1 QyHKIIMOHATHUX CBOjCTaBa XyMaHOT kaBeoiuHa-1, -2 u -3. KomnjyTepcky npoueweHa Qu-
3WYKO—XEMHjCKa CBOjCTaBa, CEKyHIapHA CTPYKTypa U HHTeparyjyhu mapTHepy KaBeoanHa-2 U
-3 cy ynopehuBaHH ca eKCIIEPUMEHTAIHO JOKa3aHOM CTPYKTYPOM U CBOjCTBUMA KaBeolHHa-1.
OBu mopauy, 3ajefHO ca MPUMAPHOM CEKBEHLIHjOM TPH KaBeojaWHa, OMOryhuiu cy mpenBu-
hame u kapakrepusaurjy QyHKIHOHATHUX JOMEHA KaBeoaruHa-2 U -3. XunpododHU peruoHu
OBa TPHU NMPOTEHHa UMajy BeoMa CIIMYHY CeKBeHIHjy U (PU3NIKO—XEeMHjcKa CBQjCTBa, IITO je y
CKIafly ca HUXOBOM MeMOpaHCKOM JioKanusaudjom W QyHkuujama. Hajseha pasnuka y
CEKBEHLIUjU U CBOjCTBMMa HaheHa je y C-TepMHHAJHOM DETHOHY KaBEOJIWHA, TE CE MOXE
IPETIIOCTaBUTH [a je OH OATOBOPAH 3a Pa3IM4yMTe MHTepakuuje Koje OM MMaie AUPEKTHe
NOCJIeJULE Ha IPEHOC CUTHAIa.

(ITpumsbeno 16 jyna, pesupupano 21. centemdpa 2013)
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