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Abstract
Lipid rafts are specialized plasma membrane microdomains that serve as platforms for integrating
cellular signal transductions. We have recently reported that autoantibodies against cardiac
membrane proteins are present in patients with postural orthostatic tachycardia syndrome (POTS).
In this study, we examined the presence of autoimmunoreactive IgGs against lipid raft proteins in
these patients. IgGs were purified from the sera of 10 patients and 7 normal controls. Cardiac lipid
raft preparations were isolated from normal human heart tissue. The lipid raft-associated proteins
were resolved by 2DE and immunoblotted against IgGs from each subject. Protein spots that
reacted specifically with patient IgGs were identified by nanoLC-MS/MS. Thirty-four such
protein spots, and 72 unique proteins were identified. The targets of autoimmunoreactive IgGs
include proteins associated with caveolae structure, adrenergic signaling, calcium signaling,
cytostructures, chaperone and energy metabolism. Multiple pathways were involved including
those that regulate caveolae-mediated signaling, oxidative phosphorylation, fatty acid metabolism,
protein ubiquitination, and cardiac β-adrenergic signaling. Our results suggest that cardiac lipid
raft-associated proteins are targets of autoimmunoreactive IgGs from patients with POTS.
Autoimmunity may play a role in the pathogenesis of POTS.

Postural orthostatic tachycardia syndrome (POTS) is a common form of orthostatic
intolerance, and the etiology of the syndrome is complex and unexplained in most patients.
Various causes and mechanisms have been proposed for the disease including autoimmunity
and ganglionic acetylcholine receptor (AChR) antibodies1. We have recently reported the
presence of autoantibodies against cardiac membranes in POTS patients2. In this study, we
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examined whether cardiac proteins in lipid raft microdomains constitute targets of
autoantibodies in POTS patients.

Subcellular fractionation can reduce sample complexity for proteomic analysis and is most
efficient when combined with 2-dimensional gel electrophoresis (2DE) and mass
spectrometry (MS) studies3. Numerous studies have shown the importance of lipid raft/
caveolae microdomains in the regulation of cellular signal transduction, mechanosensing,
lipid metabolism, cholesterol homeostasis, and ion channel activities4–13. Many critical
signaling proteins and their effectors are compartmentalized in lipid rafts and if they become
autoimmunoreactive, normal cellular functions may be disturbed. These microdomains are
richly and tightly packed with cholesterol, sphingolipids, and glycosyl-phosphatidylinositol
(GPI) anchored proteins, and thus have a low buoyant density in sucrose gradient
fractionations. Caveolae are particularly abundant in terminally differentiated cells such as
adipocytes, squamous epithelial cells, and muscle cells14.

METHODS
Study subjects and IgG isolation

This study was approved by the Mayo Clinic Institutional Review Board and all participants
provided written informed consent. Patients were excluded if they had a history of
confirmed autoimmune diseases. Seven control subjects (6 females and 1 male, average age
36.1 years) and 10 patients with the diagnosis of POTS (7 females and 3 males, average age
35.1 years) provided 30 ml of venous blood. The detailed clinical and laboratory profiles of
the subjects and controls are outlined in Table 1. POTS was diagnosed in the POTS Clinic at
the Mayo Clinic under the supervision of Dr. Phillip Low and they satisfied the criteria of
such syndrome as previously described15. IgGs were purified from each serum sample using
the Melon gel IgG isolation kit (Pierce Biotechnology). Normal human heart tissue was
obtained from the National Disease Research Interchange (NDRI).

Purification of lipid raft fractions from human heart tissue
Lipid raft fractions were prepared by the non-detergent method as we have described16.
Briefly, frozen heart tissue from all four chambers was homogenized and sonicated with 2
ml of 500 mM sodium carbonate (pH11) with protease inhibitors (Roche Diagnostics,
Germany). The homogenate was centrifuged at 2,500 × g for 10 min and the supernatant
containing 3 mg of proteins was adjusted to 40% sucrose by mixing with 2 ml of 80%
sucrose prepared in MBS (0.15 M NaCl, 25 mM 2-[N-Morpholono] ethanesulfonic acid,
pH6.5) and placed at the bottom of an ultracentrifuge tube. Discontinuous sucrose gradients
of 5% and 30% were layered on top (4 ml of 5% sucrose/4 ml of 30% sucrose, both in MBS
containing 250 mM sodium carbonate, pH11). Samples were then centrifuged at 260,000 × g
for 20 hours at 4°C. Twelve fractions of 1 ml each were collected sequentially from the top.
The lipid raft fractions were identified by immunoblotting against anti-caveolin-3 antibodies
(1:1000, BD Transduction labs), dialyzed against ammonium bicarbonate (50 mM, pH7.8)
and lyophilized to reduce sample volume.

2DE and immunoblotting
The experiments were performed as we have described2. Proteins from the human cardiac
lipid raft fractions prepared above were resolved by 2DE and transferred electrophoretically
onto a PVDF membrane. IgGs isolated from each control and patient were used to develop a
separate immunoblot. Antibodies against Desmin (1:1000, Cell Signaling), HSP70 (1:1000,
Enzo Life Sciences) and cavin-1 (1:2000, Bethyl Laboratory, Inc) were used for 2DE gel
immunoblotting to identify their spot locations in 2DE gels.
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Protein identification and data analysis
Protein spots specifically reacting against patient IgGs were selected and processed for
protein identification by in-gel trypsin digestion and nano-LC-electrospray tandem mass
spectrometry as previously described2.

Protein interaction network analysis
Ingenuity Pathway Analysis (IPA, Ingenuity® Systems) was used to identify signaling
pathways and networks as previously described2. The composite was laid out graphically
using the network visualization algorithm Cytoscape 2.8.217.

RESULTS
We first evaluated the effectiveness of lipid raft/caveolae-rich fraction isolation. Caveolin-3,
the marker of cardiomyocyte caveolae, was enriched in the low buoyant density fractions
(Figure 1). In contrast, the non-lipid raft membrane marker, clathrin, and the subcellular
organelle marker Golgi 58, were differentially distributed (Figure 1). Clathrin appeared
predominantly in the heavier fractions of the gradient, suggesting the exclusion of clathrin-
coated pits as well as clathrin-associated membranes from our caveolae-rich lipid raft
fractions. The Golgi apparatus was also distributed in the heavy density fractions. These
results suggest that the lipid raft fraction was relatively free of contamination by intracellular
organelles.

After 2DE separation and silver staining, 1159 protein spots were visualized (analyzed by
PDQuest, Bio-Rad Laboratories, Inc.) (Figure 2A). 2DE gel immunoblotting analysis
demonstrated that 34 spots reacted specifically with patient IgGs (Figure 2B& C, Table 2).
These spots were further analyzed by nanoLC-MS/MS and the results identified 72 unique
proteins (Table 3). A variety of cardiac lipid-raft associated proteins were targeted by the
IgGs from POTS patients. These include proteins associated with caveolae structure (cavin),
adrenergic signaling (protein kinase A), calcium signaling (sarcalumenin and S100),
cytostructures (desmin, desmoplakin, desmoglein, vimentin, and plakoglobin), chaperone
(heat shock 70), and energy metabolism.

To validate the results from nanoLC-MS/MS, specific antibodies against desmin, cavin-1
and HSP70 were used against 2DE blots of cardiac lipid raft/caveolae fractions (Figure 3).
The results are in agreement with those from proteomic analysis, confirming that the protein
identification results were correct.

To help understand the physiological and pathophysiological relevance of the
immunoreactive lipid raft proteins, we performed network and canonical pathway analysis
on the data from Table 3 using the IPA. Seventy-two identified proteins were integrated into
a composite neighborhood comprised of 113 nodes linked by 389 interactions or edges
(Figure 4). Network topology was assessed as an undirected network and the results
demonstrated that the network topology was not random. A nonstochastic property was
confirmed by examination of the interrelationship between node degree (k) and degree
distribution (P[k]) (Figure 4). The organized assemblage followed a power law distribution
falling within the predicted confidence range of biological networks18.

Canonical pathway analysis demonstrated that many of the proteins targeted by patient IgGs
are interrelated in pathways based on the IPA library (Table 4). Many pathways are involved
including those that regulate caveolae-mediated signaling, oxidative phosphorylation, fatty
acid metabolism, protein ubiquitination, and cardiac β-adrenergic signaling (Table 4).
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DISCUSSION
In this pilot study, we have made the following observations. First, autoantibodies against
cardiac lipid raft microdomain proteins are present in patients with POTS. Second, multiple
lipid raft/caveolae proteins are potential targets of the autoantibodies in POTS. Third, the
presence of autoantibodies may affect the regulation of multiple cellular processes in
patients with POTS.

Proteomic technologies have provided ideal tools in the search of antigens and antibodies in
autoimmune diseases. The approach combining 2DE gel immunoblotting and MS has been
effective in the identification of new antigens/antibodies in autoimmune and other
diseases19. While the analytical power of MS-based technologies has become greatly
improved in recent years, sample preparation remains a limitation for optimal sensitivity of
proteomic analysis. In extremely complex protein preparations, the presence of high
abundance proteins reduces the ability to detect low abundance proteins. To reduce sample
complexity and augment low abundance proteins, we prepared lipid raft/caveolae fractions
which are abundant in cardiomyocytes. Caveolae are specialized lipid rafts enriched with
cholesterol, caveolins, and signaling molecules and they provide platforms for integrating
specific cellular signal transduction processes13. Interaction between autoantibodies and
lipid raft/caveolae proteins may trigger alterations in signaling pathways to produce the
cardiovascular abnormalities seen in patients with POTS.

Our results showed that proteins regulating multiple cellular processes, such as signaling,
metabolism, oxidoreductases, chaperones, catabolic, cytostructure and transcription, could
be the targets of autoantibodies in patients with POTS. Many of the proteins have previously
been implicated in cardiac dysfunction or cardiac disease, such as S100A820, HSP7021,
desmin22, and desmoplakin23. However, involvement of these proteins in the pathogenesis
of POTS is unknown. Further studies are needed to substantiate the role of these proteins in
POTS. Although it is difficult to predict the prevalence of autoantibodies in the POTS
population from the limited number of patients studied, our results indicate that a multitude
of cardiac lipid raft-associated proteins could be targeted by autoimmunoreactive IgGs in
these patients (Table 2). As shown in Table 2, the putative autoantigen profile of each
individual patient was variable. Analyses of large population-based data sets are needed to
provide further information on these issues.

Validation of the nanoLC-MS/MS results using affinity purified antibodies of desmin,
cavin-1 and HSP70 was performed (Figure 3). The results are consistent with those from MS
analyses indicating that this technology is a valuable approach in identifying potential
autoimmune targets. Desmin, HSP70 and cavin-1 have been shown to be associated with
caveolae24–26 and cardiovascular diseases22. Desmin is a critical component of cardiac
myocyte architecture, structure and signaling. Mice without desmin have impaired
mitochondrial function with abnormalities in cardiac and skeletal muscles27. These animals
are weak and easily fatigable, and the lack of desmin renders myofibers more susceptible to
damage during contraction28. Increased plasma levels of anti-HSP70 were found to be a
cardiac risk factor associated with a significant incidence of ECG abnormalities
characteristic of chronic myocardial ischemia, conduction abnormality, or heart
displacement29. Previous study also suggested that higher serum HSP70 antibody level may
be a marker for subsequent development of postoperative atrial fibrillation30. Our findings
suggest that the presence of autoantibodies against HSP70 could be a risk factor for the
development of cardiac dysfunction in POTS.

Interestingly, a newly described protein, cavin-1, also known as polymerase I and transcript
release factor (PTRF), is one of the targets of the autoantibodies in POTS. Cavin-1 is
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required for the formation of caveolae in all mammalian and plays a critical role in
regulating caveolae function in endothelial cells26. Cavin-1 also facilitates repair of
damaged muscle cells31. Cavin-1 mutations in human caused a secondary deficiency of
caveolins resulting in muscular dystrophy, as well as arrhythmias and atrial fibrillation32.
Therefore, further studies are warranted to investigate the effect of immune reactions against
cavin-1.

Cellular proteins are connected through extensive networks of interacting pathways.
Assembly of biologically relevant interactomes may help better understand the effects
produced by the binding of autoimmunoreactive IgGs to lipid raft/caveolae proteins. The
unbiased gene ontology-based network interrogation further indicates that autoimmune
reactions to cardiac proteins are biologically relevant with nonrandom effects on cardiac
functions (Figure 4). Some of the targeted proteins are important signaling proteins and they
encompass many signaling pathways (Table 4). The potential involvement of the β-
adrenergic signaling pathway in POTS is particularly intriguing as a putative mechanism
that underlies the clinical manifestation in POTS is an imbalance between sympathetic/
parasympathetic regulations. Hence, further studies on the functional relevance of
autoantibodies and their potential cardiac membrane protein targets may provide important
insights into the pathogenesis of POTS. We hope that this study may serve as an impetus for
further investigations in this area.
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Figure 1. Immunoblot analysis of human cardiac membrane sucrose density gradient fractions
(A) An equal volume of each sucrose density gradient fraction was loaded onto each lane.
Enrichment of caveolin-3 in the low buoyant density fractions indicated the successful
separation of caveolae/lipid raft fraction (top panel). The middle and lower panels show
clathrin and Golgi 58, the non-lipid raft plasma membrane and intracellular organelle marker
proteins, respectively, are predominantly detected in the heavy fractions, but not in the
caveolae-rich fraction. (B) The distribution of protein content across the gradient fractions
was expressed as a percentage of the total amount of protein recovered in the gradient.
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Figure 2. 2DE gel immunoblotting of human cardiac lipid raft/caveolae fractions
(A) Protein maps resolved by 2DE with isoelectric focusing, SDS-PAGE and silver staining.
(B) Protein spots in representative 2DE immunoblots reactive against purified IgGs from a
healthy control (upper panel) and a patient with POTS (lower panel). Arrow shows patient-
specific immunoreactive protein spots. (C) Patient-specific immunoreactive spots sampled
from silver-stained 2DE gel for protein identification, spots 1 to 34.
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Figure 3. 2DE gel immunoblot of human heart lipid raft/caveolae fractions against anti-cavin-1, -
desmin and -HSP70 antibodies
Immunoblot analyses of 2DE of lipid raft/caveolae fractions against commercially available
antibodies (left panel) and against patient serum IgGs (right panel). The results show
agreement for anti-cavin-1 (A), anti-desmin (B), and anti-HSP70 (C).
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Figure 4. Network analysis of the proteins identified by MS from patient-specific protein spots
(A) Seventy-two unique proteins identified by MS submitted to Ingenuity Pathways
Analysis as focus nodes were integrated into a composite neighborhood comprised of 113
protein interaction network linked by 389 interactions or edges. Nodes are listed by Swiss-
Prot gene designations and the color corresponds to ontological function. (B) Network
degree distribution, (P[k]) versus degree (k), followed a power law distribution indicating
nonstochastic scale-free network architecture a typical biological networks.

Wang et al. Page 11

Transl Res. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 12

Ta
bl

e 
1

C
lin

ic
al

 p
ro

fi
le

s 
an

d 
la

bo
ra

to
ry

 f
in

di
ng

s 
of

 c
on

tr
ol

s 
an

d 
PO

T
S 

pa
tie

nt
s

A
ge

Se
x

A
lle

rg
ie

s
P

M
H

M
ed

ic
at

io
ns

Sy
m

pt
om

s 
&

 S
tu

dy
 F

in
di

ng
s

E
C

G
 H

R
 B

P
M

H
ol

te
r 

H
R

B
P

M
 A

vg
(r

an
ge

)

T
ilt

 S
tu

dy
B

as
el

in
e 

H
R

(B
P

)

T
ilt

 S
tu

dy
 1

0
m

in
 H

R
 (

B
P

)
E

C
H

O
 (

L
V

E
F

 %
)

C
on

tr
ol

s

1
43

F
C

od
ei

ne
, p

ro
ca

in
e

B
en

ig
n 

th
yr

oi
d 

no
du

le
L

ev
ap

ro

2
23

F

3
45

F
L

ip
id

s,
 L

B
P,

 H
er

pe
s 

zo
st

er

4
37

F
A

zi
th

ro
m

yc
in

, P
se

ud
oe

ph
ed

 r
in

e
L

ip
id

s

5
44

F
PC

N
, s

he
llf

is
h

Si
nu

s 
rh

in
iti

s
A

dv
il,

 f
is

h 
oi

l, 
Im

itr
ex

6
24

F
A

st
hm

a
A

la
ve

rt

7
37

M
H

B
P,

 G
E

R
D

L
is

in
op

ri
l, 

Pr
ilo

se
c

PO
T

S 
Su

bj
ec

ts

1
44

F
Su

lf
ur

, L
ev

of
lo

xa
ci

n
M

el
an

om
a,

 m
en

in
gi

tis
, l

ip
id

s,
fi

br
om

ya
lg

ia
, e

cz
em

a
R

et
in

A
 c

re
am

or
th

o 
in

to
le

ra
nc

e
12

6
10

1 
(7

0–
16

9)
99

 (
12

2/
80

)
12

2 
(1

10
/8

4)
N

or
m

al
 (

60
–6

5%
)

2
51

F
B

ip
ol

ar
, H

B
P

C
at

ap
re

s,
 M

et
op

ro
lo

l, 
L

ip
ito

r,
C

lo
ni

di
ne

, P
ro

ve
ra

or
th

o 
In

to
le

ra
nc

e,
 m

ild
 a

ut
o

ne
ur

op
at

hy
11

7
11

4 
(8

9–
16

5
92

 (
14

8/
92

)
13

4 
(1

25
/7

6)
N

or
m

al
 (

62
%

)

3
48

M
Fi

br
om

ya
lg

ia
, c

hr
on

ic
 f

at
ig

ue
, P

T
SD

V
it 

D
, L

yr
ic

a,
 I

m
itr

ex
, I

nd
er

al
,

Fl
or

in
ef

or
th

o 
in

to
le

ra
nc

e,
 m

ild
po

st
ga

ng
 s

ud
om

ot
er

 im
pa

ir
,

m
ild

 m
ul

tif
oc

al
 a

nh
id

ro
si

s

63
73

 (
50

–1
45

)
74

 (
12

2/
78

)
12

5 
(1

10
/7

0)
N

or
m

al
 (

60
%

)

4
56

M
G

I 
dy

sm
ot

ili
ty

Fl
or

in
ef

, N
eu

ro
nt

in
, K

, M
id

od
ri

ne
,

M
es

tin
on

se
ve

re
 a

ut
on

om
ic

 n
eu

ro
pa

th
y,

se
ve

re
 c

ar
di

ov
ag

al
 a

nd
ad

re
ne

rg
ic

 f
ai

lu
re

, d
is

ta
l

an
hi

dr
os

is
, o

rt
ho

 h
yp

ot
en

si
on

67
64

 (
16

4/
94

)
64

 (
50

/−
) 

(1
.5

m
in

)

5
35

F
A

st
hm

a,
 li

pi
ds

, d
ep

re
ss

io
n

K
lo

no
pi

n,
 M

id
od

ri
ne

, N
ad

ol
ol

,
B

C
P,

 in
ha

le
r

m
ild

 v
as

cu
la

r 
ad

re
ne

rg
ic

im
pa

ir
m

en
t, 

m
in

or
hy

po
hi

dr
os

is

88
93

 (
64

–1
52

)
88

 (
12

2/
74

)
16

5 
(1

04
/8

2)
N

or
m

al
 (

63
%

)

6
18

F
H

yd
ro

co
do

ne
Ir

ri
ta

bl
e 

bo
w

el
, h

yp
ov

ita
m

in
os

is
 D

M
et

op
ro

lo
l, 

C
ita

lo
pr

am
, v

it 
D

or
th

o 
ta

ch
yc

ar
di

a
88

76
 (

10
8/

64
)

12
0 

(1
00

/8
0)

7
20

F
A

m
ox

ac
ill

in
A

lle
gr

a,
 M

ic
ro

ge
st

in
↓o

rt
ho

 to
le

ra
nc

e,
hy

pe
ra

dr
en

er
gi

c 
st

at
e

92
82

 (
11

0/
56

)
13

1 
(1

00
/7

0)
N

or
m

al
 (

61
%

)

8
21

F
T

ra
m

ad
ol

, S
pr

in
te

c
M

on
on

uc
le

os
is

, i
rr

ita
bl

e 
bo

w
el

Fl
or

in
ef

, N
eu

ro
nt

in
, L

ex
ap

ro
,

M
et

op
ro

lo
l, 

Pr
ilo

se
c,

 M
es

tin
on

fo
ca

l s
ud

om
ot

or
 f

ai
lu

re
, o

rt
ho

in
to

le
ra

nc
e

67
90

 (
64

–1
37

)
72

 (
92

/6
4)

10
1 

(8
6/

64
)

9
26

F
A

m
ox

ac
ill

in
E

cz
em

a.
 G

E
R

D
, s

in
us

, p
er

iu
re

th
ra

l c
ys

t
K

lo
no

pi
n,

 M
ic

ro
ge

st
in

, Z
yr

te
c,

N
or

co
, C

ym
ba

lta
or

th
o 

in
to

le
ra

nc
e

82
84

 (
67

–1
37

)
83

 (
11

4/
70

)
13

7 
(1

08
/8

4)

10
32

M
H

B
P,

 li
pi

ds
, a

rt
hr

iti
s,

 a
st

hm
a.

 G
I

dy
sm

ot
ili

ty
Fl

ex
er

il,
 F

lo
ri

ne
f,

 N
eu

ro
nt

in
,

K
lo

no
pi

n,
 M

es
tin

on
, P

ro
pr

an
ol

ol
or

th
o 

in
to

le
ra

nc
e,

 m
ild

ad
re

ne
rg

ic
 v

as
oc

on
st

r 
fa

ilu
re

71
87

 (
54

–1
36

)
80

 (
11

0/
76

)
13

1 
(1

12
/7

8)

Transl Res. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 13

Ta
bl

e 
2

PO
T

S 
pa

tie
nt

 s
pe

ci
fi

c 
im

m
un

or
ea

ct
iv

e 
sp

ot
s

P
at

ie
nt

 #
P

at
ie

nt
 s

pe
ci

fi
c 

sp
ot

s*

00
9

2,
 3

, 4

01
0

2,
 3

, 4
, 5

, 6
, 7

, 8
, 9

, 1
0,

 1
1,

 1
2,

 1
3

01
1

5,
 6

, 7

01
2

14
, 1

5,
 1

6,
 3

0,
 3

1,
 3

2,
 3

3,
 3

4

01
3

1

01
4

17
, 1

8,
 1

9,
 3

0,
 3

1,
 2

, 3
, 4

01
5

20
, 2

1,
 2

2,
 2

3,
 2

4

01
6

01
7

01
8

3,
 4

, 3
0,

 3
1,

 2
5,

 2
6,

 2
7,

 2
8,

 2
9,

 1
2,

 1
3

* Sp
ot

 c
od

e 
re

fe
r 

to
 F

ig
ur

e 
2C

Transl Res. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 14

Ta
bl

e 
3

Pr
ot

ei
ns

 d
et

ec
te

d 
fr

om
 p

at
ie

nt
 s

pe
ci

fi
c 

sp
ot

s

Sy
m

bo
ls

P
ro

te
in

 N
am

e
A

cc
. n

um
be

rs
F

un
ct

io
n

S1
00

A
8

Pr
ot

ei
n 

S1
00

-A
8

S1
0A

8_
H

U
M

A
N

ap
op

to
si

s

PP
P2

R
1A

Se
ri

ne
/th

re
on

in
e-

pr
ot

ei
n 

ph
os

ph
at

as
e 

2A
2A

A
A

_H
U

M
A

N
ap

op
to

si
s,

 c
hr

om
os

om
e 

se
gr

eg
at

io
n

H
SP

A
9

St
re

ss
-7

0 
pr

ot
ei

n
G

R
P7

5_
B

O
V

IN
C

ha
pe

ro
ne

, c
el

l p
ro

lif
er

at
io

n 
an

d 
ag

in
g

PD
IA

6
Pr

ot
ei

n 
di

su
lf

id
e-

is
om

er
as

e 
A

6
PD

IA
6_

H
U

M
A

N
C

ha
pe

ro
ne

, i
so

m
er

as
e

H
SP

D
1

60
 k

D
a 

he
at

 s
ho

ck
 p

ro
te

in
C

H
60

_H
U

M
A

N
C

ha
pe

ro
ne

, p
ro

te
in

 f
ol

di
ng

H
SP

A
1A

H
ea

t s
ho

ck
 7

0 
kD

a 
pr

ot
ei

n 
1A

/1
B

H
SP

71
_H

U
M

A
N

C
ha

pe
ro

ne
, p

ro
te

in
 f

ol
di

ng

H
SP

A
8

H
ea

t s
ho

ck
 c

og
na

te
 7

1 
kD

a 
pr

ot
ei

n
H

SP
7C

_H
U

M
A

N
C

ha
pe

ro
ne

, p
ro

te
in

 f
ol

di
ng

L
M

N
B

2
L

am
in

-B
2

L
M

N
B

2_
H

U
M

A
N

st
ru

ct
ur

al
 m

ol
ec

ul
e 

ac
tiv

ity
, l

ip
od

ys
tr

op
hy

T
U

B
A

T
ub

ul
in

 a
lp

ha
 c

ha
in

T
B

A
_X

E
N

T
R

m
ic

ro
tu

bu
le

, s
tr

uc
tu

ra
l m

ol
ec

ul
e 

ac
tiv

ity

T
U

B
B

2C
T

ub
ul

in
 b

et
a-

2C
 c

ha
in

T
B

B
2C

_H
U

M
A

N
m

ic
ro

tu
bu

le
, s

tr
uc

tu
ra

l m
ol

ec
ul

e 
ac

tiv
ity

T
U

B
B

5
T

ub
ul

in
 b

et
a-

5 
ch

ai
n

T
B

B
5_

H
U

M
A

N
m

ic
ro

tu
bu

le
, s

tr
uc

tu
ra

l m
ol

ec
ul

e 
ac

tiv
ity

A
C

T
A

ct
in

, a
lp

ha
 s

ar
co

m
er

ic
/c

ar
di

ac
A

C
T

2_
X

E
N

L
A

cy
to

sk
el

et
on

, c
el

l m
ot

ili
ty

V
IM

V
im

en
tin

V
IM

E
_H

U
M

A
N

cy
to

sk
el

et
on

, i
nt

er
m

ed
ia

te
 f

ila
m

en
ts

D
E

S
D

es
m

in
D

E
SM

_H
U

M
A

N
in

te
rm

ed
ia

te
 f

ila
m

en
t, 

ca
rd

io
m

yo
pa

th
y

M
Y

H
7

M
yo

si
n-

7
M

Y
H

7_
H

U
M

A
N

co
nt

ra
ct

ile
 p

ro
te

in
, h

yp
er

tr
op

hi
c 

C
M

D
SP

D
es

m
op

la
ki

n
D

E
SP

_H
U

M
A

N
de

sm
os

om
al

 p
ro

te
in

, c
ar

di
om

yo
pa

th
y

PS
M

C
5

26
S 

pr
ot

ea
se

 r
eg

ul
at

or
y 

su
bu

ni
t 8

PR
S8

_H
U

M
A

N
de

gr
ad

at
io

n 
of

 u
bi

qu
iti

na
te

d 
pr

ot
ei

ns

FH
L

1
Fo

ur
 a

nd
 a

 h
al

f 
L

IM
 d

om
ai

ns
 p

ro
te

in
 1

FH
L

1_
H

U
M

A
N

m
us

cl
e 

de
ve

lo
pm

en
t, 

hy
pe

rt
ro

ph
y

FL
G

2
Fi

la
gg

ri
n-

2
FI

L
A

2_
H

U
M

A
N

ce
ll 

di
ff

er
en

tia
tio

n

D
SG

1
D

es
m

og
le

in
-1

D
SG

1_
H

U
M

A
N

m
ed

ia
tin

g 
ce

ll-
ce

ll 
ad

he
si

on

M
FG

E
8

L
ac

ta
dh

er
in

M
FG

M
_H

U
M

A
N

ce
ll 

ad
he

si
on

, a
ng

io
ge

ne
si

s

JU
P

Ju
nc

tio
n 

pl
ak

og
lo

bi
n

PL
A

K
_H

U
M

A
N

C
el

l a
dh

es
io

n,
 c

ar
di

om
yo

pa
th

y,
 a

rr
hy

th
m

ia

C
S

C
itr

at
e 

sy
nt

ha
se

C
IS

Y
_H

U
M

A
N

C
ar

bo
hy

dr
at

e 
m

et
ab

ol
is

m
, T

ri
ca

rb
ox

yl
ic

 a
ci

d 
cy

cl
e

A
C

A
A

2
3-

ke
to

ac
yl

-C
oA

 th
io

la
se

T
H

IM
_H

U
M

A
N

ap
op

to
si

s 
an

d 
m

ito
ch

on
dr

ia
l d

am
ag

e

C
K

M
C

re
at

in
e 

ki
na

se
 M

-t
yp

e
K

C
R

M
_H

U
M

A
N

en
er

gy
 tr

an
sd

uc
tio

n

C
K

M
T

2
C

re
at

in
e 

ki
na

se
 S

-t
yp

e
K

C
R

S_
H

U
M

A
N

en
er

gy
 tr

an
sd

uc
tio

n

A
C

O
T

1
A

cy
l-

co
en

zy
m

e 
A

 th
io

es
te

ra
se

 1
A

C
O

T
1_

H
U

M
A

N
hy

dr
ol

ys
is

 o
f 

ac
yl

-C
oA

s

SL
C

25
A

4
A

D
P/

A
T

P 
tr

an
sl

oc
as

e 
1

A
D

T
1_

H
U

M
A

N
ex

ch
an

ge
 o

f 
A

D
P 

an
d 

A
T

P

A
C

A
T

1
A

ce
ty

l-
C

oA
 a

ce
ty

ltr
an

sf
er

as
e

T
H

IL
_H

U
M

A
N

ke
to

ne
 b

od
y 

m
et

ab
ol

is
m

Transl Res. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 15

Sy
m

bo
ls

P
ro

te
in

 N
am

e
A

cc
. n

um
be

rs
F

un
ct

io
n

H
A

D
H

H
yd

ro
xy

ac
yl

-c
oe

nz
ym

e 
A

 d
eh

yd
ro

ge
na

se
H

C
D

H
_H

U
M

A
N

Fa
tty

 a
ci

d 
m

et
ab

ol
is

m

FH
Fu

m
ar

at
e 

hy
dr

at
as

e
FU

M
H

_H
U

M
A

N
fu

m
ar

at
e 

m
et

ab
ol

ic
 p

ro
ce

ss

M
A

O
B

A
m

in
e 

ox
id

as
e

A
O

FB
_H

U
M

A
N

m
et

ab
ol

is
m

 o
f 

ne
ur

oa
ct

iv
e 

an
d 

va
so

ac
tiv

e 
am

in
es

M
T

-C
O

2
C

yt
oc

hr
om

e 
c 

ox
id

as
e 

su
bu

ni
t 2

C
O

X
2_

H
U

M
A

N
el

ec
tr

on
 tr

an
sp

or
t

U
Q

C
R

C
1

C
yt

oc
hr

om
e 

b-
c1

 c
om

pl
ex

 s
ub

un
it 

1
Q

C
R

1_
H

U
M

A
N

el
ec

tr
on

 tr
an

sp
or

t, 
A

T
P

U
Q

C
R

C
2

C
yt

oc
hr

om
e 

b-
c1

 c
om

pl
ex

 s
ub

un
it 

2
Q

C
R

2_
H

U
M

A
N

el
ec

tr
on

 tr
an

sp
or

t, 
A

T
P

SA
M

M
50

So
rt

in
g 

an
d 

as
se

m
bl

y 
m

ac
hi

ne
ry

 c
om

po
ne

nt
 5

0 
ho

m
ol

og
SA

M
50

_H
U

M
A

N
m

ito
ch

on
dr

ia
l f

un
ct

io
n

N
D

U
FS

1
N

A
D

H
-u

bi
qu

in
on

e 
ox

id
or

ed
uc

ta
se

N
D

U
S1

_H
U

M
A

N
N

A
D

H
 o

xi
da

tio
n

PD
H

X
Py

ru
va

te
 d

eh
yd

ro
ge

na
se

 p
ro

te
in

 X
 c

om
po

ne
nt

O
D

PX
_H

U
M

A
N

py
ru

va
te

 m
et

ab
ol

ic
, a

cy
ltr

an
sf

er
as

e 
ac

tiv
ity

T
U

FM
E

lo
ng

at
io

n 
fa

ct
or

 T
u

E
FT

U
_H

U
M

A
N

E
lo

ng
at

io
n 

fa
ct

or

A
T

P5
A

1
A

T
P 

sy
nt

ha
se

 s
ub

un
it 

al
ph

a
A

T
PA

_H
U

M
A

N
ox

id
at

iv
e 

ph
os

ph
or

yl
at

io
n

A
T

P5
B

A
T

P 
sy

nt
ha

se
 s

ub
un

it 
be

ta
A

T
PB

_H
U

M
A

N
ox

id
at

iv
e 

ph
os

ph
or

yl
at

io
n

A
T

P5
C

1
A

T
P 

sy
nt

ha
se

 s
ub

un
it 

ga
m

m
a

A
T

PG
_H

U
M

A
N

ox
id

at
iv

e 
ph

os
ph

or
yl

at
io

n

D
E

C
R

1
2,

4-
di

en
oy

l-
C

oA
 r

ed
uc

ta
se

D
E

C
R

_H
U

M
A

N
O

xi
do

re
du

ct
as

e

A
L

D
H

2
A

ld
eh

yd
e 

de
hy

dr
og

en
as

e
A

L
D

H
2_

H
U

M
A

N
O

xi
do

re
du

ct
as

e

D
L

D
D

ih
yd

ro
lip

oy
l d

eh
yd

ro
ge

na
se

D
L

D
H

_H
U

M
A

N
O

xi
do

re
du

ct
as

e

D
L

A
T

D
ih

yd
ro

lip
oy

lly
si

ne
-r

es
id

ue
 a

ce
ty

ltr
an

sf
er

as
e-

 p
yr

uv
at

e 
de

hy
dr

og
en

as
e 

co
m

pl
ex

O
D

P2
_H

U
M

A
N

O
xi

do
re

du
ct

as
e

D
L

ST
D

ih
yd

ro
lip

oy
lly

si
ne

-r
es

id
ue

 s
uc

ci
ny

ltr
an

sf
er

as
e-

2-
ox

og
lu

ta
ra

te
 d

eh
yd

ro
ge

na
se

 c
om

pl
ex

O
D

O
2_

H
U

M
A

N
O

xi
do

re
du

ct
as

e

E
C

SI
T

E
vo

lu
tio

na
ri

ly
 c

on
se

rv
ed

 s
ig

na
lin

g 
in

te
rm

ed
ia

te
 in

 T
ol

l p
at

hw
ay

E
C

SI
T

_H
U

M
A

N
O

xi
do

re
du

ct
as

e

H
SD

L
2

H
yd

ro
xy

st
er

oi
d 

de
hy

dr
og

en
as

e-
lik

e 
pr

ot
ei

n 
2

H
SD

L
2_

H
U

M
A

N
O

xi
do

re
du

ct
as

e

ID
H

2
Is

oc
itr

at
e 

de
hy

dr
og

en
as

e
ID

H
P_

H
U

M
A

N
O

xi
do

re
du

ct
as

e

L
D

H
A

L
-l

ac
ta

te
 d

eh
yd

ro
ge

na
se

 A
 c

ha
in

L
D

H
A

_H
U

M
A

N
O

xi
do

re
du

ct
as

e

M
D

H
2

M
al

at
e 

de
hy

dr
og

en
as

e
M

D
H

M
_H

U
M

A
N

O
xi

do
re

du
ct

as
e

A
C

A
D

M
M

ed
iu

m
-c

ha
in

 s
pe

ci
fi

c 
ac

yl
-C

oA
 d

eh
yd

ro
ge

na
se

A
C

A
D

M
_H

U
M

A
N

O
xi

do
re

du
ct

as
e

L
D

H
D

Pr
ob

ab
le

 D
-l

ac
ta

te
 d

eh
yd

ro
ge

na
se

L
D

H
D

_H
U

M
A

N
O

xi
do

re
du

ct
as

e

A
IF

M
1

A
po

pt
os

is
-i

nd
uc

in
g 

fa
ct

or
 1

A
IF

M
1_

H
U

M
A

N
ox

id
or

ed
uc

ta
se

, a
po

pt
os

is

V
D

A
C

1
V

ol
ta

ge
-d

ep
en

de
nt

 a
ni

on
-s

el
ec

tiv
e 

ch
an

ne
l p

ro
te

in
 1

V
D

A
C

1_
H

U
M

A
N

O
xi

do
re

du
ct

as
e,

 a
po

pt
os

is

A
C

A
D

V
L

V
er

y 
lo

ng
-c

ha
in

 s
pe

ci
fi

c 
ac

yl
-C

oA
 d

eh
yd

ro
ge

na
se

A
C

A
D

V
_H

U
M

A
N

O
xi

do
re

du
ct

as
e,

 c
ar

di
om

yo
pa

th
y

PR
K

A
R

1A
cA

M
P-

de
pe

nd
en

t p
ro

te
in

 k
in

as
e 

ty
pe

 I
-a

lp
ha

 r
eg

ul
at

or
y 

su
bu

ni
t

K
A

P0
_H

U
M

A
N

Po
st

-t
ra

ns
la

tio
na

l m
od

if
ic

at
io

n

PR
K

A
R

2A
cA

M
P-

de
pe

nd
en

t p
ro

te
in

 k
in

as
e 

ty
pe

 I
I-

al
ph

a 
re

gu
la

to
ry

 s
ub

un
it

K
A

P2
_H

U
M

A
N

Po
st

-t
ra

ns
la

tio
na

l m
od

if
ic

at
io

n

L
D

B
3

L
IM

 d
om

ai
n-

bi
nd

in
g 

pr
ot

ei
n 

3
L

D
B

3_
H

U
M

A
N

PK
C

-m
ed

ia
te

d 
si

gn
al

in
g

Transl Res. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 16

Sy
m

bo
ls

P
ro

te
in

 N
am

e
A

cc
. n

um
be

rs
F

un
ct

io
n

PG
K

1
Ph

os
ph

og
ly

ce
ra

te
 k

in
as

e 
1

PG
K

1_
H

U
M

A
N

K
in

as
e,

 tr
an

sf
er

as
e

PK
M

2
Py

ru
va

te
 k

in
as

e 
is

oz
ym

es
 M

1/
M

2
K

PY
M

_H
U

M
A

N
py

ru
va

te
, a

po
pt

os
is

, c
al

ci
um

 s
ig

na
lin

g

PT
R

F
Po

ly
m

er
as

e 
I 

an
d 

tr
an

sc
ri

pt
 r

el
ea

se
 f

ac
to

r
PT

R
F_

H
U

M
A

N
ca

ve
ol

ae
 f

or
m

at
io

n,
 c

el
l m

em
br

an
e 

re
pa

ir

A
PO

D
A

po
lip

op
ro

te
in

 D
A

PO
D

_H
U

M
A

N
lig

an
ds

 tr
an

sp
or

t

PA
C

SI
N

3
Pr

ot
ei

n 
ki

na
se

 C
 a

nd
 c

as
ei

n 
ki

na
se

 s
ub

st
ra

te
 in

 n
eu

ro
ns

 p
ro

te
in

 3
PA

C
N

3_
H

U
M

A
N

ve
si

cl
e 

fo
rm

at
io

n 
an

d 
tr

an
sp

or
t

SR
L

Sa
rc

al
um

en
in

SR
C

A
_H

U
M

A
N

re
gu

la
tio

n 
of

 c
al

ci
um

 tr
an

sp
or

t

FG
B

Fi
br

in
og

en
 b

et
a 

ch
ai

n
FI

B
B

_H
U

M
A

N
pl

at
el

et
 a

gg
re

ga
tio

n

FG
G

Fi
br

in
og

en
 g

am
m

a 
ch

ai
n

FI
B

G
_H

U
M

A
N

pl
at

el
et

 a
gg

re
ga

tio
n

A
N

X
A

2
A

nn
ex

in
 A

2
A

N
X

A
2_

H
U

M
A

N
st

re
ss

 r
es

po
ns

e,
 e

xo
cy

to
si

s

A
N

X
A

6
A

nn
ex

in
 A

6
A

N
X

A
6_

H
U

M
A

N
re

gu
la

te
 in

tr
ac

el
lu

la
r 

C
a2

+
 r

el
ea

se

A
N

X
A

11
A

nn
ex

in
 A

11
A

N
X

11
_H

U
M

A
N

cy
to

ki
ne

si
s

A
N

X
A

7
A

nn
ex

in
 A

7
A

N
X

A
7_

H
U

M
A

N
m

em
br

an
e 

fu
si

on
, e

xo
cy

to
si

s

Transl Res. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 17

Ta
bl

e 
4

C
an

on
ic

al
 p

at
hw

ay
s 

in
vo

lv
ed

 in
 p

ro
te

in
s 

ta
rg

et
ed

 b
y 

au
to

an
tib

od
ie

s

In
ge

nu
it

y 
C

an
on

ic
al

 P
at

hw
ay

s
M

ol
ec

ul
es

 (
Sy

m
bo

ls
)

M
ito

ch
on

dr
ia

l D
ys

fu
nc

tio
n

A
T

P5
C

1,
 N

D
U

FS
1,

 A
T

P5
B

, U
Q

C
R

C
2,

 M
T

-C
O

2,
 U

Q
C

R
C

1,
 A

IF
M

1

O
xi

da
tiv

e 
Ph

os
ph

or
yl

at
io

n
A

T
P5

C
1,

 N
D

U
FS

1,
 A

T
P5

B
, U

Q
C

R
C

2,
 M

T
-C

O
2,

 U
Q

C
R

C
1,

 A
T

P5
F1

Py
ru

va
te

 M
et

ab
ol

is
m

PK
M

2,
 L

D
H

D
, D

L
A

T
, P

D
H

X
, A

C
A

T
1

V
al

in
e,

 L
eu

ci
ne

 a
nd

 I
so

le
uc

in
e 

D
eg

ra
da

tio
n

A
C

A
D

V
L

, A
C

A
T

1,
 A

C
A

A
2,

 H
A

D
H

C
itr

at
e 

C
yc

le
C

S,
 D

L
ST

, I
D

H
2

Pu
ri

ne
 M

et
ab

ol
is

m
PK

M
2,

 A
T

P5
C

1,
 A

T
P5

B
, M

Y
H

7,
 H

SP
D

1,
 A

T
P5

F1

Fa
tty

 A
ci

d 
M

et
ab

ol
is

m
A

C
A

D
V

L
, A

C
A

T
1,

 A
C

A
A

2,
 H

A
D

H

L
ys

in
e 

D
eg

ra
da

tio
n

D
L

ST
, A

C
A

T
1,

 H
A

D
H

E
xt

ri
ns

ic
 P

ro
th

ro
m

bi
n 

A
ct

iv
at

io
n 

Pa
th

w
ay

FG
B

, F
G

G

Fa
tty

 A
ci

d 
E

lo
ng

at
io

n 
in

 M
ito

ch
on

dr
ia

A
C

A
A

2,
 H

A
D

H

G
ly

co
ly

si
s/

G
lu

co
ne

og
en

es
is

PK
M

2,
 D

L
A

T
, P

D
H

X

In
tr

in
si

c 
Pr

ot
hr

om
bi

n 
A

ct
iv

at
io

n 
Pa

th
w

ay
FG

B
, F

G
G

A
la

ni
ne

 a
nd

 A
sp

ar
ta

te
 M

et
ab

ol
is

m
D

L
A

T
, P

D
H

X

A
cu

te
 P

ha
se

 R
es

po
ns

e 
Si

gn
al

in
g

E
C

SI
T

, F
G

B
, F

G
G

B
ut

an
oa

te
 M

et
ab

ol
is

m
A

C
A

T
1,

 H
A

D
H

Pr
op

an
oa

te
 M

et
ab

ol
is

m
A

C
A

D
V

L
, A

C
A

T
1

IL
-1

 S
ig

na
lin

g
E

C
SI

T
, P

R
K

A
R

2A

Sy
nt

he
si

s 
an

d 
D

eg
ra

da
tio

n 
of

 K
et

on
e 

B
od

ie
s

A
C

A
T

1

C
ar

di
om

yo
cy

te
 D

if
fe

re
nt

ia
tio

n 
vi

a 
B

M
P 

R
ec

ep
to

rs
M

Y
H

7

A
M

PK
 S

ig
na

lin
g

C
K

M
, P

R
K

A
R

2A

T
ry

pt
op

ha
n 

M
et

ab
ol

is
m

A
C

A
T

1,
 H

A
D

H

T
ig

ht
 J

un
ct

io
n 

Si
gn

al
in

g
PR

K
A

R
2A

, M
Y

H
7

C
al

ci
um

 S
ig

na
lin

g
PR

K
A

R
2A

, M
Y

H
7

IL
K

 S
ig

na
lin

g
M

Y
H

7,
 D

SP

H
un

tin
gt

on
’s

 D
is

ea
se

 S
ig

na
lin

g
A

T
P5

B
, H

SP
A

9

Pr
ot

ei
n 

U
bi

qu
iti

na
tio

n 
Pa

th
w

ay
H

SP
A

9,
 H

SP
D

1

G
lu

co
co

rt
ic

oi
d 

R
ec

ep
to

r 
Si

gn
al

in
g

H
SP

A
9,

 F
G

G

C
av

eo
la

r-
m

ed
ia

te
d 

Si
gn

al
in

g
PT

R
F

N
itr

ic
 O

xi
de

 S
ig

na
lin

g 
in

 th
e 

C
ar

di
ov

as
cu

la
r 

Sy
st

em
PR

K
A

R
2A

Transl Res. Author manuscript; available in PMC 2014 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 18

In
ge

nu
it

y 
C

an
on

ic
al

 P
at

hw
ay

s
M

ol
ec

ul
es

 (
Sy

m
bo

ls
)

A
rg

in
in

e 
an

d 
Pr

ol
in

e 
M

et
ab

ol
is

m
C

K
M

M
el

an
oc

yt
e 

D
ev

el
op

m
en

t a
nd

 P
ig

m
en

ta
tio

n 
Si

gn
al

in
g

PR
K

A
R

2A

α
-A

dr
en

er
gi

c 
Si

gn
al

in
g

PR
K

A
R

2A

C
ar

di
ac

 β
-a

dr
en

er
gi

c 
Si

gn
al

in
g

PR
K

A
R

2A

In
su

lin
 R

ec
ep

to
r 

Si
gn

al
in

g
PR

K
A

R
2A

R
ol

e 
of

 N
FA

T
 in

 C
ar

di
ac

 H
yp

er
tr

op
hy

PR
K

A
R

2A

cA
M

P-
m

ed
ia

te
d 

si
gn

al
in

g
PR

K
A

R
2A

C
ar

di
ac

 H
yp

er
tr

op
hy

 S
ig

na
lin

g
PR

K
A

R
2A

Transl Res. Author manuscript; available in PMC 2014 July 01.


