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Caldesmon and Its Phosphorylation in Regulating Contraction

and Relaxation of Intestinal Smooth Muscle
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Abstract The contraction and relaxation of intestinal smooth muscle are closely related to the regulation
of thick and thin muscle filaments. As an actin-binding protein, Caldesmon is one of the important contractile pro-

teins involved in the regulation of the thick and thin filaments of intestinal smooth muscle. It can cross-link with
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actin, myosin and tropomyosin to prevent the binding of actin and myosin, thus inhibiting the contraction of the
intestinal smooth muscle. However, phosphorylation modifications of Caldesmon can reverse this inhibition. Calde-
smon plays a key role in intestinal motility disorders, and can be stimulated by protein kinase activated through
different signaling pathways to cause its own phosphorylation, thereby enhancing the binding of actin and myosin,
and further causing the contraction of intestinal smooth muscle. In CKNI, Baidu Academic and PubMed databases,
Caldesmon, smooth muscle, phosphorylation, actin, myosin and contraction and relaxation were used as keywords
to find relevant literature. To provide a theoretic basis for clinical diseases targeting the regulation of intestinal
smooth muscle contraction and relaxation based on Caldesmon and its phosphorylation, this article reviews the

function and related upstream signaling pathways involved in the regulation of intestinal smooth muscle contraction

and relaxation by Caldesmon and its phosphorylation.
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%1 H-caldesmon5L-caldesmonx B E R
Table 1 The difference between H-caldesmon and L-caldesmon

fiirence H-caldesmon L-caldesmon iﬁiﬁts
Amino acidcomposition 793 538 [19]
Tissue Expressed predominantly indifferentiated smooth Exists mainly in non-muscle tissue and [20-22]
distribution muscle cells, and only a few in platelets, colorectal probably in the non-muscle cells present

pericryptal fibroblasts, and myoepithelial cells of in the interstitium of the smooth muscle

galactophorous sinuses of human breast tissue tissue
Expression in smooth Specific expression Low-level expression [23]
muscle cells
Functions Regulates smooth muscle Involved in cell division, diffusion, [4,20,24]

contraction

Clinical diagnosis

Differential diagnosis of true smooth muscle tumor

migration, proliferation, apoptosis, and
intragranular movement
Regulates actin assembly

As a potential serum marker for glioma [7,25]

from myofibroblastoma, and ovarian/peritoneal

serous papillary carcinoma from epithelioid meso-

thelioma

Combined with CD10 to distinguish leiomyoma

from endometrial stromal sarcoma
Effects after phophoryla- Promotes smooth muscle contraction

tion

Promotes stress fiber decomposition, [6,26]
actin cytoskeletal remodeling, cell pro-
liferation and migration

2D 1TAMNE T, I H AT AR SMNE 1 TH1 Qi £ 14 BY
Fer= AR RS, 7 542 # A Caldesmon(H-Caldes-
mon; 157> T &, 120~150 kDa) #1142 %! Caldesmon(L-
Caldesmon; 1.7 T &, 70~80 kDa)""*!, 1E&H T
FER B A S 1 22 57, T3 Caldesmon [#) 3 Ff1 1
RITE R o0 A« 250 DL L D Re 55 5 A7 (E 22 ¢ (3R
1. EME- I, H-Caldesmon £ EERIA T 701k
B a1 LA, A Tl dn X g2 b L-
Caldesmon ¥ E K& T /- I i i 11 LA
FEAEN )44 ERIEAE .

Caldesmonfd 5 =& Fds, B2 i (N-termi-
nus) 45 R4 HH AT T 235 A4 48 DA K R 2k i (C-terminus)
ghEpg 3 8, Hort L-Caldesmon bt H-Caldesmoniift /> —
B R e 44 U7, Caldesmon ) N Bify 45 #4148, 1(2
210 FE S NIBREQ A FEIREAL S,

Al SRS 554 A OS2 ZI250 R R ) 2
— KM ZL ) adZ e, A5 RNIERE A S &6
L G5 R I3 (29 180k 25 ) 2 AR R I IR eIk, B
TERED. FEIERE S TR EhE A&
Fr 5 CRImZE 38448 2 1 CaldesmonJ L-F-Fir 3 11 1)
Rer e, $HLEh & B s VIR B B Mg -AT Pl
T, SNEhE B AIIERE SAH BASEE, LS

BENLER & B B EhY, Hak T PLS R LER A
Ca™' /85 81 A AR 57 55 A0 H.45 511,
1.2 CaldesmonHIBAER 1V 1&1fF

Caldesmonye 2 Fl B BRI A, AL A A
TR A, AT 52 Z2 P 4% P Caldesmon G it
AT B PR IE 2 SWsE e PshEE TR
BRE A BIBRE A4S HIRAE, 7 Ca® NI Mg™-ATP
HEAFAERIEOL T, &8 W IEE RS E 1) Calde-
smon#l A LLIVH & AL BE R AL . 72 i T L,
Caldesmon 3= ZZ B R AL (A7 A7 T N-di LR 2
giahis. MHEAS G FNEREBLS S
M, BC-m B A A A 85 B AL
JRALEREE B 45 & s i s R IR L (BT,

o 32 B2 5 Caldesmonf FR A6 T 15 38715 138K
g LR J LR : MAPK!M1, K 7 2 127 (heat shock
protein 27, HSP27)®). Ca®"/45 1 & [ R P 2R 1 ity
[1(Ca*"/calmodulin-dependent protein kinase I, CaM-
KID)PUA & F#EFC (protein kinase C, PKC)P-24%,

2 Caldesmon7E 1§75 iz 18 /& AL Th &€

e
TEf7iE g WL, Caldesmon 7] DAIE i 520 JLER
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COOH

Binds to myosin, tropo

myosin and calmodulin Binds to tropomyosin

I Major phosphorylation sites

Binds to myosin, trop
omyosin and actin

H-caldesmon

Binds to actin, calmodulin,
tropomyosin and myosin

FE TG WL, H-caldesmon 22 ANMBEIR AL AL 1, 20 A £5 DUAS AN [ B S5 Ky, F o 22 SR R A6 (o7 s A7 T C-3i AN, 3 1) /£ S657. S687+

S702. S759. S789. S26FIS737 £,

In intestinal smooth muscle, H-caldesmon has multiple phosphorylation sites, which are distributed in four different domains. The major phosphoryla-
tion sites are located at the C and N terminals, which are S657, S687, S702, S759, S789, S26 and S73 respectively.
Bl R7EFEEA A AYCaldesmonfEEE 1L AL 25
Fig.1 The phosphorylation sites of Caldesmon in intestinal smooth muscle

EEESNshEB LS, -7 VA4 sikr
7K, Caldesmon A — & [ 18] B& tH 022 JR JLER 22 H
IR R4t b, 5 R LR S B LS B B 5 A
E, [FREVIERE AR AR T E S EULER
EEMEE S, fiCaldesmon 5 LBh & A 45 &
I, NIskE B 5NshE A S E 2 2 A, Wi
051 By 1~ W LR R 48 . 24 CaldesmonsZ 2| B Ff
FHUR A BERRAGIN, # GOA] e R AR DA, A S LR
w3, SUEEAFMYIERE o E, &
FENBNERE B85 G0, BI85 LER S FMg-ATP
it s MR AR, BN E S VLR E B 455 (F2),
T 5| 762 B T LR W ™

1E M & g Wb, BR T Caldesmon Y fiff 12 44 1%
WaAb, b Ca Bk FE LA K ILER B 1 () B R A 7K T
72 52 i Caldesmon i 15 Ji7 18 ~F- 1 WL 26 &7 7K ) fig
EHZE R R
2.1 Ca*&5Caldesmonif]T5iiAiEaFiRAlIhAE

Ca? 1R £ £ 52 Wil Caldesmon i 5 iz 38 73 LU
Y &7 5k B D RERY 78 718 P38 WL, CaldesmonPACa®
Homir T RS E B 4G, DlCa AR 77 N5
WishsE B85 &0. FEARSMIER s RS (ESH
Caldesmon. WLEREH. JEWEREH. WIahE B A4S
W EDH, MCaT K A T-1 pmol/LIN, 5 FL i)
WL & A AH H, Caldesmon 5 AILaH B 1 #0515 A1 748 0
(K=10" MY, T LA, FECa> MR BERAR(<1 umol/L)f) 1%

#LR, Caldesmon™] fe 5 R WIER T /NS R A4 &, I
VLB ER EE FIMe™ -ATPRE & 1%, {43 L3h & 51
BREE A 456 N, MHAnL 22 A8 B AR BE, FHAS L2
AT, EFFIIE I LR ET TSP, HCa> (IR AL
BT, 3521 umol/LINf, Caldesmon 5 L8N F1 45 &
112 A5 Caldesmon-Ca> /85 1/ 25 1 1 & A VI I K
A TPEPIRES; 2MCa™ B EE R T-1 pmol/LIF, Calde-
smon-5 45 1] & [ [ 2% A1 773230 3 n(K=10° M HBE,
Fr bk, 2Ca R BTt 9 H>1 pumol/LE}, Caldesmon
Al e ] 5 Ca® /S T R A E At — B 4 A, A
§5Caldesmon5 Jif WL ER 85 F1/WL 30 85 A ) AH ELAE H,
X — i #2155 F Caldesmon M\ JE WIEK & /WL EE A E
RS, RENEE A SHERE QS AR, [
I 9 55 Caldesmon X L 2l BK 2 I M g™ - ATPREg I 14 [
HIER, M2 dENsh B 5 IEREa LG, FT
Jir T~ LR AR W A 7 R 5k 02

I, Caldesmon ] DA 35 Ca? ¥ JEE 1) 254k, 49
A5 R NERE B/ E B SR A A, il
B H 5 UUERE B BAH AR, AT I 5 7
U405 B ET 5K T RE .
2.2 AFkE B #ER 1L 5 Caldesmonit 5] T5 518
A IhEE

CaldesmonXt i 18 ¥ ¥ WL 4 £7 7K Ty & 1 14
Tk 5 LER S E R EE B IR A KA A D)k
FRUO AR BIT FE R,4 E T L SZ B0 A R B
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Myosin head
Thick
filament
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A: F#EURE R, CaldesmonPH S NLEN R -5 WIEREE A MU L AEH; B: Caldesmon’Z A= MR {k, WIERTE A k&8 (myosin head) 4 R AHFH 2 K A 2%,
[ o AT PTG /K R TR =, (R EILBN R B S IR EE AL I 45 6 C: BRI SD, FHNLZL WIBRER A 22 1iMZR 7 19132 3)), SIILZ (thin filaments)Y13) &

H & R A T 173830, RAENLZHAT, SR IE P WS4 .

A: during the relaxed state, caldesmon obstructs the interaction between actin and myosin. B: when caldesmon is phosphorylated, the conformation of

myosin head is also changed, and ATP is activated to release energy by hydrolysis, which promotes actin-myosin binding. C: when the cross-bridge

twists, the myosin filaments move in the direction of M line, and the actin filaments move in the opposite direction. Then the thick and fine muscle fila-

ments glide, causing intestinal smooth muscle to contract.

&2 CaldesmonSHFIEKERZ BRIHEEIER

Fig.2 The interaction between Caldesmon and actomyosin

JVLERER 14 ULER 2R (1 0 B S R R A R IR A, 112
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JV 3 P 1 LTS SR AR FF S oK R A1) X AT R 2 B R
DR D 7 WLER B8 [ 5 B 25 0 R Ak I R b, WLER 2R
152 B e L Ca®'/4% 1 B (1A O 0 7 =0 R b
Caldesmon/Jl 3] 2 [ [X 3 ) Thr626 FI Thr693 i A%,
f§iCaldesmon 5 JL3h 28 (110 45 A 98 59, S5 IR L1
WLERER 1SR A0 738 I, AR L Bh & (1 5 LBk B
FIRIZE A, 2 Rr I8 P WL R 82 R0 4R Bt
PL, Caldesmon ] BE7EWLEK 85 [ 1 oK 58 4 T IR 1L 1)
BT, Z R, N SUEhERSEkE
FI 45 4, 3R 18 S 3 WLTEIRATP Y FE 5 00 F,
58 AT LR HE ik I 48

Rt 76 B~ b, WUER & 3 5 10 R
R FE B, 22 52 Caldesmon i 15 17 1 V-4 WL A IR 4
AT ThREMITE

3 AREHMES BN FCaldesmonFEER {1
S5 E A 4HE

Caldesmon & 25 F {5 5 18 B I 5 i 18 ~F- 15 W 46
o AT 5K A T AT, R R A AB I AT LA 3 i
SEVE WL i, 5 F Caldesmonfi R Ak i) = A EE
% : MAPK/E il % . HSP27{5 5@ . CaMKIIfE
SRR (E3).
3.1 MAPK{ZE@K

MAPKAE J /5 Caldesmonii 2 A4, 1 25 B 18 il
2, AIEI 2 4 S R R T T LA A
Caldesmonifi it M2 52 f& 4 3 ) Ras/Raf/MEK/ERK
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Caldesmon i EE3HT — & {5 5@ E 1 S A EBERR 1L, X B85 Sl B il — /Nl L/ QB A 2 VO, AR Ok 2 P VOB A ) s A e B,
il Caldesmon b FUBRR AL AL s R AL BERR AL, TN HE 7 T8 -1 WLAN B U4 - H T IR 5l B 4R Ca™ /CaM{5 5 Il % . CaMKII{Z 5 il % .
PKC5 5@ MAPKAE Sl . HSP27(5 Silik. B&EE OWIHIIE TI8EK . p34cde2f5 il FIPAKAS il EK .

Caldesmon phosphorylation needs to be induced through certain signaling pathways to regulate the contraction and relaxation of intestinal smooth mus-

cle. Each of these signaling pathways has one or several key protein kinases that are activated through different pathways to stimulate phosphorylation
sites on Caldesmon. Currently known signaling pathways include Ca**/CaM, CaMKII, PKC, MAPK, HSP27, casein kinase II, p34cdc2, and PAK.

3 Caldesmon®iEL LA AAIE TR AN AR N E1E S @R (IR B S5 STk [26]1£20)
Fig.3 The different signal pathways of Caldesmon phosphorylation regulate intestinal

smooth muscle contraction (modified from the reference[26])
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PKC-o(Ser657) s 8% 5 i . ¥ 1) PKC-05 Calde-
smonZE A, 58 Caldesmon(Ser789)fi i1k, , iRk
f] Caldesmon 5 ¥4y ) PKC-a%) B, 45 & B AL 1Y)
HSP27, Caldesmont4 5k A 448, 5 R WIERE F /L

E A8, NIBREQENES LIEs), Bk
WIERE A& A s, (e lah & B 5Nk E 45
B, AT 2 P 1 T i LR e 4t o)

2 i 18 T 3 UL 2 B A 4 0 oI I I K
(vasoactive intestinal peptide, VIP)RIFEHS , JRALERE A
Caldesmon 1 HSP27 ¥ 2 44, 52 24111 , Caldesmon 5
JFVERE B/ E RS, HSUEEESNERER
A EAER , 2k, WiE-rig e T 87 5o R A 1o
bz Ah, H AR AT A(PKA)E ) #UK 50 82 H 20
(heat shock protein 20, HSP20)tH nJ DL i i iR A1 1%
i, PR R LEREE (5 Caldesmonfif 55, #iH VLEK 25
H4s G0 RN R R, FEBUEF I LT iK™,

g5 b, Al TE I U2 B A R RS, HSP27
AJ LB B2 R I Caldesmon (1) 2 1k B8 2= i 24k,
WA 3 S LW A B AT 5K Th e
3.3 CaMKIIf5 5@

Caldesmon il CaMKII# A& £ 1 2 1 T Ui 1) ¥ 2
H, B LA Caldesmon Xt f7 38 ~F- 35 LU 46 ) #1 7E
WEZ Ca*' /85 2 1 I 1Y, 52 CaMKITE AL IR 5 R
AT TP, CaMKITE R 14 Caldesmon 4 £ AL F5
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24 A TR kI (83.3%) M5 2 R ik JE (16.7%)°, L 45
B Ak (BT () ERR , 1 e BERR AL IR 5542 Ser73, ik
J&Ser26. Ser726. Ser587, fLAGHERR AL I AL T
Caldesmon [FIN-Zii I LER 85 [ 45 & X 3k, T iR A 5
18 AL 5 WU T C-3i F L B 1 B A 2R 1A 45 6 [X
B, A, CaMKINE 58 B4 IO nT A 8 il
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X LB ER 8 4 Mg? - ATPHEEIE M M d 7, R RR
Caldesmon 5 JJIEk & A 145 &, MREENLBNE 1 5 WLER
A TR R, AR i~ LR 4
3.4 HiESIBE

BRUA_EFR B = A R EME @S, B fF —
YOI (A S 1015 S B A SR 1L 11 Caldes-
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22 47 Z4 30 (8 MBR B LB 2R 1 22 ff 75, DT i i 1
P LA M 2R 45 538 5 5 g 0l T i LS4 (1)
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HIWLEH T (80 (LR B 1 Mg - ATPRE IS, AT

| g T WL A E 454 I, Caldesmonid it 38
BB A 2 A ULER B 1 22, L 22 A2 e 7R IE R )
J7 ) R0 2 TR) S i), A8 3 1 3 LAE 52 2101 S 4
B 24 . Caldesmon R HLHI A XS 52 24
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WA AR 750, BRI 5 R B0 38 P 1 L4 R
Caldesmon [ 35 R B 2 18 ik 52 Wi Ji 38 ~F- 1 JLUSC 4
BT 5Kk, Mz igiEz) 77, BT 5t CaldesmontE:
¥ 38~ i JUL HR R O 145 5 38 B 0 i 1 0 ) B A
T LI 78 S a7 B B2 o H H T2 5
T It Caldesmon S A R A AZ 1 1 45 i 18 ~F- g L
Wi &7 7 D se LS 78 i A 5 4 I, B ) R 22
K I SE 56 A 78 SRAIE B CaldesmonE i 715 738 “F- 1
WU EIPER o [RIEE0TH o R s a5 & A A
AR E R LA 518 e 18] 1 52 HAE AT A et
— It B2, IRZ T f# Caldesmon ¢ H A IR AL AE
VAT T T WL R R AR AL, K R T34
B — 2 AT I TE B 7 B 1 5 ) R AL, AT
R IR 3697 Wi 3 ) Rt 1 e s 4 AL A JE i

S 3k (References)

(11 WK, A, B3 i Rehs 5 D) 8E TR0 2 1R 3E R 1],
LB (XU S C, SUN H H. Progress in diagnosis and treat-
ment of gastrointestinal motility disorders and functional diseases
[J]. Shanghai Medical Journal), 2017, 40(12): 720-2.

21  MR#EF. BHip-rEiuss A (E S e ). B s
2 (HAL R P 43 M )(CHEN Z Y. Cellular signal transduction
mechanism of gastrointestinal smooth muscle movement [J]. In-
ternational Journal of Digestive Diseases), 2003(3): 138-41.

[3] KIM H R, APPEL S, VETTERKIND S, et al. Smooth muscle
signalling pathways in health and disease [J]. J Cell Mol Med,
2008, 12(6A): 2165-80.

[4] PUTZ S, BARTHEL L S, FROHN M, et al. Caldesmon abla-
tion in mice causes umbilical herniation and alters contractility
of fetal urinary bladder smooth muscle [J]. J Gen Physiol, 2021,
153(7): €202012776.

[5] SOBUE K, MURAMOTO Y, FUJITA M, et al. Purification of a
calmodulin-binding protein from chicken gizzard that interacts
with F-actin [J]. Proc Natl Acad Sci USA, 1981, 78(9): 5652-5.

[6] HAMMELL M J, KACHMAR L, BALASSY Z, et al. Molecular-
level evidence of force maintenance by smooth muscle myo-
sin during LC20 dephosphorylation [J]. J Gen Physiol, 2022,
154(10): €202213117.

[7] YAOY B, XIAO CF, LU J G, et al. Caldesmon: biochemical and



R SLEE: Caldesmon b LB RRAL I 15 Il 1 s LIS 46 & Tk DO RERIT F ik g

1525

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

clinical implications in cancer [J]. Front Cell Dev Biol, 2021, 9:
634759.

KOKATE S B, CIUBA K, TRAN V D, et al. Caldesmon controls
stress fiber force-balance through dynamic cross-linking of myo-
sin II and actin-tropomyosin filaments [J]. Nat Commun, 2022,
13(1): 6032.

MCFAWN P K, SHEN L, VINCENT S G, et al. Calcium-inde-
pendent contractionand sensitization of airway smooth muscle
by p21-activated protein kinase [J]. Am J Physiol Lung Cell Mol
Physiol, 2003, 284(5): L863-70.

SOMARA S, BITAR K N. Phosphorylated HSP27 modulates
the association ofphosphorylated Caldesmon with tropomyosin
in colonic smooth muscle [J]. Am J Physiol Gastrointest Liver
Physiol, 2006, 291(4): G630-9.

TRAPPANESE D M, SIVILICH S, ETS H K, et al. Regulation
of mitogen-activated protein kinase by protein kinase C and mi-
togen-activated protein kinasephosphatase-1 in vascular smooth
muscle [J]. Am J Physiol Cell Physiol, 2016, 310(11): C921-30.
FORD C L, WANG Y, MORGAN K, et al. Interferon-gamma
depresses human intestinal smooth muscle cell contractility:
relevance to inflammatory gut motility disturbances [J]. Life Sci,
2019, 222: 69-77.

PETERSON J A M, COOPER T A. Clinical and molecular in-
sights into gastrointestinal dysfunction in myotonic dystrophy
Types 1&2 [J]. Int J Mol Sci, 2022, 23(23): 14779.

YANG Q, XIE Y D, ZHANG M, et al. Effect of electroacupunc-
ture stimulation at Zusanli acupoint (ST36) on gastric motility:
possible through PKC and MAPK signal transduction pathways
[J]. BMC Complement Altern Med, 2014, 14: 137.

ALNUAIMI A R, NAIR V A, MALHAB L J B, et al. Emerging
role of Caldesmon in cancer: a potential biomarker for colorectal
cancer and other cancers [J]. World J Gastrointest Oncol, 2022,
14(9): 1637-53.

EVES R, WEBB B A, ZHOU S, et al. Caldesmon is an integral
component of podosomes in smooth muscle cells [J]. J Cell Sci,
2006, 119(Pt 9): 1691-702.

LIOU Y M, CHAN C L, HUANG R, et al. Effect of 1-Caldesmon
on osteoclastogenesis in RANKL-induced RAW264.7 cells [J]. J
Cell Physiol, 2018, 233(9): 6888-901.

GUSEV N B. Some properties of Caldesmon and calponin and
the participation of these proteins in regulation of smooth muscle
contraction and cytoskeleton formation [J]. Biochemistry, 2001,
66(10): 1112-21.

GLUKHOVA M A, KABAKOV A E, FRID M G, et al. Modula-
tion of human aorta smooth muscle cell phenotype: a study of
muscle-specific variants of vinculin, Caldesmon, and actin ex-
pression [J]. Proc Natl Acad Sci USA, 1988, 85(24): 9542-6.
ALNUAIMI A R, BOTTNER J, NAIR V A, et al. Inmunohisto-
chemical expression nalysis of Caldesmon isoforms in colorectal
carcinoma reveals interesting correlations with tumor character-
istics [J]. Int J Mol Sci, 2023, 24(3): 2275.

KOHLER C N. The actin-binding protein Caldesmon is in spleen
and lymph nodes predominately expressed by smooth-muscle
cells, reticular cells, and follicular dendritic cells [J]. J Histochem
Cytochem, 2010, 58(2): 183-93.

DENG M, BOOPATHI E, HYPOLITE J A, et al. Amino acid
mutations in the Caldesmon COOH-terminal functional domain

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

increase force generation in bladder smooth muscle [J]. Am J
Physiol Renal Physiol, 2013, 305(10): F1455-65.

ABRAMS J, DAVULURI G, SEILER C, et al. Smooth muscle
Caldesmon modulates peristalsis in the wild type and non-in-
nervated zebrafish intestine [J]. Neurogastroenterol Motil, 2012,
24(3): 288-99.

YOSHIO T, MORITA T, KIMURAYY, et al. Caldesmon suppress-
es cancer cell invasion by regulating podosome/invadopodium
formation [J]. FEBS Lett, 2007, 581(20): 3777-82.

CHENG Q, TANG A, WANG Z, et al. CALDI modulates glio-
mas progressionvia facilitating tumor angiogenesis [J]. Cancers,
2021, 13(11): 2705.

KORDOWSKA J, HUANG R, WANG C L A. Phosphorylation
of Caldesmon during smooth muscle contraction and cell migra-
tion or proliferation [J]. J Biomed Sci, 2006, 13(2): 159-72.
FOSTER D B, HUANG R, HATCH YV, et al. Modes of Caldes-
mon binding to actin: sites of Caldesmon contact and modula-
tion of interactions by phosphorylation [J]. J Biol Chem, 2004,
279(51): 53387-94.

DOWELL M L, LAVOIE T L, LAKSER O J, et al. MEK modu-
lates force-fluctuation-induced relengthening of canine tracheal
smooth muscle [J]. Eur Respir J, 2010, 36(3): 630-7.
GERTHOFFER W T. Signal-transduction pathways that regulate
visceral smoothmuscle function. III. Coupling of muscarinic re-
ceptors to signaling kinasesand effector proteins in gastrointesti-
nal smooth muscles [J]. Am J Physiol Gastrointest Liver Physiol,
2005, 288(5): G849-53.

PRASAD AM, NUNO D W, KOVAL O M, et al. Differential control
of calcium homeostasis and vascular reactivity by Ca**/calmodulin-
dependent kinase II [J]. Hypertension, 2013, 62(2): 434-41.
GOYAL R, MITTAL A, CHU N, et al. Maturation and the role of
PKC-mediated contractility in ovine cerebral arteries [J]. Am J
Physiol Heart Circ Physiol, 2009, 297(6): H2242-52.

ISHIDA K, MATSUMOTO T, TAGUCHI K, et al. Protein kinase
C delta contributes to increase in EP3 agonist-induced contrac-
tion in mesenteric arteries from type 2 diabetic Goto-Kakizaki
rats [J]. Pflugers Arch, 2012, 463(4): 593-602.

WANG F, ZACHAR V, PENNISI C P, et al. Hypoxia enhances
differentiation of adipose tissue-derived stem cells toward the
smooth muscle phenotype [J]. Int J Mol Sci, 2018, 19(2): 517.
MARSTON S, EL-MEZGUELDI M. Role of tropomyosin in the
regulation of contraction in smooth muscle [J]. Adv Exp Med
Biol, 2008, 644: 110-23.

DOUGHERTY P J, NEPIYUSHCHIKH Z V, CHAKRABORTY
S, et al. PKC activation increases Ca”" sensitivity of permeabi-
lized lymphatic muscle via myosin light chain 20 phosphoryla-
tion-dependent and -independent mechanisms [J]. Am J Physiol
Heart Circ Physiol, 2014, 306(5): H674-83.

SMITH C W, PRITCHARD K, MARSTON S B. The mechanism
of Ca® regulationof vascular smooth muscle thin filaments by
Caldesmon and calmodulin [J]. J Biol Chem, 1987, 262(1): 116-
22.

LASH J A, SELLERS J R, HATHAWAY D R. The effects of
Caldesmon on smooth muscle heavy actomeromyosin ATPase
activity and binding of heavy meromyosin to actin [J]. J Biol
Chem, 1986, 261(34): 16155-60.

ETS H K, SEOW C Y, MORELAND R S. Sustained contraction



1526

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

in vascular smooth muscle by activation of L-type Ca*" channels
does not involve Ca*" sensitization or Caldesmon [J]. Front Phar-
macol, 2016, 7: 516.

NOTARIANNI G, GUSEV N, LAFITTE D, et al. A novel Ca*
binding protein associated with Caldesmon in Ca*-regulated
smooth muscle thin filaments: evidence for a structurally altered
form of calmodulin [J]. J Muscle Res Cell Motil, 2000, 21(6):
537-49.

HILBERT L, BATES G, ROMAN H N, et al. Molecular me-
chanical differences between isoforms of contractile actin in the
presence of isoforms of smooth muscle tropomyosin [J]. PLoS
Comput Biol, 2013, 9(10): e1003273.

CHEN H, TANG Z, YANG J, et al. Effects of Caldesmon, cal-
ponin, and tropomyosin on the Mg*"-ATPase activities of smooth
muscle myosin [J]. Chin Med Sci J, 2004, 19(4): 286-9.
SOBIESZEK A, SARG B, LINDNER H, et al. Phosphorylation
of Caldesmon by myosin light chain kinase increases its bind-
ing affinity for phosphorylated myosin filaments [J]. Biol Chem,
2010, 391(9): 1091-104.

ROMAN H N, ZITOUNI N B, KACHMAR L, et al. The role of
Caldesmon and its phosphorylation by ERK on the binding force
of unphosphorylated myosin to actin [J]. Biochim Biophys Acta,
2014, 1840(11): 3218-25.

HEDGES J C, OXHORN B C, CARTY M, et al. Phosphorylation
of Caldesmon by ERK MAP kinases in smooth muscle [J]. Am J
Physiol Cell Physiol, 2000, 278(4): C718-26.

JEONG S I, KWON O D, KWON S C, et al. Signalling pathways
responsiblefor the methylisogermabullone-induced contraction of
ileal longitudinal muscles [J]. J Pharm Pharmacol, 2011, 63(2):
245-52.

GORENNE [, SU X, MORELAND R S. Caldesmon phosphory-
lation is catalyzed by two kinases in permeabilized and intact
vascular smooth muscle [J]. J Cell Physiol, 2004, 198(3): 461-9.
MORENO-DOMINGUEZ A, EL-YAZBI A F, ZHU H L, et al.
Cytoskeletal reorganization evoked by Rho-associated kinase-
and protein kinase C-catalyzed phosphorylation of cofilin and
heat shock protein 27, respectively, contributes to myogenic con-
striction of rat cerebral arteries [J]. J Biol Chem, 2014, 289(30):
20939-52.

SOMARA S, GILMONT R, BITAR K N. Role of thin-filament
regulatory proteinsin relaxation of colonic smooth muscle con-
traction [J]. Am J Physiol Gastrointest Liver Physiol, 2009,
297(5): G958-66.

SOMARA S, GILMONT R R, VARADARAJAN S, et al. Phos-

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

phorylated HSP20 modulates the association of thin-filament
binding proteins: Caldesmon with tropomyosin in colonic smooth
muscle [J]. Am J Physiol Gastrointest Liver Physiol, 2010,
299(5): G1164-76.

COLBRAN R J. Targeting of calcium/calmodulin-dependent pro-
tein kinase II [J]. Biochem J, 2004, 378(Pt 1): 1-16.
SCOTT-WOO G C, SUTHERLAND C, WALSH M P. Kinase
activity associated with Caldesmon is Ca*"/calmodulin-dependent
kinase II [J]. Biochem J, 1990, 268(2): 367-70.

IKEBE M, REARDON S. Phosphorylation of smooth muscle
Caldesmon by calmodulin-dependent protein kinase II. Identifica-
tion of the phosphorylation sites [J]. J Biol Chem, 1990, 265(29):
17607-12.

LIU Z, KHALIL R A. Evolving mechanisms of vascular smooth
muscle contraction highlight key targets in vascular disease [J].
Biochem Pharmacol, 2018, 153: 91-122.

BOGATCHEVA N V, VOROTNIKOV A V, BIRUKOV K G,
et al. Phosphorylation by casein kinase II affects the interaction
of Caldesmon with smooth musclemyosin and tropomyosin [J].
Biochem J, 1993, 290(Pt2): 437-42.

HAI C M, GU Z. Caldesmon phosphorylation in actin cytoskel-
etal remodeling [J]. Eur J Cell Biol, 2006, 85(3/4): 305-9.

MAK A S, CARPENTER M, SMILLIE L B, et al. Phosphoryla-
tion of Caldesmonby p34cdc2 kinase. Identification of phosphor-
ylation sites [J]. J Biol Chem, 1991, 266(30): 19971-5.

SERRES M P, SAMWER M, TRUONG QUANG B A, et al. F-
actin interactome reveals vimentin as a key regulator of actin
organization and cell mechanics in mitosis [J]. Dev Cell, 2020,
52(2): 210-22,¢7.

MAYANAGI T, SOBUE K. Diversification of Caldesmon-linked
actin cytoskeleton in cell motility [J]. Cell Adh Migr, 2011, 5(2):
150-9.

WIRTH A, SCHROETER M, KOCK-HAUSER C, et al. Inhibi-
tion of contraction andmyosin light chain phosphorylation in
guinea-pig smooth muscle by p21-activated kinase 1 [J]. J Physi-
ol, 2003, 549(Pt 2): 489-500.

WANG Y, GRATZKE C, TAMALUNAS A, et al. P21-activated
kinase inhibitors FRAX486 and IPA3: inhibition of prostate stro-
mal cell growth and effects on smooth muscle contraction in the
human prostate [J]. PLoS One, 2016, 11(4): e0153312.

CHU J, PHAM N T, OLATE N, et al. Biphasic regulation of my-
osin light chain phosphorylation by p21-activated kinase modu-
lates intestinal smooth muscle contractility [J]. J Biol Chem,
2013, 288(2): 1200-13.



