*AKAPs (A-Kinase Anchoring Proteins) - scaffold proteins
*/IMetoT MHOXXeCTBEHHbIE MeCTa CBsA3blBaHUSA ONS:
eregulatory subunits of Protein Kinase A - R
ephosphorylated derivatives of phosphatidylinositol
*G-protein-coupled receptors (GPCRs)

*Protein Kinase C - PKC

*Protein phosphatases

*Phosphodiesterases - PDE

*AKAPs CTPYKTYPUPYIOT Nepeaady curHarna B KIeTke
N TaKke y4acTBYIOT B pErynsaummn yracaHus
curHana.



O6wunn npnsHak Bcex AKAPs — nomeH cBfA3biBaHUuA RI/Il cyobeanHuy cAK.
TKkaHeBas aKcrnpeccus:

AKAP75/AKAP79/AKAP150 B niasmaTtn4eckon MmembpaHe HEPBHOM TKAHU B CUMHANCcax;

AKAP82 — testis;

Yotiao — xapakTtepeH Ans HepPBHO-MbILLEYHbIX CUMHAMNCOB.

Ezrin , AKAP250, AKAP-KL cBA3aHbI C UMTOCKENETOM.

B anuTtenunanbHbIX KNeTkaxAKAP-KL fiokann3oBaH B anvkanbHOMW YacTu, No-BUANMOMY y4acTBYeT B UX
nonsipusauuu.

AKAP350, - Golgi and ueHTpocowme,
AKAP149 Ha meMbpaHe MUTOXOHOPUN,

HekoTopble AOMEHbI MOryT nepekpbiBaTbCd - MED (membrane effector domain), MARCKS (myristoylated
alanine-rich C-kinase substrate), MED MOXET BKIto4aTh B ceba yyacTku ceasbiBaHus PKC, F- akTuHa,
HepeLenTopHOW tyr KWHa3bl Src — perynatopa GPCR, dpocdonpotenHdgocdaTasbl (Hanp.
KanbuunHenpuHa)



Schematic view of AKAP250

N-myristoylation site
Homology to Ca+/CaM-binding site PDE-binding site ?

F-actin-binding-like site Unique AKAP250
domain

PXXP domain PXXP domain
NPTase-binding-like /
site ? \,

AKAP250 (gravin) N-—— 1 4Ll , BDNSSNNNWN-C
265 556 w_4 4 938 1540 1553
PKC AKAP PKA
binding | motifs R/ binding
MARCKS protein-like AKAP250/79
Membrane Effector Domain(s) domain

C.C. Malbon, J. Tao, E. Shumay and H.-Y. Wang Biochemical Society Transactions (2004)



N3odopmbl ageHHIaATHHKIA3BI U AKAPS ¢ KOTOPbIMHY OHH 00Pa3yIOT KOMILJIEKCHI

KCNQ1 NMDA

Other Bound Effectors:
*NMDA receptors

*KCNQ2 Channel
L-type Ca?* channel
*M-type K* channels
*TrpV1 channel

smallest splice

PAR Variant AKAP9 family; 250 kD
transverse tubule

Carmen W. Dessauer ~ Molecular Pharmacology 2009
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Common Secondary Messengers

A orGI OH; 2+

O
Q-
HO a a0 OPO;
0 5 % 3 0

OH, %

_ o OH H,0 |
o,/'?‘ OH,

-0
¢AMP, <GMP Calcium ion Inositol 1,4,5-trisphosphate (IP;)

Diacylglycerol (DAG) 0

Figure 14-3

Secondary messengers: intracellular molecules that change in concentration
in response to environmental signals. The consequences are:
1. The signal may be amplified significantly.
2. Secondary messengers are often free to diffuse to other cellular
compartments to influence processes throughout the cell.
3. Common secondary messengers cross talk among different pathways.



Ca2+ controlled processes

O H,C—O0O—C—R, m
R (|l O (|3H O e
1 | T PI->PIP->-PIP2 —~ @U

cleavage by J o - DG + AA...—__~, [ns135p3j

Phospholipase C ~ OH oP 5%
. Lit Ca++
2 Ins - |(4)P 1(1,4)P2
FIPS 2 " IP4-6
phosphatidylinositol- ~ H 0B 5%

4,5-bisphosphate

Berridge, M. J. 1984.
Inositol triphosphate and diacylglycerol as
second messengers. Biochem. J. 220:345-360.
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inositol-1,4,5-trisphosphate diacylglycerol

Cleavage of PIP,, catalyzed by Phospholipase C, yields 2 second messengers:
¢ inositol-1,4,5-trisphosphate (IP,)
¢ diacylglycerol (DG).
Diacylglycerol, with Ca**, activates Protein Kinase C, which catalyzes
phosphorylation of several cellular proteins, altering their activity.



CTpyKTYypa KanbLnCcoOMbl

Ca“ —> calmodulin

IR, E()ﬁ(;i -release channel
endoplasmic

CS- Ca reticulum

Cd -ATPase

ATP ADp + P,
Ca™




protein kinase C (PKC)

Hypertonicity stimulates UT-A1 phosphorylation, urea
permeability through protein kinase C (PKC) and
intracellular calcium.

PKC-a is a calcium-dependent PKC isoform and PKC-a
knockout mice have a urine-concentrating defect.

Joris H. Robben, Nine V. A. M. Knoers, and Peter M. T. Deen Cell biological aspects of the vasopressin
type-2 receptor and aquaporin 2 water channel in nephrogenic diabetes insipidus Am J Physiol Renal
Physiol 291: F257-F270, 2006

Star, R.A., Nonoguchi, H., Balaban, R. and Knepper, M.A. (1988) Calcium and cyclic adenosine
monophosphate as second messengers for vasopressin in the rat inner medullary collecting duct. J. Clin.
Invest. 81, 1879-1888



classical PKCs (PKCa, BI, BII, and v)
are regulated by both Ca2+ and by
diacylglycerol (DAG)

novel PKCs (PKCo, €, 1, and0) are
insensitive to Ca2+ and considered to be
primarily regulated by DAG

Atypical PKCs (PKCt and &)
are neither affected by Ca2+ nor by DAG



Domain structure of PKC

Ca++ dependent isoforms (0 B, "y, Ca++ independent isoforms 6, e
MW 67 - 84 kDa 600 aa
[ |
el c2 c3 c4

- — |—| |—| catalitic i—

. ATP
regulatory domains l binding

| regulatory
- @ Ca++ dependent protein kinase
E catalitic

E catalitic i j
:> L regulatory J

Mellor H, Parker PJ (1998). "The extended protein kinase C superfamily". Biochem. J.. 332 ( Pt 2): 281-92
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3akoH Puka

[1BrKyLLaa cuna npu
Oy 3nn

OcMmoc, ocMoTUYeckoe
naBrieHue



OCHOBHBIC MEXaHU3MBI TPAHCMEMOPAHHOI'O TPAHCIIOPTA,
00€CEeYMBAIOIINE PETYIATOPHOE CHIKEHHUE 00beMa KiIeTKH (RVD)
(Hoffmann et al., 2009).
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MOSEKYNAPHbIN
nepeHoc

vi — B iFi B — nmoaBuxHOCTBH

CKOPOCTbH Jipeiiha mponopiroHaibHa ABWKYIIEH CcUlie

dP

Fi = rpaJueHT MOTEHINAIIA
dx
F. - cuna(mose); P, - noTeHuaJl
] j = C ; Vl- €IMHUYHBIN IOTOK (IUIOTHOCTB)

P,
dx

Ji = CV; = _CiBi

l



MOJEKYNAPHbIN

nepeHoc
dC 3akoH Puka
J=—D—
dx URT=D U — nodsusicnocmos uacmuybl
XAMHUYECKUU TMOTEHIIMA 1 DJIEKTPOHEHUTPAIbHBIX YACTHIL
0 C.
w=u +kl'hna, e @ =—-
l l l ! CO

IpaJlCHT IIOTCHIMANA - IBHKYIIAs CUJia
dfb, _dy, :delnal. :delncl. _ kT dc,
dx  dx dx dx c, dx




OCMOTHYECKHH ITOTOK BOAbBI:
(BaaT-T'odhd )

J,=—L,RT) AC..



OCMOTUYECKNUN NMePEHOC
van't Hoff equation:
Nn=;MRT
raoe M (pi) ocmoTnyeckoe agasnenne (kPa), M monsapHasa KoHUeHTpauusa, T
abcontoTHas Temnepatypa (°K), and R razoBasi KOHCTaHTa .

ABUXYyLlasa curna — pa3HOCTb MeXxay rmgpocrtatnyeckum gaeneHnem AP, u
ocmMmoTudeckum, Al'l

YpaBHEHME NepeHoca Macchbl:
dw/dt = KA[AP - All]

roe dw/dt ckopocTb nepeHoca (MoTok), K KoaddunUMEHT rnepeHoca, A

nnowaab, AP rugpocratnyeckoe aasrneHme (pasHocTb) Ha membpaHe, All

OCMOTUYECKOoEe aOaBneHne(pa3HoCTb).



Maxpoxomnonenmuuiit cocmas, pH, Eh u 06wian munepanuzanus conenvix 03ep Kynynounckoi pasrunul

A p T — Eh | CO, | HCO; | SO~ ] | Ca*' Mg2+ Na' K" M>< Si,
MB MI/I1 I/ | MI/I
I | Kynyrmuuckoe | 8,7 | 121 | 228 | 1891 | 27972 | 63900 | 50 | 6436 | 43050 | 262 | 144 | 1,10
2 Kyuykckoe 751 141 | mo. | 570 | SI1750 | 157250 ( 145 | 14552 | 99000 [ 503 | 324 | 1,42
3 [omkamel 06| 94 | 108 | 257 391 600 16 171 S 21 | 3 020
4 Joxemancop | 9.7 | 126 | 744 | 353 12485 | 10380 | 11 228 | 13690 | 42 | 40 | 1,94
5 b. JpoBoe 841208 | 180 | 610 | 4978 | 80250 | 500 | 8967 | 37000 [ 80 | 132 | 2,12
6 bypmiackoe | 8,1 | 195 | no. | 488 | 32767 | 169000 | 213 | 14817 [ 97080 | 203 | 315 | 2,01
7 | b.Tomomsnoe | 9,7 | 145 | 1140 | 3050 | 533 6200 | Ho. | 970 3380 | 121 | 21 | 1,67
8 Kypirse 831220 120 | 610 | 17784 | 43500 | 33 | 4982 | 27260 | 164 | 94 | 0,59
9 MamoBoe | 8,4 | 205 | mHo. | 494 | 32354 | 173000 | 176 | 5748 | 116500 | 415 | 329 | 2,28

[Ipuvedanne: H.0. — He 00Hapy)eHO; M* — 00mas MiTHepaTH3aI.




MOJICKYJISIPHBIN MEPEHOC

= n0 + RTInC + ZFp 3mekmpoxumMuydeckul nomeHuyuari
Z — 3apsio, F - yucrno @apades, ¢ — anekmpudeckul
rnomeHyuarsl

1 =-UC dw/dx ypaenenue Teopenna
U — noosusicnocmov uacmuuyl

I=— URT dC/dx — UCZF d¢/dx
ypasHeHue HepHcma-llnaHka
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Fig. 3. Projection maps of water channel proteins acquired by cryo-electron microscopy and calculated using the MRC software (Crowther et al.,
1996). The maps reveal the structural similarity of the protein core that is embedded in the lipid bilayer and well conserved during sample
preparation in spite of surface tension and interaction with the supporting carbon film. (A) The red cell water channel, AQP1, at 3.5 A resolution.
AQP1 packs into arrays with P42,2 symmetry, housing two tetramers per unit cell of size 96 A. (B) The lens fiber cell water channel, MIP (AQPO0),
at 5.7 A resolution (D.Fotiadis, L.Hasler, D.J.Muller, H.Stahlberg, J.Kistler and A.Engel, manuscript submitted). AQPO packs into P4 arrays with a
single tetramer per unit cell of 64 A side length. The area shown comprises two unit cells. (C) The bacterial water channel, AqpZ. at 8 A resolution
(Ringler et al., 1999). AqpZ is packed in an up-and-down orientation, as is AQP1, into unit cells of 94 A width. All projections are viewed from the

cytoplasmic side.
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Surface topographies of water channel proteins are distinctly
different, reflecting the differences in their sequences that are found
mainly in the helix-connecting loops. Surface reliefs are acquired in
buffer solution by atomic force microscopy. (A) Two-dimensional
crystals assembled from AQPO tetramers possess a P4 symmetry with
one tetramer per unit cell of 64 A width (Hasler et al., 1998). Four
bilobed domains protrude by 14 A from the extracellular surface of
AQPO (left). They are involved in a ‘tongue and groove’ interaction in
junctions formed by two packed crystal layers (D.Fotiadis, L.Hasler,
D.J.Miiller, H.Stahlberg, J.Kistler and A.Engel. manuscript submitted).




Aquaporin water channel protein structures

Fig. 4. The tetrameric arrangement of AQP1 and its molecular architecture is demonstrated three-dimensionally at 6 A resolution (Walz et al., 1997).
(A) Cytoplasmic view of one unit cell comprising the central tetramer and four monomers in the opposite orientation at the corners. Gaps within the
tetramer indicate the monomer boundary. (B) The helix assignment derived from multiple sequence alignment (Heymann and Engel, 2000) is
different from that proposed in Walz et al. (1997), but compatible with the 4.5 A map established recently (Mitsuoka et al., 1999). The two NPA
motifs are shown in the middle, and the hydrophobic residues on H1 (F) and H4 (L) are proposed to lie close to the channel (blue circle). (C) At
4.5 A resolution, the helical nature of a membrane-spanning segment is revealed (Mitsuoka et al., 1999).



A schematic for structure of AQP-2
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1 sequences
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Potential N-glycosylation site of wild-type AQP-2 1s marked by an
asterisk.

Alternative N-glycosylation signals are indicated as 36NTS, 65NTS,
154NTS, or 194NTS.

Potential mercury-sensitive sites of Cys-181 and Ala-65 are indicated
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AQUAPORINS

AQP2

AQPO

AQP9 AQP3
AQUAGLYCEROPORINS
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Collecting duct

+/+

[l Before water deprivation
[] 36 h water deprivation

AT
Agp3-

Aqp4~/-

1000 2000 3000
Urine osmolality (mosM)

Impaired urinary concentrating function in aquaporin deficiency
Expert Reviews in Molecular Medicine © 2008 Cambridge University Press
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Impairment in tumour growth and endothelial cell migration in aquaporin 1
deficiency

Expert Reviews in Molecular Medicine © 2008 Cambridge University Press [part a (left) only]

Figure 4. Impairment in tumour growth and endothelial cell migrationinaquaporin 1 deficiency. Aquaporin
1 (AQP1) deletion impairs tumour angiogenesis because, in part, of reduced migration ofendothelial cells. (a, left)
Reduced tumour size in AQP1-null mouse, two weeks after subcutaneous injection of one million B16F10
melanoma cells. (a, right) Tumour growth data (ten mice per group). (b) AQP1 protein (green) polarisation to
lamellipodia (arrows) in a migrating CHO cell. Graph in part a and image in part b reprinted from Ref. 56.



Water-transporting functions

a Fluid secretion (e.g. salivary gland) b Transbarrier osmosis (e.g. kidney collecting duct)
AQP. H,O

AQP
Ho0

100—>»200 —>»350 —» 500 —>

Salt

300
300 400

500

600

c Cell migration d Neural signalling

Lamellipodium

Glycerol-transporting functions
e Skin hydration f Cell proliferation

Glycerol Degnia Glycerol

Aquaporin functions in mammalian physiology
Expert Reviews in Molecular Medicine © 2008 Cambridge University Press
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FIGURE 1. Correlation between relative changes in renal
expression of aquaporin-2 (AQP2) and urine osmolality dur-
ing escape from vasopressin-induced antidiuresis in rats. The
experimental protocol is explained in the text. Mean values
are expressed as percentages of the values in rats not under-
going escape (control rats). *Significant changes (P < 0.05)
from controls.
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Vasopressin Signaling in IMCD Cells

AQP2
Interactions with
Other Proteins

Actin
Depolymerization < R% AVP

Activation of

Myosin Il

Jason D. Hoffert, Chung-Lin Chou, and Mark
A. Knepper 2009



Ca+2/calmodulin plays a

O 0O critical role in regulation of
V2 renal collecting duct water
% ? permeability by vasopressin
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Solenov El, Logvinenko NS, Zelenina MN, Dzgoev SG, Ivanova LN.
Fiziol Zh SSSR Im | M Sechenova. 1986 Dec;72(12):1673-9
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B No4Kax Be3uKynbl cogepxalwmne AQP2 ans
BcTpamBaHua TpedytoT SNARE (The soluble
N-ethylmaleimide-sensitive factor attachment protein target receptor),
Takke Kak 1 VAMPS(vesicle-associated membrane proteins ).
VAMP2 n VAMP3 npucyTCTBYIOT B BE3UKYNax
cogepxawmx AQP2 B geno.

N30dopMbl CMHTaKCUHOB (StX) akcnpeccunpytoTcs
HepaBHOMEpPHO. Stx3 n Stx4 npeacTaBreHsbl,
COOTBETCTBEHHO, B anukarbHOW 1 basonaTtepanbHbIX
memMmbpaHax. Bo3MOXXHO OHM y4acCTBYIOT B Nonsipusaumnm
KIETKMW.
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PaBHOBECHE NOCTUTACTCS KOTJIa COOTHOIIICHHUE BEPOSTHOCTEM
HaXOXJICHUSI HOHOB («KOHILICHTPALMS» B MAKPO CUCTEME) B
00JIaCTH BBICOKOM PHEPIrUM — BHE KJIECTKHM U B 00JAaCTH HU3KOM
YHEPTUH — B KJIETKE MPUOOpETAET 3HAYCHHUE
COOTBETCTBYIOILIEE pactpeaeicHuio Boltzmann:

now) / Nin =e'A E/kT

Ypasuenne Hepucra (Nernst)

V., = (kT/ze)In(==*)

L2l




IIoOTOK HOHOB Y€epe3 KaHaABI:
(Goldman 1943; Hodgkin and Katz 1949)

Cz’ out eXp - ZiEm - Cz’ in eXp ZiEm
ZiEm " 2kT ’ 2kT

kT Zz'Em Zz'Em ,
exp —exp| —
( T j ( kT )

Ji = Pi




ANeKTpoOXuMnUYecknm noteHuman moHa X

i =y +RTIn[X], +z,FV,

loe:
- CTAHAAPTHbIN XUMUYECKUUN noTeHunan noHa X
Z — BaNeHTHOCTb UoHa X
V — aneKkTpu4ecKumn noteHunan B obnacTtu i
[X] — KOHUeHTpauunsa (aKTUBHOCTb) MOHa X B obnacTtu i
R — yHuBepcanbHas rasosas noctossHHas 8.314 J/K mol
(Joules / Kelvin mole)
F — noctosiHHaa Papapgesn 96485 C/mol (Coulombs / mole)
T — Temnepartypa no wkane KenoBuHa (K = C+273.15)






A few examples of the Nernst equation for ions of physiological interest are shown below:

[Na I;
(+ I)F [Na™],

[K™],
(+1)F“‘[K+],.

Sodium ion (Na") VNa =

Potassium ion (K+)

RT . [Ca™]

Calcium ion (Ca") VCa = In = ¢

(+ 2)F Ca*];
H*]
(+ l)F (7],
L€,
(— )F [Cl'],

Hydrogen ion (Proton, H+)

Chloride ion (CI')




Goldman-Hodgkin-Katz

( ) ge( P [KOthSIde Na [Naoutside] )VOltS
P [Km%lde] Na [Nainside]

HT (P\’a+['\ra+]out + ph'+[]'\r+'|out + P(( [Cfl—]in)

Em o _l
F " \ Pyot [N+ + Py [K ¥ + P [CF Jou
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Jens Christian Skou

Born October 8, 1918 ) (age 91)
Nationality Danish

Aarhus University

1997, Nobel Prize in Chemistry

L

ADP .
ATP +Pi



(E2)

ouabain

B

()

K+

C

(‘r ATP

J

0

77

112 kDa
1020 aa

no MogaHoBy

35 kDa
302 aa




cytosol
) |-
@@ f—

E1(3Na+ ATP)

—

r

| E1
[ ATP

Ji

E1 (2K+)

ATP

ADP
& -8
®®
& + Na+
E1(3Na+ ATP)
occ|u3|on @
:|® L
E2 (2Na+)occlusion En
— 2Na+
o
e
'3: ..i O -
o 1 E2 P

E2 P (2K+)occlusion

2K+



0 4 80
time (milliseconds)

1
;
§
|







a, TRPC1 TRPCS5 heteromer; b, TRPMS5; ¢, TRPVS5, TRPV6

current (I, pA)

-100mV voltage (V, mV) £, +100mV




Obpa3soBaHue KNnaTpUHOBLIX BE3UKYIT,
cogepXxallumx komnnekc peuentopa V2 c
Ba30MpPEeCCUHOM, NOBUOANMOMY, OQHO U3
3BEHbLEB MEXaHM3Ma OeUCTBUA TOPMOHA.
MHTepHanus3auna peuentopoB MOXET He
TOJIbKO CHMXAaTb KOSIMYECTBO PeLENTOPOB B
nnasmarnyeckon membpaHe, HO U
aKTMBMPOBATb anbTepHaTUBHbIE MYTH
nepepayn curHana, He ceda3aHHble ¢ CAMP



e [leceHcuTU3auUmna peuentopa

- pocpopunupoBaHme GRK (
G-protein Receptor Kinase).

*- CBA3blBaHUe C b-arrestin n
MEeXaHU3MOM 3HOOoLUUTO3a

- necpocdopunmpoBaHne Protein
Phosphatase yaoaneHune gpocdaros
Nony4vyeHHbIX NpU akTuBauUumn
peuenTtopa PKA.



GRKs/arrestins — poiib B geceHcutuzanuu GPCRs

desensitization

}

Effectors:
adenylyl cyclase

al




Demonstration of VP receptor endocytosis in
LLC-PKl1a cells expressing V2R-GFP, visualized
by spinning disc confocal microscopy




Confocal images showing
localization of AQP2 (red)
and V2R—-GFP (green) in
transfected cells expressing
both Proteins

After VP treatment for 20
min, V2R-GFP was located
on intracellular vesicles, (A,
green),

AQP2 was localized mainly
on the plasma membrane
(B, red).

merged 1mage (C) shows that
the green vesicles
(endosomes) containing
GFP-V2R did not contain
detectable amounts of

AQP2.



Pazjinuynbie yHKIUHM M MeXaHU3MbI JHA0IUTO3a

Receptor signalling Receptor downregulation
Migration Neurotransmission
Nutrient uptake \ Pathogen entry
Endocytosis
Clathrin-dependent Caveolin-dependent Macropinocytic GEEC pathway Flotillin-dependent
[ Hip ‘ in BARS ¥
AP2 Myosin Src Rac ARHGAP10
Eps15 PAK1
Epsin
Clathrin Caveolin Flotillin
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B HacTosLee BpeMA HET OAHO3HAYHOrIO
OTBETA Ha BOMPOC, YTO CIY>KUT CTUMYJSIOM
K Ha4any dpopmMmmpoBaHua KnaTpuHOBbIX
BE3MKYI1, CNOCODEH NN MHTEPHANN3YEMBbIN
6enok nHnummpoBaTb 0bpa3oBaHme
MHBarMHaunm membpaHbl de novo usu Xxe
UHMepHarusyemMbiu b6erioK 8KrroHaemcs B
dopmMupyembie KnaTpUHOBBLIE KOMMIIEKCHI

N 3aBepLUaeT nx coOopky



OHOOLUUNTO3
GPCRpeLenTopoB cBsi3aH C
doochopunmposaHmem mnx C-
KOHLEBOW obnacTtun psaom
kKnHas. MI3BecTHo, 4To GPCR
doochopunupyotTca Takumm
kKnHazamm, kak PKA, PKC,

GRK (kuHasbl peuenTopos, =

conpsikeHHbIx ¢ Gbenkamm)




Obpa3oBaHne BE3UKYIIbl, OKANMIIEHHOM
KNnaTPUHOM, npoucxoamnT bnarogaps
dOpPMUPOBAHNIO CBA3AHHOIO C
nnasmaTn4yeckon membpaHon 6enkoBoro
KOMMIeKca

9HOOUMTO3 PELLENTOPOB, CONpsXXeHHbIX ¢ G-benkamu
(GPCR), ocyuwiecTtBnsietca cyononynsyuen KnatTpuHoBbIX
BE3UKYI, pbopMUpoBaHME N UHAMUKA KOTOPbLIX B

3HaYUTENbHON Mepe KOHTPONMPYHTCA CaMUM PELIENTOPOM



OHOO0OUMTO3 HAYMHAETCHA ¢ POPMUPOBAHUS
n3rmba memobpaHbl, HarnpaBieHHON BHYTPb
KINEeTKN. 3Ha4YUTENBHYIO POSib B CO34aHNN U
cTabunmsaunm KpuBn3Hbl MeEMOpaHbI UrpatoT
benkn, yyacTeytowine B popMmnMpoBaHNN
MHBarMHauumn NyTem BHeApPEeHUs B MeMbpaHy
amdunatmndeckon cnupanm - BAR 6enkn,
cogepxawme BAR gomMeHbl CriocCOOHbIE

nedopmmpoBaTtb NUNMAHbIE MeEMOpPaHHbI.



BAR 0enkn obpasyeTt cynepcemMemncrso, B
KOTOPOM BbIAENAIOT OESKU :
BAR/N BAR, nposBnsatoLwime cpoacTBo K
MeMbpaHaM C BbICOKOW MOSIOXUTENBbHOW
KPUBUIHOMW;

F BAR_ 6ernku, cBasbiBaoLwmecs ¢ bonee
N1OCKMMU MeMbpaHamMmu
| BAR 0enkun, obpasytoLime cBsi3u C

MemMOpaHaMu oTpuLaTENbHOW KPUBUSHBI.



BAR goomeHbl popmupytot romogumep (BAR moaynb)
cepnoBuaHOU POPMbI, COCTOSALLNN N3 OBYX
cynepcnupann3oBaHHbIX MOHOMEPOB, NPU 3TOM Yrof,
no4 KOTOPbIM OHN OUMEPUIYIOTCA, onpeaenser
cpoacteo BAR moayna kK membpaHam pasnmyHou
KPUBU3HDI.




Endocytosis of V2R
membrane curvature-modulating proteins

BEHRZ (AR BAR proteins promote dynami
Mgt ™ recruitment,
and together they form the
vesicle neck

amphiphysin (BAR)

%

Tt

amphiphysin,
SNX9, and other
BAR proteins
promote clatt
recruitment and

assembly
AN
Blue - amphiphysin J
Green - FCHo2
Red - IRSP53 A

Uncoating to produce naked CCV

/ \ Marsh, M.; McMahon, HT (July 1999). "The Structural Era of Endocytosis". Science 285 (5425): 215-20.




(opMHUpOBaHNE WHBarMHALIMU
IIyTEM BHEJIPEHUS B MEMOpaHy
aM(UITAaTHYECCKON CITUPAIIN

Hydrophilic

Hydrophobic

Amphi Helix



aganTtepHbIin Komnnekc AP2

AP2 — 310 y3noBoun 6enok dopmMnpoBaHUS
ONHaMUYHOWU CETU HU3KoaAMPUHHBLIX
B3aMMOOENCTBUMN.

AP2 nHnunmpyet cOopKy KnaTpuHOBOW
00O0s104KN.

KnaTpuH, Hapaay c AP2,
B3aMMOOENUCTBYET C MHOXECTBOM

BCNomMoraTternbHbIX OenkoB



(hopMHUpOBaHUE U3rnOa MEMOpPaHbI

Nucleation Cargo selection Coat assembly Scission Uncoating

EPS15 77,
Intersectin {
FCH%\ AP2

lF’lasma membrane

Cargo H. T. McMahon and E. Boucrot 2011

BAR protein! IDynamin

nucleation invagination constriction/scission uncoating

Dynamin, NBAR FBP17/CIP4 \
and synaptojanin =

polarised AP2,
Eps15, FCHo1 ),
-
\-.:\. S
Key: === Clathrin = Dynamin
® AP2,Eps15FCHo1/2 == Actin Marcus J. Taylorl, David Perrais2,3,
| cargo = NBAR Christien J. Merrifield,
FBP17 PLoS Biology 2011
Epsin,CALM,NECAP ICIP4
® GAK ® Rab5a/Effectors




 Curvature and clathrin-coated vesicle formation
a

'FCHO proteins (F-BAR domain)

Protein arrival for curvature gellwration and membrane scission

Epsins (ENTH domain with amphipathic helix)

1
Dynamin
Clathrin

—
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b Nucleation

Amphiphysin, SNX9 (N-BAR and BAR domains)

Cargo selection

Synaptojanin
Coat assembly

Scission
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Plasma membrane
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oTAeNleHue KnaTpuHoOBOU Be3UKYyrbl OT
nnasmMaTnyeckom memMmopaHbl.

lonnmepmnsauna KnaTtpnHa cnocoocrTeyet
NCKPUBMNEHMNIO MEMBDpaHbI 1 NPUBOAUT K
BbITECHEHWNIO HEKOTOPLIX BCOMOraTenbHbIX
Genkos.

BAR/NBAR 06enku moryTt ctabmnusnpoBaTb
BbICOKYH KPpUBU3HY MeMOpaHbl B panioHe
LLIenKn obpasyoLlencs Besukynbl, obneryas
ee oTuiensieHne gMHaMUHOM



B perynsuuio KpUBn3Hbl MeMbpaHbl BOBIIEYEH
aKTUHOBLIN LUTOCKENET.

Ha BbiCOKOpa3peLlatoLmX aNeKTPOHHbIX
N300paXeHNsAX MOXXHO YBUOETb
dopmmpoBaHMe akTUHOBOIO KOMMeKca
BONN3KN popMUPYIOLLLIENCH BE3UKYIbI.
[To-Buagnmomy, rnaBHaga oyHKUMA akTUHA B
KNnaTpMH3aBMCUMOM 3HOOLNUTO3E COCTOUT B
TPaHCNOPTUPOBKE OTAENUBLLENCH
KNaTpMHOBOW BE3UKYIbl B LUTOMMa3My



Be3|/||<ynb| oTWENINAKTCA NMaBHbIM o6pa30M

ANHaMWNHOM.

B kneTtke AnHaMuH OopMUpPYyeT cnupanb
BOKPYT LLUENKU 0Opa3yoLencs Be3uKyrbl, YTo

Nnpn BOOUT K €€ OTLErNnJieHno



OuHamuH — 6enok pasmepom nopgaaka 100
k[a, oonagarowmm GTPa3Hon akTUBHOCTbIO
M CnNocoOHbIN 0Bbpa3oBbIBaTb CrinparibHbIE
ONTIUrOMEPbI, Pa3MepP KOTOPbLIX NPEBbILLAET
800 kOa.

[1pn rugponuse GTP nameHaerca
KOH(OpMaLUsa cnmparnbHOro ofiuromepa,
YTO NMPUBOAUT K pacTArMBaHUIO JIMMOCOM U

NUNUOHbIX MEMOpPaH in vitro.



2013 r. A. B. Nnsickun u 1p.

Undecorated Lynamin GIPyS on Dynamin GDP on
Lipid Tubes Lipid Tubes Lipid Tubes

Praefcke, G.J.K. and McMahon, H.T. (2004)






[locnegHun aTan KNnaTpMH3aBUCUMOTO
9HOOUMTO3a — paspyLUeHne KnaTpMHOBOW
obonoykn ATP a3on Hsc/70, ee kodakTpom
ayKCUNMMHOM U UnKNuH G-

accoummpoBaHHoN kKMHa3on GAK
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MHTepHann3oBaHHbIE BE3NKYIIbI CIIMBAIOTCH
C PaHHMMM 3HOOCOMaMM , 3aTEM Kapro-
Oenok peuunknnsyeTcsa B MeMbpaHy nnu

HanpaBnaeTca B NMIM30COMbI. B
TPAHCMOPTHbLIX MEXaHN3MaX KIeTKN
yyacTByeT ceMencTtBo Rab n conpsxeHHble C
HUMn GTPase-activating proteins (GAPS)

n GTP exchange factors (GEFs



NATb OCHOBHbLIX CTaaun
cbopMunpoBaHUA KNaTpmHOBOU
Be3UKYnbl:
v/ MHULUMauun4,
v/ cenekums MHTepHannusyemoro benka,
v/cbopKa KnaTpuHOBOW 0DOMOYKN,
V/OTLLENNIEHNE BE3UKYIIbI

v/paspyLleHne KnaTpuHoBou 000so4KN



§ rap2
0 AQP3
P AqP4

interstitium urine



Cellular fate of V2R mutants in nephrogenic diabetes insipidus
(NDI) and their rescue.

A urine B

Gs
protein

CPA
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¢ AVP

/ IV V interstitium 4/ . .
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PTEN (Ha3BaHue reHa) (“phosphatase and tensin
homolog”) cemencTBo TMPO3NHOBBLIX bocdaTas.
Y4yacTByeT B TOPMOXEHUWN KIETOYHOIo AeneHuns,
aKTuBaTop anontoTnyeckoro nytn. KoHTponupyet
NOOBWXXHOCTL KITETOK, aaresuto, dopmMmmpoBaHmne
KPOBEHOCHbIX cocydoB. [1pensartcTByeT obpa3oBaHuUIo
onyxoneu.

B naHkpeaTunyeckux beTa-kneTkax nogaBnsaeT Ux pocT,
NpPOAYKUMIO MHCYINMHA ycunmeaeT anonTos. eneuunn
PTEN 6naroTBopHbI ANt MblILLIEW C r<MNOodyHKUNEN beTa-
KITETOK.

PTEN nHrndbupyet nornoLieHne rmoKko3bl Knetkamu npu
OENCTBUU UHCYIMHA.

PTEN nHrnbunpyet cuctemy PISK/AKT.



Glycine
PH domain rich Kinase domain ~ Regulatory domain
AKTI sz

1 T308 S473

430

Phosphatase domain e s :
/P N ! C2 domain PDZ-binding motif

F‘ i gl ot
AT A VY "-.-"'-.-' e "-.-“'-.-“'-.-'"-.-"'-.-'

PTEN |
1

403
CX5R/S core catalytic motif

PH domain: pleckstrin homology domain;
C2 domain: gOMeH cBA3M ¢ MeMbOpaHOW;
PDZ: a common structural domain in signaling proteins (PSD95, Dlg, ZO-1,

etc.).



phosphatidylinositol-3 kinase (PI3K) y4yacTtByeT B
perynsuum KneTo4Horo pocta u metabonmama. AKTUBHbIE
MyTaHTHble goopMbl PI3K yyacTBylOT B OHKOreHese. B
KrneTkax mnekonurtaroLmx cemencTtaeo PI3K coaepxut 3
Knacca kmHas. Pocodonunung — npoaykT PI3SK BaXHbIn
BTOPUYHbLIN MOCPEOHMK, MaBHbIM aKLENTOPOM ABMSAETCHA
serine-threonine protein kinase AKT(also known as

protein kinase B).



PIP3 (npoaykt PI3K) ceasbiBaeTcsa ¢ AKT , 4To
NpUBOOUT K NEPEMELLEHNIO HA MeMDpaHy, rae
obpasyeTcs cBs3b Yepe3 gomMmeH pleckstrin homology
(PH) c knHa3on PDK1 (phosphoinositidedependent
Kinase 1), koTopast docdopunnmpyeT KNMHa3HbIN OMEH
AKT, HO nonHaga aktuBauma AKT npoucxogut nocne
doocdopunupoBaHusa perynsaTtopHoro gomeHa Ha C-
KoHUe KnHason PDK2. AktusmposaHHaa AKT
nepemMeLlaeTcs B umtonnasmy v a4po, rage B YaCTHOCTU

nHrnoupyet b6enkn GAP (GTPase-activating protein)



Cynepcemenctso EF-hand bernkos

CaM kanbmogynuH

MW 16,700 ; 148 aa; Kd=4—1810'6 M;

4 romonornyHeix gomeHa: | (8-40 aa), Il (81-113 aa) HMU3kasa adpPpuHHOCTb, Il
(44-76 aa), IV (117-148 aa) Bbicokas apdpMHHOCTb

CaM
docodoanectepasa(PDE), adernunamuuknasa, eyaHunamuyukrnasa
, CaATPase,
duccouyuauusi Mmukpompyboyek, ATPase akmomuo3uHa ariadKux
MbIWIU,

KuHa3sa neakux yerneu MUo3uHa



Ca’10'M

Fig. 2. Calcium-dependant interaction of cal-
moduln with target enzyme, calmodulin antagonists
such as W-7, and hydrophebic fluorescent probes
such as TNS. CaM. calmodulin, E. calcium, cal-
modulin-dependent enzyme; W-.7, N-(f-amino-
hexy!)-5-chlora-1-naphthalenssulfonamide; W-5,
the chlorne-deficient derivative of W-7, N-(6-
aminahexyl}-1-naphthalenesulfonamide: TNS, 2-
p-toluidinylnaphthalena-§-sulfonate, Ca2+<10-7 M,
intracellular calcium ion cancentration below 1 =10-7
M: Ca?t=10"% M. intracellular calcium 1on concen-
tration abave 1=107% M,




The soluble N-ethylmaleimide-sensitive factor
attachment protein target receptor (SNARE)
npegnonaraeTcs, y4acTByHOT B
npucoeanHeHNUN/CNNaHNM Ny3biPbKOB HA BCEX aTanax ux
OBwxeHns. Ha membpaHe B mectax HazHa4YeHUs
doopmunpyroTcs nocagoyHble MecTta Kyaa BXoadaT
Syntaxins u synaptosome-associated proteins (SNAPs:
SNAP23, SNAP25) dpopmmpytoine 2 SNARE motifs n
ewe nsa SNARE motifs co3gatoTca vesicle-associated
membrane proteins (VAMPs unu synaptobrevins) n
syntaxin (Stx).



(synaptosome-associated protein) SNAP23

B no4ke ero HaxoOAaT B anukaribHOM MeMbpaHe U
Be3nkynax AQP2 rnaBHbIX KNETOK.

y4acTBYET B CIUSAHUN BE3NKYI C Mia3maTu4eckou
MeMOpaHOWM (HO HE B HEPBHLIX KreTkax). B moary
SNAP23 cBa3biBaeTca ¢ cMHTakcuHamm Stx2, Stx3,
Stx4.
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Aquaporin




A) Lysbtracker - *

— | D) Lysbtracker + AVvP 22

Effect of VP treatment on
Lysotracker and V2R-GFP
distribution in LLC-V2R-GFP
cells. At 37°C, Lysotracker, a
lysosome marker, 1s located 1n large
vesicles 1n the cytoplasm

(4; red), and V2R-GFP 1s located
mainly at the cell surface (B;
green). The merged image (C)
shows little or no overlap in
labeling. In the presence of VP
(1uM) at 37°C for 2 h,

Lysotracker staining also appears in
vesicles (D; red), many of

which contain V2R-GFP (E, green;
F, yellow). These images

are representative of six
independent experiments. Bar, 5 m.






