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2KEAETOZ

2D-structure

Spectrin, actin filaments and accessory proteins form a highly
cross-linked network, termed the membrane skeleton




2KEAETOX

Kovta mpwrovnudara aktivng (33-37 nm)

> KEAETLKO EKXVALOMX

1. underlies the inner surface of plasma membranes of
metazoan cells Sp’s

2. is linked to cell adhesion receptors, ion pumps and
channels = organizes sub-domains of the plasma
membrane

3. influences cell shapes and mechanical stability

The spectrin-based membrane skeleton was first identified
in




2KEAETOZ

ISlaitepa aventuypévog (65%) elasticity and mechanical stability
aroxn exchanger [ “hand 37)
carbobgrdrate residues palladin (“hand 4.2

f

The architecture of the membrane skeleton and the nature of its intermolecular contacts determine the
mechanical properties of the skeleton and confer the characteristic biconcave shape of red cells.




2KEAETO2-RBCs

In human hereditary hemolytic anemias, defects or deficiencies in assembly
or interactions of spectrin and other membrane skeleton components lead
to abnormally shaped and fragile RBCs due to impaired biogenesis and/or
survival in the circulation.

Hemolytic anemia due to membrane skeleton defects is one of the most
common inherited diseases in Northern Europeans (1:2500 to 1:5000).

Sl a0, s
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2KEAETOZ

SHMEIA SYNAESHS: A, Glycocalyx

1) Sp-ank (band 3) (***) ey 3 ) o - |
2) Sp-4.1R-actin-p55-GpC i'ﬁ"“-'\i' I ‘Uﬂ g @@ﬁﬁ E Eﬁ Bilayer

3) Rh, RhAG-ank

4) B3-adducin-Sp

\ N~ e
\: .# é Tropomg{gsin
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5) GluT1l-adducin-dematin )
6) Sp,4.1R —> PS @L—- r": (@
Spectrin \ S g /ﬁé Adducin % Actin

Dimer ®
N " Tropomodin () pas

(©) David Knowles (©) Junctional .
April 1998 Conoles 19 8 4




2KEAETOX

AUTO t0 HOoVTEAOD Bpiokel epapuoyn kat os aAAouc totoug/kuttapa/ opyavidia pe
SLOPOPETIKN OUWC opyavwaon Kat Asttoupyia

Ol onekTpiveC TAUTOIOLONKAV YLa TPWTN POPL OTNV EVOOKUTTAPLA EMLPAVELA TOU RBC
Twpa: KEVIPLKO CUCTATIKO TwV UEUBPpaVIKWVY OKEAETWV omeKTpivng-aktivne (ubiquitous
and complex spectrin—actin scaffold) mouv evrori{ovrat katw amno tn Auttbitakn
éundootiBada Twv KUTTAPWV OTA peTAlW
T-tubule/SR Extracellular

Na/K ATPase

Na/Ca exchanger

g 11100ty

mAnkyrm B mAnkyrm-B

Alphal/beta-spectrin

mAnkyrin-B

’ 3 i | InsP3 receptor

Sarcoplasmic reticulum
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2KEAETOZ

cryo-electron tomography evaluation of the 3D topology/structure of intact, unexpanded membrane skeletons
from mouse erythrocytes frozen in physiological buffer (Nans et al., BIOPHYSICAL JOURNAL 101:2341, 2011)

network of Sp filaments:
gradual decrease in both the density and the
thickness of the network from the center to

the edge of the cell (corresponding gradient in
membrane stress)




2KEAETOZ

Mukvo kot vipatwdeg diktuo, aAAd pe EKTaon Kol LPVNTLKA Xpwon...

(Palek & Sahr,1992)

’ : 3 (Liu et al., 1987; J.Cell Biol., 104:527-536)
OO KOLVOVLIKOU TIAEYLOLTOG
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2KEAETOZ

@ Spectrin . Actin. 4.1

Ankyrin

22
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2YMNAOKA ZEY=Hz:

Ta KopPkA onpeia Staoctavpwong
Twv SpT HeTaL TOUC KoL LE TaL

NP WTOVNLATLO OLKTIVNG

OpLlovTieg SLaTPWTEIVIKEG AAANAETILOPAOELG
o€ eninedo SK

240-360 £Z/um?
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B Anion exchanger dimers %chophorin
C

tin filament
+ end

Beta spectricn\'FD

Bennett and Baines. Physiological Reviews 81: 1353; 2001




2KEAETOX

The spectrin dimer—dimer interaction and the spectrin—actin—protein 4.1R junctional

complex play a key role in regulating membrane deformability and membrane mechanical
stability.

Weakening of either of these lateral interactions results in elliptocytosis and decreased
membrane mechanical stability leading to membrane fragmentation

actin

protein 4.1 tropomyosin

d D i
>,

glycoprotein C
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2KEAETOX

A particularly striking feature is the precise and uniform lengths of the , Which

are all , consisting of . These short actin filaments are
extraordinarily , persisting for the lifetime of the RBCs (120 days in humans)

junctional
complex

spectrin

(A) “% attachment
proteins

100 nm (B)

transmembrane
proteins

Figure 11-31 Essential Cell Biology 3/e (© Garland Science 2010)

The uniform lengths and stability of RBC actin filaments
contrast with the heterogeneity and rapid turnover of actin
filaments in the cytoskeletons of motile and proliferating cells.
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2KEAETOX

Unusual properties of RBC actin filaments (flexibility and stability on the RBC
membrane skeleton)

1) specialized assembly

2) regulation LrCOCOOOOCCK 0
QAN AT T

S O & 55
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Z K EA ETOZ ( ) caps their pointed ends
caps their barbed ends

and the actin-stabilizing protein, (TM), binds
along their lengths

Tropomodulin Actin Filament

— =

Tropomyosin Adducin

17



(Baines AJ, 2009 Bioch. Soc Transac, 37(4)

Transmembrane proteins Transmembrane proteins
(Multiprotein complex 1) (Multiprotein complex 2)
A ~ o ~

Ankyrin Ankyrin

a-spectrin

p-spectrin

—_——

U 2 43 >
¥ Spectrin
Spectrin/4.1/actin tetramer Spectrin/4.1/actin
junction junction

»The interaction of Sp with actin is promoted by protein 4.1 (JC-other proteins tropomyosin, tropomodulin
(Tmod), adducin and 4.9 (dematin).

»Protein 4.1 binds numerous membrane proteins = JCs act as scaffolds for the assembly of multiprotein
complexes.

»Adducin and dematin together bind other membrane proteins, so contribute further components to the
multiprotein complexes.

hain has an ABS. Each ankyrin is multivalent for membrane proteins, so ankyrin co-

Samaiher multiprotein complex.
18



2ITEKTPINH

» EKTETAUEVO, YPOUULKO, EUKAUITTO, EAACTLKO apBpwTO, TTOAUAELTOUPYLKO HOPLO

»Spectrin is composed of two nonidentical subunits, al (molecular weight 280 000) and
bl (240 000) which intertwine to form heterodimers.

self-associate head to head to form
Each extremity of tetramers via b-spectrin, allowing
spectrin to form cross-links between actin filaments, thus generating an
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Spectrin tetramer

... N c.o.‘ e » - c N O.. B N

»a, B urtopovadec (genes: SPTA1, SPTB), AYTOZYTKPOTOYMENEZ og Siuepr), TETpAUEPN
»SpD: MAgupikn kot avtutapdAAnAn cuvdeon (aB)
»SpT: Head-to-head of 2 (af) — tetramer a282

20



2ITEKTPINH

OLPXETUTILKO MEAOG UTIEPOLKOYEVELAC Sp Kol SIKTUWV Sp o€ AAAQ KUTTOPO, UTTOKUTTOPLKAL
opyavidla kot LotoUC (dystrophin, actinin, utrophin)

Apxoiec MPpwWTEIveS, aAAA oTNnV e€eALlyEVN TOUC popdr UTIAPXOUV HOVO oTa pHeTalwa-
wide distribution in all metazoan cells

KUPLO cUOTOTLKO TIOAAWV peuBpavikwv okeAetwyv EmBnAwa, veupikd cuotnua, Golgi, ER,

vesicles, nucleus kAt

Mammals: different spectrin isoforms - extensive mRNA splicing from 7 genes

Some isoforms have a specific expression according to cell type or to cell organelle with
very specific functions- (tissue- and developmental stage time-specific)

- 2TO OKEAETLKO MU Kol TiiBavov oto oUpmAeypa Golgi untdpxouv opomtoAupepn B-omeKktpivng

Spectrin functions can be regulated by posttranslational modifications

avertebrates have a smaller repertoire of spectrin genes

21



2ITEKTPINH

Table 1 Spectrin genes and their expression in mammalian tissue

Subunit Gene Chromosome Tissue expression

Homo sapiens

ol SPTAI 1q21-q23 Isoform «IX1 RBC and isoform («IZ*) in brain

oll SPTANI 9q33-q34 Several isoforms present in all non-erythroid cells

pl SPTB 14g22-q23.2 pPIZ1 erythrocytes, fIX2 isoforms in brain and muscle,
pl-spectrin was also detected in lymphocytes

pll SPTBNI 2q21 All nucleated cells

pll SPTBN2 11q13 Golgi and vesicular membrane skeletons, plasma membrane in
neurons and epithelial cells

pIV SPTBN4 19q13.13 Neurons (axon, initial segment, nodes of Ranvier) and

pancreatic islets, nucleus

pV SPTBNS 15g21 Low level in many tissues, outer segments of photoreceptor
rods and cones, basolateral membrane of gastric epithelial
cells and outer hair cell (OHC)

Machicka et al., Cell Mol Life Sci 69:191,2012
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2ITEKTPINH

New issue: April 14th 2014

Jones et al. describe the architecture of the axon initial segment, a specialized
structure that maintains neuronal polarity by preventing axonal proteins from
mixing with components of the cell body and dendrites. As summarized here,
the researchers use platinum replica electron microscopy to reveal that the
segments consist of microtubule bundles surrounded by a dense coat of
cytoskeletal proteins such as ankyrin G and spectrin BIV, which may form a
barrier to restrict the diffusion of axonal membrane proteins.
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Table 2 Examples of spectirin functions in cellular processes and signaling

Spectrin isoforms

Function in cellular processes/signaling

b |
ol 1

pI1

ATl

pIv

Supports RBC shape and maintains cell membrane integrity and its mechanical properties

Engaged in maintaining cell architecture, morphology, and plasma membrane stability
Engaged in regulation of neurite outgrowth stimulated by NCAM

Participates in the organization of specialized membranes—TRPC4 channels

Engaged in cell adhesion and spreading, regulation of actin dynamics

Modifies cell cycle by altering cell adhesion

Engaged in DNA interstrand cross-links repair, connected to maintaining chromosomal
stability
Supports RBC shape and maintains cell membrane integrity and its mechanical properties

Contributes to the formation of TCR complexes in lymphocytes

Involved in early cellular apoptotic events

Engaged in cell morphology and mechanical properties. compaction and accumulation of
E-cadherin in the epithelial cell-cell contact

Delivery of proteins and phospholipids to the membrane

Cell cycle regulation by involvement in TGEf signaling

Participates in the organization of the glutamate transporter EAAT4 in Purkinje cells
Facilitates membrane protein transport via the secretory and endocytic pathways

Regulates localisation of voltage-gated channels at the axon initial segment and node of
Ranvier, synchronizes action potentials, provides multifunctional regulatory platform for
sodium channels, plays an important role in the structure and stability of excitable
membranes in heart and brain

Involved in targeting of critical structural and regulatory proteins
Engaged in cell flexibility
Engaged in OHCs’ electromotility




2ITEKTPINH-non erythroid functions

Spectrin—based skeletons

(1) PUOuIoN KUTTAPIKNG HopdoAoyiag — HNXAVIKWY WEloTTwY

(2) opyavwon egeldikevpévwv pepfpavwv-Aopukn mAatdoppa yra pHikpo-
Swapeploparonoinon pepBeavng

(3) Pl')el.ll.ol] KU‘t‘tﬂleOl‘) KUKAOU (by regulating the expression of membrane receptors or by altering cell

adhesion) Kait EMSL0pOwang DNA
(Mutations in Bll lead to susceptibility to tumorigenesis (deregulation of cell cycle control)

(After damage, all-spectrin binds to DNA at the sites of damage and acts as a scaffold, contributing to
the recruitment of repair proteins. Moreover, all-spectrin is involved in maintaining chromosomal
stability)

25



2ITEKTPINH-non erythroid functions

Spectrin—based skeletons

(4) Sp-actin: kuttapwn npocokoAAnaon Ko Siacmopd
(modified expression of some integrins)

(5) EAeyxo¢ evepyomoinang Stapepnpfpavikwv mpwteivwv
(contribution to the formation of TCR (T cell receptor) complexes in lymphocytes-In lymphoid-derived cell lines,

spectrin is distributed in the cytoplasm (as large aggregates)-Recruitment to the PM is required for initiation of the
signal transduction/TCR clustering/immunological synapses) (Spectrin aggregation may also be associated with early

cellular apoptotic events preceding a loss of membrane aminophospholipid asymmetry)

(6) AAAnAeniSpaon pe npwTteiveg mMov UMAEKovTaL O€ evéokuttapla petadopd
(facilitation of membrane protein transport via the secretory and endocytic pathways - binding to the dynactin)

Machicka et al., Cell Mol Life Sci 69:191,2012
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Spectrin: a family of multifunctional proteins

Spectrin

Ragion 1
* hateradimer assaciation —

S5H3I domain

+ EMat {Ma- channel )

+ dynamin (G TPase )

+ E3BI {mibstrate for tyr kinase)
+ - CBL

+ GAP-43 (neuromoduling

+ tyr phosphatase
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+ MDA receptor
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2ITEKTPINH

BETA SPECTRINS ALPHA SPECTRINS

§ At Lt Lt bl L] Rl ] bl R L ] Ll L Ll

C
BETA-H SPECTRIN

domain structure of spectrin
ALPHA/BETA SPECTRIN TETRAMER pOIVpeptldes and protelns

ANKYRIN CALMODULIN
v f v

4 4
CALMODULIN ANKYRIN
ALPHA/BETA-H SPECTRIN TETRAMER /

i
1
1
1
Ally

@) CALMODULIN-RELATED DOMAIN
@ ACTIN-BINDING CALPONIN HOMOLOGY DOMAIN

B TRIPLE HELICAL REPEAT

ATYPICAL TRIPLE HELICAL REPEATS

& < PARTIAL TRIPLE HELICAL REPEATS THAT FORM HEAD-HEAD DIMERS
@ PLECKSTRIN HOMOLOGY DOMAIN

(@ SH3 DOMAIN

Bennett and Baines. Physiological Reviews 81: 1353; 2001



2ITEKTPINH

MopLXKO EAXTRPLO TIPOCTXPUOCOUEVOUL UNKOUC

Apepn: 29-37 nm in situ, 100 nm o€ éktaon
Tetpapepn: 200-260 nm
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2ITEKTPINH

Despite the diversity of the genes/isoforms, each spectrin subunit is made up of a
succession of triple helical motifs called spectrin repeats (roughly 106 amino acid

residues long)

Machicka et al., Cell Mol Life Sci 69:191,2012

AE1

E

RMAG  Rh GPB

47

Tropomyosin

Fogtin

[ spectrin repeat




2ITEKTPINH

KaBe urtopovada opyavwveToL O€ TPELG MEPLOXEG: OE HUO |LN-OLLOAOYO AKPOL KOIL OE L0l KEVTPLKN
nieploxn anoteAoUpevn anod NoAAANAEG emavaANP LS SOUNG TPUTANG o-EALKOLC.

o Ko B urtopovadeg : Aok opoAoyia, aAAd v

. . . . Calmodulin/

HEPEL SLaPOPETIKA AELTOUPYLKA HOPLOL b ek calcium

a oTrexTpi g\i“ ﬂ‘ﬂ:};\: binding

KRV u|_1_.r Ak _)'{ *

[ o
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A T T R AT S B AT AT AT R T R R AT AR A m AT x - COOH
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| 1

TTEPIOKT)
QUTCOUYKPOTNON 50000 N TUPAVIWOTG Jeeee, )
L[] [ ) ]
! M % = o. 4.1 .o

T I r\ L] L] L] (]
B aTreKTpivn . :;,_ ){ .: ayKupivh . 19 d omains , | axtivn b
M—HL—@J‘ ’#1" *541 TR T TRICTRY %’C:b“f_"ﬁ e A Y
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f il — = —|1| } B e — [ B PRI

OL tpunA£G €AlkeG otaBepomololvtal ard aAAANAETLOPAOCEL AVALECO OE

vépodofa kataloino MOV BELOKOVTOL OE GUYKEKPLUEVEG QUITOCTAOELG
HETAEL TOUG akoAouBwvtac Eva emavaAapBovOopEVO TPOTUTIO
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. . A
Domain structure and variants of

spectrin proteins

»Spectrins are comprised of modular units called
spectrin repeats ( ).

»Domains: ankyrin binding domain (purple)
Src-homology domain 3 (SH3, blue)

EF-hand domain (red)

calmodulin-binding domain (green)

promote interactions with binding targets important

for spectrin function
B

» pleckstrin homology domain (black): promotes
association with the PM (PI binding)

»actin binding domain (grey) tethers the spectrin-
based membrane skeleton to the underlying actin
cytoskeleton.

+*The spectrin tetramer is the fundamental unit of

the spectrin-based membrane skeleton.

o Spectrins

B Spectrins
B LILIIand IV

NN E"R N BN

Spectrin repeat

Ankyrin binding repeat

SH3 Domain

Calcium binding EF hand domain
Calmodulin binding site

Actin binding domain

Pleckstrin homology domain

32



2ITEKTPINH

b BABD

d Spectrin-Ankyrin complex

CH1

CH2
Actin-binding domain. Sequences equivalent to known

actin binding sites in utrophin are shown in yellow. Note
that this structure also binds 4.1 and PIP

BR15

structure of the interactive domains in Sp and
ankyrin. The binding site in B-spectrin for ankyrin is
located in repeats 14—-15. The region in ankyrin that
binds spectrin is the ZU5 domain. Two residues
which when mutated give rise to HPP are indicated:

these destabilise spectrin repeats adjacent to the
8RO binding site.
. 1"'

C B Repeats 8-9

BR8 C1167 e BPH

Pleckstrin homology
domain- with IP3
bound

The structure of two spectrin triple helical repeats.
(repeats 8-9 of BI-Sp). C1167, in the linker region between the
andem trlple helices: this residue becomes available to
ation when RBC membranes are subject to

. ot 4
...'

Baines AJ. Protoplasma 244:99; 201 0°
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[TupAvwon £TEPOOIUEPOUC

Protein 4.1
Actin Ankyrin

a19-a22

Nucleation lSolt-association

Self -assoclationI B1 -B4 Nucleation I

Ankyrin Actin
Protein 4.1

ApXwd avartticoovtal NAEKTPOOTATIKEG AAANAETUSPATELG AVANESH GE O KaL B-UTtORHOVASEG oTN

0€on nupnvwong ot omnoieg e§acpaAilouv to {evydpwpa otn cwotr ¢aon TWV TPUTAETWY KOTA HHKOG
ToU SLepolC. Meta tnv apyxkn dtaclvdeon, To SiuepEg otabepomotieital anod vdpodofeg
aAAnAenidpaocelg avapeoa otig EAKEG (oBeveig, aAAd TOAAEG), Kal tepLeAloOETAL N ot UTTOpOVASa
YUpWw amod tnv GAAn oca oXoui.

34



2ITEKTPINH

a Spectrin dimer EVL. TES
(CaM)
- i Phosphatidylseri
o-Spectrin osphatidylserine

CaM-like 21 20 19 18 17 16 1

—[3-Spectrin
ABD 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 161 17
Actin  Phosphatidylserine B-Spectrin Ankyrin__"
4.1 @/ ¢ ® 2159
Adducin c Short C-terminal
PIP, Long C-terminal (BlIZ2)

(BIIZ1)
Baines Al. Protoplasma 244:99; 2010

Spectrin a- and B-chains associate side-by-side and antiparallel.

Sites of interaction between the chains are indicated with a grey box.

Some examples of protein and lipid interaction sites are also annotated.
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B - spectrin o - spectrin
><

M
STTEKTPINH

<

>« >
o - spectrin B - spectrin

AUTOOUVKPOTNON ETEPOTETPAPEPOUC

" NH2 COOH B
COOH A TTTITITTITTMTITTITIITI LTI TTTTTTT - NH,
NHQ—-IHHHHHHIJII( [TTTTTITHITITITTIITITE A cooH
A B COOH NH2 o

Mn-opotomoAkn dtacuvdeaon, evdoyeving tdlotnta (Hb)
36
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2ITEKTPINH

f Tetramerization site

Baines AJ. Protoplasma 244:99; 2010

To form a spectrin tetramer by the interaction of two dimers, a single helix from a interacts
with two helices from 3 to recapitulate a full triple helix.

Two residues which when mutated disrupt the formation of tetramers are indicated:
mutations at these sites can result in elliptocytosis.

2e aoOeveic pe HE R HP (HPP), ot petaAAayég evtonifovtal Kupiwg otn
OUYKEKPLUEVN TIEPLOXN N} KOVTA O€ AUTAV (Delaunay, 1995).
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O onektpiveg eivan popla avtoouykpotoupeva, UPnAnR ouyyéEvela aAAnAenidpaong

UTa TSp eivan n puotoAoyikr) popdr cuykpotnong tne Sp oto Sk (HE)
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In vivo (370C) euvoouUvrtat ta TSp Adyw oAU uPnAng [Sp]

AUTOOUYKPOTNON ETEPOTETPAEPOUC

opH
*lovTiKA 10XU

OepHoOKpaTia
*2UYKEVTPWON Sp

YinArc-ouyyéverac Sp-Ank = torukég T [Sp] untopepBpavikd ou EuVooLV Tov
OALYOLLEPLOMO

AvtiBeta, n dtacuvdeon Sp-actin givan yapunAnig cuyyéverag (Ln-aUTOCUYKPOTOUHEVN)
Kol xpewaletan tnv 4.1R
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2ITEKTPINH

the oligomeric state of spectrin (6Sp, 8Sp) is in a dynamic equilibrium in the Sp

network (transient formation of Sp oligomers) that facilitates remodeling of the
network as the cell changes shape in response to shear stress.

Nans et al., BIOPHYSICAL JOURNAL 101:2341, 2011
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2ITEKTPINH

(A) Higher-order tetramers, hexamers, and octamers are formed by self-association sites halfway between the
junctional complexes (circles). These self-association sites are transient and that coupling between individual
spectrin molecules is continually being reconfigured.

A
/\\ (B) expansion of the boxed region in A:

Expansion produces a lower surface density
of spectrin molecules- shift of higher-order
spectrin oligomers (hexamers and
// octamers) toward the tetrameric

form, which is fully extended.

(Nans et al,, BIOPHYSICAL JOURNAL 101:2341, 2011)
41




2ITEKTPINH

Spectrin has three main functions:

Supporting the lipid layer
(dMaintaining cell shape

(JRegulating the lateral movement of integral membrane proteins
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Ankyrins are ubiquitous adapter proteins that target

H diverse proteins to specialized membrane domains of
A r K I PI N smooth muscles and endoplasmic reticulum

“Sp-receptor”

Npwteivn-cuvdetng (215 kDa), pwodopuliwon

Vertebrates have three ankyrin genes:
ANK1....ankyrin-R (Restricted, mammalian RBCs ankyrin)
ANK2... ankyrin-B (Broadly expressed)

ANK3....ankyrin-G (Giant)

Ankyrins are subject to regulation by extensive differential mRNA splicing, but
their canonical forms (about 200-250 kDa) have a common domain structure




AT'KYPINH

ApBpwtn (4 domains)

Extra domainin some
muscle forms of ankyrin

a Canonical ankyrins
R e e vy <
D1 D2 D3 D4 } Giant } OTBD
! f ! Spectrin ankyrin Fas P
Rh/RhAG Cla}thrin ihserts Obggunn
LENf L?éNf Titn
AE1 AE1
' death Domain npoodeon¢ o€ HEUPPAVIKEG MPWTEIVEC
D1 D2 D3 D4 domain 24 avtiypada aAAnlovyiac 33aa

mrs

membrane-binding  spectrin- C-terminal domain
domain binding
domain

<€ >
These 3 domains common to all ankyrins

EntavaAnweic ANK-divided into 4 domains D1-
D4, with dinstictive activities)

ZU5-domain binds Spectrin

Death-domain binds FAS

Baines AJ. Protoplasma 244:99; 2010

(-) ank = band 3 dimers

Regulatory domain- interacts intra-molecularly
with the membrane binding domain to
modulate ankyrin’s affinity for other binding
partners. COOH-domain (evaAAQKT.LATIOHOL)
2.2* ank (186 kDa), avOpwrivn aykupivn




AI'KYPINH

Domain structure and variants of
ankyrin proteins

Death domain: the most highly conserved domain

Regulatory domain: the most variable region of
ankyrins.

All ankyrins are subject to alternative splicing,
which further increases their functional diversity.

C

Ankyrins

Domains:

(@ o -

Membrane binding domain
(24 ANK repeats)

Spectrin binding domain

=z

ZU5 Domain
Death domain
Regulatory domain

EERC N N

Inserted sequence

Canonical ankyrins: B, G and R

Neuronal variants: B and G

D. melanogster giant Ank2

Bennett and Baines. Physiological Reviews 81: 1353; 2001

£esTy

PERSPECTIVES




Z0voyn twv yovidiwv tng aykupivne otov avpwro

A rKYPI N H Kol Twv ToepaAdaywv TOU  TPOKUMTIOUV armo
EVOAAQKTIKO LATIOMAL.

e Msetaywyn oRpatog
eEvSéoKkuttdpwon
*[MoAWMEVN KOTAVOUN

MPWTEIVWV ot HEUPP.

(Restricted, Broadly, Giant)
Fovibio: ANKYRIN-R, ANKYRIN-B, ANKYRIN-G

NEKPIKH NEPIOXH

. KANONIKEZ ArKYPINEZ
5 3
x;t}r{ns i bolit ol wr X PYOMIZTIKH 190-220 KD
A MEPIOXH  STATIEPISIOTEPA KYTTAPA KAI ISTOYS

Meproyi wpoodeong
OTH OTEKTPivY

FIFANTIAIEZ ACKYPINEZ
270480 KD (2.40000)

. OYPAIA NEPIOXH
440 kD ankB .’ ¢ a i
) NEYPAZONEZ XOPIZ MYEAING

MoAUTPWTEIVIKA cUTAOKOL SER;' THRE DOMAIN
480 kD ankG

i

KOMBOI TOY RANVIER
O-GlucNAc APXIKA TMHMATA NEYPAZONON
270 kD ankG f o0 g S—
i
O-GlucNAC

MIKPEL AT KYPINEL
26-120 KD

119 kD ankG (} LYMINAEIMA GOLGI

100/120 kD ankG " "y AYIOIOMATA

26 kD ankR — IAPKOTNIAAIMATIKO AIKTYO



Tplodiaotatn anelkovion ths SOUAG TwV elMavaAnPewv oykupivng

Ank repeats (Domains 3 and 4)

Baines AJ. Protoplasma 244:99; 2010

The structure of ank repeats

Each repeat is a helix—loop—helix structure. Mia osipd avtnapdAAnAwv avaSMAWUEVWVY a-eAiKwY
OUVSEOUEVWYV ME ONALEG OE SLatagn KAOETN WG MPOG TLG EALKEG

» Metaypadikoi mopayovteg, OKEAETIKEG MPWTEIVEG, TOEIVEG
» MnXaviopot avayvwpLong Kot TPWTEIVIKEG AAANAETULO PACELG
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AT'KYPINH

Death
Domain

R1423

death domain. Residue R1423 is required

for the interactive properties of this domain.

Baines AJ. Protoplasma 244:99; 2010

ZU5 domain (sp-binding)
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AI'KYPINH

d Spectrin-Ankyrin complex

Ank-ZU5 N\ Ua

structure of the interactive domains in Sp and ankyrin

The region in ankyrin that binds spectrin is the ZU5 domain
The binding site in B-spectrin for ankyrin is located in repeats 14-15

Baines Al. Protoplasma 244:99; 2010
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AI'KYPINH

Linkage to ankyrin is required for the efficient sorting of membrane proteins
during maturation of RBCs

At enucleation, in the absence of ankyrin-attachment, the anion exchanger
and Rh complex are missorted to the nuclear remnant

lipid rafts

contra
actomyosin ring

(Konstantinidis et al., BLOOD 119(25):6118; 2012)

50



GpC-p55-4.1R

ToumAoka LevéEng

4.1 famil




4.1R

vertebrates have many 4.1 ge

EPB41......4.1R protein (RBCs
EPB41L1....4.1N protein (Ne

EPB41L2......4.1G protein (Ge
EPB41L3....... 4.1B protein (Bra

Protein 4.1R: abundant in RBCs (altl

Proteins 4.1N, G, B: essentially absent frc
cell types

4.1R is associated with the mitotic spindles and
centrosomes as well as interphase microtubules of
mammalian cells




Phosphatidylserine

4.1R

Calmodulin —» FERM

2

Membrane

Domain structure of 4.1 proteins
(A) major regions of interaction
and regulation in vertebrate 4.1:
FA, FERM adjacent domain

SAB spectrin—actin binding domain
CTD, C-terminal domain

proteins *

PKA Actin

RM
sites for
. ; yteins
. 33), glycophorinC(  )and

L"* The colours in (C) and (B)

‘ \/> /A LObe B represent the same sequences
= /g\/ . ,
FERM domain

(Baines et al., Biochimica et Biophysica Acta 1838:605;2014)




structure of the FERM domain

a)

JCalmodulin 1PIPZF Membrane proteins 1

Headpiece / »
4 Ao A
PKC, Spectrin,

PKA Actin Baines AJ. Protoplasma 244:99; 2010

ApBpwtn npwrteivn —protein domains:

FERM domain: Npocdeong os pepuBpavn (PS, B3, p55,
phosphorylation

FERM adjacent (FA) domain- a substrate for phosphorylation by PKA a

SAB (Spectrin Actin Binding) domain: NMpooégong og Sp/actin (ctovéuAolwa, HE)

COOH domain (CTD): anoAuvta cuvtnpnuévn ota petalwa-Binds certain membrane proteins

Between the major structural domains are regions relatively conserved between 4.1 proteins

(U1-U3). U1, also known as the headpiece, also binds Ca2+/calmodulin and modulates nuclear
import of 4.1R c4

B T L Lt L L LT — S




4.1R

Common aspect of the 4.1 genes: are subject to extensive tissue- and development-
specific mRNA splicing

eg. 4.1R, more than half of the >20 exons of the gene are subject to splicing

This regulates cytoskeletal interaction and intracellular targeting

FERM SABD CTD
p4.1B
p4.1R
p4.1G
p4.1N N
p4.1R80kDa N

OnAaoctikd: moAAanA£g OEoelg Evapénc MOP mRNA
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4.1R

FERM domain: Common in
4.1 protein-Ezrin-Radixin
and Moesin.......

FERM domain: nexus of
regulation in response to
signals regulating gene
expression, signalling
through protein kinases and
Ca2+

Die Protein 4.1 Superfamilie

Pi1G

pe: —  —— ili

pd AN p4.1 Familie
p4.1B

LCTLI S— L

Ezrin

Radixin @l 0 N

Moesin ERM-Familie

Merlin a1

DmCoracle - e

Jaks [ ol Tl

Protein-Tyrosin

EAK Kinasen
PYK2 ‘-:-Zl

MR e

PTPN4

FIPNE e > -Famili
PTENF PTPH1-Familie
pTP-BAs [E0E e oo iy

myosinvi[ @ s @ >

Myosin xv [N - T

- = o~ caeo
BT
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eOL aAAnAsmudpaoeig tng 4.1R puBuilovtal pe pwodopuliwon Kol oo To cuoTNUA
calmodulin/Ca++ (avaotoAr cUvéeong o pepPpdvn & Sp/actin).

*H npoéodeon Ca++ otnv calmodulin avéavel (20x) tnv mpodécdeon tn¢ calmodulin otnv
eCaptwpevn amnod acBEotio Beon npoodeong calmodulin tng 4.1. Auto mpokaAel aAAayr otn
Stapopdwon tneg 4.1 mov eridpépel e€acBévion Twv aAAnAenidpdoswv TG Ue TI¢ p55, GpC, B3
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] R AJ. Baines et al [ Biochimica et Biophysica Acta 1838 (2014) 605-619
Zl " A

Transmembrane proteins Transmembrane proteins
Junctional complex (Ankyrin-based complex)
( al complex) K S¢ ;

4.1 complexes in RBCs

(A) JC: 4.1, Sp and actin bind together to
form a junctional complex that
enables 4.1 to interact with
transmembrane proteins.

S~ Spectrin .
Specf[rlnm_. 1/actin tetramer Spec’ltrlnml. 1/actin
junction junction

& &

B Plasma

(B) (B) Several 4.1R molecules bind to
the short stretch of actin at the JC Y
allowing a number of 4.1 binding
partners to be associated with it.
The transmembrane proteins shown
are those found in the RBC

Lu/BCAM )
Glycophorin C

Actin cg




O xaAutepog deixtng tng nAwiag tou RBC
*SDS-PAGE: 4.1%/B, 80 & 78 kDa

*Meta-M®P tpononoinon tn¢ Asn502 nov cupPaivel
otaSLaKA Kal apya Ko TPoKaAeL f— a.

«T4.18/a: nepldpepkn atpdAvon, avénuéva AEK
e[IpAKELTAL YLO KOLVO UNXAVLONO O€ TOAAQ €i6N
OnAaotikwv aAAd n T tov Adyou dtadEpeL ano

eido¢ o€ €idoc.

4.1(-) > HE
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AAOY2ZINH

Vertebrates: 3 adducin genes (ADD1-3)

o, B and y polypeptides, respectively

Vertebrate adducin is a o= oy

*RBC: stepotetpapepn (2ap), 15.000 popia/RBC (Sipuepn off Ko TETpapepn)

aAvdng Twv vuatiwv aktivng
(mopepnodilel p
actin ko TpoAyeL MPOodEa

_(zta@epororei tn ovvEeon-TPLASIKG GUNTTAOKO-
assuring that the junctional complex remains intact during the
mechanical distortions experienced by the circulating cell)
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AAOYZI N H F-actin plus-end capping protein

Spectrin/Actin/Adducin Interactions

end

B-Adducin forms complexes between spectrin and actin promoting the
association of spectrin with actin filaments

(PNAS 102(35):12407; 2005)
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Phosphorylation sites for the kinase ROCK
which regulates the interaction with Sp

aaucin

AA OYZI N H lROlClK PK/h PKC
—i

N-terminal globular head domain:

homologous to the aldolase-1l family MARCKS-like
Oligomerization T
Primarily tetramers |
2) shortinterconnecting (neck) region: for Ca;:".g%%ﬁ"”
oligomerization Spectrin

Baines AJ. Protoplasma 244:99; 2010

Regions sha
protease-sensitive tail: basic region- adducin polype

contains a MARKS-like domain that
binds Ca++/calmodulin- Can be
phosphorylated by PKC - multiple
protein—protein interactive site (Sp,
actin...).

Require dimerisation/oligomerisation to be
functional: this is driven by the neck

domain.

”ec! tail

head

H,N

Calmodulin and PKC are negative regulators of
adducin interactions with Sp and actin

AR
\\\\« (Franco & Low, Transf. Clin. Biolog., 17:87, 2010) 62



B3-Adducin =Sp complex
Dematin-Adducin =GluT1 bridge

AAOY2ZINH

binds Sp, directly
bindstoB3 =

4 ~
XX YO
““Q" ‘ Spectrin

opomyosin

o

Tropomodaulin

adducin forms a bridge that connects the spectrin—actin JC to band 3.
Rupture of this bridge leads to membrane instability and spontaneous fragmentation
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AAOYZINH

(1) Structural role (BonOntikn Sp/actin, KdAvyn axtivng, Frepvpwon JC o pepfpavn)

(2) response to stimuli that may be important in regulating the global properties of the
cell, possibly including cation transport, cell morphology and membrane deformability

a- and b-adducin subunits interact directly with stomatin. Association with stomatin may serve as a
sensor that enables the membrane to respond to mechanical stresses by altering its permeability to
cations

Not surprisingly, because of the critical nature of these disparate functions, the interactions of
adducin with its binding partners on the membrane appear to be sensitively regulated by kinases,
calcium/calmodulin and cytokines.
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spectrin-ankyrin-4.1-adducin membrane skeleton: an adaptation

of the eukaryotic cells to the demands of animal life

eg. Movement (different stresses on PM)
Integration of cells into tissues =

Specialization of membrane domains
Formation of signaling complexes

Earliest after tissues evolving

Interaction of Sp with ank: is probably a prerequisite for the formation of tissues

only in vertebrates the 4.1 acquires the ability to bind Sp and actin. This alllowed to the Sp
complex to regulate the surface accumulation of various proteins

4-protein complex implicated in: formation of apical and basolateral domains, membrane
trafficking, assembly of signalling and cell adhesion complexes, providing stability to

otherwise mechanically fragile cell membranes
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(@)
Transmembrane proteins Transmembrane proteins Major RBC mem brane— MSk com plexes

{(Junctional complex) (Ankyrin-based complex)

(a) Sp—actin complex

SpT are bound at their ends to short actin filaments. The
actin filaments are long enough to bind a TM and are
capped at the minus-end by Tmod. Proteins 4.1 and
adducin regulate the interaction of Sp with actin.

Y Spectrin S
Spectrin/4.1/actin tetramer Spectrin/4.1/actin
junction junction
(b) O COyp - (b) The ankyrin-based complex.

Ankyrin links to B-Sp and joins to membrane
macrocomplexes (band 3 (AE1) and the Rh proteins).

Plasma

Glycophorin A

Cytoplasm . . L . .
c) The junctional complex. The Sp—actin junction is

linked to membrane proteins via 4.1, adducin and

dematin (4.9). Several 4.1 proteins are bound to each

KA. Qs junction point; each is capable of interacting with various
+H membrane proteins. Adducin can bind band 3; it also

forms a complex with dematin that binds to the

GLUT1.

(c)

Plasma

Note the overlap in the proteins of the JC and of the
Adducin Cytoplasm  gnkyrin-based complex

Baines AJ. Protoplasma 244:99; 2010 66



Major RBC membrane-MSk complexes

A) the actin-based JC coordinates membrane linkages to a large range of membrane
proteins

Some of these: have roles in red cell stability
eg. rupture of the adducin-band 3 linkage: weakening of RBC membranes
Combined loss of adducin and dematin: alters cell shape and membrane stability

B) On the other hand, only the domain of protein 4.1 that binds to spectrin and actin is
required for RBC membrane stability=

The function of 4.1-transmembrane protein complexes is to ensure that transmembrane
proteins are trapped at the cell surface after their synthesis

Both ankyrin and protein 4.1 are necessary for the stable accumulation of
certain membrane proteins at the cell surface (Band 3, Rh complex, Duffy Ag etc).
In their absence, they are lost being missorted during erythroid maturation-
Not only in RBCs
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spectrin-ankyrin-4.1-adducin membrane skeleton: an adaptation

of the eukaryotic cells to the demands of animal life

These proteins are very likely to be essential to all animal life.

As a consequence, defects in these proteins caused by mutation
or by modifications, such as proteolysis, are associated with

numerous disease states ranging from hereditary anaemia to
heart disease.
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2KEAETOZ

2keAeTOoi Sp-ANK £KTOG TNG EPUOPOKUTTAPIKNG HEHBPAVNG

1. Aopikn unooTRPIEN KUTTAPIKNAG HEHBPAVNG

2. PUOpion katavopung/Asiroupyiag SiIageBPAVIKOV NPWTEIVOV Kal
HEUPBP. ev{UpWV O NOAWHEVA KUTTAPA

3. AiaAoyn NnpwTEIiVOV
4. ApPYXITEKTOVIKN NUPNva Kara Tn HiTwon

5. PUOuion povonaTiwv PHETAY®WYNG OQHATOG
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EKTOZ RBC

RBC

eMukvol
*EKTETOMEVOL
*OMOLOYEVELG

*Kovtd TPWTOoVNHATLA AKTIVNG
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Awatipnon 6opig, duvaukig puong,
Sdlapeplopatonoinong

Aladoy£ag TIPWTEIVWV avAAOYOC TNG
kAaBpivne ota kKaAuppéva BoBpia

Npocdével mokiAla mpwTeivwv
ETUAEKTIK GUYYEVELQL
2D-oAwyopepeic Sopéc

. Katdotaon Suvapiking cuykpotnong

pPwNp

PuBuileL cuykpdtnon npwteivwyv otig LepBpavec Golgi epnodilovrag tnv
€l0060 TOUC 0€ EKKPLTIKA KuoTidla petadopac




TPOTTOMYO2INF

adovaiv

_ Rpvt
A A Rptl

TPOTOPOVTOUAIVE |y ¥
. , -
'.'“,.- -

ﬂKle‘ .

po Vi OTiou
KTV

p-omreKTpiv . . .

»1) AAAnAemuibpouv pe 6 popLa aktivng,

> 2) éxouv T ouyyévela yia TD/actin

/

. -

\
f \

eActin-binding protein

4 yovidua (a, B, vy ko &
RBC: 29/27 kDa, 70-80.000 copies/RBC

ZoumAoka LevéNg: (v) kot TM5b (a)
OE OMO- I ETEPOSLUEPN

EIAIKH IZOMOPO®OH




TPOTTOMON TOY/ANNEH

, v Mpwrteivn kaAuypng TM
wdovoivy E 4 bne

.. ] . . ﬂm1 .\l
' A A Rptl
Tpunupuwuuhwr] R ¥ \

-
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ﬂI{TIF .

AVOLOTEAAEL:

po vnpoaTiou

KTV 1)Zuvepyatikotnta TM

2) Emupikuvon / amonoAUEPLOUO
oKtTivng

p-omreKTpivy




Tropomy osin H -lerminus

tropomaodulin




MONTEAO SUNG et al., 2000

(Sung et al., Blood 95(4):1473; 2000)

A Erythroid Precursor
™
e C C
N N N
Tropomodulin Erythrocyte
C
¢ C
C b
(G E—— N
B N
<«— 33-35nm —»
Tropomodulin A switch of other TM isoforms to TM5 or TM5b and/or an

increase of tropomodulin would favor the formation of actin
protofilaments.

pointed end barbed end

33-37nm The more tropomodulin bind to the N-terminal of homodimer or
heterodimer of TM5 and TM5b (approximately 33-35 nm in
C Homo- or heterodimers 1€N8th), the less the head-to-tail association of TM molecules can
of TM:/S or TM5b occur along the actin filaments.

Tropomodulin - @-N_\C

Increasing TM5, TM5b, and/or tropomodaulin, therefore, would
favor the stabilization of shorter actin filaments that are of the
me size as an LMW TM molecule. 75



MONTEAO SUNG et al., 2000

AYA sfaywvikd BikTuo . . .
A say , Newpetpia eaywvikwv mAsypatwyv Sk
F NN N uTTopSp Bpavikad
o) oKEAETO
ALY 1‘

“—» B

200 nm |

| Ta npwtovnuatia aktivng euvoolv tnv
npocdeon 6 SpT

\ TP WTOVNUATIO GKTivC t

aKTiv OTEKIpivN To cupmnAoko TM5/TD kaBopilel wg
N T XApaKoG To LAKOG aktivne 33-37 nm

TPOTTOHOYIOUAIV) W™ '

HOPIOKOC KOvOv g , , , ,
A H TM5 €xeL 6 B€oelg mpoodeong aktivng

i
i
Béon mpoodeong 2tnv ntuxwtn enidpaveia tng TM5

TPOTTOP OV TOUAIVTG Snuoupyeital pia 0éon npdcdeong TD
oy Th5

TOuAivN L
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2KEAETOX

Opyavwon avtiotpenta petaBAntn —Mukvoc-EAaotikoc-EKTatog

O anmootAoeLg avapecsa ota cUIEVYHEVA HopLa udioTtavTol QUEOUELWOELS OL OTIOLEG
SLapEOOU TWV CUVOESHWV HE Ta SLapeuBpavikd cvotatikd kabopilouv tnv tomoAoyia
KoL TNV O0pPYAVWGH TOUuG otn HeEpBpavn. Autog¢ eival €vac mbavog HNXOVIGUOG
OU QUTOTEAWV SOULKWV KOl AEITOUPYLKWY ULKPOTIEPLOYWV OTN UEUBPAvn.
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AIATHPHZH EMI®ANEIAX

1. Membrane protein linkages with skeletal proteins: regulating cohesion between lipid

bilayer and MSk (Preventiion of membrane vesiculation

mwechanical stability of MSk (Prevention of membrane breakum

1.
2.

-

Interactions between Sp dimers

Interactions that define the Junctional Complex

4
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2KEAETO2

ol AAAnAermidpaocewyv o€ 2Z = ! membrane stability
oT AMnAeruSpdoswv = | deformability

AYTO2ZYTKPOTH2H 2YMIAOK
1. BonOntikeC MPWTELVEC

2. Ca++/calmodulin/calpain
3. Meta-MOP tpomomnotnoeLg:

MnN-OVILOTPEMTEG
nuplotidiwon 4.2 dwodopulivon

ofeibwon oKUALwon Autapwv ofEwv

5 HN-evivpatikr yAukofuAiwon

TEOAUON

79



2KEAETO2

O IKEAETOCG CUVLOTA NXAVLIOHO SLAOYNC MPWTIEIVWV 0To £pUBpPOKUTTOPO




