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Abstract: We describe th&unctionof the ER shaping moleculesticulon,atlastin spastin
and REEDasgenerabdrsand stabilisrsof tubular networks ofhe Endoplasmatidreticulum
membrans. The formation of tubular networks is controlledthg genericmechanismsf
maximizingthe area to volume ratiof ER membranein the highly crowded cytoplasmic
spaceThe elastic energy associated with tiaadube formation is minimiz by
spontaneus curvature inducing proteins tHiatm complexes acting ds/drophobiovedges.
The tubular junctionsay bestabilized byreticulon forming twdorcepstwistedby 90° The
extension into theendritesand axons are mediated by couplinghaf tubes to the
microtubules which is mediated by REEP. An intriguing function of the tubular ER network is
the long range stimulation of the genetic expresbionalcium waves activatinga-mediated
transcription factorassuggested by ParlPfrk 2008. At the end present modelsf tension
drivenmembrane fusign(i) of bud detachmentia tension driven pore formation (insteaid
pinching and popping)

l. Introduction:

From the point of view of physs of membrane shapes the goldsmatic reticulum is &
most astonishing and versatile cellular organdlles hasbecome It forms a continuous
closed surface which originates in the outer nuclear shell, exteondmiassembly of
collapsed, disKtike vesicles (called cisternae) from which tube like esit@ms emanate into
the cytoplasm (see FiguB. The cisternae and the outer nuclear membrangesisely
studded with ribosomes amadecalled rough ER while theibe like fraction is free of
ribosomes and is called smooth BRe smooth ER is assumedi®e formed bynewly
synthesized lipids and proteirs.the resting statesf cellsmost of the ER forms cisterna
while the tubular fraction is smallhe tubules form numerous branches, in such a way that a
continuous closed network is formedhich enclossa singleluminal spacelt has become
evident only recently, that he astonishing manifold of shapes, that the ER can form, is made
possible by a new class of proteins, such as the family of reticulons discovered by the group
of TomRapopor{Voeltz et aJ 2009..

The ER of different cells can differ remarkably. Secretory cafidlfose of the

pancreas) exhibit extended stacks of rough ER. Liver cells exhibit an extensive network with
few ribosomes which is enriched in enzymes isgrthe metabolism, dekification of



biosynthetic products and exogenous substances. Uniquely, muscle cells are packed with a

specialized form of ER: the sarcoplasmic reticulum (SR), which serves as reservoir for

C&*.The tubular fraction of the ER is extremely extended inaeells wherdt protrudes

into the tips of the dendrites and even the gsee Figure 3 below afjBark 2008]. Due to

the interconnection of the tubules by stable junctions, the local fluctuations in calcium

concentration, caused by the numerous prosaasiie dendrites (which are controlled by

second messengers), are rapidly equilibrated. Experimei@bl.dyark and coworkers

suggest that local fluctuations in calcium in the dendrites can propagated through the tubules

with a speed of 30 um/sec andvehfrom the tips of the dendrites to the nucleus within

fractions of a second. This could result in thet@ggered genetic expression [Park 2008].
Before Idescribeour present knowledge of the basic processes of tubular network

formationand introducesome physical concepts, | summarize basic processes of intracellular

trafficking by vesicles to point out some analogies betwesrc#ilular procesand ER

shaping mechanisms

Il. A short intermezzo onintracellular trafficking by budding -fusion-
fission chains of events,

One of the most fascinatirggllularprocesesis therapid materiaexchangédetween
intracellular organelleshe importof nutrition by endocytosis and the export of waste or
hormones by exocytoswhichis mediated by @sicleg(see Fig 1a)Central enigmasf these
processeare (i)how the budding and fission of vesicles from one organelle (say the plasma
membrane) and their fusion with thpecifictarget membrane (say the-€&®Igi membrang
controlled or(ii) how thecharacteristic composition of tmeembraneand the lumemf each
compartment is maintainetiring the material exchan@gee also lecture by Patricia
Bassereaueference$orrera 2012 or the reviewjSackmann 2006]).

Anotheropenquestion is whether ¢ghactin cortex plays a role for fissidndeed,
coupling of the actin cortex to the coated pits cavdke a tension in the neck of the
invagination and thus drive vesicle fission, for instance by pore formation (see model in Fig.
9). Recent experimenby Merrifield et al [Merrifield 20055how th&cortactin mediates the
binding of Factin to clathrin and enhances the efficiency of membrane scission at the coated
pits drastically. Cortactin is activated via phosphorylation, by tyrosine kinases or
serire/threonine kinases, in response to extracellular signals like growth factors

Theprocesses associated with endocytgsiscesses have fascinated physicists since
some 10 years as an example of the sorting of lipids and protecasipyng ofmembrane
curvature and phase separat(sae[Andleman1987, [Sackmann 1995 or by the oncept of
hydrophobic matching betwedmelipid bilayerand themembrane bound part of integral
membrane proteins ([Ben Shag95], [Sackmann [2006])With the discovery othe role of
the BAR domains as curvature inducing agent [Gallop 2005] and the unconventional GTPase
Dynamin as fission promet[Stowell 1999]deepeiinsights into the molecular mechanisms
controlling the budding and fissidrave been gained. In contrdse physical basis of lipid
and protein sorting is not established well experimentally (see Lecture by Patricia Bassereau,
Appendix B of Reference [Sackmann 2006] or The Suppleane@hapter 9 accessible over
www.biophy.d¢



The material import by cell&docytosis) is mediated by caveolae and coated pits.
Both are formed by local curvature induced by macromolecular adsorption but they transport
materials to different targets. In the case of coated pits the spontaneous cis\aitare
assumed to beigigered by the adsorption of the coattpin clathrin [Bruinsma 1998] bu
has been postulated that due to the stiffness of the clathrin network, the spontaneous curvature
is mainlyinduced by adaptor proteins which expand the inner leaflet of the RiMsdxgion of
their lipid anchorsClathrinis recruited to the buds by binding to the adaptor pro{sies
Figure 1b [Sackmann 2006]js role is most likely to stabilize the buds and to mediate their
coupling to other cytoplasmic proteins guiding ttensport of the coated vesiclés.2001it
has indeed been shown that clathrin binds to actin via the specific actin binding protein HSP1
This dumbbelishapegrotein exposes two actin bindirdpmains at a distance of about 60
nm and its central sechdinds to clathrin It can thus mediate the embedment of coated
vesicle into the actinortex[EnggvistGoldste 2001][Kaksonen 2012]Ferguson 2009]

Coated vesiclemediatealsothe transfer of vesicles from the ER to thans Golgi
complex and fronthe cisGolgi to the PM. However the budding is mediated by the coat
proteinsCOP1 and COP 2, respectivgBothman 1996]It is obvious that bysing different
coat proteinghe transport vesicles obtain their specific signature which guides them to the
right target organelle.

Fig 1b shows aimplified model of the budding process triggered by the recruitment of
the adaptor proteins AP2 (possibly together with A1BOrd 2001) to the membrane micro
domains loaded with receptor (such as transferrin ghestim [Sackmann 2006])
Spontaneousurvature is induced by the insertion of lipid anchors which are exposed after
activation of the adaptor by GTPases. Model membrane stadiésatshown in Fig2,
suggest that thieudding isrequiresthe formation otlusters of the receptor (such as
transferrin). In Fig 2 the budding of vesicles composed of DMPC is triggered by fdtess
separatiorof the (thermoasensitive)macralipid which is mediated by accordidike lateral
contraction ofts hydrophilic chan above a transition temperaturg While in theexpanded
state the macrolipid is distributed homogeneously and the vesicle shape is only slightly
deformed, it undergoes lateral phase separation at festilting in the formation of buds.

The expansiorof the cytoplasmic leaflet by insertion of hydrophobic tails drives also the
budding of caveoli. The coat protein caveolin exposes two hydrophobic thaiferm
hairpin loops that seem tBnd most readily in membranes containing choles{se®
Sackman 2006]
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Figure 1 (a) Schematic view dfi-directional material transport mediated by vesicles.
Proteins(such as insulinyynthesized in the ER are transported via the three Golgi sub
systems cisnediumand trans tothe plasma mennanes (PM)andsecreted by exocytosis.
Each step is associated with a buddfrggionfusion sequence of events. In the Golgi many
proteins are conditioned for their functiogsuch as the transformation of pnaesulin to
insulin). The budding is generalgssumed tbeinduced by the adsorption of coat proteins
Asillustratedin (b) some spontaneous curvature is disggered by the membrane
anchoring of theadaptor proteins recognizing specific membrane bound proteins (such as
transferrin receptors)Each organelléhas its own set of coat proteins and associated
adaptors.The transfer from the ER to the cis Golgi and in the reverse direction is mediated by
the coat proteins COPII and COP I, respectivdlizeimport via the PMs mediated by
clathrin and its adaptors

(b) The top shows on the left sideedectron microgaph of a ternary complex ofathrin, the
triskeleon, which assembles into the cddte knobs at the end bind to the adapidre
adaptorbinds to the membrane by electrostatic forces, specific aimghim

phosphoinositides (PH4.5)P2) and by fatty acid anchors (which are exposed after
activation by GTPasgslt recognizes also membrane bound receptors (such as transferrin
receptors shown in the image at the bott@or structural detailssee revew by[Edeling

2006]
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Figure 2: Induced membrane budding of vesicle composed of DMPC and doped
with the macrdipid N-isopropylacrylamide (NIPAM). In the low temperature
state the hydrophilic chains are extended. The mépio is distributed

continuaisly, resulting in a soft shape change of the liposome. Budding occurs
only if the hydrophilic chain collapses and forms clusters by lateral phase
separation. Reference: J. Simon et al Chem. Phys. Lipids 76 241 (1995)

The secod essential step of the kdidg-fission-fusion sequence is the formation of
narrow necks between the bud and the bulk of the plasma menextzEbiing radii ofrpecka
30nm. In the direction perpendicular to the axis of the neck, the radius of negative curvature
can be even small¢~15nm see [Sackmann 2006[he bending energy associated with the
neck formation in lipid bilayers is small and is generally neglected. This is likely no longer
true for receptor loaded buds with membrane penetrptitgintrunks.This could be one
reason for the introduction of a new class of helper proteins such as endophilin and
amphyphysir(see lecture by Patia Bassereau and [Sorrea 21T hese proteinexhibit
protein donains €alled BAR-domains)which form banana shaped dimers. From thedwnds
of each BAR monomesrotrudepieces oamphiphatic heliceghich aretethered to theimer
through flexible peptide sequendsee[Gallup 1996]Figure 8) In this way the long axes of
the helical segments can orient in arbitrary directions witherdp the long axis of the
bananaFor that reason, theanana shaped complexasform a helical collar around the
cylindrical neck thus enforcing a positive curvatysee Glossary ar{ikozlov 1999],

[Stowell 1999] [Ford 2001). We will discuss posbie mechanisms of vesicle fissiahthe
end.

lll. Generic and specific driving force of tubule formatiorr Analogies to tubular
networks of microemulsions

Figure 3a: shows a schematic view of the Endoplasmatic Reticulum of nerve cells. The
ER consists of twéractions:first, the rough ER which is studded with ribosomes (the
biosynthesis machines) and fordisc shapedesicles(called cisternae) which apenetrated
by passages (worm holem)d second networks of inbemnected tubules.i€lernaewith
worm holescan beformed by heterogeneous lipid membraocesiposed oferritories of
positive and negative spontaneous curvature [Gozdz 1988]bending energy @f dise
shaped lipid membranwijith zero curvature of the two flat regiqms discradius Randa

radius r of the rintan beeasilyestimated from the mean curvati2ecC >=R* +r* by the
bending elasticity model. Fox<R one obtainBG,,.° p°AR/r . This result shows that the

rim energy is the smaller the larger the diogical values e R 3500n m an2nm r &
[Lei 2009],resulting in a bending energy &G, ° 510°k,T (for k=50 ksT).

disc



During cell division(mitosis) the nuclear envelope has tada@siently dissolvedHigh
resolution electron microscopy tomography experimemisved that this occuia the pre
metaphasef the cell cycleby the partitioning of the lipid protein bilayer fraction of the
nuclearenvelope into the ERDespite of this process, thealk of theER remains mainly
organized asxtendectisternae from thpro-metaphase until the teleophase when both cells
start to formther nuclear membrane agai@nly a very small fraction remasrorganized as
tubules. In contrast, during interphagen the cells prepare for the new division by
synthesizing new mateftgincludinglipids and membrane proteirthe ER forms a network
of small cisternae interconnected by a network of tujuleisLu 2009} In the second part of
the lecture | discuss the physical basis of this drastic change in the topology of the ER.
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Figure 3: To the morphogenesis of the ER (a) Model of tubular ER network
extending from the cell body into cellular protrusions such as axons and
dendrites (Image redrawn following [Park 2008]). ¢) Bottom: electron
micrograph of tubular network formed the amphiphilelmage reproduced
from [Safran 2000with the permission of the author

The formation of tubular networks allows cellssimthesizenew membranes, while
minimizing the expansion of the cell as the following consideration shidvesareato



volumeratio A/V depends sensitiveiyn the shapef the organellesFor tubular shapes with
radius 1 spherical shapes of Radius R and cisterna forming prolate ellipsaidsradiusr
and thicknessl, respectivelythe change of the ratio is

A, 1l A, 2 A, 3

(o] (0]

V 3R Vor vV 2d

Clearly, the shapevith the largest area at a givemervolume V, is the tubulefollowed by
the cisternaeAny change of the Effnembrane areia the highly crowded cytoplasmic space
would cause a drastiocreasan hydrostatic pressungnless theell volume isncreased
simultaneouslyBy the formation of tubular networks the increasealume is minimizedAs
noted above, another biologicdtiving forcefor tubule formation ishe requirement to bring
the ER close to the dendrites of neuronsvanto the tip of axongsee[Park 2008 and [Park
2010}

Thenetwork of interconnected tulas is reminiscent of thmubic phasesr tububr

networksfrequently observed imicro-emulsions formed by amphiphiléis agueous

solutions Transitions betweelamellarphasegsimilar to cisternagubular networks

cylinders or sph@&scan be mediately simply varying the spontaneousiwature[Safran

2002] As shown in Figure 3b the tubulEgmed by monolayers of amphiphiles alaoform
junctions verysimilar to the ERubules.However the spontaneously formgdnctions are
constantly broken andformedwhich is mainly a consequence of the entropy associated with
the restriction of tube conformations by the junctions [Safran 2000].

It is well known that | varying the concentrations and typedipids as well as the area
to-volume ratidipid bilayerscould in principle also form branched tubular network
coexisting with mother vesicles (see [K&991]). More recently it has been shown thathin
giant vesicles filled with polymer mixtures (polyethylene glycol and dextran) long tubules can
form if the polymer mixture undergoes phase separ#itiod019. All these shape changes
mediatedoy generic mechanism cannotradiably controlledand thespontaneously formed
junctionsmust be stabilized. Byuestion how nature achieves this gedll be addressed in
the following.

IV. The ER-shaping proteins A short characterization of their structure and
function.

We consider firsthe elastic energy associated with the three netwdHes mechanical
energy to bend a plate of area 1x1 (oonsistingof about 18 lipid molecules)nto a tube of

radius r~50 nm is of the order DG, © kK A/r* and the tube would t&im long.The
berding modulus of the envelope iotracellular organellegcontaining about 30 mole %
cholesterol) is £ © 2x10°J [Lipowsky andSackmann 1995, Ch.&sulting inelasttc

energy osts of DG,,.° 2x10°k,T . The bending energy of spherical shapes does not
=8p k oraboutl2kgT. As noted abovehe bending
energy of theisternaewhich is determined by the riris of the order 1DkgT.

depend on the radius and

ela,sphere



Sharp edges with radii of curvature of about 25 nm in pure lipid bilayers are associated
with a substantial bending energy since the hydrophobic moiety of the lipid bilayer is strongly
distorted. This can be reduced by the formation of defects in the liquid crystalline order of the
bilayer (see [Sackmann 1995]). As noted above the bilayer thickness in the radial direction of
the bent is larger than that of the flat parts of disc shapedes. Typically the radiiof the
necks between cells R <50 nm and the radius of the negatively curtraghsition between
the bud and the bulk of the plasma membrane-8)nm. The total energy of theeck is

2p® kr , 36x10'°3x10°

DGela” =
R 5x10

J°© 500k, T

The area of the nkds of the order oA=2oRpr © 2.2x10 **m?. It containsabout

2x10**/0.65x10 % ° 3x10" lipids and thebendingenergy per lipidnolecules is thus rather

small about 0.02&T. Bending energy costvereobviouslynot themainreason for the
evolutionary pressure @rcing the introductiorof anew class of ER shapingoteins.New
proteins weremost likelyintroducedto controlthetopology of the ER and tHeudding,

fission and fusion process#sa robust way, such as through cell signaling processes
controlling he activity of the ERshapingoy phosphorylatiordephosphorylatiorreactions
Another important function is the stabilization of the long membrane tubes by coupling to the
microtubules bundles.

Therole of the superfamily of reticulons BE&R-shaping poteins vasdiscoveredy
Tom Rapoport [Voeltz 2006] armbworkers. Theghowed thaaddition of these proteins to
suspensions of vesidéextracted from cellsnduce the selbrganization oextendedubular
networls. They further showed that the retionk share an unusual, membrane penetrating
and hairpirshapedeptide sequence and postulated their role as curvature inductors.
Reticulonsgained great intestin connection withrecentresearch on thieereditary spastic
paraplegiaISP) aninherited dseasavhose main feature sweakness and spontaneous
contractiors (spasticity) in the lower limbdt turned out that wre than 50% of the hereditary
spastic paraplegia ( HSP) cases result from mutations inghwesns involved in shapirtpe
ER, naméy atlastin-x (also known as SPG3Agpastin(SPG4) REEP-x (= receptor
expression enhancing protein x or SR{E&8nd members of theticulon protein family,also
calledDP1/Yoplp (see GlossafVoeltz 2006]and [Park 201Q] Mutations in the
multifunctional protein spastimccountfor 40 % of the casei the following we first
summarize the main features of the reticulons.

Spastinis a huge proteinof 616 amino acids) performingany functionssome of
which areindicatedin the image belowit exhibits a hydrophobic domain that can form
hairpinlike membrane anchorsgeFigure4 below). The Gterminal harborsn AAA -
ATPase thatan form a hexamer compl&ich acts asnechanical device for severing
microtubulegsee Glossar ar{@lackstone 2010]). fie monomers bintb microtubules via a
specifc binding motif (MTB). Finally, the hydrophobic domain$iR) serve the complex
formation with the other ER shapipgoteins Thus,spastin exhibits a binding site for
members of the atlastin protewsich medate the coupling of the tubules to microtubules
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Figure 4: Left: Domain structure athe multifunctional proteirspastin.The functions of the
domains arendicated and will belescribed belowRight summary osupramolecular
complex oER shamg proteins formed by complex formation between the hydrophobic
domainsof the ER shaping proteins

Atlastin-1 The protein (558 amino acids) consists of three utsvn in the image belowa
N-terminal domain (amino acids-338), a middle domain347-432) whid is followed by the
hydrophobic, membrane spanning part 4498) and a @erminal domain (87-558) [Byrnes
2011] [Bian et al 2011]The membrane spanning part corsidttwo hydrophobic segments
of 20 amino acids separated by a negative pefiaeh & the hydrophobic segents could
form aa-helix of 3.5 nm length. They match the hydrophobic thickness of théieyerand
canorienting normal to the membraptane. It could thus not act as curvature inductbing
atlastinscan form complexewith theother ERshaping proteingas shown in Fig§ The
main functionof atlastin isto mediatdusion ofthe ER memlanes which isnediated byheir
N-terminal domainlt belongs to the family of dynamirelated GTPaseshichis also
involved in the divisiorof cell organellesThe fusenogetic function of atlastin is discussed
below (see Figure 9)
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REEP-1to REEP-6: Both proteins of the REEP family expose two hydrophobic
domains which can form two hairplike domains acting as membrane anchors (see Fegure
below). However, the isoforms exhibit remarkable differences which determine their
functions [see Park 2010]. REEFPand REEF6 exhibit two, about equally long hydrophobic
domains which can form two hairplike membrane anchors. The REERo0-4 harlor also
two membrananchors but one of these is much shorter than the oflhermajor difference



of the two groups of isoforms is the exposure of a microtubule binding domain MBi2 by
shorterisoformsREER1 to REEPA4.

Reticulons Major ER- shapingprotein involved in generating of highly curved tubules
and the stabilization of junctionall members exhibit a highly conserved section comprising
190 amino acids in the-@omain.Ubiquitousfamily members (200 kDa) are: Rtn4a/NogoA
and Rtn4b/NogoB. Tétwo hydrophobic segments exhibit 86d 32amino acidsA
minimum of two amino acids is needed to form a hairpin. Therefomaéxémumlength of
the hairpins would bel ~2.7nmand 1~2.3 nm if one assumes that two amino acids are
required for the fomation of the turnThe hydrophobic thiness of the bilayer is about 3nm.
They could both form hairpthke membrane spanning shapes with tharld Gends
pointing in the cytoplasmic space and thensof the hairpirs penetrating intdhe polar
region d the luminal membrane leaflek remarkable feature is the polybasic sequence of the
Clearevidencehas beemprovided that the Nerminal domain forms indeed a hairpvoeltz
2006],[Kiseleva 2007. The orientation of the domain close to theis notso cleamandit
could also penetrate into the lumen.

Molecular model of reticculon function as curvature inducing proteins
The function of retiulons as driving element of tuteuformation has beesstablished in
several publicationsvoeltz 2006].Most direct evidences providedby Figure5d showing
that thereticulon Rtn4a/NogA is only distributed in the tubuldractionof the ER This
follows from the observation #t red and greelabeledER structures arelearly separated
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Figure 5: Structure and function of reticulons.

(a) Primary structure of the twlaydrophobic domains close tet€rminal. The 8 (and 32)

amino acids attributed to the hydrophobic segments could &halices of 5.4 nrfand 4.6
nm)total lengtls or a hairpinconformation with arms atbout2.5 nm(and 2.3 nm)ength.



The thickness of the hydrophobpart of thefluid lipid bilayer (that is in the L,-phase)s

about 26 nm (see (c))Note that the twhdydrophobic domains are separated by a hydrophilic
sequence of 65 amino acidsdthat the Gendexpose polybasic residueslit canthusadsorb
to thecytoplasmianembrane surfacehich contains about 10mole % acidic lipids

(b) Molecular model of membma binding of the hydrophobic domains (&24.

(c) Molecular structureof phospholipid shown for comparison.

(d) Transformation of shedike into tubulr ER by transfection afells cell lines COS) with
reticulon Rtn4a/NogoMMyc (labeledgreer). The sheet like fraction of the ERabeledwith
thespecific markeClimp-63 (rot). The lack of ykow areasverystrongly suggestthat
reticulon is only present ithetubular fraction of the ER The mageis a giftfrom

unpublished work by the group ©®m RapoportSimilar images are found {Woeltz 2006]
(e)Possible model of linking of vesicles by reticul@es text below)'he bottom shows a
electron micrograph of two connected vesicles The reticulons are visualized by antibody

labeling. Figure r@roducedfor the lecturdrom [Karatekin 2003}

Figure Sashows the primary structure of the hydrophobic domainsldrifgest segment close
to the Gend couldorm a-helical hairpins with arms &.7 nm length. This isboutequalto
hydrophobic thickass ofa bilayercomposed oDPPC(which exhibits 16 Chigroups see

(c)). The membrane of the ER is composed@% DPPC and contains 40 % unsaturated
lipids. The hydrphobic thickness could thus bmaller. Thiscould give rise to &ydrophobic
mismatchwhich could be accommodated by tilting the two arms wéigpect to the

membrane normal he wedge like structure of the proteould in principle induca
spontaneous curvaturéhe turn of the hairpiexhibit amino acids with hydrophilic or
aromatic regslues which both interact strongly with teemipolar end of the lipid molecules
at the luminamonolayer Another remarkable feature of the peptide chain is the presence of
three basic residues at the segmergelto the membrane surfasddgwn in b)). This
structuralfeature is expected to enforce the membrane binding of the hydrophobic séction
reticulonssince the negatively chargédids of the membranes are accumulated at the outer
leaflet of the ERmembraneas irdicated in Figure 5b.

The retculons could fulfill two other important tasks. Ofwaction of the reticulons
could be tanediate the formation of complexes with the other prot@nsh as spastin and
REERA4) by interaction between the hydrophobic domains. In this way complex membrane
bound machines could be formed which control the binding and scission of microtubules
similar to that shown ifigure 6.A second possible function is the stabilization of junctions
between tubules as will be shown beldwnally, owing to the long hydroplic segments
separating the twthetwo hydrophobic hairpins, the reticulons could even link different
vesicles. Some experimental evidence for such a role is the finding that the reticulons
accumulate at the interface between two small vesicles tfairfi€ of vesicles (see

Molecular model of ER shaping by REER (REEP: receptor expression enhancing
protein-1)
These ERshape controlling proteins are structurally related to the reticulons of the

DP1/Yoplp family.They are essentiébr thecurvature iucedformation of ERtubular



networks and its assodian with the microtubuledn REERnull mutants theubularnetwork

is abolishedAs suggested by the amino acid sequence of the hydrophobic domains (see
Figure 6a) lhe hydrophobic domains of the REg®tein4 could formtwo hairpinlike a-
heliceswhich penetrate half through the lipid bilayer. The peptide sequence connecting the
hairpins exposes a polybasic domain which could enforce the membrane binding of the
protein. A secondoossible role of th&REER4 proteinsis to mediate the formtion ofsupra
molecular functional complexes wititherER-shapersin particularthe fusion mediator

atlastin andhe MT severing proteispastin According to Park et al [Park 2010] the function
of REERX is closely connected with their cajitg to formcomplexes with thepastin This
protein exhibits a single hydrophobic domain which could form a hairpin of 1.2 nm length
and thus penetrate half the membrane. Most remarkably, the helical segments exhibit two
positive amino acids at about the same parsitA closer inspection of the REEPprotein

shows that the hydrophobic domain at ther@ exhibits two negative charged, which are
located at the same distance from the membrane surface as the positive charges of spastin.
Therefore the complex betweelERR4 and spastin can be stabilized by salt bridges.
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Figure 6: Structural features of REEfR family of ERshaping proteing(a) Primary structure
of membrane binding domains. Note that the ch@ih of REEP1-4 and REEP6 differ in
length by 9 aminacids while the shorter chain C2 exhibits the same lerifjtle chain
number 2Zcontains two basic residue&s shown in (b) the charged residues of the chains of
REER4 and spastin are located at about the same distance from the luminal membrane
surfaceand could formcomplexes stabilized Isalt bridges(b) Schematic view of complex
formed by electrostatic interaction between thedGdin of REEP4 and the hydrophobic
hairpin of spastinSince REER! exhibits a microtubule binding sequetice two proteis

can form a nananachine for the cleavage of microtubules [Park 20{€)] Demonstration of
the assembly of ERibules with microtubules mediated by REERREERL1 is labeled with



GFP and the ERnembranes by calcineurin, an integral protein of thenignipane with
chaperon functionThe yellow color indicates the regions were the ER tubules and
microtubules overlapThemicrofluorescencenages were reproduced from [Park 2010].

As suggested by Figub the aggregationf REER4 and atlastirould bemedated by the
electrostatic interaction between the negative residues of the REEP chain and the basic AAs
of the spastin chain. Note that the membrane anchor of spastin and the shorter hairpin
segment of REER exhibit about the same lengthd that the pdson of the basic and acidic
amino acids are located at about the same distance between enabling the formation of two salt
bridges The compensation of electric charges in the hydrophobic domain of membranes is
important. The energy cost for the transiéa single isolated positive charge into the
hydrophobic region of the membrane would be of the order of seve&l RO which would
prevent the penetration of the hydrophobic segments into the bilayer. However, if the aspargic
acid is dissociated a sdridge could form. The energy akalt bridge buried in protein folds

is typically of the order ofva- 15 kJ/M (or 30kT per bridge) anthis energy gainvould thus
bemore tharsuffcient to compensate for the sedhergy of the positive lysine charigpea
hydrophobic environment, which is about20 ksT.

Molecular organization ofthe microtubule seuéng protein spastin

Spastin exists in a long and a short isoform: Both containthen@in with the
microtubule severindAA -ATPase followed by the microtubule binding dom@wirB)
which forms driple-helical structureThe membrane binding domainstbé Nterminal are
missing.in the shortened form (M87, where M stands for missing segments) which therefore
resides in the cytoplasms shown in Figure 6a the hydrophobic domain is rather short and
could form a hairpin composed of twehelices of 1.2 nm length. They can penetrate halfway
through the lipid bilayer of the ER membrane and induce the spontaneous curvature.
Spastin fulfills many functiog) mostly together with the other members of ER shaping
proteins (see Figure 6)he hydrophobic domainsould mediate the complex formation of
spastin with atlastilREEP and reticulan
Junction formation by reticulons.

A major question is how nature solved the problem of generating stable junctions
between tubules with radii of abdd@ nm. In this case one deals with a complex surface
topology where membraneseetwith differently orientedcurvaturesFigure7ashows a
model how reticulons could help to facilitatésteaddle point topologylhe hydrophilic
segment separating the tWwairpin consist of 67 amino acids which would be sufficient to
generate aninimumradius of curvature of R~ 10 nm at the edge of the juncboe. of the
two forks couldthusinsert into the horizontally and the other into the vertically oriented tube
while the hydrophilic segment forms a random.cidile spontaneous curvature could then
again be induced by complex formation with the other ER shapers/
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Figure 7. Model ofreticulon mediatedtabilization of junctions where two
tubes of different orienteon meet Owingto the longhydrophilicconnection
between the two hairpins one of these segments peuletratanto the
horizontaly and the other in the vertidgl orientedtube. (c) Fluorescence
micrograph offibroblast likeCOS7 cellsshowing theubular network with the
reticulons labeled with fluorescent antigergyure 7b was reproduced from the
work of Park and BlackstongPark 2010]with permission by thauthors.

Atlastin themembrane fusiorprotein: Fusion of ER-membranes by atlastin and
SNARE/SNAP complexes share common features.

A majorfunctionof atlastin is the fusion of ERiembrands|Orso2009, [Bian et al
2017]. Theongoing fusion of separated segments of the ER is essential for the generation of
the continuous membrane systemown in Figure 3Similar tothereticulons membrane
binding of dlastinis mediated bywo hydrophobiaomainsat theC-terminal(residues 486
which are long enough to form a hairpinashelices which penetrate the lipid bilay&he
segment at the turn of the hairpin contaircharged peptidésee Figure 9)

Atlastin kelongs to a new class of fusiomediating proteingvhich triggers fusion of
identical organellesa(processalled honotype fusion). The process is driven by a different
energy source than the fusion of secretoryolesiwith the target membranasich as the
presynaptidusion with the plasma membrarknepresynaptigrocess is mediated by
members of th&NARE/SNAP prtein family. The fusions generally assumed to be



triggered by théormation of a tight complex betweéme extracellular domains @NARE

and SNAPand their strong binding to the membrane (see Figurdrbepntrast the fusion
mediated by atlastin is p@red by the hydrolysisf GTP, providing typically 30kJM. The

ER also harvests SNARE proteins, but they serve the transport of recycled vesicles to the ER.
The role of atlastin as fusion mediator vd@snonstratety the finding that removal of the 25
amino acid long stretch of the-@rminal donain results in the formation &fised lumbs of
ER-assemblies (see [Orso 20D prerequisite of fusion is the formation of dimers by

complex formation between thetdrminals(with the GTPase function).

Figure 8: (a) molecular model oftkastinin the norhydrolyzed statef GTP after [Byrnes
2011]. (b) Hairpin like conformation of the membrane anchoring domainsse are
composed of segments comprising 24, mbgtiyophobic, domainsThe legths of the
hairpins are about B nm Their turnscontaining hydrophiligblack squaresand aromatic
AAs(hexagonstould just penetrate into the sepolar region of the bottom monolayé€c)
Schematic model of membrane binding of atlastiage reproduced from jBn et al 2011.

A molecular model of the fusion mediated by SNARE/SNAP and Atlesshown
below. It is assumed that the fusion process in both cases occurs iepacated hemi
fusion first the two monolayers facing the outer medium of both aiiesare disrupted
resulting in the formation of a diaphragm consisting of a bilayer and the two inner monolayer
while inthe second steje diaphragm fianed by theresidual bilayer disruptén Figure 9we
present a model of the fusion process basdti@idea that it is driven by membrane tension
gradientsasfirst propsed by Sam Safran and cowork€ahl 2001]. The local tension is



