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Endosomal membrane budding patterns in plants

(WKDQb:HLQMHUDEHWK B% HHOLFE YD HAULDGQDb*RGILEOHMI@6REIH LZHDW LD QD b 0 DU X$HQKYBORS " DULE
DQG ODULVDBEZh2WHJIXL

$]OLDWLRQV DUH LQFOXGHG RQ S

(GLWHG E\ (XJHQLD -HQQ\ 5XVVLQRYD 8QLYHUVLWHLW *HQW *KHQW %HOJLXP UHFHLYHG 0D\

Multivesicular endosomes (MVES) sequester membrane proteins destined for degradation

within intralumenal vesicles (ILVs), a process mediated by the memdranaeling

action of Endosomal Sorting Complex Required for Transport (ESCRT) proteins. In

Arabidopsis, endosomal membrane constriction and scission are uncoupled, resultingd®DQW HQGRVRPHV VKRZ XQL
the formation of extensive concatenated ILV networks and enhancing cargo sequestratiBhiPEUDQH YHVLFXODWLRQ SD
e ciency. Here, we used a combination of electron tomography, computer simula-DPRQJ HXNDU\RWHV IRUPLQJ
tions, and mathematical modeling to address the questions of when concatenated IBRPSOH[ DUUD\V RI LQWHUFRQ
networks evolved in plants and what drives their formation. rough morphometric YHVLFOHV FRQWDLQLQJ SODVF
analyses of tomographic reconstructions of endosomes across yeast, algae, and VaRGUBEUDQH SURWHLQV WDUJHW
land plants, we have found that ILV concatenation is widespread within plant specie§ HJUDGDWLRQ (QGRVRPDO 6R
but only prevalent in seed plants, especially in owering plants. Multiple budding sittss RPSOH[ SHTXLUHG IRU 7UDQV
that require the formation of pores in the limiting membrane were only identied in (857 SURWHLQV PHGLDWH
hornworts and seed plants, suggesting that this mechanism has evolved independenfly GRVRPDO YHVLFOH IRUPDW!|
in both plant lineages. To identify the conditions under which these multiple bud- wxH HYROXWLRQDU\ RULJILQV
ding sites can arise, we used parbiaked _molecular dynamics simulations and found QLTXH PHFKDQLVPV LQ SODQ
that phanges in ESCRT lament properties, such as lament curvature and membrar) HPDLQ XQFOHD W SHAL VYRV V-
binding energy, can generate the membrane shapes observed in multiple budding SISy UXEWXUDO D QDO\WHV UHYH
To understand the relationship between membrane budding activity and ILV ne’[workZ LGHVSUHDG HQGRVRPDO YHV
topology, we performed computational_ simulations and iden_ti ed a set of membraneF RQFDWHODWLRQ LQ ODQG SO
remodeling parameters that can recapitulate our tomographic datasets. SDUWLFEXODUO\ SUHYDOHQW L.

(6&57D_DPXOWLYHVLFXODU HQGRVRPHVD DYHVLFXODWLRQ SODQWYV H LGHQWL4HG PXOW
HQGRVRPDO EXGGLQJ GRPDLQ

Cells continually perceive external and internal stimuli through surface receptors, chani¥eilsy HUDO LOQOWHUOLQNHG YHVL
and lipids in their plasma membrane. e ability to regulate the plasma membrane conY:LPXOWDQHRXVO\ RQO\ LQ KR
position is crucial for cell survival and, in multicellular organisms, for proper developméh@ G VHHG SODQWYV VXJJHVWL
and physiological responses. e degradation of plasma membrane proteins occurd-iRGHSHQGHQW HYROXWLRQDU
lysosomes/vacuoles and is mediated by the endocytic/endosomal pathway. Plasma iféqhV PHFKDQLVP LQ WKHVH S
brane proteins targeted for degradation by ubiquitination are sorted and internalized ittt QHDJHV &RPSXWDWLRQDO
endocytic vesicles, which are in turn delivered to early endosomes (1). EndocytogetR XODWLRQV VKRZ WKDW FKI
ubiquitinated proteins are retained in the endosomal system and as early endosomes m@&&7 40DPHQW FXUYDWXUH D
into multivesicular endosomes (MVESs), ubiquitinated cargo proteins at the endosorpaiPEUDQH ELQGLQJ HQHUJ\ FIL
limiting membrane are sequestered within intralumenal vesicles (ILVs) that bud into thefGLDWH WKH IRUPDWLRQ RI
endosomal lumen. e fusion of MVEs with vacuoles results in the degradation of LV RQFDWHQDWHG YHVLFOHV DQ
and their cargo proteins by hydrolytic enzymes. EXGGLQJ VLWHV

During ILV formation, the endosomal membrane domain containing cargo proteins
bends away from the cytosol, that is, in the opposite topology of othehbeteerized
vesiculation events, such as those producing secretory vesicles in the Golgi or end%)étic

vesicles at the plasma membrane. Consistently, ILVs are formed by a specialized ﬁ)f_oup ¢ FOR(?\QIUEmVLVJLgSg UHVHDUFK )(): $( *%
proteins called Endosomal Sorting Complex Required for Transport (ESCRT), whicly 0/ $* DQG 06 2 SHUIRUPHG UHVHDU

$
orchestrate both the clustering of ubiquitinated cargo proteins and induce the deformatidh; ®, /s /¢ 's 7 7 07 ¢+ bosoer .

of the endosomal membrane away from the cytoplasm (negative membrane bendiagyand

into the endosomal lumen (2-5). 7KH DXWKRUV GHFODUH QR FRPSHWLQJ LQW
ESCRT proteins are an ancient machinery present in all domains of life (6). BeyomtuwLFOH LV D 31$6 'LUHFW 6XEPLVVLF
their role in MVE sorting and vesiculation, their functions also include various membrase Likw WKH $XWKRU V  3XEOLVK

deformation events of similar negative topology (7). Disruption of core ESCRT fungfifl\, "oxmoume e i ume 8oL v WLy Ly 1L EHOV N

has lethal consequences in multicellular organisms (8 —15). However, how exactly ESCGRiIs

remodel membranes is not completely understood. Most eukaryotes have ve multimerics )) DQG $ * 6 FRQWULEXWHG HTXD!
ESCRT complexes (ESCRTe Il and SKD1/VPS44P5), with early ESCRTs binding 7R zKRP FRUUHVSRQGHQFH PD\ EH DGGUF
and recruiting ubiquitinated cargo and later ESCRTs mediating membrane defornfafiga*-#z-vF HEX

H 7KLV DUWLFOH FRQWDLQV VXSSRUWLQJ LQ
and ILv bUddIng (2) N KWWSV ZZZ SQDV RUJ ORRNXS VXSSO GR
ere are seven conserved ESCRT-III proteins known to act on endosomal budding: ‘&6XSSOHPHQWDO

VPS20, SNF7, VPS24, VPS2, CHMP1, VPS60, and IST1 (4, 16-18). ESCREAHoLvKkHG 2FWREHU
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proteins polymerize in laments on the surface of the endosoligl, Zez mays (maize), and A. thaliandissues were higinessure
membrane. Based on structural and biophysical modéiszen, freeze substituted, resnbedded, and imaged by dual-
ESCRT-III proteins have been postulated to rst assemble in atis electron tomography. We reconstructed and segmented
lamentous spirals enriched in SNF7 (19, 20) and transition irbetween 3 and 10 MVEs for each species (Fig. 14).
threedimensional arrays that lead to membrane buckling and th&Ve rst determined the average sizes of MVEs and their ILVs
constriction of the ILV bud neck (21-23). Although all eukaryofior each species. e smallest MVEs were found in Saccharomyces
organisms contain ESCRT proteins, plant ESCRTs have spe@w diam. 251 nm) and the largest, in Pinus cells (av. diam. 484
features, including the occurrence of plant-speci ¢ ESCRT sab; Fig.1B). ILVs inChara and all plants were larger than yeast
units and a large diversi cation of ESCRT-IIl components (24).Vs (av. diam. 32 nm) and ranged from 35 nm in Arabidopsis
raising the possibility that the ESCRT polymer transitions that46 nm in Pinus (FiglC). Zea andArabidopsis MVES contain
mediate endosomal membrane deformation could di er betwek¥is fairly uniform in size; however, just like reported for mam
plants and other organisms. malian cells (28), all other species contained two types of ILVs
While it is widely accepted that ESARPlays a pivotal role based on appearance and size: a population of large ILVs witt
in membrane deformation during ILV bud formation, the mecht&ranslucent contents (4.5% of Saccharomyces ILVS to 21% in
nism of membrane ssion remains more controversidklaginella ILVs; av. diam. between 44 nm in Saccharomyces t0
Membraneemodeling mechanisms by ESCRT proteins are trad nm in Chara andselaginella) and a more abundant popula-
tionally studied under the assumption that ILVs are released itidia of smaller ILVs with electrolense contents (av. diam.
vidually and that ESCRT proteins are recycled by the AAA ATRaswing from 31 nm iaccharomyces t0 43 nm in Pinus) (Figl
VPS4 (known as SKD1 in plants) back to the cytoplasm (25), dit€&ndD).
documentation of individual ILV release from endosomal memAWVe next analyzed whether ILVs in di erent plant lineages are
branes has remained elusive. is challenge stems from the se@iicatenated as previously reported in Arabidopsis cells (29, 30).
size of ILVs (35 to 50 nm) forming in highly mobile endosomé&% compare among species, we classi ed each ILV contained in
which drastically limits the opportunities for direct visualizatioour MVE tomographic reconstructions in one of three categories:
Based on an electron tomography analysis, we have previdiédyphysically connected to others through membrane bridges
shown that in Arabidopsis thaliana root cells, ILVs form as intercon(“concatenated ILVs”), free ILVs in the MVE lumen (“free ILVS”),
nected networks that largely do not undergo scission (26). a single budding ILVs still connected to the MVE limiting-mem
presence of the ESCRITsubunit SNF7 in intervesicular mem- brane (“single bud”) (Fiy£). Between 16% and 13% of the ILVs
branous bridges suggests that constricted BBG&Tents are  were concatenated in Saccharomyces allara, respectively.
not recycled from the endosomal membrane during the formatiéowever, within land plants the occurrence of ILV concatenation
of plant ILVs and are instead delivered to vacuoles together wik higher, ranging from 36 to 37% in early divergent land plants
the ILVs (26). Concatenated ILVs can form from single or multiglech as Marchantidyelaginella, andPreris, to 83% and 91% in
budding sites characterized by ILV buds interconnected by latd\Es of Arabidopsis andVymphaea, respectively. Interestingly,
membrane bridges. e presence of ESCRTs at intervesicubihoceros MVES showed 87% ILV concatenation, a pattern more
bridges and ILV bud necks could serve as di usion barriers, faodimmonly found within owering plants than in the early diver-
tating cargo sequestration within endosome lumenal membragyeeg clades (Figy£). Both small and large ILVs were found in
(26). concatenated networks in plants, so we consider them together ir
Whether ILV concatenation is restricted exclusively to plaalisour subsequent analyses.
and how and when it evolved within the plant lineage is unknownAlthough all analyzed plant species showed concatenated ILVs
Here, we conducted electron tomographic analyses of MVEsthaed ILV networks di er in topology and complexity, based on
their ILVs in multiple plant lineages, yeast, and algae to deternienumber of membranous bridges interconnecting ILVS, the
the occurrence of ILV concatenation and multiple budding andmber of ILVs still connected to the limiting membrane (active
therefore, to better understand the function of ESCRT proteimsdding sites), and the total number of ILVs contained in a net-
across species. We developed computer simulations to understarid is suggests that the mechanisms of ILV formation may
the biophysical properties of ESCRT proteins able to mediate ti\ér across plant species. To better understand variations-in topol
concatenation and multiple budding in plant MVEs as well asdgy of the ILV networks, we depicted them in two dimensions for
predict the parameters that underlie the di erent topologiesasfalysis (Fig. 2 A-C afildppendix, Fig. S1).
ILV networks. Our results support the notion that changes in theere was a clear predominance of linear ILV chains in early
properties of ESCRITI laments could have drastically changedlivergent plant groups, progressively transitioning into maere com
endosomal vesiculation patterns in plants. plex networks in seed plants (Pinus and owering plants)
(ST Appendix, Fig.S1). As a proxy of ILV network complexity, we
qguanti ed the number of membranous bridges connected to each
ILV. us, a value of O corresponded to a free vesicle with no
Morphometric Analysis and ILV Concatenation Patterns of membranous bridges, 1 to a terminal ILV or a single bud, 2 to an
Plant MVEs. To analyze the degree of vesicle concatenation dndwith two membranous bridges, and so on, with the highest
the general structural features of MVESs across plant lineagesalue of 6 detected in Nymphaea ILVs (SI Appendix, Fig. 524
collected vegetative tissues from representative species of theWmjbien calculated the average number of membranous bridge:
clades of land plants as well as Chara braunii as a representpivelV for each of the 11 species under analysi&/gFig/hile
of Charophyte algae (one of the closest algal relative to l@htta andSaccharomyces had an average of 0.15 and 0.25 bridges
plants) (27), and Saccharomyces cerevisiae (budding yeast) as per ILV, respectively, consistent with over 75% of their ILVs being
nonphotosynthetic organism. Samples included haploid thallfrele, there was a progressive increase in this parameter across |
Ch. braunii, Marchantia polymorpha (liverwort), and Anthoceros  phylogenetic tree of plants, with 0.54 and 0.6 bridges per ILV in
sp. (hornwort) as well as diploid root cortical celgl@tnella ~ Marchantia andSelaginella, respectively, 0.91 in Pinus, and 1.8
kraussiana (lycophyte) Preris cretica (Cretan brake fern), Pinus and 2.3 indrabidopsis and Nymphaea, respectively. Once again,
resinosa (red pine), Amborella trichocarpalNymphaea odorata (Water — Anthoceros MVES were outliers showing 1.5 bridges per ILV, a

Results
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Fig.1. 09(V LQ ODQG SODQWY A 7RPRJUDSKLF UHFRQVWUXFWLRQV IURP UHSUHVHQWDWLYHV R@haktKk H PDM
(B 4XDQWLWDWLYH DQDO\VLV RI 09( GLDPHWHU DFURVV VSHFLHY C 4XDQWLWDWLYH DQDO\VLV RI —/9 GLE
WKHLU VLIHV DQG FR®RWMQHVQW\HGMPMURQNY LQGLFDWH WKH SRSXODWLRQ RI —/9V RI ODUJHU VL]H DG WUD
polymorpha  DVWHULVNV LQG L F D W M@PWI KF HOWM FWIMR PKHUHDV UHG DUURGNQIRL QM \DWE VP IDORHUW BIOH RW BR QF |
DQG VLQJOH —/9 EXGV DFURVV VSHFLHV 'L*HUHQW OHWWH®BY RQ JEDG KX OLONGN & RENU GLKMPLVAR D GB\N DAOLH HELDHIQYF

value more commonly found among owering plants than in ealy/, whereas a double budding site can generate ILVs with up to
divergent plant groups (Fig. @&dS7 Appendix, Fig. S2). three bridges (S7 Appendix, Fig. S2R1s, the highest possible

Based on the analysis of Armbidopsis MVES, membranonsmber of membranous bridges per ILV corresponds to the num
bridges connecting ILVs are likely established as ESCRT prota@n®f ILVs engaged in that particular budding event plus 1.
deform the MVE limiting membrane during the formation of To test whether indeed the multiplicity of budding sites predicts
ILVs (29). ese ILVs can form from single budding sites thathe number of bridges per ILV, we plotted the average values of
give rise to linear ILV chains or from multiple budding sites limth parameters (FR¥F). Because it is impossible for budding
which ILV buds share lateral membranous bridges and givesiies to have a multiplicity of less than one, this value served as
to complex networks of concatenated ILVs (29) (S/ Appendiaseline. We found a strong positive correlation between the two
Fig. S25 We quanti ed in our tomograms the number of intervariables for plant MVEs. A linear regression analysis of multi-
connected ILVs in budding sites as a parameter we called “mplitity (X) and average number of bridges per ILV (y) shows a
plicity.” e majority of budding sites across all species hadralationship of y =1.33 x 0.65 with ah\Rilue of 0.94, assum-
multiplicity of 1 (single budding sites; S Appendix, Fig.)52Cing x 1. However, the average numbers of bridges per ILV were
Surprisingly, budding sites with a multiplicity of 2 or greataiways far beneath the expected higher limit (multiplicity +1),
(“multiple budding sites”) were only found in the seed-bearisgggesting that, although both parameters are correlated, losses
species (Pinusimborella, Nymphaea, Zea, andArabidopsis), with  bridges or other dynamic changes occur during the formation of
the notable exception of Anthoceros. ILV networks.

Assuming that the membranous bridges are fairly stable antb test whether the structural features observed in plant MVEs
persist after the formation of the ILVs, the topology of the ILAfe characteristic of speci ¢ taxa or instead, vary widely according
networks should recapitulate the processive budding activittoatell types and cellular functions, we also analyzed MVEs from
the MVE limiting membrane. In this case, one would expect tlzatunctionally di erent cell type, Arabidopsis tapetal cells, which
the number of bridges per ILV correlates with the number lmfcome multinucleate and are specialized in secretion (31). In
interconnected ILVs in the budding sites from where they haseans of multiplicity and number of bridges per ILV, the MVEs
originated. For example, a single budding site can only genénateth Arbidopsis root cortical cells and tapetum were very sim-
a linear chain of ILVs, with up to two membranous bridges flar (S Appendix, FigsS1 and S2 AndC), supporting the notion
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Fig.2. 5HSUHVHQWDWLYH H[DPSOHV RI AdBddpsDORRIW EIQO@MNV RI7RPRIJUDSKLF VOLFH DQG B WRPRJUDSKLF
GLVFUHWH -/9 QHWZRUNVY DQG IUHH —/9V GHSLFWHG LQ GL*HUHQW FRORUV C )UHH —/9V VLQJOH EXGV DC
DQDO\]HG VHSDUDWHO\ DQG GHSLFWHG DV ' VLPSOL4HG WRSRORJLHV ZLWK —/9V UHSUHVHQWHG E\ FLUFOH\
EULGJHV VWLOO FRQQHFWHG WR WKH OLPLWLQJ PHPEUDQH EXGGLQJ VLWH DQG WKH QXPEHU LQVLGH HD
3DUHQWKHWLFDOV LQGLFDWH WKH QXPEHU RI WLPHV D JLYHQ WRSRORJ\ ZDV IRXQG LQ WKH UHFRQVWUXFV
—/9 LQ WKH VSHFLHV XQGHU VWXG\ 'L-HUHQW OHWWHUV RQ JUDSKV LQGLFIDW I$ MNOBQLRIGORMH G LEHTKRHAH VP
*UDSK GHSLFWLQJ WKH DYHUDJH QXPEHU RI EULGJHV SHU —/9 DJDLQVW WKH DYHUDJH QXPEHU RI —/9V LQ E.
YDULDEOHV UHWYRBXH®IDQ 5 7KH FRORU RI HDFK FLUFOH UHSUHVHQWY WKH DYHUDJH —-/9 GLDPHWHU IRU \

that the structural complexity of plant MVESs are characteristiccsabunits (monomers) which are formed of three beads, distributed
taxa rather than their speci c functions or cell type. We also calong the corners of an equilateral triangle (Fig. 34). e beads of
sidered whether the number of membranous bridges was ctiieeneighboring subunits interact with each other through bonds,
lated to the average diameter of ILVs, based on the idea that taggkated through distandependent harmonic potentials. In
ILVs could bear more bridges. However, that did not seem tagleeeral, the geometry of the ESCRT lament was a ring, spiral,
the case, as the ILVs with the higher number of bridges, suabr &elix described by the angle « between subunits or the radius
those from Nymphaea andrabidopsis, show intermediate or small R, and the tilt angle z between the ESCRT lament and the
diameters in comparison to ILVs from all the species under amambrane (Fig. 34y;= 0° corresponds to a at lament, 0° <t
ysis (Fig2E). ese results suggest that ILV network topology< 90° corresponds to a conical lament, and = = 90° corresponds
within MVESs varies widely across taxa and not among cell typpescylindrical lament con guration. ESCRT laments adhered

or MVEs with di erent ILV sizes. along the two beads at the base of the lament to membrane
beads (blue beads in Fig. 34), controlled through the adhesion
Molecular Dynamics Simulations of ILV Budding in Plants. To  strengthe.,, € ILV cargo (e.g., integral membrane proteins)

investigate the putative biophysical determinants that cowlds simulated as spheres that adhered to membrane beads b
explain the peculiar mechanisms of ILV formation in plant MVEs$id not undergo full passive wrapping. e model parameters
we performed partickesed coarggained molecular dynamics are summarized in S7 Appendix, Table S1. Further details on the
simulations. In the simulations, we modeled the endosoroamputational model can be found in the Methods section and in
membrane, ESCRT laments, and ILV cargo. To simulat¥d Appendix, Supplemental Methods.

the endosomal bilayer membrane we made use of a previoudhe e ectively integrated the equations of motion in the NpT
developed computational model (32), in which a membrane pat@hstant-particle number, constantemperature, constapitessure)

of ~10 nnf was represented by a membrane bead. e interacti@nsemble coupled to a Langevin thermostat. We controlled ?
between membrane beads was mediated by an anisotropiarpaiicking vanishing membrane tension. In the simulation, the
potential whose strength depended on both the distance betvpaeameters for membrane and cargo properties were held constan
membrane beads and the bead orientation, giving rise to a ludvever, we allowed the ESCRT lament properties to change
lipid membrane with a bending rigidity 20 457 (32). To  during the runtime of the simulation, as we assumed H8CRT-
model membrane remodeling by ESCRT laments, we used subunit turnover/exchange to occur during ILV formation (23).
previously developed computational model for ESCRT lamentis, we introduced changes in the adhesion engggytlae angle

(33). In the model, an ESCRT lament consisted of connectaedbetween subunits or radiuare the tilt angle. 7o allow for
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Fig.3. 6LPXODWLRQ RI FKDQJHV LQ (6&57 40DPHQW JHRPHWULHY DQG DVVRFLDWHG PHPEUDQH GHIRUPDWLR!
——— 40DPHQWR RRQWIGAW\R | L QW H U FERHDQGEHFGV VGEW ® UW M- Z IEW W BHHHQD\QUEXQ LWV  Left HIKGIGRIQREIDBEM-DUH GHSI
EOXH DQG WKH VWUHQJWK RI WKH RGRi#hY L R & H \D:GIRMW KR OXH® HE\HVWDEOLVKHG EHWZHHQ WKH UDGA DO DIl
YDOXH ODUJHU WKDQ | GH4QHY WKH WLOWHG VWDWH RI WKH 40DPHQW B 'XULQJ WKH VLPXODWLRQ WKH ¢
6QDSVKRWY RI WKH PHPEYD-9QH @R & 1I@OWHUPHGLDWHY GXULQJ WKH IRUPDWLRQ RI FRQFDWHQDWHG —/9V
RI WKH 40DPHQW SURSHUW Lk}, \B@& IV ORIQEM@IZBHQ VXEXQLWY RU WKH 40DPHQWIUQE MKKWH B QBXW R W IVWRLQD 1!
EHWZHHQ LQWHUPHGLDWH VLPXODWLRQ VWHSY -Q PRVW FDVHV SURSHUWLHYV FKDQJHG HTXDOO\ IRU DOO
UDGLXV Rl WKH OHIW DQG ULJKW 40DPHQWYV 5 0 U GHFUHDVHG®QG WK WHIDWM G Q2 OHORI| WYKKHH 400-D IVH QQVG SU
40DPHQW UHPDLQHG FRQVWDQW 6LPLODUO\ GXULQJ WKH WUDQVLWLRQ EH\®Z IGHE WHOH/ M@ DIKHVO H WRE DG K
Rl DOO WKUHH 40DPHQWY LQFUHDVHG 7KH FRPELQDWLRQ RI SDUDPHWHU FKDQJHV UHVXOWHG LQ VLQJOH
L DQG WZR W\SHV RI GRXEOH EXGORYLHWIBWHY YRDPBWRRG®IRD SRUH LQ D VLPXODWHG GRXEOH EXGGLQ
IRUPDWLRQ LQ GRXEOH EXGGLQJ VLWHY &RQGLWLRQ IRU PHPEUDQH SRUH IRUPIDWKRQ/B®HGWMR QORZ @O |
PLQLPDO DGKHVLRQ HQHUJ\ GHQVLDW B I XEXHW LARXD RH@\WM S UHRH V B HGK (B\ SPHPEGDXQH SRUH IRUPDWLRQ EHF
IDYRUDEOH -Q WKH EOXH UHJLRQ PHPEUDQH SRUH IRUPDWLRQ LV HQHUJHWLFDOO\ IDYRUDEOH ZKLOH LQ W

multiple membranous bridges to form, we assumed that teether the laments contracted further (B{g. stage c) or

ESCRT lament can fragment into shorter laments during theemained unchanged (Fig. 3C, stage ¢).

simulation time. For simplicity, we assumed that the fragment&hen the curvature of ESCRT laments remained unchanged

have the same length (Fig).3B (Fig.3C, stage ¢'), the simulation generated either a linear ILV chain
We designed the simulation to test whether two ILVs formifigig.3C, stage g) or two single buds @4g) stage hylovie S1),

in close proximity would generate concatenated patterns. For ttépending on the ESCRT laments constricting earlier or later in

we initially placed two cargo spheres on the membrane andtberprocess, respectively. In both cases, only hassihtiated

rounded them by a single ESCRT lament @ig.stage a). membranous tubules formed, one with one and one with two

During the rst simulation stage, the ESCRT lament radiuE SCRT laments.

decreased (mediated by an increasing vajusnafthe tilt angle Alternatively, when the ESCRT laments contracted strongly

rincreased (Fi§C, stage b). We then introduced two cuts in th@ig.3C, stage c) and both the tilt angle and membrane adhesion

ESCRT lament; the three resulting laments decreased theirergy increased (Rd., stages d and e), two pathways were

adhesion energy and opened two possible pathways dependipgssible depending on the ESCRT laments either adhering to
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the membrane strongly (F3g, stage f) or less strongly (B{@. the initial state (1) with the total energy of the membrane in the
stage f’). If the adhesion to the membrane was strong andstage where a membrane pore has opened (2). In S7 Appendix, the
laments further constricted, a membrane pore opened, geneftdt-analytical derivation is detailed.

ing double budding sites of two kinds (&{g.stages | and m;  Comparing the energy of the initial and nal states3big.
Movie S1). One type of double budding site had three similae pore state became energetically favord}?‘féll i EZroml_
membranous bridges with all three ESCRT laments constricta@m the condition we obtained

to the same size (Rd., stage I). e other kind of double bud-

ding site showed membranous bridges of di erent sizes with the 27(x—2) 2 1 1\?

two ESCRT laments that connect the ILV to the membrane U2 ——Kk+—k+ KE(ﬁ_R_E> . [1]

2
undergoing further constriction to a smaller radius compared to 4 3R

m é?]lrt?w eEEcS:FCzE _I_Iagr?]rétnlgseté\:\{teaecr;] ér&el e't\s/sst(gﬁblsﬁgethrg)hetwm Eq.1, 4 is the adhesion energy of the ESCRT laments to
brane, no membrane pore was formed3Eigstage £, and the e membrane, A4 is the surface area of the membranous bridge ¢

simulation generated three di erent patterns, either two conc%flmd”c"’lI shape where an ESCRT lament is adsorbed onto the

enated ILVs detached from the limiting membrane (free ILV n%_embrane(g is the radius of the cylindrical bridge, « is the bend-

- g : : rigidity of the membrane; is the bending rigidity of the
work; Fig3C, stage i) if the laments remained constricted, 19 : .
two types of linear ILV chains (&g, stages j and k). One tyloe(Fnembrane to which ESCRT was adsorbed and RE is the preferrec

[FSCRT lament radius.
e solid yellow line in Fig.3£ marks the minimal energy den
eeded for the formation of a pore, according 19 &sjng
ICal parameter values for the length and radius of the membrane
cylinders. = 11 nm and R = 8 nm, i.e., A = 2zRL = 553 ran
&mbrane rigidity of x = 2Q7% (35) andke = 80 £7 for the
ESCRT lament rigidity, estimated from the lament rigidity of
rT?eG nm g7 of yeast ESCRT-III proteins (19). We found that
. . formation was facilitated by increasing the membrane adhe-
branous bridges connecting ILVs between themselves and . . :
the limiting rgembrane Wasg 11 nm with a radius of 8 nm 1 6[ﬁof ESCRT laments for an intermediate ESCRT radius. By

S : . _using Eql and the measured preferred radius of yeast HBCRT-
Arabidopsis MVES. e size of a bead in ESCRT laments corre laments (R = 25 nm; (19)) we estimated the adhesion strength

sponded to 2.3 nm and set the length scale in our simulati %% _
. SCRT laments as u = 2.25 mi/mecessary to break a
(33). en the thickness of the ESCRT lament was around 4. gmbrane pore. e estimated value is similar to the adhesion

nm, the initial length was 159 nm and the resulting membranau rgy density of single monomers of y = 2.05mitiioh we

bridges were approximately 14 nm in length with a radius o -
nm. e typical vesicle diameter of an ILV bud in the simulationi‘.”:/%u;gt%g IL%mmtgﬁo?:{;?'gg%zg%ﬁ%piggﬁﬂﬁgﬂﬁﬁg&er

was approximately 23 nm (compared to the distribution of ILr . X
. 7 . A ength of 3.2 nm (19) and spherical shape. e observation sug-
diameters for Arabidopsis and other plant species i €jg.us, 35 that ILV n(etvaorks rgquiring me?nbrane nores rely gn

the dimensions of membranous bridges and ILV in our sim SCRT-III laments that strongly adhere to the membrane. e

tions were close to those found in plant MVEs. Moreover, thg. . .

: , : . imated value is large compared to the previously reported valu
main energy barrier to the formation of these membrane sh n'f‘gl 0.31 mJ/ffor the polymerization energy density of Snf7
4

fr?embeezgm theengemzrealenggr;dr:”rﬂfrﬂﬁigﬁ;Zﬁfz aenalgtt'ﬁgl fﬁ? hiaruttini etal. (19). However, the parameter values assumed
9 dy dep P r estimate may also vary. To show the e ect, we used param-

sarily on_the size over which the cur\_/atur_e occurs. For exana;e Gf'values of L=17 nm and R = 12 nm and & £,80k which
the bending energy to wrap a sphere is 8 independent of sphe Cobtained u = 0.34 m¥mwhich is more consistent with the
size (34). Hence, we do not expect to nd major artifacts in t 2 vious| reuo_rted result’s
simulations because of dimensional mismatch. yrep '

of linear ILV chain resulted from ESCRT laments relaxing sy
metrically whereas for the other linear ILV chain to form, t &
ESCRT laments stayed constricted while the tilt angles decre
only for one of the two laments associated with ILVs. All t
parameter values required to generate the seven nal cong
tions and their intermediates are included in S/ Appendix, $2ble
and also shown in Movie S1.

Based on our tomographic data, the average length of the

Continuum Model of Pore Formation in Double Budding Sites. Model of ILV Network Formation. Our analysis indicates that
According to our simulations, a critical event in the formationtble budding activity at the MVE limiting membrane controls

a double budding site and higbater multiple budding sites asthe topology of the ILV networks. Continuous budding from
seenin owering plants, is the breaking of the limiting membrasiable and unchanged budding sites would generate highly regula
into a pore (Fig. 3C, stage f). To rationalize whether membrab¢ networks where all ILVs would have predictable number of
pore formation driven by ESCRT-laments in ILV network  bridges (see for example the hypothetical ILV network generated
formation is plausible, we studied a complementary continubgna double budding site in S7 Appendix, Fig S2B). However, the
model. In the model, we analyzed the energy involved in generatiMgnetworks contained in our tomographic reconstruction are
such a pore by focusing on this specic membrane reginot regular (S7 Appendix, Fig. S1) and their average number of
delineated by a box in Fig. 3D. In this region, having the sh&pielges per ILV does not reach the values expected for permanen
of a membrane pit, there are two opposing membrane lea ets, wmehangeable budding sites (Fig. 2E). We reasoned that, by
at the front and one at the back, and three ESCRT laments. eecapitulating the stepwise formation of these ILV networks,
model assumed that the central area of the membrane pit changedould uncover the associated dynamic changes in budding
from a planar state to a pore state (Fig.d®en by the adhesion patterns at the limiting membrane. To this end, we generated a
of the three initially unbound ESCRT laments to the membrar@mputational simulation to recapitulate ILV networks in the
around the pore. In contrast, the shape of the membrane ingire dataset, which contained 10 MVEs, 63 ILV networks with
peripheral area was assumed to stay unchanged and was theretioeebudding sites (connected to the limiting membrane) and
not considered in this analysis. We compared the total energysafILV's (SI Appendix, Fig. S3). We found up to four bridges per
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ILV and up to three interconnected ILV buds in budding sitggrameters (p1 to p3) that resulted in ILV networks similar to the
(that is, multiplicity = 1, 2, and 3; S7 Appendix, Fig. S3) in pineones contained in our MVE tomographic reconstructions could
MVEs. e average number of ILVs per network in these 63 pine ect the budding patterns and activity of a pine MVE limiting
networks was 2.4 (2.3 s.d.) whereas the average multiplicitperhbrane.
budding sites per network was 1.1 (+0.34 s.d.). We also measuréé: conducted a parameter sweep for p1 to p3, with increments
the frequency of di erent types of budding sites in the 10 pin€0.05. When comparing to the 63 pine ILV networks in terms
MVE tomograms: 0.921 for single (s1), 0.063 for double (s®f,mean ILV number and mean budding site number, we found
0.016 for triple (s3) budding sites. several parameter sets for which a Hoteflisgfistical test did

We then de ned the possible events involved in ILV netwankt reject the null hypothesis that the mean statistics of simulated
formation. As membranous bridges contain ESCRT proteins (28)d tomography-reconstructed ILV networks are alike. In other
we assumed that they are formed at the limiting membrane duvirgds, the statistical test suggested that for such parameter se
budding and not as part of membrane fusion intermediathe ILV networks obtained from our computational simulation
between already formed ILVs. us, we considered that at tlveere statistically indistinguishable from the pine EM data with
limiting membrane, an ILV budding site can either a) bud, pugiespect to those two network characteristics. e parameter set
ing the old ILV bud into the lumen of the MVE and forming awith the highest-yalue and lowest Value were pl = 0.55, p2
new one connected to the limiting membrane (in the case=dd.1, and p3 = 0.35 (Dataset S1), for budding, budding with
multiple budding sites, all ILV buds or only some of them cartreasing multiplicity, and decreasing multiplicity, respectively
perform this action; FigA); b) bud with increasing multiplicity (2 = 0.994; T=0.013).
(for example, budding while going for a double into a triple bud-Next, we chose p1 = 0.55, p2 = 0.1, p3 = 0.35 as our parameter
ding site, FigdA); or ¢) decrease in multiplicity by removinget and ran 1,000 sets of 63 simulations each to be compared t
bridges with the limiting membrane (for example, going frontre 63 tomographseconstructed ILV networks (Dataset S2). We
double budding site into a single budding site4#)gWe then plotted the 1,000 simulation sets as histograms based on averac
estimated a probability for each of the three possible actiens: budhber and SD of both number of ILVs/networks and multiplic
ding (p1), budding plus increasing multiplicity (p2), and decre@y of budding sites/networks and determined where our
ing multiplicity (p3) (Figd4), based on the budding sitetomography-reconstructed networks t into this distribution
frequencies (s1 to s3) measured in our tomograms. (ST Appendix, Fig. S4). We found that the statistics derived from

Computational simulations stopped when the network reaclied 63 pine ILV networks were an outlier with respect to ILV
14 ILVs (the largest network size that we observed in our tometrics (e.g., average number of ILVs/networks, SD of number
graphic data; SI Appendix, Fig. S3), or until a network discomf ILVs/network), and within two SD of the mean (i.e., ~95% of
nected from the limiting membrane. All intermediate and nahe values) of the corresponding distributions with respect to bud
networks were stored, and one was randomly chosen to repregemtsites metrics (S7 Appendix, Fig. S4), indicating that the
the developing ILV network, similar to the snapshots that the Edrameters used in such simulations cannot recapitulate the ILV
data provided. We reasoned that the probabilities for the thmeéworks seen in our tomograms.
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FRQQHFWHG WR WKH OLPLWLQJ PHPEUDQH EXGGLQJ VLWH DQG WKH OHWWHU DQG QXPEHU LQVLGH HDFK —
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By performing further rounds of parameter sweeps and ofgimilies of proteins that are represented by single members in
mization (with 63 simulations per parameter set) for s1 to s&aasnals and yeast. However, the di erent number of genes for
well as local search around pl = 0.55, p2 = 0.1, and p3 = Oe2ish ESCRTH subunit suggests that they may be under di erent
we identi ed the parameter values s1 = 0.85, s2 = 0.05, &ypuks of selection. For example, whereas subunits like VPS20
s3=0.1as the best t: In 10 out of 10 repeats, the null hypoth&&4?524, and VPS60 are represented by only 1 or 2 isoforms in all
was not rejected (Dataset S3), and p1 = 0.54, p2 = 0.01, p3 = @a#8 under analysis, the IST1 subunit seems to have undergon
as a competitive parameter set (P = 0°320T164). With these multiple and drastic expansion events in green organisms. Wherea
optimized values for s1 to s3 and p1 to p3, we ran again 1,208 encoded by a single gene in humans and budding yeast (18
sets of 63 simulations each (Dataset S4). is time, the 63 pid&),Chara has ve ISTL1-like proteins, Ceratopteris has 19 ISTL
ILV networks statistics fell within one SD of the mean of thoteins, and Arabidopsis, 12 (ISTL1-12) (26).
distributions with respect to budding site metrics (average multiAs a way to validate that the formation of multiple budding
plicity of budding sites/network and corresponding SDY@)ig. sites in plants depends on the composition and remodeling of the
and within two SD of the mean of the distributions with respeeSCRT-IIl laments, we analyzed MVE structural data of
to the ILV metrics (average number of ILVs/network and corrautants lacking ESCRT-III subunits (CHMP1A and B, ISTL1)
sponding SD) (FigtB). While this is not a perfect t, our model (8, 26) and/or LIP5 needed for SKDP5mediated remodeling
with these optimized parameters is much closer to resemblin@fliESCRT-IIl assemblies (26), in root or tapetal cells. In all cases,
ILV networks found in the pine MVE tomograms. the mutants were able to generate budding sites and IL¥4)(Fig.

Taken together, the simulations suggest that in order to gendvateeompared to wild type MVEs, the chmp1, lip5, istl1 lip5 (both
the ILV networks observed in pine MVEs, the limiting membraneot and tapetum) mutant MVEs showed a striking reduction in
favored continuous budding from the same site with a probabitityltiplicity, with the isz/1 /ip5 mutant root MVEs showing exclu
of ~54%. e probability of adding extra buds to form multiple sively single budding sites (Bigd—F). Consistently, the
budding sites was lowi@s), whereas existing ILV buds separatedrzbidopsis mutant MVES also showed reduced number of bridges/
from the limiting membrane (elimination of bud and decreaselity and overall ILV concatenation (E@&, D, andk), similar
multiplicity) with ~45% probability. to MVEs of early divergent land plants (Eigsnd 2F). isis

Although we did not perform similar simulations for MVEs afonsistent with the hypothesis that multiple budding sites-in ow
all plant species, our parameter sweeps showed that slight chamggplants require ESCRT-IIl assemblies of a speci ¢ composi-
in pl1, p2, and p3 and s1, s2, and s3 can drastically a ect tiom and dynamics.
topology of the resulting ILV networks. us, it is reasonable to
postulate that, compared to pine MVEs, relatively small incregsies, ;ssion
in p2 and concomitant decreases in p3 at the limiting membrane
resulted in the much larger proportion of multiple budding sité#ée have shown that whereas ILV concatenation occurs in low
and more complex networks seen in owering plants suchfraguency in nonplant organisms, not only is it widespread in
Nymphaea andArabidopsis. plants, but has become increasingly prominent during the evolu-

tion of plant lineages. In addition, whereas early divergent plants
‘LYHUVL4FDWLR QIBUbgsi& q7Plants.  Our simulation  almost exclusively form ILVs through single budding sites (with
of membrane deformation during ILV formation indicates théite exception of Anthoceros), multiple budding sites and complex
changes in the properties of ESTIRTaments, such as lament ILV networks are predominant in late divergent groups, such as
curvature and increased membrane adhesion energy, could deaating plants. e biological consequences of these changes are
to the formation of concatenated networks and multiple buddingclear. One could speculate that both ILV concatenation and
sites. To explore the variation of ESTRjroteins among the multiple budding enable more e cient internalization of cargo-
organisms included in our tomographic analysis of MVEs, Maded limiting membrane domains because a) vesiculation keep
collected amino acid sequences from all seven BESIRUnits  progressing without halting for completion of membrane ssion
involved in endosomal budding. As there is no genome sequandeb) multiple buds are internalized simultaneously. In addition,
information for any Preris species, we searched for EBIERT-since membranous bridges internally coated with ESCRT proteins
like proteins in another sequenced species of the same Pteridaeadeen postulated to be e ective barriers to the di usion of
family, Ceratopteris richardii (37). Although the genome of severatargo proteins (29), it is possible that both concatenation and
species of Pinus has been sequenced, including the gigantittiple budding leading to more interconnecting ILV membra-
25.4Gb genome ofinus rbuliformis (Chinese pine) (38), nous bridges are also important for cargo retention.
most remain poorly annotated, and we were unable to identiffRegardless of whether plant ILVs derive from multiple or single
clear homologs of ESCRTsubunits. erefore, we queried budding sites, their concatenation means that budding occurs
the genome of Crypromeria japonica within conifers to identifypersistently from the same domain at the limiting membrane,
ESCRTHI components. In addition, we added Oryza sativa (rice)leading to interconnected ILVS. In fact, some of the linear ILV
andMedicago truncarula as two owering plant species with well-chains seen in species with predominant single budding sites suc
curated genomes. We performed BLAST searches using prgeshthat the same site keeps on budding up to seven or eight time
sequences of seven ESTR3$ubunits from budding yeast to (S/ Appendix, FigsS1 and S3). ILV budding from distinct
Arabidopsis (SI Appendix, Fig. S5 and Table S3). domains of the MVE surface has not only been observed in plants

Although it is not possible to reliably infer physical propertiest also in animal cells (12). How exactly ESCRT-enriched
of the ESCRT-Ill laments based on the type and number dbmains are corralled and con ned to a speci ¢ area of the MVE
ESCRT-III isoforms in each species, our analysis showed saarface is currently unknown. In Drosophila endosomes, ESCRTSs,
informative trends. As noticed previously, there is a general tbiolesterol, and clathrin are important for the partition of the
dency for expansion of ESCRT-III subunits within plants (391embrane receptor Notch into de ned limiting membrane
which could have led to isoforms with divergent properties.d®snains (44). In mammalian cells undergoing active EGFR inter
plant lineages have undergone multiple events of duplicatiatization (45), ESCRT complexes associate with endosomes it
(40—42), it is not entirely surprising to nd in plants multimembedransient waves that result in the formation of a single ILV (46).
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Fig. 5. S5HSUHVHQWDWLYH H[D RASBdpsisRPXOWOQRIV ODFNLQJ (6&57 FRPSRQHQWYV A 7RPRJUDSKLF UHFRQVWU.
WRSRORJLHV $VWHULVNV LQGLFDWH EULGJHV VWLOO FRQQHFWHG WR WKH OLPLWLQJ PHPEUDQH EXGGLQJ \
EULGJHVY FRQQHFWHG WR LW 3DUHQWKHWLFDOV LQGLFDWH WKH QXPEHU RI WLPHV D JLYHQ WRSRORJ\ ZDV
DQG VLQJOH -/9 EXGV DFURVV PXWDQW 09(V 'L HUHQW OHWWHUV RQ JUDSKV LQGIKDWH GV WHMW F DQ 8 HAJLF H
EXGGLQJ VLWHV ZLWK WR LQWHUFRQQHFWHG —-/9 EXGBHQFHQEGDWNSRII <79\D Q GVIRFW D QYWD Z(W KD W SIRHPE
GHSLFWLQJ WKH DYHUDJH QXPEHU RI EULGJHV SHU -/9 DJDLQVW WKH DYHUDJH QXPEHU RI -/9V LQ EXGGLQJ

However, successive rounds of ILVS' formation seem to coneenonly detected multiple budding sites in the tomograms of
trate in the same domain of the endosomal membrane (46), aMiiEs from seed plants and hornworts. Moreover, our simulations
ing for a delimitation of the ESCRTediated membrane budding predict that the laments mediating the formation of multiple
activity. It is possible that both cargo and endosomal lipids graeding sites should be more dynamic and able to exhibit larger
mote the formation of fairly stable and large ES@RSwiched  variations in their properties than those mediating the formation
domains on the endosomal membrane, promoting processiv@ngle buds (S Appendix, Tall®). It is tempting to speculate
formation of concatenated ILVs. that this can be explained, at least in part, by the fact that there
Predominant ILV concatenation and multiple budding seeane many more ESCRT-IIl subunit isoforms in plants than in
to be unique features of plant MVEs. Our simulations of MMiEngi and animals (S7 Appendix, Fi§5). us, itis reasonable to
membranes and ESCRT-III laments (Bighighlight the com- hypothesize that the diversi cation of ESCRT-III subunits in
plexity of the required remodeling of ESCRT laments and memlants could have led to di erent MVE morphologies and mem-
brane shapes. Given enough cargo and ESCRT laments dmase budding patterns.
domain of the limiting membrane, concatenation of a linear ILV Our computational simulations predict lower probabilities of
chain from a single site can occur with three changes initilmeeased multiplicity as budding sites become more complex.
ESCRT lament properties (for example the formation of a lineaus, the probability of transitioning from a double into a triple
chain, Fig3C, stage g). For a double budding site to form, thoughudding site is lower than transitioning from a triple into a double
the limiting membrane needs to be ruptured into a pore and thedding site. is suggests that the higher the multiplicity, the
ESCRT lament properties (membrane adhesion energy, cuteaver the stability of the budding site. is is consistent with the
ture, tilt) need to change at least six times3(Ejgtages | and predominance of single budding sites and linear chains in plant
m). Using a complementary continuum model, our results sugd4sEs. However, our simulations also predict that small changes
that membrane pore formation in double budding sites, iaghe endosomal membrane patterns can drastically change the
observed in the simulations, is plausible assuming typical m@mpelogy of networks, suggesting that relatively small variations
brane and ESCRT-IIl lament properties (Big) and requires in the ESCRT remodeling activity on the limiting membrane
ESCRT-Ill laments that strongly adhere to the membraneould explain the large variation of networks seen in plant specie:
Although we cannot assert that the formation of ILV networks(i§Y Appendix, Fig. S1).
vivo require these minimal changes in the lament properties a1 general, ESCRITF lament properties, such as curvature
seen in our simulations, it is clear that the formation of multilad membrane binding ability, depend on the subunit composition
budding sites requires more changes of the lament propentieshe lament (23). Importantly, ESCRIT- laments can
compared to all other topologies, in particular linear ILV chainsidergo dynamic turnover driven by Vps4/SKD1 which can lead
erefore, our simulation predicts that linear chains and singl® a changing lament subunit composition. Hence, ESCRT-
buds should form more frequently than multiple budding sitésment properties can vary between species and over time depend
in vivo, which is true in all plant species we have studied. In fangj,on the exact subunit composition of the lament. In particular,
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the changes in the property of ES@RTaments that accom-  chi-squared test calculator (https://www.socscistatistics.com/tests/chisquare2/
pany membrane constriction and ILV budding in yeast dependdefault2.aspx) to determine the P-value corresponding to the null hypothesis
the progressive exchange of ESIBRTbunits mediated by Vps4. that the proportions were the same. We decided to reject the null hypothesis
us, the at spirals generated by Snf7 polymerization (20yhen the P-value was less than 0.05. Due to the high number of pairwise tests,
undergo a change in their tilt angle by the incorporation of Vp#gwere concemed thatsome of the significance that we saw was due to random
Vps24, and Did2, whereas the highly constricted spiral lameffiice: There.fore,‘we corrected for this using falsg discovery rate analysis with
are enriched in Did2/CHMP1 and Istl (23). e unique predictedd = 0.05, which did not detect any false positives in our results.

behavior of ESCRIIF laments during multiple budding of ILVs S ‘
in plants could be explained by changes in Vps4/SKD1 actipipoular Dynamics Simulations. To§|mu|atethe endgsomglmembranewe
and ESCRTH subunit exchange rates and/or divergent prope d a previously developed coarse-grained model (32) in which a membrane
of ESCRTIII subunits, especially those expected to act in late s%

of lament constriction, such as CHMP1 and IST1. Whereas t

gg represented a flat membrane patch. In our implementation of the model,
membrane consisted of N, = 16,560 membrane beads. In the initial state, the
embrane beads were distributed on a flat hexagonal lattice with the dimensions

two CHMP1 proteins encoded by the Ambidopsis genome se

to have conserved functions with other eukaryotes (8), the bigjq
ical implications of the large diversi cation of 18Kelproteins
in Arabidopsis (26) and other plant species (87 Appendix, Fig. S
are unclear. More research on plant ES@RT6teins and their

lq)i)ublication, Iin =112, 1.=26,

20 x 69 beads. Interactions between membrane beads were mediated by an
ﬁ)go'tropic pair potential; we used the same parameterization as in the original
=434kgl, =4, =3,and =0,

here was the length scale of the simulation and the diameter of a membrane
bead (32). In our simulation, we assumed 2.3 nm (33).

lament dynamics will be needed to understand the molecular basig simulate ESCRT filaments we used our previously devolved model (33). In

of multiple budding and ILV concatenation.

Materials and Methods

Sample Preparation for Transmission Electron Microscopy. Roots and
other samples were high-pressure frozen in a Leica ICE using 0.1 M sucrose as
cryoprotectant (47). Frozen samples were then freeze-substituted in 2% 0,0, in
acetone at -80 °C overnight followed by gradual warm-up to room temperature.
Samples were infiltrated in Eponate resin and polymerized at 60 °C degrees for
24 h. Semithick sections of 300 nm were mounted in carbon-coated slot grids,
stained with 2% uranyl acetate and Reynold's lead citrate (2.6% lead nitrate and
3.5% sodium citrate, pH 12.0). Sections were then incubated in drops containing
10 nm gold fiducials to assist with the tomographic reconstruction. Images were
collected in a Thermo Fisher Talos F200C G2 microscope operating at 200 kV,
between 60° and -60° angles, at 1° angle intervals about two orthogonal axes
using SerialEM (48). Images were collected using a Ceta 16 M 200 kV camera
ata pixel size of 0.529 nm.Tomograms were calculated using the simultaneous
iterative reconstruction technique (49), and the two single-axis tomograms were
merged as previously described (50). Tomograms were displayed and analyzed
with 3Dmod, the graphic component of the Image Modeler (IMOD) software
package (51).The thinning factor for each tomogram was calculated and corrected
for in the models. Measurements of MVE and ILV diameters as well as other
morphometric analyses were done using IMOD.

Statistical Analyses.  Data were visualized using GraphPad Prism 9 and Excel.
The numbers of ILVs and MVEs contained in tomograms and considered for anal-
ysis were as follows: 112 ILVs from 3 MVEs in S. cerevisiae; 147 ILVs in 3 MVEs
of C. brownii; 134 1LVs from 6 MVEs in M. polymorpha; 95 ILVs from 3 MVEs in
Anthoceros sp.; 47 ILVs from 3 MVEs in S. kraussiana; 64 1LVs in 3 MVEs from
P cretica; 505 ILVs from 10 MVEs in P resinosa; 209 ILVs from 8 MVEs in A. tricho-
carpa; 257 1LVs from 5 MVEs in A. thaliana wild type roots; 183 ILVsin 5 MVEs in
A. thaliana wild type tapetum; 13 ILVs from 4 MVEs of ist/7 lip5 mutant roots; 55
ILVs from 14 MVEs of ist/7 lip5 mutant tapetum; 34 ILVs from 8 MVEs in chmp1
mutant roots; 64 ILVs from 12 MVEs in /ip5 mutant roots. To determine whether
the mean number of bridges per vesicle was significantly different between spe-
cies, the number of bridges of each vesicle in all MVEs collected were manually
counted and added to a list for each species. These data were entered into RStudio
where we ran the statistical tests. While this was discrete data (each number being
awhole integer between 0 and 6), there was a large enough sample size that we
were able to run ANOVA with post hoc Tukey tests to determine overall rejection
of the null hypothesis as well as pairwise significance, using a P-value < 0.05 to
indicate significance. We were also able to assume equal variance due to their
only being a twofold difference in the variance extremes (Chara and Nymphaea).

To determine whether the proportions of vesicles that were concatenated,
single buds, or free were significantly different between species and mutants, we
categorized each individual vesicle in all MVEs collected as either “concatenated,”
"single," or "free” and added them to a tally for each species and mutant. We
then ran pairwise chi-squared tests between each species/genotype on an online
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the model, an ESCRT filament consisted of 69 subunits, each subunit formed from
3 ESCRT beads which were distributed along the shape of an equilateral triangle;
thus, the filament consisted of N, = 207 ESCRT beads in total. Each ESCRT bead had
abead diameterof = sothatthe thickness of the ESCRT filamentwas 4.1
nm and the whole filamenthad alength of 159 nm.The beads of a subunit were
bonded to the beads of a neighboring subunit via harmonic potentials, controlled
by the bond strength Ki,,q = 500 kg7 and the rest length r,. In the simulation, r,
was related to the geometry of the ESCRT filament by the angle  between subu-
nits and the tiltangle  between the filament and the membrane (Fig. 34). In the
simulation, ESCRT beads exhibited volume exclusion, mediated by a cutand shifted
12-6 Lennard-Jones (LJ) potential, with the prefactor , = 2 kg7, the zero-crossing
distance of the potential at ,, = and the potential cutoff r_,, = 1.12 . ESCRT
beads at the base of a subunit triangle were attracted to membrane beads, mediated
bya 12-6 L) potential with prefactor ,,,, = 1.5 — 8 kg7, zero-crossing distance ,, =
(et N2andcutoffr, o, =1.12x1.3 . ESCRTheadsatthe top of a subunit
triangle exhibited volume exclusion, mediated by a 12-6 LJ potential with prefactor
emr = 2 kgT, zero-crossing distance ., and cutoff ryp,, = 112 4.

To model ILVs, we introduced N = 2 cargo beads with diameter ., =8

which adhered to membrane beads, mediated by a 12-6 LJ potential with
prefactor ., = 1.5 kgT, zero-crossing distance ., = ( o4 + )2 and cutoff
lem = 1.12 x 1.5 . Cargo beads interacted with each ot?werthrough volume
exclusion, mediated by a 12-6 LJ potential with energy = 3 kg7, zero-crossing
distance = q,and cutoffr, =112 . Cargo beads interacted with ESCRT
beads through volume exclusion, mediated by a 12-6 LJ potential with prefactor

=3 kgl zero-crossing distance  ,=( ot ecal2andcutoffre, =112 .

We effectively integrated the equations of motion in the NpT ensemble. By
forcing P= 0, we mimicked vanishing membrane tension. All beads carried the
same mass of m = 1 kgTt,%/ ?, where t, is the simulation unit of time. We set
the damping coefficient of the coupled Langevin thermostatto =1t ;and used
a time step of dt = 0.07 ¢,. We used a simulation box with periodic boundary
and dimensions L, =120 , L, =120 and L, =200 .To simulate and visu-
alize the system, we use the Large-scale Atomic/Molecular Massively Parallel
Simulator Molecular Dynamics (LAMMPS MD) simulation package (52) and
Open Visualization Tool (OVITO) (53). The model parameters are summarized
in S/ Appendix, Table S1.

The parameters that define the membrane and cargo properties are held
constant during the whole simulation. ESCRT filament parameters could change
during the runtime. Changes in - occurred over a relatively long- time interval,
because we expect that many subunits are involved. Changesin ,,and can
occur over short time intervals, because we assumed that these changes could
be driven by few subunits. We also assumed that the ESCRT filament can be cut
into three parts during the simulation. The two necessary cuts of the filament
are assumed to occur at the same time and distance, so that the resulting three
filaments all have the same length (Fig. 3B). During this step, all filament prop-
erties are assumed to change instantaneously. All parameter values required
to generate the seven final configurations and their intermediates displayed in
Fig. 3Careincluded in S/ Appendix, Table S2. Further details on the computational
model can be found in S/ Appendix, Supplemental Methods.
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Simulation of ILV Network Formation. We used Matlab R2020a to run our
simulations of ILV growth. Data were analyzed in Matlab and Microsoft Excel.
All T>-Hotelling tests were performed in Matlab using the T2Hot2ihe function.
We use squared (0,1)-matrices of size n x n to represent the connectivity among
the (n - 1) vesicles and between the vesicles and the limiting membrane. The
simulation itself is discrete, i.e., starting from an initial ILV, the ILV grows step by
step choosing one of three different events. At initialization, a simulated ILV has
either one, two, or three budding sites, with probabilities s1, s2, and s3. Each
simulation step, one of three events, namely i) budding, ii) adding a budding
site, or iii) removing a budding site, is drawn randomly with probability p1,
p2, and p3, respectively. If a budding event is drawn, the simulation does the
following: In the presence of only one budding site, the budding happens
at this site. In case the ILV has two budding sites, budding happens at one
of the two (picked randomly) with probability s1/(s1 + s2) and otherwise at
both budding sites. If the ILV has three or more budding sites, the probability
for one, two, and three parallel budding events is s1, 52, and s3, respectively.
Novel budding sites are always added with one or two parallel budding events
(if it was not accompanied with a budding event, the new budding site would
start a novel ILV, which is not allowed in our model): If the ILV has only one
budding site, the simulation will add either one or two new budding sites plus
one budding event at the existing budding site. The probability for the former
is s2/(s2 + s3), while the probability of the latter is s3/(s2 + s3). If the ILV has
more than one budding site, the simulation will add i) one new budding site
plus one budding event with probability s2/(s2 + s3), or ii) one new budding
site plus two budding events with probability s3/(2*(s2 + s3)), or i) two new

randomly choosing and removing a connection between vesicles and the lim-
iting membrane through corresponding changes in the matrix representation.

Each step, the resulting ILV is recorded, creating a history of the developing
ILV network. The simulation stops either when the ILV is no longer connected to
the limiting membrane (i.e., there is no active budding site) or when a maximum
number of vesicles/buds has been reached. From the discrete set of ILV networks
that were created during such a simulation, we randomly picked one as a “snap-
shot" and its properties (number of budding sites and number of vesicles), were
captured for statistical analyses.

Data, Materials, and Software Availability. Electron tomogram files are
deposited in EMPIAR under EMPIAR-12299 (54). All other data are included in
the manuscript and/or supporting information.
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budding sites plus one budding event with equal probability s3/(2*(s2 + s3)).
New budding sites are always connected to the buds that grew in parallel.
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The budding event sites are randomly chosen. A budding site is removed by
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