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A b s t r a c t
E u k a r y oti c c ells a r e s u b di vi d e d i nt o s p e ci alis e d o r g a n ell e c o m p a rt m e nts, e a c h  wit h u ni q u e p h ysi ol o gi c al e n vi r o n m e nts a n d
f u n cti o ns. I nt e r a cti o n a n d c r oss-t al k b et w e e n o r g a n ell es is i n h e r e nt t o E u k a r y oti c lif e, a n d e a c h o r g a n ell e is p h ysi c all y i nt e r-
c o n n e ct e d t o t h ei r s u r r o u n di n g s u b c ell ul a r c o m p o n e nts i n cl u di n g t h e c yt os k el et o n a n d a dj a c e nt  m e m b r a n e c o m p a rt m e nts. I n
a ni m als a n d y e ast, t h e  m e c h a nis ms of o r g a n ell e i nt e r a cti o n h a v e b e e n  w ell c h a r a ct e ris e d a n d a r e k n o w n t o h a v e f u n d a m e nt al
i m p o rt a n c e t o lif e. I n c o nt r ast,  w e a r e o nl y b e gi n ni n g t o u n d e rst a n d t h e  m e c h a nis ms a n d f u n cti o ns of s u c h i nt e r a cti o ns i n
pl a nts.  T h e dis c o v e r y a n d o n g oi n g c h a r a ct e ris ati o n of t h e  N E T W O R K E D ( N E T) p r ot ei n f a mil y of pl a nt a cti n- m e m b r a n e a d a p-
t o rs h as g r e atl y a d v a n c e d o u r u n d e rst a n di n g of t h e  m e c h a nis ms of o r g a n ell e- c yt os k el et al i nt e r a cti o n. F u rt h e r m o r e, u nf ol di n g
i n v esti g ati o n i nt o t h e  N E T p r ot ei ns h as r e v e al e d t h ei r bi n di n g p a rt n e r,  V A M P- A S S O CI A T E D P R O T EI N- 2 7 ( V A P 2 7), t o b e a
r e g ul at o r of o r g a n ell e t et h e ri n g a n d i nt e r a cti o n  wit h p r e vi o usl y u n k n o w n, s p e ci alis e d r ol es i n pl a nts.  R es e a r c h o n  N E T a n d
V A P 2 7 p r ot ei ns h as r a pi dl y i n c r e as e d o u r k n o wl e d g e of t h e  m e c h a nis ms r e g ul ati n g  m e m b r a n e i nt e r a cti o n i n pl a nts, t h ei r f u n c-
ti o ns i n r e g ul ati n g c ell st r u ct u r e a n d o r g a nis ati o n, as  w ell as t h ei r i m p o rt a n c e t o pl a nt g r o wt h, d e v el o p m e nt a n d st r ess-
r es p o ns e.  H e r e,  w e dis c uss t h e dis c o v e r y a n d c h a r a ct e ris ati o n of t h e  N E T a n d  V A P 2 7 p r ot ei ns, t h ei r r e g ul ati o n of o r g a n ell e
i nt e r a cti o n a n d t h ei r f u n cti o ns i n pl a nts.

K e y w o r d s
N E T,  V A P 2 7, a cti n, c yt os k el et o n,  m e m b r a n e, c o nt a ct sit e, o r g a n ell e, pl a nt, e n d o pl as mi c r eti c ul u m, a ut o p h a g y

I n t r o d u c ti o n

T h e a cti n c yt os k el et o n is cr u ci al t o  E u k ar y oti c lif e,  wit h f u n-
d a m e nt al i m p ort a n c e i n d y n a mi c c ell pr o c ess es i n cl u di n g c ell
gr o wt h, di visi o n,  m otilit y a n d str e ss-r es p o ns e.  At t h e s u b c el-
l ul ar l e v el, t h e f u n cti o ns of t h e a cti n c yt os k el et o n i n cl u d e
r e g ul ati o n of or g a n ell e tr a ns p ort, str u ct uri n g a n d r e m o d elli n g
t hr o u g h t h e g e n er ati o n of p h ysi c al f or c e u p o n or g a n ell e
m e m br a n e s ( W a n g et al., 2 0 1 5). P h ysi c al c o n n e cti o n
b et w e e n fi l a m e nt o us a cti n ( F- a cti n) a n d c ell  m e m br a n e s
t h er ef or e h as i m pli cit i m p ort a n c e t o a pl et h or a of pl a nt lif e
pr o c ess es. I n c o ntr ast t o a ni m al a n d f u n g al  m o d els, t h e
m e c h a nis ms of a cti n- m e m br a n e i nt er a cti o ns i n pl a nts h a d
l o n g pr es e nt e d a g a p i n o ur k n o wl e d g e ( D e e ks et al.,
2 0 1 2).  W ell c h ar a ct eris e d  m a m m ali a n pr ot ei ns t h at ar e
k n o w n t o ai d i n t h e li n k a g e of a cti n t o c ell  m e m br a n es (f or
e x a m pl e, ɑ - A cti ni n a n d S p e ctri n) ar e n ot c o ns er v e d i n
pl a nts, a n d t h e i d e ntiti es a n d f u n cti o ns of t h eir pl a nt c o u nt er-
p arts h a v e r e m ai n e d e ni g m ati c.  Wit h a b asi c c ell str u ct ur e
t h at is hi g hl y di sti n ct fr o m a ni m als a n d f u n g al or g a nis ms,
t h e s p e cifi c f u n cti o ns of t h e pl a nt c yt os k el et o n ar e li k e wis e
disti n ct, as ar e t h e  m ol e c ul ar  m e c h a nis ms t h at r e g ul at e

t h e m ( Ll o y d, 2 0 1 2). It is t h er ef or e t o b e e x p e ct e d t h at
pl a nts h a v e e v ol v e d u ni q u e a cti n-r e g ul at or y pr ot ei ns t o
dri v e pl a nt-s p e ci fi c c ell pr o c e ss es, a n d pl a nt-s p e ci fi c
m e c h a nis ms of a cti n- m e m br a n e i nt er a cti o n.

T h e dis c o v er y of t h e pl a nt-s p e ci fi c  N E T W O R K E D ( N E T)
s u p erf a mil y of a cti n- or g a n ell e li n k er pr ot ei ns h as a d v a n c e d
o ur u n d erst a n di n g of t h e  m ol e c ul ar  m e c h a nis ms of pl a nt
a cti n- m e m br a n e i nt er a cti o ns a n d t h eir i m p ort a n c e t o c ell
str u ct ur e, f u n cti o n a n d si g n alli n g.  As dis c uss e d i n t his
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r e vi e w, t h e  N E T pr ot ei ns h a v e b e e n s h o w n t o r e g ul at e c yt o-
s k el et al or g a nis ati o n, tr af fi c ki n g,  m e m br a n e r e m o d elli n g,
c ell  w all d e p ositi o n a n d c ell r es p o ns es t o bi oti c a n d a bi oti c
str ess.  N ot a bl y, u nf ol di n g r es e ar c h o n t h e  N E T f a mil y h as
r e v e al e d t h eir i n v ol v e m e nt i n t h e r e g ul ati o n of or g a n ell e
m e m br a n e c o nt a ct sit es; s p e ci fi c sit es of p h ysi c al c o n n e cti o n
b et w e e n i n di vi d u al or g a n ell e c o m p art m e nts  wit h f u n d a m e n-
t al i m p ort a n c e t o or g a n ell e str u ct ur e a n d si g n al e x c h a n g e
( S c orr a n o et al., 2 0 1 9;  D u c k n e y et al., 2 0 2 2.  V o elt z et al.,
2 0 2 4).  H er e, t h e r e c e nt dis c o v er y of t h e  N E T-i nt er a cti n g
pr ot ei n,  V A P 2 7/ V A P ( V A M P  A S S O CI A T E D P R O T EI N-
2 7;  W a n g et al., 2 0 1 4), h as s h o w n it t o b e a n i m p ort a nt r e g u-
l at or of or g a n ell e t et h eri n g at c o nt a ct sit es b et w e e n v ari o us
or g a n ell es  wit h i m p ort a n c e t o a pl et h or a of c ell f u n cti o ns
i n cl u di n g c ell gr o wt h, str ess-r e s p o ns e, or g a n ell e str u ct ur e,
c yt os k el et al r e g ul ati o n, c ell  w all d e p ositi o n, a ut o p h a g y,
m et a b olis m a n d tr af fi c ki n g, as  will b e dis c uss e d b el o w.

H er e  w e dis c uss c urr e nt r es e ar c h a d v a n c es o n t h e  N E T
a n d  V A P 2 7 pr ot ei n f a mili es, a n d t h eir d e m o nstr at e d r ol es
i n t h e r e g ul ati o n of or g a n ell e str u ct ur e a n d f u n cti o n.
O utsi d e of t h e  N E T pr ot ei n f a mil y, t h er e ar e f e w ot h er pl a nt-
s p e ci fi c pr ot ei ns t h at ar e k n o w n t o li n k a cti n t o  m e m br a n e s
(t h e o nl y e x a m pl e b ei n g t h e a cti n- c hl or o pl ast li n k er,
C H L O R O P L A S T  U N U S U A L P O SI TI O NI N G;  C H U P 1,
Oi k a w a et al., 2 0 0 3, S c h mi dt v o n  Br a u n a n d S c hli eff,
2 0 0 8).  T his r e vi e w  will f o c us o n c urr e nt r es e ar c h o n t h e
N E T pr ot ei n f a mil y, t h at c o m pris es a l ar g e n u m b er of pl a nt-
s p e ci fi c a cti n- m e m br a n e li n k ers  wit h di v ers e r ol es,  w hi c h h as
e x p a n d e d o ur u n d erst a n di n g of a pl et h or a of  m e c h a nis ms
u n d er pi n ni n g pl a nt c ell str u ct ur e a n d f u n cti o n. Si mil arl y,
V A P 2 7 pr ot ei ns ar e o n e of s e v er al cl ass es of  m e m br a n e
t et h eri n g pr ot ei ns, i n cl u di n g pl a nt S Y N A P T O T A G MI N
( S Y T; Si a o et al., 2 0 1 6;  L e e et al., 2 0 1 9) pr ot ei ns a n d
M U L TI P L E  C 2  D O M AI N S  A N D  T R A N S M E M B R A N E
D O M AI N P R O T EI N S ( M C T P; P ér e z- S a n c h o et al., 2 0 2 4),
h o w e v er t his r e vi e w  will f o c us o n  V A P 2 7 d u e t o t h e c o m-
p ar ati v el y e xt e nsi v e r es e ar c h o n t h e  m ultif a c et e d r ol es of
t his pr ot ei n f a mil y at  m ulti pl e or g a n ell e c o nt a ct sit es.
T o g et h er, o n g oi n g r es e ar c h o n t h e  N E T a n d  V A P 2 7 pr ot ei ns
r e pr es e nt a c o nti n u o us str a n d of r es e ar c h t h at h as gr e atl y
a d v a n c e d t h e fi el d of pl a nt c ell bi ol o g y.

T h e  N E T W O R K E D  S u p e rf a mil y  of  Pl a n t
A c ti n- M e m b r a n e  Li n k e r  P r o t ei n s

T h e  Ar a bi d o psis  N E T f a mil y c o m pris es t hirt e e n pr ot ei ns t h at
ar e d e fi n e d b y t h eir u ni q u e  N E T  A cti n- Bi n di n g ( N A B)
d o m ai n.  T his pl a nt-s p e ci fi c a cti n- bi n di n g d o m ai n i nt er a cts
dir e ctl y  wit h fi l a m e nt o us a cti n a n d is n e c ess ar y f or t h e l o c al-
is ati o n a n d i nt er a cti o n of  N E T pr ot ei ns  wit h t h e a cti n c yt o-
s k el et o n i n vi v o ( D e e ks et al., 2 0 1 2).  T h e  N A B d o m ai n
w as dis c o v er e d i n a hi g h-t hr o u g h p ut pr ot ei n s u b c ell ul ar
l o c alis ati o n s cr e e n i n  w hi c h li br ari es of  Ar a bi d o psis
c D N A- G F P f usi o ns  w er e e x pr ess e d i n pl a nt a a n d t h eir

l o c alis ati o ns  w er e c h ar a ct eris e d usi n g c o nf o c al  mi cr os c o p y
( Es c o b ar et al., 2 0 0 3). I n t his s cr e e n, a c D N A fr a g m e nt
e n c o di n g  N E T 1 A 1 − 2 8 8 - G F P d e c or at e d t h e a cti n c yt os k el et o n
a n d  w as f o u n d t o c o nt ai n a n o v el pl a nt s p e ci fi c a cti n- bi n di n g
d o m ai n c o m prisi n g  N E T 1 A 1 − 9 4 .  T his  N A B d o m ai n  w as
f o u n d t o b e c o ns er v e d i n a n a d diti o n al 1 2 pr e vi o usl y u ni d e n-
tifi e d  Ar a bi d o psis pr ot ei ns,  w hi c h c a n b e s u b di vi d e d i nt o
f o ur disti n ct s u bf a mili e s ( N E T 1,  N E T 2,  N E T 3 a n d  N E T 4)
b as e d o n s e q u e n c e h o m ol o g y a n d e x pr essi o n p att er n
( D e e ks et al., 2 0 1 2).  Cr u ci all y, it  w as o bs er v e d t h at
m e m b ers of e a c h s u bf a mil y l o c alis e t o disti n ct or g a n ell e
m e m br a n es i n vi v o, c o n n e cti n g t h e m t o t h e a cti n c yt os k el-
et o n. S u bs e q u e nt a n al ysis of e a c h  N E T pr ot ei n s u b cl a d e
h as r e v e al e d n o v el  m e c h a nis ms of a cti n- m e m br a n e i nt er-
a cti o n i n pl a nts, a n d t h e i m p ort a n c e of t h e a cti n c yt os k el et o n
i n t h e r e g ul ati o n of pl a nt or g a n ell e str u ct ur e a n d f u n cti o n.

T h e fi rst  m e m b er of t h e  N E T s u p erf a mil y t o b e c h ar a c-
t eris e d  w as  N E T 1 A; o n e of f o ur pr ot ei ns i n t h e  N E T 1 s u b-
cl a d e ( c o m prisi n g  N E T 1 A,  N E T 1 B,  N E T 1 C a n d  N E T 1 D).
T h e  N E T 1-f a mil y pr ot ei ns ar e h y p ot h esis e d t o b e i n v ol v e d
i n c ell-t o- c ell c o m m u ni c ati o n t hr o u g h t h e pl as m o d e s m at al
p or e; n a n os c o pi c  m e m br a n e c h a n n els est a blis hi n g ‘c o m m u-
ni c ati o n bri d g es ’ b et w e e n t h e c yt os ol of n ei g h b o uri n g c ells
( P ér e z- S a n c h o et al., 2 0 2 4).  N E T 1 A l o c alis es t o t h e pl as m o-
d es m at a, bi n ds F- a cti n t hr o u g h its  N A B d o m ai n ( Fi g ur e 1 a)
a n d is i m p ort a nt i n c o ntr olli n g r o ot gr o wt h, as n et 1 a/ n et 1 b
d o u bl e  m ut a nts e x hi bit d ef e cts i n n or m al r o ot c ell e x p a n si o n
( D e e ks et al., 2 0 1 2).  T h e pl as m o d es m at a is a d y n a mi c str u c-
t ur e i n  w hi c h t h e di a m et er of t h e p or e is ti g htl y r e g ul at e d t o
c o ntr ol t h e fl u x of si g n alli n g  m ol e c ul es b et w e e n c ells ( T e e
a n d F a ul k n er, 2 0 2 4).  T h e a cti n c yt os k el et o n a p p e ars t o b e
a n i m p ort a nt r e g ul at or of pl as m o d es m at al p or e di a m et er
a n d tr a ns p ort ( Di a o a n d  H u a n g, 2 0 2 1).  T h er ef or e,  wit h
r ol es i n  m e di ati n g a cti n- m e m br a n e c o n n e cti o n, it is pl a usi bl e
t h at  N E T 1-f a mil y pr ot ei ns c o ul d b e i m pli c at e d i n r e g ul ati n g
a cti n- d e p e n d e nt pl as m o d es m at al f u n cti o n.  H o w e v er, a  m e c h-
a nis m b y  w hi c h  N E T 1-f a mil y pr ot ei ns c o n n e ct a cti n t o t h e
pl as m o d es m at a h as y et t o b e i d e nti fi e d:  N E T 1 pr ot ei ns
p oss ess n o tr a ns m e m br a n e d o m ai n or a p p ar e nt p ost-
tr a nsl ati o n al  m o difi c ati o n t h at  m a y e n d o w dir e ct  m e m br a n e-
i nt er a cti n g a bilit y.  N E T 1  m e m br a n e ass o ci ati o n is li k el y t o
o c c ur i n dir e ctl y t hr o u g h i nt er a cti o n  wit h a n i nt er m e di ar y
bi n di n g pr ot ei n  w hi c h h as y et t o b e dis c o v er e d.

A cti n- pl as m a  m e m br a n e ( P M) i nt er a cti o ns ar e p arti all y
r e g ul at e d b y t h e  N E T 2 pr ot ei n s u bf a mil y i n  Ar a bi d o psis,
wit h e m er gi n g r ol es i n t h e r e g ul ati o n of c ell p ol arit y
t hr o u g h t h e a n c h or a g e a n d or g a nis ati o n of c orti c al a cti n
c a bl es.  T h e  N E T 2 s u bf a mil y c o m pris es  N E T 2 A,  N E T 2 B,
N E T 2 C a n d  N E T 2 D,  w hi c h ar e e x pr ess e d s p e ci fi c all y i n
p oll e n ( D e e ks et al., 2 0 1 2).  Of t h es e pr ot ei ns,  N E T 2 A h as
b e e n  m ost i nt e nsi v el y st u di e d.  N E T 2 A ass o ci at es  wit h
a cti n i n vi v o t hr o u g h its  N-t er mi n al  N A B d o m ai n a n d l o c a-
lis es t o p u n ct a e at t h e p oll e n t u b e pl as m a  m e m br a n e  w hi c h
ar e h y p ot h esis e d t o a n c h or a cti n c a bl es t o t h e c ell c ort e x
( Fi g ur e 1 b;  D u c k n e y et al., 2 0 1 7). P h ysi c al c o n n e cti o n
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b et w e e n a cti n fi l a m e nts a n d t h e pl as m a  m e m br a n e ar e
f or m e d t hr o u g h t h e i nt er a cti o n of  N E T 2 A  wit h t h e i nt e gr al
m e m br a n e r e c e pt or pr ot ei ns P O L L E N  R E C E P T O R- LI K E
KI N A S E 4 ( P R K 4) a n d P R K 5 ( Fi g ur e 1 b;  D u c k n e y et al.,
2 0 1 7).  T h e s e a cti n- pl as m a  m e m br a n e c o n n e cti o ns ar e
i m p ort a nt i n r e g ul ati n g c ell p ol arit y i n gr o wi n g p oll e n
t u b es: n et 2 l oss- of f u n cti o n  m ut a nts e x hi bit d ef e cti v e
p oll e n t u b e dir e cti o n al gr o wt h r es ulti n g fr o m u n c o u pli n g of
F- a cti n fr o m t h e c ell c ort e x, c yt os k el et al dis or g a nis ati o n
a n d a b err a nt p ol ar v esi cl e s e cr eti o n ( D u c k n e y et al., 2 0 2 1).
A cti n- m e m br a n e i nt er a cti o ns  m e di at e d b y  N E T 2 a n d P R Ks
h a v e i nt er esti n g i m pli c ati o ns i n c o or di n ati n g p oll e n t u b e
r es p o ns es t o e xtr a c ell ul ar si g n als d uri n g f ertilis ati o n.  As
u pstr e a m r e g ul at ors of c h e m ot a cti c p oll e n t u b e gr o wt h, it is
p ossi bl e t h at P R Ks  m a y r e g ul at e a cti n- dri v e n p oll e n t u b e
gr o wt h d o w nstr e a m of e xtr a c ell ul ar si g n al p er c e pti o n
t hr o u g h r e g ul ati o n of  N E T 2 pr ot ei ns at t h e P M ( H u a n g
et al., 2 0 1 4;  T a k e u c hi a n d  Hi g as hi y a m a, 2 0 1 6).

N E T 3-f a mil y pr ot ei ns li n k a cti n t o s p e ci fi c  E R s u b d o-
m ai ns a n d s er v e as a n e x us of c yt os k el et al or g a nis ati o n a n d

or g a n ell e i nt er a cti o n i n pl a nts ( Fi g ur e 1 c – e).  N E T 3 A
bi n ds F- a cti n t hr o u g h its  N A B d o m ai n a n d l o c alis es t o t h e
n u cl e ar e n v el o p e ( Fi g ur e 1 e) t hr o u g h a n u n k n o w n  m e c h a n-
is m, a n d,  wit h r e d u n d a n c y t o  N E T 3 C, is i m p ort a nt f or r e g u-
l ati o n of c ell  m or p h ol o g y i n l e af e pi d er m al tiss u e ( D e e ks
et al. , 2 0 1 2;  Z a n g et al., 2 0 2 1).  N E T 3 B l o c alis es t o t u b ul ar
E R n et w or ks t hr o u g h its c-t er mi n al c oil e d- c oil d o m ai n vi a
a n u n k n o w n  m e c h a nis m, a n d t h er e bi n ds F- a cti n t o
e n h a n c e  E R- a cti n c o n n e cti o n ( Fi g ur e 1 d,  W a n g a n d
H uss e y, 2 0 1 7).  N E T 3 B is a n ess e nti al pr ot ei n  wit h f u n cti o n al
r e d u n d a n c y t o  N E T 3 C, a n d n et 3 b/ N E T 3 C  R N Ai  m ut a nts ar e
m al e- g a m et e l et h al ( W a n g et al., 2 0 1 4).  H o w e v er, t h e f u n c-
ti o ns of  N E T 3 B i n t h e r e g ul ati o n of c ell str u ct ur e a n d f u n c-
ti o n still r e m ai n t o b e e x pl or e d.  Of t h e  N E T 3 pr ot ei n
f a mil y,  N E T 3 C h as b e e n t h e  m ost i nt e nsi v el y st u di e d.
N E T 3 C h as e m er g e d as a c o m p o n e nt of  E R- P M c o nt a ct
sit es ( E P C S), at  w hi c h it h as k e y r ol es i n pr o m oti n g or g a n ell e
t et h eri n g, a n d t h e or g a nis ati o n of t h e c orti c al a cti n a n d  mi cr o-
t u b ul e c yt os k el et o ns.  N E T 3 C l o c alis es t o dis cr e et  mi cr o d o-
m ai ns of t h e pl as m a  m e m br a n e t hr o u g h a p ut ati v e c-t er mi n al

Fi g u r e 1. Pl a nt- S p e ci fi c  N E T W O R K E D P r ot ei ns  M e di at e  A cti n- M e m b r a n e I nt e r a cti o ns a n d  D y n a mi c  C ell  O r g a nis ati o n. ( a).  N E T 1-f a mil y
p r ot ei ns bi n d a cti n at t h e pl as m o d es m at al ( P D) p o r e.  N E T 1 p r ot ei ns l o c alis e t o P D a n d bi n d a cti n. ( b).  N E T 2 f a mil y p r ot ei ns r e g ul at e
a cti n- P M i nt e r a cti o ns a n d a cti n o r g a nis ati o n.  N E T 2-f a mil y p r ot ei ns l o c alis e t o t h e P M t h r o u g h i nt e r a cti o n  wit h  m e m b r a n e i nt e g r al P R K 4 a n d
P R K 5, a n d bi n d l o n git u di n all y o ri e nt at e d a cti n c a bl es.  N E T 2 p r ot ei ns a n c h o r a n d o r g a nis e a cti n c a bl es at t h e P M p a r all el t o p ol a r c ell
e x p a nsi o n, f a cilit ati n g p ol a ris e d t r a ns p o rt i n g r o wi n g p oll e n t u b es. ( c - e).  N E T 3-f a mil y p r ot ei ns c o n n e ct a cti n t o t h e E R. ( c).  N E T 3 C f o r ms
a n E P C S- a cti n- mi c r ot u b ul e ( M T) n e x us.  N E T 3 C l o c alis es t o t h e P M t h r o u g h a c-t e r mi n al li pi d- bi n di n g  m otif a n d i nt e r a cts  wit h E R-i nt e g r al
V A P 2 7 t o f o r m E P C S.  N E T 3 C bi n ds a cti n t h r o u g h its  N-t e r mi n al  N A B d o m ai n, a n d i nt e r a cts  wit h  mi c r ot u b ul e- bi n di n g  K L R C-f a mil y p r ot ei ns
a n d I Q D 2.  T o g et h e r, t his c o m pl e x o r g a nis es t h e c o rti c al  mi c r ot u b ul e, a cti n a n d E R n et w o r ks. ( d).  N E T 3 B t et h e rs E R t u b ul e n et w o r ks t o
a cti n fi l a m e nts. ( e).  N E T 3 A l o c alis es t o t h e n u cl e a r e n v el o p e ( N E)  wit h y et- u n k n o w n f u n cti o ns. (f).  N E T 4-f a mil y p r ot ei ns r e g ul at e
a cti n-t o n o pl ast i nt e r a cti o n.  N E T 4 A a n d  N E T 4 B bi n d F- a cti n a n d l o c alis e t o t h e t o n o pl ast t h r o u g h i nt e r a cti o n  wit h  R a b G 3-f a mil y s m all
si g n alli n g  G T P as es.  N E T 4 p r ot ei ns r e g ul at e d y n a mi c, a cti n- d ri v e n r e or g a nis ati o n of t h e t o n o pl ast i n r es p o ns e t o e xt r a c ell ul a r si g n als u n d e r
c o nt r ol of  R a b G 3 si g n alli n g c as c a d es.
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li pi d- bi n di n g d o m ai n a n d bi n ds F- a cti n t hr o u g h a n  N-t er mi n al
N A B d o m ai n ( Fi g ur e 1 c).  E R- P M t et h eri n g is r e g ul at e d b y a n
i nt er a cti o n b et w e e n  N E T 3 C a n d t h e  E R-i nt e gr al pr ot ei n
V A P 2 7.  E ct o pi c o v er e x pr essi o n of  N E T 3 C a n d  V A P 2 7 i n
N. b e nt h a mi a n a l e af e pi d er m al c ells r es ults i n e n h a n c e d
E P C S s urf a c e ar e a, i n di c ati n g t h at t h e c o m pl e x pr o m ot es
or g a n ell e ass o ci ati o n ( W a n g et al., 2 0 1 4).  At  E P C S,  N E T 3 C
f or ms a c o m pl e x  wit h t h e  mi cr ot u b ul e- bi n di n g pr ot ei ns,
KI N E SI N  LI G H T  C H AI N- R E L A T E D 1 ( K L C R 1; als o
n a m e d  C E L L U L O S E S Y N T H A S E- MI C R O T U B L E
U N C O U P LI N G 1;  C M U 1), a n d I Q- D O M AI N 2 (I Q D 2), t o
pr o m ot e cr oss-li n ki n g a n d or g a nis ati o n of t h e a cti n a n d  mi cr o-
t u b ul e c yt os k el et al n et w or ks, or g a nis ati o n of t h e c orti c al  E R
a n d  E P C S str u ct ur e ( Fi g ur e 1 c).  T h e  N E T 3- K L C R-I Q D 2
c o m pl e x is i m p ort a nt t o t h e r e g ul ati o n of pl a nt  m or p h ol o g y:
disr u pti o n of t his c o m pl e x r es ults i n d ef e cts i n c yt os k el et al
or g a nis ati o n, li k el y r es ulti n g i n a b err a nt c ell  w all d e p ositi o n
a n d fr a m e w or ks f or c ell e x p a nsi o n ( Z a n g et al., 2 0 2 1).

N E T 4 pr ot ei ns  m e di at e a cti n-t o n o pl ast i nt er a cti o n i n
Ar a bi d o psis,  wit h f u n cti o ns i n t h e d y n a mi c c o ntr ol of c ell
m or p h ol o g y t hr o u g h r e g ul ati o n of v a c u ol e v ol u m e ( K ais er
et al., 2 0 1 9;  H a w ki ns et al., 2 0 2 3).  N E T 4 A a n d  N E T 4 B
l o c alis e t o t h e t o n o pl ast a n d t h er e bi n d a cti n t hr o u g h t h eir
N A B d o m ai ns ( Fi g ur e 1f).  T h e p h ysi c al li n k b et w e e n
N E T 4 a n d t h e t o n o pl ast is est a blis h e d t hr o u g h i nt er a cti o n
wit h t h e t o n o pl ast- ass o ci at e d  R a b 7-f a mil y s m all si g n alli n g
G T P as e,  R a b G 3,  w hi c h r e cr uits  N E T 4 pr ot ei ns t o t h e t o n o-
pl ast fr o m t h e c yt os ol ( H a w ki ns et al., 2 0 2 3). I n
Ar a bi d o psis,  N E T 4 A h as f u n cti o ns i n t h e r e g ul ati o n of v a c u-
ol ar  m or p h ol o g y a n d  N E T 4 A- o v er e x pr essi n g tr a ns g e ni c
pl a nts e x hi bit d e cr e as e d v a c u ol ar v ol u m e ( K ais er et al.,
2 0 1 9).  T h e r e m o d elli n g of v a c u ol e str u ct ur e b y  N E T 4 is c o n-
tr oll e d b y  R a b G 3 si g n alli n g c as c a d es.  R a b pr ot ei ns s er v e as
‘m ol e c ul ar s wit c h e s ’ t h at s h uttl e b et w e e n ‘i n a cti v e’
G D P- b o u n d a n d ‘a cti v e ’ G T P- b o u n d st at es,  w hi c h d et er mi n e
t h eir l o c alis ati o n a n d bi n di n g p art n ers ( W o oll ar d a n d  M o or e,
2 0 0 8).  O n c e a cti v at e d,  R a b G 3 r el o c at es fr o m t h e c yt os ol t o
t h e t o n o pl ast a n d i nt er a ct s  wit h  N E T 4. I n st o m at al g u ar d
c ells,  R a b G 3 a n d  N E T 4 ar e i n v ol v e d i n t h e r e or g a nis ati o n
of t h e v a c u ol e i n r es p o ns e t o t h e p er c e pti o n of t h e p at h o g e n
eli cit or, F L G 2 2, r es ulti n g i n r e d u cti o n of v a c u ol e v ol u m e,
l oss of t ur g or pr ess ur e a n d st o m at al cl os ur e: a k e y d ef e n c e
m e c h a nis m pr e v e nti n g t h e e ntr y of p at h o g e ns i nt o t h e l e af
tiss u e. It is h y p ot h esis e d t h at t h e p er c e pti o n of p at h o g e ns
tri g g ers t h e a cti v ati o n of  R a b G 3 t hr o u g h a n u n k n o w n  m e c h-
a nis m, r es ulti n g i n t h e d o w nstr e a m r e g ul ati o n of a cti n- dri v e n
t o n o pl ast d y n a mi cs t hr o u g h  N E T 4 ( H a w ki ns et al., 2 0 2 3).

V A P 2 7:  A n  E m e r gi n g  R e g ul a t o r  of  Pl a n t
O r g a n ell e I n t e r a c ti o n a n d  C o m m u ni c a ti o n

D uri n g t h e c h ar a ct eris ati o n of t h e  N E T pr ot ei n f a mil y,
E R-i nt e gr al  V A M P- A S S O CI A T E D P R O T EI N- 2 7 ( V A P 2 7)
w as c h ar a ct eris e d as a n i nt er a ct or of t h e  N E Ts at or g a n ell e

m e m br a n e c o nt a ct sit es ( W a n g et al., 2 0 1 4). F urt h er c h ar a c-
t eris ati o n of t his pr ot ei n h as d e m o nstr at e d it t o pl a y cr u ci al
r ol es i n t h e r e g ul ati o n of or g a n ell e i nt er a cti o n a n d c o m m u ni-
c ati o n i n pl a nts.

R e g ul ati o n of E R- P M C o nt act Sit es by V A P 2 7

I n all  E u k ar y ot es, t h e  E R is c o n n e ct e d t o t h e pl as m a  m e m-
br a n e at  E R- P M c o nt a ct sit es ( E P C S). I n  m a m m als a n d
y e ast, t h e pr ot ei ns t h at c o n n e ct t h e t w o  m e m br a n es ar e
k n o w n,  wit h c h ar a ct eris e d r ol es i n r e g ul ati n g c ell ar c hit e ct ur e
a n d or g a n ell e c o m m u ni c ati o ns (f or e x a m pl e, c al ci u m si g n al-
li n g a n d li pi d e x c h a n g e; S c orr a n o et al., 2 0 1 9).  H o w e v er,
u ntil t h e c h ar a ct eris ati o n of t h e pl a nt  N E T 3 C- V A P 2 7
pr ot ei n c o m pl e x, t h e r e g ul ati o n a n d f u n cti o n of  E R- P M i nt er-
a cti o n  w as u n k n o w n i n pl a nts ( W a n g et al., 2 0 1 4).  V A P 2 7
pr ot ei ns ar e i m p ort a nt f or pl a nt gr o wt h a n d d e v el o p m e nt
( W a n g et al., 2 0 1 6) a n d r e g ul at e a  m ultit u d e of s u b c ell ul ar
pr o c ess e s at  E P C S.

V A P 2 7 pr ot ei ns r e g ul at e e n d o c yt osis at  E P C S t hr o u g h
i nt er a cti o n  wit h  Cl at hri n  H e a v y  C h ai n a n d  Cl at hri n  Li g ht
C h ai n, a n d  wit h li pi ds e nri c h e d at e n d o c yti c  m e m br a n es
( St ef a n o et al., 2 0 1 8; Fi g ur e 2 a).  L oss- of-f u n cti o n v a p 2 7
m ut a nts e x hi bit r e d u c e d r at es of e n d o c yt osis a n d h o m e ost asis
of e n d o c yti c  m e m br a n es. It is pr o p os e d t h at  V A P 2 7  m a y b e
i m p ort a nt i n t h e r e cr uit m e nt of cl at hri n t o sit es of e n d o c yt osis
a n d t h er ef or e t h e f or m ati o n of e n d o c yti c v esi cl es ( St ef a n o
et al., 2 0 1 8).  T his  m a y b e i m p ort a nt f or h o m e ost ati c  m e c h a n-
is ms s u c h as r e g ul ati o n of P M  w at er p er m e a bilit y: a r e c e nt
st u d y h as s h o w n t h at t h e P M-i nt e gr al a q u a p ori n, PI P 2; 5 of
Z e a  m a ys (Z m PI P 2; 5), i nt er a cts  wit h Z m V A P 2 7 ( Fi g ur e 2 b).
T h e Z m V A P 2 7- Z m PI P 2; 5 c o m pl e x e n h a n c es c ell  w at er p er m e-
a bilit y a n d is i m pli c at e d i n r e g ul ati n g t h e e n d o c yti c i nt er n alis a-
ti o n of Z m PI P 2; 5 i n r es p o ns e t o s alt str ess ( F o x et al., 2 0 2 0).

V A P 2 7 als o h as k e y r ol es i n t h e r e g ul ati o n of a ut o p h a g o-
s o m e bi o g e n esis t hr o u g h p arti ci p ati n g i n  m ulti pl e p at h w a ys.
Firstl y,  V A P 2 7 i nt e gr at es t h e  E R, a cti n c yt os k el et o n a n d
P M-l o c alis e d e n d o c yti c  m a c hi n er y t o dri v e a ut o p h a g os o m e
bi o g e n e sis at  E P C S ( W a n g et al., 2 0 1 9).  H er e,  V A P 2 7 i nt er-
a cts  wit h  E H 1/ P a n 1, a P M-l o c alis e d a cti v at or of t h e  A R P 2/ 3
a cti n- n u cl e ati n g c o m pl e x,  w hi c h is n e c ess ar y f or
str ess-i n d u c e d a ut o p h a g os o m e bi o g e n esis a n d pl a nt a d a pt a-
ti o n t o e n vir o n m e nt al c h all e n g e s i n cl u di n g s alt str ess a n d
n utri e nt st ar v ati o n ( W a n g et al., 2 0 1 9).  At  E P C S,  E H 1/
P a n 1 i nt er a cts  wit h a n u m b er of pr ot ei ns i n cl u di n g F- a cti n
a n d  A R P 2/ 3, as  w ell as e n d o c yti c-r e g ul at or y pr ot ei ns i n cl u d-
i n g  A P 2 a n d  T- P L A T E s u b u nits, t o r e g ul at e a ut o p h a gi c d e g-
r a d ati o n of e n d o c yti c c ar g o ( Fi g ur e 2 c).  T h e  V A P 2 7- E H 1/
P a n 1 i nt er a cti o n at  E P C S is a n e x us of c o n v er gi n g s u b c ell u-
l ar pr o c ess es, li k el y e n c o m p assi n g s u p pl y of  E R- d eri v e d
m e m br a n e f or a ut o p h a g os o m e bi o g e n e sis, g e n er ati o n of
a cti n- dri v e n  m e c h a ni c al f or c e f or p h a g o p h or e e x p a nsi o n,
a n d P M-l o c alis e d e n d o c yti c  m a c hi n er y ( W a n g et al., 2 0 1 9).

A d diti o n all y,  V A P 2 7 h as p ot e nti al f u n cti o ns i n c o ntr olli n g
li pi d r e distri b uti o n at t h e e x p a n di n g p h a g o p h or e t hr o u g h
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i nt er a cti o n  wit h  O X Y S T E R O L- BI N DI N G P R O T EI N-
R E L A T E D P R O T EI N 2 A ( O R P 2 A); a  m e m b er of t h e
E u k ar y oti c- c o ns er v e d  O R P-f a mil y li pi d tr a nsf er pr ot ei ns ( Y e
et al., 2 0 2 2).  O R P 2 A i nt er a cts  wit h  V A P 2 7 a n d t h e a ut o p h a g y
pr ot ei n,  A U T O P H A G Y- R E L A T E D P R O T EI N- 8 ( A T G 8), t o
est a blis h a n  E R- a ut o p h a g os o m e c o nt a ct sit e ( Fi g ur e 2 d).
T his c o m pl e x is i m p ort a nt f or a ut o p h a g os o m e bi o g e n esis,
a n d disr u pti o n of  O R P 2 A e x pr essi o n r es ults i n d ef e cts i n
a ut o p h a g os o m al  m at ur ati o n a n d d e cr e as e d l e v els of a ut o p-
h a g y.  O R P 2 A bi n ds  m ulti pl e li pi ds i n cl u di n g
P h os p h ati d yli n osit ol- 3- p h os p h at e ( PI 3 P) a n d h as i m p ort a n c e
i n r e distri b uti n g PI 3 P fr o m t h e  E R d uri n g a ut o p h a g y.
D uri n g t h e i niti ati o n a n d pr o gr essi o n of a ut o p h a g os o m e bi o-
g e n esis, PI 3 P a c c u m ul ati o n is i m p ort a nt f or t h e r e cr uit m e nt
of a ut o p h a g y-r e g ul at or y pr ot ei ns s u c h as  A T G 8 t o t h e p h a g o-
p h or e ( N as ci m b e ni et al., 2 0 1 7;  Y e et al., 2 0 2 2).  Disr u pti o n of
O R P 2 A l e a ds t o t h e a c c u m ul ati o n of a ut o p h a g y pr ot ei ns at t h e
E R, i n di c ati n g a r ol e f or t h e  V A P 2 7- O R P 2 A c o m pl e x i n

tr a nsf er of r e g ul at or y li pi ds fr o m t h e  E R t o t h e n as c e nt p h a g o-
p h or e, s u bs e q u e nt r e cr uit m e nt of a ut o p h a g y pr ot ei ns a n d
a ut o p h a g os o m al  m at ur ati o n ( Y e et al., 2 0 2 2).  W hilst t his
c o m pl e x a p p e ars t o b e pr es e nt at sit es t hr o u g h o ut t h e  E R
n et w or k, it is als o o bs er v e d at  E P C S ( Y e et al., 2 0 2 2), p ot e n-
ti all y i n di c ati n g a r ol e f or  V A P 2 7- m e di at e d  E P C S i n li pi d
tr a nsf er.

V A P 2 7-r e g ul at e d a ut o p h a g y als o  m o d ul at es e x o c yt osis
t hr o u g h c o or di n ati n g t ur n o v er of e x o c yti c v esi cl es ( Z h a n g
et al., 2 0 2 3).  V A P 2 7 i nt er a cts  wit h  E x o 8 4 c, a pl a nt-s p e ci fi c
s u b u nit of t h e e x o c y st  w hi c h t et h ers e x o c yt oti c v esi cl es t o
t h e P M ( Fi g ur e 2 e).  T h e i nt er a cti o n b et w e e n  V A P 2 7 a n d
E x o 8 4 c at  E R- ass o ci at e d p u n ct a e is i m p ort a nt f or t h e t ar g et-
i n g of  E x o 8 4 c t o t h e v a c u ol e a n d its d e gr a d ati o n vi a t h e
a ut o p h a g y p at h w a y.  T his c o m pl e x is ess e nti al f or t h e d e gr a d-
ati o n of e x o c yst-l a b ell e d e x o c yt oti c v esi cl es i n  Ar a bi d o psis,
wit h i m p ort a n c e i n r e g ul ati n g t h e s e n es c e n c e of sti g m ati c
p a pill a c ells d uri n g fl o w eri n g. It is h y p ot h esis e d t h at

Fi g u r e 2. M ultif a c et e d F u n cti o ns of  V A P 2 7 at  M e m b r a n e  C o nt a ct Sit es i n Pl a nts. ( a). E n d o c yt osis at E P C S.  V A P 2 7 i nt e r a cts  wit h cl at h ri n t o
r e g ul at e t h e f o r m ati o n of cl at h ri n c o at e d v esi cl es ( C C V) a n d e n d o c yt osis. ( b).  Os m oti c r e g ul ati o n at E P C S.  V A P 2 7 i nt e r a cts  wit h PI P 2-f a mil y
a q u a p o ri ns t o  m o d ul at e  w at e r i n fl u x a c r oss t h e P M.  V A P 2 7  m a y r e g ul at e i nt e r n alis ati o n of PI P 2 vi a e n d o c yt osis, p e r h a ps b y r e g ul ati n g
cl at h ri n- d e p e n d e nt e n d o c yt osis. ( c). F o r m ati o n of a ut o p h a g os o m es at E P C S.  V A P 2 7 i nt e r a cts  wit h t h e a cti n- r e g ul at o r y p r ot ei n, E H/ P a n 1.
E H/ P a n 1 i nt e r a cts  wit h cl at h ri n a n d  T- P L A T E e n d o c yti c  m a c hi n e r y.  H e r e,  V A P 2 7 c o n v e r g es E R- m e m b r a n e s o u r c es, P M-l o c alis e d e n d o c yti c
m a c hi n e r y a n d a cti n c yt os k el et o n t o g e n e r at e t h e p h a g o p h o r e  m e m b r a n es. ( d). Li pi d t r a nsf e r at E R- A ut o p h a g os o m e c o nt a ct sit es.  V A P 2 7
i nt e r a cts  wit h t h e li pi d-t r a nsf e r p r ot ei n,  O R P 2 A,  w hi c h t r a nsf e rs PI 3 P f r o m t h e E R t o e x p a n di n g p h a g o p h o r e. PI 3 P s e r v es as a pl atf o r m f o r
t h e r e c r uit m e nt of a ut o p h a g y- r e g ul at o r y p r ot ei ns a n d t h e d e v el o p m e nt of t h e a ut o p h a g os o m e. ( e).  C o nt r ol of e x o c yt osis at E P C S.  V A P 2 7
i nt e r a cts  wit h t h e e x o c yst s u b u nit, E x o 8 4 c o n e x o c yt oti c v esi cl es ( E V), li k el y r e c r uiti n g a ut o p h a g y- r e g ul at o r y  m a c hi n e r y t o c o nt r ol t h ei r
d e g r a d ati o n vi a a ut o p h a g y.  T his p r e v e nts t h ei r f usi o n t o t h e P M a n d bl o c ks e x o c yt osis. (f).  C al ci u m si g n alli n g at E P C S.  V A P 2 7 i nt e r a cts  wit h
t h e  m e c h a n os e nsiti v e c al ci u m c h a n n el,  M S L 1 0,  w hi c h h as y et u n c h a r a ct e ris e d f u n cti o ns i n r e g ul ati n g E P C S st r u ct u r e.  M S L 1 0 is f u n cti o n all y
li n k e d t o t h e E P C S st r u ct u r al r e g ul at o rs, S Y T 5  & S Y T 7.  V A P 2 7 c o ul d li n k  M S L 1 0  m e c h a n os e ns ati o n t o d o w nst r e a m c al ci u m- d e p e n d e nt
E P C S r est r u ct u ri n g b y S Y T 5/ 7. ( g).  C yt o ki n esis at E P C S.  V A P 2 7 l o c alis es t o E P C S at t h e e x p a n di n g c ell pl at e d u ri n g c yt o ki n esis a n d r e c r uits
S C A R 2, t h e r e g ul at o r of t h e  A R P 2/ 3 a cti n- n u cl e ati n g c o m pl e x.  V A P 2 7 a n d S C A R 2 r e g ul at e t h e p ol y m e ris ati o n of a cti n fi l a m e nts t o g ui d e t h e
f o r m ati o n of t h e e x p a n di n g c ell pl at e. ( h).  Mit o p h a g y at E M C S.  V A P 2 7 i nt e r a cts  wit h t h e  mit o c h o n d ri al  m e m b r a n e p r ot ei ns,  T R B 1/ 2, t o
t et h e r t h e E R a n d  mit o c h o n d ri a a n d d ri v e f o r m ati o n of  mit o p h a g os o m e t h r o u g h r e c r uit m e nt of  A T G 8.  H e r e,  V A P 2 7 is li k el y t o h a v e f u rt h e r
r ol es i n cl u di n g li pi d t r a nsf e r f r o m t h e E R, a n d r e g ul ati o n of a cti n- d ri v e n  m e m b r a n e d y n a mi cs. (i). Li pi d t r a nsf e r at E R- C hl o r o pl ast  C o nt a ct
Sit es ( E C C S).  V A P 2 7 p r o m ot es E R- c hl o r o pl ast ass o ci ati o n a n d i nt e r a cts  wit h  O R P 2 A t o t r a ns p o rt st e r ols t o t h e c hl o r o pl ast f r o m t h e E R.
Wit h f u n cti o ns i n t h e r e g ul ati o n of a ut o p h a g y a n d t h e c yt os k el et o n,  V A P 2 7 c o ul d als o b e i n v ol v e d i n c hl o r o p h a g y o r c hl o r o pl ast d y n a mi cs at
E C C S.
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V A P 2 7  m a y  m e di at e a c o n n e cti o n b et w e e n t h e  E R a n d
P M-t et h er e d e x o c y st c o m pl e x at  E P C S t o r e g ul at e a ut o p h a g y
of e x o c yt oti c v esi cl es t o a c hi e v e pr o gr a m m e d c ell d e at h.

It is b e c o mi n g a p p ar e nt t h at  V A P 2 7- m e di at e d  E P C S ar e
i n v ol v e d i n c al ci u m si g n alli n g. I n a ni m als,  E R- P M c o nt a ct
sit es ar e p oi nts c al ci u m e x c h a n g e b et w e e n t h e t w o or g a n ell e
c o m p art m e nts  m e di at e d b y c h a n n els s u c h as S TI M 1 a n d
Or ai. F urt h er m or e, c al ci u m si g n als al s o i n fl u e n c e  E P C S
d y n a mi cs t hr o u g h c al ci u m- bi n di n g  E P C S str u ct ur al r e g ul a-
t ors s u c h as  E xt e n d e d S Y N A P T O T A G MI N ( E- S Y T) pr o-
t ei ns ( Gi or d a n o et al., 2 0 1 3).  H o w e v er, i n pl a nts, t h e
i n v ol v e m e nt of  E P C S i n c al ci u m si g n alli n g h as n ot b e e n
cl e ar, as  E P C S-r esi d e nt c al ci u m si g n alli n g pr ot ei ns h a d n ot
b e e n c h ar a ct eris e d.  R e c e ntl y, a li n k b et w e e n  E P C S a n d
c al ci u m si g n alli n g h as b e e n i d e nti fi e d i n pl a nts,  m e di at e d
b y i nt er a cti o n b et w e e n  V A P 2 7 a n d  M c S- Li k e 1 0 ( M S L), a
P M-i nt e gr al  m e c h a n os e nsiti v e c al ci u m c h a n n el ( C o dj o e
et al., 2 0 2 2; Fi g ur e 2f).  M S L 1 0 g ai n- of-f u n cti o n  m ut a nts
h a v e e x p a n d e d  E P C S, s u g g esti n g t h e y  m a y r e g ul at e c al ci u m-
d e p e n d e nt  E P C S d y n a mi cs, p er h a ps i n r es p o ns e t o e n vir o n-
m e nt al str ess.  M S L 1 0 is f u n cti o n all y li n k e d t o t h e pl a nt
E- S Y T ort h ol o g u es, S Y N A P T O T A G MI N 5 ( S Y T 5) a n d
S Y T 7, a n d t h e e x p a n d e d  E P C S p h e n ot y p e i n msl 1 0 m ut a nts
is s u p pr ess e d b y s yt 5 a n d s yt 7 l oss of f u n cti o n ( C o dj o e
et al., 2 0 2 2).  Ar a bi d o psis S Y T pr ot ei ns r e g ul at e  E P C S d y n a m-
i cs i n r es p o ns e t o str ess, a n d f u n cti o n s p ati all y a dj a c e nt t o
V A P 2 7 i n or d er t o r e g ul at e  E P C S i nt e grit y ( Si a o et al. ,
2 0 1 6,  L e e et al., 2 0 1 9).  V A P 2 7- M S L 1 0 i nt er a cti o n  m a y r e g u-
l at e str ess-r es p o nsi v e  E P C S r e m o d elli n g b y f u n cti o n all y
li n ki n g  E R-str u ct uri n g S Y T pr ot ei ns t o  M S L 1 0- m e di at e d
c al ci u m i n fl u x at t h e P M ( Fi g ur e 2f).

R e c e nt r es e ar c h als o s h o ws t h at  V A P 2 7 is a n i m p ort a nt
r e g ul at or of c ell di vi si o n ( X u et al., 2 0 2 5). I n pl a nts, c yt o ki n-
esis o c c urs t hr o u g h t h e f or m ati o n of a c ell pl at e,  w hi c h
e x p a n ds c e ntrif u g all y t o t h e c ell p eri p h er y t o di vi d e t h e
t w o d a u g ht er c ell s.  T h e c ell pl at e is d e p osit e d b y t h e  mi cr o-
t u b ul e c yt os k el et o n,  w hi c h is li k el y st a bilis e d b y a cti n fi l a-
m e nts ( D u et al., 2 0 2 3).  V A P 2 7 l o c alis es t o  E P C S t h at
b e c o m e a b u n d a nt at t h e c ell pl at e d uri n g c yt o ki n esis a n d
r e cr uits a c o m p o n e nt of t h e  A R P 2/ 3- a cti v ati n g c o m pl e x,
S C A R 2.  L oss of f u n cti o n of v a p 2 7 or s c ar r es ult s i n
d ef e cts i n r o ot c ell di visi o n i n cl u di n g r e d u c e d di visi o n r at e
a n d p ol arit y, li k el y r es ulti n g fr o m d e cr e as e d a b u n d a n c e of
F- a cti n at t h e n as c e nt c ell pl at e.  H er e,  V A P 2 7 a n d S C A R
r e g ul at e F- a cti n p ol y m eris ati o n at t h e c ell pl at e t o st a bilis e
t h e  mi cr ot u b ul e c yt os k el et o n a n d g ui d e t h e e x p a n si o n of
t h e c ell pl at e i n a hi g hl y or d er e d ori e nt ati o n p er p e n di c ul ar
t o r o ot gr o wt h ( Fi g ur e 2 g).

R e g ul ati o n of E R- Mit oc h o n dri al C o nt act Sit es by
V A P 2 7

A cr oss  E u k ar y ot es, t h e  E R a n d  mit o c h o n dri a als o p h ysi c all y
i nt er a ct at  E R- mit o c h o n dri al c o nt a ct sit es ( E M C S). I n

a ni m als a n d f u n gi,  E M C S h a v e l o n g b e e n u n d erst o o d t o
r e g ul at e  mit o c h o n dri al str u ct ur e, f u n cti o n a n d  m et a b olis m,
fr o m ri g or o us f u n cti o n al a n al ysis of t h e pr ot ei n c o m pl e x e s
t h at r e g ul at e t h eir i nt er a cti o n ( S c orr a n o et al., 2 0 1 9). I n
pl a nts h o w e v er, t h e pr ot ei ns t h at r e g ul at e  E R- mit o c h o n dri al
ass o ci ati o n h a v e o nl y r e c e ntl y b e g u n t o b e dis c o v er e d, a n d
t h e f u n cti o ns of pl a nt  E M C S h a v e l o n g b e e n u n k n o w n.

R e c e ntl y, t h e fi rst  E M C S pr ot ei ns h a v e b e e n c h ar a ct eris e d
i n pl a nts. Pr ot e o mi c s cr e e ni n g i d e ntifi e d t h e  mit o c h o n dri al
o ut er  m e m br a n e pr ot ei n,  Tr a B- F a mil y Pr ot ei n 1 ( T R B 1), as
a n i nt er a ct or of  V A P 2 7 ( Li et al., 2 0 2 2).  T h e t w o pr ot ei ns
f or m a c o m pl e x at t h e i nt erf a c e b et w e e n t h e t w o or g a n ell e
c o m p art m e nts t o pr o m ot e t h eir ass o ci ati o n ( Fi g ur e 2 h).
T R B 1 is i m p ort a nt f or  mit o c h o n dri al ultr astr u ct ur e a n d  m et a-
b oli c f u n cti o n a n d h as k e y r ol es i n t h e s el e cti v e t ar g eti n g of
mit o c h o n dri a f or a ut o p h a g y ( mit o p h a g y).  T R B 1 h as t w o
c o ns er v e d  A T G 8-i nt er a cti n g  m otif ( AI M) d o m ai ns  w hi c h
r e cr uit  A T G 8 t o t h e  mit o c h o n dri al o ut er  m e m br a n e t o dri v e
t h e e n c a p s ul ati o n of  mit o c h o n dri a  wit hi n t h e a ut o p h a g os o-
m al  m e m br a n e ( Fi g ur e 2 h).  V A P 2 7 a n d  T R B 1 ar e t h er ef or e
i m p ort a nt f or t h e d e gr a d ati o n a n d t ur n o v er of d a m a g e d  mit o-
c h o n dri a d uri n g str ess, a n d v a p 2 7 a n d tr b m ut a nts a c c u m u-
l at e d ysf u n cti o n al  mit o c h o n dri a f oll o wi n g  mit o c h o n dri al
d a m a g e ( Li et al., 2 0 2 2,  D u c k n e y et al., 2 0 2 2 b). I n a ni m als
a n d y e ast,  E M C S ar e pr o p os e d t o r e g ul at e  mit o p h a g y
t hr o u g h t h e s u p pl y of  E R- m e m br a n e t o t h e  mit o p h a g os o m e
( B o c kl er a n d  W est er m a n n, 2 0 1 4).  Wit h  w ell c h ar a ct eris e d
r ol es i n a ut o p h a g y (t hr o u g h  m e di ati n g li pi d tr a nsf er, c yt os k el-
et al r e g ul ati o n a n d r e cr uit m e nt of c ell tr af fi c ki n g pr ot ei ns), it is
li k el y t h at  V A P 2 7 s er v es a k e y r ol e i n r e g ul ati o n of  mit o p h a-
g os o m e bi o g e n esis at t h e  E R- mit o c h o n dri al i nt erf a c e i n pl a nts
as a r e g ul at or y n e x us of t h es e di v ers e s u b c ell ul ar pr o c ess es
( D u c k n e y et al., 2 0 2 4).

Pl a nt- S p eci fi c R ol es f or V A P 2 7 at E R- C hl or o pl ast
C o nt act Sit es

A n i n h er e ntl y pl a nt-s p e ci fi c f u n cti o n of  V A P 2 7 is t o  m e di at e
i nt er a cti o n a n d c o m m u ni c ati o n b et w e e n t h e  E R a n d t h e
pl a nt-s p e ci fi c or g a n ell e, t h e c hl or o pl ast ( R e n n a et al.,
2 0 2 4).  V A P 2 7 dir e ctl y bi n ds t h e c hl or o pl ast  m e m br a n e
li pi d,  m o n o g al a ct os yl di a c yl gl y c er ol ( M G D G) t o pr o m ot e
E R- c hl or o pl ast ass o ci ati o n a n d i nt er a cts  wit h t h e li pi d-
tr a nsf er pr ot ei n,  O R P 2 A ( Fi g ur e 2i).  T h e  O R P 2 A- V A P 2 7
c o m pl e x h as r ol es i n li pi d tr a ns p ort t o t h e c hl or o pl ast:
O R P 2 A bi n ds p h yt ost er ols, a n d or p 2 a a n d v a p 2 7 m ut a nts
e x hi bit d ef e cts i n c hl or o pl ast st er ol c o nt e nt.  T h er ef or e,
V A P 2 7 h as k e y r ol es i n r e g ul ati n g  E R- c hl or o pl ast i nt er a cti o n
a n d li pi d tr a nsf er, a n d it is li k el y t h at  m or e f u n cti o ns f or t his
pr ot ei n at  E R- c hl or o pl ast c o nt a ct sit es  will e m er g e.  Wit h
f u n cti o ns i n t h e r e g ul ati o n of t h e c yt os k el et o n a n d a ut o p-
h a g y, it is p ossi bl e t h at  V A P 2 7  m a y r e g ul at e pr o c e ss es
i n cl u di n g c hl or o p h a g y (s el e cti v e a ut o p h a g y of t h e c hl or o-
pl ast), c hl or o pl ast  m or p h ol o g y a n d d y n a mi cs. I n a gr e e m e nt
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wit h t his h y p ot h esis, it h as b e e n s h o w n t h at tr a nsi e nt c o nt a ct
sit e f or m ati o n b et w e e n t h e pl asti d e n v el o p e a n d t h e  E R ar e
r es p o nsi bl e f or t h eir d y n a mi c s u b c ell ul ar b e h a vi o ur
( M at h ur et al., 2 0 2 3).  H er e, t h e  E R s er v es as a sit e
of r e cr uit m e nt f or r e g ul at ors of c hl or o pl ast fi ssi o n, f or
e x a m pl e  A C C U M U L A TI O N  A N D  R E P LI C A TI O N  O F
C H L O R O P L A S T 5 ( A R C 5) a n d als o dir e ctl y e x erts p h ysi c al
f or c e t o s e p ar at e d a u g ht er pl asti ds ( G h os h et al., 2 0 2 5).
D y n a mi c r e g ul ati o n of  E R- pl asti d t et h eri n g b y  V A P 2 7  m a y
t h er ef or e b e i m p ort a nt f or t h e dir e ct r e cr uit m e nt of r e g ul at ors
of c hl or o pl ast d y n a mi cs t o t h e c hl or o pl ast  m e m br a n e, s u p pl y
of  E R- d eri v e d r e g ul at or y li pi ds f or r e cr uit m e nt of
m e m br a n e- eff e ct or pr ot ei ns, or r e cr uit m e nt of c yt os k el et al
r e g ul at or y pr ot ei ns t o t h e  E P P C i nt erf a c e t o dri v e t h e  E R
d y n a mi cs n e c ass er y f or pl asti d di visi o n.

S u m m ar y

T h e u nf ol di n g st or y of  N E T a n d  V A P 2 7 pr ot ei ns c o nti n u e s
t o r e v e al n o v el  m e c h a nis ms b y  w hi c h pl a nt c ell s ar e str u c-
t ur e d.  T h e c o n n e cti o n b et w e e n t h e a cti n c yt os k el et o n a n d
m e m br a n e or g a n ell es  m e di at e d b y t h e  N E T pr ot ei ns ar e
i n v ol v e d i n t h e d y n a mi c r e g ul ati o n of s u b c ell ul ar ar c hit e ct ur e
a n d or g a nis ati o n.  T h eir i m p ort a n c e t o c ell gr o wt h,  m or p h-
ol o g y a n d e n vir o n m e nt al r es p o ns es ar e n o w b e c o mi n g a p p ar-
e nt.  T h e dis c o v er y a n d c h ar a ct eris ati o n of  V A P 2 7 as a
r e g ul at or of or g a n ell e c o nt a ct sit es h as r e v e al e d its r ol es i n
or g a n ell e t et h eri n g, str u ct ur e a n d f u n cti o n, as  w ell as i nt er-
c o m p art m e nt al cr osst al k a n d si g n alli n g.  At or g a n ell e i nt er-
f a c es,  V A P 2 7 i nt e gr at es  wit h  m a n y s u b c ell ul ar  m a c hi n eri e s
i n cl u di n g r e g ul at ors of t h e c yt os k el et o n, a ut o p h a g y, li pi d
a n d c al ci u m si g n alli n g, as  w ell as c ell tr af fi c ki n g. F ut ur e
r es e ar c h o n t h e  N E T a n d  V A P 2 7 pr ot ei ns  will c o nti n u e t o
a d v a n c e o ur u n d erst a n di n g of t h e  m ol e c ul ar c o m p o n e nts
u n d er pi n ni n g pl a nt c ell str u ct ur e a n d f u n cti o n.

D e cl a r a ti o n  of  C o n fl i c ti n g I n t e r e s t s

T h e a ut h ors d e cl ar e d n o p ot e nti al c o n fl i cts of i nt er est  wit h r es p e ct t o
t h e r es e ar c h, a ut h ors hi p, a n d/ or p u bli c ati o n of t his arti cl e.

F u n di n g

T h e a ut h ors r e c ei v e d n o fi n a n ci al s u p p ort f or t h e r es e ar c h, a ut h or-
s hi p, a n d/ or p u bli c ati o n of t his arti cl e.
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