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Abstract

An individual plant cell may containat leas two functionally andstructurally distinct typesof vacuoles protein
storagevacuolesandlytic vacuolesPresumablya cell that storesproteinsin vacuolesmustmaintainthesesepa-
ratecompartments$o preventexposaure of the storageproteinsto an acidifiedervironmentwith active hydrolytic
enzymesvherethey would be degraded.Thus the organizationof the secretorypathway in plant cells which
includesthe vacuoles hasa fascinatingcompleity not anticipatedfrom the extensive geneticand biochemical
studiesof the secretorypathway in yeast.Plantcells mustgenerateéhe membraneso form two separataypesof
tonoplas, maintainthemas separateorganellesanddirectsoluble proteinsfrom the secretoryflow specifically to
oneor the othervia separatevescular pathways Individual soluble and membrangroteinsmug be recognized
andsortedinto oneor the otherpathway by distinct, specificmechanismdderewe review theemeging pictureof
how separateplantvacuolesareorganizedstructurallyandhow proteinsarerecognizedandsortedto eachtype.

Organization of the secretory pathway

All eukaryoticcells assembleheir secretorypathway
into a seriesof organellesasa meanof definingcom-
partmentswith distinct functions(reviewed by [83]).
The secretorypathway begins with the endoplamic
reticulum(ER). In general soluble proteinsthatenter
the secretorypathway are co-translationallyinserted
acros the ER membraneduring their synthess on
membrane-boundibosomes A newly syntheszed
proteinin theER lumenwill beretainedn, or directed
to, a specific organelle within the pathway deperd-
ing uponinformationcontainedwithin its polypeptide
chain, information encodedboth by specific amino
acid sequencesnd by determinantgormedfrom its
three-dimensionaructureasthe proteinfoldsinto a
stableconformationwith the assistancef ER chaper
one proteins(Sengupta-Gopalaand Galili, this vol-
ume). An as yet poorly undersood proces selects
certainproteinsfor export from the ER [3, 4, 72] and
concentratetheminto vesiclesthattransporthemto
cis-Golgi cisterna€105] (Figure1). After exiting the

ER, aproteinthatlacksspecific informationfor reten-
tion or sorting to a particularsecretoryorganellewill
pas throughthe Golgi complex andbe packagednto
poorly characterizeglesiclesthatfusewith theplasma
membranendreleasethe proteinto the cell exterior,
the so-calleddefault pathway [21, 87] (Figure 1). Our
discussiomwill focuson structuralfeaturesof proteins
that direct theminsteadto pathwaysleadingto vac-
uoles As thee structuralfeaturesdeterminethe fate
of a proteinby actively directingit to a specificpath-
way anddestinationyve will referto themas‘vacuolar
sarting deteminants’ (VSDs)

Complexity of vacuolesin plant cells

Plant cell vacuoleshave long beenknown to have
mary differentfunctions[8, 121]. For example,they
may containhydrolytic enzymesthat function in an
acid environment[7, 67]. They may containconcen-
trationsof secondarymetabolicproductssuchas aka-
loids, glycoddesandglutathioneconjugatesorganic



Figure 1. The plant secretory and vacuolar systems. Indicated are endoplasmic reticulum (ER), Golgi, cell wall (CW), protein storage vacuole
(PSV) and lytic vacuole (LV). Two subdomains [104] are shown for the ER: rough ER where membrane-bound ribosomes synthesize proteins
for translocation into the ER, and a region of smooth ER where PSV tonoplast may originate, indicated by the thick blue line. The arrow denoted
by the circled 1 indicates the possibility of direct traffic of proteins between such regions of ER and the PSV, as suggested from morphologic
studies [92] as well as studies @fTIP traffic discussed in the text. The grey sphere within the rough ER indicates that proteins destined for
export to the Golgi are somehow selected and concentrated as part of the process of being packaged into vesicles (grey-filled circles). Golgi
cisternae are shown with dilated ends containing protein inclusions (blue-filled circles) that become more electron opas(@htest) to

trans (darkest) direction. Smooth dense vesicles (SDV) carry soluble proteins from Golgi to a prevacuolar compartment [39, 100] (PVC) that,

in developing pea cotyledons, appears as a multivesicular structure. This PVC appears to transfer its contents to the PSV by direct fusion with
that structure [39]. The blue color of the SDV matches that of the Golgi inclusions and the protein bodies within the PSV to indicate the theory
that Golgi inclusions represent proteins in the process of aggregation as a mechanism for sorting into SDV, and that this process contributes to
the generation of the condensed protein body structure [83]. This may also correspond to the wortmannin-sensitive pathway used by proteins
with a ctVSD. The as yet uncharacterized vesicles that carry soluble proteins lacking targeting information in the default pathway to fusion with
the plasma membrane are indicated in dark green. Clathrin coated vesicles (CCV) that carry soluble proteins selected by members of the plant
vacuolar sorting receptor (VSR) family to the lytic prevacuolar compartment (PV; [85]) are shown in yellow, and the thick black lines around a
Golgi cisterna, CCV and PV indicates the organelles where VSR protein has been identified. The Greek letters indicate specific vacuole types
identified because they carry a specific TIP in their tonoptastr «-TIP on PSV,y for y-TIP on LV, ands for §-TIP on other vacuoles whose

function and biogenesis have not yet been determined.



acids and anthoganins[7, 62, 121]. They may store
proteins vacuolarstorageproteinsaremosg prominent
in seedsbut may also occurin mary differentveg-
etatve tissues [27, 31, 32, 106]. Previous concepts
of vacuolebiogeness andfunction hypotheg&zedthat
protein storagevacuolesrepregntedportions of the
central vacuolethat subdivided as depo#s of stor-
age protein accumulated17, 115]. It is now cleat
however, that vacuoleswith proteasesctive at low
pH (so-calledlytic or vegetative vacuole$ and protein
storagevacuolesarestructurally andfunctionally dis-
tinct organelleg44, 86]. On onehand, separationof
functionintotwo separateompartmentsimplifiesthe
biochemisry and physology of how protein storage
couldoccurbecausdé presumablyvould protectstor
ageproteinsfrom expoaureto an ervironmentwhere
they would be degraded.On the other hand,the cell
biology of vacuolebiogenes and maintenanceand
of proteinsorting, is vastly morecomplicated91]. In
contras to yeas cells which have a single lytic vac-
uole, plant cells mustgenerateseveral biochemically
andstructurallydistinct typesof tonoplas membranes
andmustmaintainthesemembranessseparatenti-
ties. Additionally, they musthave distinctandseparate
vesicle pathwaysleadingto proteinstorageand lytic
vacuoles.Finally, they must haze mechanismghat
sort storageproteinsto one pathway and hydrolytic
enzymedo theother

Vacuok biogeness andthe role of tonophg intringc
proteins

Ultimately all membraneswithin a cell derive from
lipid synthesizedin the ER, but relatively little is
known about which organelles directly contritute
membrandipid to form tonoplas membranesTwo
general models have been offered [91]. In one,
vacuolesare propo®d to originate from a Golgi-
associated tubular network of membraneg64, 65].
An alternatve modelsuggess thatvacuolesoriginate
directly from ER [11, 37, 91, 104]. This quesion
is relevant to the subjectof our review becausente-
gralmembrangroteinsmug also be syntheszedand
trangortedto the propertonoplas, andit is likely that
the pathsthey follow to their destinatiorreflectthose
usedfor thebiogeness of thetonoplassthemelves.
Studies of vacuolefunction and biogenes were
greatlyassisted by thefindingthatplantvacuoletono-
plag containsabundantintegral membraneproteins
with six trangnembrane{sanningegionscalledtono-
plag intrindc proteins(TIPs) [53]. TIPs belongto a

family of proteinsthat function as aquaporing chan-
nelsto trangportwater[14], andthesequencesf TIPs
are homologouswith but differ from the sequences
of other membersof the family that are found in
plasna membraneg$119]. It hasbeenpropo®d that
TIPs are preentin tonoplas becaus aquaporinsare
requiredto maintainvacuolefunction[14]. However,
TIPs are very abundantproteins In radish tap root,
y-TIP makes up 30-50%of total tonoplas protein,
while vacuolarpyrophophatas and H™-ATPas en-
zymesaccounfor only about10%of tonoplasprotein
[36]. This abundanceof y-TIP would seemto be
in exces of the amountneededfor water trangort
andsuggess a structuralfunction for the protein (M.
Maedhima, per®nalcommunication)lt is interesing
to observe thatthe Sacharomyceserevisiae genome
containsgenesencodingmembersf the MIP family,
to which TIPs belong, and aquaporinshould be es-
sential for yeas vacuolefunction, but thes proteins
are not known to be atundantin the yeas vacuole
membrang50, 58, 89]. While yeass have only one
functionaltypeof vacuole plantcellshave several and
a specific isoform of TIP is ass@iatedwith a specific
functionaltype (see belon). We hypothesze that, in
plantcells, the presencef a specific TIP isoformis
requiredfor the biogeneis of a specific vacuoletype,
and that the specific TIP isoform is recognizedand
boundby proteinghatform adefinedcytoplasnic coat
(G.-Y. Jauhand J.C. Rogers unpubliheddata). The
cytoplasnic coat would then prevent fusion of tono-
plastfrom onetype of vacuolewith anotheythereby
maintainingtheintegrity of functionallydifferentvac-
uolar compartmentsin this model, then, a specific
TIP isoform is requiredfor, anddefines the specific
structureandfunctionof avacuole.

TIP isoforms definefunctionallydistinct vacuoles

Initially, differentisoformsof TIPs were thoughtto
be expressedin a tisste-specific mamer, with o-
TIP beingseed-specifiandy-TIP beingexpresed in
vegetatve tissues[43]. The availability of antibodies
to purified «-TIP [53] andto tonoplas enrichedin
y-TIP (TIP-Ma27 antibodied66]) madeposible ex-
perimentso define the functionof vacuolescarrying
those antigens Thes experimentsdemonsratedthat
a-TIP was specifically presenin proteinstoragevac-
uole (PSV) tonoplas, while the TIP-Ma27 antibodies
identified vacuoleswith active proteasesand acidic
pH, termedlytic or vegetative vacuoleqLV) [44, 86].
The ahundanceof «-TIP in seedgeflectedthe abun-



danceof PSV there, but «-TIP was aso preentin

proteinstoragevacuoles(PSVs) in root tip cells that
containedarley lectinasa storageprotein[86]. Inter

edingly, a single cell in peaor barley root tips could

containvacuoleslabeledseparatelywith both -TIP

andTIP-Ma27[86]. In some casesyacuoledabeled
with both antibodieswere identified; thee presuum-
ablyrepresentedellswherethetwo separatesacuolar
compartment$ad beenmeged, presumablyto ex-

pos storageproteinsto an ervironmentwheretheir
degradatiorcouldproceed86].

The TIP-Ma27antiserumhadbeenraisedto beet-
root tonoplag membraneg[66]; thus it was pos
sible that the immunofloregencelabeling patterns
obsened [66, 86] weredueto reactvity of the anti-
bodieswith morethanonetonoplasprotein.To clarify
thedistribution of differentTIP isoformswithin plant
cells we have preparedanti-peptideantibodiesspe-
cific for thecarboxy-terminahminoacidsequencesf
a-, y-, ands-TIP (G.-Y. Jauh,T.E. Phillips, andJ.C.
Rogers unpublided data). In immunofuoregence
experimentswith pearoot tip cells, the anti-a-TIP
peptideantibodiesco-localizewith antibodiesraised
to purified «-TIP [53] andthe anti-y-TIP peptidean-
tibodiesco-localizewith antibodiego purified y-TIP
from radish [36]. The antis-TIP peptideantibodies
however, identify a separatepopulationof vacuoles
presentin cells that also contain vacuoleslabeling
with arti-a-TIP or anti-y-TIP. While the latter tend
to be larger and in a more centrallocationin cells,
8-TIP vacuolesaresmallerandmorefrequentlylocal-
izedin the cell periphery in somecasesmmediately
beneaththe plagna membrane(unpublihed data).
Some of theses-TIP vacuolesalso contain protein
labeledwith anti-arabinogalactaantibodies(unpub-
lished data). The latter finding would be congstent
with arolein endogtods ([33], andGriffing, this vol-
ume). Our preliminarymodelfor the organizationof
thes threetypesof vacuoleds preentedin Figurel.

Antibodiesto the C-terminal peptidesequenceof
an additional TIP isoform, initially identifiedasDIP
from Antirrhinum [18], do not cross-reacwith the
other TIP peptidesand identify small organellesin
rare root tip cells (G.-Y. Jauh and J.C. Rogers un-
publisheddata). It will be of someinterestto clarify
the natureof thes organelles The preenceof four
TIP isoforms «-, y-, and §-TIP and DIP, is con-
sistert with the findings of Weig et al. [119] who
used northernblot hybridizationwith expresed se-
guencetag (EST) clonesto catalogueall of the TIP
isoforms expresed in Arabidopss. Their nucleotide

sequencelendrogranof TIP genefamilieshas,how-

ever, someuncertaintiebecauseaw sequencegrom

theEST clonedatabaswereapparentlyusedfor com-

parions Some of thee sequenceqe.g. GenBank
T22237andT21060)have notonly regionswith multi-

ple framesifts andnumerousinreadbagesbut also 5

fusionsof ca.60 nucleotideghatareunrelatedo TIP

genesequences When the® regions are discarded,
thereadablgportionsof T22237andT21060are 80%
and 84% identical to y-TIP, respectiely. Addition-

ally, EST clone Z18142is a DIP homologue When
thes correctionsare appliedto the data[119], TIP

genefamily memberghat are expresed at measire-

able levels in Arabidopss area-, -, and§-TIP and
DIP. Mechanismdor sorting of soluble proteinsto «-

TIP PSV andto y-TIP LV have beenidentified (see
belon, and Robinson, this volume). The functional
natureof, and mechanims for, delivery of proteins
to §-TIP vacuolesand to vacuolesmarked by the

preenceof DIP should be of condderableinteres

to plant cell biologists. A uniquetype of autophagic
vacuoleaccumulatesn nutrient-stared tobaccosus-
pensionculture cellswhenthe activity of intracellular
cysteineproteassis inhibited[73], andits associated
TIP isoform hasnot yet beenidentified. Swan®on et

al. [109] have identifieda vacuoletypein barley aleu-
ronecellswith somecharacteristicsimilarto thoseof

autophagiosacuoles Thes secondarylysosome-like

vacuolesweredistinct from protein storagevacuoles
but, interestinglyhadin commonwith PSVsthepres-
enceof «-TIP in their tonoplas. This classification
of vacuoletypesbasd on their complementof TIP

proteings evenmorecomplicatedvhenoneconsiders
thatvacuolesanbeidentifiedwherex- and y-TIP, y -

ands-TIP, and a- and §-TIP areboth preentin the

sametonoplas ([86], andunpublidieddata).

Sating of sduble proteinsto vacuoles

Three types of vacuolar sorting determinantshave
beenidentified.Onetype,describedn the N-terminal
propeptidesof sweet potato progporaminand barley
proaleurainwas termedan NTPP determinanta sec-
ond type, de<ribed in the C-terminal propeptides
of barley lectin and tobaccochitinase, was termed
a CTPP determinant; and a third type, desribed
for certainseedstorageproteins,was termedan in-
ternal determinant[15, 74]. Each determinanthas
subsquently beenshown to have specific physdcal
and functional characterigcs that define it. The N-



terminalpropeptidedeterminantsequirea conerved
amino acid sequenceprobablyrecognizedby a sort-
ing receptoifor their functionandmayfunctionwhen
placedelsavherein the protein; for that reasonwe
sugges theterm‘sequenceqsecific VSD’ (ssVSD) to
de<ribethem.In contras, the C-terminalpropeptide
determinantiave little or no discernableequirement
for a conernedsequencebut the weight of evidence
suggess that they mug be placedat the C-terminus
of a protein; for thatrea®n we sugges theterm ‘C-
terminalVSD’ (ctVSD) to describeéhem.Finally, the
internal determinantsof storageproteinshave been
very difficult to study andit hasnot beenpossible to
defineary con®rvedaminoacidsequencénvolvedin
their function. Indeed,it is likely thatin mary cases
the physdcal structureof a storageprotein, including
its threedimensionaktructureandpropensityto form
aggregjategplaysamajorrolein directingit intoapath-
way to the proteinstoragevacuole;for thatreamnwe
suggestheterm‘physical structureVSD’ (psvVSD) to
de<ribethis typeof sorting determinant.

The sequence-specifizacuolar sorting
determinants (ssvV SD)

The ssVSD was first defined in the propeptidesof
sweetpotatoprosporamirandbarley proaleurain.

Vacuohr sorting of prosporamin

Sporaminis an abundantstorage protein in sweet
potatotubers[60]. Storageproteinsfrom tubersare
classedvith vegetatve storageproteinsand differsub-
gtantially from seedstorageproteinsin their phydcal
structure and patternsof storage[106]. For exam-
ple, althoughvegetatie storageproteinsare storedin
vacuolesthey do not form protein bodies The TIP
isoform preent in thoe vacuoleshas not yet been
determinedAdditionally, severalhave beenshowvn to
be active enzymes patatin,the major storageprotein
frompotatotubersjs anesteras§94]. Thefactthatthe
mechanisnfor sorting prosporaminto vacuolesap-
peargo bespecificfor thelytic vacuolepathway indi-
catestheliklihood thatsporaminis storedin vacuoles
with characteristicsf LVsratherthanPSVs.

After cleavageof the signal peptide,progporamin
carriesa 16 amino acid N-terminalpropeptidethatis
removed to form maturesporaminin sweetpotatotu-
bers[69]. Whenexpressedn tobaccosuspensiomcul-
ture cells, sporaminis sortedto the vacuole.Expres-

sion of amutantlackingthe propeptideeailtedin se-
cretionof sporamin,demongratingthatthepropeptide
containsesential vacuolarsorting determinantg70].
Whenfour aminoaciddeletionsveremadewithin the
propeptidesequencéeginningat His-22, two regions
(indicatedby single and double underlines regec-
tively) wereshown to be essetial for efficient sorting
tothevacwle: HSRFNPIRLPTTHERA [75]. A single-
resdue mutationof Asn-26to Gly caugd about40%
of the expressedroteinto be secretedyhile the mu-
tation of lle-28 to Gly essentiallyabolishedproper
sortingto thevacuolg75]. An aminoacidwith alarge
alkyl side-chainat lle-28is essential for properfunc-
tion of the sorting determinantand substitutionwith
similar residuessuch as Leu maintainfunction [59].
Thus athoughlle is an essential resdue, it mug be
presenwithin the context of the sequience SRFNPIRL,
andthos eight aminoacidsdefinetheminimumVsD.
Potatoproteasenhibitors relatedto sporaminhave a
similar motif S(Q/K)N(P/L)I(N/D)LP(S/T)[51]. It is
interestirg that the motif NLPS was also idertified in
storage?2S albuminsasa binding motif for a putative
vacuolarsorting receptor(seebelaw; [100]). It is im-
portantto notethatthe progporaminpropeptidewhen
attachedo the N-terminusof barley lectin lacking a
C-terminal propeptideand expressedn tobaccosus-
penson culture cells functionedasan efficient VSD
for thatchimericprotein[68]. ThustheV SD is defined
by sequencewithin the propeptideand probablydoes
not dependupon contrikutions from the maturepro-
teinsequencdor its function. TheprogporaminssV SD
functionedefficiently when placedat the C-terminus
of sporamin[59], demonsrating that the amino acid
sequencendnotits locationon theproteinisthemog
importantfeatureof theVSD.

Vacuolar sorting of proaleurain

Barley aleurainis a cysteineproteasecloselyrelated
to mammaliarcatheps H [48]. It is syntheszedasa
proenzymendtrangortedto anacidified, pog-Golgi
compartmentvhereit is processedo its matureform
[45]. In barley aleuronecellsessentiallyall detectable
aleurainis in its matureform, the two enzymeshat
proces proaleurainboth have pH optimanear5 [45],
andpurified aleurainenzymehasa pH optimumnear
5[47]. Aleurainwaslocalizedby immunoelectromi-
crogopy to ‘aleurain-containingacuolesin aeurone
cellsthatweremorphologicallyandphysdcally distinct
from proteinstoragevacuoleq45]. Thesefactsall ar-
guestronglyfor proaleurairto be sortedto anacidified



vacuolarcompartmentvith active proteasesandwe
have usedaleurainasa markerto definelytic vacuoles
[86].

Whenthe sequencesf proaleurairand the proen-
zyme form of a cysteine proteasethat is secreted
from barley aleuronecellswerecomparedit appeared
that the proaleurainpropeptidehad an N-terminal
extengon [46, 48]. An experimentaktrategy wasde-
signed to testthe possilility that these‘extra’ amirno
acidsrepresentethevacuolarsortingdeterminantfor
proaleurain.Chimeric proteinswere expresed in to-
baccosuspensiowrultureprotoplastsvherereciprocal
changeswvere madein proaleurainand the secreted
proteas: a portion of the proaleurainprosequence
was subdituted for the correponding secretedpro-
teasesequenceandvice versa.Thus, if an essential
partof theproaleurairVSD was removed, themutated
proaleurairwould be secretedloss of function),while
the correpondingsubditution into the secretedpro-
teasewould caiseit to be satedto the vacuwle (gain
of function). Results from thes experimentsdemon-
dtrated that the immediate N-terminus of proaleu-
rain, SSSSADSNPIRPVTDRAAST, comprised an
efficient VSD [46]. Interesingly, the determinant
functionedwith greatestefficiency when presentas
anintact sequencebut substitutionof the shorterse-
guencesSSSSRADS, SNPIRRand VTDRAAST onto
the secretedproteaseesultedn vacuolarsortingwith
a lower efficiencgy. Thusit appearedhatinteractions
amongthes three portions of the larger sequence
contrituted to a highly efficient VSD [46]. This re-
gion of the prosequencds highly conserved among
aleurainhomologuesfrom other monocotyledonous
and dicotyledonousspecies compari®n of the dif-
ferent sequencesindicated the following conensis
sequencefor the mog highly conserved resdues
FXDSNPIRXV(S/T)D[93].

Comparisonof the prosporaminand proaleurain
VSDsdemonsratedthepresnceof aconervedNPIR
centralmotif. The presencef an essentiatonsered
sequencavithin sorting determinantgrom two com-
pletely differenttypesof proteinssuggesed that the
sequence might be recognizedby a receptorthat
would, in turn, be regpongble for directingthe pro-
teinsinto the properpathway to theLV.

Identificationand cloningof a probablevacuolar
sortingreceptor

A sorting receptorwould have several structuraland
functionalcharacteriics that could be predicted(for

a review, see [91]): It would be a trangnembrane
protein with the ligand binding domain within the lu-
men of the Golgi, whereligand binding would occur
at a nearneutralpH. The cytoplasmictail would be
recognizedy proteinsreponsble for assembling the
receptorinto vesiclesthat would bud from the Golgi
andcarryreceptopluscagoto adestinationFor vac-
uolarsorting, the deginationwould have an acidicpH
that would causedissociationof the receptotligand
complex. As clathrin coatedvesicles(CCVs) were
known to functionin traffic from Golgi to the lyso-
some/acuolein mammalianand yeastcells, and as
they similarly had beenassociatedvith transportof
hydrolagsto plant vacuoles[29], we developed an
experimentalstrategy to searchfor a ssVSD-binding
receptorin membranepurified from CCVs from de-
veloping peaq54].

Two affinity columnswere constructedpne with
a peptiderepregnting the proaleurainvVSD and the
otherwith a peptiderepregnting the correponding
region of the barley secretedoroteaselLysatesof pea
CCV membraneswere pased throughthe columns
and, after extensve washing, adherenproteinswere
releasedvith a pH 4 buffer [54]. A singleca.80kDa
protein,identified asBP-80, boundto the proaleurain
columnbut not to the control column. Treatmentof
the vesicleswith proteaseprior to lysis and column
purificationreaulted in ca. 5 kDa shorteningof BP-
80; theN-terminalaminoacid sequencesf intactand
proteasdreatedforms wereidentical, indicatingthat
the N-terminuswas within the vesicle lumen while
ca.5 kDa of C-terminalsequencevas exposedonthe
cytoplasmicside. Analysesof othermembrandrac-
tionsfrom gradientsused to purify the CCVsidentified
a lower dendty fraction where BP-80 comprisd ca.
50% of the protein. Although the organelle($ from
whichthislowerdensty membrandractionoriginated
have notbeenidentified,it servedasanoptimalsource
of BP-80for furthercharacterizationAn in vitro assay
was developedwherebinding of proaleurainpeptide
labeledwith [123] to BP-80could be quantitatedThe
proaleurainpeptidewas boundwith a k; of 37 nM,;
bindingwas optimalat pH 6.0—6.5andwasabolished
at pH <5.0[54]. A peptiderepregntingthe progo-
raminVSD, SRFNPIRLPTcompetedveaklywith the
proaleurainpeptidefor binding, but a peptidewith
the essettial lle mutatedto Gly, SRENPGRLPT did
not competefor binding. A peptiderepregnting the
C-terminal propeptideof barley lectin also did not
competefor binding[54].



Subsquentstudies used different peptide affin-
ity columnsto assess binding of BP-80 from less
deng membrandysates[55]. The® reaults confirmed
bindingto proaleurainand progporaminpeptidesand
demongratedlack of bindingto the progporaminpep-
tide with lle — Gly mutation and to the barley
lectin propeptidesequenceTogetherreaults from the
two studiescorrelatedbinding of BP-80 to sequences
in proaleurainand progoramin that are functional
VSDs, while mutatedsequencethat do not function
asVSDs did notbind. They also demongratedthein-
ability of actVSD to beboundby BP-80. Additionally,
in the secondstudy, binding was observedto peptides
repreentingthe C-terminusof Brazil nut2Salbumin;
the minimal sequencecapableof beingboundrepre-
sentedheC-terminalpropeptideand5 adjacenamino
acidsof the matureprotein[55]. The® reddueswere
statedto be part of a determinanthat, whenfused to
yeastinvertasecausedhe enzymeto be sortedto the
vacuolein tobaccacells[55]. Cautionshouldbeused,
however, in extrapolatingthes binding datato a con-
clusionthatareceptoproteinsimilarto BP-80maybe
involvedin vacuolarsortingof the2Salbumin protein.
It is notknown if the requiredresduesin the mature
2Salbumin moleculeadjacento thepropeptidevould
be physcally accesible to anotherprotein. Indeed,
thes includea Cys reddue thatis highly conserved
amongrelated plant 2S albumins [100] that proba-
bly participatesin an intramoleculardisulfide bond.
Additionally, expresion of chimericfusion proteins
in the plant secretorysystem may frequentlyandun-
predictablyleadto proteinsthat cannotfold properly
[48] andthereforehave the potentialto undego ag-
gregation.As notedbelow, aggreyationitself may be
amechanim for vacuolarsorting thatwould be inde-
pendenfrom areceptormediategorocessilt is alsoof
interestthat the 2S albumin peptide that binds BP-8
in the assay doesnot containa sequencenomologous
to the NPIR motif. This mayreflecta heterogeneityn
binding preferencedy BP-80. The possibility thata
receptolinteractingwith the proaleurairssVSDmight
have broadligand binding specificity was indicated
by the finding that both SSSIADS ard SNPIRPalone
functionedas vacuolartargeting determinantsalbeit
with lower efficiency thanwhentogether[46]. Such
binding heterogeneitgould reault from the preence
of several different binding sites within the protein
(see below), asis known for the Man-6-P/IGF I
receptor[20]. Alternatively, recognitionof different
ligand sequencegould be dueto otherreceptorpro-
teing BP-80 homologuesin the starting preparation.

In yeas, some proteinsthat are able to exit the ER
eventhoughthey containregionsthatarenot properly
folded are sorted to the vacuoleby the samerecep-
tor reponsble for bonafide tarmgeting of CPY [49].
PerhapsBP-80 could play a similar role of scaveng-
ing improperlyfolded proteinsto the lytic vacuoleif
they should esapethe ‘quality control’ in the ER. In
this ca®, fusion of a truncatedproteinto a reporter
protein might expose structurestypical of improper
folding andmight causevacuolarsortingby a mecan-
ism differentto the mecanismusedby the complete
protein.

Shimadaet al. [100] identified two proteinsof 72
and82kDain preparationsf storageprotein‘precur
soraccumulatingvesicles’from developingpumpkin
cotyledonghat arehomologuego BP-80. (Therela-
tionshipbetweerprecursolmaccumulating/esiclesand
deng vescles thoughtto trangort storage proteins
to the PSV is discussedby Robinson, this volume.)
Affinity columnscarryingeither the proaleurainvVSD
peptide or otherpeptidesepregntingportionsof the
pumpkin 2S albumin precurer protein selectedthe
72/82kDa proteinsfrom lysates of membranegrom
developing pumpkincotyledonmicrosomes The au-
thorsuseda combinationof affinity chromatography
with differentpeptide columns plus competitionfor
binding with sduble peptidesto study the sequence
specificity of binding for differentsequencesA pep-
tide, MRGIENPWRREG,represetting the 2S albumin
internalpropeptideboundthe 72/82kDa proteins and
deletionof PWRREG or mutationof the sequenceto
MRGIENPWgggG abolihiedbinding, while replace-
mentof NPWR by GGGG hadno effect. This motif
is likely to be exposed on the surface of the 2S a-
bumin precur®r since it containsa procesing site.
A secand peptide, KARNLPSMCGIRPQRCDFrep
reenting the C-terminusof the 2S albumin protein,
also boundthe 72/82kDa proteing and mutationof
thesequencéo KARggggMOGIRPQRCDF abolished
binding. A N(L/I)PS motif is foundin mog 2S albu-
min precur®rsaswell asin theN-terminalpropeptide
of several potatoproteasenhibitorswhereit overlaps
theNPIN motif [51]. The® reaults [100] demongate
the ability of homologuef BP-80to bind peptides
that do not share ary apparentsequencecon®rva-
tion, and the authorssugges that possibly binding
is dependenuponphyscochemicalpropertiesof the
peptides The experiments however, do not define
binding affinities for the different ligands, and the
affinity columnassay methodprobablywould permit
retentionby sequencewith low binding affinities, rel-



ative to the 37 nM k, for binding of BP-80 to the
proaleurainVSD peptide. Additionally, the finding
of the 72/82 kDa proteinsin the precursoraccumu-
lation vesicle preparationgannot,without moredata,
be interpretedo meanthatthoseproteinsfunctionas
receptorsto direct storageproteinsto their destina-
tion in the PSV. Thereis no asurancethatthe vescle
preparationsepregnta purified populationfrom one
organelle; indeed, a relatively small contamination
with membranesorrepondingto thelessdeng mem-
branefractionin developingpeacotyledong54] could
explainthe preenceof the 72/82kDa proteins

Using amino acid sequencedata from the N-
terminusandtwo internaltryptic peptidesrom BP-80,
weidentifiedan Arabidopss EST clone,Z38123 rep-
reenting a BP-80 homologue.This clone served as
a probe for isolationof the BP-80 cDNA and three
homologuesrom developing peas and for another
homobguefrom Arabidopss. Databassearche&len-
tified EST clones encodinghomologuesfrom rice
andmaize[84, 85]. Otherinvestigatorsindependently
identified membersof the gene family comprising
homologuesto BP-80. Paul Dupree (University of
CambridgeUK) identifiedthe Arabidop$s EST clone
Z38123from aminoacidsequencalataobtainedrom
an abundantprotein in purified Arabidopss Goalgi
preparations(P. Dupree, per®nal communication).
Ahmedetal. [1], usingcomputersearchegor motifs
associateith epidermabrowth factor(EGF)repeats
found in animal receptors also identified an Ara-
bidopss sequenceindistinguishable from EST clone
738123 RaphaelPont-LezicaslaboratoryUniversté
Paul Sabatier Toulous, France),usng a PCR-basd
approachto isolate proteinssimilar to animal inte-
grins also clonedfrom Arabidopss a homobgueof
BP-80. The function of thes proteinsin Arabidop-
sis is being testedwith artiserse and serse over-
expresiontrangyenicplants(R. Pont-Lezicapersnal
communication)As notedabove, Shimadaetal. [100]
identified 72 and 82 kDa proteinsfrom lysates of
pumpkindens vescle preparationghat boundto an
affinity columncarryingtheproaleurairVSD peptide,
and sequenceadataobtainedfrom their cDNA clones
demongratedthatthey arehomologue®f peaBP-80.

We have termedthis genefamily the VSR (for
probablevacuolarsorting receptor)family [85]. The
predicted protein sequencef VSR proteins can
be de<ribed from that of the prototype, BP-80 (or
VSR;;_1, [85]): The protein contains623 amino
acids,of which thefirst 22 represena signal peptide.
A single 24 resdue hydrophobt region, consstent

with a transmembrandomain,is presentwithin the
mature polypeptide. This finding predictsthat BP-
80 is a type | transmembrangrotein with a large
N-terminalluminal domain,a single trangnembrane
domain, and a C-terminal cytoplasnic domain of
37 aminoacids. This organizationis consistentwith
predictionsof protein structure madefrom proteas
treatmenbf CCVs [54]. Confirming our predictionof
a single transnembranalomain,a truncatedform of
BP-80 lacking the predictedtrangnembranedomain
and cytoplasmictail was secretedvhenexpressedn
tobaccosuspensiogultureprotoplastg85].

The VSR proteinsrepregnt a new genefamily
with the following novel characteristics[85]. The
first ca. 400 amino acidsrepregnt a uniqueregion
without homologuesn the yeas or mammaliangene
databass This uniqueregion is followed by three
Cys-rich EGF repeats,one of which is predictedto
coordinatecalciumions ThenfollowsashortSer- and
Thr-rich sequencerecedingthe transmembraneéo-
main. The cytoplasnic domainsequencesre highly
congrvedfor approximatelythe N-terminal 75% and
thendiverge. All, however, containa form of the Tyr-
X-X hydrophobicmotif, YMPL; this motif hasbeen
demonsratedto mediateincorporationinto CCVs in
mammaliarsystems][5, 6, 80,81]. Thusit is likely that
all of themember®ftheVSR family describedo date
traffic in CCVs.Consistert with this predction, BP-80
is highly enrichedin preparationsf peaCCVslacking
detectablestorageproteins,while peasmooth dense
vesicle preparationsirehighly enrichedin storagepro-
teinsbut have little detectabldP-80([90]; Robinson,
thisvolume).

Traffic of BP-80to Golgi anda lytic prevacuolar
compatment

We preparedantibodiesto a synthetic peptiderep-
reenting the N-terminal 20 amino acids of BP-80,
anda monoclonalantibodythatrecognizedP-80 as
well as probably otherpeaVSR proteins[85]. In
immunofluoresenceexperimentswith laser scanning
confocalmicrogopy, the two antibodiesco-localized
to punctateand small sphericalstructuresin pearoot
tip cells. Comparisonwith labelingpatternsobtained
with arti-o-TIP and TIP-Ma27 antibodiesdemon-
strated that neither type of vacuole tonoplas was
labeledwith the anti-BP-80antibodiesbut a network
of small punctateorganellespostive for BP-80 ap-
pearedto surroundvacuoledabeledwith TIP-Ma27.
Immunogoldelectron microscopy udng the anti-N-
terminal BP-80 peptideantibodiesdemongatedspe-



cific labelingof Golgi andof whatwe termedprevac-
uoles[85]. Thee wereca.250nm vacuoleghatwere
foundin groupsadjacentto large vacuoles some of

which appearedo bein theprocesof fusingwith the

large vacuoles.Thus the postulatedreceptorprotein
was demonsratedto bepresntin Golgi, whereligand

binding could occur andin small vacuolescapable
of fusingwith largervacuolesvhere,presumablyan

acidicpH environmentandligandreleasecouldoccur

The confocal immunofuoregencereailts indicated
that theselarge vacuoleswere likely to be marked

by TIP-Ma27 in their tonoplas and thereforewere
lytic vacuoles This observation would be congstent
with the finding that aleurainwas exclusively present
in vacuoledabeledby TIP-Ma27 antibodieg[86]. A

greenfluoresentprotein(GHP) sequencdused to the

transnembraneand cytosolic domainsof VSR;_1

was expresed in protoplags and trangenic plants
whereit labeledmostly Golgi-sizedparticles(N. Paris

andJ.-M. Neuhausunpubli©iedobsrvations.

In aggregate, theseresultsare consistenwith the
modelpresentedin Figurel, wheresorting of proteins
with a ssVSDis mediatedby a receptoy a member
of the VSR protein family, that binds its ligand in
the Golgi and deliversit to an acidified prevacuolar
compartmentGolgi to prevacuoletraffic is likely to
occur in CCVs. This model is consistert with what is
known of traffic of proteinsto the vacuolein yeas.
There,the Vpsl10pvacuolarsortingreceptor{16, 61]
bindsits ligandsin the Golgi anddeliversthemto an
acidifiedprevacuolacompartmenthatcontainsactive
proteaes[88, 114].

TheplantV SR proteinsandyeas VpslOpshareno
homology however. We speculatehatplantsrequired
a specializedreceptobecausaf the complec pattern
of proteinsorting to differentvacuoleshatoccursin
plant cells [86]. The observation that several differ-
entgenedor VSR proteinsareexpressedn the same
planttissue, for exampleat leas four in developing
peaseedswouldbereasonablgxplainedif eachVSR
proteinhada dlightly differentligand binding speci-
ficity. Thenthe differentVSR proteinscouldtogether
select a broaderpopulationof proteinsfor deliveryto
the lytic vacuole.Alternatively, it is possiblethe dif-
ferentVSR proteinsare eachexpressedn a different
celltype.As methoddor expresingandpurifying the
differentVSR proteinsare developedit will be pos-
sibleto comparetheir ligand binding specificitiesand
addresthis quegion.

The C-terminal (ct-VSD) vacuolar sorting
determinants

The preenceof a C-terminal propeptidein the pre-
cursor of a vacuolarprotein was often the first hint
for a C-terminal vacuolarsorting determinant.The
propeptidesvereidentifiedby comparisorof thema-
ture proteinwith the polypeptideencodedby a cDNA
clone, asin cereallectins or some storageproteing
or by comparisorof predictedsequencedor related
vacuolamandsecretedroteins asin severalfamiliesof
pathogends-relatedproteinsitislikely thatmary C-
terminalpropeptidesverenotidentifiedbecausenly
few C-termini of vacuolamproteinshave actuallybeen
sequencedandprocesing of a few aminoacidsdoes
not cau® a big discrepang betweenpredictedand
obsened molecularweight. Comparisonof related
proteinsmay alsoleadto the erroneousdentification
of a propeptidein a vacuolaror secretedprotein. As
anexample,chitinasesof classedl andlV, which are
both secreted differ at their C-termini by six to nine
aminoacids[76]. Accordinglyonly a few C-terminal
propeptidefiave beenpostively identified:in abarley
lectin[22], in achitinasea glucanaseandan osmotin
fromtobaccd71, 78, 107]andin 2Salbumin storage
proteinsfrom Brazil nut[96] andpea[34].
Deletionfrom the precursr proteinand fusion to
several reporterproteins(cucumbechitinasehenegg
white lysozyme rat 8-glucuronidas, GFP) indicated
that the C-terminal propeptide(GLLVDTM) of to-
baccochitinaseA is bothnecessarandsufficient for
vacuolartargeting [78]. The sequencerequirements
for vacuolarsortingof chitinaseA werecharacterized
by deletionand mutationanalyds [77]. In contras to
sequence-pecific VSDs, no essential motif wasfound.
Apart from the terminalMet, which was dispensable,
all partial deletionsstrongly reducedthe percentage
of intracellularchitinase Singleandmultiple replace-
mentsaffected sorting to varying degrees Random
sequenceslso shaved varying sorting efficiencies.
The effects of multiple substitutionswere often ad-
ditive, but no generalrule could be deducedfrom
them:neithemorehydrophilic,normorehydrophobic
residueswere in all casesfavored. Indeed,replace-
ment of the three hydrophobicresdues (-LLV-) by
Ser(-SSS-)or of theterminalfour mostly hydrophilic
resdues(-VDTM) by Leu (-LLLL) only poorly re-
ducedthe sorting efficiengy. Thesingle mog effective
replacementvas unexpectedwhile deletionof theter-
minal Met or its replacemenby Pheor Lys hadlittle



effect, its replacemenby a Gly reducedthe sorting
efficiengy by morethan50%

Partial deletionsof the propeptideof barley lectin
edablishedthatno singleportionof its 15aminoacids
is esential [22]. Instead,thefirst four or thelag four
residuesachweresuficient. Furthermorea minimal
lengthof three(!) aminoacidsbeyondthe procesing
site was sufficient for significantvacuolartargeting.
Four Ala wereeffective aswere-LLVD or -PIRP but
notfour Glu or four Lys. TheinternalN-glycos/lation
site was dispensble[120]. Therewas however away
to destry the function of the VSD by blocking its
C-terminus. Replacementof two or more terminal
residuedrom a truncatedbut still functionalpropep-
tide by Gly or evenaddition of two Gly to the end of
the completelectin propeptidecausedsecretion,ap-
parentlyeven moreefficiently thancompletedeletion
of thepropeptide A C-terminalN-glycosylationsite (-
NATE) hadthe sameeffect. Thes reaultsindicatethat
theVSD hasto beaccessiblérom its very C-terminus
andthatthe terminalaminoacid cannotbe a glycine.
Precedent$or such C-terminally locatedsorting sig-
nalsinclude the ER-retentionsignal (-K/HDEL) and
theperoxisomatargetingsignal PTS-1(-SKL), which
canalsobeinactivatedby additionof amino acids.

The four aminoacidslong C-terminal propeptide
of the 2S abumin from Brazil nut was shown to be
necessarjor vacuolartargetingin transgenid¢obacco
[55]. It was however not sufficient for vacuolartar-
geting of invertag, which requireda much longer
C-terminalfragmentfrom the 2S albumin, including
sequenc@recedinghe last cysteine,which is highly
congrvedin relatedstorageproteinsand probablyis
involvedin adisulfide bond.Furthermoret includesa
potertial glycosylation site; it is not known if this site
is glycosylatedin either the 2S abumin or in the 2S-
invertasefusion protein. It is thusnot certainthatthe
sequencectingasa VSD oninvertasds really acces-
sible in the wild-type protein. On the other hard, the
binding experimerts (discussedabove) with proteins
solubilizedfrom a peavesiclefraction indicatedthat
the nine lag redduesof the 2S albumin could bind a
proteinof 80 kDa similar or identicalto the putatve
sorting receptorfor ss-VSDs,VSR,;_1 [85]. Thes
nineresduesall follow thelag cysteineandmaywell
containa VSD overlappingthe procesing site. As a
ssVSDthe lle at position —4 could be imporant A
ctVSD hasals notyetbeenexcluded which could be
donemog easly by addingtwo Gly attheend, ashas
beendonewith the barley lectin [22]. Finally, wort-
manninsenstivity might also give a clue as to which
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type of VSD is actually involvedin targeting abumins
in variousplants(seebelaw). In therelatedArabidop-
sis 2S albumin, deletionof the two amino acidslong
propeptidedid not changehevacuolartargeting[19].
In this case,it is clearthat the vacuolartargetingin-
volvesprecipitationwhich is the third type of sorting
determinantliscussedbelow.

Is therereally no sequencepecificity atall? Quan-
titative analysisof sorting efficieng/ indicated that
therearedifferenceslependingn the sequenceNot
every randomsequencewas indeedeffective. There
areprecedent$or a peptiderecognitionsystem with-
out con®rved motifs. Thereare no abolutely con-
sened sequencedor either the ER-taigeting signal
peptidesor for thetranst peptidesof mitochondrialor
chloroplagic proteins In thefirst two caes random
peptidesverealsotestedandevery third sequencevas
found to target the protein to the investigated com-
partmenta proportionsimilar to the oneobservedfor
vacuolartargetingof thetobaccachitinase.

A moreprecie modelfor the preferencesf asort-
ing systemwith noconseredmotif canbeobtainedy
compilingthe sequencesf asmary examplesas pos-
sible from naturalproteins an approachthatwas suc-
cessfulfor ER-targeting signal sequencesand mito-
chondrialtranst peptideq4117]. For C-terminalVSDs
it is severely limited by the small numberof protein
families weresucha propeptidehasbeenidentified.It
is thusonly possible to comparesequencef cereal
lectins and of pathogends-relatedproteins Such a
comparisomevealscertainconstantsthepreferreder-
minalresiduds Met (chitinasedrom tobaccotomato,
poplar elm tree, cotton; glucanases from tobacco,
potato, hevea, alfalfa and pea), or else Leu, lle or
Val (chitinasesfrom Arabidopss, potato, grapeine,
Vigna glucanasdrom tomato,bean;PR-4 from Ara-
bidopss; PR-1 from tobaccojectinfromrice). Amino
acidswith alongaliphaticchainareacceptedvenif
they carry a terminalchage: Glu (barley and wheat
lectins;thaumatinPR-4 from tobaccopotato tomato,
hevea)or Lys (osmotinsfrom potatoand tomato).At
position —2, —3 or —4, thereis a preferencdor nega-
tively chagedor hydrophilicneutral. Typical ct-VSD
endwith -DTM or -SEM or -EVA(K). Theremay be
different preferencesn differentspecies.For exam-
ple, both chitinaseand glucanasgrom beanhave a
frameshiftwithin the codingsequencef theVSD that
causesa divergencefrom the consensusnentioned
above. Both chitinasesand lectinsfrom cerealsend
with -AE(A). The putative receptolis propodto in-
teractwith the terminalcarboxylgroupandwith the



backbonef thefew lag aminoacidsof theV SD rather
thanwith theside chains.At the C-terminugheremust
be a hydrophobicpatchrequiringat leag one methyl
groupbut preferablyoneor several methylenggroups

while the terminalfunctionalgroupis of little impor-

tance.Such binding domainshave beende<ribedin

animalproteins.

A low sequencespecificity for a short peptide
would predictalow bindingaffinity for areceptoipro-
tein. Thismay explainwhy severalattemptgo identify
a receptorhave failed so far (screeningof an ex-
pressionibrary with a labeledpeptide,anti-idiotypic
antibodiesaffinity column).Would low-affinity bind-
ing be functionally acceptabldor a vacuolarsorting
system?The proteins with ctVSDs are not digestive
enzymedike the proteasesvith ssVSDs.In the case
of the pathogends-relatedproteins thereevenarese-
cretedisoforms.|f someleakinesds tolerated,a low
affinity may be sufficient to partition most proteins
to the membranen the conditionsof high surfaceto
volumeratio in the Golgi apparatuslt shouldalso be
notedthat, contraryto ssVSDS,ctVSDs canbe very
eadly acquiredor lost by point mutationsor small
insertions or deletionswithout affecting the proper
folding of the protein.

An alternatve possibleexplanationfor a mecha-
nism by which a ctVSD mightfunction should, how-
ever, bekeptin mind. TheC-terminusof aproteinmay
have importanteffectson the final threedimengonal
structureof the molecule.‘For mary proteins,the C-
terminalsegmentof 20—30aminoacidreddues which
is shelteredby theribosomeprior to thereleag of the
full lengthpolypeptideinto the bulk solution, is es
sentialfor formationof the native, biologically active
structure’[23]. Thefinal stepin folding may involve
bindingof the C-terminusto the surfaceof the folded
core(reviewedin [23)). If thethree-dimenisnalstruc-
ture of proteinsis a determinanfor sorting theminto
vesiclesin thePSVpathway (seebelow), removal of a
C-terminal propeptidecould substantiallyaffect that
determinant.Additionally, the limited sequencee-
quirementdesribedabove would also be congstent
with chageand/orhydrophobicitycongraintson pre-
ciseinteractionbetweertheexternalC-terminusanda
properlyfoldedinternalcore.This mechanis is how-
everdifficult to reconcilewith very shortctVSDssuch
asthose of chitinases.
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The physical structur e (ps-VSD)vacuolar sorting
determinants

Thereis a third heterogeneougroup of proteinsfor
which neither of the two first categoriesof VSD seem
to apply They are known or suppo®d not to have
propeptidesor if propeptidesare preent, they have
beenshown not to be requiredfor vacuolarsorting.
The sorting determinantmud somehav be carried
within the mature polypeptide. An interral ssVSDis
possible, but for several seedstorageproteins another
sortingsystemis likely to be involved. Thesearethe
vicilin-lik e and legumin-like proteinsthataccumulate
into densevesiclesat the transside of the Golgi and
aretrangortedwithoutinvolvementof clathrincoated
vesicles[38, 39, 90]. (Recentstudiesin developing
peacotyledong38, 39, 90] andin pumpkin cotyle-
dons[100] have identified structuresthatarelikely to
representa PSV prevacuolarcompartmento which
the densevesiclestraffic from the Golgi.) The seed
storageproteinsaccumulatein protein storage vac-
uolesdistinct from the lytic vacuolesthat preeisted
in thes cells Early studiesof thetrangortto vacuoles
were mostly performedwith theseproteins.They es-
tablishedseveralimportantfactssuch asthe synthess
in the ER, glycanmodificationsin the Golgi [13] and
accumulatiorin seedproteinbodies[35, 108] aswell
asin leaf vacuolesof heterologouspecies[42, 101].
Glycoglation wasfoundto beirrelevantfor thefinal
localization, excluding a mammaliantype of sorting
system baed on glycan side chains[9, 102]. Even
thoughphytohemaggitinin (PHA) was oneof thefirst
plant vacuolarproteinsanalysedn this respectit is
still uncleamwhereits sortingdeterminantseside. The
sorting determinantsfor PHA were first studied by
fusion of truncatedPHA with invertaseand expres-
sionin yeas [110, 111], but it wasrecognizedater
that yeastand plants probably utilize different sort-
ing determinantsThe determinantavere tentatvely
localized within a surfaceloop [118], but, becaus
thereaults wereobtainedby fusion of truncatedPHA
with invertase, concernsaaboutpossible misfolding of
the chimeric reporterprotein would needto be ad-
dresed. Therole of theC-terminalpropeptideof PHA
also requiredurtherstudy, asit reembleghectVSDs
de<ribed above [122]. The theoreticalrole of a C-
terminalpropeptiddan affectingfolding andtherefore
preentation of hydrophobicpatcheshas been dis-
cussedabore and may be relevant for the following
alternatve model.



A tamgeting study with legumin indicated the
spread of sorting informationover several sequence
elements suggesing an importantrole for higher
structures[96]. Compari®n of several vacuolarpro-
teins aso tentatvely identified surface determinants
contrituted by non-contiguousequencesas posible
sortingdeterminant$99]. As discussedy Vitale and
Chrispeels [116], aggreation is a possible sorting
mechanismSortingby aggregationis known to occur
in animalcells, whereit is possiblydueto a lowered
pH [reviewed in 12]. An extremeform of aggrea-
tion is presentedby cerealprolaminswhich aggreyate
within theERto form proteinbodieqreviewedin 83]).
Deposdtion of otherstorageproteinsinto proteinbod-
iesmay occurin PSV aftertranst throughthe Golgi.
Thiswill be discussedn arother review in thisvolume
(Mintz, this volume). Determinantsor aggregation
would likely be associatedwith hydrophobicregions
onthesurfaceof themoleculeformedby folding of the
threedimensionaproteinstructurelnthisregard,it is
interestingthat the precursorto the peastoragepro-
teinlegumin,prolegumin,isolatedfrom ER and Golgi
vesicles is much more hydrophobicand bindsmuch
moretightly to membraneshanthe maturelegumin
protein[40]. If suchsurfacepatchesxist, they would
be muchmoredifficult to localizethanVVSDs present
on propeptides

Biochemicd evidencefor two functionally distinct
sortin g pathways

As discussed at the beginning of this review, there
clearly are (at least) two types of vacuolesin root
tip cells, with onebeingthe compartmenbf ssVSD-
targeted proteins such as aleurain, while the other
compartmenisthedestinatiorof ctVSD-taigetedoro-
teins such as barley lectin [86]. In developing pea
cotyledonsit is also clearly possible to distinguish
storagevacuolesfrom lytic vacuolesas well asthe
correpondingden® vesclesand clathrin-coatedesi-
cles[90]. In matureplanttissue, however, barley lectin
andsporaminarefoundtogetherin aggregyatesin the
centralvacuole[97]. This finding indicatesthat path-
ways for sorting proteinswith the two typesof VSD
may ultimately cornverge on the centralvacuole,but
thesenstivity of themethodusedin thatstudy proba-
bly would nothave alloweddetectionof theindividual
proteinsin otherintermediateompartment$86].
Matsuokaetal. [68] developedasystenin tobacco
suspersion culture cells to test the effects of com-
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poundsknown to affect sorting procesesin yeas and

mammaliancells. Two reporterproteinswere used:
progporaminor sporaminlackingits prosquenceo

which the barley lectin C-terminalpropeptidevasat-

tached,and probarle lectin or barley lectin lacking

its proeequenceao which the N-terminalprogporamin
propeptidewas attached.Thus the functionsof the

prosporaminssVSD and barley lectin ctVSD were
teged separatelyon two differentproteins While both

sporaminandbarley lectinlacking any propeptidese-

guencesveresecretedromthecells,eitherpropeptide
causedthe reporterproteinsto be efficiently sorted
to the vacuole. Wortmannin, an inhibitor of phos

phatidylinositol 3-kinasein mammaliancells and of

synthess of phogholipid andphogphatdylinostol 4-

phoghatein plant cells caugd almog completein-

hibition of ctVSD-mediatedtransportto the vacuole
at a concentration33 uM, thathadlittle or no effect

onssVSD-mediatedragportto thevacuoleg68]. Wort-

manninalso inhibitedvacuolarsorting of the endoge-
noustobacccachitinag, aswell asthe sorting of fusion

proteinscarryingits VSD, suchasrat 8-glucuronidas

and (Di Sansbasiano, Paris and Neuhaus unpub-
lished observation). Thereare no reportsyet on its

effectson sortingof proteinswith a psVSD.

The reallts from experimentsusing wortmannin
emphasizehat two separatepathwaysto a vacuole
may function within the samecell. Do two separate
pathways to two separatevacuolesfunction smulta-
neouslywithin the samecell? Evidencefrom studies
of developing peacotyledonsindicatethat this may
betrue.Both CCVs and den® vedcles have beenpu-
rified from developing peacotyledons wheredeng
vesiclegraffic to PSVandcontainstorageproteinsbut
no BP-80, while CCVs traffic to LV andcontainBP-
80 but no storageproteins(Robinon, this volume).
Additionally, when the GFPwas fusedwith the ctVSD
of chitinase and expressedin tobacco protoplasts,
its localisationwas, as expected, vacuolarin most
meophyll protoplags. However, in chloroplas-poor
protoplasts,it was mostly concentratedn a smaller
compartmentwhile the large vacuoleremainednon-
fluoregent. Some protoplass of this type were also
foundto have a large greenvacuole.When the pro-
toplastswerestainedwith NeutralRed, a dyetrapped
in acidic compartmentsn the protonatedform [73],
we foundthatthe GFP-pogive vacuoledid notaccu-
mulateNeutralRed, while the GFP-n@ative vacuoles
turnedred. It is thus possibleto stain differentially
two typesof vacuolesin leaf-derved protoplass (Di
Sansebastian®aris andNeuhaussubmitted).



Are theretwo or threetypesof vacuole® There
is a lack of information on the respectre localisa-
tion of proteins targeted by ctVSDs and psVSDs,
while eachcategory hasbeencomparedvith the pro-
teins with a ssVSD. Thus, we know that the latter
proteinsare trangortedby CCVs in a wortmannin-
insengtive manney but we don't know yet whether
the wortmamin-sersitive pathway (ctVSDs) is the
pathway involving smoothdensevesiclegpsVSDs).

Sotting of oneprotein to both PSVandLV
compatments

The barley agartic proteinag [95] is prentin both
PSVs and LVs [86]. Two potentialVSDs are preent
in the proenzymesequence.The sequenceNPLR is
foundin the N-terminalpropeptidea motif thatfunc-
tionsaswell asNPIRwhenplacedin theprosporamin
ssVSD [59]. Additionally, in compari®n to yeas
and mammalianasparticproteinasesthe barley en-
zymeandotherplanthomologuesave a centralinsert
of 104 amino acids that closely resemblesthe se-
guenceof mammaliarsaposns[28]. Saposnsinteract
with certainlysosomalenzymesandarethoughtto be
involved with the membrane-aeciated mannog-6-
phogphate-independeptthway for targetingproteins
to lysosomes[103,123]. Interesingly, directevidence
that this ‘saposn’ insert in the barley agartic pro-
teinaseparticipatesin vacuolarsorting comesfrom
expressionexperimentdn tobaccosuspensiogulture
cells. While theintactproenzymewasefficiently tar
getedto the vacuole,a mutatedform with an intact
N-terminalpropeptide put wherethe ‘saposin’insert
hadbeendeletedwassecretedrom thecells[112].
The topological distribution of different sorting
mechanismsvithin the Golgi maybeimportantin de-
termining how a protein with two possibleVSDs is
sorted. For some proteins a proces of aggregation
appearsto be undervay in the cis-Golgi as judged
from electronmicrographshawing proteininclusions
in the dilated endsof Golgi cisternaewherethe elec-
tron opacity of the inclusons appeardo increag in
a cisto-transgradient.The opacity of the transmog
aggregjatesmatcheghose of contentsof smoothdens
vesicleswhich appeato bud off of medial-andtrans
Golgi [56, 90]. If receptormediatedsortingis local-
ized predominantlyin the transGolgi, a fact not yet
estallished in plants, proteins with potertial ssVSDs
that participatein an intra-Golgiaggreationproces
wouldhavelittle opportunityto reachalocationwhere
thatsortingmechanisnis active.
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A same propeptidemay function with two sort-
ing systems This was found with the propeptideof
sporamin, when it was moved to a C-terminal po-
sition [59]. In contrastto resuts obtained with an
N-terminalssVSD,mutationof thelle to Gly hadlit-
tle effect on vacuolarsorting when the ssVSD was
at the C-terminus When the effects of wortmannin
were tested,againit had no effect on vacuolarsort-
ing whentheunmutatedsV SD was used, but strongly
inhibited vacuolartrangort whenthelle — Gly mu-
tation was present. Thus the lle — Gly mutation
appearedo acquire or revealedfunctionalcharacter
istics of a ctVSD in this sequencevhenplacedat the
C-terminusof that protein;this reault emphaiesthe
apparenpostion-specificrequiremenfor functionof
the ctVSD, in contrastto function of the ssVSD.

The ER retentionsignalcanalsomediatevacuolar
sorting. When sporamincarryingan HDEL extenson
was expressedh tobaccaBY 2 cells,asignificantfrac-
tion escapedhe ER andwasrecoveredin thevacuole
[26]. This is not surprising whenthe reeemblanceof
HDEL with therulesfor ctVSDsis consideredrFunc-
tion of HDEL asa ctVSD would enableplant cells
to send ER proteinsto a vacuoleif they escapedthe
retrieval systemor asa meango changethelocaliza-
tion during developmentThe latterwould potentially
applyfor the plant cysteineendopeptidascontaining
aKDEL sequencehatdegradesseedglobulinsin pro-
tein bodiesafter germination82]. This mightbe one
way to trandorm a storagevacuoleinto a digegive
vacuole.

Transport of cytoplasmic proteinsinto the vacuole

In yeas, certain proteinssyntheézed on free ribo-
somesin the cytoplasmare transportedirectly into
the vacuolewithout enteringthe secretorypathway
[57, 98], and this processautilizes somemechanisms
in commonwith autophagy[2]. Several plant pro-
teins that are likely to reachthe vacuoleby a sim-
ilar processhave beenidentified. Prominentamong
thes is a soybeanlipoxygenas that accumulatesn
paraveinal meophyll cell vacuolesas a vegetative
storage protein [10, 113], as well as certain late
embryogends-alundanfproteins[24, 63].

Sotting of integral membaneproteinsto vacuoles

As noted abore, trangort of integral membrane
proteins to the appropriate tonoplas may involve



proceses similar to those used for vacuolarbiogen-
esis. TIPs are difficult to detectin either CCVs or
purified deng vescles from developing peas(Robin-
son,this volume), soit is likely thattheir transportin
large quantitiesto PSV or LV tonoplas mug involve
other pathways. Studiesof transgenidobaccoplants
expresing «-TIP have provided some indghts into
this question. Hofte et al. [42] demongratedthat, in
suchplants,a-TIP was transportedo the leaf central
vacuoletonoplas, wheredeng labelingwith antiw-
TIP antibodieswvas obsrvedby electronmicrosopic
immunogtochemisry. A chimericproteinconssting
of the phophinotricineacetyltranferas sequenceat-
tachedto the C-terminaltransnembranelomainand
cytoplasmictail of «-TIP similarly was transported
to the tonoplas in trangenic tobaccocells as was
a small amountof a truncatedform from which the
15 C-terminal amino acids had been deleted[41].
Thelatterresultsindicatedthatat leastthe C-terminal
trangnembrane@lomainplus a portionof thecytoplas
mic tail hadsuficientinformationto causehemto be
directedto tonoplas.

If -TIP is aspecific markerfor PSV's, why should
it beefficiently trangortedto thecentralvacuoletono-
plast?First, it is not clearthat the a-TIP proteindid
not pas througha small PSV equialentin the cells
beforeendingup in the centralvacuole.Such a com-
partmenimight requiredetailedstudiesto be detected
by electronmicroscopy, and the floatation method
used to isolate vacuolesin those studies might per
mit co-isolationof centralvacuolesandsmall vacuoles
repregnting other compartmentsSecond, it is clear
thatin somepeaandbarley roottip cells vacuolesare
preentwhereboth ¢-TIP and TIP-Ma27 co-localize
in the tonoplas [86], and similar reailts have been
obtainedusng anti-peptideantibodiesthatarespecific
for -TIP andy-TIP (G.-Y. JauhandJ.C. Rogers un-
publisheddata). We have hypotheg&zed that this may
occur as a cell makes a decison no longerto store
proteinsn PSVs[86]. It is likely thata cell wantingto
estallish and mairtain se@ratePSVsand LVs would
have to expres not only the specific TIPs but also nu-
merousother proteinsthat would be regponsble for
preventingfusion of thetwo typesof tonoplasas they
were syntheszed, andit is unlikely that these other
proteinswould have beenexpresed in the trangenic
tobaccaocellsthatwerestudied41, 42].

Interestinglytransporof «-TIP to thetonoplasin
transgenicobaccocells was not preventedby treat-
mentwith brefeldin A, underconditionswherethat
drugcompletelypreventedsorting of the storagepro-

14

tein phytohemagglutinirto the vacuolein the same
cells [25]. As brefeldin A exerts major effects by
abolising forward movementfrom ER to Golgi [30,
105], this finding indicatesthat «-TIP may follow a
path directly from ER to tonoplas without pasing
throughthe Golgi. The ability of the C-terminal cy-
toplasmictail of «-TIP to prevent movement from
ER to Golgi hasbeendocumentedn anothersystem
[52]. A chimericproteinconsistingof a mutatedform
of proaleurainackinga functionalssvV SD was fused
to thetrangnembranalomainand cytoplasnic tail of
the VSR protein BP-80. When expressedn tobacco
suspenson culture protoplass, the BP-80 transnem-
brane domain/gtoplasmictail directedthe reporter
to the lytic prevacuolewherethe proaleurainmoiety
was processedo matureform. Substitution of the
a-TIP C-terminalcytoplasmictail, or the C-terminal
trangnembranadomainplus cytoplasnic tail, for the
correpondingBP-80 sequencepreventedbothtranst
throughthe Golgi andtraffic to the site of proaleurain
procesing [52]. Thus the«-TIP cytoplasmictail may
be recognizedy cytoplasnic proteinsthatactto ex-
clude the protein from vesiclestrafficking from ER
to Golgi, and possiblymay direct it into a pathway
leadingto tonoplas. It will be of consderableinter-
estto characterizdurther the molecularmechanisms
and pathways usedby different TIPs to reachtheir
tonoplas dedinations

The plant vacuolar system

Thecompleity of whatrea®nablycanbe consdered
a vacuolarsystemin plant cells, a systemof sepa-
rate but interactingorganellesnot foundin yeas and
animal cells, offers a rich field of future work for
plant cell biologists. Initial progressis likely to de-
penduponbiochemicalapproachesisng plant cells
becausemoleculargeneticsapproachesising prece-
dentsfrom yea$ or animal systemsmay be difficult
to interpret.For example, plant homologueof yeas
proteinsinvolvedin traffic to the vacuolecannotnec-
essarilybe assunedto participateexclusively in Golgi
to LV traffic. Theplantsystemis likely to provide new
insightsinto organellebiogenes and protein traffic
that will be a substantialcontritution to the general
field of cell biology. Several examplescan be of-
fered. The mechanismf sorting proteinsinto the
densevesiclepathway leadingto PSVs,andthe mole-
cular compositionof densevesicle membranesand
coat proteinsshould provide novel information. The



plantVSR proteinsarewithoutyeas or animalhomo-
logues andtheir ligandbinding preferenceandthree
dimensionalmolecularstructurewill be of consider
able interest. The mechanismsy which plant cells
malke and maintain separatetypes of vacuoles,and
the mechanismsand reasondor merger of different
vacuoletypesshould contribute fundamentaknowl-
edgeof proceses involved in regulating ‘homotypic
fusion’ [79]. We look forward with excitementto the
next decaden plantcell biology.
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