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Abstract

An individual plantcell maycontainat least two functionallyandstructurallydistinct typesof vacuoles: protein
storagevacuolesandlytic vacuoles.Presumablya cell thatstoresproteinsin vacuolesmustmaintainthesesepa-
ratecompartmentsto preventexposureof thestorageproteinsto anacidifiedenvironmentwith active hydrolytic
enzymeswherethey would be degraded.Thus, the organizationof the secretorypathway in plant cells, which
includesthe vacuoles,hasa fascinatingcomplexity not anticipatedfrom the extensive geneticandbiochemical
studiesof thesecretorypathway in yeast.Plantcellsmustgeneratethemembranesto form two separatetypesof
tonoplast, maintainthemas separateorganelles, anddirectsoluble proteinsfrom thesecretoryflow specifically to
oneor the othervia separatevesicular pathways. Individual soluble and membraneproteinsmust be recognized
andsortedinto oneor theotherpathwayby distinct,specificmechanisms.Herewereview theemergingpictureof
how separateplantvacuolesareorganizedstructurallyandhow proteinsarerecognizedandsortedto eachtype.

Organization of thesecretory pathway

All eukaryoticcellsassembletheir secretorypathway
into aseriesof organellesasameansof definingcom-
partmentswith distinct functions(reviewedby [83]).
The secretorypathway begins with the endoplasmic
reticulum(ER). In general,solubleproteinsthatenter
the secretorypathway are co-translationallyinserted
across the ER membraneduring their synthesis on
membrane-boundribosomes. A newly synthesized
proteinin theER lumenwill beretainedin, or directed
to, a specific organelle within the pathway depend-
ing uponinformationcontainedwithin its polypeptide
chain, information encodedboth by specific amino
acid sequencesandby determinantsformedfrom its
three-dimensionalstructureastheproteinfolds into a
stableconformationwith theassistanceof ER chaper-
oneproteins(Sengupta-GopalanandGalili, this vol-
ume). An as yet poorly understood process selects
certainproteinsfor export from theER [3, 4, 72] and
concentratestheminto vesiclesthat transportthemto
cis-Golgi cisternae[105] (Figure1). After exiting the

ER, a proteinthatlacksspecific informationfor reten-
tion or sorting to a particularsecretoryorganellewill
pass throughtheGolgi complex andbe packagedinto
poorlycharacterizedvesiclesthatfusewith theplasma
membraneandreleasetheproteinto thecell exterior,
theso-calleddefault pathway [21, 87] (Figure1). Our
discussionwill focuson structuralfeaturesof proteins
that direct them insteadto pathways leadingto vac-
uoles. As these structural featuresdeterminethe fate
of a proteinby actively directingit to a specificpath-
way anddestination,wewill referto themas‘vacuolar
sorting determinants’ (VSDs).

Complexity of vacuolesin plant cells

Plant cell vacuoleshave long beenknown to have
many differentfunctions[8, 121]. For example,they
may containhydrolytic enzymesthat function in an
acid environment[7, 67]. They may containconcen-
trationsof secondarymetabolicproductssuchasalka-
loids, glycosidesandglutathioneconjugates, organic
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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 ofα-TIP 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 opaque in acis (lightest) 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 tonoplast:α for α-TIP on PSV,γ for γ -TIP on LV, andδ for δ-TIP on other vacuoles whose
function and biogenesis have not yet been determined.
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acids, and anthocyanins[7, 62, 121]. They maystore
proteins; vacuolarstorageproteinsaremost prominent
in seedsbut may also occur in many different veg-
etative tissues [27, 31, 32, 106]. Previous concepts
of vacuolebiogenesis andfunctionhypothesizedthat
protein storagevacuolesrepresentedportionsof the
central vacuolethat subdivided as deposits of stor-
ageprotein accumulated[17, 115]. It is now clear,
however, that vacuoleswith proteasesactive at low
pH (so-calledlytic or vegetativevacuoles) andprotein
storagevacuolesarestructurallyandfunctionallydis-
tinct organelles[44, 86]. On onehand,separationof
functionintotwo separatecompartmentssimplifiesthe
biochemistry and physiology of how protein storage
couldoccurbecauseit presumablywouldprotectstor-
ageproteinsfrom exposure to an environmentwhere
they would be degraded.On the other hand,the cell
biology of vacuolebiogenesis andmaintenance,and
of proteinsorting, is vastly morecomplicated[91]. In
contrast to yeast cells, which have a single lytic vac-
uole, plant cells mustgenerateseveral biochemically
andstructurallydistinct typesof tonoplast membranes
andmustmaintainthesemembranesasseparateenti-
ties.Additionally, they musthavedistinctandseparate
vesicle pathwaysleadingto proteinstorageandlytic
vacuoles.Finally, they must have mechanismsthat
sort storageproteinsto one pathway and hydrolytic
enzymesto theother.

Vacuolebiogenesisandtherole of tonoplast intrinsic
proteins

Ultimately all membraneswithin a cell derive from
lipid synthesized in the ER, but relatively little is
known about which organelles directly contribute
membranelipid to form tonoplast membranes. Two
general models have been offered [91]. In one,
vacuolesare proposed to originate from a Golgi-
associated tubular network of membranes[64, 65].
An alternative modelsuggests thatvacuolesoriginate
directly from ER [11, 37, 91, 104]. This question
is relevant to the subjectof our review becauseinte-
gral membraneproteinsmust also be synthesizedand
transportedto thepropertonoplast, andit is likely that
thepathsthey follow to their destinationreflectthose
usedfor thebiogenesis of thetonoplasts themselves.

Studiesof vacuolefunction and biogenesis were
greatlyassistedby thefindingthatplantvacuoletono-
plast containsabundantintegral membraneproteins
with six transmembrane-spanningregionscalledtono-
plast intrinsic proteins(TIPs) [53]. TIPs belongto a

family of proteinsthat function as aquaporins, chan-
nelsto transportwater [14], andthesequencesof TIPs
are homologouswith but dif fer from the sequences
of other membersof the family that are found in
plasma membranes[119]. It hasbeenproposed that
TIPs arepresent in tonoplast because aquaporinsare
requiredto maintainvacuolefunction[14]. However,
TIPs are very abundantproteins. In radish tap root,
γ -TIP makes up 30–50%of total tonoplast protein,
while vacuolarpyrophosphatase andH+-ATPase en-
zymesaccountfor onlyabout10%of tonoplast protein
[36]. This abundanceof γ -TIP would seem to be
in excess of the amountneededfor water transport
andsuggests a structuralfunction for the protein (M.
Maeshima,personalcommunication).It is interesting
to observe that theSaccharomycescerevisiaegenome
containsgenesencodingmembersof theMIP family,
to which TIPs belong,andaquaporinsshould be es-
sential for yeast vacuolefunction, but these proteins
are not known to be abundantin the yeast vacuole
membrane[50, 58, 89]. While yeasts have only one
functionaltypeof vacuole,plantcellshaveseveral and
a specific isoform of TIP is associatedwith a specific
functionaltype (seebelow). We hypothesize that, in
plant cells, the presenceof a specific TIP isoform is
requiredfor thebiogenesis of a specific vacuoletype,
and that the specific TIP isoform is recognizedand
boundbyproteinsthatformadefinedcytoplasmiccoat
(G.-Y. JauhandJ.C. Rogers, unpublisheddata).The
cytoplasmic coat would thenprevent fusion of tono-
plast from onetype of vacuolewith another, thereby
maintainingtheintegrity of functionallydifferentvac-
uolar compartments.In this model, then, a specific
TIP isoform is requiredfor, anddefines, the specific
structureandfunctionof a vacuole.

TIP isoformsdefinefunctionallydistinct vacuoles

Initially, dif ferent isoforms of TIPs were thoughtto
be expressedin a tissue-specific manner, with α-
TIP beingseed-specificandγ -TIP beingexpressed in
vegetative tissues[43]. The availability of antibodies
to purified α-TIP [53] and to tonoplast enriched in
γ -TIP (TIP-Ma27antibodies[66]) madepossible ex-
perimentsto define the functionof vacuolescarrying
those antigens. These experimentsdemonstratedthat
α-TIP was specificallypresentin proteinstoragevac-
uole(PSV) tonoplast, while theTIP-Ma27antibodies
identified vacuoleswith active proteasesand acidic
pH, termedlytic or vegetativevacuoles(LV) [44, 86].
The abundanceof α-TIP in seedsreflectedthe abun-
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danceof PSV there, but α-TIP was also present in
proteinstoragevacuoles(PSVs) in root tip cells that
containedbarley lectinasastorageprotein[86]. Inter-
estingly, a single cell in peaor barley root tips could
containvacuoleslabeledseparatelywith both α-TIP
andTIP-Ma27[86]. In somecases,vacuoleslabeled
with both antibodieswere identified; these presum-
ablyrepresentedcellswherethetwo separatevacuolar
compartmentshad beenmerged, presumablyto ex-
pose storageproteinsto an environmentwheretheir
degradationcouldproceed[86].

TheTIP-Ma27antiserumhadbeenraisedto beet-
root tonoplast membranes[66]; thus, it was pos-
sible that the immunofluorescencelabeling patterns
observed [66, 86] weredueto reactivity of the anti-
bodieswith morethanonetonoplast protein.To clarify
thedistribution of dif ferentTIP isoformswithin plant
cells, we have preparedanti-peptideantibodiesspe-
cific for thecarboxy-terminalaminoacidsequencesof
α-, γ -, andδ-TIP (G.-Y. Jauh,T.E. Phillips, andJ.C.
Rogers, unpublished data). In immunofluorescence
experimentswith pea root tip cells, the anti-α-TIP
peptideantibodiesco-localizewith antibodiesraised
to purified α-TIP [53] andtheanti-γ -TIP peptidean-
tibodiesco-localizewith antibodiesto purifiedγ -TIP
from radish [36]. The anti-δ-TIP peptideantibodies,
however, identify a separatepopulationof vacuoles
presentin cells that also contain vacuoleslabeling
with anti-α-TIP or anti-γ -TIP. While the latter tend
to be larger and in a more central location in cells,
δ-TIP vacuolesaresmallerandmorefrequentlylocal-
ized in thecell periphery, in somecasesimmediately
beneaththe plasma membrane(unpublished data).
Someof theseδ-TIP vacuolesalso contain protein
labeledwith anti-arabinogalactanantibodies(unpub-
lished data). The latter finding would be consistent
with a role in endocytosis ([33], andGriffing, thisvol-
ume).Our preliminarymodelfor the organizationof
these threetypesof vacuolesis presentedin Figure1.

Antibodiesto the C-terminalpeptidesequenceof
an additionalTIP isoform, initially identifiedasDIP
from Antirrh inum [18], do not cross-reactwith 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 these organelles. The presenceof four
TIP isoforms, α-, γ -, and δ-TIP and DIP, is con-
sistent with the findings of Weig et al. [119] who
used northernblot hybridizationwith expressed se-
quencetag (EST) clonesto catalogueall of the TIP
isoformsexpressed in Arabidopsis. Their nucleotide

sequencedendrogramof TIP genefamilieshas,how-
ever, someuncertaintiesbecauseraw sequencesfrom
theEST clonedatabasewereapparentlyusedfor com-
parisons. Some of these sequences(e.g. GenBank
T22237andT21060)havenotonly regionswith multi-
ple frameshifts andnumerousunreadbasesbut also 5′
fusionsof ca.60 nucleotidesthatareunrelatedto TIP
genesequences. When these regions are discarded,
thereadableportionsof T22237andT21060are80%
and 84% identical to γ -TIP, respectively. Addition-
ally, EST cloneZ18142is a DIP homologue.When
these correctionsare appliedto the data [119], TIP
genefamily membersthat areexpressed at measure-
able levels in Arabidopsis areα-, γ -, andδ-TIP and
DIP. Mechanismsfor sorting of solubleproteinsto α-
TIP PSV andto γ -TIP LV have beenidentified(see
below, and Robinson, this volume). The functional
natureof, and mechanisms for, delivery of proteins
to δ-TIP vacuolesand to vacuolesmarked by the
presenceof DIP should be of considerableinterest
to plant cell biologists. A uniquetype of autophagic
vacuoleaccumulatesin nutrient-starved tobaccosus-
pensionculturecellswhentheactivity of intracellular
cysteineproteasesis inhibited[73], andits associated
TIP isoform hasnot yet beenidentified. Swanson et
al. [109] have identifieda vacuoletypein barley aleu-
ronecellswith somecharacteristicssimilar to thoseof
autophagicvacuoles. These secondary, lysosome-like
vacuolesweredistinct from proteinstoragevacuoles
but, interestingly, hadin commonwith PSVsthepres-
enceof α-TIP in their tonoplast. This classification
of vacuoletypesbased on their complementof TIP
proteinsis evenmorecomplicatedwhenoneconsiders
thatvacuolescanbeidentifiedwhereα- and γ -TIP, γ -
and δ-TIP, and α- and δ-TIP areboth present in the
sametonoplast ([86], andunpublisheddata).

Sort ing of soluble proteinsto vacuoles

Three types of vacuolar sorting determinantshave
beenidentified.Onetype,describedin theN-terminal
propeptidesof sweet potatoprosporaminand barley
proaleurain,was termedanNTPP determinant;a sec-
ond type, described in the C-terminal propeptides
of barley lectin and tobaccochitinase, was termed
a CTPP determinant; and a third type, described
for certainseedstorageproteins,was termedan in-
ternal determinant[15, 74]. Each determinanthas
subsequentlybeenshown to have specific physical
and functional characteristics that define it. The N-
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terminalpropeptidedeterminantsrequirea conserved
aminoacid sequenceprobablyrecognizedby a sort-
ing receptorfor their functionandmayfunctionwhen
placedelsewhere in the protein; for that reasonwe
suggest theterm‘sequence-specific VSD’ (ssVSD) to
describe them.In contrast, theC-terminalpropeptide
determinantshave little or no discernablerequirement
for a conservedsequence,but theweightof evidence
suggests that they must be placedat the C-terminus
of a protein; for that reason we suggest the term ‘C-
terminalVSD’ (ctVSD) to describethem.Finally, the
internal determinantsof storageproteinshave been
very difficult to study andit hasnot beenpossible to
defineany conservedaminoacidsequenceinvolvedin
their function. Indeed,it is likely that in many cases
the physical structureof a storageprotein, including
its threedimensionalstructureandpropensityto form
aggregatesplaysamajorrolein directingit intoapath-
way to theproteinstoragevacuole;for thatreason we
suggest theterm‘physical structureVSD’ (psVSD) to
describethis typeof sorting determinant.

The sequence-specificvacuolar sorting
determinants (ssVSD)

The ssVSD was first defined in the propeptidesof
sweetpotatoprosporaminandbarley proaleurain.

Vacuolar sorting of prosporamin

Sporamin is an abundant storage protein in sweet
potatotubers[60]. Storageproteinsfrom tubersare
classedwith vegetativestorageproteinsanddiffersub-
stantially from seedstorageproteinsin their physical
structure and patternsof storage [106]. For exam-
ple, althoughvegetative storageproteinsarestoredin
vacuolesthey do not form protein bodies. The TIP
isoform present in those vacuoleshas not yet been
determined.Additionally, severalhave beenshown to
beactive enzymes; patatin,the majorstorageprotein
frompotatotubers,isanesterase[94]. Thefactthatthe
mechanismfor sorting prosporaminto vacuolesap-
pearsto bespecificfor thelytic vacuolepathway indi-
catestheliklihood thatsporaminis storedin vacuoles
with characteristicsof LVsratherthanPSVs.

After cleavageof the signal peptide,prosporamin
carriesa 16 amino acidN-terminalpropeptidethat is
removed to form maturesporaminin sweetpotatotu-
bers[69]. Whenexpressedin tobaccosuspensioncul-
ture cells, sporaminis sortedto the vacuole.Expres-

sion of a mutantlackingthepropeptideresultedin se-
cretionof sporamin,demonstratingthatthepropeptide
containsessential vacuolarsorting determinants[70].
Whenfour aminoaciddeletionsweremadewithin the
propeptidesequencebeginningatHis-22, two regions
(indicatedby single and double underlines, respec-
tively) wereshown to be essential for efficient sorting
to thevacuole:HSRFNPIRLPTTHEPA [75].A single-
residuemutationof Asn-26 to Gly causedabout40%
of theexpressedproteinto besecreted,while themu-
tation of Ile-28 to Gly essentiallyabolishedproper
sortingto thevacuole[75].An aminoacidwith alarge
alkyl side-chainat Ile-28 is essential for properfunc-
tion of the sortingdeterminantand substitutionwith
similar residuessuch as Leu maintainfunction [59].
Thus, althoughIle is an essential residue, it must be
present within thecontext of thesequenceSRFNPIRL,
andthoseeight aminoacidsdefinetheminimumVSD.
Potatoproteaseinhibitors relatedto sporaminhave a
similar motif S(Q/K)N(P/L)I(N/D)LP(S/T)[51]. It is
interesting that the motif NLPSwas also identified in
storage2Salbuminsasa binding motif for a putative
vacuolarsorting receptor(seebelow; [100]). It is im-
portantto notethattheprosporaminpropeptide,when
attachedto the N-terminusof barley lectin lacking a
C-terminalpropeptideandexpressedin tobaccosus-
pension culturecells, functionedasan efficient VSD
for thatchimericprotein[68]. ThustheVSD is defined
by sequenceswithin thepropeptideandprobablydoes
not dependuponcontributions from the maturepro-
teinsequencefor its function.TheprosporaminssVSD
functionedefficiently whenplacedat the C-terminus
of sporamin[59], demonstrating that the aminoacid
sequenceandnotits locationon theproteinis themost
importantfeatureof theVSD.

Vacuolarsorting of proaleurain

Barley aleurainis a cysteineproteaseclosely related
to mammaliancathepsin H [48]. It is synthesizedasa
proenzymeandtransportedto anacidified, post-Golgi
compartmentwhereit is processedto its matureform
[45]. In barley aleuronecellsessentiallyall detectable
aleurainis in its matureform, the two enzymesthat
process proaleurainbothhave pH optimanear5 [45],
andpurifiedaleurainenzymehasa pH optimumnear
5 [47].Aleurainwaslocalizedby immunoelectronmi-
croscopy to ‘aleurain-containingvacuoles’ in aleurone
cellsthatweremorphologicallyandphysically distinct
from proteinstoragevacuoles[45]. Thesefactsall ar-
guestronglyfor proaleurainto besortedto anacidified
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vacuolarcompartmentwith active proteases,andwe
haveusedaleurainasamarker to definelytic vacuoles
[86].

Whenthesequencesof proaleurainand theproen-
zyme form of a cysteine proteasethat is secreted
from barley aleuronecellswerecompared,it appeared
that the proaleurainpropeptidehad an N-terminal
extension [46, 48]. An experimentalstrategy wasde-
signed to test the possibility that these‘extra’ amino
acidsrepresentedthevacuolarsortingdeterminantsfor
proaleurain.Chimeric proteinswereexpressed in to-
baccosuspensioncultureprotoplastswherereciprocal
changeswere madein proaleurainand the secreted
protease: a portion of the proaleurainprosequence
was substituted for the correspondingsecretedpro-
teasesequence,andvice versa.Thus, if an essential
partof theproaleurainVSD wasremoved,themutated
proaleurainwouldbesecreted(lossof function),while
the correspondingsubstitution into the secretedpro-
teasewould causeit to be sorted to the vacuole (gain
of function).Results from these experimentsdemon-
strated that the immediateN-terminus of proaleu-
rain, SSSSFADSNPIRPVTDRAAST, comprised an
efficient VSD [46]. Interestingly, the determinant
functionedwith greatestefficiency when presentas
an intact sequence,but substitutionof the shorterse-
quencesSSSSFADS, SNPIRP, and VTDRAAST onto
thesecretedproteaseresultedin vacuolarsortingwith
a lower efficiency. Thusit appearedthat interactions
among these three portions of the larger sequence
contributed to a highly efficient VSD [46]. This re-
gion of the prosequenceis highly conserved among
aleurainhomologuesfrom other monocotyledonous
and dicotyledonousspecies; comparison of the dif-
ferent sequencesindicated the following consensus
sequencefor the most highly conserved residues:
FXDSNPIRXV(S/T)D[93].

Comparisonof the prosporaminand proaleurain
VSDsdemonstratedthepresenceof aconservedNPIR
centralmotif. Thepresenceof anessentialconserved
sequencewithin sortingdeterminantsfrom two com-
pletely dif ferent typesof proteinssuggested that the
sequencemight be recognizedby a receptor that
would, in turn, be responsible for directing the pro-
teinsinto theproperpathway to theLV.

Identificationandcloningof a probablevacuolar
sortingreceptor

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

a review, see [91]): It would be a transmembrane
protein with the ligand binding domain within the lu-
menof the Golgi, whereligandbinding would occur
at a near-neutralpH. The cytoplasmictail would be
recognizedby proteinsresponsible for assembling the
receptorinto vesiclesthat would bud from the Golgi
andcarryreceptorpluscargoto adestination.For vac-
uolarsorting, thedestinationwouldhavean acidicpH
that would causedissociationof the receptor-ligand
complex. As clathrin coatedvesicles(CCVs) were
known to function in traffic from Golgi to the lyso-
some/vacuolein mammalianand yeastcells, and as
they similarly had beenassociatedwith transportof
hydrolases to plant vacuoles[29], we developed an
experimentalstrategy to searchfor a ssVSD-binding
receptorin membranespurified from CCVs from de-
velopingpeas[54].

Two affinity columnswereconstructed,onewith
a peptiderepresenting the proaleurainVSD and the
other with a peptiderepresenting the corresponding
region of thebarley secretedprotease.Lysatesof pea
CCV membraneswere passed through the columns
and,after extensive washing, adherentproteinswere
releasedwith a pH 4 buffer [54]. A singleca.80 kDa
protein,identifiedasBP-80, boundto theproaleurain
columnbut not to the control column. Treatmentof
the vesicleswith proteaseprior to lysis and column
purification resulted in ca. 5 kDa shorteningof BP-
80; theN-terminalaminoacidsequencesof intactand
proteasetreatedforms wereidentical, indicatingthat
the N-terminuswas within the vesicle lumen while
ca.5 kDa of C-terminalsequencewas exposedon the
cytoplasmicside. Analysesof othermembranefrac-
tionsfromgradientsused topurify theCCVsidentified
a lower density fraction whereBP-80 comprised ca.
50% of the protein. Although the organelle(s) from
whichthislowerdensity membranefractionoriginated
havenotbeenidentified,it servedasanoptimalsource
of BP-80for furthercharacterization.An in vitro assay
was developedwherebinding of proaleurainpeptide
labeledwith [125I] to BP-80couldbequantitated.The
proaleurainpeptidewas boundwith a kd of 37 nM;
bindingwas optimalat pH 6.0–6.5andwasabolished
at pH <5.0 [54]. A peptiderepresentingthe prospo-
raminVSD,SRFNPIRLPT, competedweaklywith the
proaleurainpeptidefor binding, but a peptidewith
the essential Ile mutatedto Gly, SRFNPGRLPT, did
not competefor binding. A peptiderepresentingthe
C-terminal propeptideof barley lectin also did not
competefor binding[54].
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Subsequentstudies used different peptideaffin-
ity columns to assess binding of BP-80 from less
densemembranelysates[55]. Theseresultsconfirmed
binding to proaleurainand prosporaminpeptidesand
demonstratedlack of bindingto theprosporaminpep-
tide with Ile → Gly mutation and to the barley
lectin propeptidesequence.Together, results from the
two studiescorrelatedbindingof BP-80 to sequences
in proaleurainand prosporamin that are functional
VSDs, while mutatedsequencesthat do not function
asVSDs did notbind.They also demonstratedthein-
ability of actVSDto beboundbyBP-80.Additionally,
in thesecondstudy, bindingwas observedto peptides
representingtheC-terminusof Brazil nut2Salbumin;
the minimal sequencecapableof beingboundrepre-
sentedtheC-terminalpropeptideand5 adjacentamino
acidsof thematureprotein[55]. These residueswere
statedto bepartof a determinantthat,whenfused to
yeastinvertase,causedtheenzymeto besortedto the
vacuolein tobaccocells[55]. Cautionshouldbeused,
however, in extrapolatingthese binding datato a con-
clusionthatareceptorproteinsimilarto BP-80maybe
involvedin vacuolarsortingof the2Salbuminprotein.
It is not known if the requiredresiduesin themature
2Salbuminmoleculeadjacentto thepropeptidewould
be physically accessible to anotherprotein. Indeed,
these includea Cys residue that is highly conserved
amongrelatedplant 2S albumins [100] that proba-
bly participatesin an intramoleculardisulfide bond.
Additionally, expression of chimeric fusion proteins
in the plant secretorysystem may frequentlyandun-
predictablyleadto proteinsthat cannotfold properly
[48] and thereforehave the potentialto undergo ag-
gregation.As notedbelow, aggregationitself may be
a mechanism for vacuolarsorting thatwould be inde-
pendentfrom areceptor-mediatedprocess.It is alsoof
interestthat the 2S albumin peptide that binds BP-80
in theassay doesnot containa sequencehomologous
to theNPIRmotif. Thismayreflecta heterogeneityin
binding preferencesby BP-80.The possibility that a
receptorinteractingwith theproaleurainssVSDmight
have broad ligand binding specificity was indicated
by the finding that both SSSFADS and SNPIRPalone
functionedas vacuolartargeting determinants, albeit
with lower efficiency thanwhen together[46]. Such
bindingheterogeneitycould result from the presence
of several different binding sites within the protein
(see below), as is known for the Man-6-P/IGF II
receptor[20]. Alternatively, recognitionof different
ligandsequencescould be dueto otherreceptorpro-
teins, BP-80 homologues, in the startingpreparation.

In yeast, some proteinsthat are able to exit the ER
eventhoughthey containregionsthatarenotproperly
folded are sorted to the vacuoleby the samerecep-
tor responsible for bona fide targeting of CPY [49].
PerhapsBP-80 could play a similar role of scaveng-
ing improperlyfoldedproteinsto the lytic vacuoleif
they shouldescapethe ‘quality control’ in theER. In
this case, fusion of a truncatedprotein to a reporter
protein might expose structurestypical of improper
folding andmight causevacuolarsortingby a mecan-
ism different to the mecanismusedby the complete
protein.

Shimadaet al. [100] identified two proteinsof 72
and82kDa in preparationsof storageprotein‘precur-
sor accumulatingvesicles’from developingpumpkin
cotyledonsthat arehomologuesto BP-80. (The rela-
tionshipbetweenprecursoraccumulatingvesiclesand
dense vesicles thought to transport storageproteins
to the PSV is discussedby Robinson, this volume.)
Affinity columnscarryingeither theproaleurainVSD
peptide,or otherpeptidesrepresentingportionsof the
pumpkin 2S albumin precursor protein selectedthe
72/82kDa proteinsfrom lysatesof membranesfrom
developing pumpkincotyledonmicrosomes. The au-
thorsuseda combinationof affinity chromatography
with differentpeptidecolumnsplus competitionfor
binding with soluble peptides to study the sequence
specificity of binding for differentsequences. A pep-
tide,MRGIENPWRREG,representingthe2Salbumin
internalpropeptideboundthe72/82kDaproteins, and
deletionof PWRREG or mutationof the sequenceto
MRGIENPWgggGabolishedbinding, while replace-
mentof NPWR by GGGGhadno effect. This motif
is likely to be exposed on the surfaceof the 2S al-
bumin precursor since it containsa processing site.
A second peptide, KARNLPSMCGIRPQRCDF, rep-
resenting the C-terminusof the 2S albumin protein,
also boundthe 72/82kDa proteins, andmutationof
thesequenceto KARggggMCGIRPQRCDFabolished
binding.A N(L/I)PS motif is found in most 2S albu-
min precursorsaswell asin theN-terminalpropeptide
of several potatoproteaseinhibitorswhereit overlaps
theNPIN motif [51]. These results [100] demonstrate
the ability of homologuesof BP-80 to bind peptides
that do not share any apparentsequenceconserva-
tion, and the authorssuggest that possibly binding
is dependentuponphysicochemicalpropertiesof the
peptides. The experiments, however, do not define
binding affinities for the different ligands, and the
affinity columnassay methodprobablywould permit
retentionby sequenceswith low bindingaffinities,rel-
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ative to the 37 nM kd for binding of BP-80 to the
proaleurainVSD peptide. Additionally, the finding
of the 72/82 kDa proteinsin the precursoraccumu-
lation vesicle preparationscannot,withoutmoredata,
be interpretedto meanthat thoseproteinsfunctionas
receptorsto direct storageproteinsto their destina-
tion in thePSV. Thereis no assurancethat thevesicle
preparationsrepresenta purified populationfrom one
organelle; indeed, a relatively small contamination
with membranescorrespondingto thelessdensemem-
branefractionin developingpeacotyledons[54] could
explain thepresenceof the72/82kDaproteins.

Using amino acid sequencedata from the N-
terminusandtwo internaltrypticpeptidesfromBP-80,
we identifiedanArabidopsis EST clone,Z38123,rep-
resenting a BP-80 homologue.This clone served as
a probe for isolationof the BP-80 cDNA and three
homologuesfrom developing peas, and for another
homologuefromArabidopsis. Databasesearchesiden-
tified EST clones encodinghomologuesfrom rice
andmaize[84, 85]. Otherinvestigatorsindependently
identified membersof the gene family comprising
homologuesto BP-80. Paul Dupree (University of
Cambridge,UK) identifiedtheArabidopsis EST clone
Z38123from aminoacidsequencedataobtainedfrom
an abundant protein in purified Arabidopsis Golgi
preparations(P. Dupree, personal communication).
Ahmedet al. [1], usingcomputersearchesfor motifs
associatedwith epidermalgrowth factor(EGF)repeats
found in animal receptors, also identified an Ara-
bidopsis sequenceindistinguishable from EST clone
Z38123.RaphaelPont-Lezica’slaboratory(Université
Paul Sabatier, Toulouse, France),using a PCR-based
approachto isolate proteinssimilar to animal inte-
grins, also clonedfrom Arabidopsis a homologueof
BP-80. The function of these proteinsin Arabidop-
sis is being tested with antisense and sense over-
expressiontransgenicplants(R. Pont-Lezica,personal
communication).As notedabove, Shimadaetal. [100]
identified 72 and 82 kDa proteins from lysatesof
pumpkindense vesicle preparationsthat boundto an
affinity columncarryingtheproaleurainVSD peptide,
andsequencedataobtainedfrom their cDNA clones
demonstratedthatthey arehomologuesof peaBP-80.

We have termedthis genefamily the VSR (for
probablevacuolarsorting receptor)family [85]. The
predicted protein sequencesof VSR proteins can
be described from that of the prototype,BP-80 (or
VSRps−1; [85]): The protein contains623 amino
acids,of which thefirst 22 representa signal peptide.
A single 24 residue hydrophobic region, consistent

with a transmembranedomain,is presentwithin the
maturepolypeptide.This finding predicts that BP-
80 is a type I transmembraneprotein with a large
N-terminal luminal domain,a single transmembrane
domain, and a C-terminal cytoplasmic domain of
37 aminoacids.This organizationis consistentwith
predictionsof protein structuremadefrom protease
treatmentof CCVs [54]. Confirmingourpredictionof
a single transmembranedomain,a truncatedform of
BP-80 lacking the predictedtransmembranedomain
andcytoplasmictail was secretedwhenexpressedin
tobaccosuspensioncultureprotoplasts[85].

The VSR proteinsrepresent a new genefamily
with the following novel characteristics[85]. The
first ca. 400 amino acids represent a uniqueregion
without homologuesin theyeast or mammaliangene
databases. This unique region is followed by three
Cys-rich EGF repeats,one of which is predictedto
coordinatecalciumions. ThenfollowsashortSer- and
Thr-rich sequenceprecedingthe transmembranedo-
main. The cytoplasmic domainsequencesarehighly
conservedfor approximatelytheN-terminal75%and
thendiverge.All, however, containa form of theTyr-
X-X hydrophobicmotif, YMPL; this motif hasbeen
demonstratedto mediateincorporationinto CCVs in
mammaliansystems[5, 6,80,81].Thusit is likely that
all of themembersof theVSRfamilydescribedto date
traffic in CCVs.Consistent with this prediction, BP-80
is highlyenrichedin preparationsof peaCCVslacking
detectablestorageproteins,while peasmooth dense
vesiclepreparationsarehighlyenrichedin storagepro-
teinsbut have little detectableBP-80([90]; Robinson,
thisvolume).

Traffic of BP-80to Golgi anda lytic prevacuolar
compartment
We preparedantibodiesto a synthetic peptiderep-
resenting the N-terminal 20 amino acids of BP-80,
anda monoclonalantibodythat recognizedBP-80 as
well as, probably, other pea VSR proteins[85]. In
immunofluorescenceexperimentswith laser scanning
confocalmicroscopy, the two antibodiesco-localized
to punctateandsmall sphericalstructuresin pearoot
tip cells. Comparisonwith labelingpatternsobtained
with anti-α-TIP and TIP-Ma27 antibodiesdemon-
strated that neither type of vacuole tonoplast was
labeledwith theanti-BP-80antibodies, but a network
of small punctateorganellespositive for BP-80 ap-
pearedto surroundvacuoleslabeledwith TIP-Ma27.
Immunogoldelectron microscopy using the anti-N-
terminalBP-80 peptideantibodiesdemonstratedspe-
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cific labelingof Golgi andof whatwe termedprevac-
uoles[85]. These wereca.250nm vacuolesthatwere
found in groupsadjacentto large vacuoles, someof
whichappearedto bein theprocessof fusingwith the
large vacuoles.Thus the postulatedreceptorprotein
wasdemonstratedto bepresentin Golgi,whereligand
binding could occur, and in small vacuolescapable
of fusingwith largervacuoleswhere,presumably, an
acidicpH environmentandligandreleasecouldoccur.
The confocal immunofluorescenceresults indicated
that theselarge vacuoleswere likely to be marked
by TIP-Ma27 in their tonoplast and thereforewere
lytic vacuoles. This observation would be consistent
with thefindingthataleurainwas exclusively present
in vacuoleslabeledby TIP-Ma27 antibodies[86]. A
greenfluorescentprotein(GFP) sequencefused to the
transmembraneand cytosolic domainsof VSRps−1
was expressed in protoplasts and transgenic plants
whereit labeledmostlyGolgi-sizedparticles(N. Paris
andJ.-M. Neuhaus, unpublishedobservations).

In aggregate,theseresultsareconsistentwith the
modelpresentedin Figure1, wheresorting of proteins
with a ssVSDis mediatedby a receptor, a member
of the VSR protein family, that binds its ligand in
the Golgi and delivers it to an acidified prevacuolar
compartment.Golgi to prevacuoletraffic is likely to
occur in CCVs.This model is consistent with what is
known of traffic of proteinsto the vacuolein yeast.
There,the Vps10pvacuolarsortingreceptor[16, 61]
bindsits ligandsin theGolgi anddeliversthemto an
acidifiedprevacuolarcompartmentthatcontainsactive
proteases[88, 114].

TheplantVSR proteinsandyeast Vps10pshareno
homology, however. We speculatethatplantsrequired
a specializedreceptorbecauseof thecomplex pattern
of proteinsorting to differentvacuolesthat occursin
plant cells [86]. The observation that several differ-
entgenesfor VSR proteinsareexpressedin thesame
plant tissue, for exampleat least four in developing
peaseeds,wouldbereasonablyexplainedif eachVSR
proteinhada slightly different ligand binding speci-
ficity. ThenthedifferentVSR proteinscouldtogether
select a broaderpopulationof proteinsfor delivery to
the lytic vacuole.Alternatively, it is possiblethe dif-
ferentVSR proteinsareeachexpressedin a different
cell type.As methodsfor expressingandpurifying the
differentVSR proteinsaredevelopedit will be pos-
sibleto comparetheir ligandbinding specificitiesand
addressthisquestion.

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

The presenceof a C-terminal propeptidein the pre-
cursor of a vacuolarprotein was often the first hint
for a C-terminal vacuolarsorting determinant.The
propeptideswereidentifiedby comparisonof thema-
tureproteinwith thepolypeptideencodedby a cDNA
clone, as in cereallectins or some storageproteins,
or by comparisonof predictedsequencesfor related
vacuolarandsecretedproteins,asin severalfamiliesof
pathogenesis-relatedproteins. It is likely thatmany C-
terminalpropeptideswerenot identifiedbecauseonly
few C-terminiof vacuolarproteinshave actuallybeen
sequencedandprocessing of a few aminoacidsdoes
not cause a big discrepancy betweenpredictedand
observed molecularweight. Comparisonof related
proteinsmayalsoleadto theerroneousidentification
of a propeptidein a vacuolaror secretedprotein.As
anexample,chitinasesof classesII andIV, which are
both secreted,dif fer at their C-termini by six to nine
aminoacids[76]. Accordinglyonly a few C-terminal
propeptideshavebeenpositively identified:in abarley
lectin [22], in a chitinase,a glucanaseandan osmotin
from tobacco[71, 78,107]andin 2Salbumin storage
proteinsfrom Brazil nut [96] andpea[34].

Deletionfrom the precursor proteinand fusion to
several reporterproteins(cucumberchitinase,henegg
white lysozyme,rat β-glucuronidase, GFP) indicated
that the C-terminal propeptide(GLLVDTM) of to-
baccochitinaseA is bothnecessaryandsufficient for
vacuolartargeting [78]. The sequencerequirements
for vacuolarsortingof chitinaseA werecharacterized
by deletionand mutationanalysis [77]. In contrast to
sequence-specificVSDs, noessentialmotif wasfound.
Apart from theterminalMet, which was dispensable,
all partial deletionsstrongly reducedthe percentage
of intracellularchitinase.Singleandmultiple replace-
mentsaffectedsorting to varying degrees. Random
sequencesalso showed varying sorting efficiencies.
The effectsof multiple substitutionswere often ad-
ditive, but no generalrule could be deducedfrom
them:neithermorehydrophilic,normorehydrophobic
residueswere in all casesfavored. Indeed,replace-
ment of the three hydrophobicresidues (-LLV-) by
Ser(-SSS-)or of theterminalfour mostlyhydrophilic
residues(-VDTM) by Leu (-LLLL) only poorly re-
ducedthesortingefficiency. Thesingle most effective
replacementwasunexpected:whiledeletionof theter-
minal Met or its replacementby Pheor Lys hadlittle
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effect, its replacementby a Gly reducedthe sorting
efficiency by morethan50%.

Partial deletionsof thepropeptideof barley lectin
establishedthatnosingleportionof its 15aminoacids
is essential [22]. Instead,thefirst four or thelast four
residueseachweresufficient.Furthermore,a minimal
lengthof three(!) aminoacidsbeyondtheprocessing
site was sufficient for significant vacuolartargeting.
Four Ala wereeffective aswere-LLVD or -PIRP but
not four Glu or four Lys. TheinternalN-glycosylation
site was dispensable[120]. Therewas however a way
to destroy the function of the VSD by blocking its
C-terminus. Replacementof two or more terminal
residuesfrom a truncatedbut still functionalpropep-
tide by Gly or evenaddition of two Gly to the end of
the completelectin propeptidecausedsecretion,ap-
parentlyevenmoreefficiently thancompletedeletion
of thepropeptide.A C-terminalN-glycosylationsite (-
NATE) hadthesameeffect.Theseresults indicatethat
theVSD hasto beaccessiblefrom its veryC-terminus
andthat the terminalaminoacidcannotbea glycine.
Precedentsfor such C-terminally locatedsortingsig-
nals include the ER-retentionsignal (-K/HDEL) and
theperoxisomaltargetingsignalPTS-1(-SKL), which
canalsobeinactivatedby additionof aminoacids.

The four aminoacidslong C-terminalpropeptide
of the 2S albumin from Brazil nut was shown to be
necessaryfor vacuolartargetingin transgenictobacco
[55]. It was however not sufficient for vacuolartar-
geting of invertase, which requireda much longer
C-terminal fragmentfrom the 2S albumin, including
sequenceprecedingthe last cysteine,which is highly
conserved in relatedstorageproteinsandprobablyis
involvedin adisulfidebond.Furthermoreit includesa
potential glycosylation site; it is not known if this site
is glycosylatedin either the 2S albumin or in the 2S-
invertasefusionprotein.It is thusnot certainthat the
sequenceactingasa VSD on invertaseis reallyacces-
sible in the wild-type protein. On the other hand, the
binding experiments (discussedabove) with proteins
solubilizedfrom a peavesiclefraction indicatedthat
thenine last residuesof the 2S albumin couldbind a
proteinof 80 kDa similar or identical to the putative
sorting receptorfor ss-VSDs,VSRps−1 [85]. These
nineresiduesall follow thelast cysteineandmaywell
containa VSD overlappingthe processing site. As a
ssVSDthe Ile at position −4 could be important. A
ctVSD hasalso notyetbeenexcluded,whichcouldbe
donemost easily by addingtwo Gly at theend,ashas
beendonewith the barley lectin [22]. Finally, wort-
manninsensitivity might also give a clue as to which

typeof VSD is actually involvedin targeting albumins
in variousplants(seebelow). In therelatedArabidop-
sis 2S albumin, deletionof the two amino acidslong
propeptidedid not changethevacuolartargeting[19].
In this case,it is clearthat the vacuolartargetingin-
volvesprecipitation,which is thethird typeof sorting
determinantdiscussedbelow.

Is therereallynosequencespecificityatall?Quan-
titative analysisof sorting efficiency indicated that
therearedifferencesdependingon thesequence.Not
every randomsequencewas indeedeffective. There
areprecedentsfor a peptiderecognitionsystemwith-
out conserved motifs. Thereare no absolutely con-
served sequencesfor either the ER-targeting signal
peptidesor for thetransit peptidesof mitochondrialor
chloroplastic proteins. In the first two cases, random
peptideswerealsotestedandevery third sequencewas
found to target the protein to the investigatedcom-
partment,a proportionsimilar to theoneobservedfor
vacuolartargetingof thetobaccochitinase.

A moreprecisemodelfor thepreferencesof asort-
ing systemwith noconservedmotif canbeobtainedby
compilingthesequencesof asmany examplesaspos-
sible from naturalproteins, an approachthatwas suc-
cessfulfor ER-targeting signal sequencesand mito-
chondrialtransit peptides[117].For C-terminalVSDs
it is severely limited by the small numberof protein
familiesweresucha propeptidehasbeenidentified.It
is thusonly possible to comparesequencesof cereal
lectins and of pathogenesis-relatedproteins. Such a
comparisonrevealscertainconstants:thepreferredter-
minalresidueis Met (chitinasesfrom tobacco,tomato,
poplar, elm tree, cotton; glucanases from tobacco,
potato, hevea, alfalfa and pea), or else Leu, Ile or
Val (chitinasesfrom Arabidopsis, potato,grapevine,
Vigna; glucanasefrom tomato,bean;PR-4 from Ara-
bidopsis; PR-1 from tobacco;lectin from rice).Amino
acidswith a longaliphaticchainareacceptedeven if
they carry a terminal charge: Glu (barley and wheat
lectins;thaumatin;PR-4 fromtobacco,potato,tomato,
hevea)or Lys (osmotinsfrom potatoand tomato).At
position −2,−3 or −4, thereis a preferencefor nega-
tively chargedor hydrophilicneutral.Typical ct-VSD
endwith -DTM or -SEM or -EVA(K). Theremaybe
differentpreferencesin differentspecies.For exam-
ple, both chitinaseand glucanasefrom beanhave a
frameshiftwithin thecodingsequenceof theVSD that
causesa divergencefrom the consensusmentioned
above. Both chitinasesand lectins from cerealsend
with -AE(A). Theputative receptoris proposedto in-
teractwith the terminalcarboxylgroupandwith the
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backboneof thefew last aminoacidsof theVSD rather
thanwith thesidechains.At theC-terminustheremust
be a hydrophobicpatchrequiringat least onemethyl
groupbut preferablyoneor several methylenegroups,
while the terminalfunctionalgroupis of little impor-
tance.Such binding domainshave beendescribedin
animalproteins.

A low sequencespecificity for a short peptide
wouldpredicta low bindingaffinity for areceptorpro-
tein.Thismayexplainwhy severalattemptsto identify
a receptorhave failed so far (screeningof an ex-
pressionlibrary with a labeledpeptide,anti-idiotypic
antibodies, affinity column).Would low-affinity bind-
ing be functionally acceptablefor a vacuolarsorting
system?The proteins with ctVSDs arenot digestive
enzymeslike the proteaseswith ssVSDs.In the case
of thepathogenesis-relatedproteins, thereevenarese-
cretedisoforms.If someleakinessis tolerated,a low
affinity may be sufficient to partition most proteins
to the membranein the conditionsof high surfaceto
volumeratio in theGolgi apparatus. It shouldalso be
notedthat, contraryto ssVSDS,ctVSDscanbe very
easily acquiredor lost by point mutationsor small
insertions or deletionswithout affecting the proper
folding of theprotein.

An alternative possibleexplanationfor a mecha-
nism by which a ctVSD might function should, how-
ever, bekeptin mind.TheC-terminusof aproteinmay
have importanteffectson the final threedimensional
structureof themolecule.‘For many proteins,theC-
terminalsegmentof 20–30aminoacidresidues, which
is shelteredby theribosomeprior to therelease of the
full lengthpolypeptideinto the bulk solution, is es-
sentialfor formationof thenative, biologically active
structure’[23]. The final stepin folding may involve
bindingof theC-terminusto thesurfaceof thefolded
core(reviewedin [23]). If thethree-dimensionalstruc-
tureof proteinsis a determinantfor sorting theminto
vesiclesin thePSVpathway (seebelow), removal of a
C-terminalpropeptidecould substantiallyaffect that
determinant.Additionally, the limited sequencere-
quirementsdescribedabove would also be consistent
with chargeand/orhydrophobicityconstraintson pre-
ciseinteractionbetweentheexternalC-terminusanda
properlyfoldedinternalcore.Thismechanism is how-
everdifficult to reconcilewith very shortctVSDssuch
asthoseof chitinases.

The physicalstructur e (ps-VSD)vacuolar sorting
determinants

Thereis a third heterogeneousgroupof proteinsfor
which neitherof the two first categoriesof VSD seem
to apply. They are known or supposed not to have
propeptides, or if propeptidesarepresent, they have
beenshown not to be requiredfor vacuolarsorting.
The sorting determinantmust somehow be carried
within the mature polypeptide. An internal ssVSDis
possible,but for several seedstorageproteins, another
sortingsystemis likely to be involved.Thesearethe
vicilin-lik e and legumin-likeproteinsthataccumulate
into densevesiclesat the transside of the Golgi and
aretransportedwithout involvementof clathrincoated
vesicles[38, 39, 90]. (Recentstudies in developing
peacotyledons[38, 39, 90] and in pumpkincotyle-
dons[100] have identifiedstructuresthatarelikely to
representa PSV prevacuolarcompartmentto which
the densevesiclestraffic from the Golgi.) The seed
storageproteinsaccumulatein protein storagevac-
uolesdistinct from the lytic vacuolesthat preexisted
in thesecells. Early studiesof thetransportto vacuoles
weremostlyperformedwith theseproteins.They es-
tablishedseveralimportantfactssuchasthesynthesis
in theER, glycanmodificationsin theGolgi [13] and
accumulationin seedproteinbodies[35, 108] aswell
asin leaf vacuolesof heterologousspecies[42, 101].
Glycosylation wasfoundto be irrelevant for thefinal
localization,excluding a mammaliantype of sorting
system based on glycan side chains[9, 102]. Even
thoughphytohemagglutinin(PHA) wasoneof thefirst
plant vacuolarproteinsanalysedin this respectit is
still unclearwhereits sortingdeterminantsreside.The
sorting determinantsfor PHA were first studied by
fusion of truncatedPHA with invertaseand expres-
sion in yeast [110, 111], but it was recognizedlater
that yeastand plants probably utilize different sort-
ing determinants.The determinantswere tentatively
localized within a surface loop [118], but, because
theresults wereobtainedby fusion of truncatedPHA
with invertase, concernsaboutpossible misfolding of
the chimeric reporterprotein would need to be ad-
dressed.Theroleof theC-terminalpropeptideof PHA
also requiresfurtherstudy, as it resemblesthectVSDs
described above [122]. The theoreticalrole of a C-
terminalpropeptidein affectingfolding andtherefore
presentation of hydrophobicpatcheshas been dis-
cussedabove and may be relevant for the following
alternativemodel.
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A targeting study with legumin indicated the
spreadof sorting informationover several sequence
elements, suggesting an important role for higher
structures[96]. Comparison of several vacuolarpro-
teins also tentatively identified surfacedeterminants
contributedby non-contiguoussequencesaspossible
sortingdeterminants[99]. As discussedby Vitale and
Chrispeels [116], aggregation is a possible sorting
mechanism.Sortingby aggregationis known to occur
in animalcells, whereit is possiblydueto a lowered
pH [reviewed in 12]. An extremeform of aggrega-
tion is presentedby cerealprolaminswhich aggregate
within theERto formproteinbodies[reviewedin 83]).
Deposition of otherstorageproteinsinto proteinbod-
iesmay occurin PSV after transit throughtheGolgi.
Thiswill bediscussedin another review in thisvolume
(Müntz, this volume). Determinantsfor aggregation
would likely be associatedwith hydrophobicregions
onthesurfaceof themoleculeformedby foldingof the
threedimensionalproteinstructure.In thisregard,it is
interestingthat the precursorto the peastoragepro-
tein legumin,prolegumin,isolatedfrom ER andGolgi
vesicles, is much morehydrophobicand bindsmuch
more tightly to membranesthan the maturelegumin
protein[40]. If suchsurfacepatchesexist, they would
bemuchmoredifficult to localizethanVSDspresent
onpropeptides.

Biochemical 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 compartmentof ssVSD-
targetedproteinssuch as aleurain, while the other
compartmentisthedestinationof ctVSD-targetedpro-
teins such as barley lectin [86]. In developing pea
cotyledonsit is also clearly possible to distinguish
storagevacuolesfrom lytic vacuolesas well as the
correspondingdensevesiclesandclathrin-coatedvesi-
cles[90]. In matureplanttissue,however, barley lectin
andsporaminarefoundtogetherin aggregatesin the
centralvacuole[97]. This finding indicatesthatpath-
ways for sorting proteinswith the two typesof VSD
may ultimately converge on the centralvacuole,but
thesensitivity of themethodusedin thatstudyproba-
bly wouldnothavealloweddetectionof theindividual
proteinsin otherintermediatecompartments[86].

Matsuokaetal. [68] developedasystemin tobacco
suspension culture cells to test the effects of com-

poundsknown to affectsorting processes in yeast and
mammaliancells. Two reporterproteinswere used:
prosporaminor sporaminlacking its prosequenceto
which thebarley lectin C-terminalpropeptidewasat-
tached,and probarley lectin or barley lectin lacking
its prosequenceto which theN-terminalprosporamin
propeptidewas attached.Thus, the functionsof the
prosporaminssVSD and barley lectin ctVSD were
testedseparatelyon two differentproteins. While both
sporaminandbarley lectin lackingany propeptidese-
quencesweresecretedfromthecells,eitherpropeptide
causedthe reporterproteinsto be efficiently sorted
to the vacuole. Wortmannin, an inhibitor of phos-
phatidylinositol3-kinasein mammaliancells and of
synthesis of phospholipid andphosphatidylinositol 4-
phosphatein plant cells, caused almost completein-
hibition of ctVSD-mediatedtransportto the vacuole
at a concentration,33 µM, thathadlittle or no effect
onssVSD-mediatedtrasportto thevacuole[68]. Wort-
manninalso inhibitedvacuolarsorting of theendoge-
noustobaccochitinase,aswell asthesortingof fusion
proteinscarryingits VSD,suchasratβ-glucuronidase
and (Di Sansebastiano, Paris and Neuhaus, unpub-
lished observation). Thereare no reportsyet on its
effectsonsortingof proteinswith apsVSD.

The results from experimentsusing wortmannin
emphasizethat two separatepathways to a vacuole
may function within the samecell. Do two separate
pathways to two separatevacuolesfunction simulta-
neouslywithin the samecell? Evidencefrom studies
of developing peacotyledonsindicatethat this may
betrue.Both CCVs and dense vesicleshave beenpu-
rified from developing peacotyledons, wheredense
vesiclestraffic to PSVandcontainstorageproteinsbut
no BP-80, while CCVs traffic to LV andcontainBP-
80 but no storageproteins(Robinson, this volume).
Additionally, when theGFPwasfusedwith thectVSD
of chitinase and expressedin tobacco protoplasts,
its localisationwas, as expected,vacuolar in most
mesophyll protoplasts. However, in chloroplast-poor
protoplasts,it was mostly concentratedin a smaller
compartment,while the large vacuoleremainednon-
fluorescent. Some protoplasts of this type were also
found to have a large greenvacuole.When the pro-
toplastswerestainedwith NeutralRed, a dyetrapped
in acidic compartmentsin the protonatedform [73],
we foundthattheGFP-positivevacuolesdid notaccu-
mulateNeutralRed, while theGFP-negativevacuoles
turnedred. It is thus possibleto stain differentially
two typesof vacuolesin leaf-derived protoplasts (Di
Sansebastiano,Paris andNeuhaus,submitted).
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Are theretwo or threetypesof vacuoles? There
is a lack of information on the respective localisa-
tion of proteins targeted by ctVSDs and psVSDs,
while eachcategory hasbeencomparedwith thepro-
teins with a ssVSD. Thus, we know that the latter
proteinsare transportedby CCVs in a wortmannin-
insensitive manner, but we don’t know yet whether
the wortmannin-sensitive pathway (ctVSDs) is the
pathway involving smoothdensevesicles(psVSDs).

Sorting of oneprotein to both PSVandLV
compartments

Thebarley aspartic proteinase [95] is present in both
PSVs and LVs [86]. Two potentialVSDs are present
in the proenzymesequence.The sequenceNPLR is
foundin theN-terminalpropeptide,a motif thatfunc-
tionsaswell asNPIRwhenplacedin theprosporamin
ssVSD [59]. Additionally, in comparison to yeast
and mammalianasparticproteinases,the barley en-
zymeandotherplanthomologueshaveacentralinsert
of 104 amino acids that closely resemblesthe se-
quenceof mammaliansaposins[28].Saposinsinteract
with certainlysosomalenzymesandarethoughtto be
involved with the membrane-associatedmannose-6-
phosphate-independentpathway for targetingproteins
to lysosomes[103,123].Interestingly, directevidence
that this ‘saposin’ insert in the barley aspartic pro-
teinaseparticipatesin vacuolarsorting comesfrom
expressionexperimentsin tobaccosuspensionculture
cells. While the intactproenzymewasefficiently tar-
getedto the vacuole,a mutatedform with an intact
N-terminalpropeptide,but wherethe ‘saposin’insert
hadbeendeleted,wassecretedfrom thecells[112].

The topological distribution of dif ferent sorting
mechanismswithin theGolgi maybeimportantin de-
termining how a protein with two possibleVSDs is
sorted. For some proteins, a process of aggregation
appearsto be underway in the cis-Golgi as judged
from electronmicrographsshowing proteininclusions
in thedilatedendsof Golgi cisternae,wheretheelec-
tron opacity of the inclusions appearsto increase in
a cis-to-transgradient.Theopacityof the trans-most
aggregatesmatchesthoseof contentsof smoothdense
vesicleswhichappearto bud off of medial-andtrans-
Golgi [56, 90]. If receptor-mediatedsortingis local-
ized predominantlyin the trans-Golgi, a fact not yet
established in plants, proteins with potential ssVSDs
that participatein an intra-Golgiaggregationprocess
wouldhavelittle opportunityto reachalocationwhere
thatsortingmechanismis active.

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 contrast to results obtained with an
N-terminalssVSD,mutationof the Ile 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 whentheunmutatedssVSD wasused,but strongly
inhibitedvacuolartransport whenthe Ile → Gly mu-
tation was present. Thus the Ile → Gly mutation
appearedto acquire,or revealed,functionalcharacter-
isticsof a ctVSD in this sequencewhenplacedat the
C-terminusof thatprotein;this result emphasizesthe
apparentposition-specificrequirementfor functionof
thectVSD, in contrastto function of thessVSD.

TheER retentionsignalcanalsomediatevacuolar
sorting. WhensporamincarryinganHDEL extension
wasexpressedin tobaccoBY2 cells,asignificantfrac-
tion escapedtheER andwasrecoveredin thevacuole
[26]. This is not surprising whenthe resemblanceof
HDEL with therulesfor ctVSDsis considered.Func-
tion of HDEL as a ctVSD would enableplant cells
to send ER proteinsto a vacuoleif they escapedthe
retrieval systemor asa meansto changethe localiza-
tion duringdevelopment.Thelatterwould potentially
apply for theplant cysteineendopeptidase containing
aKDEL sequencethatdegradesseedglobulinsin pro-
tein bodiesaftergermination[82]. This might beone
way to transform a storagevacuoleinto a digestive
vacuole.

Transport of cytoplasmic proteins into the vacuole

In yeast, certain proteinssynthesized on free ribo-
somesin the cytoplasmare transporteddirectly into
the vacuolewithout enteringthe secretorypathway
[57, 98], and this processutilizes somemechanisms
in commonwith autophagy[2]. Several plant pro-
teins that are likely to reachthe vacuoleby a sim-
ilar processhave beenidentified. Prominentamong
these is a soybeanlipoxygenase that accumulatesin
paraveinal mesophyll cell vacuolesas a vegetative
storage protein [10, 113], as well as certain late
embryogenesis-abundantproteins[24, 63].

Sorting of integral membraneproteinsto vacuoles

As noted above, transport of integral membrane
proteins to the appropriate tonoplast may involve
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processes similar to those used for vacuolarbiogen-
esis. TIPs are difficult to detect in either CCVs or
purified dense vesicles from developing peas(Robin-
son,this volume),so it is likely that their transportin
largequantitiesto PSV or LV tonoplast must involve
otherpathways.Studiesof transgenictobaccoplants
expressing α-TIP have provided some insights into
this question. Höfte et al. [42] demonstratedthat, in
suchplants,α-TIP was transportedto the leaf central
vacuoletonoplast, wheredense labelingwith anti-α-
TIP antibodieswas observedby electronmicroscopic
immunocytochemistry. A chimericproteinconsisting
of thephosphinotricineacetyltransferase sequenceat-
tachedto the C-terminal transmembranedomainand
cytoplasmictail of α-TIP similarly was transported
to the tonoplast in transgenic tobaccocells, as was
a small amountof a truncatedform from which the
15 C-terminal amino acids had been deleted[41].
Thelatterresultsindicatedthatat leasttheC-terminal
transmembranedomainplusa portionof thecytoplas-
mic tail hadsufficient informationto causethemto be
directedto tonoplast.

If α-TIP is aspecific markerfor PSVs, why should
it beefficiently transportedto thecentralvacuoletono-
plast?First, it is not clear that the α-TIP proteindid
not pass througha small PSV equivalent in the cells
beforeendingup in thecentralvacuole.Such a com-
partmentmight requiredetailedstudiesto bedetected
by electronmicroscopy, and the floatation method
used to isolate vacuolesin those studiesmight per-
mit co-isolationof centralvacuolesandsmall vacuoles
representingother compartments. Second,it is clear
thatin somepeaandbarley root tip cells, vacuolesare
present whereboth α-TIP andTIP-Ma27 co-localize
in the tonoplast [86], and similar results have been
obtainedusing anti-peptideantibodiesthatarespecific
for α-TIP andγ -TIP (G.-Y. JauhandJ.C. Rogers, un-
publisheddata).We have hypothesized that this may
occur as a cell makes a decision no longer to store
proteinsin PSVs[86]. It is likely thatacell wantingto
establish and maintain separatePSVsand LVs would
have to expressnotonly thespecific TIPs but also nu-
merousother proteinsthat would be responsible for
preventingfusion of thetwo typesof tonoplast as they
were synthesized, and it is unlikely that these other
proteinswould have beenexpressed in the transgenic
tobaccocellsthatwerestudied[41, 42].

Interestingly, transportof α-TIP to thetonoplast in
transgenictobaccocells was not preventedby treat-
ment with brefeldin A, underconditionswherethat
drugcompletelypreventedsorting of thestoragepro-

tein phytohemagglutininto the vacuolein the same
cells [25]. As brefeldin A exerts major effects by
abolishing forwardmovementfrom ER to Golgi [30,
105], this finding indicatesthat α-TIP may follow a
path directly from ER to tonoplast without passing
throughthe Golgi. The ability of the C-terminalcy-
toplasmic tail of α-TIP to prevent movement from
ER to Golgi hasbeendocumentedin anothersystem
[52]. A chimericproteinconsistingof a mutatedform
of proaleurainlackinga functionalssVSD was fused
to the transmembranedomainand cytoplasmic tail of
the VSR proteinBP-80. When expressedin tobacco
suspension cultureprotoplasts, the BP-80 transmem-
branedomain/cytoplasmictail directed the reporter
to the lytic prevacuolewherethe proaleurainmoiety
was processedto mature form. Substitution of the
α-TIP C-terminalcytoplasmictail, or the C-terminal
transmembranedomainplus cytoplasmic tail, for the
correspondingBP-80sequencespreventedbothtransit
throughtheGolgi andtraffic to thesite of proaleurain
processing[52]. Thus, theα-TIP cytoplasmictail may
be recognizedby cytoplasmic proteinsthat act to ex-
clude the protein from vesiclestrafficking from ER
to Golgi, and possiblymay direct it into a pathway
leadingto tonoplast. It will be of considerableinter-
est to characterizefurther the molecularmechanisms
and pathways usedby different TIPs to reachtheir
tonoplast destinations.

The plant vacuolar system

Thecomplexity of whatreasonablycanbeconsidered
a vacuolarsystemin plant cells, a systemof sepa-
ratebut interactingorganellesnot found in yeast and
animal cells, offers a rich field of future work for
plant cell biologists. Initial progressis likely to de-
penduponbiochemicalapproachesusing plant cells,
becausemoleculargeneticsapproachesusing prece-
dentsfrom yeast or animal systemsmay be difficult
to interpret.For example,plant homologuesof yeast
proteinsinvolvedin traffic to thevacuolecannotnec-
essarilybeassumedto participateexclusively in Golgi
to LV traffic. Theplantsystemis likely to providenew
insights into organellebiogenesis and protein traffic
that will be a substantialcontribution to the general
field of cell biology. Several examplescan be of-
fered. The mechanismsof sorting proteins into the
densevesiclepathway leadingto PSVs,andthemole-
cular compositionof densevesicle membranesand
coatproteinsshould provide novel information.The
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plantVSRproteinsarewithoutyeast or animalhomo-
logues, andtheir ligandbindingpreferencesandthree
dimensionalmolecularstructurewill be of consider-
able interest.The mechanismsby which plant cells
make and maintain separatetypesof vacuoles,and
the mechanismsand reasonsfor merger of different
vacuoletypesshould contribute fundamentalknowl-
edgeof processes involved in regulating ‘homotypic
fusion’ [79]. We look forwardwith excitementto the
next decadein plantcell biology.
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