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Abstract

The tomatolat52 geneencodesn essential cysteine-rich protein preferentaly transribedin the vegettive cel
during pollen maturation. Detailedanalysesof the idertity, organization and role of cis-regulatory element in
controlling the precisedevelopmertal and tissie-sgecific expressiam of lat52 during pollen developmentwere
performed.Analyss of a series of 5 promoterdeletion mutantsstably introducedinto tobaccodemonstrated
differertial developmental actvation of deletion mutarts during pollen development. All majar cis-regulatory
elemers required for pollen-specific trarscription were locatedwithin the upstreamregion —492to —52. This
region was shown to comprisethreeindependenéctivator domainsA, B and C, eachsufficientto activate the
minimalCaMV 35Spromotrin apollen-gecific manner5' deletion andgain of function approachesvere ussdto
show thatdoman A andtheprevioudy definedmotif PBIl (sub-domai B1) werelargely redundanin the presence
of downstreamsequencesn matre pollen. Within doman B two novel pollen-gpecific sub-domansB2 andB3were
idenified.Within domah C, theacivity of the PBI motf (sub-domain C1) was shown to bestrictly dependentipon
adowngream20bp pollen-gecificactivator unit —72to —52 (sub-domain C2), containingtwo novel co-dependent
regulatary elemenis AGAAA and TCCACCATA. Theseresluts demonstratethat transcriptional activation of lat52
is controlled by a complex of pollen-specific cis-regulatory elemens which cooperat to achieve maximum|evels
of geneexpresionthroughoupollenmaturation Alternative modelsof theinteractiorof identifiedcis-regulatory
elemerts with putative transacting factas within the lat52 promoter and their developmertal utilization are
presented.

I ntr oduction is important to functionaly define the cis-regulatory

elemensregponsblefor coordinae andspeciic aciv-

Thepathway of pollenmaturationprovidesan access-
ible andwell characterisedystemin which to study
thetissue-specifi@and developmentaktontrol of gene
expresion. At maurity the pollen grain conainsabout
20000uniquetrangripts of which 2000areestimated
to be specificallyor preferentiallyexpressedn pol-
len [25, 39, 40]. The similar expresion paternsof a
numberof thes ‘late pollen genes$ suggess a com-
monmechanisnof regulationsincetranscriptsappear
at pollen mitosis | and accumulatein the maturing
pollen grain up to arthesis[30]. In order to further
dissectthe pathway of late pollen gere regulation it

ation in the developing pollen grain. One of the mog
well undersoodlate pollen genesn termsof its regu-
latory propertiesis the late arther tomatq lat52 gene
[18], which shows significant homobgy to cDNAs
isolatedfrom maize[12], rice [42], sorghum[22], lilac
[1] and olive [17]. Thelat52 geneencodesn abund-
art cysteine-rich protein which is distartly relatedto
Kunitz trypsin inhibitor family [19]. The lat52 homo-
loguein olive encodeghe major pollen allergen,OLE
El, which is localised to the endophsanic reticulum
[24] and accouns for ca. 1% of total dry mas of
matre pollen [38]. An essential gamebphyicrolefor
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the LAT52proteinin pollen hydraion andtubegrowth
hasbeendemonstratedby antisense-mediatedbwn-
regulatonintomab [20].

Previous studies of naive lat52 mRNA expres
sion in tomato demonstrated an essetially pollen-
specific expressio pattern with only low levels of
transcriptsdetectablein the anther wall [37] andin
petls [18]. During gamebphyke developmentlat52
trangripts werefirst detectable in sporesundegoing
pollen mitosis I, leadng to a substartial increasein
mature pollen [18]. The specifficity of transription-
al activationwasfurtherdemonstratedincethelat52
5'-flanking region (—492to +110)was shown to dir-
ectpollen-specificGUSactivity in tomato tobaccand
Arabidopss[35] andpollen-specific cel ablationwhen
linked to the cytotoxic diphtheria toxin A chain [31].
Furthermorethedevelopmentahccumulatiorof GUS
actvity in pollen of trarsgenic plants closelyreflected
theaccumulatiorof the native lat52 trangript [33, 6].

Sequenceanalysis of thelat52 promotr, ledto the
idertification of the reiteratedPB core motif TGTG-
GTT, (PBI, Il and lll) whichis closely relatedto the
rbcS-3ABox Il cis-regulatory element[9, 16]. Ana-
lysisof lat52 5' promoter deletion mutarts in tomato
ledto theidertification of two pollen-specificactivatar
regions —492to —125 (contining PBIIl and PBII)
and—124to —72 (contining PBI). Thisanaysisalso
defined the minimal proximal promater sufficient to
directpollen-specffic expresion asthe region —71to
+110.Furthergain of funcion analyses demonsrated
thatboth PBII (—194to —176)[36] andthe30bpprox-
imal promoerregion (—84to —55)[7] weresufficient
to directpollen-gpecific expresion.

Here the realts of experimens desgnedto fur-
ther elucidatethe precisesequenceandorganization
of cis-regulatory elemens requred for the develop-
mentaland cell-specificregulation of the lat52 gene
aredescribed Analysesof promoterdeletionmutants
demonstrated a differertial utilization of regulatay
domansduring pollen development Threeindepend-
entpollen-gpecffic acivator domansandfuncionaly
redundansequencesveredefined.Minimal sequences
sufiicientfor pollen-specifiexpressiorwerelocalised
toanovel bipartite20 bp sequence. Therestts aredis-
cussed in relation to workingmodesk of the interacton
of regulatory modulesinvolvedin the control of gene
expresionduring pollen development

M aterials and methods
Plasmid congructions

Condruction of plasmids containing the lat52 pro-
moter 5 deletion mutarts (—492 to +110, —100
to +110, —71 to +110 and —41 to +110) fused
to the Escherichia coli 8-glucuronda® gene uidA
(gus andthe nopalne syntha® 3’ region (nos3') have
beendegribed previoudy [36]. The lat52-gusnos3’
fusions were excised as Sal/EccoRl fragmentsand
clonedinto the binary vecor pBIN19 [3]. lat52 pro-
moter5’ deletion mutarts (—492,—225,—145,—-100,
—71, —41 and —17) fused to the lucifera® coding
region (luc) [21] and the CaMV 35S 3’ terminatar
region (C3) [27] were creaed by subcloning lat52
promotr regionsfrom lat52-gusnos3’ cassette$36]

asSal/Ncol fragmertsinto apromoterlesduc-c3 cas-
settein pBluescrig KS™ (Stratagene)Thelat52 pro-
moterregions —194to +110and—176to +110were
ampified from the template pNBL52-5[2] usng the
polymerasechain reaction (PCR)in conjunction with

specifics’ oligonuckotidescontining a Kpnl site at
therelevant5’ bordersequenceof thelat52 promoer
anda 3’ oligonuckotide complemenéry to the non-
sensestrandof luc. Thegeneragd PCR productwere
digested with Kpnl/Ncol and clonedinto the above
luc-c3 cassetteThe lat52 promoer5’ deletion +1 to
+110was creatd by subcloning the lat52 5'-utr-luc-
c3 cassettefrom pNBL52-27 [2] as a Xhd/Hindlll

fragmentinto pBluesript KSt.

Plasmid usedfor the substitution mutational ana-
lysis of theregion —100to —42 of the lat52 promotr
werecreatedasfollows. The 2 bp seriesof substitution
mutants throughoutPBI wereintroducedusng PCR
anddegenerag oligonuckotides Theampifiedregion
—100to +110continingtheintroduced bp mutation
was doned as aKpnl/Ncol fragmentinto the luc-c3
cassetteThe block substitution mutarts of the region
—84to —42 werecreatedby amplifying the promoter
region downstreanof the desiredmutation using PCR.
This fragmentwasthenclonedinto a luc-c3 cassette
asa Sal/Nool fragment The upgreamregion of the
desiredmutation was then amplified using PCR and
clonedinto the Sal site.

Hybrid CaMV 35Slat52mutantswerecongructed
by ampifyingthe duplicaedCaMV 35Sregion(—418
to —90/-418to —78) from the plasmid pRTL2LUC
[29] usng PCR. The duplicaked CaMV 35S enhan-
cerregionwas cloneddirecly updreamof the appro-
priate l[at52 5' promoger dektion mutantluc-c3 cas-



setteasa Kpnl/Sal fragment For the gain of function
aralysis the minimal CaMV 35S TEV-LUC-C3 cas-
settes werefirst creaked. The region contining —45
to +1 CaMV 35STEV 5-UTR was PCR-amplified
from pRTL2LUC and clonedinto a promoerless luc-
c3 cassetteas a Kpnl/Ncol fragmentto give the
plasnmid pNBC-45 LUC. The region containing —90
to +1 CaMV 35STEV 5-UTR was amplified from
pRTL2LUC usingPCR andclonedinto pNBC-45LUC
asa Sal/Nool fragmentto give the plasnid pNBC-90
LUC. Hybrid lat52-CaMV 35Spromotrfusionswere
thencongructed by synthessingfragmensof thelat52
promoter as before, thee were clonedas Kpnl/Sal
fragmensdirecly upgreamof —90CaMV 35Sluc or
—45CaMV 35Sluc.

All PCR fragmentswere entirely sequencedand
nomutationswere foundexceptfor thoseintenionaly
introducedwithin primer seqiences.

Microprojectile bombardment

Equal amountsof supercoiledteg plasmid with the
appropriate refererce plasmid were co-preciptated
onto tunggen particles and bombardednto Nicotiana
tabacumcv. Samsun pollen or leaves essenially as
desribedby Twell et al. [34]. Pollen wasincubagd
for 16 h on sdid germination medum [28] prior to
protein extraction. The referenceplasmidsusedfor
pollen and leaves were pLAT52-7 (lat52-gusnos3’)
[33] andpRTL2GUS (CaMV 35%'-TEV-gusCaMV
3533) [5] respectiely.

Planttrandormation

Binaryvectorsweretranderreddirectly into Agrobac-
terium tumefeaiers strain LBA4404 (pAL4404)[35].
Tobaccoleaf discsweretransformedwith A. tumefa
ciensasprevioudy desribed[6]. Shoos wererooted
on solid MS30 medum contining 50 mg/ kanamy-
cin, tranderredto soil and grown to maturity under
greenhousconditions

Trangent reporter geneexpression assays

Thes were performedas previoudy de<ribed[36].
Luciferaseactiity was measuredastotal light emis-
sion in 10 s after addition of D-luciferin using a Ber
thold Clinilumatluminometer GUSactwity wasmeas-
ured as the changein fluorescenceof the reaction
product4-methylumbelliferoné4-MU), perhour; this
was measureat anexcitationof 365nmandan emis-
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sion of 455 nm usng the Perkin Elmerluminesence
spectrometelt S50.Test promoteractivity was derived
from aratio of LUC to GUS activity and normalised
to a control plasmid. Two independengxperimens
were performedrepregning six independenbom-
bardment$or eachplasmid.

Histochemicd localisation of GUSactivity

Tissue sampkswereincubaed at roomtemperatirein
the presenceof 1 mM X-gluc and0.5 mM potassium
ferricyanidefor 2 to 16 h.

Fluorometric quantfication of GUS activity

GUSactvity was measuredsdescribedibove except
plant tissue sampkswere groundusng a pedle and
mortar in the preseme of GUS extraction buffer
for 1 min. The specific activity of GUS in each
samplewas thencalculatedss pmol 4-MU formedper
minute per mg total protein. Protein concertration in
plantextractswasdeterminedisingBradfordreagent
(BioRad) accordingo themanufcturersinstructions.

Results

The minimal promater proxima unit sufficient for
pollen-specific expression of lat52 resides within the
region—41to +110

Previousanaysis definedthe minimal promoger prox-
imal unit sufficient for pollen-gpecfific geneexpresion
in transgenc tomatoasthe region —71to +110[36].
Using thehialistic trarsiert expressiam systemthis was
further delimited to theregion —41to +110[36]. To
confirm the significanceof thes findingsin trangenic
plant andfurther define upgreamregulatory domans
a sriesof 5' promoter deketion mutans linked to gus
wereintroducednto tobaccoTwelveto fourteerinde-
pendentransgenidinesweregeneratedor eachcon-
struct and GUS activity was determinedin extracts
preparedrom maturepollen,leavesandT, seedlings.
GUSactivity was also determinedn extractsprepared
from ten independenCaMV 35Sgustrangormans
and a similar numberof untrandormed plant (Fig-
urelA).

In pollen, deletion of thelat52promoterfrom —492
to —100decrease@USactivity 14-fold,deletionfrom
—100to —71decreasedctiity afurtherl5-foldwhile
removal of 30 bp from —71to —41 led to afurther 3-



862

A) Transgenic analysis

. 321,538 B pollen
10 3 £l leaves
—_ O seedlings
c
©
3 2582 .5548
z2 $
2 E
Bc
oE
53
(o=
<
2
€
a

Deletion end -492 -100 -71 41
point (bp)

Relative activity (%)| 100 | 7.1 | 046 | 0.14 | 0.002 | 0.002
(pollen)

B) Transient analysis

Delstion end 492 | -100 71 -4 17 +1
point {bp)

Relative activity (%)| 109117 | 4018 | 1312 | 812 | 120.3 |1.3:0.2
{pollen)

Figure 1. A. Anadysis of lat52 5 promoter deletion mutantsin

trangenictobaccaoplants Thescatterhistograms show GUS actit-

iesdeteminedin pollen,leavesandT, seedlingsof trangyenicplants
harbouringeither lat52 5' promoter deletionmutantgus or CaMV
35Sgusfusions Also shown arescatterhistograns for GUS actiit-

iesdeteminedin pollen,leavesandT; seedlingsof non-trangormed

plants Eachsymbol repregntsthevaluederived from theanalyss of
asingleindependertrangienicplant,with themeanvaluesindicated
by a shadedbox. The datasummarized belov repregnts the relat-
ive actiity (%) in pollen determinedfrom the meanGUS actwities
for eachlat52 5 promoter deletionmutantgus or CaMV 35Sgus
fusion andfor untrangormed plants B. Transent expresion ana-
lysis of lat52 5 promoter deletionmutantsin pollen. The actiities
of te¢ plagmids containinglat524uc-C3 fusionsareshown relative
to theactity of thelamges 5 deletionmutant(—492to +110).

fold drop in actiity, whichwas still ca. 75-fold above
thatof the CaMV 35S gusanduntrangormedcontols.
In leavesand seedingslow levelsof GUSactivity were
detectable, but hissochemealanalysisdid notreault in
visible staining, sugges$ing thatlow level sporophytc
expressiom was dispersedratherthanlocalisedto afew
specific cell types In plans harbourhg the shortest
(—41)lat52 deletion, deriving the ratio of meanGUS
actvity in pollen versis seedings or leaves demon-
strated preferental expresion in pollen by 12- and
38-fold regecively. Therefore the shortest promoer
proximalregion sufficient to directpreferenial expres
sion in pollen wasdefinedasthe region —41to +110.
To independeiy confrm the funcion of the
updream acivator regions and delimit functional
seqienceswithin theminimal promoterregion, 5' dele-
tion mutarts were linked to the luciferase(luc) gene
[21] andtransently expresed in pollen (Figure 1B).
Deletion from —492to —100 decreasedUC activ-
ity by 2.5-fold, deletion from —100to —71 decreased

activity afurther3-fold anddeletionfrom —71to —41
decreaseactivity a furtherl.5-fold. Furtherdeletion
to —17,removingthefirst putative TATA boxled to an
8-fold decreaseén activity, but deletion to +1, which
removed a secondputative TATA box did not lead
to a furtherdecreasen actiity. Thesedataconfirm
the funcion of three upgreamacivator regionsand
demonsrate that the TATA proximal region —41 to
—18isesentia for expresionin pollen.

On the strength of these data the lat52 promoter
wasdividedinto four functional units:amajor activatar
region —492to —101(93%of total acivity), aminor
actvator region —100to —72 (6.7% of total actvity)
andtwo minimal actvator regions—71to —42(0.3%
of total actvity) and —41 to +110 (0.14% of total
actuity).

Ectopic activation of lat52 promoter deletion mutants
by a heterologousenhancer

To investigatewhetherthe observed low level of sporo-
phytic expresion (Figure 1A) was the reallt of gen-
omic position effectsor to weakconstitutivelat52 pro-
moter activity, two setsof constructs weretrarsiertly
expresed in leaves. Thefirst conssted of lat525' pro-
moter deletion mutarts —100, —71, —41 and —17,
whilst thesecondcongsted of aduplicaedCaMV 35S
enhanceregioninsertedupstreanof eachat525’ pro-
moter deletion.

The —100, —71 and —41 promoter deltions
erhanced LUC activity 4- to 5-fold above the TATA-
less—17 control (Figure 2). Addition of theCaMV 35S
enhancestimulated LUC acivity 20-33-foll, but the
relative differenceshetweeneachdeletionremained
approximatelythe same. Theseresultsconfirm weak
trangriptional acivation in leaves, and sugges that
nostrongsporophyticrepresor elementgesde within
the region —100to +110. Thes reailts further sug-
geg that TATA proximal sequencen the region —41
to —18 do not preferenitally function in pollen, since
deletion of this region reducedLUC actity to asim-
ilar degreein both leaves and pollen (Figure1B).

Differential utilization of lat52 acfivator regions
during pollen developnent

To investigatethe developmentalutilization of each
upstreamactivator region the accumulationof GUS
actiity in developing pollen was analyzed in three
trangeniclines harbouringeachlat52 promoer dele-
tion mutart. Since negligible levels of GUS actiity
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Figure2. Transentexpresionanalyss of lat525' promoterdeletion
mutantsin leaves. Relative actvities of teg plasmids werenormal-
isedto theactvity of thelat525’ deletionmutant,—100to +110.

were detectalbe in the anther wall [35], GUS activity
was determinedn extractsof anthersatprecisedevel-
opmendl stagesdefinedby bud length [32].

Plans harbourng —492lat52-gusshowed a sharp
increasen GUS actwity in anthersfrom ca. 16 mm
buds(pollen-mitoss 1), with a continuousrapidaccu-
mulation during pollen maturation (Figure 3). Plarts
harbourng —100lat52-gusshavedasharpincreasen
GUSactuity only at alaterstagein pollen development
(budlengthca.30 mm)with asimilar rapidaccumula-
tion during maturaion. In contad, plants harbourihg
—71 lat52gus shaved a steadyincreasein activity
throughoutpollen development No differencesvere
detectedn thetiming of GUSactivation betweerplarts
harbourngthe—71or —41lat52-gusfusions(da@not
shown). Thes analsesdemongratethatthelat52 pro-
moteris regulatedby at leasttwo stage-specifiactiv-
ator regions—492to —101and —100to —72 during
pollen development

The threeupdreamdorrainsof the lat52 promoter are
ead sufficientto activate a heterologouscore
pronoter in a pollen-gecific manner

Thereaults preenid in Figuresl and 2 strongly sug-
geg that all sequencesontibuting to pollen-gecffic
transcriptional control resice within the region —492
to —42. Therefore,this region was sub-divided into
threedomans doman A (—492to —226)doman B
(—225to —101)anddomahn C (—100to —52) (Fig-
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Figure 3. Developnental regulation of the —492, —100and —71
lat52 5 promoter deletionmutantsin trangenic tobacco.The GUS
actwities in extracts preparedfrom anthersisolated from buds of
differentlengthare shown for: threeindividual lines harbouringthe
lat52 5" promoter deletion —492to +110-gusnos3’ fusion (black
lineg), threeindividual lines harbouringthelat52 5" promoter dele-
tion —100to +110gusnos3’ fusion (short dashedlines) and three
individual lines harbouringthe lat52 5" pronoter deletion —71 to
+110-gusnos3’ (longdasedlines).

ured). To investigate their individualand combiator-
ial actvities single, mutually exclusive domain pairs
andall threelinked domanswere clonedupgsreamof
the —90CaMV 35Spromotr ardtrarsiently expressed
in pollen and leaves(Figureb). In leavesdomansA,
B or Cindividualy or in combhaton did notenhance
—90 CaMV 35S However, in pollen domans A, B
andC wereeachsuficientto actvate—90 CaMV 35S
by 6-fold, 4-fold and 11-fold regectively. Enhance-
mentby domansA+B wasapproximatly addtive (8-
fold), whereaglomainsB+C synergistically enhanced
activity to alevel (26-fold) similar to that of domains
A+B+C together (24-fold). Thes analyses demon-
stratethat domainsA, B or C are eachsuficientto
enhancéranription in a pollen-gecific mannerand
sugges that cooperait/e interacions occur between
domansB and C and that the acivity of doman A is
redundantn the presenceof domansB+C in mature
pollen.
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Figure 5. Activation of the —90 CaMV 35S core pronmoter by
lat52 promoter fragments The relative actvities of ted plasmids
containingchimaeiic lat52/—90 CaMV 35S{uc-C3 genefusions
were deternined in pollen and leaves in the trangent expresion
assay. The fold enhancerent of eachted plasnid was calculated
from the ratio of LUC/GUS normelised to that of the —90 CaMV
35S4uc-C3 control.

Dissectia of domain B reveds two pollen-specific
activator sub-donains B2 andB3

A gainof function assaywasusedto determinetheloc-
ation of regulatary elemertswithin domainB. Domain
B promoterfragmentswere fused to the —90 CaMV
35Spromoer andtransently expresed in pollen and
leaves. Domain B enhanced-90 CaMV 35S aciiv-
ity aboutd-fold in a pollen-gpecific mannerProgres-
ive 5 deletionsfrom —225to —176 (deletingPBII)
and targeted mutation of PBII did not significanty
affect pollen-specificenhancementhut furtherdele-
tion to —145 reducedenhancementb 2.5-fold (Fig-
ure 6A). Thee dai define two newv novel pollen-
specfific sub-domans B2 (—176 to —146) and B3
(—145to —101)andshow thatPBII is not utilized in
the presenceof thee downstreamsequencesTo inde-
penderlty confirm an acive role for thee sequences
eachregion was progressiely removed from the nat-
ive promoter. While deletion of domain A, or domain
B1did notsignificanty reducgoromoter acivity, dele-
tion of domainsB2 and B3 progressiely decreased
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Oleaves

B)
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Figure6. A. Targetedmutageneis of thecis-regulatoryelement PBII
and5’ deletionanalyds of thelat52 promoterdomain B. Therelative
actiities of teg plagmids containing chimaeric lat52/—90 CaMV
35S4uc-C3 genefusionsweredeternined in pollen and leavesin
the trandent expression assay. The fold enhancerent of eachted
plagnid was calculatedfrom the ratio of LUC/GUS normdlised to
thatof the —90 CaMV 35S4{uc-C3 control.B. Transentexpresion
analyss of lats52 5’ pronoter deletion mutants Relative activities
of tes plasnids containinglat524uc-C3 fusions were calculated
from aratio of LUC:GUS normalisedto theactvity of thelargeg 5
deletionmutant(—492to +110).

promotr acivity (Figure6B). This confirmsan acive
role for the sub-domans B2 andB3 and furtherhigh-
lightsthefunctionalredundang of domansA and B1
whenlinked to downstreansequences.

Mutationalanalyss of the cis-regulatory element PBI

Domain C contains the sequencemotif PBI (TGTG-
GTT) flankedby AT-richsequencesT TATTGTGGTTAT
[33] suchthatthe 3’ half differsby only 1 bp from
the box Il matif (GGTTAA) of the light reponsve
rbcS-3Agene [9]. To investigate whether the same
sequencemotifs operak asin box I, a series of 2 bp
scannhg mutationsthroughthe PBI region were tran-
siertly expressedn pollen (Figure 7A). Mutation of
thecentralGG residuesf PBI reducedexpressiorca.
10-fold, while mutation of the 5'-adjacentsT residues
resilted in a 2-fold reducton. In contag, mutation of
the flanking pairs of nucleotidesresulted in a2—3-fold
stimuation in actiity. Thus, PBI consistsof a GTGG
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Figure 7. A. A 2 bp linker scan analyss of the pollen-gecific

cis-regulatory element PBI. Test plagnids containingsingle 2 bp
linker scan mutations throughoutthe region —99 to —88 of the
—100to +110lat525" promoterdeletiontuc-C3 genefusionwere
co-bonbardedinto pollen. Relative actvities of tes plasmids con-
taining mutantlat524uc-C3 fusionswere calculated from aratio of

LUC:GUS normdlisedto theactity of thewild type —100to +100
lat52 5’ pronoter deletiontuc-C3 genefusion. B. Targetedsubdi-

tution mutageneis of domain C of thelat52 pronoter Ted plasmids
containingsingleblock subditution mutationsthroughoutheregion

—84to —42 of the —100to +110lat52 5’ promoter deletiontuc-

C3 genefusion were co-bonbardedinto pollen. Relative activities
of teg plasnids containingmutant lat524uc-C3 fusionswere cal-

culatedfrom aratio of LUC:GUS nornelised to the actvity of the
wild-type —100to +110lat52 5 pronoter deletiontuc-C3 gene
fusion.

core matif, required for wild-type levels of actiity,
flanked on either side by TTAT motfs which negat
ively affect expresion. Given that box Il mutations
which prevent GT-1 binding in vitro arealso likely to
reducexpresionin vivo[8, 23],thesresiltshighlight
adifferentfunctionalcoresequencéor PBI. Theonly
functional similarity is the negative effectof mutating
thetwo certral GGresidues; mutationseither sidegave
differentreailts for both elemens.
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Theregion —84to —41 coninstwo novel
cisregulatory sequences

To further define pollen-gpecffic regulatory elemens
within domain C substitution mutations (SM1 to 7)
wereintroducedhroughoutheregion —84to —42and
their actities assayd in pollen (Figure 7B). Substi-
tution mutantsSM1, 2, 3, and5 decreasedxpression
by 2-fold or lesscomparedwith the wild-type (—100)
promotr, whereasSM7 dightly increagdexpresion.
Themostdramaticeffectswereobsened for SM4 and
SM6 whichdecreasegromoteractvity by 10-and4-
fold respectiely. Theseanalyseglefinethelocationof
two novel positiveregulatary sequenceswithin domain
C,AGAAA (—72to —68) and TCCACCATA (—60to
—52), both of which areflanked by sequencesvhich
positively influence promoteractivity albeit to alesser
extent.

Domain C activatesthe minimal CaMV 35S promoter
independentf distance

The activating properties of domain C were further
investigated by placing it upgreamof —45 and —90
CaMV 35S, dlowing it to be testedn its original pos-
ition with resgect to the TATA box and at 4.5 turns
of the DNA helix further upgreamregecively. To
confirm the funcion of PBI in this conext two oth-
erwiseidentical constructs were testedin which PBI
was mutated (GTGG to TACA; Figure 7A). Doman
C similarly activatedboth —45 and —90 CaMV 35S
in a pollen-gecific manner(Figure 8A), demonsrat-
ing thatit is similarly funcionalwhenmoved 45 bp
upstream. Since mutation of PBI in this context
reduced,but did not aboish acivaton, thes reailts
further sugges independentunction of downsream
seqienceswithin domain C (Figure 7B).

Theregion —71to —52within domain C definesa
minimal pollen-specffic funcional unit

To define the minimal independenfunctional units
within domain C, mutart derivativeswerefusedto the
—45 CaMV 35S promoterin a gain of funcion assay
(Figure8B). Doman C enhancedcivity by 11.5-fod
in a pollen-specific manner Although5’ deletion of
PBI from domainC decrease@nhancement frag-
mentcontining PBl (—100to —72; sub-domai C1)
failed to activate —45 or —90 CaMV 35S (Figure8B
and data not shavn). Deletion of domainC to —71
had no further effect, but delketion to —61 (remaoving
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Figure 8. A. Pollen-specific activation of the —45 and—90 CaMV
35S core pronotershy lat52 promoter domain C. lat52 pronmoter
fragmentscontainingdomain C (—100to —52) or domain C with

the cis-regulatoly element PBI mutated (black cross) were fused

upgreamof the —45 and—90 CaMV 35Sminimal promoters The
relative actvities of ted plasmids containingchimaericlat52/—45-
or lat52/—90 CaMV 35S4uc-C3 genefusions were deternined
in pollen and leaves in the trandent expresion assay. The fold

enhancerent of eachted plasnid was calculatedfrom theratio of
LUC/GUSnormalisedtothatof the—45CaMV 35S4uc-C3 control.
B. Activation of the —45 CaMV 35S core pronoter by proximal

lat52 pronoter fragments The relative actvities of tes plasmids
containingchimaeiic lat52/—45 CaMV 35S{uc-C3 genefusions
were deternined in pollen and leaves in the trangent expresion
assay. The fold enhancerant of eachtes plagnid was calculated
from the ratio of LUC/GUS normalised to that of the —45 CaMV
35S4uc-C3 control.

AGAAA) aholished enhancemen. Targetedmutation
of TCCACCATA within thefragment —71to —52also
abolishedenhancementThesedata demonstratehat
PBI (sub-doman C1) function is dependenton the
preserme of the GAAA ard/or TCCACCATA matifs
(sub-doman C2), and that these motifs funcion in a
co-dependentmanner Thus the minimal funcional
pollen-specific unit within domain C is defined asthe
20bp sequence GAAATAATAGCTCCACCATA (—71
to —52; sub-doman C2), containing the underined
bipartite regulatary sequences.

Discussim

This amalysis of the identity, organzation and role
of cis-regulatary sequenceswithin the lat52 promoter
provides new ingght into the modular organizaion
anddevelopmentategulationof apollen-specifidran-
scrigtion unit.

Pollen-specific trancriptional regulatory elements
resideupgreamof —41

In trarsgenic plartsupstreamdomairs A+B+C (—492
to —42) togeher accoungd for 99.9% of the aciv-
ity of the lat52 promotr in pollen. However, the
TATA proximaldoman —41to +110,which includes
the entire 5'-UTR (+1 to +110), was till preferen-
tially expresed in pollen by 10-40-fol compared
with vegetatve tissues Two linesof evidencesugges
that this preferenital expresion is largely accounéd
for by atrarslational mecharism. First, the lat52 5'-
UTR has previoudy beenshown to contain a strong
pollen-specifidranslationaknhancemwhich increases
trandational yield ca. 13-fold [2], and second,dele-
tion of TATA proximal sequenceg—41to —18) led
to a similar decreaseén promaoter activity in both pol-
len andleaves suggesing thatthes sequencesrenot
sufficient to support differental trangription. Thus
pollen-gecific trangriptionalregulatory elemens are
locatedexclusively within the upstreamregion —492
to —42.

Differential utilization andfunctionalredundancyof
lat52 updreamactivator domainsduring pollen
development

Transgenicanalysisdemonstratedhat during early
pollen developmentdomans A+B togeher strongly
enhancedromotr acivity, whereasdoman C was
only minimally active. In contrast, during mid to
late pollen developmentall three domans strongly
enhancedoromotr acivity. Thes dat sugges that
lat52 is trarscriptionaly regulatedin a bi-phasic man
ner with domains A and B functioning during early
development and domain C being utilised only at later
stagesof pollen developmert. However, in matue pol-
len domah A appearso be redundantn the presence
of downstreamsequencesincedomans B2, B3 and
C togeher accountfor mog of the promogr acivity.
Similarly, PBIl aloneactivated—90 CaMV 35S spe-
cifically in pollen [36], but showedredundang in the
preenceof downstreamsequencesThe independent



function of al three domains in matue pollen and
the differertial utilisation of domains A/B and C dur-
ing developmentndicateghatfactorswhichbind A/B
arepreent throughoutwhereadactorsbinding with-
in doman C only appearduring mid to late stagesof
pollen development

Organization of regulatory elements within donmain B

Although PBII appearsto be redundantin mature

pollen, other pollen-gecific regulatory element are

functional within sub-domains B2 and B3. Thesesub-

domansareextremely AT-rich andcontain no known

pollen-specific regulatary sequenceswith the excep

tion of a TCAC matif which is a reverse copy of the

core pollen-gecific 5659 box [36]. However, this

moatif is unlikely to be functional since deletion of

the TC nuclectideshad little effecton lat52 promoer

acivity [36]. Sub-doman B2 is 97%A~+T and could

therefae contain binding sitesfor high mobility group

protein1 (HMG 1)-like proteins. HMG1 erhancesthe

sequence-specifidNA bindingactiity andtranscrip-
tional acivation by the humanHOXD9 protein [41].

HMG1-like proteins have beenshown to hind to AT-

rich regionsin soybeannodulin promoters[14]. Such

factasbinding within sub-domain B2 could stimulate
thebinding of pollen-specifiactivatorsto theadjacent
sub-domai B3.

Regulatory elements within domain C

Gain-of-function experimens defineddomai C asan
independernnhovablefunctionalunit sufficient todirect
pollen-specific trangription. Thes data confirm sm-
ilar findingsby Eyal etal. [7], but in our experimens
enhancememnwasat least100-foldlower. This appar
ent differerce in activation potertial most likely arises
from theuse of pJO64 (—64 CaMV 35S-luciferaseas
the control plasmidby Eyal et al. which wasreported
to beinactive in pollen.

Within domainC theregion —100 to —72,contin-
ing PBI wasunabkto acivate CaMV 35Sin pollen. In
contag, PBIl (—194to —176)was previoudy shown
to activate CaMV 35S in a pollen-specificmanner
[36]. Thisindicateghatdespite their sequenceidentity
PBI and PBII arelikely to bind differert transcrigtion
facors It hasbeenpropogd that the rbcS-3Abox I
bindingprotein GT-1acoud bindto PBI sincemutation
of PBI tothatof aGT-1abindingsitedid notreducepro-
moater actiity in pollen [7]. However, pairwise muta-
tional analysisof PBI definedthe certral GG residues
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asthe only functional similarity betweenPBI and the
GT-1a hinding site (rbcS-3Aboxll). Although PBI is

unlikely to bind GT-1a,this doesnotrule outthe pos

sibility thatit couldbe recognigd by a closly related
facor. Indeed,GT-1-related RT-PCR producs were

detectedn tobaccopollen[7] and GT-1-like factors
extractedrom leaves have beenshown to interactwith

non light-regponsve promotersincludingthe tobacco
PR-1a[4] and the pollen-gpecific NTP303 promotrs
[13].

Targeted mutational analysis within domain C
led to the idertification of the novel regulatay ele-
merts GAAA and TCCACCATA, which together
with PBI form a strang pollen-specific transcrigtional
acfvator unit. Further gain of funcion and targeted
mutational analyses demmstrated that PBI/GAAA
and GAAA/TCCACCATA eachcould form pollen-
specificbut wealer activator units, but the combina-
tion PBI/TCCACCATA was inactive. These anayses
also demongrated that none of the three functional
sequencegould acivate CaMV 35Salone. Two mod-
elsfortheacion of putativetransription facorshind-
ing within domain C are presened in Figure 9. The
first model involves a facta binding at the GAAA
matif whichfacilitatesand stablisesthe binding of fur-
thertranscriptiorfactorso GTGG (PBl) andTCCAC-
CATA to contactTFIID andRNA polymeraseél (Fig-
ure 9A). The secondmodelinvolves facors binding
to GTGG ard TCCACCATA matifs which facilitate
and stahilize the binding of atrarscriptionfacta to the
GAAA matif (Figure 9B).

Identificationof consened pollen-specifigegulat-
ory elemertswithin other late-pllen promoterswould
sugges$acommonregulatory pathway of geneexpres
sion during pollen development Promoter anaysis of
the maizehomobgueof lat52,Zm13, showed thatthe
region —314 to +61 was sufficient to direct pollen-
specfific expresion [10] andthat the proximal region
—100to —54 was essential for pollen specficity [11].
The GAAA matif which is essetial for lat52 prox-
imal promoter activity occus twice in reverseorient-
ation within the Zm13 proximal region at postions
—93 and —74. The conserved position and extended
sequenceidentity (AGAAATAGT) with seqiencessur-
roundingthe GAAA motif within the lat52 promotr
(AGAAATAAT) suggess that the mog proximal of
the two Zm13 GAAA mudatifs islikely to be functional.
The GAAA matif is alsopresen within the proximal
promotr regionsof the rice homobgueof lat52, PS1
(GGAAATCCT) [42] andthe pollen-specifidobacco
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polygalacuronaggeneNpgl(AGAAACTCT) [26] at
postions—57 and—152respecitiely.

In summary data presnted in this paperand in
Bate etal. [2] have broadly definedthe expresionpat
ternof the tomatolat52 geneinto threepha®s during
pollen maturation (Figure 9C). The first transcription
phase(earlyto mid bicellular pollen) is regulatedby the
region —492to —101 (doman A+B) andthe second
transcription phase(mid to late bicellular) is regulated
by the region —101to —52 (doman C). A third phag
of developmendl control (late bicellular to maturepol-
len)isregulatedatthe level of trandation by theregion
+1to+110compreingthelat525'-UTR.
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