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Abstract

The tomatolat52 geneencodesan essential cysteine-rich protein preferentially transcribedin the vegetative cell
during pollen maturation. Detailedanalysesof the identity, organization and role of cis-regulatory elements in
controlling the precisedevelopmental and tissue-specific expression of lat52 during pollen developmentwere
performed.Analysis of a series of 50 promoterdeletionmutantsstably introducedinto tobaccodemonstrated
differential developmental activation of deletion mutants during pollen development. All major cis-regulatory
elements required for pollen-specific transcription were locatedwithin the upstreamregion �492 to �52. This
region was shown to comprisethreeindependentactivator domainsA, B and C, eachsufficient to activate the
minimalCaMV 35Spromoterin apollen-specificmanner. 50 deletionandgain of functionapproacheswereusedto
show thatdomain A andthepreviously definedmotif PBII (sub-domainB1) werelargely redundantin thepresence
of downstreamsequencesinmaturepollen.WithindomainB twonovel pollen-specificsub-domainsB2andB3were
identified.WithindomainC, theactivity of thePBI motif (sub-domainC1)wasshown tobestrictly dependentupon
adownstream20bppollen-specificactivatorunit�72to�52(sub-domainC2),containingtwo novel co-dependent
regulatory elementsAGAAA and TCCACCATA. Theseresults demonstratethat transcriptional activation of lat52
is controlled by a complex of pollen-specificcis-regulatory elements which cooperate to achievemaximumlevels
of geneexpression throughoutpollenmaturation.Alternativemodelsof theinteractionof identifiedcis-regulatory
elements with putative trans-acting factors within the lat52 promoter and their developmental utilization are
presented.

Intr oduction

Thepathwayof pollenmaturationprovidesan access-
ible andwell characterisedsystemin which to study
the tissue-specificanddevelopmentalcontrol of gene
expression.At maturity thepollengraincontainsabout
20000uniquetranscriptsof which2000areestimated
to be specificallyor preferentiallyexpressedin pol-
len [25, 39, 40]. Thesimilar expression patternsof a
numberof these ‘l ate pollen genes’ suggests a com-
monmechanismof regulationsincetranscriptsappear
at pollen mitosis I and accumulatein the maturing
pollen grain up to anthesis[30]. In order to further
dissectthe pathway of late pollen gene regulation it

is important to functionally define the cis-regulatory
elementsresponsiblefor coordinateandspecific activ-
ation in thedeveloping pollen grain. Oneof the most
well understoodlate pollen genesin termsof its regu-
latory properties is the lateanther tomato, lat52 gene
[18], which shows significant homology to cDNAs
isolatedfrommaize[12], rice[42],sorghum[22], lilac
[1] and olive [17]. The lat52 geneencodesan abund-
ant cysteine-rich protein which is distantly relatedto
Kunitz trypsin inhibitor family [19]. The lat52 homo-
loguein oliveencodesthemajor pollen allergen,OLE
EI, which is localised to the endoplasmic reticulum
[24] and accounts for ca. 1% of total dry mass of
maturepollen [38].An essential gametophytic rolefor
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theLAT52protein in pollenhydrationandtubegrowth
hasbeendemonstratedby antisense-mediateddown-
regulation in tomato [20].

Previous studies of native lat52 mRNA expres-
sion in tomato demonstrated an essentially pollen-
specific expression pattern with only low levels of
transcriptsdetectablein the anther wall [37] and in
petals [18]. During gametophyte developmentlat52
transcripts werefirst detectable in sporesundergoing
pollen mitosis I, leading to a substantial increasein
mature pollen [18]. The specificity of transcription-
al activationwasfurtherdemonstratedsincethe lat52
50-flanking region (�492to+110)was shown to dir-
ectpollen-specificGUSactivity in tomato,tobaccoand
Arabidopsis[35] andpollen-specificcell ablationwhen
linked to thecytotoxic diphtheria toxin A chain [31].
Furthermore,thedevelopmentalaccumulationof GUS
activity in pollen of transgenic plantscloselyreflected
theaccumulationof thenative lat52 transcript [33, 6].

Sequenceanalysisof thelat52promoter, ledto the
identification of the reiteratedPB core motif TGTG-
GTT, (PBI, II and III) which is closely relatedto the
rbcS-3ABox II cis-regulatory element [9, 16]. Ana-
lysis of lat52 50 promoter deletion mutants in tomato
ledto theidentification of two pollen-specificactivator
regions: �492 to �125 (containing PBIII andPBII)
and�124to�72(containingPBI). Thisanalysisalso
defined the minimal proximal promoter sufficient to
directpollen-specific expression asthe region�71 to
+110.Furthergain of function analysesdemonstrated
thatbothPBII (�194to�176)[36] andthe30bpprox-
imal promoterregion(�84to�55)[7] weresufficient
to directpollen-specific expression.

Here the results of experiments designedto fur-
therelucidatethe precisesequencesandorganization
of cis-regulatory elements required for the develop-
mentalandcell-specificregulationof the lat52 gene
aredescribed.Analysesof promoterdeletionmutants
demonstrated a differential utilization of regulatory
domainsduring pollen development. Threeindepend-
entpollen-specific activator domainsandfunctionally
redundantsequencesweredefined.Minimalsequences
sufficientfor pollen-specificexpressionwerelocalised
to anovel bipartite20 bp sequence.Theresults aredis-
cussed in relation to workingmodelsof theinteraction
of regulatory modulesinvolvedin the control of gene
expressionduring pollen development.

Materialsand methods

Plasmid constructions

Construction of plasmids containing the lat52 pro-
moter 50 deletion mutants (�492 to +110, �100
to +110, �71 to +110 and �41 to +110) fused
to the Escherichia coli �-glucuronidase gene uidA
(gus) and thenopalinesynthase30 region(nos30) have
beendescribedpreviously [36]. The lat52-gus-nos30

fusions were excised as SalI/EcoRI fragmentsand
clonedinto the binary vector pBIN19 [3]. lat52 pro-
moter50 deletion mutants(�492,�225,�145,�100,
�71, �41 and�17) fused to the luciferase coding
region (luc) [21] and the CaMV 35S 30 terminator
region (C30) [27] were created by subcloning lat52
promoter regionsfrom lat52-gus-nos30 cassettes[36]
asSalI/NcoI fragmentsintoapromoterlessluc-c30 cas-
settein pBluescript KS+ (Stratagene).The lat52 pro-
moter regions�194to+110and�176to+110were
amplified from the template pNBL52-5 [2] using the
polymerasechain reaction (PCR)in conjunction with
specific50 oligonucleotidescontaining a KpnI site at
therelevant50 bordersequenceof the lat52 promoter
and a 30 oligonucleotide complementary to the non-
sensestrandof luc. Thegenerated PCR productswere
digested with KpnI/NcoI and cloned into the above
luc-c30 cassette.The lat52promoter50 deletion+1 to
+110was createdby subcloning the lat52 50-utr-luc-
c30 cassettefrom pNBL52-27 [2] as a XhoI/HindIII
fragmentinto pBluescript KS+.

Plasmids usedfor the substitution mutational ana-
lysis of theregion�100to�42of the lat52promoter
werecreatedasfollows.The2 bp seriesof substitution
mutants throughoutPBI were introducedusing PCR
anddegenerateoligonucleotides. Theamplifiedregion
�100to+110containingtheintroduced2bpmutation
was cloned as aKpnI/NcoI fragmentinto the luc-c30

cassette.The block substitution mutants of the region
�84 to�42 werecreatedby amplifying thepromoter
regiondownstreamof thedesiredmutationusing PCR.
This fragmentwasthenclonedinto a luc-c30 cassette
asa SalI/NcoI fragment. The upstreamregion of the
desiredmutationwas then amplified using PCR and
clonedinto theSalI site.

HybridCaMV 35S-lat52mutantswereconstructed
by amplifyingtheduplicatedCaMV 35Sregion(�418
to �90/�418 to �78) from the plasmid pRTL2LUC
[29] using PCR. The duplicated CaMV 35S enhan-
cerregion was cloneddirectly upstreamof the appro-
priate lat52 50 promoter deletion mutant-luc-c30 cas-
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setteasaKpnI/SalI fragment. For thegain of function
analysis the minimal CaMV 35S-TEV-LUC-C30 cas-
settes werefirst created. The region containing�45
to +1 CaMV 35S-TEV 50-UTR was PCR-amplified
from pRTL2LUC and clonedinto a promoterless luc-
c30 cassetteas a KpnI/NcoI fragment to give the
plasmid pNBC-45 LUC. The region containing�90
to +1 CaMV 35S-TEV 50-UTR was amplified from
pRTL2LUCusingPCRandclonedintopNBC-45LUC
asa SalI/NcoI fragmentto give theplasmid pNBC-90
LUC. Hybrid lat52-CaMV 35Spromoterfusionswere
thenconstructedby synthesisingfragmentsof thelat52
promoter as before, these were clonedas KpnI/SalI
fragmentsdirectly upstreamof�90CaMV 35S-luc or
�45CaMV35S-luc.

All PCR fragmentswere entirely sequencedand
nomutationswerefoundexceptfor thoseintentionally
introducedwithin primersequences.

Microprojectilebombardment

Equal amountsof supercoiledtest plasmid with the
appropriate reference plasmid were co-precipitated
onto tungsten particlesand bombardedinto Nicotiana
tabacumcv. Samsun pollen or leaves essentially as
describedby Twell et al. [34]. Pollen was incubated
for 16 h on solid germination medium [28] prior to
protein extraction. The referenceplasmidsusedfor
pollen and leaves were pLAT52-7 (lat52-gus-nos30)
[33] andpRTL2GUS (CaMV 35S50-TEV-gus-CaMV
35S30) [5] respectively.

Plant transformation

Binaryvectorsweretransferreddirectly into Agrobac-
terium tumefaciens strain LBA4404(pAL4404)[35].
Tobaccoleaf discsweretransformedwith A. tumefa-
ciensaspreviously described[6]. Shoots wererooted
on solid MS30 medium containing 50 mg/l kanamy-
cin, transferredto soil and grown to maturity under
greenhouseconditions.

Transient reporter geneexpressionassays

These were performedas previously described [36].
Luciferaseactivity was measuredas total light emis-
sion in 10 s after addition of D-luciferin using a Ber-
tholdClinilumatluminometer. GUSactivity wasmeas-
ured as the changein fluorescenceof the reaction
product,4-methylumbelliferone(4-MU), perhour; this
wasmeasuredatanexcitationof 365nmandan emis-

sion of 455nm using thePerkin Elmer luminescence
spectrometerLS50.Testpromoteractivity wasderived
from a ratio of LUC to GUS activity and normalised
to a control plasmid. Two independentexperiments
were performedrepresenting six independentbom-
bardmentsfor eachplasmid.

Histochemical localisation of GUSactivity

Tissuesampleswereincubated at roomtemperaturein
the presenceof 1 mM X-gluc and0.5 mM potassium
ferricyanidefor 2 to 16 h.

Fluorometric quantification of GUSactivity

GUSactivity wasmeasuredasdescribedaboveexcept
plant tissue sampleswere groundusing a pestle and
mortar in the presence of GUS extraction buffer
for 1 min. The specific activity of GUS in each
samplewas thencalculatedaspmol 4-MU formedper
minute per mg total protein. Protein concentration in
plantextractswasdeterminedusingBradfordreagent
(BioRad)accordingto themanufacturer’sinstructions.

Results

Theminimal promoter proximal unit sufficient for
pollen-specific expressionof lat52 resideswithin the
region�41 to+110

Previousanalysis definedthe minimal promoterprox-
imal unit sufficient for pollen-specific geneexpression
in transgenic tomatoasthe region�71 to+110[36].
Using thebiolistic transient expressionsystemthiswas
furtherdelimited to the region�41 to +110[36]. To
confirm thesignificanceof thesefindingsin transgenic
plantsandfurtherdefineupstreamregulatory domains
a series of 50 promoter deletion mutants linked to gus
wereintroducedinto tobacco.Twelveto fourteeninde-
pendenttransgeniclinesweregeneratedfor eachcon-
struct and GUS activity was determinedin extracts
preparedfrom maturepollen,leavesandT2 seedlings.
GUSactivity wasalsodeterminedin extractsprepared
from ten independentCaMV 35S-gus transformants
and a similar numberof untransformed plants (Fig-
ure1A).

In pollen, deletionof thelat52promoterfrom�492
to�100decreasedGUSactivity 14-fold,deletionfrom
�100to�71decreasedactivity afurther15-foldwhile
removal of 30 bp from�71 to�41 led to afurther 3-
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Figure 1. A. Analysis of lat52 50 promoter deletion mutantsin
transgenictobaccoplants. Thescatterhistogramsshow GUSactivit-
iesdeterminedinpollen,leavesandT2 seedlingsof transgenicplants
harbouringeither lat52 50 promoter deletionmutant-gusor CaMV
35S-gusfusions. Also shown arescatterhistogramsfor GUSactivit-
iesdeterminedinpollen,leavesandT2 seedlingsof non-transformed
plants. Eachsymbol representsthevaluederived fromtheanalysis of
asingleindependenttransgenicplant,with themeanvaluesindicated
by a shadedbox. The datasummarized below represents the relat-
ive activity (%) in pollendeterminedfrom themeanGUS activities
for eachlat52 50 promoter deletionmutant-gusor CaMV 35S-gus
fusion and for untransformed plants. B. Transient expression ana-
lysis of lat52 50 promoterdeletionmutantsin pollen.The activities
of test plasmidscontaininglat52-luc-C30 fusionsareshown relative
to theactivity of thelargest 50 deletionmutant(�492to+110).

fold drop in activity, whichwasstill ca.75-fold above
thatof theCaMV 35S-gusanduntransformedcontrols.
In leavesandseedlingslow levelsof GUSactivity were
detectable, but histochemicalanalysisdid not result in
visible staining,suggesting that low level sporophytic
expressionwasdispersedratherthanlocalisedto afew
specific cell types. In plants harbouring the shortest
(�41) lat52 deletion,deriving the ratio of meanGUS
activity in pollen versus seedlings or leaves demon-
strated preferential expression in pollen by 12- and
38-fold respectively. Therefore,the shortest promoter
proximalregionsufficient to directpreferential expres-
sion in pollen wasdefinedasthe region�41to+110.

To independently confirm the function of the
upstream activator regions and delimit functional
sequenceswithin theminimalpromoterregion, 50 dele-
tion mutants were linked to the luciferase(luc) gene
[21] andtransiently expressed in pollen (Figure1B).
Deletion from �492 to �100 decreasedLUC activ-
ity by 2.5-fold, deletion from�100to�71 decreased

activity a further3-fold anddeletionfrom�71to�41
decreasedactivity a further1.5-fold. Furtherdeletion
to�17,removingthefirst putativeTATA boxled to an
8-fold decreasein activity, but deletion to +1, which
removed a secondputative TATA box did not lead
to a furtherdecreasein activity. Thesedataconfirm
the function of threeupstreamactivator regions and
demonstrate that the TATA proximal region �41 to
�18 isessential for expressionin pollen.

On the strength of these data the lat52 promoter
wasdividedinto four functional units:amajor activator
region�492to�101(93%of total activity), a minor
activator region�100to �72 (6.7%of total activity)
andtwo minimalactivator regions�71 to�42 (0.3%
of total activity) and �41 to +110 (0.14% of total
activity).

Ectopic activation of lat52promoter deletion mutants
bya heterologousenhancer

To investigatewhethertheobservedlow level of sporo-
phytic expression (Figure1A) was the result of gen-
omic positioneffectsor to weakconstitutivelat52pro-
moter activity, two setsof constructs weretransiently
expressed in leaves. Thefirst consisted of lat5250 pro-
moter deletion mutants �100, �71, �41 and�17,
whilst thesecondconsisted of aduplicatedCaMV 35S
enhancerregioninsertedupstreamof eachlat5250 pro-
moterdeletion.

The �100, �71 and �41 promoter deletions
enhancedLUC activity 4- to 5-fold above the TATA-
less�17control (Figure2). Additionof theCaMV35S
enhancerstimulatedLUC activity 20–33-fold, but the
relative differencesbetweeneachdeletion remained
approximatelythe same.Theseresultsconfirm weak
transcriptional activation in leaves, and suggest that
nostrongsporophyticrepressor elementsresidewithin
the region �100 to +110. These results further sug-
gest that TATA proximalsequencesin the region�41
to �18 do not preferentially function in pollen, since
deletion of this region reducedLUC activity to a sim-
ilar degreein both leavesandpollen (Figure1B).

Differential utilization of lat52activator regions
during pollen development

To investigatethe developmentalutilization of each
upstreamactivator region the accumulationof GUS
activity in developing pollen was analyzed in three
transgeniclinesharbouringeachlat52 promoterdele-
tion mutant. Since negligible levels of GUS activity
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Figure2. Transientexpressionanalysis of lat5250 promoterdeletion
mutantsin leaves. Relative activities of test plasmids werenormal-
isedto theactivity of the lat52 50 deletionmutant,�100to+110.

weredetectable in the anther wall [35], GUS activity
wasdeterminedin extractsof anthersatprecisedevel-
opmental stagesdefinedby bud length [32].

Plants harbouring�492 lat52-gusshoweda sharp
increasein GUS activity in anthersfrom ca. 16 mm
buds(pollen-mitosis I), with a continuousrapidaccu-
mulation during pollen maturation (Figure 3). Plants
harbouring�100lat52-gusshowedasharpincreasein
GUSactivity only at alaterstagein pollendevelopment
(budlengthca.30mm)with asimilar rapidaccumula-
tion during maturation. In contrast, plants harbouring
�71 lat52-gus showed a steady increasein activity
throughoutpollen development. No differenceswere
detectedin thetimingof GUSactivationbetweenplants
harbouringthe�71or�41 lat52-gusfusions(datanot
shown).Theseanalysesdemonstratethatthelat52pro-
moteris regulatedby at leasttwo stage-specificactiv-
ator regions�492 to �101and�100 to �72 during
pollen development.

Thethreeupstreamdomainsof the lat52promoter are
each sufficientto activatea heterologouscore
promoter in a pollen-specific manner

Theresultspresented in Figures1 and2 strongly sug-
gest that all sequencescontributing to pollen-specific
transcriptional control reside within the region �492
to �42. Therefore,this region was sub-divided into
threedomains: domain A (�492to �226)domain B
(�225 to �101)anddomain C (�100 to �52) (Fig-

Figure 3. Developmental regulation of the�492,�100 and�71
lat52 50 promoterdeletionmutantsin transgenic tobacco.TheGUS
activities in extracts preparedfrom anthersisolated from buds of
differentlengthare shown for: threeindividual linesharbouringthe
lat52 50 promoter deletion�492 to +110-gus-nos30 fusion (black
lines), threeindividual linesharbouringthe lat52 50 promoterdele-
tion�100to+110-gus-nos30 fusion (short dashedlines) and three
individual lines harbouringthe lat52 50 promoter deletion�71 to
+110-gus-nos30 (longdashedlines).

ure4). To investigate their individualandcombinator-
ial activities single, mutually exclusive domain pairs
andall threelinked domainswere clonedupstreamof
the�90CaMV 35Spromoter andtransiently expressed
in pollen and leaves(Figure5). In leavesdomainsA,
B or C individually or in combination did notenhance
�90 CaMV 35S. However, in pollen domains A, B
andC wereeachsufficientto activate�90CaMV 35S
by 6-fold, 4-fold and11-fold respectively. Enhance-
mentbydomainsA+B wasapproximately additive(8-
fold), whereasdomainsB+C synergisticallyenhanced
activity to a level (26-fold) similar to that of domains
A+B+C together (24-fold). These analyses demon-
stratethat domainsA, B or C are eachsufficient to
enhancetranscription in a pollen-specific manner, and
suggest that cooperative interactions occur between
domainsB and C and that the activity of domain A is
redundantin the presenceof domainsB+C in mature
pollen.
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Figure4. Functionalmapof thelat52promoter definedbytransgenic
andtransient expression analysis.

Figure 5. Activation of the �90 CaMV 35S core promoter by
lat52 promoter fragments. The relative activities of test plasmids
containingchimaeric lat52/�90 CaMV 35S-luc-C30 genefusions
were determined in pollen and leaves in the transient expression
assay. The fold enhancement of eachtest plasmid was calculated
from the ratio of LUC/GUS normalised to that of the�90 CaMV
35S-luc-C30 control.

Dissection of domain B reveals twopollen-specific
activator sub-domains, B2 andB3

A gainof functionassaywasusedtodeterminetheloc-
ation of regulatory elementswithin domainB. Domain
B promoterfragmentswerefused to the�90 CaMV
35Spromoter andtransiently expressed in pollen and
leaves. Domain B enhanced�90 CaMV 35S activ-
ity about4-fold in a pollen-specific manner. Progress-
ive 50 deletions from �225 to �176 (deletingPBII)
and targeted mutation of PBII did not significantly
affect pollen-specificenhancement,but furtherdele-
tion to �145 reducedenhancementto 2.5-fold (Fig-
ure 6A). These data define two new novel pollen-
specific sub-domains, B2 (�176 to �146) and B3
(�145to �101)andshow thatPBII is not utilized in
thepresenceof thesedownstreamsequences. To inde-
pendently confirm an active role for these sequences
eachregion was progressively removed from thenat-
ive promoter. While deletion of domain A, or domain
B1 did notsignificantly reducepromoter activity, dele-
tion of domainsB2 and B3 progressively decreased

Figure6. A. Targetedmutagenesisof thecis-regulatoryelementPBII
and50 deletionanalysisof thelat52promoterdomainB. Therelative
activities of test plasmids containingchimaeric lat52/�90 CaMV
35S-luc-C30 genefusionsweredetermined in pollen and leaves in
the transient expression assay. The fold enhancement of eachtest
plasmid wascalculatedfrom the ratio of LUC/GUS normalised to
thatof the�90CaMV 35S-luc-C30 control.B. Transientexpression
analysis of lat52 50 promoter deletionmutants. Relative activities
of test plasmids containing lat52-luc-C30 fusions were calculated
from aratioof LUC:GUSnormalisedto theactivity of thelargest 50

deletionmutant(�492to+110).

promoteractivity (Figure6B). Thisconfirmsan active
role for thesub-domainsB2 andB3 and furtherhigh-
lights thefunctionalredundancy of domainsA andB1
whenlinked to downstreamsequences.

Mutationalanalysisof thecis-regulatory element PBI

Domain C contains the sequencemotif PBI (TGTG-
GTT) flankedbyAT-richsequences,TTATTGTGGTTAT
[33] suchthat the 30 half differs by only 1 bp from
the box II motif (GGTTAA) of the light responsive
rbcS-3Agene [9]. To investigate whether the same
sequencemotifs operate asin box II, a series of 2 bp
scanningmutationsthroughthe PBI regionwere tran-
siently expressedin pollen (Figure 7A). Mutation of
thecentralGGresiduesof PBI reducedexpressionca.
10-fold, while mutation of the50-adjacentGT residues
resulted in a 2-fold reduction. In contrast, mutation of
theflankingpairsof nucleotidesresulted in a2–3-fold
stimulation in activity. Thus, PBI consistsof a GTGG
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Figure 7. A. A 2 bp linker scan analysis of the pollen-specific
cis-regulatory element PBI. Test plasmids containingsingle 2 bp
linker scan mutations throughoutthe region �99 to �88 of the
�100to+110 lat5250 promoterdeletion-luc-C30 genefusionwere
co-bombardedinto pollen. Relative activities of test plasmids con-
tainingmutantlat52-luc-C30 fusionswerecalculated from aratio of
LUC:GUSnormalisedto theactivity of thewild type�100to+100
lat52 50 promoterdeletion-luc-C30 genefusion. B. Targetedsubsti-
tutionmutagenesis of domainC of thelat52promoter. Test plasmids
containingsingleblock substitution mutationsthroughouttheregion
�84 to �42 of the�100 to +110 lat52 50 promoter deletion-luc-
C30 genefusion were co-bombardedinto pollen.Relative activities
of test plasmids containingmutant lat52-luc-C30 fusionswere cal-
culatedfrom a ratio of LUC:GUS normalised to theactivity of the
wild-type�100 to +110 lat52 50 promoter deletion-luc-C30 gene
fusion.

core motif, required for wild-type levels of activity,
flanked on either side by TTAT motifs which negat-
ively affect expression. Given that box II mutations
which prevent GT-1 binding in vitro arealso likely to
reduceexpressionin vivo[8,23],theseresultshighlight
adifferentfunctionalcoresequencefor PBI. Theonly
functional similarity is the negativeeffectof mutating
thetwocentralGGresidues;mutationseithersidegave
differentresults for both elements.

Theregion�84to�41containstwo novel
cis-regulatory sequences

To further define pollen-specific regulatory elements
within domain C substitution mutations (SM1 to 7)
wereintroducedthroughouttheregion�84to�42and
their activities assayed in pollen (Figure 7B). Substi-
tution mutantsSM1, 2, 3, and5 decreasedexpression
by 2-fold or lesscomparedwith the wild-type(�100)
promoter, whereasSM7 slightly increasedexpression.
Themostdramaticeffectswereobserved for SM4and
SM6 whichdecreasedpromoteractivity by 10-and4-
fold respectively. Theseanalysesdefinethelocationof
twonovel positiveregulatory sequenceswithin domain
C, AGAAA (�72to�68) and TCCACCATA (�60to
�52), both of which areflanked by sequenceswhich
positively influencepromoteractivity albeit to a lesser
extent.

Domain C activatesthe minimal CaMV 35Spromoter
independentof distance

The activating properties of domain C were further
investigated by placing it upstreamof �45 and�90
CaMV 35S, allowing it to be testedin its original pos-
ition with respect to the TATA box and at 4.5 turns
of the DNA helix further upstreamrespectively. To
confirm the function of PBI in this context two oth-
erwiseidentical constructs weretestedin which PBI
was mutated (GTGG to TACA; Figure7A). Domain
C similarly activatedboth�45 and�90 CaMV 35S
in a pollen-specific manner(Figure8A), demonstrat-
ing that it is similarly functional whenmoved 45 bp
upstream. Since mutation of PBI in this context
reduced,but did not abolish activation, these results
further suggest independentfunction of downstream
sequenceswithin domainC (Figure7B).

Theregion�71to�52within domain C definesa
minimal pollen-specific functionalunit

To define the minimal independentfunctional units
within domainC, mutant derivativeswerefusedto the
�45 CaMV35Spromoter in a gain of function assay
(Figure8B). Domain C enhancedactivity by 11.5-fold
in a pollen-specific manner. Although50 deletion of
PBI from domainC decreasedenhancement,a frag-
mentcontaining PBI (�100to �72; sub-domain C1)
failed to activate�45 or �90 CaMV 35S(Figure8B
and data not shown). Deletion of domainC to �71
hadno further effect, but deletion to �61 (removing
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Figure 8. A. Pollen-specific activation of the�45 and�90 CaMV
35Score promotersby lat52 promoter domain C. lat52 promoter
fragmentscontainingdomain C (�100 to �52) or domain C with
the cis-regulatory element PBI mutated(black cross) were fused
upstreamof the�45 and�90 CaMV 35Sminimal promoters. The
relative activities of test plasmids containingchimaeric lat52/�45-
or lat52/�90 CaMV 35S-luc-C30 genefusions were determined
in pollen and leaves in the transient expression assay. The fold
enhancement of eachtest plasmid wascalculatedfrom the ratio of
LUC/GUSnormalisedtothatof the�45CaMV35S-luc-C30 control.
B. Activation of the�45 CaMV 35S core promoter by proximal
lat52 promoter fragments. The relative activities of test plasmids
containingchimaeric lat52/�45 CaMV 35S-luc-C30 genefusions
were determined in pollen and leaves in the transient expression
assay. The fold enhancement of eachtest plasmid was calculated
from the ratio of LUC/GUS normalised to that of the�45 CaMV
35S-luc-C30 control.

AGAAA) abolished enhancement. Targetedmutation
of TCCACCATA within thefragment�71to�52also
abolishedenhancement.Thesedatademonstratethat
PBI (sub-domain C1) function is dependenton the
presence of the GAAA and/or TCCACCATA motifs
(sub-domain C2), and that these motifs function in a
co-dependentmanner. Thus, the minimal functional
pollen-specific unit within domain C is definedasthe
20bpsequenceGAAATAATAGCTCCACCATA (�71
to �52; sub-domain C2), containing the underlined
bipartite regulatory sequences.

Discussion

This analysis of the identity, organization and role
of cis-regulatory sequenceswithin the lat52 promoter
provides new insight into the modular organization
anddevelopmentalregulationof apollen-specifictran-
scription unit.

Pollen-specific transcriptionalregulatory elements
resideupstreamof �41

In transgenic plantsupstreamdomainsA+B+C (�492
to �42) together accounted for 99.9%of the activ-
ity of the lat52 promoter in pollen. However, the
TATA proximaldomain�41 to+110,which includes
the entire 50-UTR (+1 to +110), was still preferen-
tially expressed in pollen by 10–40-fold compared
with vegetative tissues. Two linesof evidencesuggest
that this preferential expression is largely accounted
for by a translational mechanism. First, the lat52 50-
UTR haspreviously beenshown to contain a strong
pollen-specifictranslationalenhancerwhich increases
translational yield ca. 13-fold [2], andsecond,dele-
tion of TATA proximal sequences(�41 to �18) led
to a similar decreasein promoter activity in both pol-
len andleaves, suggesting thatthesesequencesarenot
sufficient to support differential transcription. Thus,
pollen-specific transcriptionalregulatory elementsare
locatedexclusively within the upstreamregion �492
to�42.

Differential utilizationandfunctionalredundancyof
lat52upstreamactivator domainsduring pollen
development

Transgenicanalysisdemonstratedthat during early
pollen developmentdomains A+B together strongly
enhancedpromoter activity, whereasdomain C was
only minimally active. In contrast, during mid to
late pollen developmentall three domains strongly
enhancedpromoter activity. These data suggest that
lat52 is transcriptionally regulatedin abi-phasicman-
ner with domains A and B functioning during early
development and domainC being utilisedonly at later
stagesof pollen development. However, in maturepol-
len domain A appearsto be redundantin the presence
of downstreamsequencessincedomains B2, B3 and
C together accountfor most of the promoter activity.
Similarly, PBII aloneactivated�90 CaMV 35Sspe-
cifically in pollen [36], but showedredundancy in the
presenceof downstreamsequences. The independent
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function of all three domains in mature pollen and
the differential utilisation of domains A/B and C dur-
ing developmentindicatesthatfactorswhichbindA/B
arepresent throughout,whereasfactorsbinding with-
in domain C only appearduring mid to late stagesof
pollen development.

Organization of regulatory elementswithin domain B

Although PBII appearsto be redundantin mature
pollen, other pollen-specific regulatory elements are
functional within sub-domainsB2 and B3. Thesesub-
domainsareextremely AT-rich andcontain no known
pollen-specific regulatory sequenceswith the excep-
tion of a TCAC motif which is a reversecopy of the
core pollen-specific 56/59 box [36]. However, this
motif is unlikely to be functional since deletion of
the TC nucleotideshad little effect on lat52 promoter
activity [36]. Sub-domain B2 is 97%A+T and could
thereforecontainbinding sitesfor high mobility group
protein1 (HMG 1)-likeproteins.HMG1 enhancesthe
sequence-specificDNA bindingactivity andtranscrip-
tional activation by the humanHOXD9 protein [41].
HMG1-like proteins have beenshown to bind to AT-
rich regionsin soybeannodulin promoters[14]. Such
factorsbinding within sub-domainB2 could stimulate
thebindingof pollen-specificactivatorsto theadjacent
sub-domain B3.

Regulatory elementswithin domain C

Gain-of-function experimentsdefineddomain C asan
independentmovablefunctionalunit sufficient todirect
pollen-specific transcription.These data confirm sim-
ilar findingsby Eyal et al. [7], but in our experiments
enhancementwasat least100-foldlower. This appar-
ent dif ferencein activation potential most likely arises
from theuseof pJO64(�64CaMV 35S-luciferase)as
the control plasmidby Eyal et al. which wasreported
to be inactive in pollen.

Within domainCtheregion�100 to�72,contain-
ing PBI wasunableto activateCaMV 35Sin pollen. In
contrast, PBII (�194to�176)was previously shown
to activate CaMV 35S in a pollen-specificmanner
[36]. Thisindicatesthatdespite their sequenceidentity
PBI and PBII arelikely to bind different transcription
factors. It hasbeenproposed that the rbcS-3Abox II
bindingproteinGT-1acouldbindtoPBI sincemutation
of PBI tothatof aGT-1abindingsitedidnotreducepro-
moter activity in pollen [7]. However, pairwisemuta-
tional analysisof PBI definedthe central GG residues

asthe only functional similarity betweenPBI and the
GT-1a binding site (rbcS-3AboxII). AlthoughPBI is
unlikely to bind GT-1a,this doesnot rule out thepos-
sibility thatit couldberecognised by aclosely related
factor. Indeed,GT-1-related RT-PCR products were
detectedin tobaccopollen [7] and GT-1-like factors
extractedfrom leaveshavebeenshown to interactwith
non light-responsive promotersincludingthe tobacco
PR-1a[4] and the pollen-specific NTP303promoters
[13].

Targeted mutational analysis within domain C
led to the identification of the novel regulatory ele-
ments GAAA and TCCACCATA, which together
with PBI form a strong pollen-specific transcriptional
activator unit. Further gain of function and targeted
mutational analyses demonstrated that PBI/GAAA
and GAAA/TCCACCATA eachcould form pollen-
specificbut weaker activator units, but the combina-
tion PBI/TCCACCATA was inactive. These analyses
also demonstrated that none of the three functional
sequencescould activateCaMV 35Salone.Two mod-
els for theaction of putativetranscription factorsbind-
ing within domain C arepresented in Figure 9. The
first model involves a factor binding at the GAAA
motif whichfacilitatesandstabilisesthebindingof fur-
thertranscriptionfactorsto GTGG(PBI) andTCCAC-
CATA to contactTFIID andRNA polymeraseII (Fig-
ure 9A). The secondmodel involves factors binding
to GTGG and TCCACCATA motifs which facilitate
and stabilize thebindingof atranscription factor to the
GAAA motif (Figure9B).

Identificationof conserved pollen-specificregulat-
ory elementswithin other late-pollenpromoterswould
suggest acommonregulatorypathwayof geneexpres-
sion during pollen development. Promoter analysis of
the maizehomologueof lat52,Zm13, showed thatthe
region�314 to +61 was sufficient to direct pollen-
specific expression [10] andthat the proximal region
�100to�54was essential for pollen specificity [11].
The GAAA motif which is essential for lat52 prox-
imal promoter activity occurs twice in reverseorient-
ation within the Zm13 proximal region at positions
�93 and�74. The conserved position and extended
sequenceidentity (AGAAATAGT) with sequencessur-
roundingthe GAAA motif within the lat52 promoter
(AGAAATAAT) suggests that the most proximal of
the two Zm13 GAAA motifs is likely to be functional.
The GAAA motif is alsopresent within the proximal
promoter regionsof the rice homologueof lat52,PS1
(GGAAATCCT) [42] andthepollen-specifictobacco
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Figure 9. A, B. Functionalregulatoryelements and modelsfor the
interactionbetweenputative transcription factors in mature pollen.
C. Developmentalroleandmodeof actionof regulatorydomainsas
definedhere andby Bateetal. [2].

polygalacturonasegeneNpg1(AGAAACTCT) [26] at
positions�57and�152respectively.

In summary, data presented in this paperand in
Bateetal. [2] havebroadly definedtheexpressionpat-
ternof the tomato lat52 geneinto threephases during
pollen maturation (Figure 9C). The first transcription
phase(earlytomidbicellularpollen) isregulatedby the
region�492to �101(domain A+B) andthesecond
transcription phase(mid to latebicellular) is regulated
by the region�101to�52(domain C). A third phase
of developmental control (latebicellular tomaturepol-
len) isregulatedatthelevelof translationby theregion
+1 to+110comprisingthe lat5250-UTR.
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