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ABSTRACT

The maize (Zea mays L.) endosperm specific
transcription factor, encoded by the Opaque-2 (0O2)
locus, functions in vivo to activate transcription from
its target promoters. OZ2 regulates the expression of a
major storage protein class, the 22 kDa zeins, and of a
type | ribosome inactivating protein, b-32, during
maturation phase endosperm development. The
coding sequence of O2, which indicates it to be a
member of the basic region-leucine zipper (bZIP) class
of DNA-binding proteins, contains a number of regions
rich in either proline or acidic residues which are
candidates for activation domains. In functional
assays using tobacco mesophyll protoplasts, the level

of transactivation conferred by a series of O2-deletion
constructs was tested using as a reporter a fusion of
the b-32 target promoterto  -glucuronidase (GUS). The
results indicate that O2 has a single acidic activation
domain, located near the N-terminus of the protein
(amino acids 41-91). The ability of a shorter part of this
domain (amino acids 39—82) to confer transactivation
was also demonstrated in domain swapping experi-
ments, using fusions of the O2 polypeptide sequence
to the DNA-binding domain of the parsley (  Petro-
selinum crispum ) transcription factor CPRF1.

INTRODUCTION

TFID or TFIIB, and enable or facilitate the binding of the RNA
polymerase Il at the start site for mRNA synthesis.

TheZea may4L.) protein Opaque-2 (O2) is a member of the
bZIP transcription factor family. It is involved in the regulation
of seed storage protein synthesis, modulating the transcription of
the 22 kDax-zeins 8,4) and of the b-32 albumii); The 22 kDa
0-zeins are the most abundant endosperm storage proteins in
maize. The function of the b-32 albumin in endosperm
development remains to be established, but the protein shares
homology to type | ribosome-inactivating proteids ©2, which
is located on chromosome 7, has been cloned by transposon
tagging {,8). A number of distinct functional domains have been
identified on the O2 protein. In addition to the basic region
followed by a leucine zipper, which is responsible for
DNA-binding and dimerizatior2(10), two nuclear localization
signals have been identified on the polypeptid (

Our goal was to identify the transcriptional activation domain
of O2 by deletion experiments in a transient expression system.
To confirm that the region identified was sufficient to confer
transcriptional activation in the absence of other parts of the
sequence, domain swapping experiments were carried out. We
demonstrate that O2 has an acidic activation domain located near
the N-terminus of the peptide and show that the ability of this
domain to activate transcription is retained in a hybrid protein
composed of the O2 acidic activation domain and the bZIP
domain of the parsleyPétroselinum crispurBernh. ex Rchb.)
common plant regulatory factor 1 (CPRFLY)(

MATERIALS AND METHODS

An essential component of gene regulation is transcriptionglIasmid constructions

activation. The process is dependent on the formation on

regulatory DNA elements of multiprotein complexes, whichEffector constructerivatives of O2 were expressed under the
include transcription factors responsible for cell-type specific anmbntrol of the cauliflower mosaic virus (CaMV) 35S promoter
temporal gene regulation. They direct the transcriptionalsing pRT100X3). The O2 sequences were fused at thend
machinery, composed of RNA-polymerase Il and of additiondb the polyadenylation site of CaMV. C-terminal deletions were
factors, to the start site of gene transcriptidn). (The prepared from the vector pCaMV(8),(a plasmid containing the
identification of distinct domains within the polypeptides offull length O2 cDNA 9), by using the natural restriction enzyme
transcription factors has allowed the investigation of interactiorsites within the coding sequence of O2. p@Q#was constructed
with other proteins present in initiation complexes. Domainby cutting withBarrH| and religation (Figl), whereas pO22s4
reported to be responsible for transcriptional activation contaand pO2_sgswere prepared by cutting wiial/Xba andEcdRrl
acidic, glutamine-rich or proline-rich stretches of amino a2jds ( respectively, followed by religation. The leucine zipper of these
These activation domains interact with other factors includintyo constructs is truncated: pQ2gs contains two leucine
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repeats, pORog4 four repeats instead of seven. During theTable 1.Oligonucleotides used to prepare O2/CPRF1 hybrids
construction of N-terminal deletions of O2, the translation

initiation start codon was lost and replaced by the ATG codon Gifimber sequence 02 AA start
the Ncd site of the pRT100 vector. For the construction Ofgi39s 5. CCGGTACCGGCATCGTCGTC -3’ 57_AA 39
p02192_46() pC&MVOZ was dlgeSted Wllfbd andStU, al’]d the #1693 5 - CCTCCGGATACTACGGCACT -3° 3-AA 123

resulting 1 kb fragment was inserted in the fille®anH] site
of pRT100. pO25_460nvas derived from inserting the 510 bp O2

fragment ofBsEll/Sal digested pCaMVO2 in th&al/Sma  *1¥%° 5'- CCTCCGGAGCCTGLAGTTIG -3 3AATIT
restriction sites of pQ3,_460 In order to delete acidic region 3, #1832 5'- GCGGTACCGGGCCCTICTGG -3 S-AA T2
aKpnl site between this domain and the bZIP region was inserted401 5'- CCGGTACCGCTACTAGCTCT -3 5'-AA 203
by directedn vitro mutagenesis at aa 226. To introduce the sites2402 5’- CCTCCGGACTTGAACCCCAG -3’ 3-AA 228
the 300 bmS“/S&' fragment of O2 was cloned in MlSmpEBX #2618 5 - CCTCCGGATTCCTCGGTAGG -3° 3-AA 229
and the mutagenesis was carried out using the oligonucleotidg, . 5. COGGTACCGGTGACCCCATG 37 5 AA 124
5-TCTTTCCTCGGTACECATCTTGAACCCC-3 (the mutant sa3sa 5 GTGGGTC Amm AGCCT 3 3'-AA 82
nucleotides are underlined). The mutagenized fragment was , T )
integrated in pRT100 and the construct was designatetf*s® 5'- CTCTCCGGAGCTTGTCGTICAGAGCCT 37 3-AA 82
5'- CTCGGTACCCTAAATGCTGACCGGCC -3° 5'-AA 83

pO2r226-283 From this plasmid pQgos_460 Was made by #4356
inserting theSal/Xba O2 fragment of pCaMVO2 between the
corresponding restriction sites.

The internal deletions of O2 were made as follows & 29>
and pO2R142_192 Were prepared by cutting pCaMVO2 with

Kpnl/Stu' thereby removing the N-terminal part of O2 andh,gTACEChsII-4GUS) promoters. The plasmid pBTACE-
religating with the 200 bp O2-fragment pni/Narl digested  chsiLygys (kindly provided by M. Sprenger, Cologne,

pCaMVO2 or the 400 bp O2 fragment Kpni/Xhd-digested  Germany) (9) contains a tetramer repeat of a DNA-binding
pCaMVO2. pOgao-192Was made by religation &SEI/SWU  gaq,ence for CPRFL (Fig). The CPRF1 G-box motif I,
digested pCaMVO2. By digesting p3-19owith BsEll and 5 TcCACGTGGC-3 derived from the chalcone synthase
Kpnl and religating the deletion construct p@20a92-192WaS  hromoter £0) was fused to the TATA-box containing minimal
generated. All deletion constructs were checked by sequencm%@,moter (-46 to +8) of CaMV 35S and the open reading frame
verify fusion junctions. of the GUS gene. pb32-GUS) tontains the promoter of the b-32
The various O2 domains used to construct the O2-CPRIgLne 1) from base —396 to +4 fused translationally to GUS in
hybrids were cloned by PCR from pCaMVO2. Theihe piant vector pBI201.B9) (Fig. 2). All five O2 binding sites
oligonucleotides for the amplification reaction (Tah)learried an 55 jgentified by Lohmeet al (5) are present on this promoter
additional restriction site, @ws/18 site for 5primers and BsEl fragment.
site for 3 primers with the exception of #4352, which carried & Fo expression of the SV40 NLS—-O2 region-CPRF1 bZIP triple
BsEll restriction site. The PCR products were gel-purified ang| io, hybrid inE.coli, the plasmid pOgg_19F 1nzip Was used.
cloned via t_he appropriate restriction sites into the effector plasmijglo portion of O2 was selected to omit the proline-rich segment at
PFlzp (kindly provided by M. Sprenger MPI f. o Nterminus of O2 as the instability of fusion polypeptides
Zuchtungsforsc'hun'g, Cologne, Germany). Thl$ vector is design gentaining this region suggested it was acting as a PEST site
for the expression in plants of polypeptide fusions of the CPRitk( 41y The coding sequences were amplified by PCR for cloning
DNA-binding domain [amino acids (aa) 258-33%. The gene i thek coliexpression plasmid pTrxFus (Invitrogen, Netherlands)
fusion is flanked by the CaMV 35S promoter and HUS  ysing the primers #3099'(6TGGTCGACCCACCGGTTGCA-
terminator (Fig. 3). The O2 peptide sequence is clonedrrTTC 3 containing &5al site) and #3100 (ECGTGGATC-
downstream of the nuclear localization signal (NLS) of the simiafTATGACGCACAATCCCAC-3: containing &arHl site). The
virus 40 large-T antigen (SV40 NLS) and upstream of thg primer starts at the SV40 NLS, tHepBimer at the end of the
DNA-binding domain of the parsley transcription factor CPRF-1,7)p gomain of CPRF1 in pF1. The PCR product was gel-purified
The plasmids constructed were designated 19028 1oziP  ang after digestion wittBanHl and Sal, integrated in the
(oligonucleotides #1832 and #2402), p39F lnzip (#1832 and  ganiyy/sal sites of pTrxFus and designated pTrxFusO?

#1829), pOz2y_1281pzip (#1832 and #1693), p@222&lbziP  F1, 5 (Fig.3). The DNA of all constructs was sequenced to verify
(#1398 and #2402), p@R1oFlozip (#1398 and #1829), ¢, b0 L

POZ9 14Flpzip (#1398 and #3009), p@R 12+ 1ozip (#1398

and #1693), pOg_sF1nzip (#1398 and #4355), p@2 224" 1nzip . . .
(#4356 and #2402), pQ2 226 lhzip (#2703 and #2402) and Transient expression analysis

p8§203-225 Lozip (#2401 ac‘jndb #2402). hThe lt_ef_ffec_tor The transient expression of the plasmids in tobacco protoplasts
POZ39-82/124-2281pzip Was made by inserting the amplification ¢, -~ petit Havana SR14{) was performed as described by

product of #1398 and #4352 in thep/18 andBsEll restriction Negrutiuet al (42). Tenpg each of the effector and reporter

sites of pQo—22¢-Ipzip The numbers in subscript are the aming,|,gmiq pNA was used for81CP protoplasts. The transformed
acid coordinates of the O2-ORE).( protoplasts were harvested and extracts were prepared for
measurement of GUS activity as described by Jeffeid@n (
Reporter constructs.The reporter plasmids for transient GUS activity in the extracts was measured using the fluorogenic
expression analysis contained the GUS gene under the controsobstrate 4-methyl-umbelliferylglucuronide (4-MUG; Sigma)
either the b-32 (pb32-GUS) or a part of the chalcone synthagad measured in a luminescence spectrometer LS30 (Perkin

Bold, restriction sites introduced for cloning; underlined, O2 sequence.



758 Nucleic Acids Research, 1997, Vol. 25, No. 4

B BX

L Tsoya ]

pCaMVvO02

1 - proline-rich - basic region
gmem - acidic-rich oo - leucine Zipper

Figure 1. The restriction enzyme sites used for preparing the deletion constructs from the starting plasmid pCaMVO2. The deletions abut the pRT100 polylinke
the B-end (designated by sites ‘ANK’), and are expressed from the flanking CaMV 35S promoter. The ATG codirdagitbés the start codon for all deletions.
TheKpnl site introduced bin vitro mutagenesis in the constructs p&2,g3and pO226_460is marked with an asterisk and is only present in these constructs. The
putative activation domains rich in proline or acidic aa’s as well as the bZIP domain are boxed. The restriction enzymes are abbreviatégpagA9|l@asHI|

(B), BsEll (Bs), EcaRl (E), Kpnl (K), Narl (Na),Ncd (N), Pst (P), Sal (S), Stu (St), Xba (X) andXhd (Xh).

Elmer). Each assay was carried out with extracts contaipigg 5 RESULTS
protein, estimated according to Bradfotd)( The relative GUS
activity were calculated for equimolar concentrations of thdo characterise the transcriptional activation domain of O2 a
constructs. transient expression system in tobacco mesophyll protoplasts was
used. The b-32 promoter is highly responsive to expression
] ) o ) trans of Opaque-2 protein in this assay, thus permitting a fine
Expression of fusion proteins irE.coli structure analysis which would not have been practicable in the

The ThioFusionl expression system (Invitrogen, Netherlands homc&lgﬁﬂo\lljsssggte;?gm%f;rer\xerf:é;|ct>en:t(e)gof20,rei<r|?éﬁss{i?|ift;or‘?o

¥va_s ”?ed for expllresstLr}g a(r; 0.2__?; RFll hybrid as aIC-ter(;ni nsactivate a reporter plasmid, consisting of the b-32 promoter
U.S;]OH ﬁma'.“ma lan q |orce)20>érl:1).RFfr:o(|jexpr_eSS|on p;_aslgm ojused top-glucuronidase (GUS), upon cotransfection. Every 02
with - the  integrate 8 omans,  pIrXFUSUeqngiryct (Fig2) retained the bZIP domain to ensure specific

39-19F 1yz)p was transformed iB.coli G1724 by electroporation DNA-bindin At ;
; : - g and nuclear localization properties were always
[25 pF, 1600 V, 20@ using the GenePulsér(BioRad)]. The gresent in the proteir,(L1).

thioredoxin fusion protein located to the periplasmic space,
allowing purification by an osmotic shock procedur®) .
Transactivation of the b-32 promoter by O2 deletion

SDS-PAGE and immunoblotting analysis derivatives

SDS—PAGE was carried out as describ&. (For immunoblot A series of deletions of O2 were generated by using internal

analysis the proteins were transferred electrophoretically Onﬁztggtr:?&ec;%rg%;ﬁ\s/ \évétg'g rg‘;g;?ﬁ%“gg%%‘gfgg:%under

nitrocellulose overnight at°€ using an immersed sandwich CaMVO?2 (Figl) and derivatives of it (Fig). The reporter gene

1 i - 0,
i;rs\}ggnagg tgg 1;|Tl]t'\e/|r _\I{\;Zs_glglclgzd 7fog 1127|nm-K/ITE§C[I(]).gt/O ] (g\(;/r\rI] sed for assaying the O2 derivatives consisted of a translational

. . : ._fusion of the b-32 promoter, from -396 to +4, to G
te_rEperqure cqn(t)zgmng 5%((1W5/‘6)()8;)r_"f‘?|_t .?.g%dfm'”i' anubatlo o-transformation oﬁ‘ tobacco protoplasts with varicL)ELi (02
with rabbit anti-O2 serum (1: in T- or at room ;
temperature was followed after three washing steps byincubati@ nstructs and the pb32-GUS reporter plasmid led to an up to

: ; - : : .~ . 30-fold increase in GUS activity over cells transfected with the
with horseradish peroxidase coupled anti-rabbit antibodi€ . . 2 . X
(1:5000). After washing for three times in T-TBS, bound antibod Sporter plasmid alone (Fig). The transactivation obtained with

. > 02 wild-type (WT) construct was used as reference and was set
g%?tﬂzt%:é?gczzw%SQ{ERCZ%%E;QH;“;?}?&??SSBEI& Lg\f\r/r?;t gﬁa relative activity of 100%. A deletion of O2 extending from the

4 . art of the leucine-zipper domain to the C-terminus of O2
recorded on Kodak Xomat-AR X-ray films. Rabbit polyclonal i it
anti-O2 antibodies were raised to IEhein-expressed Og p¥otein (designated pQ2z65 reduced the enzyme activity to 10% of the

: N " WT value. However, a deletion of part (nQz 9 or all (002289
and kindly provided by Dr J. Muth (MPI f. Zuchtungsforschung i ; . . .
Cologne, Germany). of the molecule C-terminal to the leucine zipper did not reduce

activation; surprisingly, pQ2.g4 showed a 200% increase in
activation. In contrast, an N-terminal deletion of the first 225 aa,
In vitro DNA binding assays pO2-6_46p decreased the transactivation to 11%. The addition of
further aa, N-terminal to the bZIP region, in pg2460and
Binding of pTrxFusOZy_19F1pzip proteins to a b-32 promoter pO2;25_ 460 also gave transactivation values of only 10% of wild
fragment was carried out using 1 ng end-labelled DNA18*  type. These results narrow down the activation domain to the
c.p.m.) and the fusion protein (amounts as stated in legend of Figgion N-terminal of the bZIP domain in O2.
4C) for 15 min at room temperature in2®inding buffer (20 mM Previously identified transcriptional activation domains have
Tris—HCI pH 8.0, 1 mM EDTA, 50 mM KCl, 10% glycerolpg  been classified into acidic, glutamine-rich and proline-rich types
sonicated salmon sperm carrier DNA, (gLBSA). The binding (Mitchell and Tjian, 1989). Based on a computer homology
assay was loaded on a native 3.5% PAA gel ir0T2& and the search with these activation domain types, four putative
electrophoresis was carried out at 10 V/cm. The gel was dried activation domains were identified within aa 1-192, in the
Whatman paper and exposed on autoradiographic films (Kodakterminal half of O2 (Fig2), one proline-rich domain, P1, and
Xomat-AR). The b-32 fragment from —265 to —16 upstream of ththe acidic domains S1-3. Neither the proline-rich domain nor the
TATA-box was isolated as previously describgd ( acidic domain 3 is sufficient for transactivation, as they are both
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effector 02 domain rel. activity 358 promoter ~ SV40NLS CPRF1 DNA-binding region
Pl R —
p021-460 - 100 %
4x chs G-box I 358 GUS
P02, 100% PBTACEa-4GUS [
PO2,s 200% b-32 promoter (-396 to +4) GUS
p02 s 10 % pb32-GUS ]
p02226-460 11 %
P02y - 11% Puptomoter  Thioredoxin  NLS Opaque-2 CPRF1 bZIP
TrcFusO2ssirF i IS 15 R
p02125-450 10% ? -
02,,. e — - 70 % . ) . . .
Plue = ° Figure 3. Schematic representation of the plasmids used for transient
0 expression assays aBdoli expression. The effector plasmid g which
P02, 1y, ——wm— 48% was developed for domain swapping experiments, contains the NLS of the
simian virus 40 T-antigen, and the DNA-binding region of the parsley
02,01 —= 10 % transcription factor CPRF1, under the control of the CaMV 35S promoter. The
CPRF1 DNA-binding region used is aa 260-340, starting 11 aa before the basic
02 e 45 % region. Domains tested were inserted between the SV40 NLS and the CPRF1
PPt aossn-1o1 bZIP domain. The reporter plasmid pBTABELAGUS has four tandem
copies of the CPRF1 G-box binding motif under the control of the CaMV 35S
PO226, 9% minimal promoter (—48 to +8), in-frame with GUS open reading frame. In the

reporter plasmid pb32-GUS, the b-32 promoter region from —396 to +4 is
located in frame with the GUS gene. TEecoli expression plasmid
pTrxFusO3g_19F1yzip contains the SV40-O2-CPRF-1 hybrid sequence
derived from plasmid pQ3_19F1pzip fused C-terminal to thioredoxin,
expressed from PL.

[ = proline-rich I = basic region
SRR — acid-rich — leucine zipper

Figure 2. Transactivation of b32-GUS by pCAMVO2 and its deleton domain (9). The resulting hybrid factors were assayed by
derivatives. The relative enzyme activity from co-transfections of O2-deletiontransient expression in tobacco protoplasts. The DNA-binding
o e o v et vt sy, v aanegiomain of CPREL used in these experiments binds (0 a G-box
D o109 of lose. Tha activationpby 00265001 pb32_GU§' e 45 fold otif of the CHS promoter, the box II motif, which consists of the
over the value with the reporter construct pp32-GUS alone. sequence 'STCACGTGGCC-3 (20). In addition to the bZIP
domain of CPRF1, the hybrid constructs derived frompab1
contain at their N-termini the SV40 nuclear localization signal
retained in the inactive deletion construct p§d2192 This O2  (NLS), to confer efficient nuclear localization of the hybrid
mutant activated to only 10% of the wild-type activity, thuspolypeptides independently of their molecular weighy.
indicating that an O2 domain located between the proline-richO2 domains to be tested were amplified by PCR on pCaMVO2
domain and acidic domain 3 must be required for transactivaticemplate DNA %), and fused into pfegp (Fig. 3) between the
This basal activity could be increased to 48% by introducing trf&v40 NLS and the CPRF1 bZIP domain. Tobacco protoplasts
first acidic domain (pOm»-192. The same activity was were co-transformed with these effector clones and a reporter
exhibited by a construct possessing acidic domain 1 but lackiptasmid containing the open reading frame of the GUS gene
the Proline-rich domain (p@2-40a92—192. The combination of under the control of one of two target promoters (Bigln the
the first and second acidic domains gave up to 70% of the Wifst series of experiments the reporter plasmid pBTACE-
activity (0O2142-19). Together, these results suggest that 02 h&5s!.4GUS, containing a promoter fragment with a tetramer
an activation domain largely comprised of acidic domain 1, withepeat of the CHS promoter box Il motif was used. This motif is

a further contribution from acidic domain 2. recognized by CPRFh vivo andin vitro (19).

Transient expression of the reporter plasmid pBTACE-
Transient expression of O2 domains as hybrid proteins ¢hsILAGUS resulted in a high background enzyme activity in the
with the DNA-binding domain of CPRF1 presence of the basal effector construcgpfglwhich lacks any

02 segment (Tabl®). This high basal activity, presumably due
The activation domains of a number of different transcriptioto recognition of the pBTACHS!-promoter by endogenous
factors (C1, GAL4, GCN4, Vpl and VP16) confer promotefactors, could only be doubled in co-transfections with an O2
activation when fused to heterologous DNA-binding domains ipolypeptide running from aa 39 to 228 (pQ22d-1y7p), OF
‘domain swapping’ experimentd4-18). To confirm that the even with a construct having the strong VP16 activation domain
regions of O2 mapped as conferring activation in deletio(pFl,zpVP16yp). As a consequence, another DNA target
experiments indeed constitute autonomous activation domaimspmoter with lower background activity in tobacco protoplasts
fusions were made to the bZIP domain of the parsley transcriptisras employed. The deletion experiments had established that the
factor CPRF1, which appears to lack an intrinsic activatiomaize b-32 promoter was inactive when introduced into tobacco
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Table 2. Transactivation of the pBTACGESILAGUS
reporter by the O2/CPRF1 effector deletion series

M pTrxFusO2FI

pTrxFus

L effector relative activity kB
C ' 66

PO240F 1z 1.0

PFlm 0.5 +-0.1 45
I 6
 pFluwVP16.,. 1.0 +-0.1
‘ none 0.03 +-0.01

(A) SDS-PAGE

The relative transactivation, measured by GUS activity, i
is calculated from five independent transient assays. ToFusO2Fl T 02 12 3 435

leaf protoplasts in the presence of the O2 bZIP domain alone
(PO226-284 Fig. 2). Therefore, if it could be demonstrated that
CPRF1 was capable of binding to this promuwieitro, it could
serve to assay the fusion constructs.

Mapping O2 activation domains in O2/CPRF1 hybrids
using a b-32 promoterp-glucuronidase reporter plasmid

To test for CPRF1-binding to the b-32 promatewitro, the
O2—-CPRF1 hybrid sequence was expressedwli as a fusion
to thioredoxin (Fig.3), and the recombinant protein tested for

binding specificity in electrophoretic mobility shift assays

f . . Figure 4.Expression of the TrxFus@g_19F1pz p fusion protein ire.coli, and
(EMSAfS)' The fusion prOte”? derived from pfg2i9F1,z/p had its binding to the b-32 promoter demonstrated by EMBASDS—-PAGE of
a predicted _m0|eCU|ar weight of 4(_) kDa,_ _bUF an apparentel extracts of pTrxFus@2_19F 1ozip Or pTrxFus-transforme.coli cells.
molecular weight of 50 kDa based on its mobility in SDS—PAGEM, molecular weight marker; P, pellet (insoluble fraction) of cell extracts from
(Fig.4A). This hybrid protein, which lacks the O2 DNA-binding induced or not induced transformed cells; S, supernatant (soluble fraction); pur,

; ; i : ; smotic shock-purified extract of pTrxFusfgd2; 9F1yz\p-transformed cells.
domain, was recognised by polyclonal anti-O2 antibodies 0( ) Immunoblot of purified fusion protein (TrxFusga2;9F1yzip), purified

immunoblots (Flg.48). Using the protein in EMSA’ blndlng to thioredoxin, and O2 (150 ng each). Detection with anti-O2 serum and®CL. (
a b-32 promoter fragment was observed @), which was not  EMSA of radiolabelled b-32 promoter fragment with different cell extracts.
exhibited by purified thioredoxin or a crude extract from theLane 1, 100 ng purified fusion protein (TrxFug@3oFlnzip); lane 2, 500 ng
pTrxFus-transformed cells. The O2-CPRF1 hybrid proteiq)urified fusign protein; lane 3, 1000 ng protein extract from pTrxFus-trans-
(PO29_226lo7ip) was shown to activate a b-32 pro- ormed cells; lane 4, 500 ng purified thioredoxin, lane 5, no protein added.
moter/GUS-fusion 30-fold over a control without transactivator
in a transient expression system (Fig). In addition, (pO2g9_19F1yzip): both activated to the same extent as
pO2g9 224 1y7p Was unable to activate b32*GUS, in which thepO2,5_5o4-1,7)p Thus, the O2—CPRF1 hybrids, possessing the
02 binding sites have been mutat&g) (suggesting activation is proline-rich domain, transactivated to similar extents as those
mediated by binding at one or more of these sites. Ondacking this domain irrespective of the other components of the
established, the system was used to test the transactivatiosions, as also shown for p32,>4-1y7jpand pO3g_224-1y71p
conferred by different O2 domains, all lacking the 0200215 19F1yzip and pO3g_19Flyzir PO22_12F1h7ip and
DNA-binding domain. To rule out differential stability of the pO2g_1241,7)r The level of GUS activity was also not affected
fusion proteins leading to variation in transactivation, extractsy acidic domain 3: the transactivation of the b-32 promoter using
from [3°S]methionine-labelled protoplasts transformed wittpO29_19F1nzip Which lacks this domain, was as high as that
different constructs were immunoprecipitated with O2 antiebtained using pQ3_224-1,7)5 Which contained the third acidic
bodies. The amount of precipitated fusion protein was similatomain. Also the third acidic domain alone (pg3222¢& 1pz1p)
between constructs, indicating them to be of comparable stabilijd not increase the enzyme activity over background. Similarly,
(data not shown). the segments of O2 located between acidic domain 1 and the O2
The GUS activity produced by co-transfection with the hybridZIP domain (pOgs_224-1zip and pO224 228 1y71p) alone
construct containing the longest O2 fragment testedvere unable to activate the reporter plasmid over the value
pO2-_22d1y7ip Was set as 100% relative activity. A deletionobtained with the control. Transcriptional activation was seen in
derivative of this construct, which lacks the proline-rich regionconstructs containing the region covering the first acidic domain
pO2g9 2241715 Was as active as wild-type (FB). Similarly  (pO29_gF1yzip). This 44 aa region conferred 50% of the
the transactivation seen was unchanged with constructs lackingnsactivation of the longest O2 domain tested so far. The
the third acidic domain (pQ2_19F1yzip) alone, or lacking the addition of further amino acids C-terminal to the first acidic
proline-rich domain and third acidic domain togetheregion (pO3g_12F1yzip and pO3g_14F1yzip) slightly

(B} [mmuneblot (C) EMSA
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effector 02 fragment relative activity Nt [AD1 g;%l -
NLS2

pO2122:F1 100 %

p02397213F1 100 % +-30 ) . .
Figure 6. Modular structure of the Opaque-2 polypeptide. The 460 aa protein

pO21217F1 100 % +-30 Opaque-2 has an N-terminal acidic activation domain (AD) located at position
39-82 and a DNA-binding region located in the basic leucine zipper domain

pO2sF1 100 % +-20 (bZIP) between 228 and 247. Two nuclear localization signals (NLS) are
located at aa 101-135, and in the bZIP region, at aa 223-254.

pO2uaxsF1 60 % +-10

pO2nF1 60% +-10 for transcriptional activation has been located using deletion

PO2zaF1 25% 4 s constructs of O2 retaining the bZIP region, and with the aid of
domain swapping analysis. C-terminal deletions which did not

pOZs;mFl 30% +-10

affect the leucine-zipper (p@2g4and pO2_419 were able to
PO2uiaF1 B 25% - 5 transactivate as well as 02 WT (pQz0. The deletion
derivative pO2_2g4 Which lacks the entire region C-terminal to

POzl 0% s the bZIP domain, transactivated 2-fold higher than the WT
PO2ssaFl B 70% +- 20 protein. The truncated O2 polypeptide may be sterically
pO2uemnmFl  EEEEY TR 90 % +. 20 improved for efficient transactivation, or it may lack a domain
oF1 . 5% o s capable of repressing transcription. A significant reduction in

transactivation was seen only with either the removal of the
PVP16:F1 VP16 activation domain 100 % +- 10 leucine repeat or with deletions of the N-terminal part of O2. In
the N-terminal region, one proline-rich and three acidic-rich
putative activation domains were identified on the basis of
pO2uanF1 reporter: b32*-GUS 3% 41 sequence comparisong).( The proline-rich sequence (8/19

consecutive aa are proline), has similarities to the proline-rich
Figure 5. Transactivation of the pb-32GUS reporter by the O2/CPRF1 effectoraCtivation domain of CTF/NF2(), and is located at the
deletion series. The relative transactivation, measured by GUS activity, is th&-terminus, between aa 13 and 31 (Rig.Acidic domain S1,
mean of at least 10 independent transient assays, standard errors as given. B@vering aa42-71, has a net negative charge of —8. Acidic domain
activation by pOZ,_pg of pb32-GUS was 5-fold over the value with the - g5 hetween aa 102 and 122, has net charge of —4. The last acidic
reporter construct pb32-GUS alone. P . ’ .

domain, S3, is just upstream of the bZIP domain at aa 204-227
and has a net charge of —8). S3 does not function as an activation
fdmain when present as the only acidic domain in the 02

none reporter: b32-GUS 3% -1

increased the GUS activity to 60 and 70% respectively. Stro

activation at 90% of that obtained with the longest fragment w?ﬂ ; O E

| . X ypeptide (constructs p@ds_ssoand pOR192_460in Fig.2).
obtained with the construct p&¥2s2/124-21ozip Which lacks  gimijarly. the proline-rich domain alone did not confer on the O2
the second acidic domain, suggesting this region does ngkion the ability to transactivate (construct g@2192in Fig.2).
contribute to the transactivation potential of O2. This Wagygition to the basal construct (PQ3a4ed Of a fragment
confirmed by the effector p@2-224=1nzp which did not confer  iaining both acidic domains 1 and 2 (ROZ _19), however,

transactivation significantly over background. .increased transactivation to 70% of the wild-type activity. Further

The transactivation ability of O2 in the O2-CPRF1 hybrids i§e|etions demonstrated that addition of acidic domain 1 alone to

thus af[tr.ibutable_ to aregion between the aa 39 and 82, c_onta| basal construct raises the transactivation seen to 48% of the
the acidic domain S1, a result consistent with that seen in the activity.

deletion experiments. Interestingly, acidic domain 1 has sequence homology to a
region of the maize transcription factor C1 which has also been
DISCUSSION shown to function as an activation domait)( The homology

Assays of O2 activity in a number of heterologous systems these acidic regions between O2 and C1 proteins, which lack

yeast and tobacco, and transient expression in the homolog lﬂgher homology elsewhere in the sequences, suggests structura

system, maize, show that O2 is able to confer transcription%?nservat'on’ although acidic activation domains in general share

activation in a variety of environments)(22-24). O2 has also no significant sequence homology. The addition of acidic domain

been shown to partially substitute GCN4 function in yeast cel%to the acidic domain 1-containing effector construct resulted in

(25). These observations suggest that an activation domain is3Jh ncrease of the activation from 48 to 70% of WT level. The
integral function of the O2 protein. increase could result from improved spacing between acidic

region 1 and the DNA-binding domain which might allow a more
productive interaction with proteins of the transcription machin-
ery. The results obtained are summarized in the modular structure
of O2 shown in Figuré.

Mapping O2 transactivation domains by analysis of 02
deletions

It is known from comparisons of different bZIP proteiisand

from the analysis of 02 mutant<) that the DNA-binding region  assay for 02 transactivation in hybrids with CPRF1,

of O2 s located in the basic region between aa 228 and 247. QRéng the b-32 promoter reporter

of the two nuclear localization signals (NLS) of O2 lies in the

same region (aa 223-254), while the second NLS is locatd@the promoter of the maize b-32 gene is inactive in tobacco leaf
between aa 101 and 133). In this study, the region responsible protoplasts in the absence of exogenous transactiSatBMSA
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assays were performed to test whether the parsley CPRIi6tfunction. In contrast, Goét al.(14) show that a 10 aa peptide
DNA-binding domain could bind to the b-32 promoter, since ifs sufficient to activate transcription in plants when fused to the
this were the case, fusions containing this DNA-binding domai@AL4 DNA-binding domain. The 80 aa acidic domain from
could also be assayed with this system. The experiments show#?il6 and a proline-rich segment from the plant transcription
anin vitro binding of the O2—CPRF1 hybrid to a 300 bp b-3Zactor GBF1 have both also been shown to activate transcription
promoter fragment which contains an ACGT core elemerih tobacco protoplast(,32).
(5-TGACGTGA-3) (9). This ACGT-element is not perfectly The spacing between the DNA-binding domain and the
palindromic, but binding of bZIP proteins to non-palindromicactivation domain seems to be critical for the level of activation
motifs has been demonstrated, for example for the Arabidopsisnferred by a transcription fact@&3(34). Support for a spacing
transcription factor GBF12{), or the wheat bZIP protein effect for S1 is supplied by construct @2 -g2/124-2981n71R
EmBP-1 £8). The ACGT-core element could therefore functiorwhich does not contain the acidic region 2. It increased the
as a target for CPRF-1 which has been shown to bind to differestative activity of this construct by 40% over that of
ACGT-elements19,20). The DNA-binding domain of CPRF1 pO2x39_gF 17 though the spacing fragment from 124 to 228
may also be capable of binding to non-ACGT elements, as halene was not able to transactivate over background
been demonstrated for 05,49 and Em-BP1 Z8). The (pO2a124—22&1hzip).
assumption that the DNA-binding domain of CPRF1 binds to the The domain swapping experiments (Fi). confirm the
02 target sequence(s) within the b-32 promoter was supportedfmdings of the O2 deletion series that O2 activates transcription
its inability to transactivate the reporter pb32*-GUS, in which thby an acidic domain located at the N-terminus, and that this
02 target sites have been mutated (B)ig. activation does not depend on the presence of a particular O2
cis-acting sequence. The significance of this lies in the ability of
02 to form heterodimers with other transcription factes, (
which may give rise to transcriptional activation from promoters
Rot recognized by O2 alone. The ability of O2 to transactivate
independent of its own DNA-binding domain (F5, a feature When located at varying distances to the TATA box has been
common to most activation domains described so far. The safigmonstrated by altering the position of the binding site in the
transactivation as that obtained for O2 is seen for the truncaté&gPOrter construcs). O2 polypeptide can be phosphorylated
version pO212-228F1bZIP. The proline-rich domain of 02 is ndfifo Py nuclear extracts of maize endosperm or recombinant
required for transcriptional activation in the CPRF1 fusiorfasen kln_ase_ Il of Arab_ldo_ps&7_( _our_unpubllshed_results). The
(construct pO2g_29, confirming the result of the O2-deletion Malor activation domain identified in O2 contains a potential
series. Together, the results obtained rule out a major role qqse_ln kinase Il phosphorylation site at Ser4s, which may play a
transcriptional activation of either the acidic domain 3 (constru&p'® in modulating activation from this protein.
pO2203-224 or the proline-rich domain.

In contrast, constructs containing acidic domain 1 were able &CKNOWLEDGEMENTS
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