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Summary 

Chalconc synthase (CHS) catalyzes the committed enzymatic step in ftavonoid 
biosynthcsis. In parsley (Petrose/i11U1n crispllln), CHS is encoded by a single gene 
locus. Transcription.al activation of the gene in response to UV-containing white 
light has been demonstrated. Analysis of the CHS gene promoter by in viva 
footprinting revealed four short sequences, designated Boxes I. II, III, and IV, 
which contain guanosinc residues \Vith altered reactivity to the 1nethylating agent 
climethylsulfate in UV-treated versus untreated parsley cells. 

Studies were performed to characterize the functional components of the CHS 
gene pro1notcr using a parsley protoplast transient expression syste1n. By deletion 
and block-mutation analyses it was shown that Boxes I and II act together as a cis
acting unit and arc necessary con1poncnts of the 1ninin1al, light-responsive CHS 
gene promoter. The Box II sequence, which is similar to the conserved G Box 
sequence defined in promoters of ribulose J ,5-bisphosphate carboxylase small 
subunit (RBCS) genes, has been subjected to detailed analysis by site-directed 
mutagenesis. The hcptameric sequence 5'-ACGTGGC-3' has been defined as the 
critical core of Box II required for light induction in the context of the CHS gene 
111ini111al pro111oter. Box II is functionally equivalent to a second, sequence-related 
clement (Box III) that can replace Box II in an orientation-dependent manner. 

Chimaeric promoter-fusion constructs to the GUS reporter gene demonstrated 
that Boxes I and II, together constituting a cis-acting unit, arc necessary and 
sufficient for light-mediated activation of the CHS gene promoter. 

Introduction 

Throughout their devclop111cnt and life cycle, organisins arc exposed to various 
biotic and abiotic stress factors. Plants have evolved an array of 111cchanis1ns to 
protect themselves against these stresses. As a response to the potentially 
cla1naging effects of the abiotic stress factor lJV light, plants accu111ulate lJV
absorbing substances in the exposed tissue. The main compounds deposited. 

I<cy \VOrds: pro111otcr structure, chalconc synthasc, cis-rcgul8tory clcn1cnts, light induction, 
ACCJ'f f8ctors. 
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which absorb light of 230 to 380nm, are flavonoids (Hahlbrock et al. 1982). 
Flavonoids arc a diverse class of substances that occur in all higher plants in the 
structurally related forms of anthocyanins, ftavones, flavanoncs, ftavonols and 
isofl.avones, a111ong others. The basic bioche1nical structure in all cases is a 
chalcone scaffold (Fig. 1). In addition to their role as UY protectants, ftavonoids 
were also found to be involved in flower and fruit pigmentation (Harbornc and 
Turner, 1984) and as phytoalcxins in plant-pathogen interactions (Dixon, 1986). 
The increased synthesis of flavonoids in response to UY light is preceded by the 
transient, coordinated expression of the enzymes catalyzing the formation of these 
compounds (Chappell and Hahlbrock, 1984; Scheel et al. 1987). Chalconc synthase 
catalyzes the committed enzymatic step in the ftavonoid-specific branch of 
phcnylpropanoid metabolism (Hahlbrock and Grisebach, 1979). CHS enzymatic 
activity leads to the stepwise condensation of three acetate residues fro111111alonyl
CoA with 4-coumaroyl-CoA to give 4;2',4'6'-tetrahydroxy-chalcone (Heller and 
1-lahlbrock, 1980; Ebel and 1-lahlbrock, 1982). The main substrate of CHS, 
4-coumaroyl-CoA, is proviclecl by the general phenylpropanoid metabolism 
(Fig. l). 

Extensive studies using cell suspension cultures and intact leaves of parsley have 
revealed that flavonoids are only present in n1inor an1ounts in dark-grov,111 cells or 
etiolated leaves. Upon irradiation with UY light or with UY-containing white 
light, flavonoids accumulated in the vacuole of cultured parsley cells (Matern er al. 
1983). In leaves exposed to UY light the vacuolar accumulation is restricted in a 
tissue-specific manner to epidermal cells (Schmelzer et al. 1988). 
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Fig. l. Sche111atic representation of a selected portion of the llavonoid biosynthctlc 
patll\vay. The cnzy111cs of general phenylpropanoid n1ctabolisn1 and the key step 
\o\vards flavonoid biosynthcsis arc sho\vn: phenylalanine a111111onia-lyasc (PAL). 
cinna111ic acid 4-hydroxy!asc ((~41-I), 4-couinaratc:CoA ligase (4CL), chalconc 
synthasc (CI-1S). 'rhc branch-point reaction for the fonnation of flavonoids is catalyzcd 
by C'I--IS and is specifically induced by UV light in parsley. 
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The need for various phenylpropanoid products varies during plant develop
n1ent and in response to changing cnvironn1cntal conditions, including stresses like 
pathogen attack or short~v.1avelength light. As a consequence, direction and 
intensity of metabolic fluxes through general phenylpropanoid and subsequent 
biochemical pathways arc strictly regulated (see Hahlbrock and Scheel (1989) for 
rcvic\v of phcnylpropanoicl n1ctabolisn1). V-./e focus our interest on the regulatory 
events necessary for light-dependent gene expression. Because of its clear 
response to light and its central role in ftavonoid biosynthesis. CHS is a key 
candidate for inolccular dissection of regulatory clen1cnts incdiating light~ 

dependent gene regulation in the biochemically well defined parsley system. 

Induction of CHS gene expression by light 

In niany plant species C~HS gene expression is strongly induced by niore than 
one signal, e.g. floral development or light in Petunia, elicitor or light in french 
bean and soybean (see Dang!· cl al. 1989, for review). In cultured parsley cells, 
maximal CHS expression is UV-dependent, although blue light, red light, diurnal 
rhyth1n and develop1nental state of the tissue have additional niodulating effects 
(Kreuzaler Cl al. 1983; Ohl et al. 1989). Cloning of eDNAs encoding CHS 
(Reimold cl al. 1983) permitted experiments to determine the kinetics of CHS 
1nRNA accu1nulation in viva (Kreuzaler et al. 1983). Maxin1al transcriptional 
activity of the respective gene, as rneasured by run-on transcription in isolated 
nuclei, occurs a fe\v hours after onset of irradiation \Vith UV-containing v.1hite light 
(Chappell and Hahlbrock, 1984). There is a lag period of approximately 2 h before 
the first increase in transcriptional activity of the CHS gene is detectable. 'fhis lag 
period is moclulatecl by light quality and can be circumvented by a pretreatment 
with blue light. This effect lasts for at least 20 h after blue light treatment (Ohl et al. 
1989). 

(~I-IS transcripts arc located in the cpider1nis of irradiated leaves. as sho\vn by in 
situ hybridization experiments using the CHS cDNA as a probe (Schmelzer et al. 
1988). The same tissue-specific localization was found for CHS protein and for the 
end products of flavonoid biosynthesis. Importantly, the kinetics of CHS induction 
in these in plan/a studies paralleled the results obtained with parsley cell 
suspension cul~ures. 

CHS is encoded by one gene in parsley 

CJenes encoding CHS have been structurally characterized in various plant 
species. rfhe deduced an1ino acid sequences have been \Vell Conserved during 
evolution (Niesbaeh-Kliisgen et al. 1987). In parsley, CHS is encoded by a single 
genetic locus (Herrmann et al. 1988). Two allelic forms have been cloned and 
sequenced. Allele PcCHS", in contrast to the allele PcCHS". contains a 927-bp 
long transposon-like insertion at position -586 relative to the transcription start 
site. which is defined as position + l. No other differences were cletectccl between 
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Fig. 2. 1-Ictcroduplcx analysis of gcnon1ic /-clones containing frag111cnts fro1n PcCJ-!S11 

and PcC'/JSh. 'fbc a1TO\v 1narks the position of the l)NA loop corresponding to the 
unique scgincnt in PcCI!S11

• the arrc)\vhcads indicate loops caused by the different size 
of fragn1cnts <ldjaccnt to the ),-vector anns. l'hc hctcrocluplcx analysis \Vas pcrfonncd 
nccording to Davis et al. {1971). 

the two alleles, either by hctcroduplcx analysis (Fig. 2) or by comparison of the 
available sequence information. Since both alleles showed light-inducible CHS 
expression in cell cultures derived fro111 ho111ozygous plants. the insertion in the 
promoter of allele PcCHS" docs not abolish correct light inducibility (Herrmann e1 

al. 1988). The gene structure (Fig. 3) resembles that of most known genes 
encoding CJ-IS in other species. One intron is present at a position conserved 
during evolution. Upon splicing of the pri111ary transcripL a cysteine codon 
(position 65) is formed at the splice site (Niesbach-Klosgcn e1 al. 1987). This 
cystcine codon \Vas found in all (]-JS genes so far cxa111inccl (Schrbclcr and 
Schroder, 1990; Epping et al. 1990). 

J>arsley protoplasts: a transient assay syste111 for inducible gene expression 

Parsley protoplasts retain the responsiveness of dark-gro\vn suspension culture 
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Fig. 3. Diagrrnn of the parsley CJ--IS gene. So1ne structural features of the t\VO nllc!cs of 
the parsley chalcone synthasc gene, PcC'HS11 and PcC1-JSb, and of the con1111on inH.NA 
arc shown. Filled boxes indicate the two cxons, the open box inarks the 263~bp intron. 
'fhc region bct\vecn the t\vo arn)\vhcads in PcC'HS(' represents a transposon-likc 
insertion. Fron1 the \\VO 111appcd start sites (1--Icrnnann et al. 1988) only the 111ajor one is 
shown and clcsignatccl + 1 8S reference for nucleotide positions in the C'IIS gene 
pro1notcr. ·rhe cutting sites of the follo\ving restriction cnzy111es arc indicated: E, 
EcoRI; C~, C/al; l-I, J{indlll; P, Pstl; S, Sn1aI. Positions of the putative poly(;\) 
addition signaL of the poty(A) tail, and of the AUG arc given. ·rhe hatched boxes on 
the bar representing the 111H.N1\ indicate the coding region. 

cells to light or fungal clicitor (Dang! er al. 1987). The transcriptionally regulated 
genes involved in the for1nation of ftavonoid glycosidcs and cou1narin 
phytoalexins, respectively, arc not activated during protoplasting or by trcatrncnt 
of the protoplasts with polyethylene glycol (PEG) to introduce foreign DNA. 
Thus, chimacric gene constructs can be introduced into parsley protoplasts to 
analyze the effects of promoter manipulations on the expression of a reporter gene 
(Lipphardt e1 al. 1988). The application of the Escherichia coli (J-n-glucuronidasc 
(GUS) reporter gene (Jefferson cr al. 1987) proved very useful in the parsley 
protoplast system (Schulze-Lefert et al. 1989a). This reporter gene offered the 
advantage of !oVo.1 background and rapid and sensitive fluoron1etric detection of the 
product formed by the GUS enzyme. 

Chimaeric CHS gene promoter constructions (sec below) were translationally 
fused to the GUS reporter gene in the background of a pRT99-bascd vector, 
pRT99 GUS JD (Schulze-Lefort er al. 1989a), which also contains a cauliflower 
mosaic virus (CaMV) 35S promoter-driven neomycin phosphotransfcrasc (NPTII) 
gene. The construction of pUC-based GUS expression vectors also allowed the 
testing of elicitor-activated promoters (van de Uicht cr al. 1990) under further 
optimized experimental conditions, e.g. linearization of the plasmid DNA (Ballas 
er al. 1988). The basic CHS promoter-GUS fusions tested in the pUC-based 
vectors respond to light qualitatively in the same fashion as in the more complex 
pRT99-based vectors (B. Weiflhaar and K. Hahlbrock, unpublished results). 
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To broaden the usage of this system, the vector pUC GUS BT-2 (Fig. 4) was 
constructed that allo\vs the easy cloning of cis-acting regulatory ele1ncnts 5' to a 
hcterologous core promoter (sec below). An important part of such a vector is the 
target promoter chosen. A 35S promoter truncated to -90 was used in exper
iments showing evidence that the binding site of the nuclear factor GT-l confers 
light responsiveness in transgenic plants (L,a111 and C.huai 1990). The region 
between -46 and -90 of the 35S promoter, which contains an activation sequence 
factor 1(ASF1) binding site (positions -83 to -63, Katagiri el al. 1989), has been 
shown to have modulating effects on other promoter elements (Fang el al. 1989). 
For this reason, in pUC GUS BT-2 the CaMY 35S promoter from positions -46 to 
+8 is used as the target for cis-acting ele111cnt-dcpcndcnt transcription initiation. 
Because in this vector a transcriptional fusion is used, the sequence surrounding 

pUC GUS BT-2 
5.94 kbp 

Cs 

Sc 

Nh Bg 

Fig. 4. Schcn1atic rcprcscnta1ion of pUC' CiUS BT-2. The nucleotide sequences of 
pUC: CJUS B'J'-2 have the follo\ving origin: 'rhc 1nodified ;\'fCi and the CJUS coding 
sequence between the Xhol site and the Csp45J site originate froin the plns1nid pirrJ03 
(Tl">pfcr et al. 1988). The rest of the GUS coding sequence, the nos poly(A) addition 
sequence, and the plJC9 vector backbone arc derived fron1 plJ(~ CJUS (van de L<)cht et 
al. 1990). Sequences including the polylinker in front of the proinotcr, the pron1otcr 
itself and the polylinker after the nos poly(f\) site were introduced as synthetic 
oligonucleotides. ·rhc length of the C:a!VfV 35S pro11101er fragn1ent \Vas chosen 
according to Fang er al. (1989). 'fhe i\lheI and Bg/11 sites. \Vhich arc ){haI and Ba111l-II 
coinpatib!c, respectively. allo\v the easy subcloning of the hybrid pro111oter-C:JUS 
construction into other vectors (e.g. plant transfonnation vectors). /\ll cloning steps 
\Vere controlled by sequencing. The actunl sequence of the \\·hole casselte is available 
upon request. 1·11c hatched region represents the 35S pro1notcr part. the nun1bcrs 
indicate the positions relative to the start site. /\bbrcviai-ions for restriction cnzyn1e 
sites are: J-L /-Ji11cllll: B. Ba111I·fI; c:. ('/al; E, I:coPJ: P, Ps1I; X, ,.Ybal: S, Sa!I; Xh, 
.,,Yhol: N, ,\!col: C~s, (:sp45I; Sc, SacJ; Bg, Bg!II; Nh, l\''heI. 
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the ArG start codon of the GUS open reading frame was introduced in a mocliflcd 
version following the I(ozak rules for opti1nizecl eukaryotic translational initiation 
(Kozak, 1983). Details of the construction are given in the legend to Fig. 4. 

Genomic f'ootprinting to the parsley CHS gene promoter 

To gain insight into the nlechanisn1s governing light-regulated gene expression, 
experiments were initiated to identify cis-acting elements within the parsley CHS 
gene promoter. Of special interest were elements that arc necessary and sufficient 
for the light-dependent activation of this promoter. Characterization of light
incluced protein-DNA interactions in the parsley CHS gene promoter provided a 
necessary basis for later experiments to define the DNA sequences and protein 
factors involved in these interactions. 

1'o find possible cis-aeting sequences) the -1ncthod of in viva footprinting 
(Church and Gilbert, 1984; Nick and Gilbert, 1985) was applied. Intact cells were 
exposed to the strong mcthylating ·agent dimethylsulfatc (DMS). The concen
tration of DMS and the length of the treatment were optimized to allow partial 
methylation of guanosine residues at the N7 position of the guanine ring. This 
che1nical reaction is believed to be influenced by protein inolecules that are in 
close contact with the DNA, thereby leading to hyper- or hypomethylation of G 
residues at the protein binding site or in the vicinity thereof. The product of this 
chemical reaction is a DNA molecule that is cleavable at the position of the 
modified residue by piperidine. Differences in the cleavage at certain G residues 
arc then co1npared bct\vccn in vivo -treated and control DNA. 

'fo increase the sensitivity of detection, a restriction frag1nent containing the 
pro1noter region of interest is enriched by centrifugation of appropriately cut 
genomic DNA through a sucrose density gradient (Schulzc-Lefert et al. 1989a). 
After creating a defined encl point in the DNA frag1ncnt by a second restriction 
enzy1nc cut, the Maxa111-Ciilbert pipcridinc reaction is carried out to yield a series 
of geno1nic DNA frag1nentsi starting at the reference cut and ending at the various 
methylated G residues. The position of the reference cut is crucial for the display 
of the resulting sequence ladder. The DNA frag1nents are then separated on a 
polyacrylamide gel and detected after electroblotting by indirect end labeling. A 
strand-specific probe of high specific activity is prepared by primer elongation on a 
single-stranded template (Church and Gilbert, 1984). 

Suspension-cultured parsley cells homozygous for the CHS" allele were used in 
the genomic footprinting experiments, excluding the problem of detection of 
multiple sequences by the probe. This problem may arise not only when 
heterozygous cukaryotic cells arc used, but also \Vhcn gene fan1ilics arc analyzcd. 
The entire CHS gene promoter region from +40 to -615 (sec Fig. 3) was analyzed 
for the appearance of light-induced in viva footprints. r:our short sequences 
sho\ving differential reactivity to DMS in dark~gro\vn versus lJV-irradiatcd cells 
were detected (Sclrnlze-Lefcrt et al. J989a: Sehulze-Lefcrt e1 al. 198%). These 
differences \Vere taken as indications of light-inducible l)NA-protcin interactions. 
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The four regions were named Boxes I through IV. They were defined by the 
outcr111ost residues sho\ving altered reactivity to DMS in viva (sec F'ig. 5 for a 
summary of these results). 

A tin1c course of light-induced changes in the in viva reactivity of the G residues 
to DMS more clearly showed the light-dependence of the four footprints in the 
CHS gene promoter. The footprints appeared approximately one hour after the 
onset of irradiation and 'NCrc 111aintained during the period investigated (Schulzc
Lefert et al. 1989a, 198%). The notion that the four boxes are of functional 
relevance is strengthened by the fact that the timing of appearance of the 
footprints is in good agreement with the previously established kinetics of 
transcriptional activation of the CHS gene (Chappell and Hahlbrock, 1984; Ohl et 
al. 1989). 

The four boxes are functionally necessary for light-dependent CHS gene 
protnoter activity 

The development of a transient expression system in parsley protoplasts allowed 
the rapid analysis of the parsley CHS gene promoter in the homologous system. A 
PcCH5'0 pron1otcr frag1nent, containing sequences up to -615, \vas fused 
translationally to the GUS reporter gene. Serial deletions of S' sequences from the 
basic construct 041 (Fig. 6) showed that sequences starting at position -22(\ 
relative to the transcriptional start site (construct 061) retain all the necessary 
information to direct light-regulated GUS expression. Further deletion to -100 
resulted in a complete loss of light responsiveness. Therefore, construct ()(\] 
operationally defined the promoter sequences from -226to+147 as the minimal 
light-responsive promoter (Schulze-Lefert et al. 1989a; see below and Fig. 9). By 
comparing constructs 061 and 071 it became clear that sequences between 
positions -100 and -226, which contain Box I and Box 11, might include an 
element(s) needed for light-dependent expression (Fig. 6). To address this 
question 1 clustered point niutations \Vere introduced into Boxes I and II. 'fen 
basepairs V·.'Cre chosen fron1 each sequence elen1cnt and n1utated to unrelated 
sequences creating diagnostic restriction sites. Each block 1nutation, \Vhen tested 
in the context of the minimal promoter, abolished light-regulated GUS expression 
in the transient assay systc111. It is i1nportant to note that 111utation of either 
sequence element results in loss of light responsiveness (Fig. 6). Therefore, Box l 
and Box II are necessary cis-acting elements for the light response in the context of 
the minimal CHS promoter (Schulzc-Lcfcrt et al. 1989a). Since both sequences 
had to be intact for inducibility of expression, they were defined as a light
responsive cis-acting unit (Unit 1). 

This interpretation was supported by the results of additional experiments 
carried out by Block et al. (1990). In the region between Box I and Box II a 
restriction site \Vas introduced by site-directed 111utagcncsis. The changes in the 
pron1otcr sequence at these positions \verc sho\vn not to affect light inducibility. 
This restriction site was then used for the deletion or introduction of four 
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in viva footprinting of the parsley CHS promoter 
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Fig. 5. (icnon1ic footprints defining four protein contact regions in the parsley C:J,IS 
gene pron101cr. The results froin Schulzc-Lcfcrt et al. (1989a,b) arc st11n1narizcd. The 
filled triangles point to G residues sho\ving hypennethylation, the open triangles 
indicate hypoincthylation. The nucleotide sequences of the boxes and their posi1ions 
arc given. H.csults of an in l'h·o footprinting experiinent co1npari11g light-treated (lJV. 
4h) and control (dark) cells arc sho\\'!l for the coding and the non-coding strands. 'J'hc 
lanes labeled 1-\>C~ and CJ sho\\'· the i'vlaxain-(jiJbcrt reactions pcrfonncd with cloned 
DNA 
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Fig. 6. GUS expression data fro1n various C:I-IS gene pro1notcr-C:iUS deletion and 
block-n1utatio11 constructs. H.csults in this Figure arc taken fron1 Schulzc-Lcfcrt e1 of. 
(1989a). Nan1es of ('1--IS gene pron1otcr-GlJS fusions arc listed on the left and the 
results froin GUS assays on the right. ·rhc an1oun1 of fluorescent 
4-n1cthylu1nbc!!ifcronc fonncd is given as specific activity (prnolcs product fonncd 
1nin· 1) of CJlJS cnzyrnc n1g··-- 1 protein and is taken as a rncasurc for protnotcr activity. 
"fhc rcsul!s frorn t\VO typical cxpcriincnts, cnch represented by the average of t\VO 
transfonnations, arc shO\VJL End points of the CI-1S gene pron101er sequences and their 
positions rcl<nive to the transcriptionnl start site arc displayed. 13oxed regions nnd 
ro111an nun1bers 1nark the positions of the in viva footprints: hatched boxes indicate 
block 1nutntions:rhe sa111e translational fusion is shared by all constructs: 20 a1nino 
acids arc encoclcd by Cl-JS sequences and JO ;11nino acids nrc encoded by polylinker 
nucleotides. 
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nucleotides. Both mutations essentially destroyed light-regulated GUS ex
pression, suggesting a strict spacing rcquirc1ncnt \vithin the functional cis-acting 
unit. 

Functional redundancy in the parsley CHS gene promoter 

The light-responsive unit contained in construct 061 generated only partial C:JlJS 
activity when compared with the longer construct 041. The presence of Box Ill and 
Box IV further upstream in the promoter motivated the construction of CHS gene 
pron1otcr-GUS fusions carrying these upstrcan1 clen1cnts in the context of various 
other parts of the CHS gene promoter (Schulze-Lefert et al. 198%). Fig. 7 shows 
schc1natically the various pron1oter constructions and the results fron1 CJUS assays 
\vith these constructs. The data dc1nonstratc that a second light-responsive 
elcn1cnt is contained in the CHS gene pro1notcr in addition to Unit 1. Jn analogy to 
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Unit 1, Boxes III and IV were named Unit 2. Interestingly, a striking sequence 
similarity exists between Box II and Box III (see below). The presence of Unit 2 
compensates partly for the loss of Unit 1 (sec construct 351). Unit 2 can enlarge the 
light responsiveness of Unit 1 (compare constructs 051 and 061) and the 49-
basepair fragment encompassing Boxes Ill and IV is required for the light 
response mediated through CHS gene promoter sequences from -226 to -615 
(constructs 091 and 0101). Unit 2 in combination with sequences farther upstream 
is able to partially replace Unit 1 (compare constructs 341, 0101 and 061 in Fig. 7). 
It was concluded that Unit 2 is a weak light-responsive cis-acting unit. It is clear 
from these data that the elevated response to light of Unit 1 (construct 061) in 
conjunction with further upstream regions (construct 341) docs not regenerate the 
complete activity of the full-length promoter construct 041. Therefore, the 
synergistic action of the two cis-active units controls the expression of CHS 
(Schulze-Lcfert et al. 1989b). Interestingly, the elements are separated by 
approximately full numbers of turns of the B-DNA helix (sec below; Fig. 9), 
although recent experiments have ·shown that 49 bascpairs between Unit 1 
and Unit 2 could be deleted without effect on light-regulated expression 

100 bp 
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IV 111 II 1 fusion 

615 ·275 -226 -100 +1 ATG .L GUS coding 
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specific GUS actlvltr, 
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40/42 767/772 

28/26 330/275 

23124 404/416 

29/21 60/70 

49/69 30175 

46/47 468/624 

46/40 43/30 

Fig. 7. Su1nn1ary of GUS expression data dcinonstrating the existence of a second 
light responsive unit. R.csults arc taken fro111 Schulzc-Lcfcrt et al. (1989b). Sec Fig. 6 
for description of syinbols and data calculation. Deletions within the pro1notcr region 
in constucts (J101 and 091 arc indicated. 
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(Block et al. 1990). Taken together. these and other data show that parsley CHS 
expression in response to light is regulated by at least two separable light
responsive cis-acting units and one upstrean1 region that is able to enhance the 
response of each of the units (Schulze-Lefert et al. 1989/J). 

Unit 1 is sufficient for light-dependent expression 

The data so far discussed demonstrate that Unit 1 is necessary for light 
responsiveness in the context of the minimal CHS promoter. But is this Unit able 
to confer light inducibility on a heterologous promoter? To answer this question. 
the vector pUC GUS BT-2 was used (Fig. 4). A synthetic oligonucleoticle 
co1nprising the sequence of Unit l \vas cloned in both orientations into the 
polylinker of pUC GUS BT-2 as single copy. as a dimer, and as a tetramer. The 
basic construct containing only the 35S pro1noter start site \Vas sho\vn to be 
minimally active in the transient expression system. GUS expression directed by 
this construct is not increased after irradiation of the protoplasts. Possibly, the 
expression is slightly repressed by light. As a control, a derivative of this vector 
was made, lacking the 35S promoter sequences (construct pUC GUS BT-/\; 
Fig. 8). This construct served as a negative control in transient expression 
cxpcri111cnts and is transcriptionally inactive; it sho\vs only the endogcncous 
background in the fluoromctric determination of the product formed by the GUS 
enzy1ne. 

l'hc results obtained \Vith the oligonucleotidc-containing constructs sho\vcd that 
either orientation of Unit 1 is able to confer light responsiveness on a hcterologous 
transcription start site (Weiflhaar et al. 1991). From this it can be concluded that 
Unit 1 is not only necessary, but also sufficient for directing light-dependent 
expression in the homologous system (sec Fig. 9). As mentioned above, co-action 
of both Box I and Box II at a defined distance is needed for light-mecliatccl 
expression (Block et al. 1990). This finding is reinforced by additional results 

BT-2 

BT-I'> 

50 bp 
specific GU~- activitr, 
(p moles mg 1 min- ) 

·46 +8 
dark light 

polylinker I At ATGG GUS coding 
62/82 

+1 

32/37 

Fig. 8. Schcn1<1tic dcline<ition <ind results fron1 Gl.JS assays of pUC: CJlJS BT-2 and its 
deletion derivative pUC' GUS BT-6.. The CaM\1 35S pro1notcr frag1nent contained in 
pUC' GUS B'r-2 (B'r-2) is represented by the hatched region. 'fhesc sequences \Vere 
deleted fro1n plasn1id pUC: CiUS BT-2 to give pUC: CJUS B'f-/\ (lfr-/\). Sec Fig. 6 for 
dcscri1)tion of other syn1bols and data calculation. 

49/58 

35/37 
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demonstrating that tetramers of either of these boxes cloned 5' to the truncated 
35S promoter in pUC GUS BT-2 do not confer light inducibility on the constructs 
(Weil.\haar, B, and Hahlbrock, K,, unpublished results), 

Box II of the parsley CHS gene promoter belongs to the G Box family of cis
acting elements 

Many features of the transcriptional 1nachincry of higher eukaryotes arc 
functionally related and evolutionarily conserved, Jn the case of Box II (5' -
CCACGTGGCC-3') from the parsley CHS gene promoter, similar sequences 
have been found in n1any other pro1noters in a variety of plant species, including 
light-regulated promoters such as those of several CHS and RBCS genes. Also, in 
pron1oters kno\vn not to be light-regulatecl, sequences sin1ilar to Box II \Vere 
found (Schulzc-Lcfert cl al. l989a). In the parsley CHS gene promoter, this 
sequence clement is present in two related copies. Both Box II and Box lll were 
detected by in vivo footprinting and found to be components of Units l and 2, 
respectively. Boxes 11 and III ,\re functionally related as well in parsley (see 
below). 

A sequence sin1ilar to I3ox 11 \vas originally identified as a conserved region 
among promoters of RBCS genes (Giuliano el al. 1988). These authors identified a 
factor in nuclear extracts fron1 Arabidopsis and ton1ato, \Vhich binds to the 
conserved sequence, the so called G Box. More recently, a G Box binding factor 
(GBF) has been characterized in fractionated Arabidopsis extracts by gel 
retardation and in vi1ro DNAsc I footprinting (DeLisle and Fer!, 1990). The G 
Box sequence is of functional relevance in the expression of RBCS genes, as 
demonstrated by mutation of the G Box present in the Arabidopsis rbcS-JA 
promoter. Also in this promoter, a second sequence (l Box) required for full 
RBCS gene promoter activity in transgenic plants has been identified (Donald and 
Cashmore, 1990). 

Single base substitutions within Box II define a functional core of 7 bases 

The Box lI sequence has been recently subjected to detailed analysis by sitc
direeted mutagcnesis (Block cl al. 1990). The goal of these experiments was to 
define the functionally relevant bases within the Box 11/G Box cis-acting clement. 
Each base within the 10-bascpair region defined as Box 11 (Schulze-Lefert cl al. 
1989/J) was substituted separately. All mutations were tested for their ability to 
direct light-dependent GUS expression in the context of the minimal promoter 
construct 061 (Fig. 9). The specific GUS activity yielded by the reference construct 
061 was set to 100% when evaluating the results (Fig. lOa). Single base mutations 
at each position between -160 and -166 virtually eliminated light-controlled 
expression (constructs 061/4 to 061/10). Upstream and downstream of this core, 
base substitutions had either no effect or retained at least half of the GUS 
expression of the controls (constructs 061/2, /3, and /ll). The data show the 
heptameric sequence 5'-ACGTGGC-3' to be the critical core of Box II required 
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50 bp: 
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Eco A! Gia I Siu I Mbo II Sau96 

L-11#'-----------'ID-{]f'-I ----1[}{]_...l ___ ~r---"'AT.,,_G __ __.__ 

·615 -275 -226 ·100 ~ +147 
upstream 
element 

tested minimal promoter 

region required for 
light regulated expression 

IV Ill II +1 

Fig. 9. Functional representation of the parsley chalconc synthasc pro111otcr. 'fhc 
positions and spacing of the pro1notcr clcinents defined thus far in the parsley ('f1S 
{PcC'!-JS 11

) pro1no1cr arc indicated. Positions of restriction sites used in the construction 
of the c=J-IS gene pro1notcr-GUS fusions are n1arkcd. 'I'he broken line at the left end of 
the dnnving sho\vs the position of the transposon-likc clcn1ent in the PcC'HS" allele. 
Above, the sizes and the distances of the cis-acting units arc given in bascpairs. As 
borders, the outennost nucleotides \Vith changed reactivity to DMS in the in vivo 
footprinting cxpcri1nents arc given. ;\t the botto111, the extension of the n1ini1nal 
pro111otcr used in transient expression cxpcri1ncnts and the region cncon1passed by the 
synthetic oligonuclcotidc cloned into pUC GUS B'f-2 arc indicated. 

for light-induction in the context of the CHS minimal promoter. Together with 
data defining the borders of Box II by the introduction of clustered point 
n1utationsi it \Vas concluded that flanking nucleotides had little or no relevance) 
provided that Box I or other cis-acting elements were not affected (Block et al. 
1990). Obviously, it cannot be ruled out that point mutations other than those 
tested (11 out of 30 possibilities were examined) may lead to the definition of 
additional functionally important bases in Box II. In general, the data yielded by 
these analyses fully agree with the results of the in vivo footprinting experiments 
(see Block et al. 1990 for discussion). 

Functional replacement of Box II by Box III 

The nucleotide sequence of Box II is related to that of Box III, raising the 
question as to whether these sequences arc functionally equivalent. The 
construction of the GUS-fusion plasmids 061/H and 061/I addressed this question 
(Block et al. 1990). As shown in Fig. lOb, replacement of Box II by Box III in the 
wild-type 5' to 3' orientation resulted in the restoration of light inducibility, 
whereas the reverse orientation did not. Comparison of the nucleotides changed 
by replacing Box II with Box III in this experiment with the results of the point-
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Fig. 10. H.csults of point-n1utation analyses of Box II and of rcplacc111cnt cxpcri111cnts 
of Box II by Box III. J)ata presented arc taken fron1 Block et al. (1990). The 
nucleotides constituting the \Vild-typc sequence of Box II arc rcprcscntccl in bold and 
surrounding sequences arc given in sn1allcr characters. Mutated positions are indicated 
by outline letters. All constructs \Vere n1adc in the 061 background and the na1ncs of 
the respective 061 derivatives arc listed. The open bars show the specific GUS activity 
for the given construct relative to the reference construct 061 after light trcatincnt of 
the transfonned protoplasts. Filled bars shO\V the corresponding data for the dark 
control of each transfon11ation assay. The data \Vere calculatccl fron1 at least six 
independent transfonnation cxpcrin1cnts. 
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1nutation series revealed that functionally in1portant bases \Vere substituted in both 
cases. It was concluded that Box III can functionally substitute for Box II in an 
orientation-dependent manner (Block et al. 1990). It is interesting to note that in 
Unit 1, Box II is located 5' to Box I although Box III is located 3' to Box IV. Since 
the individual cis-acting ele1nents \Vere unable to n1ediate light responsiveness, the 
interaction between factors binding to Boxes I and II (and to Box III in the 
construct 061/H) is necessary. This result suggests that the asymmetry of 
nucleotides surrounding the Box II/Box III palindrome influences the binding of 
protein factor(s). The asymmetry may be mandatory for the proper interaction 
\Vith Box I, the other cis-acting clcn1cnt of the unit conferring light responsiveness. 

How are differential effects of related cis-acting elements controlled by trans
acting f~ctors? 

Box II contains a palindrornic sequence. as is often observed to be the case in 
cis-acting elements. It has been interpreted as a reflection of the fact that DNA
binding proteins arc in 1nany cases active as ho1nodin1ers or tetra1ncrs, binding 
symmetrically to DNA matching the symmetry of the binding site (Takeda er al. 
1983). 

On the other hand, the functional core of Box II is asymmetrical. In animal 
systems it was hypothesized that the formation of hcterodimers between different 
polypeptides constituting !rans-acting factors 1nay increase drarnatically the 
combinatorial possibilities for regulation (Busch and Sassone-Corsi, 1990), 
thereby offering one possible explanation of asy1111netric binding sites. If this 
concept holds true for plant cis- and trans-acting ele1nents, it 111ight explain the 
finding of the asymmetrical core region of Box II and the results of the 
replacement experiments with Box II and Box III. 

An interesting observation \vas inade \vhen the heptan1cric sequence defined as 
the critical core \Vas con1pared \Vith son1c other published sequences of cis-acting 
elements (Fig. ll). This heptameric sequence is present not only in the G Box 
(Giuliano et al. 1988), but also in the cis-acting cle111ent called hex in histonc gene. 
promoters (Tabata er al. J 989) and in the abscisic acid responsive clement (ABRE) 
defined in rab gene promoters (Marcotte et al. 1989; Mundy et al. 1990). This 
family of related elements may be named common plant regulator (CPR). 

'rhe data collected so far indicate a diverse class of sin1ilar cis-acting clc1nents 
and cognate binding factors that arc involved in the regulation of various 
promoters. In fact. the occurrence of the CPR sequence in genes controlled by 
anaerobic conditions, developmental state (e.g. adh or p11tati11, respectively; sec 
Schulze-Lefort er al. 1989a) or in the promoter of a parsley polyubiquitin gene 
(P. Kawallcck, I. Somssich, K. Hahlbrock and B. Weil.lhaar, unpublished data) 
strongly supports the argu111ent in favour of an involvcn1cnt of this fa111ily of cis
acting elcn1ents and cognate binding factors in pron1otcr activation by several 
different kinds of stimulus. 

It rcn1ains to be sho\vn \Vhcther the results of the point-111utation analysis of Box 



CHS Box II cclACGTGGclc 
Block et aL (1990) 

**** 
G Box aCACGTGGCa 
Giuliano et al. (1988) 

* * 
hex motif tgACGTGGCC 
Tabata et al. (1989) 

Motif I (ABRE} t ACGTGGC 
Mundy et al. (i 990) 

Em1a Box 
Marcotte et al. (1989) 

ACGTGGCg 

Fig. 11. Sequence clcn1cnts identical to the functional core of Box II. 'J'hc boxed 
region in the Box II sequence indicates the critical core. In the sequence surrounding 
the hex 1notif the nucleotides defined ns the hexaincr arc 1narkcd. The asterisk 
indicates nucleotide positions that \vcrc n1utatcd siinultancously and used as controls in 
the references given. In addition to the hepta111eric sequences iclcnticr1l to the Box II 
core there arc also others 111atching 6 out of 7 positions (sec for cxan1plc Box Ill, 
Fig. Hl} 
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II are transferable to the CPR family in a more general fashion. Interestingly, the 
mutations introduced into the hex motif or the Arabidopsis adh-promotcr G Box, 
\Vhich abolish factor binding and/or cis-activation, all change the hcptan1cric 
sequence at one position at least (Tabata et al. 1989; Donald et al. 1990). In the 
parsley minimal CHS promoter the specificity is brought about by a cis-acting Unit 
(Box I plus Box II), which is sufficient for light regulation. A sequence called I Box 
and the G Box are both important for expression from the Arabidopsis rbcS-IA 
promoter (Donald and Cashmore, 1990). In the case of the ABA-rcsponsive 
promoter of the wheat Em gene a second clement (Em2) was identified in addition 
to E111Ja in the 50-basepair region sho\vn to confer AI-3A responsiveness on a 
truncated 35S promoter (Marcotte ct al. 1989). Also, the artificial combination of 
regulatory cis-acting elen1cnts fro111 the Rl3C'S<31\ gene and fro111 a heat shock 
gene created a novel specificity, na111cly a light-dependent heat shock response 
(Strittmatter and Chua, 1987). 

The co-action of t\vo cis-acting elcn1cnts as one unit (and the synergistic action 
of t\VO cis-active units). together \vith the hypothesis of hctcroclin1er for111ation of 
!rans-acting factors binding to the class of elc1nents si1nilar to Box II, 1nay explain 
the experimental results obtained for the light response of the parsley CHS gene 
pron1oter and serve as a \Vorking hypothesis. 

We and others have so far not detected differences in the binding of nuclear 
factors to the Box 11/G Box sequence between extracts prepared from light
treatccl versus untreated or clark-aclapte-d plant sources (Ar1nstrong, CJ. A., 
WciBhaar, 13. and Hahlbroclc K., unpublished, Giuliano cl al. 1988). One possible 
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explanation of these findings is that the gel retardation assay used in these studies 
is not sensitive to important differences between the bound proteins. Either the 
differences were lost during extract preparation or modified versions of the same 
binding activity differ functionally. The question of how Box II is involved in light
dependent gene regulation remains to be answered. The cloning of factor(s) 
binding to this or related sequences would help to address this question. 

We thank R. Topfcr for the vector pRT103, and I. Somssich, P. Schweizer, and 
0. da Costa e Silva for critically reading the manuscript. This material is based in 
part upon work supported by the North Atlantic Treaty Organisation under a 
grant awarded in 1989 to G. A. and by a fellowship of the Fritz Thyssen Stiftung to 
P. S.-L. 
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