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Abstract 

Phenylalanine ammonia-lyase (PAL; EC 4.3.1.5)genomic sequences were isolated from bean (Phaseolus 
vulgaris L.) genomic libraries using elicitor-induced bean PAL cDNA sequences as a probe. Southern 
blot hybridization ofgenomic DNA fragments revealed three divergent classes of PAL genes in the bean 
genome. Polymorphic forms were observed within each class. The nucleotide sequences of two PAL 
genes, gPAL2 (class II) and gPAL3 (class III), were determined, gPAL2 contains an open reading frame 
encoding a polypeptide of 712 amino acids, interrupted by a 1720 bp intron in the codon for amino 
acid 130. gPAL3 encodes a polypeptide of 710 amino acids showing 72% similarity with that encoded 
by gPAL2, and contains a 447 bp intron at the same location. At the nucleotide level, gPAL2 and gPAL3 
show 59% sequence similarity in exon I, 74% similarity in exon II, and extensive sequence divergence 
in the intron, 5' and 3' flanking regions. S 1 nuclease protection identified transcription start sites of 
gPAL2 and gPAL3 respectively 99 bp and 35 bp upstream from the initiation codon ATG, and showed 
that gPAL2 but not gPAL3 was activated by elicitor, whereas both were activated by wounding of 
hypocotyls. The 5' flanking region of both genes contain TATA and CAAT boxes, and sequences 
resembling the SV40 enhancer core. gPAL2 contains a 40 bp palindromic sequence and a 22 bp motif 
that are also found at similar positions relative to the TATA box in 5' flanking regions of other 
elicitor-induced bean genes. 
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Introduction 

Phenylalanine ammonia-lyase (PAL; EC 4.3.1.5) 
is a key regulatory enzyme in plant metabolism 
catalyzing the deamination of L-phenylalanine to 
yield trans-cinnamic acid and N H ; .  This is the 
first reaction in the biosynthesis of a wide variety 
of natural products based on the phenylpropane 
skeleton, including the cell wall structural polymer 
lignin, flavonoid pigments and UV protectants, 
furanocoumarin and isoflavonoid phytoalexins, 
and wound protectant hydroxycinnamic acid 
esters [ 15, 23]. In addition, the phenylpropanoid- 
derived wound metabolite acetosyringone and 
certain flavones have recently been identified as 
signals for activation of virulence genes in the 
tumor-inducing bacterium Agrobacterium tume- 
faciens and nodulation genes in the symbiotic 
nitrogen-fxing bacteria of the Rhizobiaceae 
respectively [ 17, 36]. 

PAL activity is highly regulated during develop- 
ment associated with cell-type specific synthesis 
of lignin or flavonoid pigments, and by an array 
of environmental stimuli including wounding, 
infection, and light associated with synthesis of 
specific phenylpropanoid products involved in 
adaptation or protection [ 15, 23 ]. Fluctuations in 
PAL levels are a key element in the regulation of 
phenylpropanoid synthesis and labeling of the 
enzyme in vivo and mRNA translation in vitro 
have shown environmental control over PAL 
de novo synthesis [15, 16, 19, 23]. eDNA clones 
have been identified that are complementary to 
PAL mRNA from irradiated parsley cells [24], 
and bean cells treated with a fungal cell wall 
elicitor of phytoalexin production [20 ]. RNA blot 
hybridization and nuclear run-off experiments 
show that elicitor, wounding, infection and irra- 
diation rapidly stimulate transcription of PAL 
genes leading to marked accumulation of PAL 
mRNA and hence increased enzyme synthesis 
and activity [9, 12, 13, 20, 24, 25]. 

In the present study we have used bean PAL 
cDNA sequences to identify PAL genomic se- 
quences and to initiate the characterization of the 
structure and organization of PAL genes in rela- 
tion to their function and regulation. We demon- 

strate that in bean, PAL is encoded by a small 
gene family and describe the complete nucleotide 
sequence, deduced amino acid sequence, intron- 
exon structure and transcription start sites of two 
differentially regulated members of the gene 
family. This study represents the first molecular 
characterization of this important family of plant 
genes. 

Materials and methods 

Plant material 

Cell suspension cultures of bean (Phaseolus vul- 
garis L.) cv. Canadian Wonder and cv, 
Tendergreen were generated and maintained as 
previously described [4, 12]. Germination and 
growth of bean seedlings were as described [34]. 

cDNA clones 

Generation, identification and characterization of 
the PAL eDNA clones pPAL1 through pPAL5, 
complementary to an elicitor-induced PAL tran- 
script, have been described [20]. 

Isolation of genomic clones 

Genomic DNA from leaves of bean cv. Canadian 
Wonder was digested with Eco RI to completion 
and cloned into ;tgtWES Eco RI arms [26]. This 
genomic library, and a previously described 
library of a partial Mbo I digest of bean cv. 
Tendergreen genomic DNA cloned in ).1059 [ 38 ], 
were plated and clones containing PAL sequences 
identified by in situ hybridization with nick- 
translated pPAL5 cDNA sequences. Purified 
clones containing PAL sequences were analyzed 
by restriction digestion and blot hybridization, 
and representative restriction fragments sub- 
cloned into M13 [35] or pSP6 vectors [32] for 
further analysis (Table 1). 



DNA preparation 

Phage particles were purified by CsCI banding of 
eluates from plates of Escherichia coil grown to 
confluent lysis. Plasmid and phage DNA was 
prepared by standard methods [30]. Bean 
genomic DNA was isolated from germinated 
seedlings or suspension-cultured cells of cv. 
Tendergreen or cv. Canadian Wonder using the 
method of Murray and Thompson [33]. 
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Nucleotide sequence analysis 

DNA was subcloned in M13 vectors and se- 
quenced by the dideoxy chain termination method 
[ 35 ]. Fragments for sequencing were generated by 
restriction endonuclease digestion or by rapid- 
deletion cloning [ 14]. Regions in gPAL2 that gave 
compressions in dideoxy sequencing gels were 
also analyzed by the method of Maxam and 
Gilbert [31 ]. 

Blot hybridization analysis 

Bean genomic DNA samples were digested with 
various restriction enzymes, fractionated by elec- 
trophoresis on agarose gels and blotted as de- 
scribed [10,30]. Hybridizations to genomic 
DNA from cv. Tendergreen were performed at 
42 °C in a solution of 50~ formamide, 4 x SSC 
(1 × SSC is 0.15 M NaCI and 0.015 M sodium 
citrate), 5 x Denhardt's solution (1 x Denhardt's 
is 0.02~o Ficoll, 0.02~o polyvinyl pyrrolidone 
(PVP), 0.02~o bovine serum albumin (BSA), 
5 mM EDTA, 0.1 ~o SDS and 100 #g/ml sheared, 
denatured calf thymus DNA. Filters were in- 
cubated for 16 to 24 h in buffer without probe 
prior to hybridization for 24 to 48 h with probe 
[32p]-labeled (>10Scpm/#g DNA) by nick 
translation [30]. Prior to autoradiography, blots 
were washed twice in 2 × SSC, 1 mM EDTA and 
0.1~o SDS for 15 min at room temperature and 
twice in 0.2 x SSC, 1 mM EDTA and 0.1 ~o SDS 
for 1 h at room temperature or 37 °C. Blots of 
genomic DNA from cv. Canadian Wonder were 
pre-hybridized in 5× SSPE (20x SSPE is 
3.6 M NaCI, 0.2 M NaH2PO4, 20 mM EDTA, 
pH 7.4), 1 ~ SDS and 100/zg/ml sheared herring 
sperm DNA at 65 °C for 3 h. Hybridization with 
probe was performed under the same conditions 
for 18 h. For low stringency hybridization, filters 
were washed in 2x SSC, 1~o SDS at 65 °C for 
4h. For high-stringency hybridization, filters 
were washed in 0.1~o SSC, 1~o SDS at 65 °C 
for 5 h. 

S1 nuclease protection 

Isolation and purification of total cellular RNA 
from elicitor-treated cell cultures [12] and exci- 
sion-wounded hypocotyls [34] was as previously 
described. [32p]-labeled single-stranded DNA 
probes [3 ], prepared as described in the relevant 
figure legends, were hybridized to 25-100/tg of 
total cellular RNA in 20mM Pipes, pH 6.8, 
containing 50~ formamide, 0.5 M NaC1, 5 mM 
EDTA and 10 #g calf liver tRNA at 50 °C for 
18 h. Protection against digestion by S 1 nuclease 
was performed as described [30], and products 
analyzed on 7~o sequencing gels. 

Results 

Gene structure 

pPAL5 cDNA sequences were used to identify 
clones containing bean PAL genomic sequences. 
Screening of the 2 independent genomic libraries 
identified 14 clones which were plaque purified 
and grouped into 3 classes by restriction fragment 
length analysis and Southern blot hybridization 
(Table 1 and Fig. 1). Class I and Class II were 
found in the libraries of cv. Tendergren and cv. 
Canadian Wonder genomic DNA respectively, 
whereas class III was represented in both libraries 
(Table 1). 

Nucleotide sequence analysis showed that 
class I comprised a set of genomic clones that 
contained truncated versions of the gene, desig- 
nated gPAL1, encoding the elicitor-induced 



370 

Table I. Isolated bean PAL genomic clones. 

Clone Description ~ Source c 

1 gPAL2 ~ C 
2 gPAL2 b C 
3 gPAL3, 3 ' - t runcated b C 
4 gPAL2 ~ C 
5 gPAL2 a C 
6 gPAL3 a C 
7 gPAL3 a T 
8 gPAL3 a T 
9 gPAL1, 5 ' - t runcated b T 

10 gPAL 1 a T 
11 gPAL 1 a T 
12 gPAL3, 5 ' - t runcated b T 
13 gPAL3 a T 
14 gPAL3 b T 

a Analyzed by restriction mapping and hybridization with 
gene-specific probes. 

b Confirmed by sequencing, for further information see text. 
c C, Canadian Wonder  genomic library in ;tgtWES; T, 

Tendergreen genomic library in 21059. 

p P A L 5  ( e D N A )  

transcript represented in cDNA clone pPAL5 
(Fig. 1). The 5.3 kb Eco RI insert of gPAL2 
(class II; clone 2) and a 3.6 kb Barn HI fragment 
of gPAL3 (class III; clone 14) were sequenced 
and found to contain complete PAL genes includ- 
ing flanking regions (Fig. 2A). Comparison of the 
nucleotide sequences of gPAL2 and gPAL3 by 
dot matrix analysis illustrates the presence of two 
conserved, colinear regions of homology, which 
correspond to the protein coding sequences, sepa- 
rated by an intron that is divergent with respect to 
both size and nucleotide sequence (Fig. 3). 

Intron-exon junctions and transcription start 
sites were established by S 1 nuclease protection 
experiments. Thus, a 155bp fragment of the 
536 bp Hinc II-Hind III fragment of gPAL2, 
which spans the intron-exon II junction (Fig. 1) is 
protected from S 1 nuclease digestion by mRNA 
isolated from elicitor-treated cells (Fig. 4A). This 
positions the junction between two G residues at 
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Fig. 1. Partial restriction maps of the cDNA clone pPAL5 and genomic subclones representing three classes of bean PAL genes. 
Protein coding regions are indicated by hatched boxes. Specific restriction fragments used in SI nuclease protection studies or 
Southern blot hybridization analyses are indicated below gPAL2 and gPAL3. Restriction enzymes: A = Ava II, B = Barn HI, 

E = Eco RI, H = Hind III, Hc = Hinc II, Hp = Hpa II, P = Pvu II, R = Rsa I, and X = Xho II. 



A 
gPAL2 *C~M t CCCAGTCCAAG~C~AGTTA~C~AGGGA~TAA~MA~ATAK~AATA~G(~CA~TGGTGThAAAAGCA~.~A~ATAA~AA~ATGGA~GfGGCCTG~AAT~ 

gPA~ ~TAT T h TGTAC~CAT(~TTTTTATTATGA~£~GATATtTACTTTTAT~C~TAT TATTTTAAA/~GT~TAJ~GC~TATTCATTAT T~TTTTATTTA~GCTT~AT~TATGTTCAA~ 

gPAL2 CCAATAGTAACAAGAAGATCgtAC TC-GT TT fGTATATTAAf TCAATATAA~CAATCCCTG f~TGATT f A G T T ~ T C  TACAATTCTA~TC~TGAGTTAA~CCTAGCCGAA 

oPAL2 G T TGTAGTT~AATCTTAAA~TTACTTTTCT/LAATAGTAA~ACCTGCCATIU&ATACTAGCTGCATC TTAAT TTCTCTACCTCCCCCACAC T C TGGCATGG~C-GCC CTG TC~ T T T TCTTGCT 

gPAL2 CCAT T T l l T ~T TCTAT TAT{~ACACT TTT TCTCCT T |CT TCTAAGTAATTAC TA~CAA~TGCTAAAGA,~ACACAT T TATTTAT TTAT l I T TATCTT TCTAACCC TAT T TAACCAGTTTA 

9PAL2 GAAGCCAAT TCCCAGAATCATAG T TCACT TTAACTATGT hTTTT TTTAG TGAC, AAGAA(~CAAAAGA TGAATGATTGG TTGCGAT TCC h'GCCC T T TTG T TC T[C T TATA TATATATA T 
B 

gPAL2 A TAIATATA'FATATATATA%'ATATACCTAGA~GATAATATGTACG TTGAAATCTTTG T TA~GGAACCAGA~TG TAAGGAT TAGGAAT T T ART T TCGTAG T TGGG TAACA T T I A~ 
B 

{JPAL2 TAAT T AATCAATTAATTAAt TA~ TTGATT~AT T |ATACGTCTATCTTCT,~T TCCACGTCC TGTGT TGG [AGGGA.AG T AC,~AGAAG T T AGG T T C TAGTCCACAAGG TGACA TCGCACCC,~ 

O A 

PAL "G TCCATGGAGAATCAGCCA A ,C~AA TCAAGTT TCAAAGT~,GT TTT CT GT A GC TT T GTTT G C A ACA GGA- I,l;~ G 
~PAL~ G~G~AA~TG~CACGTCGCGC~TGA(~AGCCGCTGATGCAGGCT~T~TCC T TCGCT TGtCAT TAT I TC TCCAC TC~ IACTCCCC f ATC~A CT T~CICC~T TGIGC~TC~ 

O TXN 
~pP~_~ CCTT TATAC¢CACCTACCA~A~C'[CCAGATT TGCTTCGGCCCTAACACTCTCCGI~r CCT TCAIGAACA~C~C3.AA TCA T ICACC A~A I TACC, C AC I AC I T I I C.L 

IGCC AATG TGGGTCAI IA AIGAAT CAA C GAT TATC AGT GAAGAGGTACCJ A C A ] A CCC G [ACA] GGT C ACCA T IGCC C A~_. 
A 

g L~PA T~,!CTCCGICTCCTCATICCTTCATTTAAATCTGCTTCCCCACTCACCTACCCAAACGCGCCAC TAAC TCA(~ACGCAACGC~C AA TGGAAAAGACG¢ I T TCGTCGICAC [GCCG(C 
gPAL.} ~ TTC AAA TTCCAT T G CA TT ,CAT TCTC TAG TAGCITCACTGGT TG, AA i ~ "  CA TC CCC A GG AG CAAAGIGAG ,G (,T 

L ~  TXN 
~pPAA~ GTGAGAATG~CGCG(~CCGC~AA~GGG~GCTGCGG~G~AGGCGCTCTCGGGCAG~CACCTCGACGAGGTCAAGCGCA~GG~CGCCGAG~ACCGCA~GCCCGCGG~GC~CT~.AACA~A C GTAA AT T A GAA T C I G G A A AGG G G GG A C G GGGG'CGGCA 

~pPA~ C~AGAC~CTfACV~T~90~'~TAC'C~C--lC~TGCN~CA~'~W:ViG~A~T~A~C T~C~AG'C VGCCAG~I~GCGT~CCA~C~G~^~'~'~'~C~ ~ 

~P~d~ AGCA Tr~AC " AA~A~T~CA~T TTACGGt~ TCACCAC~eTGT TCGGTG~AAACCTCCCA~ACGCCGMTAC~PCAAGG~GC~ T f A ~  T~T~G T~A~zA T~A~AI~ A C-" I 

E 
AAAGT T TCT T TC T TCT AT TTA ATTA TA A%" EAT TGCAACTGGT TTGCAC TCGTGAATCAACGCAAGAAAAATAG AATAAITTI TA~CACATCF~ 

~k~  TCT C~ ~G V ~  ~A~A ~T ~AAAT~TCGT~ C~  ~A ~ IT  G A ~ C ACA~ AGA GT ATGTGICT AIT~ 

TCAACATGA~ATGTATATAtATAAACACA~CAATTTGTG%'ATT.A.C.ATATT--~--TT.TGTT.~ .I~T[~T T6TiT!~GAIC UAC~ T~I A! I~AT TAh TCAC TAG I~CM C T C H T 
~PPI~ GT TT A A CAC T T AAA T~ GGGT TGTA C~ G ..... T~. ..................................................... 

~ppAALL~ CT TGTCATGGTTCTATCGAACCTGTAACTGTAGGTGC~CATCGTGA~AAAA~GCATGATCATGTA~CA~AAAATGMAAM~AACATAT T A T T 11ACAT AAAT TAAI T l CACAACAA 

~p~l_L~ GATTGT T TTtAACATCGTT'FGTTGTAAAT~TTTGAAAAAATAAAGAAAA?GTGTGAAAAAAAATTGAAGGATGTTGTGTT TAMATATAATATA TAC TAAIAGTAAAAT I TGI T T T T TC T 

~ AC~T~CT~T~C~T~T~TTCCC~CTT~GC~ATTGT~CCATCCC~CCTC~TTCATTA~G~¢~M#~A~GATCT~ TMTATTATATGA~GTTIT T IIATIATI 

~pp~ CTTCTTT~AhCCCTTA~AT~TTATTATT~CGTTGTTATTTTTCTGTTT~TGTT~CC~TTCATC~TTTTCTATT~CCAACAT~GTCT TATACTTTAI TTTAITACT~ TT TCAT T TC 

~pp~LL~ TCT ~AAG~A~G~GCTCGGC~ACC~AAAATA~CACCACAC~AA~AACGAA~hAAA~GA~A~CAT~G~C~CA~AG~GG~TGGMAAG~TGGC~ 

~ p ~  CACCTAACA~AGGAAATTT~GTAATATTT?T~TTTTATTAGAGAGAGTT~TTTCTTATA~TMAAA~TTAGGTTTAGTATGCTATAT~TATTTTTACTTTAATTCATG~TATATATG~T 

~ A ~  TT T T T T TCCI'AATATAGT,~,AA T T TTGA~U~GTTTCT~£-~G 1TCA/~CT~ TTOUUtICCT~TTTT~AT'cpU~CT1TfT/ATM~TAJUU~TCTT~TM~ 

~PP~I TA T~ T~Tk TTAT~T~ATAJUTATG t GT ~T~AT~T~TA~AT~T~m(~T~TAT~TATA~T~I~T~T/~AT~mG~ 

~p~ GGG TGG TA~T TAAA,~.~.~G TGCTGGCAT T~ITGTAIIGTCTGAAT~TACTACCCI"GATCTGGA~CGA~ATCCTA~T~ f~g~ 

~pP~ TTTTGTCCTgTTTATTACkCC~TCMfTCMTTTTTf~TTTTTTGfATTgTTTAt~TNT~T~tGTC.~ATTAT f TATTTTT~tTTTTCCCCTATTTTATCAT~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  TG TTTGC ACGT ~o~ g AT T C AG C T ~  IT TC A C TCATNIG~ ~ ~ AT C fg~F~ITATf.~ T TC C 

~.~4~ GT T TT' ~ I T A I  T TTTI'TT IT T "AT IT I~%" O,A T 12 C" T " AT lTTT.~tT~T TA " TT K[~TT I ~ "  T 9G~9 G~ GTT T C ~ N  A~C ~ ~T~T~ ~l TA~ t l  ~ ~ ~ U ~ A N  ~AA AT ~ T~TA~A~ G ~ GTA V~AT~ 
INTRON 
• , l  l 

~ C TTTTTTTTTGTTCTTCTTTC~TT TTT~T~T~TATTT~T~T~AGA~TCC~TGC~CCTACCCC~T~T~TAT~TTGT~TGa~A~ 
A ACC C T C TCCCA II A CTGC CC T CCAA G TATCTCAT A G AA AT k C A G T ~ C  

Fig 2. See p. 372. 
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PAL G GAA A..,C AC CC A G T ~ A T l fit T T A ~  A 
~PAL~ IGGAAGETC iTA TAT CAAAGC |GC TAAGAAGT TGC~TGAGATAGATCC~iTGCAGAAACCCAAACAAGAiCGCTAT~CCCTTAGAACTTCACCCCAATG~CTTGGTCCT~AATTGAAGT 
cPALS T C C G G A C A G A G A A A C A G TC 

~ GAICAGGTI~ IC I C ~iTC~CC~̀ ~TCA~̀ ~TG~GAGGG.~G~TC~.~C~T~¢~TG~CAACCCTT1~G1~$~GTG~(~TC~.~̀ ~GA~£~C~ac(~TTGC̀ TC~GT~T~TTCC~TCC~TT~~ A A A AT C GA T CCT eAA ~ AA A TGA ~ TT C 

~A~L AC, T CTCCATGGAIAACACCCGTT IGA TIGGCTATA G TG~TC~A~(GGA~CTCkTGTTTG~TCAA~TCT~TGAT~T~GTCAATGACTATTACAATAATGGGTTGCCTTCTAATCTCACTGC~A~C C A FA A AC T T G T  C A A  A C T T T G  
cPAL5 C T C A T C C C G T TC C C TC A T 

9PAL2 CA~AAACCCCAGC T IGGATiATGG T T TCAAGGGAGC TGAAAT TGCCATGGCATCTTACTGCTCTGAACT~CAATATTTG~CTAACCCCG~AACCAGCCAtGTCCAAAGC~CCGAGCAA~ 
T 1 T C T ~ ~ A T A A TAT ~pP~ 1 T A 1C G C T G TG T T T A A T A G T G 

~A~I Cha~CCAJ~GAIGT~AACTCT~'GGGA~TGA~1~ATCTAC~A~u~̀ CCAA~AGC~(~CTTG~(~ATC~TCAAGTT.~Q~TG~CT1̀ C~TT~C~.t~TTG~TT~C~̀ TT~TT~T C A ~ i%" IGTG A CA A AT A T AT C A T T 

gPAL2 GC ~d T T GG,~.f~GA~A ~ l I 1G,~GA AC ACT GiGAAGA.e,T GAI iG / GAGCC,~£,(~ T TGCC ~ TCT CAC(~AC,:~ra~TG TGIU~TC~..~C~AA(~t CCACCCTTC~T TTTGT~TC~ 
PAL ~IPAL~ A G ,  G CA~ TArA T ACT ~ AT A T T AA ~ ~ A AC'[A T A TTC CA C A G G A AA 

~A~LI GTTGAA~GTiGlTGA~GGGAG~ACACA~T~G~CTACA~iGACGACCCTiG~AGFG~ACATACCCCTTGATGCAAA~TAAGGCAAGiGCTTGTGGACTATGCATTGGCC~A~GAGAC 1 G G T A A 1GT T A T T C TAA TA GG A C ~ G  A TAT GC A CATA G TCAT 
C G C IGT T A T A A T AC T A C C ATA C 

~ GTA~CG~AA~A? T ~ G T  ~AATCT ~CCA~GA~iGCA~CATTTGAGGAGGAGTiGA~GACCC~T~GCCTAAG~AG~GGA~TGCA~GACTt~CA~AT~ACG~C~T  ̀
T ~ G GG GG GGT T TT A A A CGGA T T G T A T C C  

GGIGC k T AC /" A A G T A A GGC T GTGGA GC 

~ ! ~  1G~A~TCCiAAC~ATCAAGGATTG~AG~TCTTA~CCACTlG~ACA~AiTFGTGA%AGAGGAGTTAG~ATCGTTG~TGACTGGTGA/U~GTGAT~TCAC~T~TGTGAA A A ~ ~ AC C G C T~ C C ~ C T C ~  ~A-~ G-A T 

~ C~GAb TGTTC~AGTGCTATG'GCCAAG~&A_ T C A T / A 1  CA C T Q G A TGATCCTCT~1~A IcTG~AATGCCTTG~GTC~AtGGTGCTCCT~TTCCAATT~TCGT~ATTTTATGTtTATTGGAGA~T A A T C GT CA C A F / ~ T  AA GT~A AT CACAATA C 
~ r  A CA A A G ~  T TC C A - - ~  TTA TG CAT T ATAA ~ TTT 

~ IGGTT TCTTTC~ATATACGTA~TGTGTTGATAAGAAFTiGGTT~GTCTGTAACGCTGTGGCAAATCAA~CCACACATA~AACTTT~CA~TG~CTT~ATGTCTTGG~TCTT 
~cC?~Tc~cTATGTC~A.~CC~ ATTG~G~ G~T TGTCTT ~ TCT-~Cg~T TATCTCAATCCAGA TTA AG TAAGAAC~ TAC A 

G G C T M T CATGG A GCGGA C AT TT C TCCATGTCAGATAGGACC 

B 
pP~ H~AT P _N(J _KO_~_ yy I~DPL~Ake~EALSGSHLOE~ Y,I~WAEYRKI~AVRL.C~OTI~ T T AOV AATA/~OGLKVEL~E$~C¥ ~ $ ~ T  p$ yG TT(IFGATSHRRTi¢ 

• ITI~i(GSQSEVGVSNT GN V $ K E G EAVIHVG [ VSK V NOYEQA D S EG DSSCK IVDNI IPI V N N Q Q 

.1 
~GALQKEL~RFLNAG~G~TESNCTL~HlATp̀A~LVRVN~LL~GYS~|RFE~LEA~tKLLNNN~T~LPLRGT|TA~GDLVPLSY~ALL]GR~PNSKAVGPSGE1L~EAFE~|E t MV CA YQ LSH KS . V * ?V T Q HGV 

NO g Y 14 l) L " "  L 

] [V | RFSTIC~ ] ERE ' NSVNONPL ] ~V~I~I~LsHCW'JtFQGiP | GVSHBNTAI'~LA~AS ] GKL~[F[ N}FTS~4-VN~¥N" LPSN[ ~ "  "LO'¢GFI~/L(A[ ~N4A~YC S [ LQY L~PVT SHVQ'S T/'~ 

E~wsLGL|s~Lucr~bu~E|Lmqs~LvALc~`i~L"LE~f~wTv~ws~TLTF~E~r~e~vv~YT~Av~"~L~TYpu~KC~vLv~At~ 
~ 1 ~  " K YE HT 

O A $1 ~ SS ~" S G O O V ~  Y ~ l 

NfiEIIEKII'Nts I FOKIASFI~EELKTLLPKL~/EGARLAYE#II~QCAIPIg( ~ i'(/)CRSY PLY~VREEUITSLI" TGEKV l SI~EECOKV F$~(~K 11 DPLL EC LG Eg~Pl: P l C * 

Fig. 2. A. Comparison of the nucleotide sequence ofgPAL2, gPAL3 and eDNA pPAL5 (gPAL1). Transcription start sites (TXN) 
and intron-exon boundaries are denoted by horizontal arrows. DNA sequences 5' to the transcription start sites, which resemble 
signals for transcriptional regulation of other eukaryotic genes, are boxed (TATA, CAAT and SV40 enhancer core), and elements 
A - D  putatively involved in the specific regulation of PAL transcription are denoted by solid lines. The underlined region E 
adjacent to the 3' end of the first exon is the 17 bp insert present in the gPAL3 clones 3 and 12, but absent from clone 14. Boxed 
regions at the 3' end of the coding regions are the translation termination eodons and those sequences used for the construction 
of gene-specific oligonucleotides complementary to PAL mRNA. (B) Comparison of the deduced amino acid sequences of the 
three classes of bean PAL. The vertical arrow denotes the residue encoded by the cod0n which contains the intron. Asterisks 

denote the start point of specific sequences. 

nucleotides 1660 and 1661, which are present 
within the consensus junction sequence AGGT 
(Fig. 2A). The 149 bp fragment that is more 
weakly protected in this experiment, can be 
ascribed to the effects of the 5 T residues immedi- 

ately following the boundary G residues on the 
stability of this terminus of the duplex. Two 
regions of the 3.5 kb Eco RI-Hind III fragment of 
gPAL2 (Fig. 1) are likewise protected from S1 
nuclease digestion. In addition to the 155 bp frag- 
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Fig. 4b. 

Fig. 4. Identification ofintron-exonjunctions and determination of the size ofexon I in gPAL2 by S1 nuclease protection. A. The 
boundary between the intron and exon II was located by partial protection of a single-stranded DNA fragment derived by 
subcloning the 536 bp Hinc II-Hind III fragment of gPAL2 (see Fig. 1) into Ml3mp8. B. The size of exon I was determined by 
the SI nuclease protection of a single-stranded 3.5 kb Eco RI-Hind III fragment. [32p]-labeled single-stranded DNA probes were 
synthesized using M13 universal primer and strand-purified on denaturing gels [3] prior to hybridization to total cellular RNA 
isolated from wounded hypocotyls. In panel A, Lanes 1 and 2: controls with no RNA mad no SI nuclease; Lane 3: control with 
1 unit of S1 nuclease but no RNA; Lanes 4-6:5  #g of total cellular RNA with 1, 5 and 10 units of S1 nuclease respectively. 
In panel B, Lanes 1 and 7: size markers; Lane 2: no RNA, no S1 nuclease controls; Lane 3: no RNA, 5 units of SI; Lanes 4-6: 
5 #g of RNA with 1, 5 and 10 units of S1 nuclease respectively. The second band of 149 bases may reflect the presence of 5 T 

residues following the intron-exon I boundary nueleotide G. 

ment corresponding to the 5' portion of exon II, 
a fragment sized between 485 and 490 bp was 
also protected (Fig. 4B), directly corresponding 
to the entire exon I sequence. 

To determine the transcription start site of 
gPAL2, a 494 bp Rsa I fragment (Fig. 1) was 
inserted into M13 and DNA probes for both S1 
nuclease protection and sequence reaction marker 
lanes were generated using an internal synthetic 
oligonucleotide primer (see legend, Fig. 5). 

Hybridization to RNA from wounded hypocotyls 
or from elicitor-treated cell cultures resulted in S 1 
nuclease protection of several fragments 187-190 
bases in length (Fig. 5) and established the tran- 
scription start site within the sequence CATT 
(nucleotides 1172-1175), as indicated in Fig. 2. 
Comparison with the eukaryotic transcription 
start site consensus sequence Py-.  Py 
A( + 1) Py Py Py Py [7], suggests that the A at 
nucleotide 1173 is the first transcribed base. The 
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Fig. 5. Identification of the transcription initiation site of gPAL2 by S1 nuclease protection. The hybridization probe was a 
single-stranded DNA fragment prepared as follows, A 494 Rsa I fragment (nucleotides 918-1412 as shown in Fig. 1) was cloned 
into the Sma I site ofM 13rap8. A 21 base oligonucleotide (5 ' -CCGAGAGCGCCTCCGCCGCAG-3 ' ,  complementary to gPAL2 
nucleotides 1352-1373) was synthesized and used to prime DNA synthesis from this subclone to generate DNA probes for S1 
nuclease protection experiments [3]. The same primer was used for dideoxy sequencing reactions to generate the marker lanes 
A, C, G, and T, allowing direct identification of the limit of the protected sequences. The DNA probe was cut within vector 
sequences by Eco RI and labeled single-stranded DNA was purified on denaturing gels prior to hybridization with 25 #g RNA. 
Lanes 1-4: RNA from wounded hypocotyls; Lane 5: RNA from elicitor-treated cell cultures; Lane 6: RNA from control, 
uninduced cell cultures. Samples were treated with 5 units of S1 nuclease in lane 1; 2.5 units in lane 2; l unit in all other 

lanes. 

first ATG is 99 bp downstream from the tran- 
scription start and initiates the open reading 
frame of exon I (Fig. 2). 

The S1 nuclease protection studies locate the 
exon 1-intron junction between 485 and 490 bp 
downstream from the transcription start site in 
the sequence T C A G G T  (Fig. 2A). Utilization of 
the consensus A G G T  junction site at this loca- 
tion establishes sizes of 488 bp for exon I, and 
1720 bp for the intron. Thus gPAL2 contains an 
open reading frame consisting of 389 bp of exon I 
and 1747 bp of exon II, which encodes a poly- 
peptide of 712 amino acids (Mr= 77849Da;  
Fig. 2). 

The transcription start site of gPAI.3 was 
established by S1 nuclease protection experi- 
ments using a 436 bp Barn HI-Hpa II fragment of 
clone 14, that contains sequences from exon I and 
the 5' flanking region (Figs. I and 6). RNA from 

wounded hypocotyls protected a 173 bp portion 
of the Barn HI-Hpa II fragment (Fig. 3), defining 
a transcription start site 35 bp upstream from the 
translation start site of the exon I open reading 
frame, which is conserved between gPAL2 and 
gPAL3. The precise size of the 173 bp protected 
fragment was confirmed on gels with markers 
generated by Maxam and Gilbert sequencing 
reactions of the Hpa II-Hind III fragment of 
gPAL3 (data not shown). In contrast to gPAL2, 
gPAL3 sequences are not protected by RNA from 
elicitor-treated cell cultures (Fig. 6), indicating 
differential regulation of gPAL3 compared to 
gPAL1 (pPAL5 cDNA) and gPAL2. 

Sequence comparisons between gPAL2 
clone 2 and gPAL3 clone 14 showed conserva- 
tion of tile intron-exon II junction, but not the 
exon l-intron junction. However, sequence analy- 
sis of two other independently isolated Class III 
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Fig. 6. Identification of the transcription initiation site of gPAL3 by S1 nuclease protection. A. A mixture of Bam HI-Hpa II 
(436 bp) and Hpa II-Pvu II (126 bp) fragments [32p]-labeled at the 5' end with T4 polynucleotide kinase, were digested with S1 
nuclease after hybridization to 100/~g of total RNA from: control suspension cultured cells (Ec); suspension cultured cells 4 h 
after addition of fungal elicitor (E); hypocotyls 7 h after wounding (W); RNA from untreated hypocotyls (Wc); and probe without 

RNA or S 1 nuclease (C). B. Map of the probe fragments. The 126 bp internal fragment serves as a full length protected 
control. 



clones (Table 1 : clone 3, cv. Canadian Wonder, 
and clone 12, cv. Tendergreen), which did not 
contain full-length gPAL3 genes, revealed the 
presence of an additional 17 bp at the 3' end of 
exon I (region E, Fig. 2A), which restores the 
reading frame and intron junction with respect to 
gPAL2. Clone 3, a 3' truncated gene, showed 
complete sequence identity to clone 14 in all other 
regions analyzed, including all of the 5' untrans- 
lated sequence, exon I, the intron, and the 5' end 
of exon II. Clone 12, a 5' truncated gene, also 
showed complete sequence identity (with the ex- 
ception of the 17 bp insert) in all regions analyzed, 
including most of exon I, the intron, exon II, and 
3' untranslated regions, gPAL3 clone 14 may 
therefore contain a recent deletion and represent 
an inactive allele of Class III PAL genes (dis- 
cussed further below). Class III genes (including 
the 17 bp insertion in clones 3 and 12) have an 
open reading frame which contains 389 bp of 
exon I and 1741 bp of exon II, encoding a poly- 
peptide of 710 amino acids with a predicted Mr of 
77 364 Da (Fig. 2). The intron is 447 bp and is 
located at the same site as in gPAL2. 

Exon I is not highly conserved between gPAL2 
and gPAL3, with only 59~o and 50~o sequence 
similarity at the nucleic acid and protein levels 
respectively. Adjacent to the N-terminus there is 
a stretch of 16 amino acid residues that are com- 
pletely divergent between the two deduced poly- 
peptides (Fig. 2A). The introns do not show 
sequence conservation, although both are 
AT-rich. Exon II of gPAL2 and gPAL3 show 
74~o and 77~ similarity at the nucleic acid and 
protein levels respectively. The partial sequence 
of exon II of gPAL1 (equivalent to 
cDNA pPAL5) is more similar to the correspond- 
ing region ofgPAL2 than gPAL3 (90~o and 76~o 
similarity at the amino acid level, respectively). 
Within exon II, the 5' half is more highly con- 
served at both the nucleic acid and protein levels 
than the downstream regions (Figs. 2 and 3). The 
5' untranslated regions of gPAL2 and gPAL3 
show little sequence similarity (Figs. 2 and 3). 
Likewise the nucleotide sequences 3' of the trans- 
lation stop codons of gPAL1 (pPAL5 cDNA), 
gPAL2, and gPAL3 are highly divergent. 
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Promoter sequences 

Presumptive TATA and CAAT boxes [7] are 
located 32 and 74 bp respectively upstream from 
the transcription start site ofgPAL2, and 30 and 
73 bp upstream from the transcription start site of 
gPAL3 (Fig. 2). The 5' flanking sequences of 
gPAL2 and gPAL3 contain copies of the element 
T T T  AAACCAC, which is an inverted version of the 

A A A  GTGGTT T element that comprises the SV40 
enhancer core sequence [39]. There is a 15 bp 
AC-rich element (A) 78 bp upstream of the tran- 
scription start site ofgPAL3 that is almost identi- 
cal to a sequence motif found in the promoters of 
coordinately expressed bean genes encoding the 
phenylpropanoid biosynthetic enzyme chalcone 
synthase, which catalyzes the first reaction in a 
branch pathway specific for the synthesis of 
flavonoid pigments and isoflavonoid phytoalexins 
[18]. A 13 bp variant of this sequence is also 
found 121 bp upstream of the transcription start 
site of gPAL2. Otherwise the 5' flanking regions 
of gPAL2 and gPAL3 sequenced to date exhibit 
little similarity, gPAL2 contains an AT repetitive 
sequence (B) and a 40 bp AT-rich palindromic 
sequence (C) 297 bp upstream of the transcription 
start site. The latter is part of a region containing 
a series of overlapping motifs that are also found 
in a similar relative position in the 5' flanking 
regions of bean chalcone synthase genes [ 18]. A 
second region (D), 73 bp upstream from the 
gPAL2 transcription start site, also resembles a 
sequence at a similar relative position in the chal- 
cone synthase genes. 

Gene organization 

To analyze the organization of PAL genes within 
the bean genome, Southern blots of genomic 
DNA from cv. Tendergreen and cv. Canadian 
Wonder were hybridized with various PAL se- 
quences including gene-specific cloned fragments 
and synthetic oligonucleotides. Under conditions 
of relatively low stringency, the insert of eDNA 
clone pPAL5 hybridized to several fragments of 
cv. Canadian Wonder (Fig. 7) or cv. Tendergreen 
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pig. 7. Organization of PAL genes in the genome of bean cv. Canadian Wonder. Total genomic DNA from seedlings of cv. 
Canadian Wonder (5 ~g/lane) was digested with restriction endonucleases prior to agarose gel electrophoresis, blotting and 
hybridization with nick-translated, gel-purified probes. A. Low-stringency hybridization with the 5.3 kb Eeo RI fragment contain- 
ing gPAL2. B. High-stringency hybridization with the 5.3 kb Eco RI gPAL2 fragment. C. High-stringency hybridization with the 
5.8 kb Eeo RI gPAL3 fragment. D. High-stringency hybridization with the 1.7 kb insert of pPAL5, a eDNA clone corresponding 
to gPAL1. Restriction endonucleases were: Lane I: Eeo RI; Lane 2: Hind III; Lane 3: Barn HI; Lane 4: Bgl II; Lane 5: Hinc II; 
Lane 6: Eco RI plus Hind III; Lane 7: Hind III plus Barn HI; Lane 8: Hind III plus Hint II; Lane 9: molecular weight markers. 

(data  not  shown) genomic D N A  digested with 
Eco RI or several other restriction endonucleases.  
Hybridizat ion to cv. Tendergreen genomic D N A  
under  condit ions o f  high stringency with cloned 
fragments from exon II o f  gPAL1, gPAL2 and 

gPAL3 showed that the 5.3 kb Eco RI fragment 
contained gPAL2 sequences (Fig. 8). Sequences 
from exon II of  gPAL3 hybridized specifically to 
a 6.0 kb Eco RI fragment that was not  hybridized 
by pPAL5 c D N A  sequences, consistent with the 
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Fig. 8. Organization of PAL genes in the genome of bean cv. Tendergreen. Total DNA from bean cv. Tendergreen (5 #g 
DNA/lane) was digested with Eco RI (A) or Ava I (B) prior to agarose gel eleetrophoresis, blotting and hybridization with 
nick-translated, gel-purified PAL sequences. Lane 1 : gPAL2 (Eco RI-Ava II 1.33 kb fragment); Lane 2: gPAL3-5' (562 bp 

Barn HI-Pvu II fragment); Lane 3: gPAL3-3' (1.26 kb Eco RI-Bam HI fragment); Lane 4:pPAL5 (1.7 kb cDNA insert). 

greater sequence divergence of gPAL3 (see 
above). Sequences from exon II ofgPAL 1 hybrid- 
ized to both the 6.5 and 11.4 kb Eco RI fragments. 
This indicates the presence of a second clas3 I 
gene, gPAL1 ', located on the 11.4 kb Eco RI frag- 
ment, that is closely related to gPAL1, known 
from nucleotide sequence analysis of  genomic 
clones to reside on the 6.5 kb Eco RI fragment 
(see above). These assignments were confu'med 
by hybridization with labeled, gene-specific syn- 
thetic oligonucleotides (Fig. 2) from a region of 

exon II that is not highly conserved between the 
3 classes of PAL genes (data not shown). 

A very similar overall organization of PAL 
genes was found in the genome of  cv. Canadian 
Wonder, although only weak hybridization was 
observed to the 11.4 kb Eco RI fragment repre- 
senting the class I polymorphic form containing 
gPALI '  sequences (Fig. 7). Digestion of bean 
genomic DNA with other enzymes, or by combi- 
nations of enzymes, revealed additional frag- 
ments for each of the PAL gene classes, indicating 
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that the PAL gene family is polymorphic for all 
representative genes (Fig. 7). This was confirmed 
by Southern blot analysis of genomie DNA iso- 
lated from individual plants (K. Edwards and W. 
Schuch, unpublished). 

As described above, nucleotide sequence analy- 
sis revealed an allelic variant ofgPAL3. Class III 
clones 3 and 12 were shown to represent trun- 
cated genes identical to gPAL3 clone 14 in both 
coding and untranslated regions, with the excep- 
tion of a 17 bp sequence inserted at the 3' end of 
exon II (Fig. 2A). gPAL3 clone 14 is likely to 
represent an allelic variant rather than a different 
locus because gene-specific sequences for the 3' 
and 5' ends of gPAL3 each hybridize to single 
Eco RI genomic fragments (Fig. 8). Eco RI cuts in 
the middle of exon II and thus would resolve 
tandemly duplicated genes. The gene containing 
the 17 bp insert probably represents the active 
allele because (a) there is close similarity with 
gPAL2 at the exon I-intron junction which pre- 
serves the conserved open reading frame; and (b) 
fragments of clone 14 from this region are not 
protected from S 1 nuclease by RNA from wound- 
induced hypocotyl tissue. Genomie reconstruc- 
tion experiments, in which hybridization to 
genomic DNA sequences representing gPAL3 or 
gPAL1 was quantitatively compared to a haploid 
genome equivalent of cloned DNA, indicated the 
presence of 1 to 2 copies of each gene per haploid 
genome (data not shown). 

Discussion 

The present data demonstrate that PAL is 
encoded by a small gene family in the bean 
genome comprising: gPAL1 which corresponds 
to the previously characterized cDNA sequences 
[20]; gPAL2 and gPAL3, the complete nucleotide 
sequences of which have been determined; and 
gPALI' which is closely related to gPAL1, but 
which has not been characterized further, gPAL2 
and gPAL3 exhibit very similar organization in 
terms of the number and size of exons, location of 
the single intron, and size of the polypeptides 
encoded by the respective open reading frames. 

Deduced MrS of 77 364 and 77849 respectively 
are consistent with a size for PAL polypeptides of 
77-78 kDa as previously determined by electro- 
phoretic analysis of immunoprecipitable [35S]- 
labeled subunits synthesized in vivo or in vitro 
[4, 5]. This further confirms the identity of bean 
PAL eDNA and genomic clones initially charac- 
terized by hybrid selected translation [20]. 

The pPAL5 eDNA contains a 192 bp nucle- 
otide sequence between the translation termi- 
nation and polyadenylation sites, together with a 
37 bp poly(A) tail [20]. A 3' untranslated se- 
quence of the same size in gPAL2 transcripts, 
taken together with the 99 base 5' leader sequence 
and 2136 base protein coding sequence deduced 
from the present genomic nucleotide sequence 
analysis, would generate a gPAL2 mRNA of 
2.46 kb, consistent with a size of 2.5 kb previously 
estimated by Northern blot hybridization analysis 
of poly(A) + RNA from elicitor-treated cells [20]. 

Despite the similar overall organization of 
gPAL2 and gPAL3, there is considerable diver- 
gence between PAL genes in the nucleotide and 
deduced amino acid sequences within the coding 
regions. The degree of divergence is not uniform 
throughout. Thus the 5' half of exon II is highly 
conserved, encoding one stretch of 33 amino acid 
residues and several stretches greater than 20 
residues that are identical between gPAL2 and 
gPAL3, suggesting this region is critical for 
catalysis. In marked contrast, exon I of gPAL2 
and gPAL3 and the 3' half of exon II of gPAL1 
(eDNA), gPAL2 and gPAL3 are more divergent. 
This may provide the basis for regulatory and 
functional variants of the gene product. PAL iso- 
zymes with different patterns of inhibition by 
phenylpropanoid intermediates and end products 
have been described [1, 6, 23]. Several isoforms 
of PAL polypeptide subunits and native 
tetrameric enzyme have been characterized in 
bean. The isoforms of the native enzyme exhibit 
different KmS for phenylalanine and the forms 
with low Km are preferentially induced by fungal 
elicitor, thereby exerting a metabolic priority for 
phenylpropanoid synthesis in the cellular econ- 
omy of phenylalanine specifically under condi- 
tions of stress [4]. 



The high degree of sequence divergence 
between classes of PAL genes, especially in non- 
coding regions, allows application of S 1 nuclease 
protection analysis to the detection of isogene- 
specific PAL mRNAs. The present data (Figs. 5 
and 6) provide evidence for differential regulation 
of PAL at the gene level, since both gPAL1 
(cDNA) and gPAL2 are induced by elicitor treat- 
ment of cv. Canadian Wonder cell suspension 
cultures, whereas gPAL3 is not responsive to 
elicitor treatment of these cells. Moreover, RNase 
protection experiments have shown that while all 
these genes are induced by wounding of hypo- 
cotyls, there are marked differences between 
members of the gene family in their response to 
other environmental stimuli such as irradiation or 
infection, and in their organ-specific patterns of 
regulation during development (X. Liang, R.A. 
Dixon and C. J. Lamb, unpublished). Temporal 
differences in the expression of gPAL1 and 
gPAL2-in elicitor-treated cells have also been 
observed (K. Edwards and W. Schuch, unpub- 
lished). 

The present data provide no evidence for 
clustering of members of the PAL gene family 
within the bean genome. This is in marked con- 
trast to the extensive clustering within the family 
of 6-8 bean chalcone synthase genes [34]. More- 
over, members of the bean chalcone synthase 
gene family show a very high degree of conserva- 
tion of nucleotide sequence both within coding 
regions and the single intron (S. D. Clouse, J. 
Schmid, T.B. Ryder, R.A. Dixon and C.J. 
Lamb, unpublished), again in marked contrast to 
the quite substantial divergence between the cod- 
ing regions of different PAL genes, and the exten- 
sive divergence of PAL intron sequences. Taken 
together these data suggest that gene duplication 
and familial divergence started much earlier in 
evolution for PAL compared to chalcone syn- 
thase. The ancient divergence of PAL genes, the 
emerging complex patterns of PAL gene regu- 
lation, and the apparent biochemical speciali- 
zation of the encoded isopolypeptides, may be 
related to the highly diverse biological functions of 
phenylpropanoid natural products elaborated 
from the PAL reaction product cinnamic acid. 
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By analogy with other inducible plant and ani- 
mal genes, the induction of PAL genes during 
development and in response to environmental 
stimuli is likely to be controlled, at least in part, 
by cis-acting regulatory elements located 5' of the 
transcription initiation sites [7]. The 5' flanking 
regions of both gPAL2 and gPAL3 contain 
features common to the promoters of other 
eukaryotic genes, including TATA and CAAT 
boxes about 30 and 74 bases upstream from the 
transcription start site [7]. In addition, both genes 
contain elements resembling the SV40 viral en- 
hancer core [39], which is important in the tran- 
scriptional regulation of a number of eukaryotic 
genes [7, 39]. Similar sequences have been identi- 
fied in the promoters of several plant genes encod- 
ing ribulose 1,5-bisphosphate carboxylase [2, 8, 
11 ], proteinase inhibitors [29], chalcone synthase 
[18] (S. D. Clouse, R. A. Dixon and C. J. Lamb, 
unpublished), zein [29], octopine synthase [28] 
and alcohol dehydrogenase [21]. Moreover, the 
AT-repetitive element (B) in gPAL2 is reminiscent 
of certain upstream enhancer elements in yeast 
[37] and nuclear scaffold attachments in 
Drosophila [22]. The functional significance of 
these elements in plants has not yet been deter- 
mined. 

Coordinately regulated genes often exhibit 
common sequence motifs in their respective pro- 
moters that confer a specific pattern of regulation 
during development or in response to environ- 
mental stimuli [7, 29]. Overall, there is extensive 
divergence between the 5' flanking sequences of 
gPAL2 and gPAL3 determined to date. This is 
consistent with the emerging evidence that these 
genes exhibit substantially different patterns of 
expression. However, an AC-rich motif (A) has 
been identified that is present in the promoters of 
gPAL2, gPAL3 and bean chalcone synthase 
genes, and hence is likely to be involved in placing 
this set of genes in a specific regulatory network. 
Likewise, sequences similar to the elements (C) 
and (D) in gPAL2 are also found, organized in 
like manner, in the promoters of coordinately 
regulated chalcone synthase genes [ 18 ] and hence 
may represent putative cis-acting regulatory 
sequences. Analysis of the effects of deletions in 
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the 5' flanking region ofchalcone synthase genes 
has shown that a 120 bp region containing the 
sequence similar to the 40 bp AT-rich palindrome 
present in gPAL2 (C) binds trans-acting factors 
involved in regulation by elicitor [18] (M. A. 
Lawton and C. J. Lamb, unpublished). Further 
gene transfer experiments will be required to 
define precisely the role of the palindromic se- 
quence and other putative cis-acting elements in 
the regulation of genes encoding PAL and other 
enzymes of phenylpropanoid biosynthesis. 
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