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ABSTRACT
genes encoding 3-deoxy-D-arabino-heptulosonate 7-phosphate
(DAHP) synthase (EC 4.1.2.15) in Arabidopsis thaliana. Pre-
dicted protein sequences from both genes, DHSI and DHS2,
and a potato DAHP synthase gene are highly related, but none
shows significant sequence similarity to conserved microbial
DAHP synthase proteins. Despite this structural difference, the
DHSI cDNA complements mutations in a yeast strain lacking
DAHP synthase activity. DHSI RNA levels increase in Arabi-
dopsis leaves subjected either to physical wounding or to
infiltration with pathogenic Pseudomonas syringae strains.
DHS2 RNA levels are not increased by these treatments,
suggesting that the DHS1 and DHS?2 proteins fulfill different
physiological functions. Other enzymes in the Arabidopsis
aromatic pathway are also encoded by duplicated genes, an
arrangement that may allow independent regulation of aro-
matic amino acid biosynthesis by distinct physiological require-
ments such as protein synthesis and secondary metabolism. The
presence of amino-terminal extensions characteristic of chlo-
roplast transit peptides on DHS1 and DHS2 suggests that both
proteins may be targeted to the chloroplast.

The regulation of aromatic amino acid biosynthesis in plants
must accommodate the requirements of both protein synthe-
sis and secondary metabolism. Aromatic amino acids are
precursors to a diverse array of plant secondary metabolites,
including lignin, anthocyanic pigments, auxin, and antimi-
crobial phytoalexins (1, 2). These compounds are involved in
many processes, including growth control (auxin), physical
support and water relations (lignin), and resistance to infec-
tion (phytoalexins), and their synthesis appears to be devel-
opmentally and environmentally regulated. The functional
diversity of secondary metabolites suggests that the synthesis
of each may be under separate regulatory control. The
biosynthesis of aromatic amino acids in plants may, in turn,
require complex regulatory controls that differ fundamentally
from those described for bacteria and fungi.

This report describes the structure and expression of two
Arabidopsis thaliana genes encoding 3-deoxy-D-arabino-
heptulosonate 7-phosphate (DAHP) synthase [7-phospho-2-
dehydro-3-deoxy-D-arabino-heptonate D-erythrose-4-phos-
phate-lyase (pyruvate-phosphorylating); EC 4.1.2.15], the en-
zyme catalyzing the first committed step in aromatic amino
acid biosynthesis. These genes may have distinct physiolog-
ical roles, as they are differentially expressed in plants sub-
jected either to physical wounding or to infiltration by virulent
and avirulent strains of Pseudomonas syringae. Genes encod-
ing other enzymes in the Arabidopsis aromatic pathway are
also duplicated (refs. 3 and 4; K. Niyogi and G.R.F., unpub-
lished work). We suggest that duplication of the genes encod-
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ing these enzymes, and possibly all enzymes in the pathway,
provides a mechanism to permit independent regulation of
aromatic amino acid biosynthesis by different physiological
demands, such as protein synthesis and secondary metabo-
lism. The presence of sequences encoding putative chloroplast
transit peptides on all Arabidopsis aromatic-pathway genes
analyzed to date suggests that differentially regulated aromatic
amino acid biosynthesis pathways may exist within the chlo-

roplast.1

MATERIAL AND METHODS

Isolation of Arabidopsis DAHP Synthase cDNA Clones.
Clones were isolated from a cDNA library (5) by hybridization
to a labeled fragment of a potato DAHP synthase gene (6). The
probe was prepared by PCR amplification of potato genomic
DNA using oligonucleotide primers corresponding to coding-
strand nucleotides 16-36 (5'-GCAATGGCTCTTTCAAG-
TACT-3’) and to noncoding-strand nucleotides 903-882 (5'-
ACCAAGGGCCTCATCCACTCTA-3') of ABD21 (6). Filters
containing phage plaques were hybridized at 58°C in 5X
standard saline/phosphate/EDTA (SSPE) and washed at 50°C
in 1X standard saline citrate (SSC). cDNA inserts from
positive clones were subcloned into pBluescript KS(—) (Strat-
agene) and sequences of nested deletions were determined (7).
Analyses of DAHP synthase sequences from Escherichia coli
[aroF (8), aroG (9), and aroH (10)], Saccharomyces cerevisiae
[ARO3 (11)], potato (6), and Arabidopsis were performed
using the University of Wisconsin Genetics Computer Group
programs BESTFIT, IALIGN (12), and MALI (13). The sequence
similarity values shown in Table 1 were obtained using the
program BESTFIT (12), and the alignment shown in Fig. 1 was
made using the program MALI (13).

Blot Hybridization of Arabidopsis DNA and RNA. Arabidop-
sis genomic DNA was digested with restriction enzymes (New
England Biolabs), electrophoresed in a 0.7% agarose gel, and
blotted to nitrocellulose membranes. Hybridization probes
were prepared by random oligonucleotide labeling (Prime
Time kit, IBI) of full-length DHSI and DHS2 cDNAs. Blots
were hybridized in 5x SSPE/5X Denhardt’s solution/0.1%
SDS at 68°C and washed in 0.1x SSC/0.1% SDS at 65°C (14).

Total RNA was isolated from Arabidopsis plants by mini-
prep procedures (15, 16). RNA was electrophoresed in form-
aldehyde/1% agarose gels (14) and blotted to nitrocellulose or
GeneScreen (New England Nuclear) membranes. Hybridiza-
tion was performed in either 50% formamide/5x SSPE/0.1%
SDS/5x Denhardt’s solution at 42°C (14) or 0.5 M Na,HPO,,
pH 7.2/7% SDS /1% bovine serum albumin at 60°C (17). Blots
were washed in 0.2x SSC/0.1% SDS at 55°C. Autoradio-
graphs were scanned with a computing densitometer (Mo-

Abbreviation: DAHP, 3-deoxy-D-arabino-heptulosonate 7-phos-
phate.
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lecular Dynamics, Sunnyvale, CA) to obtain approximate
values for changes in transcript levels.

Complementation of Yeast DAHP Synthase Mutation. S.
cerevisiae strain YBK7 (MATa, aro3-2, aro4-1, ura3-1,
Gal*) was transformed with plasmids as described (18).

Wounding and Bacterial Infiltration of Arabidopsis Plants.
Three-week-old plants were wounded by two methods: (i)
rosette leaves were diced with scissors and kept in a darkened
humidified chamber or (ii) leaves were scored with a metal
file and left attached to the plant. Both methods produced the
same patterns of DAHP synthase gene expression. Bacterial
infiltration of Arabidopsis plants was achieved as described
19).

RESULTS

Structure of Arabidopsis DAHP Synthase Genes. Arabidop-
sis DAHP synthase cDNA clones DHSI and DHS2 were
identified by cross-hybridization to a potato DAHP synthase
gene fragment (6). As shown in Fig. 1 and Table 1, protein
sequences deduced from DHSI, DHS2, and potato DAHP
synthase cDNAs are largely identical, except in their amino-
terminal portions. These divergent regions are characteristic
of chloroplast transit peptides; they are rich in serine, thre-
onine, and proline residues and carry a net positive charge
(20). Southern blot analysis of Arabidopsis genomic DNA
hybridized to DHS1 and DHS2 cDNA probes revealed cross-
hybridization between Arabidopsis DHS genes (Fig. 2A).
Neither probe hybridized consistently to other genomic frag-
ments under low-stringency conditions (data not shown).
Restriction fragment length polymorphism mapping revealed
that DHS1 and DHS?2 genes are linked, separated by ~27
centimorgans; these data extend the existing map of chro-
mosome 4 (Fig. 2B).

The polypeptide sequences deduced from the Arabidopsis
and potato DAHP synthase genes display a high degree of
similarity, but none of these genes shows significant se-
quence homology to the highly conserved DAHP synthase
protein sequences of E. coli or S. cerevisiae (Table 1).
Attempts to identify Arabidopsis genes homologous to mi-
crobial DAHP synthase genes by low-stringency hybridiza-
tion and PCR techniques (22) were not successful.

Complementation of Yeast DAHP Synthase Mutations. To
demonstrate that the Arabidopsis genes encode functional
DAHP synthase enzymes, we used the DHSI cDNA to
complement mutations in yeast strain YBK7. YBK7 is inca-
pable of growth on synthetic complete medium lacking phen-
ylalanine, tryptophan, and tyrosine, because of mutations in
the two yeast DAHP synthase genes, ARO3 and ARO4. The
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full-length DHS1 cDNA insert was placed under the control
of the inducible GAL! promoter in the yeast expression
vector pDAD?2 and transformed into YBK7. Complementa-
tion of the aro3 and aro4 mutations in YBK7 by the GAL-
DHS]1 construct is expected to result in growth on medium
containing galactose but lacking aromatic amino acids (Gal,
—Aro). Initially, however, transformants containing the
GAL-DHSI construct did not display complementation. We
observed complementation by the DHS1 cDNA in segregants
of the original transformants after subsequent selections.
Individual transformants carrying the various pDAD2-
derived plasmids were grown under uracil selection in liquid
galactose medium to induce the GALI promoter, and 10® cells
were plated on galactose medium lacking uracil and aromatic
amino acids. No growth was observed on plates containing
cells carrying the pDAD2 vector alone or the GAL-
DHS1(antisense) construct. However, 100-200 slowly grow-
ing colonies appeared when cells containing the GAL-DHS1
construct were plated. Growth was due to the expression of
the DHS1 cDNA, as the same segregants were unable to grow
on —Aro medium containing glucose, which represses GALI
promoter activity (Fig. 3).

Subsequent tests indicated that these Aro™ cells were
segregants expressing sufficient Arabidopsis DAHP synthase
activity to complement the yeast aro3 and aro4 mutations.
First, segregants that lost the GAL-DHS1 plasmid became
Aro~ on galactose. Second, the Aro™ phenotype was not a
consequence of chromosomal mutation in the yeast strain,
because segregants that lost the plasmid (Ura™, Aro~) again
produced Aro* revertants at a frequency of roughly 1076
when retransformed with the GAL-DHS]1 construct. Third,
the Aro* phenotype did not result from plasmid rearrange-
ments, because plasmids isolated from the Aro* segregants
had the same properties as the original plasmid. The simplest
explanation of our observations is that the Aro* segregants
arose by increased plasmid copy number. In agreement with
this explanation, the Aro* segregants were extremely unsta-
ble under nonselective conditions, segregating a high pro-
portion of Ura*, Aro~ cells. We assume that these Aro~
segregants, which still retained the plasmid, simply had
lowered copy number.

DHSI1 and DHS2 Are Expressed Differently in Response to
Wounding. Intact Arabidopsis leaves contained approxi-
mately equal steady-state levels of DHSI and DHS2 RNAs
(Fig. 4A). After wounding, however, DHSI RNA levels in-
creased about 3- to 5-fold, reaching a maximum at =1.5 hr. The
level of DHS2 RNA appeared to decline during the same time
period. The level of transcripts encoding phenylalanine am-

DHS1 MALSNASS----LSTRSIYGGDLSHRPSNRQSSFT-==-=-=- FHPAVNTKPKSVNL~~VTAVHAAEPARNAVSVKESVASSSSGALK--WTPESWKLKKALQLPDYPNAN
DHS2 MVTLNASSPLTTKS.LPYRHAPRRPISFSP.F...STD.KKSTQ.ASA, .~=~=====—- K.SL....S.......... D.K
POTATO ..ST.TTNSL.PN. .LVONQPLLPSPLKNAFFSNNSTKTVR.VQPISAVHS .DSN--KIPIVSDK.SKSPP .AATATTAPAPAVT.TE.AVD...S....... E....E
DHS1 ELESVLKTIEAFPPIVFAGEARNLEERLADAAVGKAF LLOQGGDCAESFKEFNATNIRDTFRVLLOMSIVLTFGGQVPVIKVGRMAGQFAKPRSDAFEEKDFVKLPSYKGDN
DHS2 DVD...Q.LSS....cnn.nn K..DK.GQ..M.Q..M......c.ccntnn Nooooooonaann GV.. M....Lo.coeniennnnnnn. L.Poeoeiiiann.. R...
POTATO P S ) S..... GE..M.R...iiiiiiinneeannns N.o...... I....GA..M.... M.ttt Seeiiiiaii., R...
DHS1 INGDTFDEKSRIPDPNRMIRAYTQSAATLN LLRAFATGGYAAIQRVTQWN LDFVEQSEQADRYQE LANRVDEALGFMSACGLGTDHPLMTTTDFYTSHECLLLPYEQSLTR
DHS2 O H..Ve.ooo.s Veeeoaoannannaaa Mot S...... TQH...G...R.c.iivinonns G.A..TSA....... E.W..ovvvoeao AL
POTATO Vo..A..Vo..T...Q.L....Civiettiiiieenannnns M..IN ...... TDH...G...R...S......... T.A..TM..... I N
DHS1 LDSTSGLYYDCSAHMVWCGERTRQLDGAHVEF LRGIANPLGIKVSNKMDPFELVKLVEILNPNNKPGRITVIVRMGAENMRVKLPHLIRAVRRSGQIVTWVCDPMHGNTIK
DHS2 LVeeieienaneeonnoneeanccnnnons D..V.S..... I..... [0 P N...... GA....... Seeenen.. M
POTATO Reverennannnnn 23 P D....SA....I..... Q.. A. ... I.T i ieiiiiienanennnn Acooo... S.eeeinnnn.
DHS1 STCGLKTRAFDSILAEVRAF LDVHEQEGSHAGGIHLEMTGONVTECIGGSRTVTYDDLSSRYHTHCDPRLNASQSLELAF IVAERLRKRRTGSQRVS

DHS2 APG.....S..A.R..L...F...D....FP..V...oovttnns Veoo.. S ) L..GNLPSSIGV

POTATO AP...... P....R...... F...D..... = Fo..... SLSLNV

FiG. 1. Alignment of Arabidopsis (DHS1 and DHS2) and potato DAHP synthase amino acid sequences. Dots represent identity with DHS1
sequence. Potato DAHP synthase amino acid sequence was obtained from Dyer et al. (6).
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Table 1. Plant and microbial DAHP synthase amino acid sequence similarity
Arabidopsis Potato E. coli Yeast
DHS2 ABD21 AroF AroG AroH ARO3
DHS1 85 (76) 82 (73) 35(113) 35Q13) 30 (11) 36 (16)
DHS2 86 (79) 35112 39 (12) 35(13) 35 (15)
ABD21 37 (14) 32(11) 30 (13) 37 (16)
AroF 71 (53) 67 (46) 71 (49)
AroG 72 (56) 72 (55)
AroH 63 (43)

Numbers not in parentheses represent percent similarity; numbers in parentheses represent percent

identity (see Materials and Methods).

monia lyase (PAL), the first enzyme in the phenylpropanoid
pathway, also increased about 2- to 3-fold after wounding. The
difference between our results and those of Ohl et al. (26), who
observed induction of PAL RNA 1 hr after wounding Arabi-
dopsis plants, may be due to differences in the manner and
severity of the wounding procedure. Not all amino acid
biosynthetic pathways respond to wounding, because tran-
scripts from ALS, the single-copy Arabidopsis gene encoding
acetolactate synthase (25), an enzyme in the isoleucine-valine
pathway, showed the same pattern of expression as DHS2
(Fig. 4A). The decline of DHS2 and ALS RNA levels reflects
general RNA degradation in wounded tissues. By 4 hr after
wounding, the RNA samples were obviously degraded, as
evidenced by increased mobility of hybridizing RNA in all
samples. Induction of DAHP synthase RNA levels in
wounded tissue has been observed in potato (27), although the
number of potato DAHP synthase genes and their individual
expression patterns have not been described.

Induction of DHS1 RNA Levels by Pathogenic Attack. DHS!
RNA levels were also induced about 3-fold in Arabidopsis
plants challenged with bacterial pathogens. The virulent
strain Pseudomonas syringae pv. maculicola ES4326 (Psm
ES4326) multiplies 10*- to 10°-fold within 96 hr in infiltrated

Arabidopsis leaves, producing chlorotic lesions (19). In con-
trast, the avirulent strain P. syringae pv. tomato 1065 (Pst
MM1065) does not multiply in infiltrated Arabidopsis leaves.
Another avirulent strain, ES4326/pMMXR1, was created by
transfer of a cloned avirulence (avr) gene from strain Pst
MM1065 into strain Psm ES4326 (19). This strain induces a
hypersensitive response in infiltrated Arabidopsis leaves
(19). DHS1 RNA levels increased =3-fold 6 hr after Arabi-
dopsis plants were infiltrated with the avirulent strains Pst
MM1065 or ES4326/pMMXR1 (Fig. 4B), whereas plants
infiltrated with the virulent strain Psm ES4326 showed an
increase 24 hr after infection. DHS2 RNA levels did not show
this induction following bacterial infiltration. Mock-infected
plants showed no significant alteration of DHS!I or DHS2
RNA levels. Again, ALS transcripts were unaffected by
these treatments (data not shown).

DISCUSSION

The predicted protein sequences from the Arabidopsis
DAHP synthase cDNAs are markedly different from their
microbial counterparts. Nevertheless, the Arabidopsis DHS1
cDNA complements mutations in the yeast ARO3 and ARO4
genes. As complementation was observed only in segregants
and not in the primary transformants, it is unlikely that these

A B 4 A YEP352-ARO3
ga-1 DAD2 GAL-DHS1
NS R 0@ . #1
P P ¢
bp —-10.7
o
1822~ ' GAL-DHS1 GAL-DHST
4324 — P cp-1 (antisense) #2
~
3675 .
2323 — D o GA;BDHS‘
1929 — ag
o Gal, -Aro Glc, -Aro
1264 7 - FiG. 3. Complementation of yeast strain YBK7 (MATa, aro3-2,
cergir=009 arod-1, ura3-1, GAL*). (A) Growth of YBK?7 transformed with
plasmids on synthetic complete medium lacking phenylalanine,
o tryptophan, tyrosine, and uracil, supplemented with galactose (Gal,
702 — —Aro). The expression plasmid pDAD2 was created by introducing
ap-2—76.0 a polylinker and the PHOS terminator downstream of the GALI
promoter in pCGS109 (a gift of J. Schaum and J. Mao, Collaborative
3713 —-89.8 Research) (D. Miller, D. Pellman, and G.R.F., unpublished data).
DHS1 | 5056 GAL-DHSI1 and GAL-DHS1(antisense) constructs were created by
DHS1 DHS2 R cloning the 1.9-kilobase-pair EcoRI fragment containing the entire
DHS2 —1—130.0 DHS1 cDNA in the forward and reverse orientation, respectively,

F1G. 2. (A) Southern blot analysis of Arabidopsis genomic DNA
hybridized to DHS1 and DHS2 cDNA probes. Size markers are in
base pairs. (B) Schematic representation of the Arabidopsis fourth
chromosome, showing the positions of DHS1 and DHS? in relation
to other genetic markers. Symbols to the left of the vertical line
represent mapped restriction fragment length polymorphisms and
visible gene markers, numbers to the right represent map distances
in centimorgans (21).

downstream of the GALI promoter. Aro* segregants of YBK7
carrying the GAL-DHS1 construct were isolated as described in the
text and three independent clones were restreaked on the plates
shown here. As a positive control, a 1.7-kilobase-pair HindIlI-Xba
I fragment containing the ARO3 gene (23), under the control of its
own promoter, was cloned into plasmid YEP352 (24) and trans-
formed into YBK7. (B) Growth of the same transformed YBK?7
strains on selective medium supplemented with glucose (Glc, —Aro)
instead of galactose.
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FiG. 4. Induction of DHSI RNA by wounding and bacterial
infiltration. (A) RNA samples extracted from wounded Arabidopsis
plants were hybridized to probes from Arabidopsis DHSI, DHS2,
ALS (25), and PAL (19) genes. Five micrograms of total RNA was
loaded in each lane. Lanes 1-10 contained samples obtained from
plants0,0.5,1.0,1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and 6.0 hr after wounding,
respectively. The same blot was hybridized to all four probes. (B)
Induction of DHSI RNA in Arabidopsis plants infiltrated with
pathogenic P. syringde strains. Arabidopsis plants were infiltrated
with avirulent strains Pst MM1065 or Psm ES4326/pMMXR1 (la-
beled 4326/avr), or with the virulent strain Psm ES4326 (19). Control
plants were infiltrated with a 10 mM MgCl, solution. Five micro-
grams of total RNA was loaded in each lane. RNA samples were
obtained 0 hr (lanes 1 and 6), 6 hr (lanes 2 and 7), 12 hr (lanes 3 and
8), 24 hr (lanes 4 and 9), and 48 hr (lanes 5 and 10) after infiltration.
The same blot was hybridized to each probe.

cDNAs would have been identified by direct complementa-
tion from a transformed ¢DNA library. The poor comple-
menting activity of the GAL-DHSI construct may be due to
inhibitory effects of the chloroplast transit-peptide sequence
on expression of particular plant cDNAs in microbial back-
grounds (28).

The different primary structures of plant and microbial
DAHP synthase proteins may reflect differences in metabolic
regulation. DAHP synthase isozymes from E. coli and Sal-
monella typhimurium (29), Neurospora crassa (30), and S.
cerevisiae (31) are each specifically feedback-inhibited by
phenylalanine, tryptophan, or tyrosine. In contrast, DAHP
synthases from plant species do not appear to be feedback-
inhibited by these amino acids (32, 33). Activity of plant
DAHP synthase enzymes may be regulated instead by inter-
mediates in pathways leading from the free aromatic amino
acid to auxins, phenolics, and other secondary metabolites.

Defense responses to wounding and pathogenic attack
involve the induction of PAL and other enzymes specific to
lignin synthesis and secondary metabolism (34). Conse-
quently, coordinate induction of aromatic amino acid bio-
synthesis may be required to supply aromatic precursors for
the synthesis of defensive secondary metabolites. The rela-
tively early induction of DHSI and PAL expression (19) by
avirulent Pseudomonas strains may be critical for the timely
production of compounds necessary to contain bacterial
proliferation. In Arabidopsis and other Brassicaceae, these
compounds may include sulfur-containing aromatic glucos-
inolates believed to function as part of a general defense
system (33, 36). The belated increase in DHSI RNA levels in
response to infiltration with the virulent Psm ES4326 strain
may reflect a delayed recognition process or stress caused by
disease progression. Induction of only one of the two Ara-
bidopsis DAHP synthase genes by either wounding or bac-
terial infection indicates a clear difference in the regulation of
the two genes and implies DHS1 as the major isozyme
responding to changes in secondary metabolite biosynthesis.

Genes encoding four Arabidopsis aromatic amino acid
biosynthetic enzymes have now been cloned: DAHP syn-
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thase, tryptophan synthase B (3), 3-enol-pyruvoylshikimate-
S-phosphate synthase (4), and anthranilate synthase (K.
Niyogi and G.R.F., unpublished work); each is duplicated.
Duplication of the entire Arabidopsis aromatic pathway at the
genetic and enzymatic level may allow independent regula-
tion of aromatic amino acid synthesis in response to distinct
physiological requirements such as secondary metabolism
and protein synthesis. Previous suggestions of duplicated
aromatic pathways in plants (37) were based on biochemical
separation of two pathway enzyme activities, DAHP syn-
thase and chorismate mutase, into chloroplastic and cytosolic
isoforms displaying different regulatory properties (33, 38,
39). While plastids appear to contain all the enzymes required
for aromatic amino acid biosynthesis (37), the absence of
cytosolic activities corresponding to other pathway enzymes
argues against the existence of a complete aromatic pathway
in the cytosol (40, 41). In parsley, chloroplast-associated
DAHP synthase activity is induced when cells are treated
with fungal elicitors, while the cytosol-associated activity
remains unchanged (42). By analogy, our expression data
predict that DHS1 corresponds to the chloroplastic form and
DHS?2 to the cytosolic. However, the putative chloroplast
transit peptides on both DHS1 and DHS2 suggest that if
Arabidopsis has a cytosolic DAHP synthase isozyme, it must
either be encoded by a distinct gene or result from an
alteration of the DHS1 or DHS2 protein. We have not
detected additional DHS genes in low-stringency hybridiza-
tion experiments.

Our data suggest that duplicate, independently regulated
aromatic amino acid biosynthetic pathways may reside
within the chloroplast. This idea is supported by the fact that
all cloned Arabidopsis aromatic amino acid biosynthetic
genes encode putative chloroplast transit peptides (refs. 3 and
4; K. Niyogi and G.R.F., unpublished work). Independent
regulation may also involve different cell-type-specific
expression patterns for each member of a gene pair, as
observed for pea glutamine synthetase genes in transgenic
tobacco (43). Transgenic plants containing DHS promoter
sequences fused to reporter genes can address this issue.
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