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(Bacl(ground: Shikimate is essential for protein biosynthesis. Quinate and its derivatives are protective secondary

Results: Members of the same gene family encode enzymes with either shikimate or quinate dehydrogenase activity.
Conclusion: The molecular genetic basis of plant quinate metabolism has been unraveled in vitro.
Significance: Identifying quinate metabolic enzymes will allow testing its ecological function and may enable biotechnological
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The shikimate pathway leads to the biosynthesis of aromatic
amino acids essential for protein biosynthesis and the produc-
tion of a wide array of plant secondary metabolites. Among
them, quinate is an astringent feeding deterrent that can be
formed in a single step reaction from 3-dehydroquinate cata-
lyzed by quinate dehydrogenase (QDH). 3-Dehydroquinate is
also the substrate for shikimate biosynthesis through the
sequential actions of dehydroquinate dehydratase (DQD) and
shikimate dehydrogenase (SDH) contained in a single protein in
plants. The reaction mechanism of QDH resembles that of SDH.
The poplar genome encodes five DQD/SDH-like genes (Poptrl
to Poptr5), which have diverged into two distinct groups based
on sequence analysis and protein structure prediction. In vitro
biochemical assays proved that Poptrl and -5 are true DQD/
SDHs, whereas Poptr2 and -3 instead have QDH activity with
only residual DQD/SDH activity. Poplar DQD/SDHs have dis-
tinct expression profiles suggesting separate roles in protein
and lignin biosynthesis. Also, the QDH genes are differentially
expressed. In summary, quinate (secondary metabolism) and
shikimate (primary metabolism) metabolic activities are encoded
by distinct members of the same gene family, each having different
physiological functions.

The shikimate pathway initiates the synthesis of the three
aromatic amino acids phenylalanine (Phe), tyrosine (Tyr), and
tryptophan (Trp) (1-3). This pathway is present in bacteria,
fungi, apicomplexan parasites, and plants (4—6). The absence
of the shikimate pathway in animals makes this pathway a pri-
mary target for herbicides (7), live vaccines (8), antibiotics, and
anti-infectious drugs (9). In plants, this pathway is important
both for protein biosynthesis and for secondary metabolism.
The end products and many intermediates of the pathway serve
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as precursors for plant hormones (salicylic acid and auxins) and
for a large variety and quantity of secondary metabolites (e.g.
alkaloids, benzenoids, and phenylpropanoids, including lignin),
which fulfill diverse roles in plant development and chemical
ecology (10-13).

The shikimate pathway starts with the condensation of phos-
phoenolpyruvate and erythrose 4-phosphate and ends with the
production of chorismate, the last common precursor of Trp,
Tyr, and Phe (11). In plants, the whole pathway appears to be
regulated primarily at the transcriptional level. It is responsive
to developmental signals, light, as well as abiotic and biotic
stresses (11). Most shikimate pathway enzymes are encoded by
distinct genes in plants, but the conversion of 3-dehydroqui-
nate to shikimate via 3-dehydroshikimate is catalyzed by the
bifunctional enzyme dehydroquinate dehydratase/shikimate
dehydrogenase (DQD?/SDH; EC 4.2.1.10 and E.C. 1.1.1.25; see
Fig. 1). The DQD domain constitutes the N-terminal half of
the protein and the SDH domain the C-terminal half (Fig. 2).

DQD/SDH genes have been functionally characterized in
some species, including Arabidopsis thaliana (Arabidopsis;
Ref. 14), Solanum lycopersicum (tomato; Ref. 15), and Nicoti-
ana tabacum (tobacco; Refs. 16, 17). The DQD/SDH crystal
structure from Arabidopsis allowed identification of key amino
acid residues involved in catalytic activities of DQD/SDH (14).
Although the Arabidopsis genome encodes only a single DQD/
SDH gene, in Populus trichocarpa, five putative DQD/SDH
genes (here referred to as Poptrl to Poptr5) have been identi-
fied based on sequence similarity alone (18).

Many intermediates of the shikimate pathway can be branch
points leading to secondary metabolic processes (19). Among
these, quinate can be formed in a single step reaction from
either shikimate or 3-dehydroquinate, i.e. the product or sub-
strate of DQD/SDH (Fig. 1). Quinate is widely distributed
across the plant kingdom and may accumulate to high levels (up
to 10% of leave dry weight) in some plants (19). Chlorogenate,
an ester of caffeate and quinate, also accumulates to high levels
in some plant species such as coffee and poplars (20). It acts as

3 The abbreviations used are: DQD, dehydroquinate dehydratase; SDH, shiki-
mate dehydrogenase; QDH, quinate dehydrogenase; QD, quinate dehy-
dratase; NTA, nitrilotriacetic acid.
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FIGURE 1. Reactions comprising the shikimate/quinate cycle. The shiki-
mate pathway (indicated by block arrows) proceeds from 3-dehydroquinate
via 3-dehydroshikimate to shikimate; the bi-functional enzyme DQD/SDH
catalyzes these two reactions. Quinate can be synthesized from either 3-de-
hydroquinate or from shikimate; these two reactions are catalyzed by QDH
and QD, respectively.

a feeding deterrent because of its astringency and antimicrobial
activity (21). Chlorogenic acid may also serve as an intermedi-
ate and storage reserve of lignin biosynthesis (22, 23). Chloro-
genic acid is gaining interest in pharmaceutical research due to
its potential role as a weight loss supplement and its association
with a lower risk of type II diabetes (24) and cardiovascular
diseases (25). Also, both quinate and shikimate can be used as
chiral starting materials in the synthesis of antiviral drugs,
including oseltamivir (Tamiflu, Ref. 26).

In bacteria, quinate can be utilized as a carbon source and
channeled back to the shikimate pathway by shikimate/quinate
dehydrogenase (YdiB; EC 1.1.1.282) having high affinity toward
both shikimate and quinate (27). In contrast, the metabolism of
quinate in plants remains largely enigmatic. The interconver-
sion of shikimate and quinate has been demonstrated biochem-
ically, and a role of quinate as a shikimate pathway reserve com-
pound was proposed (28-33). Enzymes involved are either
quinate dehydratase (QD; also referred to as quinate hydro-
lyase; no EC number assigned) or quinate dehydrogenase
(QDH; EC 1.1.1.24) (11). QDHs have been (partially) purified
and characterized in several angiosperms and gymnosperms
(30, 34—41), but QD has been partially characterized only in
pea (42). However, genes encoding these two enzymes have not
been identified to date. The reaction mechanisms and the sub-
strates of QDH and QD resemble that of SDH and DQD,
respectively. SDH and QDH catalyze NADH- or NADPH-de-
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pendent reductions, and DQD and QD catalyze reversible
water elimination reactions (Fig. 1).

Given the similarities between the reactions catalyzed, and
because enzymes with both SDH and QDH activity have been
described (27, 37), we hypothesized that QDH (and/or QD)
activities may be encoded by genes similar to DQD/SDH. Here,
we demonstrate that the five putative poplar DQD/SDHs rep-
resent two functionally distinct groups, one of which preferen-
tially uses quinate (QDH) as a substrate iz vitro with only resid-
ual SDH activity, although while the other has only DQD/SDH
activity. Expression variation among these homologues sug-
gests distinct functions of isoforms in both plant development
and adaptive responses to stresses.

EXPERIMENTAL PROCEDURES

DQD/SDH Protein Sequence Analyses and Structure Prediction—
Multiple sequence alignment of amino acid sequences (for
accession numbers see Table 1) was performed using “Clust-
alW” implemented in “BioEdit” (43). This alignment was split
into two fragments to allow separate examination of DQD and
SDH domains. Pairwise sequence similarity scores for both
SDH and DQD domains were calculated in BioEdit. The two
alignments were used to generate Neighbor Joining trees with
“Phylip” Version 3.69 (44).

Three-dimensional protein structures of the five putative
poplar DQD/SDHs were predicted using “Phyre” (45). Model
coordinates were generated using Arabidopsis DQD/SDH
(Protein Data Bank ID: c207qA) (14) coupled with either 3-de-
hydroshikimate and tartrate or shikimate as a template.
“PyMOL” (PyMOL Molecular Graphics System, Version 1.5.
Schrodinger, LLC.) was used for visualization.

Molecular Cloning of DQD/SDH ¢cDNAs—DP. trichocarpa Nis-
qually-1 plant tissues (leaf, bark, xylem, and phloem) were col-
lected from trees grown in a field at the University of Victoria.
Total RNA was isolated using the cetyltrimethylammonium
bromide method as described (46). cDNA synthesis was per-
formed from 0.5 ug of total RNA using 5 uMm oligo(dT) primer
and 1 unit of reverse transcriptase (Invitrogen). The five puta-
tive poplar DQD/SDHs were amplified from pooled cDNA with
“USER” (uracil-specific excision reagent)-modified gene-spe-
cific primers (Table 1). Proofreading “Pfu Turbo Cx Hotstart”
DNA polymerase (Agilent) was used in PCR amplification
according to the manufacturer’s protocol (30 cycles, annealing
at 56 °C for 30 s, extension at 72 °C for 120 s, and denaturation
at 94.°C for 30 s). PCR amplicons were incubated with USER
enzyme mixture (New England Biolabs) and cloned into
pQE30-USER-His, overexpression vectors separately following
the standard protocol (47). All constructs were verified by
Sanger DNA sequencing (sequencing facility at the University
of Victoria). A pQE30 construct carrying the coding region of a
poplar glycosyltransferase family protein (kindly provided by
Dr. C. P. Constabel, University of Victoria) was used as a nega-
tive control.

Purification of Recombinant Proteins—Overexpression con-
structs carrying the five putative poplar DQD/SDH coding
sequences were transformed into Escherichia coli (strain M15)
through electroporation. 5 ml of LB broth containing selective
antibiotics (100 mg/liter ampicillin and 25 mg/liter kanamycin)
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TABLE 1

DQD/SDH family members included in amino acid sequence analysis and PCR primers used
For each poplar gene, a forward (F) and reverse (R) primer was used to amplify the complete open reading frame (start and stop codons are underlined).

Name Species Sequence identifier (database) Primers sequence (5’ to 3')
EsccoAroE E. coli YP_006126142.1 (GenBank™)
EsccoAroD E. coli YP_006124567.1 (GenBank™)
EsccoYdiB E. coli YP_006124566.1 (GenBank™)
Arath A. thaliana NP_187286.1 (GenBank™)
Solly S. lycopersicum NP_001234051.1 (GenBank™")
Nictal N. tabacum AAS90325.1 (GenBank™)
Nicta2 N. tabacum AAS90324.2 (GenBank™)
Poptrl P. trichocarpa Potri.010G019000.2 (Phytozome Version 3.0) F, GGCTTAAUATGGATTCTGCAAGCAACGTCC
R, GEGTTTAAUCTAGTACTTTGACATGATCTTCTGAAAGAGTTC
Poptr2 P. trichocarpa Potri.013G029900.2 (Phytozome Version 3.0) F, GGCTTAAUATGGGGCGTGCTGGGATC
R, GEGTTTAAUTCAGAATTTGGCTAGAACAATCTCCC
Poptr3 P. trichocarpa Potri.005G043400.1 (Phytozome Version 3.0) F, GGCTTAAUATGGGGAGTGTTGGAGTCCTGAC
R, GEGTTTAAUTCAGAATTTGGCTAAAACAATCTCCC
Poptrd P. trichocarpa Potri.014G135500.3 (Phytozome Version 3.0) F, GGCTTAAUATGGCATTCAAGAACAACCTCTTAG
R, GGTTTAAUTCAAAATTGCTCCAAGACAAGC
Poptr5 P. trichocarpa Potri.013G029800.1 (Phytozome Version 3.0) F, GGCTTAAUATGGATCTCCAAAGCGCTG

R, GGTTTAAUTTATGTATTCCTTGCTAACACATCTCTAAT

was inoculated with a bacterial colony and grown at 37 °C over-
night with vigorous shaking. A 50-ml culture was inoculated
with the pre-culture and grown at 37 °C until A4,, = 0.6, and
isopropyl thio-B-p-1-galactoside was added to a final concen-
tration of 0.06 mM. Protein production was carried out at 19 °C
with shaking for 16 h. Cells were harvested by centrifugation at
4000 X g for 20 min, and the cell pellet was stored at —80 °C for
later use.

His,-tagged recombinant protein was extracted and affinity-
purified under native conditions using nickel-NTA-agarose
(Qiagen). Frozen cell pellets were resuspended in 4 ml of lysis
buffer (50 mm NaH,POs, 300 mm NaCl, and 10 mm imidazole,
adjusted to pH 8 with NaOH, 1 mg/ml lysozyme) and incubated
on ice for 1 h. The mixture was further lysed using a sonicator
followed by centrifugation at 10,000 X g for 30 min at 4 °C. The
supernatant was incubated with 1 ml of 50% nickel-NTA-aga-
rose suspension on ice for 1 h with moderate shaking. The
lysate-NTA slurry was loaded onto a polypropylene column
and washed twice in wash buffer (50 mm NaH,PO,, 300 mm
NaCl, NaOH to pH 8) and three times with wash buffer with 20
mwMm imidazole before elution (with 50 mm NaH,PO,, 300 mm
NaCl, and 250 mMm imidazole, NaOH to pH 8). Protein concen-
tration was determined by Bradford assay (48) using BSA as a
standard.

Denaturing SDS-PAGE was performed to assess the purity of
recombinant proteins. Boiled protein samples (3 ug) were sep-
arated on 12% polyacrylamide gel and stained with GelCode
Blue Stain Reagent (Thermo Scientific). Using a replicate gel,
proteins were transferred to PVDF membrane (Millipore) by
electroblotting. His,-tagged proteins were detected by chemi-
luminescence using the “SuperSignal® West HisProbe™™” kit
(Thermo Scientific).

Spectrophotometric Measurement of Enzyme Activities—
Dehydrogenase activities of the recombinant proteins with
both SDH shikimate and QDH quinate were determined pho-
tometrically by measuring NADPH or NADH production at
340 nm (17). A standard reaction mixture contained 0.01 to 0.1
mg/ml purified Hisg-tagged enzyme (concentrations were
adjusted based on observed activity), 200 uv NADP " or 250 pum
NAD™, 75 mMm Trizma base-HCl (pH 8.5), and varying concen-
trations of shikimate or quinate (from a minimum of 5 um to a
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maximum of 5 mm). Reactions were carried out in a total vol-
ume of 1 ml and were initiated by adding shikimate or quinate.
Absorbance changes at 340 nm relative to a reference lacking
enzyme was measured at room temperature and recorded every
10 s for the 1st min and every minute for the following 4 min.
Both shikimate and quinate dehydrogenase activities as a func-
tion of pH were determined using different buffer systems as
follows: acetate buffer (pH 4 —5); phosphate buffer (pH 6 -7.5);
Tris-HCI buffer (pH 8-8.5); and carbonate buffer (pH 9-11)
(49). Other experimental conditions were as described above.

Kinetic properties (V... and K, values) of each enzyme for
both shikimate and quinate with saturating concentrations of
either NADP™" or NAD " were determined at optimal pH (pH
8.5) using at least 12 concentrations of substrate (ranging from
0.5 uM to 5 mm). Changes in absorbance were converted to
enzyme activities based on the extinction coefficient of
NADPH (6.2 X 10° liter mol™'cm ™). Three replicates (inde-
pendent protein purifications) were carried out for each reac-
tion, and means were calculated. Dehydrogenase activity with
3-dehydroquinate was determined at 12 substrate concentra-
tions ranging from 2 um to 2 mm by measuring the consump-
tion of NADH at 340 nm. Kinetic data of each enzyme were
fitted to the Michaelis-Menten model using plotting and curve-
fitting tools implemented in MATLAB to estimate maximal
velocity values (V,,,,) and Michaelis-Menten constants (K,,).
Confidence of curve fitting (i.e. 95% confidence bounds, R* val-
ues and root mean square error) was also assessed with
MATLAB. Enzyme substrate specificities were calculated by
dividing V..., by K.

Dehydratase activity with 3-dehydroquinate (10 mm) was
determined by directly measuring 3-dehydroshikimate produc-
tion in the absence of a cofactor at 250 nm, which allows dis-
tinction of 3-dehydroshikimate from the other cyclitols ana-
lyzed. Enzyme activity was determined based on a standard
curve of 10 3-dehydroshikimate concentrations.

Measurement of Dehydratase and Dehydrogenase Activities
Using HPLC—A systematic experimental design was developed
to distinguish the four potential functions (DQD, SDH, QD,
and QDH). Recombinant proteins were incubated in reaction
buffer at pH 8.5 with different combinations of substrates and
cofactors (both at saturating concentrations). 30 min of incu-
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TABLE 2
Protein sequence similarity of DQD/SDH family members

The top right triangle shows similarities in the C-terminal SDH half of the proteins; the lower left triangle gives similarities in the N-terminal DQD half. Neighbor Joining
trees were produced using the same alignments with Phylip3.69 and placed on the left sides of their corresponding tables. Sequences included are DQD/SDHs from A.
thaliana (Arath), S. lycopersicum (Solly), N. tabacum (Nictal-2), P. trichocarpa (Poptr1-S5), E. coli AroD (encoding DQD only), AroE and YdiB (encoding SDH-like activity

only).

SDH

Domain
DQD —— —— —l
Domain Escco Escco Escco
Seq-> AroD Poptrd Nicta2 Poptr2 Poptr3 PoptrS Poptrl Solly Nictal Arath AroE  YdiB
EsccoAroD ID -- - - - -- -- -- -- - - --
— Poptrd 0.182 ID 0.684 0.647 0.658 0.528 0.582 0.575 0.5 0.578 0258 0.301
— Nicta2 0.202  0.408 ID 0.501 0.539 0.521 0.435 0.556 0.224 0.298
—| —Poptr2 0212 0395 0.612 ID 0.501 0521 0.517 045 0.535 0229 0.291
{Poptr3 02 0404 0612 0.848 ID 0.501 0.528 0.524 0.453 0.535 0229 0.278
Poptr5 0231 0351 0384 0453 0.465ID 0.664 0.655 0.557 0.606 0.234 0.295
— Poptrl 0238 0328 0384 045 0453 0613I1D | 0.784 0639 0.736 025 0288
Solly 0.226 0.308 0363 0431 042 0591 0.6691D 0. 0.242  0.297
~{ Nictal 0242 0332 0385 0458 0446 0612 0.722 0.832 D 0212 0.248
Arath 0.197 0246 0322 0362 0.359 0468 0552 0475 0.509 ID 0276 0.296
EsccoAroE -- -- - - - -- -- -- -- - ID 025
EsccoYdiB -- -- -- - -- -- -- -- -- - -- ID

bation time at room temperature was allowed before reaction
mixtures were filtered (0.22 wm), loaded onto an Aminex HPX-
87H organic acid analysis column (300 X 7.8 mm inner diam-
eter; 9 um particle diameter) (50, 51), and separated on an Ulti-
mate 3000 HPLC system equipped with a diode array detector
(Dionex). Products were separated using an isocratic elution
system (10 mm H,SO,) over a 40-min period with a flow rate of
0.4 ml/min. Negative control assays were prepared with boil-
inactivated enzymes. Substrate and product peaks were identi-
fied through comparison with authentic standards obtained
from Sigma. Peak identities were verified by their distinct reten-
tion time and UV absorption spectra.

Expression Profiling and Co-expression Analyses—Publicly
available poplar Affymetrix microarray data were retrieved
from various databases (ArrayExpress and NCBI GEO on July 4
and 5, 2012). The collection consists of 43 diverse experimental
series for a total of 748 array hybridizations covering 17 poplar
species. Microarray raw expression data were normalized using
the “MAS5” algorithm (scale factor value set to 500) imple-
mented in “R” (52). Normalized expression data were then
divided into three groups (development, treatment, and trans-
genic) based on their sample annotations. The log,-trans-
formed expression values were mean centered across experi-
ments for the “development” dataset, but log, ratios compared
with the respective controls were calculated for the “treatment”
and “transgenics” groups. Expression data were extracted for
the five genes of interest to generate expression heat map using
“HeatMapper” (52). Normalized data were also used for co-ex-
pression analysis using the “ExpressionAngler” algorithm (52).
Pairwise Pearson correlation coefficients between a gene of
interest and all other genes were calculated across each dataset,
and the top 25 genes (r >0.5) were retained.
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RESULTS

Sequence Diversity in the DQD/SDH Superfamily—The pop-
lar genome contains five genes annotated as DQD/SDHs
(Poptrl to Poptr5) (18). Sequence similarity comparison of
these proteins with characterized plant enzymes from Arabi-
dopsis, tobacco, and tomato revealed that Poptrl and Poptr5
share higher sequence similarity with characterized DQD/
SDHs than Poptr2, Poptr3, and Poptr4 (Table 2). Poptrl and
Poptr5 share on average 66% sequence similarity with proteins
from Arabidopsis, tomato, and tobacco in the SDH portion of
the protein and 60% in the DQD portion. In contrast, Poptr2,
Poptr3, and Poptr4 share on average only 52 and 38% similarity
in the SDH and DQD portions, respectively, with characterized
DQD/SDHs. The latter thus define a DQD/SDH-like group that
also includes a divergent isoform from tobacco (Nicta2, Ref.
17). In comparison with bacterial SDH (AroE) and SDH/QDH
(YdiB), all five poplar proteins have comparable low similari-
ties, but plant SDHs were generally more similar to bacterial
YdiB (25-30% similarity) than to AroE (21-28%).

Homology-based Structure Prediction of Poplar DQD/SDHs—
Structures of the five putative poplar DQD/SDHs were pre-
dicted using the homology-based modeling tool Phyre (45)
based on structural data of the Arabidopsis DQD/SDH (14, 53).
Reliable predictions for all five sequences were obtained (100%
confidence across more than 90% of each sequence).

The N-terminal DQD domain encompasses the first 316
amino acids of the Arabidopsis protein. Singh and Christendat
(14) previously showed that Lys-241 and His-214 are the major
catalytic groups within the active site of the Arabidopsis DQD
domain; Lys-241 forms a Schiff base intermediate with the car-
bonyl group of dehydroquinate during catalysis, although His-
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A 124 126 128 155 214
I I |
Arath 91 KNPSLICAPVMADSIDKMVIETSKAHELGADLVEIRLDWLKDENPLEDLKTIIKKSPLPTLFT¥RPKWEGGQY-EGDENERRDVLRLAMELGADYIDVELQVASEFIKSIDGKKPGKFKVIVSSHNYON 218
Poptrl 28 RNPTLICTPIMADSVDKMAILMAEAKSVGADLVEIRLBSLKDFNPNSDIKTLILHSPLPTLET¥RPMWEGGQY-NGDEKPRLDALRLAMELGADYIDVELKVAHEFNELLRGNKPGKCKLIVSSHNYEN 155
PoptrS 11 RNSTLICAPIMAESVDOMLVOMKRAKELGADV. VDFLKNFSPRNDLEALIKQCPLPTLIT¥RPKWEGGQY-DGDENKROKALQIAMELGADFIDIELKVAQEFYNFIQGKKPEKVKIIVSSHNYEC 138
Poptr2 8 ANSTMVCAPLMARSVEQMVIDMQSAEAQGADA! LDYINSFQPSQDLETIIRNKPLPVIIV¥RPRWEGGQY-EGDEHTRLEALRLAHELGADYIDVELKVASDLVREVKNKHQTGGKVIVSSEMLSGA 135
Poptr3 8 TNSVMVCAPLMAQSVEQMVIDMHSAKAQGADV! LBCISKFQPRODLETIIRNKPLPVIIVERPKWEGGQY-EGDEHRRLEALRLANDLGADYIDLELKVASELIWELKNKHONGGKVIVSSE@LNGA 135
Poptr4 4 KNNLLVCTPLECETAGEMLSSMKRAETEGADLTELRLBSLSFSHNSE-VEKLIKQRTLPSIVSRLEPSRISSNKDRKNTCLQVLRLAFDLNVEFVEMDYEVASEDDMAEYVYNRSNTKLIVSSVNGR 131
241 269 271 273 291 304 336 338
| [ | | | I
Arath 219 TPSVEDLDGLVARIQQTGADIVKIATTAVDIADVARMFHITSKAQVPTIGEVMGERGLMSRILCSKFGGYLTEGTLDSSKVSAPGOPTIKDLLDLYNFRRIGPDTKVYGIIGKPVSH PIVHNQAFK 347
Poptrl 156 TPSVEELGNLVARIQAAGADIVKIATTALDISDVARIFQITVHSQVPIIGEVMGERGLISRILCAKFGGYLTEGTLESGVVSAPGRPTIKDLLDLYNFRLIGPDTKVFGIIGKPVGH] PVLFNEAFK 284
Poptr5 139 TPSIEEIGDLVARIQATGADIVKVATTALDITDNARMFHIIVNLQVPMIGEVMGERGLMSRVLAAKYGAFLTEGSIEAGVVSAPGRQPTVKDLLELYNLRQIEADTKVHGVIGNPIGH, PHLYNAAFK 267
Poptr2 136 TPSKEDLSHLVASMQATKADIIKVVSNANDITELDRIFHLLSHMQVPAVANSEGERGLISHLLCPKEGGALVGAM--EGNSIPGIPTLDSLREAYKVENINSDTKVFGLVSKPVSHSK@PILHNPAFR 262
Poptr3 136 TPSKENLSHLVATMOATEADIIKVVSNADDITEMERIFHLLSHCEVPAVANSMGERGLIS@LLCPKEGGALVEGSM--EGNSIPGPTLDSLREAYKVDCINSDTKVFGLVSKPVGHSKMPLLENPTLR 262
Poptr4 132 KPSAEELGYLIACMQSTGADVLKLVLDVEKITDLAPVETMLTHCQIPLIABANGSRGLISHLLGPKEGGFLVGSL--SDKAVPGHPTLLSLRQIYKLEYINADTKVFGLISNPVGHSKPVLHNPAFR 258
381 385 406 407 422 423
[ Il Il
Arath 348 SVDFNGVYVHLLVDNLVSFLQAYSSSDFAGFSCIPHREAALQCCDEVDPLAKS IGAVNEI LRRKSDGKLLGYNBCIGSISATEDGLRSSGDPSSVPSSSSP--LASKTVVVIGAGGAGKALAYGAKE 474
Poptrl 285 SVGINGVYVHLLVDDIARFLQTYSSTDFAGFSCEIPHKEDAAKCCDEVHPVAKSIGAVNMIIRRONDGKLFGYNEDYVGAISAIEEGLRASONVSNTVG-SPLAGK---LEVVIGAGGAGKALAYGAKE 409
Poptr5 268 SVGENGIYLPLLVDSVANYISTYSSPDFAGYSY[IPHKEDGLKCCDEVDPIAKEIGAI@MIRRPDDGKLKGYNDYLGAIAAIEEALGASNGAPASVSPLAG--K---LFVVMGAGGAGKALAYGAYE 391
Poptr2 263 HANENGIYVPMFVDDLKEFFEVYASPDFAGYSVFPYKEAVVQFCDEVHPLAKSIGAVNEIIRKPSDGKLIGYNBBCEGSIASIEDALKDORY INGASLNSPLAGK---QFVVVGAGGAGRAIAVGAKS 388
Poptr3 263 HVNENGIYVPMFVDDLKKFFDVYASPDFAGYSV@FPYKEAVVQFCDEVHPLAKCIGAVNEIIRRPCDGKLIGYNEDCEGSITAIEDALRDQKYVNGRSLNSPLAGK---QFVVVGAGGAGRAIAVGAKS 388
Poptrd 259 HTGYNGIYVPMQVDDVKEEFFRTYTSSDFAGFSVJJIPHKEAAVGCCDEVHPLAKSIGAVNEIVRRPTDGKLYGYNEBCDASISAIEDALTASPLSG-~----=--~ K---TFVLIGAGGAGRALAFGAKS 374
550 578 582
| !
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FIGURE 2. Alignment of DQD/SDHs from P. trichocarpa (Poptr1 to Poptr5) and A. thaliana (A) and active site structure predictions of Poptr1 and Poptr3
in comparison with the known DQD/SDH structure from Arabidopsis (Protein Data Bank code 207Q) (B and C). A, shown is the alignment as used by
Phyre for structure prediction. Note that the N-terminal signal peptide was not included in the Arabidopsis structure determination by Singh and Christendat
(53) and was thus omitted from the alignment. Amino acids identical to the Arabidopsis template are shaded in gray. Active site residues of the Arabidopsis
protein are highlighted in green. Identical amino acids at the respective position in the poplar sequences are also highlighted in green, and differentamino acids
are contrasted in red or magenta. Numbers above the sequence indicate the Arabidopsis amino acid position. The two functional domains (DQD and SDH) are
highlighted by orange and blue bars, respectively. B, structure models were predicted with Phyre; DQD active sites (B) and SDH active sites (C) were visualized
as stick models with PyMOL. Amino acids in the Poptr1 or Poptr3 predictions differing from the Arabidopsis template structure are highlighted in red.

214 helps modulate the formation and breakdown of this Schiff
base intermediate (14). An additional eight residues are
involved in properly positioning the substrate (14). The corre-
sponding homologous amino acids in Poptrl and Poptr5 are
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highly conserved (Fig. 24). In consequence, this results in a
virtually identical inferred active site structure (Fig. 2B). In con-
trast, major differences were observed between the known Ara-
bidopsis DQD domain on the one hand and the inferred struc-
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tures of Poptr2, Poptr3, and Poptr4d on the other hand.
Compared with each other, Poptr2, Poptr3, and Poptr4d are
highly similar at most of the key residues (Fig. 24), and there-
fore only the inferred active site of Poptr3 is shown (Fig. 2B).
Although a lysine corresponding to Lys-241 in Arabidopsis is
still present, His-214 is replaced by a Tyr in all three DQD-like
domains. In addition, five of the additional eight residues pre-
viously shown to be involved in substrate binding (14) are dif-
ferent in all three DQD-like proteins (Fig. 24). This creates an
overall more spacious substrate-binding pocket in the pre-
dicted protein structure.

The SDH domain spans amino acids 328 —588 of the Arabi-
dopsis protein. Lys-385 and Asp-423 were reported to likely
play an important role in catalysis (14), and the homologous
positions in all five poplar genes include the same amino acids
(Fig. 2A). For Poptrl and Poptr5, the remaining active site res-
idues are also highly conserved compared with Arabidopsis
(Fig. 2, A and C). In contrast, for the SDH-like enzymes, two
putative active site residues were found to be divergent. Ser-
338, involved in interacting with the C1 carboxylate group of
the substrate in Arabidopsis (14), is replaced by Gly in the cor-
responding homologous positions of Poptr2, Poptr3, and
Poptr4 (Fig. 2A4). Based on the predicted structure, this leads to
the appearance of an extra pocket in the inferred active site (Fig.
2C). This would allow more bulky substrates to fit. Quinate,
with its additional hydroxyl group at the C1 position compared
with shikimate, would be a good fit. In addition, instead of Thr-
381 in Arabidopsis, a Gly residue is found in the homologous
position of all three SDH-like poplar enzymes (Fig. 24). This
Thr is replaced by Ser, also with a smaller side chain, in YdiB
from E. coli (14). Given that YdiB converts both shikimate and
quinate (27), the replacement of Thr-381 with Gly in Poptr2,
Poptr3, and Poptr4 also appears consistent with our hypothesis
that quinate may be an alternative substrate.

Enzymatic Characterization of DQD/SDH Family Members—
Full-length cDNA fragments encoding the five poplar enzymes
were PCR-amplified, cloned, and expressed in E. coli as His,-
tagged proteins allowing native protein purification using affin-
ity chromatography. For Poptr4, no soluble recombinant pro-
tein was yielded despite further optimization attempts. For
each of the other four enzymes, recombinant protein purifica-
tion yielded a major band of the expected molecular weight, and
only this band was His tag-positive in protein blot analyses (Fig.
3).

Dehydrogenase activities of the recombinant proteins with
shikimate and quinate were first assessed photometrically by
measuring NADH or NADPH production. Under saturating
conditions, Poptrl and -5 displayed strong activities with shi-
kimate but no detectable activity with quinate even at elevated
enzyme concentrations (0.1 ug/ml), thus confirming SDH
activity (Fig. 4). In terms of co-factor requirement, the highest
enzyme activities were observed with NADP' for both
enzymes, and activities dropped by 96% when replacing
NADP™" with NAD™" for Poptrl. For Poptr5, no activity with
shikimate was detectable in the presence of NAD™ even with
elevated enzyme concentrations (Fig. 4). In contrast, Poptr2
and Poptr3 could act on both quinate and shikimate but dis-
played a much higher activity with quinate compared with shi-
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FIGURE 3. Protein gel and Western blot analyses of purified proteins.
Recombinant putative DHQD/SDH from poplar (Poptr1 to Poptr5) were puri-
fied from E. coli through Ni-NTA affinity chromatography and separated on a
polyacrylamide gel and stained with Coomassie Blue (A). A replicate gel was
used for Western blotting and detection of His-tagged proteins using a His-
Probe fused to horseradish peroxidase (B).
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FIGURE 4. Enzyme activities of Poptr1, Poptr2, Poptr3, and Poptr5 at sat-
urating substrate concentrations (5 mm). Either shikimate (SA) or quinate
(QA) was used in conjunction with NAD ™ (D) or NADP™* (P). Cofactor formation
(NADH or NADPH) was measured spectrophotometrically at 340 nm and con-
verted to dehydrogenase activities. Both SDH and QDH activities were deter-
mined in triplicate; error bars denote standard deviations. Assays yielding less
than 0.02 AA,,,/min are indicated as not detectable (nd).
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kimate at saturating conditions (Fig. 4). Poptr2 and Poptr3 pre-
ferred NAD™ because activities with both shikimate and
quinate were close to the detection limit when NADP™ was
used as a cofactor (Fig. 4). To validate that no endogenous
E. coli SDH or QDH was co-purified, an unrelated protein of
the same size (a glycosyltransferase family protein from poplar)
was purified in parallel, which resulted in no SDH or QDH
activity (data not shown).

Measuring cofactor consumption alone may not be sufficient
to assign QDH or SDH activities unambiguously. For example,
when using quinate as a substrate, co-factor consumption can
be due to QDH activity, although theoretically it can also be due
to combined QD and SDH activities. Vice versa, apparent SDH
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activity could also be due to combined QD and QDH activities
(Fig. 1). To distinguish between these possibilities, recombi-
nant enzymes were incubated with different substrate and
cofactor combinations, and reaction products were assessed by
HPLC (Fig. 5). This confirmed the DQD/SDH bifunctionality of
Poptrl and -5; both were able to catalyze the production of
shikimate from 3-dehydroquinate via 3-dehydroshikimate and
vice versa (Fig. 5, D-E, F, H, and I). Neither enzyme was able to
use or produce quinate (i.e. no apparent QD or QDH activity,
Fig. 5, B—D and G). This confirmed the specificity of Poptrl and
-5 toward shikimate biosynthesis via 3-dehydroshikimate only.
HPLC results also confirmed that Poptr2 and -3 were able to
catalyze quinate to 3-dehydroquinate conversion using NAD ™"
as a cofactor (Fig. 5B), confirming QDH activity. Some DQD
and SDH activities were detectable under saturating condition
(Fig. 5, D—F). Surprisingly, quinate formation was barely detect-
able when incubating Poptr2 and Poptr3 with 3-dehydroqui-
nate and NADH (Fig. 5D). We suspected this to be due to the
very low absorption coefficient of quinate (note that 60 times
more quinate was loaded in the standard mix than 3-dehydro-
shikimate) (Fig. 5A4). Determining dehydrogenase activity with
3-dehydroquinate quantitatively by measuring NADH con-
sumption yielded a total of 94 and 116 ums™ ' mg ™! for Poptr2
and Poptr3, respectively. This may be attributed to QDH
and/or combined DQD/SDH activity. DQD activity was 0.2 um
s ' mg ™! (Poptr2) and 0.4 um s~ ' mg ™' (Poptr3) when meas-
uring 3-dehydroshikimate production directly. SDH activity
with 3-dehydroshikimate and NADH was 0.6 and 1.1 um s~ *
mg ! for Poptr2 and Poptr3, respectively. Thus, DQD and SDH
contributed less than 1% of the total activity, leaving more than
99% of the observed dehydrogenase activity attributed to QDH
activity. Serving as a control for the forward activity assays,
Poptrl had a DQD activity of 89 pum s~ ' mg~' and an SDH
activity of 250 pm s~ ' mg .

In the absence of a cofactor, no conversion of quinate to
shikimate or vice versa was detectable for either of the two
enzymes (Fig. 5, C and G); thus, Poptr2 and 3 do not have
detectable QD activity.

The apparent absence of QD activity for all four enzymes
allowed the use of the spectrophotometric assay to distinguish
SDH and QDH activities. pH optima were determined for both
SDH and QDH reactions (Fig. 6). Both types of reactions had
similar pH optima with all enzymes displaying high activity
under basic conditions. The optimal pH for all reactions was
determined to be between 8.5 and 9.5, and activities dropped
quickly when pH was shifted from its optimum (Fig. 6).

Michaelis-Menten kinetics of each enzyme were determined
using saturating amounts of cofactor. Enzymes exhibited typi-
cal saturation kinetics, and K, and V., values were modeled.
Among the shikimate-converting enzymes, Poptrl had much
higher V| .. (chikimatey compared with Poptr5 (Table 3).
Together with a lower K, pikimate) this results in a six times
higher specificity (V,,,,,/K,,,). Both maximum velocity and affin-
ity of Poptrl toward shikimate dropped largely when NAD™"
was used as a cofactor (Table 3). Also Poptr5 is highly specific
for NADP™ as a cofactor. Even when high enzyme and shiki-
mate concentrations were used, Poptr5 activity with NAD ™" was
below background (Fig. 4) preventing the determination of
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kinetic properties with this cofactor. Neither Poptrl nor Poptr5
displayed any detectable activity with quinate in spectrophoto-
metric assays. In contrast, both Poptr2 and -3 yielded similar
kinetic properties in terms of K, and V, . values for quinate
(Table 3). Kinetic properties of Poptr2 and Poptr3 with shiki-
mate were also determined in the presence of NAD™ using
elevated enzyme concentrations. Both enzymes had clearly
reduced maximum velocities and affinities (higher K,,) toward
shikimate resulting in 66 times (Poptr2) and four times (Poptr3)
lower specificities for shikimate than for quinate (Table 3). Fol-
lowing the biosynthetic route, dehydrogenase activity of Poptr2
and Poptr3 with 3-dehydroquinate yielded K, values of 624 =
28 and 299 = 50 uM, and maximum velocities of 150 = 30 and
103 = 6 um s~ ' mg~ ', respectively. Taking the very low SDH
activity of Poptr2 and Poptr3 into account (above and Table 3),
we attributed most of the observed dehydrogenase activity with
3-dehydroquinate to quinate synthesis (i.e. QDH activity). For
both quinate-specific enzymes, activities with NADP* as a
cofactor were too low for kinetic analyses even at elevated pro-
tein concentrations. Based on these in vitro enzymatic proper-
ties, we assigned the names DQD/SDH1 and DQD/SDH2 to
Poptrl and Poptr5, and QDH1 and QDH2 to Poptr2 and
Poptr3, respectively. Poptrd was assigned the name QDH3
because of its higher sequence similarity to QDHs than to
SDHs.

Expression Profiling of Poplar DQD/SDHs and QDHs—To
assess expression profiles of Poplar DQD/SDHs and QDHs
across different organs and their induction in response to environ-
mental stimuli, publicly available poplar Affymetrix microarray
data (748 hybridizations) were retrieved, normalized, and
grouped into developmental samples, treatments (compared
with the respective controls), and mutant (transgenics) versus
wild type comparisons. Processed data were extracted from
each group to generate expression profiles of DQD/SDHs and
QDHs. DQD/SDH1 (Poptrl) was constitutively expressed (but
at low levels) across a wide range of tissues and is expressed to
highest levels in reproductive organs and actively growing tis-
sues, such as shoot apices and leaf primordia (Fig. 7A4). DQD/
SDH1 was found to be co-expressed with three putative shiki-
mate pathway genes as well as a phenylalanyl-tRNA synthetase
and other tRNA synthetases (data not shown), which suggested
arole in aromatic amino acid biosynthesis primarily for protein
production. In contrast, DQD/SDH2 (Poptr5) is expressed to
high levels in lignified tissues, and its expression in most other
tissue types was negligible. QDH1 and QDH2 (Poptr2 and
Poptr3) were found highly expressed in roots and root tips,
respectively. QDH2 is also highly expressed in bark and some
vascular tissues. QDH3 (Poptr4) showed a distinct expression
pattern with predominant expression in leaves, seedlings, and
stomata and some expression in bark and differentiating tissues
(Fig. 7A). DQD/SDHs and QDHs respond differently to envi-
ronmental stresses and genetic modifications. DQD/SDH1
expression was induced by water limitation especially in cote-
lydons and stomata (Fig. 7B). QDH1 showed high sensitivity
toward light conditions and temperature changes, and its
expression was induced by cold temperature at night. QDH3
showed a marked response to wounding and fungal infection,
and its expression level was also increased in plants overex-
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FIGURE 5. HPLC elution profiles of enzyme assay products catalyzed by poplar recombinant DQD/SDHs (Poptr1 and Poptr5) and QDHs (Poptr2 and
Poptr3). Purified enzymes were mixed with different combinations of substrate and cofactor as indicated. Reaction mixtures were incubated for 30 min before
separation using HPLC equipped with a diode array detector. For each test, a negative control was prepared using boil-inactivated enzyme. Retention time and
UV absorption spectrum were monitored and used to identify each peak in comparison with authentic standards. Standards were injected at different
concentrations as indicated. Absorption spectra of standards and reaction products are shown to the right. Enzymes catalyzing the production of the
respective products are noted. Spectra for the substrate used in the respective reaction are marked with a *. SA, shikimate; QA, quinate; DQA, 3-dehydroquinate;
DSA, 3-dehydroshikimate.
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pressing the WRKY23 transcription factor involved in plant
defense (Fig. 7C).

DISCUSSION

The poplar DQD/SDH family encompasses two functionally
distinct groups as follows: one specific for shikimate (DQD/
SDHs) and the other specific for quinate (QDHs) in vitro. The
three poplar QDHs were originally annotated as DQD/SDHs
due to the fact they share significant sequence similarity with
previously characterized DQD/SDHs (18). However, in-depth
sequence and inferred structure comparison with functionally
characterized DQD/SDHs revealed that QDHs are indeed dis-
tinct, and this was validated through in vitro enzymatic analysis.
In addition, DQD/SDHs and QDHs showed different develop-
mental expression patterns and stress responses indicative of
different physiological and ecological roles of distinct isoforms.

100
80—

60—

Relative enzyme activity [%]

pH

FIGURE 6. pH-dependent enzymatic activities of recombinant Poptr1,
Poptr2, Poptr3, and Poptr5. Enzyme activities were determined spectro-
photometrically with substrate concentrations of 100 um. Shikimate was used
as a substrate for Poptr1 and -5, and quinate was used for Poptr2 and Poptr3.
Relative activities (the maximal activity of a given enzyme was set to 100%) at
pH values ranging from 5 to 11 were used for curve fitting.

TABLE 3

It needs to be stressed, however, that our annotations are based
on biochemical in vitro data only, which will need to be vali-
dated through mutant analyses in vivo.

Amino Acid Residues Putatively Involved in Substrate Discri-
mination—Comparison of poplar QDH sequences with the
characterized Arabidopsis SDH active site regions (14) revealed
two distinct sites specific for QDHs. Ser-338, which is essential
for SDH function in Arabidopsis (14), is replaced by Gly in the
homologous position of all poplar QDHs and also in one of the
two tobacco isoforms (annotated as NtDQD/SDH2). NtDQD/
SDH2 has reduced SDH activity compared with NtDQD/SDH1
(17). The ability of NtDQD/SDH2 to use quinate as a substrate
was not tested, but Ding et al. (17) suggested that the preferred
substrate may be a shikimate derivative with a larger group at
the C1 position, and quinate fits this description. The Ser-to-
Gly conversion may generate extra space in the inferred QDH
active sites that could accommodate the hydroxyl group at the
C1 position of quinate. Instead of Thr at position 381 in Arabi-
dopsis, a Gly residue is present at the homologous position of all
poplar QDHs. This Thr residue is replaced by Ser in YdiB hav-
ing both SDH and QDH activities (14, 27). Both Gly and Ser
have smaller side groups compared with Thr and thus may
leave more space in the active sites to accommodate quinate’s
distinct conformation. These sequence and structural consid-
erations were in agreement with our hypothesis, and thus in
vitro biochemical analyses were warranted

DQD/SDHs and QDHs in Poplar—The observed K., qhiimate)
values for poplar DQD/SDHs are within the range of other
functionally characterized DQD/SDHs (ranging from 130 to
860 um) (14, 17, 37, 54). In contrast, the poplar QDH enzymes
characterized here have lower K., ( inate) values (255 and 300
uM) compared with previously characterized QDHs partially
purified from loblolly pine and Siberian larch, which range from
1.84 to 3.6 mm (36, 37). This higher affinity of poplar QDHs
toward quinate may indicate highly specialized functions in
quinate (derivative) metabolism in poplar. Both SDHs and
QDHs share similar pH optima (between 8.5 and 9.5), which is
consistent with the pH range observed in tobacco (9.0-9.4)

Kinetic properties of recombinant poplar DQD/SDH (Poptr1 and Poptr5) and QDH (Poptr2 and Poptr3)

Either shikimate or quinate was used as a substrate with at least 12 concentrations of substrate (ranging from 0.5 to 2000 um). The tested cofactor (either NADP* or NAD™")
was kept at saturating concentrations. V,, . and K, values were estimated based on nonlinear fitting to the Michaelis-Menten model using the Curve Fitting Toolbox™
implemented in MATLAB. V, ., and K, values represent averages of three independent protein purifications. Confidence of curve fitting (i.e. 95% confidence bounds) was

assessed with MATLAB. Confidence bounds are indicated as = of the respective averages. Substrate specificities were calculates by dividing V.. by K,,,.
Substrate tested Cofactor used Vinax K, Vinax! K,
pas ! mg ! m
Poptrl Shikimate NADP* 323.1 +11.2 223.1 + 244 1.45
Shikimate NAD™" 17.8 +32 426.9 + 243.8 0.04
Quinate NADP* ND“
Quinate NAD™" ND
Poptr2 Shikimate NADP* ND
Shikimate NAD™" 3.1 *0.5 833.1 + 382.9 0.003
Quinate NADP* ND
Quinate NAD™" 67.0 *35 334.4 *+47.1 0.20
Poptr3 Shikimate NADP™* ND
Shikimate NAD™" 18.0 * 1.4 391.8 +92.3 0.05
Quinate NADP* ND
Quinate NAD™" 73.8 *+4.7 321.3 +55.3 0.23
Poptr5 Shikimate NADP* 70.0 +9.0 345.8 + 96.2 0.20
Shikimate NAD™" ND
Quinate NADP* ND
Quinate NAD™" ND

“ ND means no activity detectable or too low to determine kinetic properties.
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FIGURE 7. Organ-specific expression of poplar DQD/SDHs and QDHs (A), their response to changing environmental factors (B), and their response to
genetic perturbations (C). Publicly available large-scale microarray expression data for any Populus species were compiled, normalized, and grouped based
on experiment annotations. Log-transformed expression ratios were visualized as heatmap. Organ expression data are shown relative to the mean expression
of the respective gene across all experiments, treatment and mutant expression data are shown relative to the respective control experiments. Detailed
descriptions of each sample and database accessions for the respective datasets can be found in supplemental Table 1.

(17). In terms of cofactor preference, NADP™" is generally con-
sidered to be the exclusive cofactor for SDHs since Yaniv and
Gilvarg (55) described the first partial purification of SDH from
E. coli and noted that “DPN [diphosphopyridine nucleotide, i.e.
NAD "] could not replace TPN [triphosphopyridine nucleotide,
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i.e. NADP™] as electron acceptor.” The absence of detectable
SDH activity with NAD™ was then confirmed for partially puri-
fied SDHs from mung bean and pea in 1961 (56, 57). These
three studies also noted an absence of detectable dehydrogen-
ase activity with quinate and other structurally related com-
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pounds. In consequence, subsequent studies reported exclu-
sively on shikimate and NADP™ when characterizing plant
SDHs (14, 15, 17, 58 -60). Here, we confirm the absence of
detectable SDH activity with NAD™ for DQD/SDH2 (Poptr5),
but likely because of its unusually high dehydrogenase activity,
we were able to detect minute SDH activity with NAD™ for
DQD/SDH1 (Poptrl). However, the estimated K, qhikimate)
nearly doubles, and maximum velocity is less than 5% of the
SDH activity observed with shikimate when using NADP ™.

In contrast to SDH, variations in cofactor preference have
been reported for QDHs. For both poplar QDHs, activity was
only detectable when using NAD™ as a cofactor. Likewise,
QDH protein extracts from other angiosperms such as bean
and maize, and those from most bacteria, use NAD™ exclu-
sively or preferentially as a cofactor (35, 38, 41). In contrast,
QDH enzyme fractions from gymnosperms prefer NADP™
(61). Differences in cofactor preference of SDH and QDH
may allow separate regulation of carbon flux into either shiki-
mate or quinate metabolism from their common precursor
3-dehydroquinate.

SDH and QDH activities are present in distinct protein frac-
tions in maize and kiwi (41, 62), although in loblolly pine both
activities are present in a single protein fraction (37). The two
poplar QDHs do have residual SDH activity. Because gymno-
sperms appear to evolve at a lower rate than angiosperms (63),
this may suggest an ongoing specialization of the QDH iso-
forms toward quinate in plants.

Absence of QD Activity—Quinate can be taken up by intact
leucoplasts from pea roots and converted directly into shiki-
mate via a QD activity (also referred to as quinate hydrolyase)
(42, 64, 65). Because of the similarity of the QD reaction mech-
anism with that of DQD, we originally hypothesized that QD
may be encoded by DQD-like genes in poplar. However, in vitro
enzyme assays failed to support this hypothesis; QD activity was
not detectable and instead only residual DQD activity was
maintained in QDHs. It remains open whether the DQD activ-
ity is being lost and the N-terminal half of the QDH protein is
maintained only for structural reasons, or whether another
function not tested here has been gained by this domain.

Distinct Physiological Roles of Poplar DQD/SDHs and QDHs—
Shikimate derivatives function in both primary metabolism (e.g.
protein biosynthesis) and secondary metabolism (e.g. phenyl-
propanoid metabolism) (6). DQD/SDH1 (Poptrl) is broadly
expressed with highest levels in actively growing tissues.
Together with the co-expression analysis, this suggests that
DQD/SDHLI is likely involved in housekeeping primary func-
tions, i.e. protein production. DQD/SDH2 (Poptr5) is highly
expressed in vascular tissues, which suggests a more specific
role in providing precursors for lignin biosynthesis. QDH1
(Poptr2) and QDH2 (Poptr3) are preferentially expressed in
roots, suggesting a role of quinate and its derivatives in the
rhizosphere. Chlorogenic acid, a common derivative of quinate,
accumulates to high levels in the root tissue of many plant spe-
cies, including sweet potato, carrot, lettuce, and burdock (66 —
70). It may be involved in developmental processes, such as root
hair formation (66), or in defense against pests, such as root
aphids in lettuce (69). In aerial parts, quinate and chlorogenic
acid are formed mainly in dormant buds, young leaves, and bark
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of poplar trees, and its production is induced by herbivore and
pathogen infestation (71-73). Although attempts to biochemi-
cally characterize QDH3 proved unsuccessful, its predominant
expression in leaves and its induction in response to wounding
and fungal infection suggest a defensive role in leaves through
production of quinate and its derivatives such as chlorogenic
acid (74). Chlorogenic acid has both anti-herbivore and anti-
microbial activities (75-77), and quinate might also act as an
astringent herbivore deterrent in the above-mentioned organs
(78). The possible role of QDH3 in defense is further high-
lighted by its increased expression in poplar plant overexpress-
ing WRKY23, as transcription factors involved in the regulation
of plant defense against pathogens and abiotic stresses (79).

In conclusion, we showed that quinate and shikimate meta-
bolic activities are encoded by distinct members of the same
gene family in poplar. This now sets the groundwork for explor-
ing the molecular evolutionary history of the gene family to
decipher how genes involved in primary metabolism evolved to
adopt a function in plant secondary metabolism. It also enables
studying the in vivo physiological role of QDH in plant develop-
ment and chemical ecology using reverse genetic approaches.
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