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Abstract Plants in the Nicotiana genus produce nicotine
and related pyridine alkaloids as a part of their chemical
defense against insect herbivores. These alkaloids are
formed by condensation of a derivative of nicotinic acid,
but the enzyme(s) involved in the final condensation step
remains elusive. In Nicotiana tabacum, an orphan reduc-
tase A622 and its close homolog A622L are coordinately
expressed in the root, upregulated by methyl jasmonate
treatment, and controlled by the NIC regulatory loci spe-
cific to the biosynthesis of tobacco alkaloids. Conditional
suppression of A622 and A622L by RNA interference
inhibited cell growth, severely decreased the formation of
all tobacco alkaloids, and concomitantly induced an accu-
mulation of nicotinic acid f-N-glucoside, a probable
detoxification metabolite of nicotinic acid, in both hairy
roots and methyl jasmonate-elicited cultured cells of
tobacco. N-methylpyrrolinium cation, a precursor of the
pyrrolidine moiety of nicotine, also accumulated in
the A622(L)-knockdown hairy roots. We propose that the
tobacco A622-like reductases of the PIP family are
involved in either the formation of a nicotinic acid-derived
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precursor or the final condensation reaction of tobacco
alkaloids.
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Introduction

Recent rapid advances in genomics and DNA sequencing
are steadily generating increasing numbers of new nucle-
otide sequences, which may encode polypeptides that show
similar or partial homology to known metabolic enzymes.
Large-scale transcriptional profiling may reveal that some
are coordinately regulated by structural or regulatory genes
involved in established plant metabolic pathways, thus
providing the first clues as to their possible biochemical
functions (Saito et al. 2008). Pinpointing catalytic func-
tions of orphan enzymes, however, is not always
straightforward, particularly for those involved in second-
ary metabolism in non-model plants, because enzymatic
reactions may be ill-defined and candidate substrates may
not be readily available.

Previously we found a novel reductase gene while
screening for genes whose expression was down-regulated
in a low-nicotine mutant of tobacco (Nicotiana tabacum),
and dubbed it A622, according to the clone number in a
tobacco cDNA library (Hibi et al. 1994). A622 is a member
of the PIP family of NADPH-dependent reductases, which
were named after the three founding members; pinoresi-
nol-lariciresinol reductase (Min et al. 2003), isoflavone
reductase (Wang et al. 2006), and phenylcoumaran ben-
zylic ether reductase (PCBER) (Min et al. 2003). Among
the known members of this family (Fig. 1), PCBER and
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Fig. 1 Phylogenetic tree of the PIP-family reductases that include
PLR, IFR, and PCBER. Shown is an unrooted neighbor-joining
phylogenetic tree of tobacco A622 and A622L, and of related protein
sequences from various plants. Sequence analysis was performed by
using CLUSTAL X, and the nearest-joining method was used to create
the phylogenetic tree. TREEVIEW was used to visualize the resulting
tree. The scale indicates the average substitutions per site for each
cladogram, and the numbers label the bootstrap value of each node
(1,000 bootstrap trials). PCBER, phenylcoumaran bezylic ether
reductase; IFR, isoflavone reductase; PTR, pterocarpan reductase;
PLR, pinoresinol-lariciresinol reductase; EGS, eugenol reductase;
IGS, isoeugenol reductase; and LAR, leucocyanidin reductase.
NtA622 (Nicotiana tabacum, GenBank accession no. D28505),
NtA622L (N. tabacum, AB445396), NtPCBER (N. tabacum,
AB445398), BpPCBER (Betula pendula, AF282850), FiPCBER

pterocarpan reductase are the most homologous to A622
(Akashi et al. 2006). Recently, two eugenol synthases were
also reported to be included in this complex clade (Koe-
duka et al. 2008). However, tobacco has an orthologous
PCBER, which is distinct from A622, and recombinant
A622 does not show PCBER activity (Shoji et al. 2002).
Since pterocarpans are phytoalexins found only in legumes,
A622 does not appear to be a pterocarpan reductase either.
Expression patterns of A622 (see below) suggest that A622
is unlikely to be a synthase which produces volatile phe-
nylpropenes, such as eugenol and isoeugenol, in many
herbs (Koeduka et al. 2008). A622 must be a reductase
since the recombinant protein binds NADPH (Shoji et al.
2002), but its enzymatic reaction remains elusive.
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(Forsythia x intermedia, AF242491), PcPCBER (Pyrus communis,
AF071477), PopPCBER (Populus trichocarpa, AJ005803), P(PCBER
(Pinus  taeda, AF081678), ThPCBER (Tsuga heterophylla,
AF242495), LjPTR1 (Lotus japonicus, AB265589), LjPTR2 (L.
Jjaponicus, AB265590), LjPTR3 (L. japonicus, AB265591), LjPTR4
(L. japonicus, AB265592), CalFR (Cicer arietinum, X60755), MsIFR
(Medicago sativa, X58078), PsIFR (Pisum sativum, S72472), FiPLR
(F. intermedia, U81158), LaPLR (Linum album, AJ849358), LuPLR
(Linum  usitatissimum, AJ849359), ThPLR (7. heterophylla,
AF242501), TpPLR (Thuja plicata, AF242503), CbEGS1 (Clarkia
breweri, EF467239), CbEGS2 (C. breweri, EF467240), CbIGS1 (C.
breweri, EF467238), ObEGS1 (Ocimum basilicum, DQ372812),
PhEGS1 (Petunia hybrida, EF467241), PhIGS1 (P. hybrida,
DQ372813), DuLAR (Desmodium uncinatum, AJ550154), MdLAR
(Malus domestica, DQ139836), VVLAR (Vitis vinifera, AJ865335)

Expression analyses indicated A622 to be closely
associated with the biosynthesis of tobacco alkaloids.
A622 is expressed specifically in the root, most strongly
in the cortex of the root tip and in the outer cortex layer
and endodermis in the differentiated region (Hibi et al.
1994; Shoji et al. 2002). The application of methyl
jasmonate (MeJA) strongly up-regulates A622 expression,
while the simultaneous addition of ethylene suppresses
the MeJA-induced expression (Shoji et al. 2000a, 2002).
Finally, the NIC regulatory loci for nicotine biosynthesis
tightly control the expression of A622 (Hibi et al. 1994;
Shoji et al. 2002). These expression profiles are very
similar to those of the structural genes encoding enzymes
involved in nicotine biosynthesis (Fig. 2), such as
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Fig. 2 Biosynthesis of tobacco alkaloids. A salvage pathway of NAD
provides nicotinic acid and nicotinic acid mononucleotide, the latter
of which is also synthesized from quinolinate by way of the de novo
pathway. Nicotinic acid or its metabolite is coupled with N-
methylpyrrolinium cation (MP), A'—piperidine, and a nicotinic acid
derivative to yield nicotine, anabasine, and anatabine, respectively.
Nornicotine is derived from nicotine, whereas anatalline may be
synthesized from anatabine. Nicotinic acid N-glucoside (NaNG) is
reversibly formed from nicotinic acid. PMT, putrescine N-methyl-
transferase; MPO, N-methylputrescine oxidase

putrescine N-methyltransferase and N-methylputrescine
oxidase (Hibi et al. 1994; Shoji et al. 2000b; Katoh et al.
2007), and are consistent with the spatial and temporal
regulation of nicotine biosynthesis (Katoh et al. 2005).

Our previous attempts to constitutively down-regulate
A622 expression in tobacco plants yielded transgenic
plants in which A622 expression was suppressed only
partially, and the mild suppression phenotype was lost in
the selfed progenies (our unpublished results). In this study,
inducible suppression of A622 and its close homolog was
tested in tobacco hairy roots and cultured cells, to cir-
cumvent possible growth inhibitory effects in the
knockdown cells. We then carefully monitored metabolic
changes in the pathway of tobacco alkaloids. Our results
strongly suggest that A622 is a reductase involved in a late
step of tobacco alkaloid biosynthesis.

Materials and methods
Plant materials and transformation
Binary vectors were introduced into Agrobacterium rhiz-

ogenes strain ATCC15834 or A. tumefaciens strain
EHA105 by electroporation. To generate transgenic hairy

roots, leaf discs prepared from sterile tobacco plants
(Nicotiana tabacum cv. Petit Havana SR1) were inoculated
with A. rhizogenes as described by Kanegae et al. (1994).
After selection and disinfection on solid MS medium
(Murashige and Skoog 1962) containing 50 mg 17" kana-
mycin and 250 mg 17! carbenicillin, hairy roots were
subcultured in liquid MS medium with 3% sucrose every
2 weeks. Cultured tobacco BY-2 cells (N. tabacum cv.
Bright Yellow-2) were grown in liquid MS medium sup-
plemented with 20 mg 1™' KH,PO,, 0.5 g1~' MES and
0.2 mg I~' 2,4-D. Transgenic tobacco BY-2 cells were
generated with A. tumefaciens strain EHA105, as described
by An (1985). Four-day-old BY-2 cells were elicited with
50 uM MeJA (Wako Chemical, Osaka, Japan) in an auxin-
free medium (Shoji et al. 2008), whereas 1-month-old
tobacco plants (cv. Burley 21) were treated with 100 uM
MelJA for 1 day and the root tissues were analyzed for the
up-regulated expression of nicotine biosynthesis-related
genes (Shoji et al. 2002). Tobacco alkaloids and their
metabolic precursors were analyzed after 2 days of MeJA
treatment.

Vector construction

For the RNAi-mediated constitutive suppression of A622, a
partial fragment of A622 cDNA (4323 to 4522; the ade-
nine in the translational start codon ATG as +41) was
amplified by PCR, subcloned into pHANNIBAL (Wesley
et al. 2001), and then transferred to the binary vector
pBI121 (Clontech, Mountain View, CA) to provide
pHANNIBAL-A622RNAI, which drives RNAi suppression
by using the CaMV 35S promoter. For inducible RNAi
suppression, an RNAI cassette containing an inverted repeat
of the partial fragment of A622 and the pdk intron of
pHANNIBAL-A622RNAi was transferred to a multi-clon-
ing site downstream of the Op.xa promoter in the vector
pERS8 (Zuo et al. 2000), to provide pXVE-A622RNAI.

Genomic PCR and RT-PCR

Genomic DNA was isolated from root tissues of N. taba-
cum (cv. Petit Havana SRI1), N. sylvestris and N.
tomentsiformis by using a PureLink Plant Total DNA
Purification kit (Invitrogen, Carsbad, CA). The following
PCR primers were used to amplify genomic DNA (10 ng)
with Ex Taq DNA polymerase (TaKaRa Bio, Shiga, Japan)
for 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for
30 s; 5-GGACCTCTGCCATTAAGGACT and 5'-CGCA
GATTGATATCGACAAAC for A622, 5-TGCAGATTG
ATGTCGACAAC and 5-GGACCTATGCCGTTAAGAG
TC for A622L, and 5'-AGTTGGAGGAGGTGATGATG
and 5-TATGTGGGTCGCTCAATGTC for tobacco
o-tubulin genes.
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Total RNA was isolated by using an RNeasy Plant Mini
kit (Qiagen, Hilden, Germany). cDNA was synthesized
from 1 pg of the total RNA by Super Script II reverse
transcriptase (Invitrogen), and amplified using Ex Taq
DNA polymerase (TaKaRa Bio) under the following con-
ditions: 24 cycles of 94°C for 30 s, 55°C for 30 s and 72°C
for 30 s. The PCR primers used were; 5'-GCATATGGCC
AAATTAGTC and 5-TCAGAGAAAGCACACTCAA for
A622, and 5'-GCATATGGCCAAATTGACT and 5'-TCA
GAGAAAGCACACTCGT for A622L. For o-tubulin
genes, the primers used in the genomic PCR were also used
in the RT-PCR.

Immunoblot analysis

Root tissues and cultured cells were frozen in liquid
nitrogen, homogenized by mortar and pestle, thawed, and
then immediately mixed with CelLytic P Cell Lysis
Reagent (Sigma, St. Louis, MO). After centrifugation of
the homogenates, soluble proteins in the supernatant were
separated by SDS-PAGE (10% T), and transferred onto a
BioTrace PVDF membrane (Pall, East Hills, NY) using a
Trans-blot SD Semi-Dry Electrophoretic Transfer Cell
(Bio-Rad, Hercules, CA). The membrane was blocked in
1x TBS buffer containing 3% (w/v) bovine serum albumin
for 1 h. Polyclonal anti-A622 mouse serum (Shoji et al.
2000a), polyclonal anti-phospho(enol)pyruvate carboxyl-
ase (PEPC) rabbit serum (Chemicon, Temecula, CA) and
monoclonal anti-f-tubulin mouse serum (Sigma) were
diluted 1:1,000 in 1x TBS buffer containing 0.05% Triton
X-100, and incubated with the membranes for 1 h. After
washing, HRP-conjugated anti-mouse IgG from sheep and
HRP-conjugated anti-rabbit IgG from donkey (GE
Healthcare, Buckinghamshire, UK) were used as secondary
antibodies to detect A622, PEPC, and f-tubulin with the
ECL-plus Western Blotting System (GE Healthcare).

Purification and identification of NaNG

Tobacco hairy roots (XA12 line) were cultured with 2 uM
p-estradiol (Sigma) for 2 weeks and harvested. Fresh roots
(10 g) were homogenized in 50 ml of 80% methanol with a
mortar and pestle. The methanol extract was concentrated
by an evaporator, dissolved in 1 ml of deionized water, and
loaded onto an ODS column (YMC ODS-AM 120-S50;
column volume of 35.3 ml). The target compound was
eluted with 0.1% acetic acid at a flow rate of 2.5 ml min~".
The fraction which contained the compound in the highest
purity was concentrated and dissolved in the acetone/water
mixture for crystallization. Colorless needle-like crystals
(3.1 mg) were obtained.

Chemical spectra of the purified compound were as
follows. 'H-NMR (400 MHz, D,0): J 3.64-3.91 (5H, m,
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H-2'-6'), 4.00 (I1H, d, J = 12.4 Hz, H-6), 5.84 (1H, d,
J = 8.7 Hz, H-1'), 8.21 (1H, dd, J = 8.0 and 6.2 Hz, H-5),
9.00 (1H, dd, J = 8.0 and 1.1 Hz, H-4), 9.09 (1H, dd,
J = 6.2 and 1.1 Hz, H-6), and 9.33 (1H, s, H-2). >*C-NMR
(100 MHz, D,0): 6 60.3 (C-6'), 68.6 (C-4"), 74.0 (C-3'),
75.3 (C-2), 79.5 (C-5"), 95.1 (C-1"), 127.8 (C-5), 137.1
(C-3), 142.6 (C-2), 142.8 (C-6), 147.6 (C-4), and 167.4
(3-CO,H). UVA,0 nm (&): 272 sh (1600), 265 (1830), and
208 sh (3660). Positive-mode FAB-MS: 286.0925 (calcu-
lated molecular mass of protonated NaNG; 286.0927 for
C,H5NO; + H). Hydrolysis by f-glucosidase was done
as reported (Nishitani et al. 1995).

Metabolite analyses

To extract tobacco alkaloids, plant samples (50 mg dry
weight) were lyophilized, homogenized and then soaked
in 4 ml of 50 mM sulfuric acid. The homogenate was
sonicated for 15 min and centrifuged at 3,100 rpm for
15 min. The supernatant was neutralized by adding 0.4 ml
of 25% ammonia water. The mixture (1 ml) was loaded
onto an Extrelut-1 column (bed volume, 3 ml; Merck,
Whitehouse Station, NJ) and eluted with 6 ml of chloro-
form. The elutant was dried at 37°C. The dry residues
were dissolved in ethanol containing 0.1% dodecane as an
internal standard and analyzed by gas-liquid chromatog-
raphy (GC-2010; Shimadzu, Kyoto, Japan) or gas-liquid
chromatography mass spectrometry (Hewlett Packard
5890 SERIES II/JEOL MStation MS700 system; Agilent,
Santa Clara, CA) with an Rtx-5 Amine capillary column
(I.D. 0.25 mm, df 0.50 pm, 30 m; Restek, Buckingham-
shire, UK). Nicotine, nornicotine, anatabine and anabasine
were purchased from Wako or Sigma. The Anatalline
standard was a gift from Dr. Oksman-Caldentey (Hakki-
nen et al. 2004).

For the analysis of NaNG and related pyridine metab-
olites, 1 g of fresh tissue was homogenized with 0.5 ml of
50 mM potassium phosphate buffer (pH7.0) and in a
mortar and pestle. After incubation at 60°C for 30 min, the
homogenate was centrifuged and the supernatant was
passed through a disposable syringe filter unit (0.2 mm
cellulose acetate; Iwaki, Chiba, Japan). Aliquots were
analyzed by HPLC (LC-10 system; Shimadzu) with a
Zorbax SB-Aq column (4.6 x 250 mm, 5 mm; Agilent).
NaNG was eluted with a 0-70% gradient of methanol in
100 mM potassium phosphate (pH 7.0) at a flow rate of
1 ml min~". The absorbance at 254 nm was monitored
using a SPD-10A UV-Vis detector (Shimadzu). The
retention times (min) of pyridine nucleotides were as fol-
lows: nicotinamide adenine dinucleotide (2.72), nicotinic
acid mononucleotide (2.75), nicotinamide mononucleotide
(3.14), NaNG (3.44), nicotinic acid (5.53), nicotinic acid
adenine dinucleotide (10.7), and nicotinamide (17.6).



Plant Mol Biol (2009) 69:287-298

291

N-Methylpyrrolinium cation (MP) was measured by
GLC after derivatization (Hashimoto et al. 1990). The
aqueous extract (50 pl) in the potassium phosphate buffer
described above was mixed with 10 ul of a 10% KCN
solution and 100 pl of 0.05% (v/v) dodecane in chloro-
form. Aqueous KCN reacted quickly and quantitatively
with MP to give 1-methyl-2-cyanopyrrolidine which, after
being transferred to the chloroform phase by vigorous
shaking, was analyzed by GLC with a Rtx-5 Amine cap-
illary column (Shimadzu). Dodecane was used as an
internal standard. The CN-derivatized product was identi-
fied by GC-MS (EI 4+ mode, 70 eV). The authentic MP
was synthesized by BioMol International (Plymouth
Meeting, PA).

Results

A close homolog of A622 in N. tabacum originates
from N. tomentosiformis

A search for A622-related sequences in the tobacco gen-
ome database (http://www.tobaccogenome.org/) identified
a closely related homolog of A622, referred to hereafter as

Fig. 3 A622 and A622L are
coordinately regulated. The o-
tubulin gene was used as a
control. a Genomic PCR
analysis. Genomic DNA from
N. tabacum (Nta) and its
probable progenitors, N.
sylvestris (Nsy) and N.
tomentosiformis (Nto), was
amplified using specific PCR
primers. RT-PCR analysis: b
Tissue-specific expression
pattern. ¢ Treatment of tobacco
hairy roots with 100 pM MeJA
for 24 h. d Treatment of
cultured tobacco BY-2 cells
with 50 uM MeJA for the
indicated period. e Gene
expression in the root of wild-
type (WT) and niclnic2 mutant
(nic) tobacco plants

(A) genomic PCR

Nta Nsy Nito

A622 |
AB22L

a-tubulin

D)

A622
: 5 ." ".- ':i

A622L

o-tubulin

WT nic

A622L. Predicted protein sequences of A622 and A622L
are 95.5% identical and 98.4% similar (Supplementary Fig.
S1), and constitute a closely related pair in the PIP family
of reductases (Fig. 1). Both genes contain four less con-
served introns which are inserted at the same positions
(Supplementary Fig. S2). Genomic PCR using primers
specific to either A622 or A622L amplified A622 genomic
fragments from N. tabacum and N. sylvestris, and A622L
genomic fragments from N. tabacum and N. tomentosi-
formis (Fig. 3a). Therefore, the A622 gene probably
originates from N. sylvestris, as previously suggested (Hibi
et al. 1994), whereas the A622L gene may be derived from
N. tomentosiformis, the other probable progenitor of
N. tabacum.

We examined the expression profiles of A622L by RT-
PCR. The A622L transcript was abundant in the root but
was undetectable in the stem and the leaf of tobacco plants
(Fig. 3b). The application of MeJA upregulated the
expression of A622L in the tobacco hairy roots (Fig. 3c),
and induced its expression within 2 h in cultured tobacco
BY-2 cells (Fig. 3d). Importantly, the expression of A622L
in the tobacco root was under the control of the NIC reg-
ulatory loci (Fig. 3e). The expression patterns were highly
similar to those of A622 (Fig. 3a—e), indicating that A622
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and A622L are very probably involved in the same meta-
bolic pathway.

A622 knockdown in tobacco hairy roots

We first tried to constitutively suppress the expression of
A622 by RNA interference (RNAI) in transgenic tobacco
plants and in tobacco hairy roots, by using the cauliflower
mosaic virus 35S (CaMV35S) promoter. However, we
could not obtain transgenic lines in which levels of the
A622 transcript were highly reduced (data not shown). One
possible explanation would be that efficient suppression of
A622 in tobacco roots may perturb cellular metabolism and
may be detrimental to cell survival or growth. We therefore
used an inducible expression system (the XVE-f-estradiol
system; Zuo et al. 2000) to drive the RNAi-based sup-
pression of A622. Two stably transformed tobacco hairy
root lines (XA12 and XA14) were obtained in which levels
of the A622 and A622L transcripts were highly reduced
when the roots were treated with 2 uM of the inducer
p-estradiol at 3-day intervals for a total of 12 days
(Fig. 4a). A polyclonal antiserum raised against A622

Fig. 4 Suppression of A622 (A) rootline WT Ve

XA12

(Shoji et al. 2002), which recognizes A622L as well, was
used to examine protein accumulation (Fig. 4b). No A622
protein was detectable in XA12 roots, whereas a trace
amount was observed in XAl4 roots. In wild-type roots
(WT) and vector-transformed control roots (VC), the
inducer treatment did not affect the abundance of A622
mRNA and protein.

The inducer treatment did not affect the growth of wild-
type and vector control roots (data not shown). However,
the growth of XA12 and XA 14 roots was severely inhibited
after the addition of f-estradiol (Fig. 4c). The root tip
region including the root meristem and elongation zone
was highly short-ended and compact in the inducer-treated
XA12 and XA14 roots, compared to un-treated XA roots
(Fig. 4d). This region of the root corresponds to the area
with the highest level of A622 expression (Shoji et al.
2002). We next analyzed tobacco alkaloids, which con-
sisted mostly of nicotine and a small amount of nornicotine
in the hairy roots (Fig. 4e). Nicotine concentrations in
wild-type and vector control roots were not significantly
affected by the f-estradiol treatment, and ranged from 17
to 28 pumoles/g DW. In contrast, the inducer treatment
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strongly reduced the amount of nicotine to 2.4 pmoles/g
DW in XA12 roots and to 7.5 pmoles/g DW in XAl4
roots. Nornicotine content was moderately reduced after
the inducer treatment in XA12 and XA14 roots, but not in
wild-type roots. The treatment appeared to increase mod-
erately the amount of nornicotine in the vector control
roots, but this relative increase may be caused by the
somewhat lower alkaloid content of un-treated control
roots in this particular experiment.

When the cell extracts of hairy roots were analyzed by
reverse-phase high-performance liquid chromatography
(HPLC) with detection at 254 nm, a compound accumu-
lating specifically in the inducer-treated XA12 and XA14
roots was found (Fig. 5a). This compound (retention time;
3.44 min) was purified by a series of ODS column chro-
matography and then crystallized. Its chemical spectra for
'H-NMR, “C-NMR, UV, and FAB-MS (see “Materials
and methods” for details) were consistent with those of
nicotinic acid N-glucoside (NaNG; Nishitani et al. 1995).
Enzymatic hydrolysis by f-glucosidase yielded free nico-
tinic acid (Fig. 5b), indicating a f-glucosidic conjugation.
These structural analyses thus identified the accumulating
compound as  N-(f-p-glucopyranosyl)nicotinic  acid
(Fig. 5¢). NaNG has previously been isolated from cultured
tobacco cells supplied with nicotinic acid (Mizusaki et al.
1970; Nishitani et al. 1995).

To study the metabolic consequences of the suppression
of A622 in detail, the time course of the suppression and of
the accumulation of metabolites were followed in two

inducible RNAi hairy root lines. A622 protein levels began
to decrease 2 days after the addition of f-estradiol in
XA12, while the decline was already apparent after
1.5 days in XA14 (Fig. 6a). By the 4th day of suppression,
A622 levels were very low in both lines. Treatment with
the DMSO solvent did not affect the accumulation of A622
during 12 days in either hairy root lines (data not shown).
We quantified the accumulation of NaNG and N-methyl-
pyrrolinium cation (MP), a direct precursor for the
pyrrolidine moiety of nicotine, in these roots. In wild-type
roots and vector control roots, NaNG and MP did not
accumulate during the 12-day culture period; their contents
being lower than 2.4 pmoles/g DW and 6.5 pmoles/g DW,
respectively, irrespective of the f-estradiol treatment (data
not shown). The inducer, however, increased the accumu-
lation of both compounds in XAl12 and XAl14 roots
(Fig. 6b, c¢). In these root lines, NaNG started to accumu-
late 2 days after the addition of f-estradiol and steadily
increased thereafter. The accumulation of MP could be
observed even at the 1.5-day time point, slightly earlier
than the onset of NaNG’s accumulation. During the period
of 2-3 days, more MP accumulated than NaNG in XA
roots. The final concentrations of NaNG and MP reached
100-140 pmoles/g DW and 70-85 pmoles/g DW, respec-
tively, after 12 days of A622 suppression. These values
were greater than the total alkaloid content of tobacco hairy
roots (20-30 pmoles/g DW).

These results indicate the accumulation of NaNG and
inhibition of root growth to be mechanistically linked.
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Fig. 5 Accumulation of NaNG in A622 knockdown tobacco hairy
roots. a HPLC chromatograms of cell extracts from the XA12 line
which had been treated with DMSO or 2 uM f-estradiol for 12 days.
NaNG (retention time; 3.44 min) accumulated when A622 expression

Elution time (min)

was suppressed. b Hydrolysis with f-glucosidase liberates nicotinic
acid from NaNG. NaNG was dissolved in a citrate buffer (pH 5.0) and
treated with commercial f-glucosidase. HPLC chromatograms are
shown. ¢ Chemical structure of NaNG
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Fig. 6 Time courses of A622
suppression and metabolite
accumulation in tobacco hairy
roots. a Immunoblot analyses of
A622 and f-tubulin (control)
accumulation in the XA12 and
XA14 lines treated with
p-estradiol. b Accumulation of
MP and NaNG in the XA12 and
XA14 lines

Fig. 7 Nicotinic acid supplied
exogenously inhibits root
growth and is converted to
NaNG. a Wild-type tobacco
hairy roots were cultured on the
B5 agar medium containing
nicotinic acid at 8.12 uM or
2.46 mM. The standard errors
were calculated from five
replicates. b Morphology of the
roots cultured in the standard B5
medium (above) or in the high-
nicotinic acid medium (below).
Note that the region of root
meristem and elongation is
much reduced when cultured in
the high concentration of
nicotinic acid. ¢ NaNG content
of in wild-type tobacco hairy
roots after eight days of
incubation with 1 mM nicotinic
acid in the culture medium. d
NaNG content of in wild-type
tobacco BY-2 cells after five
days of incubation with 0.5 mM
nicotinic acid in the culture
medium
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To address this relationship, we fed nicotinic acid to wild-
type tobacco hairy roots at a final concentration of 8.12 pM
(the concentration in the standard B5 medium) or
246 mM. In the high-nicotinate-containing medium,
growth of tobacco hairy roots was severely inhibited
(Fig. 7a). The elongation zone of the treated root was much
shorter than that of the untreated root (Fig. 7b). We also
found that NaNG accumulated in the roots after the addi-
tion of nicotinic acid to the medium (Fig. 7c). These results
indicate that nicotinic acid or its immediate metabolite(s) is
toxic to roots and that exogenously supplied nicotinic acid
is converted to NaNG, a metabolite that appears to show
low or negligible toxicity. The efficient conversion of
exogenously supplied nicotinic acid to NaNG was also
observed in un-elicited tobacco BY-2 cells which did not
synthesize tobacco alkaloids (Fig. 7d).

A622 knockdown in cultured tobacco cells

Although cultured tobacco BY-2 cells do not normally
express structural genes for tobacco alkaloids and thus do
not synthesize them, elicitation by MeJA induces tran-
scription of alkaloid-synthesis-related genes and leads to
alkaloid biosynthesis (Goossens et al. 2003). The MeJA-

Fig. 8 Suppression of A622 (A)
expression in cultured tobacco
cells. Wild-type BY-2 cells
(WT), two vector-transformed
control cell lines (VCI and A622
VC2), and four A622 RNAi
lines (A3, A21, A33, and A43)
were treated with 50 uM MeJA
for 48 h, and then analyzed for
protein levels and metabolite
contents. Wild-type BY-2 cells
were also cultured in the
absence of MeJA. a (B)
Immunoblot analyses of A622 Cellline
and PEPC (control)
accumulation. b Anatabine
content. ¢ Amounts of nicotine,
anabasine, and anatalline. Note
that the scale is different from
that in (b). d NaNG content.
ND; not detected

Cell line

A622L

a-tubulin
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elicited BY-2 cells, however, mainly accumulate anata-
bine, a pyridine analog of nicotine, due to very low levels
of the N-methylputrescine oxidase genes (Shoji and Ha-
shimoto 2008). The metabolic impact of A622 suppression
on MeJA-induced alkaloid biosynthesis was examined in
cultured tobacco cells. Two control cell lines (VC1 and
VC2) were transformed with an empty vector, whereas the
A622 RNAI vector was introduced into four cell lines (A3,
A21, A33, and A43). RT-PCR analysis in Fig. 8a shows
that the application of 50 uM MeJA induced the expression
of A622 and A622L in wild-type and control cells but not in
the A622 RNAI cells. Immunoblot analysis also confirmed
the results (Fig. 8b). The amount of anatabine in the four
A622 RNAI cell lines was 1-10% of that in wild-type cells
and the two control cell lines (Fig. 8c). Other tobacco
alkaloids, nicotine, anabasine, and anatalline, also accu-
mulated in highly reduced amounts in the A622 RNAi
lines, compared to wild-type cells and control lines
(Fig. 8d).

After MeJA treatment, NaNG was abundant in the A622
RNAIi lines, but scarce in wild-type and control cells
(Fig. 8e). We could not detect MP in wild-type, control,
and A622 RNAI cells. Very low levels of MP in MeJA-
elicited BY-2 cells are consistent with the finding that the
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elicited tobacco cells contain negligible levels of N-meth-
ylputrescine oxidase, which catalyzes the formation of this
cation (Shoji and Hashimoto 2008).

Discussion
Two A622-related genes in tobacco

Nicotiana tabacum is a natural allotetraploid species that
was formed relatively recently by combining two ancestral
genomes closely related to the modern N. sylvestris and
N. tomentosiformis species (Clarkson et al. 2005, and ref-
erences therein). The majority, but not all, of tobacco genes
are thought to be pairs of orthologous genes derived from
the two progenitor species (Okamuro and Goldberg 1985).
Molecular and cytogenetic analyses also revealed rapid
elimination of repeated DNA sequences from the N. fo-
mentosiformis genome donor of a synthetic, allotetraploid
tobacco (Skalicka et al. 2005). Our previous DNA blot
analysis of N. tabacum and N. sylvestris genomic DNA
under high stringency conditions, using the tobacco A622
cDNA as a hybridization probe, failed to detect an A622-
like DNA sequence of possible N. fomentosiformis origin
in the tobacco genome (Hibi et al. 1994). This led us to
speculate that A622 in tobacco is a single-copy gene of
N. sylvestris origin (Hibi et al. 1994). If true, the putative
A622 gene of N. tomentosiformis origin may have been
eliminated from the tobacco genome after allotetraploidi-
zation. Alternatively, an A622 ortholog may not be present
in the modern N. tomentosiformis species. In this case,
A622 should not be involved in the metabolic pathway
present in this species. In this study, we identified a tobacco
A622L gene which is highly homologous to A622, and
showed that this gene is derived from N. tomentosiformis.
Therefore, the tobacco genome contains two closely related
A622 genes that are derived from the two progenitor spe-
cies of tobacco. Our previous failure to detect
A622 homologs in the tobacco genome might be due to the
highly stringent hybridization conditions used (Hibi et al.
1994).

Expression of A622 and A622L shows a very similar
pattern; predominantly occurring in the root, up-regulated
or induced in hairy roots and cultured cells by MeJA
elicitation, and positively regulated by the NIC regulatory
loci which specifically control the accumulation of tobacco
alkaloids. The expression profiles are largely conserved in
tobacco genes encoding enzymes for the biosynthesis of
nicotine (Hibi et al. 1994; Shoji et al. 2000b; Shoji et al.
2002; Reed and Jelesko 2004; Cane et al. 2005; Heim et al.
2007; Katoh et al. 2007; Shoji et al. 2008). These results
suggest that A622 and A622L are orthologous genes of
N. sylvestris and N. tomentosiformis origins, and might be
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involved in the formation of tobacco alkaloids in these
Nicotiana species.

Down-regulation of A622 causes profound changes
in alkaloid metabolism

In this study, we used a 0.2-kb cDNA fragment of A622 to
trigger RNAi-mediated gene suppression in tobacco hairy
roots and tobacco cultured BY-2 cells. In the transfor-
mants, the expression of both A622 and A622L was
effectively downregulated since these two genes showed
extensive sequence identity in the region used. Although
we did not test the individual suppression of these
homologous genes, we believe that the strong perturbation
of alkaloid metabolism requires both genes to be simulta-
neously suppressed.

When A622 and A622L were suppressed in the tobacco
cells that synthesize pyridine alkaloids, biosynthesis of all
the tobacco alkaloids was severely inhibited. In the tobacco
roots that synthesize nicotine and nornicotine, MP rapidly
accumulated in compensation for the decrease of these
pyrrolidine-containing alkaloids, in which MP serves as the
direct precursor of the pyrrolidine ring (Mizusaki et al.
1968). In the MeJA-elicited BY-2 cells, MP synthesis is
highly limiting due to the very weak expression of
N-methylputrescine oxidase, and non-pyrrolidine-type
alkaloids (e.g., anatabine, anabasine, and anatalline) are
consequently synthesized (Shoji and Hashimoto 2008). In
such cells, suppression of A622 inhibited synthesis of the
non-pyrrolidine-type alkaloids but did not lead to accu-
mulation of MP. These results indicate that A622 is
required for the coupling reactions between a pyrrolidine
precursor and MP (to give nicotine), and between two
pyrrolidine precursors (to yield anatabine).

If A622 is involved in the ring-coupling reactions, its
suppression should also result in accumulation of the
hypothetical pyrrolidine precursor of tobacco alkaloids.
Indeed, we observed high levels of NaNG, a glucose
conjugate of nicotinic acid, in A622-suppressed cells.
However, we conclude that NaNG is a product of the
detoxification of nicotinic acid, not a direct precursor for
the pyrrolidine moiety of tobacco alkaloids, for the fol-
lowing reasons. First, unlabeled nicotinic acid efficiently
inhibited the incorporation of radio-labeled NaNG into
nicotine when administered to tobacco roots (Mizusaki
et al. 1970), indicating that NaNG is initially deglucosy-
lated to nicotinic acid before being incorporated into
nicotine. Second, we observed that when nicotinic acid was
supplied at a milli-molar level to the culture medium, it
strongly inhibited root growth and was converted to NaNG
in tobacco cells. Conversion of exogenously supplied nic-
otinic acid to NaNG in tobacco cells has also been reported
by others (Mizusaki et al. 1970; Nishitani et al. 1995).
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Importantly, efficient N-glucosylation of nicotinic acid was
also observed in un-elicited tobacco BY-2 cells (this study)
and tobacco leaf (Mizusaki et al. 1970), neither of which
synthesize tobacco alkaloids. Therefore, the formation of
NaNG can be uncoupled from the biosynthesis of alkaloids
and may be a basic cellular detoxification mechanism
against undesired accumulation of toxic intermediates in
the biosynthetic and salvage pathways of NAD. Third, the
initial increase of NaNG in A622-suppressed tobacco roots
occurred about 12 h after the onset of MP accumulation.
This time lag suggests that an unidentified pyrrolidine
precursor of tobacco alkaloids first accumulated, and then
was rapidly metabolized to NaNG, by way of nicotinic
acid. Fourth, we have been unable to detect any reduction
of NaNG when recombinant A622 was used in the in vitro
assays (our unpublished results).

A622 as a PIP-family reductase

Five PIP family proteins, pinoresinol-lariciresinol reduc-
tase (Min et al. 2003), isoflavone reductase (Wang et al.
2006), PCBER (Min et al. 2003), and eugenol synthases
(Louie et al. 2007; Koeduka et al. 2008), have been
structurally characterized and shown to have a very similar
polypeptide-chain fold, consisting of an N-terminal Ross-
man-fold domain that binds NADPH, and of a C-terminal
segment that largely contributes to substrate binding.
Because A622 has high sequence identity with loblolly
pine PCBER (57.7%) and sweet basil eugenol synthase
(40.4%), for which the structure of a ternary complex
bound to NADPH and a substrate-like inhibitor is known
(Louie et al. 2007), we modeled the 3D structure of A622
based on these crystal structures. A superimposed model
bound to the cofactor (Supplementary Fig. S3) indicates
that A622, PCBER, and eugenol synthase are very similar
in overall structure. Conservation of the Rossman-fold
domain appears particularly strong; most of the amino acid
residues interacting with the NADP + cofactor (Louie
et al. 2007) are invariant in the A622 sequence. Structural
modeling of A622 thus implies that A622 would abstract
the 4-pro-R-hydride from the re-side of the dehydronico-
tinamide ring of NADPH, as in other PIP-catalyzed
reactions (Gang et al. 1999; Chu et al. 1993; Schlieper et al.
1990).

Since suppression of A622 strongly inhibits condensa-
tion reactions to form several pyridine alkaloids and
induces extensive accumulation of NaNG, this reductase
might yield a coupling-competent intermediate from nic-
otinic acid or might be involved directly in the coupling
reactions. As nicotinic acid itself is not a substrate for
A622 (our unpublished results), a derivative of nicotinic
acid may serve as its substrate. In all the known PIP-cat-
alyzed reactions, the NADPH-derived hydride is

transferred to a phenyl-ring substituent positioned para to
the 4-hydroxyl group of the substrates. In the proposed
reaction model, deprotonation of the 4-hydroxyl group of
the substrate facilitates the formation of a quinone—methide
intermediate prior to reduction (Louie et al. 2007).
6-Hydroxynicotinic acid and its C-3 derivatives have a
hydroxyl group at analogous positions. Although
6-hydroxynicotinic acid was identified as a metabolite of
nicotinic acid in tobacco roots, it was not incorporated into
nicotine when administered to the tobacco roots (Dawson
et al. 1960; Mizusaki et al. 1970). The identity of the true
A622 substrate is a matter of speculation but its structure
may be suited to the formation of a presumed quinone—
methide intermediate.
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