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Isopentenyl diphosphate (IPP), which is produced from meval-
onic acid or other nonmevalonic substrates, is the universal precur-
sor of isoprenoids in nature. Despite the presence of several isopre-
noid compounds in plastids, enzymes of the mevalonate pathway
leading to IPP formation have never been isolated or identified to
our knowledge. We now describe the characterization of two pep-
per (Capsicum annuum L.) cDNAs, CapTKT1 and CapTKT2, that
encode transketolases having distinct and dedicated specificities.
CapTKT1 is primarily involved in plastidial pentose phosphate and
glycolytic cycle integration, whereas CapTKT2 initiates the synthe-
sis of isoprenoids in plastids via the nonmevalonic acid pathway.
From pyruvate and glyceraldehyde-3-phosphate, CapTKT2 cata-
lyzes the formation of 1-deoxy-xylulose-5-phosphate, the IPP pre-
cursor. CapTKT1 is almost constitutively expressed during the
chloroplast-to-chromoplast transition, whereas CapTKT2 is overex-
pressed during this period, probably to furnish the IPP necessary for
increased carotenoid biosynthesis. Because deoxy-xylulose phos-
phate is shared by the plastid pathways of isoprenoid, thiamine
(vitamin B,), and pyridoxine (vitamin B;) biosynthesis, our results
may explain why albino phenotypes usually occur in thiamine-
deficient plants.

Because of the combined activities of mevalonate-
synthesizing and -activating enzymes, IPP is known as the
universal isoprenoid building block. How IPP is synthe-
sized and channeled into plastid isoprenoids to support the
production of carotenoids, chlorophylls, prenylquinones,
and diterpenes is largely unknown. Two hypotheses have
been proposed. One is that plastids operate autonomously,
synthesizing plastid isoprenoids directly from carbon di-
oxide or from plastid glycolytic intermediates such as
pyruvate (Goodwin, 1971; Moore and Shephard, 1978;
Heintze et al., 1990, 1994; McCaskill and Croteau, 1995).
However, the mechanism of carbon flow via a pyruvate
intermediate is unknown for plants. A second hypothesis is
that IPP is transported from the cytosol (Kleinig, 1989),
which is based on the finding that hydroxymethylglutaryl
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CoA reductase and mevalonate-activating enzymes are ab-
sent in plastids (Gray, 1987). This view is reinforced by the
fact that mevilonin, a specific inhibitor of 3-hydroxy-3-
methylglutaryl-CoA reductase, drastically inhibits cytoso-
lic sterol biosynthesis at moderate concentrations but does
not affect isoprenoid synthesis in plastids (Bach and Lich-
tenthaler, 1983). This led to consideration of an alternative
IPP-generation system. In fact, such a pathway is known
for prokaryotes, in which IPP is formed via deoxy-xylulose
phosphate rather than by mevalonate (Rohmer et al., 1993)
in a transketolation reaction between pyruvate and
glyceraldehyde-3-phosphate (Rohmer et al., 1996). In vivo
precursor labeling indicates that a similar pathway oper-
ates for the synthesis of ginkgolides (Schwarz, 1994) and
plastid isoprenoids (Schwender et al., 1996; Arigoni et al.,
1997; Lichtenthaler et al., 1997a, 1997b).

In this study we identified and characterized from pep-
per (Capsicum annuum L.) fruits two plastid transketolases,
CapTKT1 and CapTKT2, which are dedicated to specific
functions. CapTKT1 is primarily engaged in plastid pen-
tose phosphate and glycolytic cycle integration. CapTKT2
irreversibly converts pyruvate and glyceraldehyde-3-
phosphate into deoxy-xylulose phosphate, which then be-
haves as the plastidial IPP precursor via the putative inter-
mediate 2-C-methyl-p-erythritol (Duvold et al., 1997). This
pathway has no steps in common with cytoplasmic IPP
synthesis, which proceeds via the mevalonic acid pathway.
Our data also suggest that plastid isoprenoid biosynthesis
is tightly coupled to that of thiamine (vitamin B,) (David et
al., 1981; Julliard and Douce, 1991) and pyridoxine (vitamin
Be) (Hill et al., 1989; Julliard, 1992) biosynthesis.

MATERIALS AND METHODS
Plant Materials and Organelle Isolation

Pepper (Capsicum annuum L. cv Yolo Wonder) plants
were grown under controlled greenhouse conditions. Chlo-
roplasts and chromoplasts from pepper fruit were pre-

Abbreviations: EST, expressed sequence tag; IPP, isopentenyl
diphosphate; IPTG, isopropylthio-B-galactoside; RACE, rapid am-
plification of cDNA ends.
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pared as described previously (Camara, 1993). Mitochondria
were isolated and purified by Percoll-gradient centrifuga-
tion (Neuburger et al., 1982). The purity of the subcellular
fractions was monitored by electron-microscopic analysis
(Deruere et al., 1994).

Antibody Preparation

A partially purified pepper chromoplast transketolase,
obtained as described previously (Murphy and Walker,
1982), was used to prepare polyclonal antibodies against
CapTKT1 (Harboe and Ingild, 1977). Anti-CapTKT1 was
further affinity purified (Smith and Fisher, 1984) before
immunoscreening or immunoblot analysis. Anti-CapTKT2
was prepared from the recombinant protein devoid of the
plastid-targeting sequence.

cDNA Isolation and Analysis

Total RNA was isolated as described previously (Ver-
woerd et al., 1989) and poly(A™) RNA was purified using
an mRNA purification kit (Qiagen, Chatsworth, CA) fol-
lowing the manufacturer’s instructions. Following immu-
noscreening of the pepper cDNA library (Bouvier et al.,
1996) according to standard methods (Huynh et al., 1985;
Sambrook et al., 1989), three overlapping partial cDNAs
designated as CapTKT1 and having 1040, 1030, and 550 bp
were isolated. Sequence analysis revealed that these Cap-
TKT1 lacked their 5'-prime ends, whereas the 550-bp frag-
ment contained the 3'-prime end of the cDNA. The 5'-end
of CapTKT1 was obtained by RACE. The 5'-RACE was
performed using the 5" RACE kit (GIBCO-BRL) according
to the manufacturer’s instructions.

First-strand cDNA synthesis used the specific CapTKT1
internal oligonucleotide GST1: CTCAAAGTTTTCAGGGTG.
Following C-tailing the CapTKT1-specific oligonucleotide
GST2, ATGTCCAGCGGAGAGAAC, was used in combina-
tion with the anchor primers (GIBCO-BRL) for PCR (30
cycles) according to the program: 94°C for 1 min, 55°C for
1 min, 72°C for 2 min, and 72°C for 7 min. Purified PCR
products were cloned into pBluescript SK™ vector and both
strands were sequenced. For the second transketolase, a
BLAST search for transketolase-homologous plant se-
quences allowed indentification of a cDNA clone, desig-
nated CLA1 for “altered chloroplasts” (Mandel et al., 1996),
several EST clones from Arabidopsis (W43388), rice
(D46713 and D46576), and castor bean (T14878), and an
Arabidopsis genomic sequence (297339) displaying char-
acteristic transketolase motifs (Hawkins et al., 1989; Schenk
et al.,, 1997) but with a deduced sequence that was very
different from CapTKT1.

The sense oligonucleotide CTTTGGGATGTTGGTCAT-
CAG, coding for the sequence LWDVGHQ (Arabidopsis
EST, W43388), and the antisense oligonucleotide AACGT-
GCGAGCCAAAACCTCC, coding for GGFGSHV (Arabi-
dopsis genomic sequence, Z97339), were used to amplify a
1550-bp probe by reverse transcriptase-PCR, using pepper
fruit poly(A™) mRNA, according to the program described
above. After sequence verification, the 1550-bp probe was
used to isolate a 600-bp fragment containing the 3’-prime
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end of the cDNA from the pepper ¢cDNA library. The
5'-prime end of the cDNA was isolated by 5-RACE, as
described above using the gene-specific probe GST1,
GTCGTTTAAAATAACAAT. After C-tailing the gene-
specific oligonucleotide GST2, GATGGTGGTGGAACTGT-
GGCC, was used in combination with the anchor primers
(GIBCO-BRL) for PCR according to the program described
for CapTKT1 5'-RACE. The resulting fragment was cloned
into plasmid pBluescript SK™ and both strands were se-
quenced. Sequence data were analyzed using computer
programs of the University of Wisconsin Genetics Com-
puter Group (Madison) (Devereux et al., 1984).

Expression and Purification

To express CapTKT1 and CapTKT2, the corresponding
open reading frames devoid of the transit peptide
sequences were amplified by PCR according to the above-
described program and cloned into the PKK223-3 expres-
sion vector (Pharmacia). To this end, sense oligonucleotide
CCGGAATTCATGCGCACTCTTCCGTCCCCCGTCGCC
(encoding the peptide sequence RTLPSPVA), containing an
EcoRI site, and the antisense oligonucleotide CCCAAGCT-
TAACAACTTTGGTAGACACCAGTAA, containing a
HindIIl site, were used for CapTKT1. Similarly, the sense
oligonucleotideTCCCCCCGGGATGACGGTTCAGGCTTCT-
TTGTCAGAA (encoding the peptide sequence TVQASLSE),
containing a Xmal site, and the antisense oligonucleotide
TCCCCCCGGGTAATATACATTCTTTTACAGTTCT, con-
taining a Xmal site, were used to amplify the coding region
of CapTKT2. In the latter case, the orientation of the insert
was verified by PCR and restriction-endonuclease diges-
tion. After sequence verification, PKK223-3 containing
CapTKT1 or CapTKT2 was used to transform competent
Escherichia coli JM109.

Site-directed mutagenesis was carried out as previously
described (Bouvier et al., 1997) using a site-directed mu-
tagenesis kit (QuickChange, Stratagene). For CapTKT1 the
amino acid change (Glu-491 to Ala) was introduced using
the sense mutagenic oligonucleotide TTTGGTGTTCGTG-
CACATGGTATGGGA and the corresponding antisense
oligonucleotide. For CapTKT2 the change (Glu-449 to Ala)
was introduced using the sense GTTGGAATAGCAGCA-
CAACATGCAGTA and the corresponding antisense oligo-
nucleotide. Mutants CapTKT1 and CapTKT2 were ex-
pressed as shown for the corresponding wild-type enzymes.

To purify the expressed proteins, E. coli harboring
CapTKT1 or CapTKT2 open reading frames was grown at
28°C to A = 0.4 in Luria-Bertani medium (1 L) before
induction with 0.25 mm IPTG for 4 h. The cells were pel-
leted by centrifugation at 5,000¢ for 10 min before resus-
pension in 50 mm Tris-HCl buffer, pH 7.6, containing 5 mm
MgCl,, 50 um thiamine diphosphate, and 2 mm DTT. After
sonication on ice at 10-s intervals for a total of 2 min, the
soluble supernatant obtained after 10,000g centrifugation
for 10 min was used for protein purification. To this end,
the supernatant was loaded directly to a Q-Sepharose Fast-
Flow column (2 X 30 cm, Pharmacia) equilibrated with 50
mw Tris-HCl buffer, pH 7.6, containing 5 mm MgCl,, 50 um
thiamine diphosphate, and 2 mm DTT (buffer A). After
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Figure 1. Sequence alignment of CapTKT1 and CapTKT2 proteins with related gene products. Black boxes indicate identity
between CapTKT1 (Captkt1) (accession no. Y15781) and CapTKT2 (Captkt2) (accession no. Y15782) with Clal protein from
Arabidopsis (Cla1) (Mandel et al., 1996), putative Rhodobacter (Rhotkt2) (accession no. P26242), Synechocystis (Syntkt2)
(accession no. D90903), and E. coli (Ecotkt2) (accession no. P77488) transketolases. The underlined domain fits to the
consensus thiamin diphosphate-binding site (striped bar), which is well conserved among various thiamine-dependent
enzymes (Hawkins et al., 1989; Schenk et al., 1997), and the transketolase motifs (Schenk et al., 1997) are indicated by the
striped and solid bars. The invariant Glu residue thought to be specific for transketolase activity is indicated by a star. The
arrowheads indicate the amino terminus of the recombinant proteins expressed in E. coli.

washing with 50 mm NaCl in the same buffer, the column
was developed with a linear gradient of 50 to 250 mm NaCl
in buffer A. The active fractions were pooled and diluted
5-fold with buffer A before Mono-Q HR (Pharmacia) col-
umn chromatography. Active fractions were eluted with
the same linear gradient and used for enzymatic assays as
described below.

Enzyme Assay and Analysis of Products

Two procedures were used to evaluate the transketolase
activities. In the first procedure, tranketolase activity was
assayed by monitoring the formation of p-glyceraldehyde-
3-phosphate during the C2 transfer from b-xylulose-5-
phosphate to D-erythrose-4-phosphate or D-Rib-5-
phosphate using a coupled assay. The standard 100-uL
reaction volume contained 50 mm Tris-HCI buffer, pH 7.6,
5 mm of each substrate, 500 uM thiamine diphosphate, 10
mM MgCl,, 250 um NADH, 15 units of triose phosphate
isomerase (Sigma), 5 units of glycerol-3-phosphate dehy-
drogenase (Sigma), and a definite amount of recombinant

CapTKT1 and CapTKT2 devoid of the plastid-targeting
sequence. Following incubation at 30°C, the decrease of
NADH concentration was monitored spectrophotometri-
cally by the decrease in Ajy,.

For the second procedure, transketolase activity was as-
sayed by monitoring the C2 transfer of [2-'*C] pyruvate (26
mCi mol !, New England Nuclear) to p-glyceraldehyde-3-
phosphate. The reaction was performed in a volume of 100
wnL, and contained 50 mm Tris-HCI buffer, pH 7.6, 5 mm
pyruvic acid (2 uCi), 5 mm p-glyceraldehyde-3-phosphate,
500 um thiamine diphosphate, 10 mm MgCl,, and a definite
amount of enzyme. Following incubation at 30°C, the re-
action was stopped by the addition of 5% TCA. Insoluble
proteins were removed by centrifugation for 5 min in a
microfuge at 4°C. The supernatant was adjusted to pH 9.0
and treated with 10 units of bovine alkaline phosphatase
before further incubation for 1 h at 37°C. Reactions were
stopped by the addition of 4 volumes of cold acetone
followed by centrifugation. After addition of authentic un-
labeled deoxy-xylulose synthesized as described previ-
ously (Yokota and Sasajima, 1984, 1986) or kindly provided
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by Ian D. Spenser (MacMaster University, Hamilton, On-
tario, Canada), the supernatant was spotted onto Silicagel
60 plates developed with the solvent system (acetone:ethy-
lacetate; 1:1, v/v). Reaction products were identified by
autoradiography and by spraying the plates with vanillin-
perchloric reagent (MacLennan et al., 1959). Alternatively,
disposable Silicagel 60 microcolumns eluted with the same
solvent system were used to monitor the radioactivity in-
corporated into deoxy-xylulose. Incorporated radioactivity
was determined by liquid-scintillation counting.

Other Methods

Protein concentrations were determined according to the
dye-binding procedure (Bradford, 1976). Inmunoblot and
northern analyses of CapTKT1 and CapTKT2 were per-
formed as described previously (Bouvier et al., 1996).

RESULTS

The Role of Transketolase in Generating
Carbon-Carbon Condensations

Indirect evidence of a precursor-product relationship or
carbon flow between carbohydrate and isoprenoid synthe-
sis during chloroplast-to-chromoplast differentiation was
suggested by the active pentose phosphate and glycolytic
cycles (Thom et al., 1998) and the total disappearance of
starch, which coincides with the intense accumulation of
carotenoids that occurs in chromoplasts of ripening, non-
mutant pepper fruits (Camara et al., 1995). More recently,
incorporation of '*C-labeled Glc into plant cells (Eisenreich
et al., 1996; Schwender et al., 1996; Arigoni et al., 1997;
Knoss et al., 1997; Lichtenthaler et al., 1997b) followed by
NMR analysis led to new insights about the conversion of
carbohydrate precursors into IPP. The new pathway pro-
poses the condensation between the C2 unit from pyruvate
and the C3 acceptor glyceraldehyde-3-phosphate to yield
deoxy-xylulose phosphate, the nonmevalonic precursor of
IPP (Rohmer et al., 1996; Arigoni et al., 1997).

The above proposed pathway of carbon-carbon conden-
sations is reminiscent of a transketolation reaction cata-
lyzed by several enzymes from microorganisms (Yokota
and Sasajima, 1984). This mechanism has been used to
generate several classes of compounds (Villafranca and
Axelrod, 1971; Bolte et al., 1987; Kobori et al., 1992; Hobbs
et al., 1993). To identify putative transketolases involved in
plastid isoprenoid biosynthesis we first raised antibodies
against partially purified chromoplast transketolase from
pepper, and selected from the National Center for Biotech-
nology Information (Bethesda, MD) appropriate ESTs en-
coding characteristic transketolase motifs (Hawkins et al.,
1989; Reizer et al., 1993; Schenk et al., 1997).

Two strategies, immunoscreening and DNA hybridiza-
tion, were used to isolate two partial cDNAs, respectively
designated CapTKT1 and CapTKT2, from a pepper fruit
library. The longest CapTKT1 and CapTKT2 clones with
ATG start codons isolated by the RACE procedure were
2232 and 2157 bp, respectively. CapTKT1 and CapTKT2
encode for 744 and 719 amino acid proteins with respective

Plant Physiol. Vol. 117, 1998

molecular masses of 80.1 and 77.5 kD. The predicted pri-
mary structure contains domains with potential functional
significance, including a transketolase motif (Schenk et al.,
1997) and a thiamine diphosphate-binding domain
(Hawkins et al., 1989) (Fig. 1). Hydropathy plots of
CapTKT1 and CapTKT2 did not reveal significant
transmembrane-spanning domains, suggesting that both
proteins are hydrophilic (results not shown).

CapTKT1 and CapTKT2 displayed 21.6% amino acid
identity with each other. However, CapTKT1 shared 89%,
87%, and 82.7% amino acid identity with potato (accession
no. Q43848), Craterostigma plantagineum (Bernacchia et al.,
1995), and spinach chloroplast (Flechner et al., 1996) tran-
sketolases, respectively. In addition, the identity with
E. coli and yeast transketolase varied from 52.3% to 53.7%.
CapTKT2 also showed at least 80% amino acid identity
with Arabidopsis CLA1 (Mandel et al., 1996) (Fig. 1), the
Arabidopsis ¢cDNA clone (Y14333), Arabidopsis genomic
clone sequence (£97339), and several EST clones from Ara-
bidopsis (W43388), pine (H75224), rice (D46713 and
D46576), and castor bean (T14878). In addition, CapTKT2
showed 45.6% to 54.4% amino acid sequence identity with
the gene product encoded by Synechocystis (D90903), E. coli
(P77488), and Rhodobacter (P26242) open reading frames
(Fig. 1).

To localize CapTKT1 and CapTKT2 in pepper cells, anti-
bodies raised against recombinant CapTKT1 and CapTKT2

Figure 2. Electron micrograph showing the purity of pepper cell
organelles used for CapTKT2 localization in chloroplasts (A), chro-
moplasts (B), and mitochondria (C). Bars, 1 um.
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Figure 3. SDS-PAGE and immunoblot analysis of CapTKT. A, Coo-
massie blue-stained gel of proteins isolated from chloroplasts (Chl),
chromoplasts (Chr), and mitochondria (Mit). B, Immunoblot analysis
of organelle proteins shown in A with anti-CapTKT2. For both A and
B, molecular mass (MW) markers are shown on the left in kD.

were used to detect their presence in plastids and mito-
chondria. Intact and pure chloroplasts, chromoplasts, and
mitochondria were prepared from pepper fruits (Fig. 2)
and their total proteins were subjected to western blotting
against anti-CapTKT1 and anti-CapTKT2 antibodies. Data
displayed in Figure 3 reveal that CapTKT2 antibodies spe-
cifically react with plastidial polypeptides having approxi-
matively a molecular mass of 67 to 70 kD, in good agree-
ment with the mature size predicted from CapTKT2 cDNA.
No reactive polypeptide bands were detected in mitochon-
dria (Fig. 3). Similar results were obtained with CapTKT1
(results not shown). Thus, CapTKT1 and CapTKT2 exclu-
sively colocalize in plastids, as suggested by the putative
plastid-targeting signal (Von Heijne et al., 1991) observed
at the amino terminus of CapTKT1 and CapTKT2 cDNAs
(Fig. 1).

To determine the biological function of CapTKT1 and
CapTKT2, the coding regions of both cDNAs were ligated
to the bacterial vector pKK223-3 for expression in E. coli.
Following IPTG induction and SDS-PAGE analysis of sam-
ples of bacterial cultures, prominent polypeptide bands
having molecular masses of 74 kD (CapTKT1) and 71 kD
(CapTKT2) were observed in extracts of transformed but
not in nontransformed E. coli cells (Fig. 4). Following lysis
of bacterial cells and centrifugation, recombinant CapTKT1
and CapTKT2 proteins recovered in the supernatant were
subjected to two chromatographic purification steps using
Q-Sepharose and Mono-Q columns (Fig. 4) before analyz-
ing their transketolase activity according to the two enzy-

matic procedures described in the experimental section.
Preliminary enzyme tests were performed on purified
CapTKT1 and CapTKT2 by incubating each with p-xylulose-
5-phosphate (a C2 donor) and p-Rib-5-phosphate (a C2
acceptor), the two usual substrates of transketolases. Under
these conditions only CapTKT1 showed significant activity
(Table I), behaving as previously characterized plastid
transketolases (Murphy and Walker, 1982; Flechner et al.,
1996).

Additional studies using pyruvic acid (a C2 donor) and
D-glyceraldehyde-3-phosphate (a C2 acceptor), the two pu-
tative substrates predicted for use by the nonmevalonic
acid pathway of IPP synthesis (Rohmer et al., 1996; Arigoni
et al., 1997), revealed that CapTKT2 alone catalyzed a
transketolation condensation (Table I), yielding 1-deoxy-
xylulose-5-phosphate, which after dephosphorylation mi-

MonoQ

A pKK pKK
+ CapTKT1

Q Seph
- Insent

B pKK
- Insert
MW o

Figure 4. Purification of recombinant CapTKT1 and CapTKT2. A and
B, Coomassie blue-stained gel of proteins representative of recom-
binant CapTKT1 and CapTKT2 purification after IPTG induction.
Lanes from left to right include: total proteins from E. coli harboring
control vector (pKK-Insert); vector plus insert (pKK+CapTKT1 in A
and pKK+CapTKT2 in B); and pooled active fractions from the
Q-Sepharose Fast-Flow (Q Seph) and Mono-Q HR (MonoQ) col-
umns. For both A and B, molecular mass (MW) markers are shown on
the left in kD.
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Table 1. Substrate specificity of CapTKT1 and CapTKT2
Combined C2 acceptors and donors were used as substrates for monitoring the transketolase activity of
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CapTKT1 and CapTKT2.

Activity
Enzyme Assayed p-Rib-5-P? plus p-Erythrose-4-P p-Glyceraldehyde-3-P
p-Xylulose-5-P plus p-Xylulose-5-P plus Pyruvate
nmol min~" mg~" protein
CapTKT1 30.10° 25.10° 35
CapTKT2 8 10 500

2 P, Phosphate.

grated with authentic unlabeled 1-deoxy-xylulose to a Ry of
0.45. The K,, of CapTKT1 for p-xylulose-5-phosphate,
D-Rib-5-phosphate, and p-erythrose-4-phosphate was 95,
750, and 200 uM, respectively. The K, of CapTKT2 for
pyruvate and p-glyceraldehyde-3-phosphate was 500 and
750 um, respectively. As shown in Table I, CapTKT1 uti-
lized preferentially products of the plastid pentose phos-
phate pathway, whereas CapTKT2 had a preference for
pyruvate as 2-carbon ketol donors. This confirmed that
each enzyme possessed distinctly different roles. The role
of CapTKT2 is reminiscent of a partially purified E. coli
pyruvate dehydrogenase (Yokota and Sasajima, 1984,
1986).

As this manuscript was being prepared, a report of a
previously uncharacterized E. coli gene (P77488) was
shown to encode a deoxy-xylulose synthase (Sprenger et
al., 1997). This likely catalyzes the aforementioned reac-
tions (Yokota and Sasajima, 1984, 1986), since other previ-
ously characterized E. coli transketolases, A and B, are not
involved in deoxy-xylulose synthesis (Zhao and Winkler,
1994). Thus, CapTKT2 could be designated as a deoxy-
xylulose synthase, as shown for E. coli (Sprenger et al.,
1997).

A mandatory requirement for transketolation is the pres-
ence of the prosthetic group TPP (Lindqvist and Schneider,
1993). In fact, during transketolase catalysis, fission of the
ketol group of the donor is initiated by the C2 atom of the
thiazolium ring, which is activated by deprotonation via an
invariant Glu residue that has been characterized for yeast
transketolase (Wikner et al., 1994; Kern et al., 1997). The
sequence alignment of CapTKT1 and CapTKT2 suggests

Table Il. Enzymatic activity of wild-type and mutant CapTKT1 and
CapTKT2

Mono-Q-purified wild-type and mutant CapTKT1 and CapTKT2
were used for the different assays. CapTKT1 activity was determined
using D-Rib-5-phosphate and D-xylulose-5-phosphate as substrates.
CapTKT2 activity was determined using D-glyceraldehyde-3-
phosphate and [2-'*C]pyruvate as substrates. The indicated Glu
residue was mutated into Ala as shown by the arrow.

Enzyme Activity

%

Wild-type CapTKT1 100
CapTKT1 (Glu-491 to Ala) 0.8

Wild-type CapTKT2 100
CapTKT2 (Glu-449 to Ala) 0.1

that Glu-491 and Glu-449 fulfill this role in CapTKT1 and
CapTKT2, respectively (Fig. 1). When Glu-491 and Glu-449
were mutated into Ala, the electrophoretic behavior of
wild-type and mutant CapTKT1 or CapTKT2 was not mod-
ified (results not shown). However, transketolase activity
was nearly abolished in CapTKT1 and CapTKT2 (Table II).

Collectively, these findings suggest that plastids possess
two types of transketolases with distinct specificities. Fur-
ther confirmation of these different roles for CapTKT1 and
CapTKT2 is supported by the fact that during the
chloroplast-to-chromoplast transition in pepper, expres-
sion of CapTKT1 gene is nearly constitutive, whereas ex-
pression of CapTKT2 gene is up-regulated when carot-
enoid accumulation is at its greatest (Fig. 5). This coincides
with the period when plastidial demand for IPP is at its
highest level.

Ripening stages
Capsanthin
o emvtonis ]

Total carotenoids
0 5 12 2030

CapTKT1

CapTKT2 m _2.1kb
255 NG

Figure 5. Analysis of CapTKT1 and CapTKT2 mRNAs during
chloroplast-to-chromoplast differentiation in pepper fruit. Identical
amounts of total RNA (20 ug) were blotted onto each lane and
hybridized with the specified probes. Top to bottom, CapTKTT1
cDNA, CapTKT2 cDNA, and pepper fruit probe coding for 255
rRNAs used as a standard probe. Chloroplast-to-chromoplast differ-
entiation stages were characterized by the level of the chromoplast-
specific carotenoid capsanthin.
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DISCUSSION
Dedicated Roles of Plastid Transketolases

It was widely believed that the synthesis of isoprenoids
in plastids involved the formation of mevalonic acid and its
conversion into IPP, the building block of all isoprenoids.
Despite a long debate, a conclusive demonstration of me-
valonic acid pathway reactions in plastids was still lacking
(Gray, 1987). In vivo studies using >C-Glc labeling subse-
quently revealed the existence of an alternative nonmeva-
lonic acid pathway for IPP synthesis in prokaryotes (Flesch
and Rohmer, 1988; Rohmer et al., 1993, 1996) and in plants
(Schwender et al., 1996; Arigoni et al., 1997; Knoss et al.,,
1997; Lichtenthaler et al., 1997a, 1997b), which is initiated
by a transketolation mechanism. We have characterized two
pepper plastid transketolases, CapTKT1 and CapTKT2, and
showed that they possess distinct specificities.

CapTKT]1, like previously characterized plastid transke-
tolases (Murphy and Walker, 1982; Bernacchia et al., 1995),
links the plastidial pentose phosphate and the glycolytic
cycles under physiological conditions. In contrast, CapTKT2
catalyzes an irreversible reaction between glyceraldehyde
phosphate and pyruvate to yield deoxy-xylulose phos-
phate, the IPP precursor (Fig. 6). As a consequence,
CapTKT2 probably initiates the nonmevalonic acid path-
way for isoprenoid synthesis in plastids. The fact that
similar open reading frames exist in E. coli, Rhodobacter, and
Synechocystis also reinforces the cyanobacterial endosymbi-
otic origin of plastids.

Interaction between Plastid Isoprenoid and
Vitamin Biosynthesis

As deoxy-xylulose phosphate, an IPP precursor (Schwarz,
1994; Schwender et al., 1996; Arigoni et al., 1997), is in-
volved in thiamine (David et al., 1981; Julliard and Douce,
1991) and pyrydoxine (Hill et al., 1989; Julliard, 1992) syn-
thesis, CapTKT2 appears to play a key role in the previ-
ously unexpected pathways that link isoprenoid and thia-
mine and pyridoxine synthesis in plastids (Fig. 6). Several

Pentose phosphate
cycle

D-ribose-5-P D-xylulose-5-P

D-sedoheptulose-7-P

Glycolytic cycle | l

D-glyceraldehyde-3-P

indirect lines of evidence support this. Thiamine deficiency
generally leads to the development of albino phenotypes in
Arabidopsis (Li and Redei, 1969; Komeda et al., 1988),
tobacco (McHale et al., 1988), pea (Proebsting et al., 1990),
tomato (Boynton, 1966), and Plantago insularis (Murr and
Stebbins, 1971). Although albinism in these plants could be
caused by impairment of other thiamine-dependent en-
zymes, it is noteworthy that most of these mutants are
rescued following the addition of thiamine or its precur-
sors. Furthermore, it has been recently observed that in
ripening citrus the thiamine-biosynthesis gene c-thil,
which is homologous to the yeast thi4 gene (Praekelt et al.,
1994), is strongly induced during carotenoid accumulation
(Jacob-Wilk et al., 1997). Finally, the albino phenotype of an
Arabidopsis mutant altered in the clal gene (Mandel et al.,
1996), which is highly homologous to CapTKT2, points to a
similar conclusion, that the CapTKT2 is involved in isopre-
noid, thiamine, and pyridoxine biosynthesis.

Interaction between Plastid and Cytosol
Compartments during Isoprenoid Biosynthesis

One may postulate that plants possess at least two path-
ways for IPP synthesis. This is supported by in vivo studies
of mevalonate-synthesis inhibitors (Bach and Lichtentha-
ler, 1983) and by newly characterized substrate precursors
that contribute to IPP formation (Rohmer et al., 1996;
Schwender et al., 1996; Arigoni et al., 1997). From previous
in vivo data (Schwender et al., 1996; Arigoni et al., 1997)
and our enzymatic analysis, one may suggest that the
deoxy-xylulose pathway operates within plastids to yield
carotenoids and geranylgeranyl derivatives, whereas the
“classical” mevalonic acid pathway operates in the cytosol
and is primarily responsible for the synthesis of IPP units
that form sesquiterpenes, sterols, and various polyprenols
in addition to mitochondrial ubiquinones (Disch et al.,
1998). However, a general conclusion as to the metabolic
compartmentation of plant isoprenoid synthesis is still un-
clear.

PLASTID STROMA

D-erythrose-4-P

D-fructose-6-P

= |sopentenyl diphosphate

» N . .
Pyruvate = (CapTKT2 '}h-deoxy-D-xylquse—S-P | I Thiamine diphosphate
14

{vitamin B4)
= Pyridoxine
(vitamin Byg)

Figure 6. Metabolic specificities of plastid CapTKT1 and CapTKT2. Due to its flexibility, CapTKT1 integrates the plastid
stroma pentose phosphate and glycolytic cycles, whereas CapTKT2 catalyzes an irreversible condensation between
D-glyceraldehyde-3-phosphate and pyruvate to yield 1-deoxy-xylulose-5-phosphate. The latter is further channeled to the

formation of IPP, thiamine, or pyridoxine. P, Phosphate.
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In unicellular alga the nonmevalonic acid pathway of IPP
synthesis is known to be involved in sterol synthesis
(Schwender et al., 1996); however, in higher plants IPP for
sterol synthesis is prominently formed by the mevalonic
pathway. One intriguing feature is that despite the fact that
parallel pathways appear to occur in different compart-
ments, isoprenoid substrates formed in the cytosol can still
apparently also be transported into the plastid and vice
versa (Schwarz, 1994; Nabeta et al., 1995; Arigoni et al.,
1997). It has also been suggested that two mevalonic acid
pathways can operate in cell cultures of mulberry tree cells,
one that is sensitive to mevinolin and another that is not
(Hano and Nomura, 1995). Obviously, plant cells possess
complex features with regard to IPP synthesis, and addi-
tional studies are needed to clarify the steps leading from
deoxy-xylulose to IPP formation to determine how the
metabolic flux of isoprenoid precursors is regulated at the
molecular level.

NOTE ADDED IN PROOF

Subsequent to submission of this paper, the cloning of pepper-
mint deoxypentulose synthase cDNA has been reported (Lange et
al., 1998).
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