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Abstract

A cDNA encoding the Calvin cycle enzyme transketolase (TKL; EC 2.2.1.1) was isolated from Sorghum bicolor
via subtractive differential hybridization, and used to isolate several full-length cDNA clones for this enzyme from
spinach. Functional identity of the encoded mature subunit was shown by an 8.6-fold increase of TKL activity upon
induction of Escherichia coli cells that overexpress the spinach TKL subunit under the control of the bacteriophage
T, promoter. Chloroplast localization of the cloned enzyme is shown by processing of the in vitro synthesized
precursor upon uptake by isolated chloroplasts. Southern blot-analysis suggests that TKL is encoded by a single
gene in the spinach genome. TKL proteins of both higher-plant chloroplasts and the cytosol of non-photosynthetic
eukaryotes are found to be unexpectedly similar to eubacterial homologues, suggesting a possible eubacterial origin
of these nuclear genes. Chloroplast TKL is the last of the demonstrably chloroplast-localized Calvin cycle enzymes
to have been cloned and thus completes the isolation of gene probes for all enzymes of the pathway in higher plants.

Abbreviations: RPE, ribulose-5-phosphate 3-epimerase; RPI, ribose-5-phosphate isomerase; TKL, trans-
ketolase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; FBP, fructose-1,6-
bisphosphatase; SBP, sedoheptulose-1,7-bisphosphatase; OPPP, oxidative pentose phosphate pathway; Rubisco,
ribulose-1,5-bisphosphate carboxylase/oxygenase; FBA, fructose-1,6-bisphosphate aldolase; IPTG, isopropyl 8-D-
thiogalactoside; TPI, triosephosphate isomerase

Introduction ribose-5-phosphate, respectively (Fig. 1). In the OPPP,
these reversible reactions proceed in the opposite dir-
Transketolase (EC 2.2.1.1) is integral to both ection. From all sources studied to date, transketolase

the Calvin cycle and the oxidative pentose phos-
phate pathway (OPPP) of higher-plant chloroplasts.
In the Calvin cycle, it catalyses the transfer of
a two-carbon ketol group from either D-fructose-
6-phosphate or D-sedoheptulose-7-phosphate to D-
glyceraldehyde-3-phosphate to yield D-xylulose-5-
phosphate and either D-erythrose-4-phosphate or D-

The nucleotide sequence data reported will appear in the EMBL,
GenBank and DDBJ Nucleotide Sequence Databases under the
accession numbers L76554 (TKL) and H55032 (pHHU58).

(TKL) is thiamine pyrophosphate-dependent and is a
dimer of 74 kDa subunits [8, 29, 44]. The enzyme has
been cloned from a number of eukaryotic sources [2]
and the three-dimensional stucture of the yeast enzyme
has been determined [30]. In photosynthetic purple
bacteria, TKL is encoded in Calvin-Benson-Bassham
(cbb) operons where it is expressed in a coordinated
manner with other enzymes of the cycle [3, 13, 14].
Both E. coli [18] and yeast [37] have been shown to
possess two active transketolase genes. In the methylo-
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Figure 1. Function of transketolase in plant metabolism. Arrows
indicate metabolite flux for the pathways indicated. RPI, ribose-5-
phosphate isomerase; RPE, ribulose-5-phosphate 3-epimerase, TKL,
transketolase; OPPP, oxidative pentose phosphate pathway.

trophic yeast Hansenula polymorpha TKL functions as
a formaldehyde-accepting dihydroxyacetone synthase
(DHAS) during methanol assimilation [19].

Comparatively little is known about the plant trans-
ketolase enzyme. Some previous studies indicated that
higher plants in general might possess chloroplast and
cytosolic TKL isoenzymes [21, 29], whereas others
reported that most, if not all, TKL activity is localized
to the chloroplast, at least in spinach leaves [11, 38].
At the molecular level, cDNA clones for three differ-
ent transketolases were recently isolated from rehyd-
rating tissues of the resurrection plant Craterostigma
plantagineum [2] although it is not clear whether these
cDNAs encode chloroplast (Calvin cycle) or cytosolic
enzyme(s). They might play a role in the remarkable
octulose metabolism of this totally dehydratable plant.

In a previous report, we exploited the differen-
tial expression of Calvin cycle genes in mesophyll
and bundle sheath cells of the C4 plant Sorghum
bicolor to isolate molecular probes with which to
clone the Calvin cycle enzyme ribulose-5-phosphate
3-epimerase [31] from spinach. Here we have followed
the same approach to clone the functional transketolase
enzyme of spinach chloroplasts.

Materials and methods
cDNA cloning

Using the differential hybridization techniques previ-
ously described [31], bundle sheath-specific cDNA

clones were isolated from a Sorghum bicolor bundle
sheath cDNA library. One of these, designated as
pHHUSS8, was shown by subcloning and termin-
al sequencing to encode a protein with very high
similarity to published transketolase sequences. This
indicated that the 1.2 kb Xhol-EcoRI insert of plas-
mid pHHUS58 (accession number H55032) putatively
encodes a partial cDNA for Sorghum TKL. The
Sorghum cDNA insert was then used as a heterologous
probe to screen our spinach cDNA library constructed
from light-grown seedling mRNA. Details of construc-
tion of the spinach ¢cDNA library are described else-
where [16]. Plaque hybridization and washing during
screening of the spinach cDNA library was performed
as described by Henze et al. [16] but with 20 ng/ml of
radioactive probe and at 60 °C. Other molecular meth-
ods were performed as described by Nowitzki et al.
[31].

Construction of expressing strains

For expression under the control of the T; promoter
[41], the region corresponding to the mature sub-
unit was amplified in 25 ul for 30 cycles of 1 min
at 93 °C, 1 min at 62 °C, and 2.5 min at 72 °C in
50 mM KCl, 10 mM Tris-HCI, 0.1% Triton, 1.0 mM
MgCl,, 200 uM of each dNTP, pH 9.0, 0.01 U/ul
Tli polymerase (Promega) and 0.8 uM each of 5'-
GCGTAGCATATGTTGGAGAGTACTGATATTGAC
-3" and 5'-GCGTAGGGATCCCTAACAAACTGATT
TTGCAGC-3' (start and stop codons in bold face).
Amplification products were purified on Microcon
30 devices (Amicon), cut with BamHI and Ndel
and ligated into BamHI/Ndel-cut pET-3a [41]. Ampf
transformants in E. coli nm522 (Stratagene) were
checked by restriction and terminal sequencing. The
plasmid pTK39A7!T; from one of these was trans-
formed into E. coli BL21lys [41] to yield the strain
BL211ys/pTK39A7!T; for further analyses.

Expression in E. coli

BL211ys/pTK39A7!T; was grown overnightin 5 ml of
LB medium at 37 °C containing 100 mg/l ampicillin.
Aliquots of 1 m] were transferred to 25 ml of fresh LB
medium containing 2% glucose, grown at 22 °C to a
final ODggg of 0.6, and induced by addition of 0.4 mM
IPTG. Samples (1 ml) were taken at 30 min intervals.
Cells were harvested, washed with lysis buffer (50 mM
Tris-HCl, 2 mM EDTA, pH 8.0), recentrifuged and
suspended in 400 p1 lysis buffer containing 100 pg/ml



lysozyme. After incubation for 15 min at 30 °C, cells
were vortexed and centrifuged. Ten pul of supernatant
was used for SDS-PAGE [36] and 15 ul for activity
assay. Gels were stained for proteins with Coomassie
Brilliant Blue G250. BL21lys containing pET-3a as a
control was handled in the same manner. Protein was
estimated by the method of Bradford as described [16].

Enzyme assay

Transketolase activity was assayed at 25 °C in
1 ml of 73 mM Tris-HCI pH 7.5, 3.7 mM MgCl,,
0.25 mM thiamin pyrophosphate, 0.21 mM NADH,
1 U/ml glycerol-3-phosphate dehydrogenase, 1 U/ml
triosephosphate isomerase, and 40 yl of substrate. Sub-
strate was prepared by incubation of 50 mM ribose-5-
phosphate with 5 U/ml each of ribulose-5-phosphate
3-epimerase and ribose-5-phosphate isomerase for 1 h.
The commercially available yeast enzyme (Sigma) was
used as a control. One unit is the amount of enzyme
required to convert 1 umol of substrate per minute.

In vitro transcription, translation and import

pTK39 was linearized with Sacl, purified, transcribed
in the presence of 1 mM "mG(5")ppp(5")G (New Eng-
land Biolabs) with T; RNA polymerase (Pharmacia)
and translated as described [27]. Preparation of intact
chloroplasts from 80 g of 14-day old pea leaves and
import were performed according to Clausmeyer et al.
[6] with a protocol kindly provided by R.-B. Kldsgen
(Miinchen). Proteins were electrophoresed on 12%
denaturing acrylamide gels [36], impregnated with
scintillator (Amplify, Amersham) subsequent to elec-
trophoresis, dried, and subjected to autoradiography at
—80°C.

Genomic Southern blots

Twenty pg of spinach genomic DNA was digested
with the appropriate enzyme, electrophoresed, blotted
and hybridized as described by Henze et al. [16]. The
hybridization probe was 10 ng/ml of the 2.5 kb Nofl
insert of pTK39 random-labelled to 10% cpm/ug with
a-*P dCTP. Filters were washed for 60 min at 68 °C
in 2 x SSPE, 0.1% (w/v) SDS and autoradiographed
for two days on XAR films.
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Sequence analysis

Standard sequence processing was performed with the
Wisconsin package [9]. Sequence alignments were cre-
ated with CLUSTAL V [17] and refined by eye. Dis-
tance between sequences for phylogenetic inference
with the neighbor-joining method [35] was measured
as numbers of amino acid substitutions per site correc-
ted for multiple substitutions with the Dayhoff matrix
of PHYLIP [12].

Results

From the differential screening of the Sorghum cDNA
library with mesophyll and bundle-sheath-specific
radiolabelled cDNA probes we obtained 62 differ-
ent cDNA clones which were characterized by par-
tial sequencing and RNA expression analysis (data not
shown). The encoded protein of one of these, pHHUS8
(accession number H55032), revealed 40—-45% identity
over 315 amino acids to Alcaligenes and Rhodobac-
ter transketolase proteins. The 930 bp pHHUS5S insert
was used to screen 100000 recombinants of a non-
amplified spinach seedling cDNA library, yielding
20 independent positively hybridizing cDNAs. Sev-
en clones containing Not inserts in the range of 2.0-
2.3 kb in length were subcloned into pSK vectors
(Stratagene) (pTK21, pTK24, pTK26, pTK29, pTK39
pTK40, pTK46) and shown by terminal sequencing to
be identical to pTK39 (Fig. 2), suggesting that they rep-
resent transcripts from one and the same gene. A South-
ern blot of spinach DNA was probed with the complete
2.6 kbinsert of pTK39 under low-stringency conditions
(2 x SSPE, 0.1% SDS, 68 °C), revealing only a single
band of 4.6 and 11 kb with EcoRV and Hpal, respect-
ively (Fig. 3). Taken together, these results indicate
that pTK39 represents the major transketolase-related
transcript in spinach leaves and that it is encoded by a
single gene. pTK39 shares 77% DNA sequence iden-
tity over 930 bases with the Sorghum cDNA pHHUS58
(data not shown).

The complete sequence of pTK39 is 2595 bp long
with an open reading frame of 2223 bp, 52 bp of 5'-
untranslated region (UTR) and a 235 bp 3’ UTR; four
of the six cDNA clones isolated extended into the 5’
UTR of this 2.6 kb transcript (Fig. 2). pTK39 posesses a
polyT tract atits 5’ end. It is neither clear whether this is
cDNA cloning artefact or whether it is contained with-
in the mRNA. We have observed similar homopolymer
tracts at the 5’ end of clones for chloroplast triosephos-
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Figure 2. Sequence of cDNA clones for transketolase from spinach. Terminal nucleotides of clones pTK21, pTK46, pTK40, pTK29, pTK26,
pTK39, and pTK24 are indicated by vertical bars. The 66 amino acid transit peptide is shown in italics. Primers used for construction of
expression plasmids in the T7 system [41] are underlined, the start codon used in T7 expression is marked (+ + +). The first residues of the
N-terminus of purified protein [43] is indicated in bold type. Non-coding regions are shown in lower case.
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Figure 3. Southern blot of genomic DNA from spinach probed with
2.5 kb Notl insert of pTK39. Twenty ug of spinach DNA was loaded
per lane. The film was exposed for 48 h at —80 °C.

phate isomerase and chloroplast ribulose-5-phosphate
3-epimerase which were isolated from this same spin-
ach cDNA preparation, but only in the longest cDNAs
for each of these genes {16, 31].

pTK39 encodes the cytosolic precursor of chloroplast
TKL

The predicted protein encoded by pTK39 is 741 amino
acids long and has an expected size of 80.2 kDa. In vitro
transcription and translation of the pTK39 encoded
protein yields a product of 80 kDa (Fig. 4), in good
agreement with the predicted size. The coding region
of pTK39 which shares sequence similarity to trans-
ketolases from other sources (see below) is preceded by
a 60-70 amino acid serine-rich amino-terminal exten-
sion with typical properties of chloroplast transit pep-
tides [45]. The 80 kDa translation product of pTK39
is processed to ca. 70 kDa upon import in vitro into
pea chloroplasts (Fig. 4), indicating that the transit
peptide-like region is indeed functional, and that the
cDNA encodes a chloroplast protein. The N-terminal
sequence of purified spinach chloroplast transketolase
was recently determined {43] and is found in the pro-
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Figure 4. Import of in vitro synthesized spinach transketolase pre-
cursor into pea chloroplasts. The molecular masses of methylated
14C-labelled standards (Amersham) are indicated. M, molecular
mass standards. PreTKL, precursor synthesized in vitro with in vitro
transcribed mRNA from pTK39 prior to transport; Stroma, stroma
proteins after transport. The film was exposed for seven days at
—80°C.

tein encoded by pTK39 (in bold face in Fig. 2), thereby
defining the processing site of the 66 amino acid transit
peptide. The predicted size of the 675 amino acid spin-
ach chloroplast TKL. mature subunit is 73.5 kDa, very
close to the approximate value of 70 kDa observed
in Fig. 4 and in very good agreement with previous
estimates of 74 kDa obtained from studies of the nat-
ive protein [11].

Transketolase encoded by pTK39 is enzymatically
active

In order to determine whether pTK39 encodes a
functional enzyme, the region corresponding to the
mature chloroplast protein was amplified and cloned
into pET-3a and transformed into E. coli BL21lys as
described in Materials and methods to yield the strain
BL211ys/pTK39A7'T;. When BL211ys/pTK39A7!'T,
cultures were induced with IPTG at 37 °C, large
amounts of a roughly 70 kDa protein were accumulated
in an induction-dependent manner, but no increase
of TKL activity was observed relative to the con-
trol lacking the 2 kb ¢cDNA insert (data not shown).
When cultures were induced and cultivated at 22 °C,
a less prominent accumulation of the 70 kDa pro-
tein was observed (Fig. 5), but transketolase activity
increased in BL211lys/pTK39A7!T; cultures to levels
8.6-fold greater than that observed in the pET-3a con-
trol (Table 1). The specific TKL activity in cleared
BL211ys/pTK39A™T; crude extracts 90 min after
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Figure 5. Coomassie-stained SDS-PAGE of induction kinetics of
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induction was about 4 U/mg, which compares favour-
ably with the specific activity of 15-25 U/mg for the
purified yeast enzyme commercially available from
Sigma.

Discussion
Cloning of chloroplast TKL of spinach

Six ¢cDNA clones from spinach which encode chloro-
plast transketolase were isolated of which four rep-
resented full-size transcripts for a ca. 2.6 kb mRNA
(Fig. 2). The serine-rich N-terminal extension preced-
ing the mature subunit was shown via in vitro tran-
scription, translation, and import into pea chloroplasts
to encode a functional transit peptide (Fig. 4), indic-
ating that the mRNA codes for a cytosolic precurs-
or of the mature chloroplast enzyme. We expressed
the pTK39-encoded protein without its transit pep-
tide in E. coli under the control of a phage T; pro-
moter (Fig. 5). The 74 kDa subunit was accumulated at
high levels though inactive when expressed at 37 °C.
When E. coli was incubated at 22 °C subsequent to
IPTG induction, lower levels of protein accumulation
were observed, but transketolase activity in the cleared
supernatant increased to 4.2 U/mg, almost 9-fold over
the transketolase activity in control cells (Table 1).
These data demonstrate the cloning of active, nuclear-
encoded transketolase present in chloroplasts of spin-
ach leaves. As summarized in Table 2, transketolase
is the last of the Calvin cycle enzymes for which the
demonstrably chloroplast-localized protein has been
cloned from higher plants.

We detected no other forms of TKL-related cDNA
clones in the library indicating that the cloned enzyme
is the TKL that was identified in previous studies by
cell fractionation and ion-exchange techniques as the
prevalent, chloroplast-localized TKL [ 11, 38]. Further-
more, low stringency Southern hybridization (Fig. 3)
suggests that this TKL is encoded by a single nuclear
gene in spinach.

Bernacchia et al. [2] were the first to report molecu-
lar characterization of transketolase from any photo-
synthetic eukaryote. They found three transketolase
transcripts — tkt3, tkt7 and tkt10 — which are expressed
in the desiccation-tolerant resurrection plant Crater-
ostigma plantagineum. It was suggested that these
transketolase enzymes may play a role in desiccation-
related sugar conversion [2]. Teige et al. [42] recently
reported evidence for the presence of only one TKL
enzyme in potato, but could not discern whether it was
localized to the chloroplast or the cytosol. Although
the Craterostigma Tkt3 sequence is incomplete (about
160 N-terminal amino acids are lacking [2]), it is
more similar to spinach chloroplast TKL than Tkt10
and Tkt7 are (Fig. 6). Based on sequence similar-
ity to spinach chloroplast TKL, it is possible that the
c¢DNA clones Tkt3 from Craterostigma and that from
Solanum also encode chloroplast enzymes. The oth-
er two clones from Craterostigma (Tkt10 and Tkt7)
may encode enzymes related to the particular desicca-
tion physiology of this plant and conceivably could be
cytosolic isoenzymes, since their sequences appear to
lack recognizable transit peptides [2].

Transketolase gene evolution

An alignment of spinach chloroplast transketolase with
homologous sequences from eubacterial and eukaryot-
ic sources (available upon request) reveals a rather uni-
form distribution of highly conserved regions across
760 total positions. As evident in previous TKL
alignments [2], the region of greatest variability is
found in the central third of the protein, where the
sequences from mammals (man, mouse, and rat)
possess a ca. 40 amino acid deletion. Transketolase
sequences from eubacteria and non-mammalian euka-
ryotes share (roughly) 50% amino acid identity, where-
as plant TKL shares only (roughly) 30% identity
with mammalian homologues. The neighbor-joining
tree shown in Fig. 6 reveals that the formaldehyde-
accepting transketolase (dihydroxyacetone synthase)
of Hansenula polymorpha, which is involved in meth-
anol assimilation [19] is clearly related to conven-
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Table 1. Transketolase activity in cleared crude extracts of E. coli
BL211lys/pTK39A7!T; strain and the same strain harboring pET-3a
without the spinach transketolase cDNA insert. Both strains were grown

at 22 °C after IPTG induction.

Time after induction

Transketolase activity (U/mg)

(h) BL21lys/pET-3a  BL211ys/pTK39A7' T,
0 0.09 0.29
0.5 0.33 1.09
1.0 0.25 1.77
15 0.48 4.16

Table 2. Calvin cycle enzymes of higher plant chloroplasts. Except
for RbcL, all of the proteins are nuclear-encoded. References give the
initial report of molecular characterization of the chloroplast enzyme.

*

this paper.

t Fructose-1,6-bisphosphate aldolase catalyzes the aldol

condensation of dihdroxyacetone phosphate with either glyceraldehyde-
3-phosphate or erythrose-4-phosphate, and thus also perfoms the
sedoheptulose-1,7-bisphosphate aldolase reaction in the cycle [5].

Enzyme

Ribulose-1,5-bisphosphate
carboxylase/oxygenase, SSU

Ribulose-1,5-bisphosphate
carboxylase/oxygenase, LSU

Glyceraldehyde-3-phosphate

dehydrogenase, GAPDH subunit A

Glyceraldehyde-3-phosphate

dehydrogenase, GAPDH subunit B

Fructose-1,6-bisphosphatase
Phosphoribulokinase
3-Phosphoglycerate kinase

EC Protein  Ref.
number  symbol
4.1.1.39  RbeS 1

41139 RbcL 26
12.1.13  GapA 23
12.1.13 GapB 40
3.13.11 FBP 33

27.1.19 PRK 28
2723 PGK 22

Sedoheptulose-1,7-bisphosphatase
Fructose-1,6-bisphosphate aldolase?
Triosephosphate isomerase
Ribulose-5-phosphate 3-epimerase

Ribose-5-phosphate isomerase
Transketolase

3.1.3.37 SBP 34
4.1.2.13 FBA 32
5.3.1.1 TPI 16
5.13.1 RPE 31
53.1.6 RPI 24

2.2.11 TKL *

tional transketolases from the pentose phosphate path-
ways and was probably derived from these (Fig. 6).
However its long branch, similar to that for mammali-
an homologues, suggests an elevated substitution rate
for the enzyme which probably relates to its unusual
formaldehyde-accepting function. Gene duplications
have resulted in ¢kl gene families of three members in
Craterostigma plantagineum, and two members each
in E. coli and yeast. The E. coli and Craterostigma
duplications appear to have occurred prior to plant
speciation processes reflected in the tree. The com-
plete sequence of the Haemophilus influenzae genome

contains only one tkl gene, suggesting that differential
gene loss has occurred subsequent to the duplication
event which gave rise to E. coli tklA and tkIB, as in the
case of eubacterial rbcL [25] and GAPDH genes [15].

With the exception of DHAS from Hansenula
and the deletion-containing mammalian sequences,
divergence within eubacterial and eukaryotic TKL
genes surveyed, respectively, is not appreciably great-
er than across the eukaryote-eubacterial boundary;
many branches separating proteobacteria are more
robust than those separating eubacterial and euka-
ryotic sequences (Fig. 6). This is a noteworthy find-
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Transketolase Gene Tree  Organism/Gene  Enzyme
o7y Mouse Animai
100 Rat Cytosolic
Human L
/ f—==Hansenula Dihydroxyacetone Synthase
08 E Saccharomyces TKT2 ] Fungal
100 Saccharomyces TKT1 Cytosolic
58 Pichia ) ™
Craterostigma tkt10 )
Cralerostigma tkt7 ! Plant
Solanum KL
Craterostigma tkt3 J Plant
Spinach chloroplast } Chloroplast
i g+ Mycoplasma TKL
g+ Streptococcus
79 Y E. coli thtA
100 b Haemophilus Eubacterial
% Y  E colitkt8 TKL
6 B Alcaligenes
74 o Xanthomonas
o Rhodobacter }
—

Figure 6. Transketolase gene phylogeny. The tree was constructed
by the neighbor-joining method from a matrix of estimated num-
bers of amino acid substitutions per site calculated with the Dayhoff
option of PHYLIP. Numbers near branches indicate the bootstrap
proportion for 100 replicas using the same method; — indicates a
bootstrap proportion of less than 50. The scale bar indicates 0.1
substitutions per site. Genes encoded in nuclear DNA are borne on
open branches, those encoded in eubacterial DNA are borne on solid
branches. «, 3, and +, proteobacterial groups for eubacteria; g+,
gram-positive. Sequences were extracted from GenBank. The posi-
tion of the gram positive bacteria may be a branch attraction artefact.
For convenience, the very long branches leading to mammalian TKL
and DHAS of Hansenula are drawn to only half of their true length
(indicated by //). Recognizeable gene duplications are indicated by
stars.

ing, because eubacterial and eukaryotic lineages are
believed to have separated very early in evolution [10,
46, 47], and one would expect to find greater diver-
gence across that split in Fig. 6, were tkl genes related
through eubacterial-eukaryote separation. The gener-
al pattern of similarity observed between eubacterial
and plant rkl genes is strikingly similar to that found
for plant GAPDH [15] and plant PGK [4], where
the respective genes for both chloroplast and cytoso-
lic plant enzymes have been shown to derive from
(endosymbiotic) eubacteria. Although TKL sequences
from early branching eukaryotes and archaebacteria
are not available for comparison, the most straight-
forward interpretation of the current findings is that
TKL genes of plants, and perhaps of other eukaryotes,

are also simply of eubacterial origin. For TKL, the
phylogeny of proteobacterial sequences differs from
that observed for rRNA genes [7]. This may be due to
paralogy ensuing from differential loss of members of
a eubacterial gene family, as for rbcL [25] and GAPDH
[15] or may simply relate to the sequence characterist-
ics and small bacterial sample available for analysis.
It also cannot be excluded that interspecies transfer of
genes for sugar phosphate metabolism between eubac-
teria may also have occurred in evolution. Interspecies
gene transfer is surprisingly common between contem-
porary eubacteria [20], and it may have spread earlier in
evolution as well. Although such events would com-
plicate the eubacterial phylogeny, they would not be
able to account for the finding that divergence within
eubacterial tkl genes is as great as that found across
the eubacterial/eukaryotic split, whereas a eubacterial
origin of eukaryotic tkl genes easily could.

Conclusion

As for two other enzymes common to the OPPP and
Calvin cycle in spinach leaves, ribulose-5-phosphate
3-epimerase (RPE) and ribose-5-phosphate isomerase
(RPI) [38], transketolase occurs predominantly, if not
exclusively, as a single chloroplast enzyme and appar-
ently lacks a cytosolic counterpart in this tissue [11,
38]. It thus appears that chloroplast transketolase func-
tions in both the reductive and oxidative pentose phos-
phate pathways in spinach leaves. The evolutionary
analysis suggests TKL may be the next link in an
increasingly long chain of unexpectedly eubacterial
genes in eukaryotic genomes.
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