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Enzymatic Evidence for a Complete Oxidative Pentose
Phosphate Pathway in Chloroplasts and an Incomplete
Pathway in the Cytosol of Spinach Leaves'
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The intracellular localization of transaldolase, transketolase, ri-
bose-5-phosphate isomerase, and ribulose-5-phosphate epimerase
was reexamined in spinach (Spinacia oleracea L.) leaves. We found
a highly predominant if not exclusive localization of these enzyme
activities in chloroplasts isolated by isopyknic centrifugation in
sucrose gradients. Glucose-6-phosphate dehydrogenase, 6-phos-
phogluconate dehydrogenase, glucose phosphate isomerase, and
triose phosphate isomerase activity was present in the chloroplast
fraction but showed additional activity in the cytosol (supernatant)
fraction attributable to the cytosol-specific isoforms known to exist
for these enzymes. Anion-exchange chromatography of proteins of
crude extracts on diethylaminoethyl-Fractogel revealed only a sin-
gle enzyme each for transaldolase, transketolase, ribose-5-phos-
phate isomerase, and ribulose-5-phosphate epimerase. The data
indicate that chloroplasts of spinach leaf cells possess the complete
complement of enzymes of the oxidative pentose phosphate path-
way (OPPP), whereas the cytosol contains only the first two reac-
tions, contrary to the widely held view that plants generally possess
a cytosolic OPPP capable of cyclic function. The chloroplast en-
zymes transketolase, ribose-5-phosphate isomerase, and ribulose-5-
phosphate epimerase appear to be amphibolic for the Calvin cycle
and OPPP.

In plants, the OPPP is connected inter alia with fatty acid
biosynthesis, nitrate reduction, and the shikimate pathway
(Butt and Beevers, 1961; Dalling et al., 1972; Jensen, 1985).
The pathway is known to occur in chloroplasts, as demon-
strated by CO, liberation from [1-'*C]Glc over that of
[2-*C]Glc in isolated chloroplasts (Stitt and ap Rees, 1980).
Yet curiously, the additional presence of a separate, com-
plete OPPP in the cytosol is generally assumed (even in
many textbooks), although evidence to support that view is
largely circumstantial.

Through cell fractionation, G6PDH and 6PGDH activi-
ties were detected in both chloroplasts and cytosol (Gar-
nier-Dardart, 1965; Heber et al., 1967; Slack and Hatch,
1967; Latzko and Gibbs, 1968; Mukerji and Ting, 1968;
Miflin and Beevers, 1974). When it was shown that these
two reactions were catalyzed by distinct OPPP isoenzymes
in the chloroplast and cytosol, respectively (Schnarren-
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berger et al., 1973; Simcox and Dennis, 1978; Nishimura
and Beevers, 1981), it was widely assumed thereafter, yet
never clearly demonstrated, that all other activities of the
pathway also occur as such isoenzymes and are compart-
mentalized in the same manner.

Although many cell fractionation studies (Heber et al.,
1967; Emes and Fowler, 1978; Feierabend and Gringel,
1983) indicated that most of the activities in the OPPP core
segment may be confined to plastids, one notable report
assumed that about 70% of these activities were cytosolic
(Latzko and Gibbs, 1968) in spinach leaves. Attempts to
distinguish plastid- and cytosol-specific isoenzymes of Rib-
5-P isomerase and transketolase from various tissues (Rut-
ner, 1970; Kawashima and Tanabe, 1976; Feierabend and
Gringel, 1983) were mostly unsuccessful, and it was recog-
nized (Feierabend and Gringel, 1983) that the cyclic mode
of the cytosolic OPPP would be problematic in the absence
of corresponding isoenzymes. Little attention was given to
the matter thereafter.

We reinvestigated the localization in spinach leaves of
activities for all enzymes of the OPPP, i.e. G6PDH (EC
1.1.1.49), 6PGDH (EC 1.1.1.44), transketolase (EC 2.2.1.1),
transaldolase (EC 2.2.1.2), Rib-5-P isomerase (EC 5.3.1.6),
and ribulose-5-P 3-epimerase (EC 5.1.3.1), by cell fraction-
ation and by anion-exchange chromatography in search of
cell-compartment-specific isoenzymes. All OPPP activities
were detected in chloroplasts. Yet, except for the two de-
hydrogenases, we could find no evidence of cytosolic
OPPP isoenzymes in this tissue.

MATERIALS AND METHODS
Material

Spinach (Spinacia oleracea L.) leaves were collected from
glasshouse plants or used after storage at —20°C.

Separation of Isoenzymes

Deribbed spinach leaves (20 g) were homogenized in 40
mL of phosphate buffer (10 mm potassium phosphate, pH

Abbreviations: FBP, Fru-1,6-bisP; G6PDH, Glc-6-P dehydroge-
nase; OPPP, oxidative pentose phosphate pathway; 6PGDH,
6-phosphogluconate dehydrogenase.
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6.5, and 10 mm 2-mercaptoethanol). The slurry was
squeezed through two layers of cheesecloth and centri-
fuged for 40 min at 48,000¢ and at 4°C. After the pH was
adjusted to 6.5, the solution was diluted with 10 mm 2-mer-
captoethanol to a conductivity of less than 3 millisiemens
cm™ ! and applied to a DEAE-Fractogel (Merck, Darmstadt,
Germany) column (2.5 X 10 cm) equilibrated with a buffer
of pH 6.5. Proteins were eluted with a 200-mL gradient of
0 to 0.3 M KCl in phosphate buffer and collected in fractions
of 5.0 mL.

Cell Fractionation

Cell organelles were separated by isopycnic centrifuga-
tion as described by Schnarrenberger et al. (1971) with
some modifications. Deribbed spinach leaves (100 g) were
gently homogenized in 200 mL of 0.4 M (w/w) Suc, 20 mm
glycylglycine, pH 7.5, and 1 mmM DTE with a mortar and
pestle. This preparation was squeezed through two layers
of cheesecloth and layered on top of a Suc gradient from
22.5 to 60% Suc. The gradient was generated by layering
2.5-mL aliquots of solutions of 60, 57.5, 55, 52.5, 50, 47.5, 45,
42.5, 40, 37.5, 35, 32.5, 30, 27.5, 25, 22.5% Suc solutions in 20
mm glycylglycine, pH 7.5, and 1 mm DTE. The organelle
preparation was centrifuged for 3.5 h in an SW 25.2 rotor of
a DuPont Combi Plus ultracentrifuge at 48,000g. Fractions
of 1.5 mL were taken from the bottom and assayed for
enzyme activities, Chl, and Suc concentration.

Enzyme Assays

Enzymes were measured photometrically by following
the Az, change of NADH in 1-mL cuvettes at a room
temperature of 20°C. Transaldolase was tested according to
a procedure modified from that of Tsolas and Joris (1975) in
70 mM triethanolamine, pH 7.6, 7 mm EDTA, 3.5 mmMm
MgCl,, 1 unit each of triose-P isomerase and glycerol-3-P
dehydrogenase, 240 uMm NADH, 200 um erythrose-4-P, and
3 mm Fru-6-P. Ribulose-5-P epimerase was assayed in 50
mm Tris-HCL, pH 7.5, 4.5 mm MgCl,, 500 um thiamine PPi,
0.5 unit of transketolase, 1 unit each of triose-P isomerase
and glycerol-3-P dehydrogenase, 240 um NADH, 200 um
erythrose-4-P, and 100 um ribulose-5-P. Rib-5-P isomerase
was assayed according to an assay modified from that of
Tabachnick et al. (1958) in 40 mm potassium phosphate, pH
7.4, 5 mMm MgCl,, 0.5 unit of ribulose-5-P epimerase, 1 unit
each of triose-P isomerase and glycerol-3-P dehydrogenase,
240 uMm NADH, and 1 mm Rib-5-P. Transketolase was
assayed according to a modified version of that used by
Murphy and Walker (1982) in 10 mm Tris-HCI], pH 7.5, 4
mM MgCl,, 100 um thiamine PPi, 1 unit each of triose-P
isomerase and glycerol-3-P dehydrogenase, 240 um
NADH, and substrate (5 mL of 50 mm Rib-5-P were incu-
bated for 1 h at 37°C with 5 units each of ribulose-5-P
epimerase and Rib-5-P isomerase and kept at —20°C). Al-
dolase, malate dehydrogenase, hydroxypyruvate reductase
(Kriiger and Schnarrenberger, 1983), G6PDH, 6PGDH
(Schnarrenberger et al., 1973), triose-P isomerase (Beisen-
herz, 1955), Rubisco (Lilley and Walker, 1974), and Chl
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(Arnon, 1949) were tested according to published proce-
dures. Suc concentration was determined by refractometry.

RESULTS

When proteins from a crude extract of spinach leaves
were separated by anion-exchange chromatography on
DEAE-Fractogel (Fig. 1), only one peak of activity was
detected for transaldolase, transketolase, Rib-5-P isomer-
ase, and ribulose-5-P epimerase. The same results were
obtained when the chromatography was performed at pH
7.5 or 8.2 (data not shown). The failure to detect chloro-
plast/cytosol isoenzymes could be due to the mere absence
of such isozymes or to the inability of the method to
separate them. However, it has been possible by using
anion-exchange chromatography to separate all other chlo-
roplast/cytosol isoenzymes of sugar phosphate metabo-
lism investigated to date, e.g. starch phosphorylase (Steup
et al., 1980; Mateyka and Schnarrenberger, 1984), phospho-
glucomutase (Miihlbach and Schnarrenberger, 1978), Glc-P
isomerase (Schnarrenberger and Oeser, 1974), FBPase
(Latzko et al., 1974), FBP aldolase (Kriiger and Schnarren-
berger, 1983; Lebherz et al., 1984; Schnarrenberger and
Kriiger, 1986), hexokinase (Schnarrenberger, 1990), GGPDH
and 6PGDH (Schnarrenberger et al., 1973, 1975; Simcox et
al., 1977; Simcox and Dennis, 1978; Nishimura and Beevers,
1981), glyceraldehyde-3-P dehydrogenase (Miernyk and
Dennis, 1982), 3-phosphoglycerate kinase (Miernyk
and Dennis, 1982; Képke-Secundo et al., 1990; Morrow and
Bradbeer, 1990), triose-P isomerase (Kurzok and Feiera-
bend, 1984), pyruvate kinase (Ireland et al., 1979), and
enolase and phosphoglycerate mutase (Miernyk and Den-
nis, 1982; Plaxton, 1989). It is conceivable, yet we consider
it highly unlikely, that isoenzymes for transaldolase, tran-
sketolase, Rib-5-P isomerase, and ribulose-5-P epimerase
exist but are undetectable. By far the most straightforward
interpretation is that only a single enzyme exists for each in
spinach leaves.

Cell organelle fractionation in Suc gradients by isopycnic
centrifugation (Fig. 2) resolved peroxisomes (hydroxy-
pyruvate reductase), chloroplasts (Rubisco), mitochondria
(particulate peak of malate dehydrogenase), thylakoids
(main peak of Chl), and a supernatant fraction (soluble or
solubilized proteins). The ratio of the chloroplast marker
(Rubisco) activity in the chloroplast and supernatant frac-
tions was 1.04, providing an internal standard for compar-
ison of chloroplast localization. Ratios of chloroplast to
supernatant activity for transaldolase, transketolase, Rib-
5-P isomerase, and ribulose-5-P epimerase were found to
be very close to the value of 1.04 determined for Rubisco.
The respective ratios were 0.84, 0.92, 0.96, and 0.95 (Table
D), indicating that approximately 90% or greater of the total
activity of each was localized in chloroplasts.

In contrast, the ratio of particulate and supernatant ac-
tivities of G6PDH and 6PGDH were 0.05 and 0.32, respec-
tively, indicating that about 5 and 30% of the activities
were chloroplastic. The 5% chloroplast G6PDH activity
detected appears to be much too low when compared to a
previous study (Schnarrenberger et al., 1973), since other
chloroplast activities (aldolase, Glc-P isomerase, and tri-
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Figure 1. Enzyme profiles for Rib-5-P isomerase, transketolase,
ribulose-5-P epimerase, and transaldolase after separation of proteins
from a crude homogenate of spinach leaves by anion-exchange
chromatography on DEAE-Fractogel.
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Figure 2. Suc concentration, marker enzyme activities, and enzyme
activities of sugar phosphate metabolism in a Suc gradient after
separation of cell organelles by isopycnic centrifugation. The peak
fraction for peroxisomes (P), chloroplasts (C), mitochondria (M), and
thylakoids (T) are marked by dashed lines. The three supernatant
fractions (S) are about 6 times larger than the other gradient fractions.
DH, Dehydrogenase.

ose-P isomerase) were recovered in quantities consistent
with their isoenzyme proportions from earlier studies
(Schnarrenberger and Oeser, 1974; Schnarrenberger et al.,
1983; Kurzok and Feierabend, 1984; Schnarrenberger and
Kriiger, 1986). Chloroplast G6PDH activity is, for unknown
reasons, often obscured (Simcox et al., 1977; Simcox and
Dennis, 1978; Nishimura and Beevers, 1981), probably be-
cause of rapid activity loss. The enzyme is known to be
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Table 1. Ratio of enzyme activities in the chloroplast fraction to
the activities in the supernatant fraction (average of the activity in
the top two fractions in Fig. 2) after cell organelle separation by
isopycnic centrifugation

Enzyme Activity Ratio
Rubisco 1.04
Transaldolase 0.84
Transketolase 0.92
Rib-5-P isomerase 0.96
Ribulose-5-P epimerase 0.95
G6PHD-6-P 0.05
6PGDH 0.32
FBP aldolase 1.09
Glc-P isomerase 0.14
Triose-P isomerase 0.39

regulated by several factors, including light, reducing com-
pounds, NADP/NADPH ratio, MgCl,, and ribulose-1,5-
bisP (Lendzian and Ziegler, 1970; Lendzian, 1980; Scheibe
et al., 1989). In this study, inclusion of 500 uMm NADP in all
solutions for organelle preparation did not increase the low
recovery of G6PDH activity in the chloroplast fraction
(data not shown). However, the addition of 1 mMm each
MgCl,, KCl, and EDTA instead of 1 mm DTE increased the
particulate GG6PDH activity 2-fold.

The chloroplast/cytosol ratios for FBP aldolase, Glc-P
isomerase, and triose-P isomerase were 1.09, 0.14, and 0.38,
respectively. Within the resolution of the method, this is in
agreement with previous findings that the proportion of
chloroplastic enzyme activity is 90, 20, and 40%, respec-
tively, of the total activity for these enzymes in green leaves
(Schnarrenberger and Oeser, 1974; Kurzok and Feierabend,
1984; Schnarrenberger, 1984; Schnarrenberger and Kriger,
1986). These results strengthen the conclusion that only
little, if any, of the activities of transaldolase, transketolase,
Rib-5-P isomerase, and ribulose-5-P epimerase is attribut-
able to the cytosolic cell fraction. Thus, it appears very
likely that the OPPP does not occur at all in the cytosol of
this tissue or only at such low activity levels as to preclude
detection with current methods.

DISCUSSION

In plant cells the first two enzymes in the OPPP, G6PDH
and 6PGDH, have been more thoroughly studied than
those in the regenerative segment. It was unequivocally
shown that chloroplast/cytosol isoenzymes exist for
G6PDH and 6PGDH both in green leaf cells (Schnarren-
berger et al., 1973) and in nongreen tissues (Schnarren-
berger et al., 1975; Simcox et al., 1977; Simcox and Dennis,
1978; Nishimura and Beevers, 1981). Cytosolic G6PDH has
even been cloned from potato tuber (Graeve et al., 1994).

However, conflicting reports exist in the literature about
the compartmentation of enzymes in the regenerative seg-
ment of the OPPP. In an early organelle fractionation study
of spinach leaves (Latzko and Gibbs, 1968), 70% of the total
activity of the enzymes was calculated to be cytosolic.
Neither we nor other groups could find similarly high
cytosolic activities. Instead, these activities were found to
be more than 90% plastid localized (Heber et al., 1967;
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Simcox et al., 1977; Emes and Fowler, 1978; Feierabend and
Gringel, 1983; this paper). Such high values already ap-
proach the resolution limit of the cell-fractionation tech-
nique, which cannot distinguish between complete and
predominant plastid localization. In other experiments us-
ing anion-exchange chromatography and native gel elec-
trophoresis, no evidence for isoenzymes of Rib-5-P isomer-
ase (Rutner, 1970) or transketolase (Feierabend and
Gringel, 1983) could be obtained in spinach, pea, or rye
leaves that were congruent with our findings.

Although cytosolic isoforms for activities from the path-
way’s regenerative segment have been proposed to exist,
the evidence for cytosolic isoenyzmes is still disputable
until further reconfirmation is achieved (e.g. Rib-5-P
isomerase from a chloroplast and cytosol fraction of pea
shoots was reported to have a slightly different pI value
[Anderson and Advani, 1970; Anderson, 1971]). However,
the very small difference in pl during IEF, problems with
producing pure cell fractions, and the virtually identical
properties of the enzyme activities in the two cell fractions
only circumstantially support the presence of a cytosolic
form. In other studies, no evidence for isoenzymes of Rib-
5-P isomerase in spinach and tobacco leaves could be ob-
tained using several chromatographic procedures and na-
tive electrophoresis (Rutner, 1970; Kawashima and Tanabe,
1976).

Similarly, a slight activation of transketolase by MgCl, in
the chloroplast relative to the cytosol fraction from wheat
leaves was reported, but pH dependence and substrate
specificity for various sugars were almost indistinguish-
able (Murphy and Walker, 1982). Subsequent and detailed
studies of pea and rye leaf transketolase (Feierabend
and Gringel, 1983) provided no evidence for isoen-
zymes through electrofocusing or various chromatographic
techniques.

Results of the present study confirm the findings of
Rutner (1970) and Feierabend and Gringel (1983) and ex-
tend their observations to the activities of transaldolase
and ribulose-5-P epimerase, leading to the conclusion that
the cytosol of spinach leaves is devoid of the OPPP core or
contains insufficient activities to be of similar relevance to
energy metabolism as the chloroplast pathway. From this it
follows that a set of three activities (transketolase, Rib-5-P
isomerase, and ribulose-5-P epimerase) is drawn upon by
both the oxidative and the reductive pentose-P pathways in
chloroplasts of this tissue, whereas transaldolase functions
in the OPPP only. In another instance, a widely held view
was also contradicted in that plant cells, in general, possess
a full complement of plastidic and cytosolic isoenzymes of
sugar phosphate metabolism. In this case Chlamydomonas
reinhardtii and Dunaliella bioculata appear to lack cytosolic
isoforms of glycolytic and gluconeogenetic enzymes (Klein,
1986; Schnarrenberger et al., 1990, 1994). Therefore, the a
priori assumption that cytosolic isoenzymes generally exist
for activities of sugar phosphate metabolism in plants
should be viewed more critically until the presence of such
isoenzymes is demonstrated beyond doubt.

In tissues or developmental stages with metabolic needs
differing from those of spinach leaves (i.e. developing
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seeds and germinating seedlings), cytosolic OPPP core
isoenzymes may exist. However, the data concerning de-
veloping castor bean endosperm and pea roots tend to
rather support a predominant if not exclusive plastidic
localization as well as substantial cytosolic activities. In any
case, if cytosolic isoenzymes really exist, which cannot be
fully excluded from the discussion, a more thorough dis-
tinction of cytosol/plastid isoenzymes would be required
than that presented in the past. In case of their absence,
however, the question arises as to the fate of the product of
the cytosolic G6PDH and 6PGDH, ribulose-5-P. Previous
findings by Bassham et al. (1967) that the chloroplast en-
velope is easily permeable for pentose-Ps will warrant
additional work to clarify the fate of this cytosolic product.

Uncertainty regarding chloroplast/cytosol isoenzymes
similar to that for the OPPP has persisted for the shikimate
pathway, which branches at erythrose-4-P (Jensen et al.,
1989). Distinct isoenzymes of several activities in the shiki-
mate and derivative pathways have been studied in detail,
and in each case, both forms were chloroplast specific
(Nyogi and Fink, 1992; Eberhard et al., 1993; Gorlach et al.,
1993a, 1993b; Last, 1993; Bohlmann et al., 1995; Herrmann,
1995). Up to 60% of dry weight in some tissues can consist
of compounds derived from the shikimate pathway
(Jensen, 1985), but the Calvin cycle cannot export large
amounts of erythrose-4-P without rapidly depleting itself
(Geiger and Servaites, 1994). By contrast, the OPPP can
freely operate in a 2C; — 2CO, + C4 + C, mode, making
it a likely candidate source for erythrose-4-P destined for
shikimate metabolism.
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