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ABSTRACT

The plastid and cytosolic isozymes of the dimeric enzyme phosphoglu-
cose isomerase (EC 53.1.9) from spinach (Spinacia oeracea) and cauli-
flower (Brassica oleracea) were purified to apparent homogeneity. The
isozymes from sunflower (Helianthus awuas) and Clakia xantiana were
partially purified. When subunits from two electrophoreticafly distinguish-
able cytosolic isozymes, either from the same or from different species,
were dissociated and allowed to reassociate in each other's presence, an
active hybrid enzyme, consisting of one subunit of each type, was formed
in addition to the two original homodimers. Active hybrid enzymes were
also formed by dissociation and reassociation of plastid isozymes. Hybrid
molecules were not produced between the plastid and cytosolic subunits,
suggesting that they are not able to bind with each other. Additional
differences between the plastid and cytosolic isozymes are described.

A number of enzymes in vascular plants exist as cytosolic and
plastid isozymes (20, 21). In the cases investigated, both isozymes
are coded by nuclear genes (1, 27), and both mRNAs appear to be
translated on free cytoplasmic ribosomes (16). Many of these
enzymes are oligomeric, consisting of subunits which presumably
collide and associate with each other after synthesis. Because the
subunits of both plastid and cytosolic isozymes initially occupy
the same subcellular compartment, hybrid molecules could, in
principle, form between them. However, such hybrids have not
been reported for any plastid/cytosolic isozyme pair, and an
explanation for their absence has not been presented.
We investigated this problem by performing dissociation/reas-

sociation experiments on the isozymes of PGI2 from various
species. PGI has been studied from a number of standpoints. The
subcellular localization of the two isozymes has been verified in
several species (19, 20, 21, 26, 27). The mode of inheritance and
the independent assortment of the coding genes has been dem-
onstrated (4, 25, 27). The isozymes have been partially purified
from several species (17-19), and one enzyme was purified in a
crystalline form from peas (22). Kinetic studies have been re-
ported, primarily on the cytosolic isozyme (5, 19, 22), and poly-
morphism for both isozymes has been reported in natural popu-
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isomerase.

lations (6, 7). Finally, the duplication and divergence of the gene
coding subunits of the cytosolic isozyme has been studied in the
genus Clarkia (Onagraceae) (4, 6). However, a purification pro-
cedure for both isozymes has not been previously presented.
Because purified isozymes were required for the controls of the
dissociation/reassociation experiments, we developed, and report
herein, a simple and gentle procedure for their purification from
several plant species.

MATERIALS AND METHODS

Fresh spinach (Spinacia oleracea) was purchased locally. Sun-
flower (Helianthus annuus) and cauliflower (Brassica oleracea)
were grown in garden plots on the Davis campus of the University
of California. Clarkia xantiana was grown in growth chambers as
described previously (4). Spinach and Clarkia were used, because
they were available all year in large quantities. Sunflower and
cauliflower were selected after electrophoretic examination of a
large number ofspecies had shown that these two possessed plastid
PGIs with the most disparate mobilities. Enzymes with distinct
mobilities were required for the dissociation/reassociation exper-
iments.

Localization of Isozymes. Plastid and cytosolic isozymes of
spinach and Clarkia have been identified previously (19, 27).
Cytosolic isozymes of the other species were identified by com-
paring the electrophoretic patterns of soaked pollen and leaf
extracts, as described previously (26). Because the cauliflower
plants did not produce sufficient pollen, pollen from broccoli (B.
oleracea cv. Premium Crop Hybrid) was used. The plastid isozyme
in cauliflower was identified by preparation ofa chloroplast pellet,
disrupting the pellet and subjecting the extract to starch gel
electrophoresis (26). Ireland and Dennis (1 1) have shown that, in
sunflower, the PGI isozyme exhibiting the greater mobility after
PAGE is located in the plastids.

Isozyme Purification Procedure.
Tissue Homogenization and Isozyme Separation. All procedures

were performed in the cold (5-8°C), and all buffers contained 42
mM ME, unless stated otherwise. For each species, approximately
100 g fresh leaf tissue were homogenized for 60 s in a Waring
Blendor in 300 ml 50 mm Trizma-HCl (pH 8.3) containing 1 mm
EDTA and 4 g insoluble polyvinylpolypyrrolidone. The resulting
slurry was filtered through four layers of Miracloth intercalated
with layers of glass wool. The filtrate was centrifuged for 60 min
at 49,000g on a Sorvall RC 5 refrigerated centrifuge. The super-
natant was applied to a 5- x 20-cm DE52 column equilibrated in
50 mM Trizma-HCl (pH 8.3). The column was washed with 1
volume of extraction buffer, and the PGI activity was then eluted
with a l,000-ml, 50 to 500 mm KCI gradient in extraction buffer.
Two peaks of activity were discernible in all species tested. The
fractions containing the first peak of PGI activity (cytosolic iso-
zyme) were pooled and dialyzed overnight against 15 mm Hepes
(pH 7.0). The fractions containing the second PGI activity peak
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(plastid isozyme) were combined and placed in dialysis tubing
and concentrated using PEG to a volume of approximately 4 ml.

Further Purfifcation of the Plastid Isozyme. The concentrated
plastid PGI fraction was applied to a 2.5- x 100-cm Sephacryl S-
200 column. Column buffer was 10 mM EDTA (pH 7.2) containing
25 mm NaCl. Flow rate was 50 ml/h. Fractions containing PGI
activity were pooled and dialyzed extensively against 6 mm sodium
phosphate (pH 7.0) containing 50 mM NaCl. The dialyzed sample
was placed on a 2- x 45-cm HAP (Bio-Rad) column equilibrated
in the same buffer used for the dialysis. The column was washed
with 100 ml of the phosphate buffer, and the PGI activity was
eluted with a 400-ml, 6 to 200 mm sodium phosphate gradient at
pH 7.0 containing 50 mM NaCl. The fractions containing PGI
activity were pooled; they could be stored at 5C for several weeks
without loss of activity. The plastid PGI of sunflower was not
purified beyond this step, and the preparation was designated
'partially purified plastid isozyme.'

Preparative PAGE for the Plastid Isozymes of Spinach and
Cauliflower. The pooled fractions (approximately 40 ml) collected
from the HAP column were placed in dialysis tubing and concen-
trated against PEG to a volume of 1 ml. The solution was then
dialyzed for 30 min against 10 mm EDTA (pH 7.2) to reduce the
salt concentration. This preparation was subjected to PAGE on
6% gels using a Hedrick-Smith system (9). After electrophoresis,
the PGI band was located by applying briefly a Kimwipe (Kim-
berly-Clark, Neenah, WI) moistened with activity stain (26) on
the surface of the gel and observing the location of the precipitated
tetrazolium dye. The portion of the gel beneath the stain was
excised with a razor blade. For work in which active enzyme was
not required, the gel was stained with Coomassie brilliant blue R-
250, and the major protein band was cut out. The protein obtained
from this slice was judged homogeneous, because only a single
protein band was visible after reelectrophoresis on 8 and 12% SDS
gels.

Further Purification of the Cytosolic Isozyme. The 15 mm Hepes
solution containing the cytosolic isozyme was applied to a second
DE52 column (2 x 30 cm) equilibrated in the same Hepes buffer.
The column was washed with 50 ml of buffer, and the PGI activity
was eluted with a 400-ml, 15 to 200 mi Hepes gradient at pH 7.0.
The activity peak eluting from this column was very sharp,
effecting both significant purification and concentration of the
enzyme. The two or three 4.0-ml fractions containing the majority
of the PGI activity were individually applied to the 2.5- x 100-cm
Sephacryl S-200 column and eluted under the conditions described
earlier. For the spinach and cauliflower samples, the fractions
which contained PGI activity were tested for purity by subjecting
an aliquot to PAGE and staining for protein. Those fractions
which exhibited a single protein band were pooled and designated
'purified cytosolic isozyme.' This preparation exhibited only a
single band when 10 jig were subjected to PAGE. For sunflower
and Clarkia, the entire activity peak off the Sephacryl column was
combined and labeled 'partially purified cytosolic isozyme.' Both
the purified and the partially purified preparations were stable in
the EDTA buffer for several weeks and could be frozen for
extended periods in 50 mm Hepes (pH 7.5) without loss of activity.
Enzyme Activity Assay. PGI activity was measured at 25°C by

a coupled enzyme system in which fructose-6-P was added as
substrate and glucose-6-P dehydrogenase was added as the cou-
pling enzyme (5). The production ofNADPH by the glucose-6-P
dehydrogenase reaction was monitored at 340 nm on a Zeiss PM6
recording spectrophotometer. The standard reaction mixture con-
tained 0.1 M Tris-HCl (pH 8.0), 0.5 mM NADP, 10 mm fructose-6-
P, 10 mm MgCl2, and 0.5 units/ml glucose-6-P dehydrogenase.
The reaction was initiated by addition of a suitable aliquot of PGI
extract. Usually, this was a 25-,l sample in a 475-,lI assay mix;
however, for samples with high PGI activity, either a smaller

assaying the activity.
Protein Measurement. Protein concentrations were determined

with the Bio-Rad Protein Assay solution (Coomassie brilliant blue
G-250) by measuring the A at 595 nm of the assay solution after
addition of a known volume of sample. BSA (Bio-Rad) was used
as the standard. Yeast PGI (Type X; Sigma) gave a standard curve
similar to that obtained for BSA.
Mol Wt Determination. The mol wt ofthe various PGI isozymes

were assessed by gel filtration on the Sephacryl S-200 column. An
aliquot of the purified or partially purified isozyme was placed on
the column in a total volume of no more than 2 ml. Triplicate
determinations were performed in most cases, and all determina-
tions contained 0.5 mg hemoglobin as an internal standard. The
column was calibrated using glyceraldehyde 3-P dehydrogenase
(143,000), yeast PGI (120,000), hemoglobin (66,000), and oval-
bumin (43,000). The mol wt of the subunits were measured by
SDS-PAGE on 10% gels, using a Weber-Osborn continuous sys-
tem (24). Standards were phosphorylase b (94,000), BSA (68,000),
yeast PGI (60,000), and ovalbumin (43,000).

Temperature Sensitivity Studies. Samples of the homogeneous
spinach isozymes or the partially purified isozymes from other
species were diluted in 15 mM Hepes (pH 7.0). Each diluted
sample was divided into two aliquots, one being placed on ice and
the other incubated at the test temperature. After specified time
intervals, the PGI activity in each aliquot was determined using
the standard assay conditions.

Zinc Inhibition Studies on Spinach Isozymes. To study the
effect of zinc, the colorimetric assay of Roe (15) had to be
employed, because the coupling enzyme, glucose-6-P dehydroge-
nase, in the normal assay, was found to be severely inhibited by
the zinc concentration used. The standard assay mix (1.0 ml)
contained 0.8 ml 0.1 M Hepes-KOH (pH 7.2), 0.1 ml of a 1%
glucose-6-P solution, and 0.1 ml purified isozyme solution. Reac-
tions were initiated by adding the substrate. Reaction conditions
and color development were as described by Roe (15), and the A
was measured at 490 nm on the Zeiss PM6 spectrophotometer.
For zinc inhibition experiments, 0.05 ml of a 0.1 M ZnCl2 solution
was mixed with 0.75 ml of the Hepes buffer and 0.1 ml isozyme
solution before addition of substrate. Final concentration of zinc
in this solution was 5 mM; the final pH was 7.0.

Dissociation/Reassociation Procedure. These experiments were
performed using a modification of the procedure of Tamaki et al.
(23). Dissociation of the isozymes into their subunits was accom-
plished by adding a solution containing 5 to 25 ,ug of the desired
isozyme or mixture of isozymes to an equal volume (usually 0.5
ml) of cold 10 M guanidine-HCl containing 0.1 M ME. After brief
mixing, the solution was allowed to stand on ice for 10 min. The
guanidine-HCl was then removed by passing the solution through
a 1- x 10-cm Sephadex G-25 column equilibrated in 0.1 M
triethanolamine hydrochloride (pH 7.2), containing 10 mM DTT
and 10Ko (v/v) glycerol. The 2.0 ml ofeluate immediately following
the void volume contained the subunits, and this fraction was
collected and allowed to stand overnight at 5°C to permit the
reassociation of the subunits. Reassociation was assessed by starch
gel electrophoresis, followed by staining for PGI activity (26).
The reassociation mix of purified plastid and cytosolic isozymes

from cauliflower and a similar mix with purified spinach isozymes
were investigated for the presence of hybrid enzymes by three
methods. An aliquot of the solution was subjected to PAGE on
three identical 6% tube gels, using a Hedrick and Smith buffer
system (9). One gel was stained for PGI activity, and the second
gel was stained for protein. The third gel was sliced into 0.25-cm
sections, and each section was tested to determine whether it
contained protein that was cross-reactive with antiserum raised in
rabbits against purified plastid PGI and antiserum raised against
purified cytosolic PGI (N. F. Weeden, R. C. Higgins, L. D.
Gottlieb, in preparation). Each gel section was soaked overnight
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in 0.2 ml 10 mm EDTA (pH 7.2) containing 25 mm NaCl and 14
mM ME. Duplicate 25-pl aliquots of each soaking solution were
placed in wells on Dynatech plates (Dynatech, Alexandria, VA),
and the cross-reactivity ofeach was measured by ELISA according
to Engvall and Perlman (3), except that peroxidase-conjugated
goat anti-rabbit IgG (Cappel Laboratories, Cochranville, PA) was
used.

Biochemicals. Except where noted, all reagents and proteins
were obtained from Sigma Chemical Co.

RESULTS

Enzyme Purification. A representative purification for both PGI
isozymes from spinach is summarized in Table I. The plastid PGIs
from spinach and cauliflower were judged to be homogeneous
after the preparative PAGE step, because only one band was
observed when these preparations were analyzed by electropho-
resis on nondenaturing 6% gels and on denaturing Laemmli (12)
8% gels. The cytosolic isozymes obtained after Sephacryl S-200
column chromatography exhibited a similar degree of homoge-
neity. To maximize yield and minimize proteolysis, we found it
necessary to perform the initial steps of the extraction procedure
(through the Sephacryl column for the plastid PGI and to the
dialysis against Hepes buffer for the cytosolic PGI) within 24 h.
Degradation of PGI isozymes was monitored by starch gel elec-
trophoresis. Initially, the PGI activity bands were sharp, without
any anodal shadow; however, if the raw extract or the pooled
fractions from the first DE52 column were allowed to stand
overnight, the activity bands exhibited a prominent anodal blur.
Maintaining a ME concentration of 42 mm in all buffers retarded
the development of such shadows.
PGI activity was not observed in the wash of the first DE52

column, suggesting that all forms present in the crude extract had
bound to the resin. From preliminary studies using step gradients
on this column, it was determined that the cytosolic isozyme (first
peak) eluted at approximately 100 mM KC1 and the plastid iso-
zyme at about 200 mM KCI. The exact position of the activity
peak of a particular isozyme correlated with the mobility of that
isozyme as determined by starch gel electrophoresis. An increase
in mobility was almost invariably accompanied by a shift of the

activity peak to a higher KC1 concentration. The cytosolic iso-
zymes eluted from the Sephacryl column immediately after a
larger mol wt contaminant. Usually, the initial fractions of this
PGI peak contained a significant quantity of the contaminating
protein. However, the trailing one-half of the activity peak for
both the spinach and the cauliflower extractions appeared free of
this contaminant.
The specific activity ofthe cytosolic isozymes from both spinach

(Table I) and cauliflower was approximately 700 IU/mg, which
is similar to that found for yeast PGI (13). The plastid isozymes
exhibited a specific activity of less than one-half this value. No
previous data is available for this isozyme.
The plastid PGI from Clarkia could not be purified using the

described procedure, because it coeluted from the first DE52
column with a viscous contaminant, which caused poor resolution
of proteins on both the Sephacryl and the HAP columns. The
plastid PGI could be freed of the viscous material by a 20 to 40%
ammonium sulfate precipitation after the DE52 column; however,
this resulted in a significant loss of activity.

Dissociation/Reassociation Experiments. Evidence that the
PGI molecules had been dissociated and reassociated was obtained
by two methods. First, a complete loss of enzymic activity was
observed after addition of the guanidine-HCl, and this activity did
not reappear until after the solution had been passed through the
Sephadex G-25 column. Second, an additional activity band of
intermediate mobility was observed after electrophoresis ofcertain
reassociated samples, which originally contained only two en-
zymes. These novel bands were interpreted as hybrid molecules,
consisting of one subunit from each of the two tested enzymes.

This interpretation was verified by experiments involving the
three cytosolic PGI allozymes that could be isolated from sun-
flower (Fig. IA). Genetic investigations (N. F. Weeden, unpub-
lished) established that these enzymes were generated by the three
possible combinations (FF, FS, and SS) of two allelic products, F
(fast mobility) and S (slow mobility). Following electrophoresis
on starch gels, the FF homodimer has the most anodal mobility;
the FS heterodimer migrates slightly more slowly; and the SS
homodimer has the slowest mobility (Fig. IA). Subjecting either
the FF homodimer or the SS homodimer to the dissociation/
reassociation procedure should produce only a single activity band

Table I. Representative Preparation of Phosphoglucose Isomerase Isozymesfrom Spinach

Vol- Total Total
ume Proteinm iv

Ity

Trizma-HCl extract
First DE52 column

Plastid PGI Isolation
Second peak from DE52 column
Sephacryl column chromatography
Hydroxyapatite column
PAGE and soak

ml mg IU lIU/mg
protein

285 570 340 0.6

73 61
42 4.4
44 0.62
4 0.08

94
59
50
24

1.5
13
81

300

Cytosolic PGI Isolation
First peak from DE52 column
DE52 chromatography in Hepes
Sephacryl column chromatography

73
17
44

19 165
0.6 110
0.07 48

8.7 14 76b
183 306 51
690 1100 22C

' Yield based on calculated sum of total activity from both peaks from DE52.
b Yield for both isozymes at this step was taken as 76%, as we could not determine the true yield for each

isozyme. Subsequent yield values were calculated on the basis that 100%o yield for the plastid isozyme would have
been 124 IU and 100o yield for the cytosolic isozyme would have been 217 IU.

c The yield of the Sephacryl column could be increased by taking the whole activity peak; however, the
contaminating proteins would be included (see text).

Fraction Specific
Activity

Purifica-
tion Yield

-fold %

76a

2.5
22
134
500

76b

48
40
20
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FIG. 1. Dissociation/reassociation of sunflower cytosolic PGI allo-
zymes. A, Activity bands present after starch gel electrophoresis of allo-
zyme preparations before dissociation/reassociation procedure. Lane 1,
Raw extract (standard); lane 2, fast homodimer; lane 3, heterodimer; lane
4, slow homodimer; lane 5, mixture of fast and slow homodimers. B,
Activity bands seen on starch gels after all preparations, except the raw

extract, were subjected to the dissociation/reassociation procedure. The
sequence on the gel is the same as that in A. Anode is at top of each
photograph.

after electrophoresis, at a position identical to that of the original
homodimer, whereas, if a sample containing only the FS hetero-
dimer or a mixture of both homodimers were dissociated and
reassociated, all three forms should be evident after electropho-
resis. In every case, the observed activity bands conformed with
the predicted results (Fig. 1B).

Active hybrid enzymes were also produced following dissocia-
tion and reassociation of cytosolic isozymes from different species.
The combinations tested were spinach and Clarkia, cauliflower
and Clarkia, and cauliflower and sunflower. Hybrid dimers of
plastid-specific PGIs were also produced in two combinations
(cauliflower and sunflower, sunflower and spinach). Following
reassociation, the yields varied from 20 to 700o of the original PGI
activity used in the test. Purer preparations and increased concen-
trations of the enzymes gave higher yields.
An additional activity band was not produced when a combi-

nation of a cytosolic isozyme and a plastid isozyme was subjected
to the dissociation/reassociation procedure. To confirm that the
cytosolic and plastid isozymes had both dissociated in such mix-
tures and, thus, had had the opportunity to form hybrid dimers,
two control experiments were performed. In the first experiment,
two distinguishable plastid isozymes and one cytosolic isozyme
were placed in the same solution, and a dissociation/reassociation
reaction was performed on an aliquot. Four activity bands were
observed after electrophoresis of the reassociation mixture (Fig.
2), which corresponded to the three original homodimers and a
novel fourth band which was the hybrid formed between the
plastid subunits. The second control, performed under identical
conditions, consisted of two isozymes, the cytosolic heterodimer
from sunflower plus the cauliflower plastid isozyme. Again, four

FIG. 2. Dissociation/reassociation experiment involving the plastid
PGIs from cauliflower and sunflower and the cytosolic PGI from spinach.
A, 1Mixture of the three enzymes before dissociation/reassociation; B,
mixture after dissociation/reassociation. Anode is at top of figure.

activity bands were observed after electrophoresis, including the
most anodal cauliflower plastid homodimer and the fast, hybrid,
and slow allozymes of the sunflower cytosolic PGI described
earlier (Fig. 1). These results demonstrate that both the plastid
and the cytosolic isozymes dissociate in these mixtures but do not
reassociate with each other to form active hybrid molecules.

Experiments which were designed to identify enzymically in-
active as well as active molecules also indicate that hybrids
between plastid and cytosolic PGI subunits do not form in vitro.
*The protein-stained gel showed only the same two bands as did
the gel stained for PGI activity (Fig. 3). Results from the immu-
nological tests indicated that protein cross-reacting with cytosolic
PGI antiserum was located only in a single region coincident with
the cytosolic PGI homodimer, and the antiserum raised against
plastid PGI reacted only with protein localized in the plastid PGI
activity peak. If hybrid enzymes had been formed, the antibodies
would have cross-reacted with them, because the antisera had
been raised against SDS-denatured isozymes and had recognized
individual subunits as well as the native enzymes (N. F. Weeden,
R. C. Higgins, L. D. Gottlieb, in preparation).
The variation in the background A on the gel stained for protein

was low enough to permit densitometric observation of a peak
10%1o the height of the cytosolic PGI peak (Fig. 3). Similarly, in the
ELISA test, a peak 2% the height of the homodimer cross-reactiv-
ity would have been observable above the background. Thus, if
inactive heterodimers formed, they did so at a very low frequency.
In the parallel tests using purified spinach isozymes, the protein
stain and immunological probe again failed to produce evidence
for the production of heterodimers. These tests were not as sensi-
tive, however, because 5-fold less protein was applied to each gel.
Mol Wt Measurements. Gel filtration on Sephacryl S-200

indicated that the mol wt of spinach, cauliflower, and sunflower
plastid PGIs were all about 140,000 daltons. The cytosolic PGI
from each of these species, as well as that from Clarkia, was
calculated to be 125,000 daltons (Fig. 4). In contrast, the subunits
of both the cytosolic and the plastid isozymes of cauliflower and
spinach exhibited indistinguishable mobilities on Weber-Osbom
gels. This mobility was slightly less than that ofyeast PGI subunits,
indicating a mol wt for the plant PGI subunits of 63,000 daltons.

Temperature Stability of the Isozymes. The results of the heat
sensitivity studies are given in Table II. All forms of PGI tested
were stable at 31 'C for 60 min. After 10-min incubation at 42°C,
all of the plastid PGI isozymes exhibited some loss of activity,
ranging from 14 to 100%o. At this same temperature, none of the
cytosolic isozymes displayed any loss of activity. The best temper-
ature for differentiating cytosolic and plastid PGIs appeared to be
47°C. At this temperature, all plastid PGIs suffered marked loss
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FIG. 3. Protein and immunological search for possible catalytically
inactive hybrid enzymes following dissociation and reassociation of the
cytosolic and plastid PGI isozymes from cauliflower. A, Densitometric
tracing of a tube acrylamide gel stained for PGI activity. Arrow indicates
the expected position of a hybrid enzyme. B, Densitometric tracing of a

tube acrylamide gel stained for protein using Coomassie brilliant blue R-
250. C, Cross-reactivity, as determined by ELISA, ofprotein in gel sections
with antiserum raised against SDS-denatured spinach plastid isozyme.
Cross-reactivity of material contained in a 0.25-cm segment of gel should
be directly proportional to the A measurement. D, Cross-reactivity, as

determined by ELISA, of protein in gel sections with antiserum raised
against SDS-denatured spinach cytosolic isozyme. All graphs have the
same abscissa. Densitometric scans were obtained on a Quick Scan Jr.
(Helena Laboratories, Beaumont, TX) using a filter transmitting at 550 to
575 nm. Absorbance was measured on a Titertek Multiscan (Flow Labo-
ratories, Rockville, MD).

of activity (35 to 100%o inactivation) after 10 min, while most
cytosolic isozymes were stable for 40 min.

Zinc Inhibition of Spinach PGI Isozymes. Purified spinach
plastid PGI was completely inhibited by 5 mm Zn2+. The activity
of the cytosolic isozyme at this Zn2+ concentration was reduced to
49% of the activity of the untreated control. Higher Zn2+ concen-

trations could not be tested, due to the formation of a zinc
hydroxide precipitate at pH 7. At 1 mm Zn2+, less than 10%Yo
inhibition was observed for the plastid isozyme, and none was

observed for the cytosolic.

DISCUSSION

The experiments reported in this paper demonstrate that both
plastid and cytosolic PGI isozymes can be dissociated into their
respective subunits, that plastid subunits from different plant
species could be reassociated into active hybrid enzymes, that

20
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FIG. 4. Mol wt determination of plastid and cytosolic PGI isozymes

using Sephacryl S-200 column chromatography. Standards are glyceral-
dehyde 3-P dehydrogenase (143,000), yeast PGI (120,000), hemoglobin
(66,000), and ovalbumin (43,000).

different cytosolic subunits could also be reassociated into active
enzymes, but that neither active nor inactive hybrid molecules
could be formed between plastid and cytosolic subunits. The
dissociation/reassociation experiments were performed with rig-
orous controls. These included the use of a combination of iso-
zymes in the same mixture, to confirm that all forms were disso-
ciated, and the search for inactive hybrid molecules by protein
staining and immunological techniques. The dissociation/reasso-
ciation procedure is probably applicable to various other proteins
and can be used for similar studies on other isozyme systems.
The inability of plastid and cytosolic PGI subunits to bind each

other in vitro provides an explanation for the absence of such
hybrid dimers in vivo and reflects a significant divergence in the
binding regions of the two polypeptides. It should be emphasized
that the results do not preclude the possibility that other mecha-
nisms are also controlling subunit association. The apparent ab-
sence of active plastid-specific isozymes in the cytosol indicates
that such a mechanism may be preventing the association of the
subunits ofthis isozyme before they enter the plastid compartment.
The plastid PGI subunit may be synthesized initially as a larger
precursor, as is the case for the small subunit of ribulose bisphos-
phate carboxylase (2, 10). The additional polypeptide segment on
the original translation product may be necessary for transport of
the precursor molecules across the plastid envelope (10). Such a
segment may also alter the folding properties of the plastid PGI
subunits, thus preventing dimerization. A similar suggestion has
been made for nuclear-coded mitochondrial enzymes (8). In ad-
dition, such a mechanism may further inhibit any interaction
between cytosolic subunits and the plastid subunits in the cytosol.
The plastid and cytosolic PGIs differed in several other char-

acteristics. The mol wt determinations suggest that the cytoplasmic
PGI is a more compact molecule than is the plastid isozyme. The
two isozymes also exhibit considerable antigenic differences, as
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Table II. Temperature Stability ofPGI Isozymes

Percentage of Activity Remaining after Incubation
Incubation Duaino
Temperato nDuration of Plastid PGIs Cytosolic PGIsTepr- Incubation______________________ _________

ture
Spina Caul Sunf Clar Spin Caul Sunf Clar

°C min
31 60 86 100 100 100 100 100 100 100
42 10 0 86 85 42 100 100 100 100
47 10 0 4 65 20 87 100 100 100
47 40 0 0 26 0 63 100 100 100
50 10 0 0 NDb ND 27 ND ND 100

a Spin, spinach; Caul, cauliflower; Sunf, sunflower; Clar, Clarkia.
b Not determined.

the cross-reactivity of the heterologous antigen with either anti-
serum was very low (Fig. 3). Furthermore, the specific activity of
the cytosolic form was over twice that of the plastid enzyme. That
this difference was not an artifact produced by the extraction
procedure was indicated by the observation that the ratio of
activity to protein as determined by area under the curves for the
cytosolic PGI peak in Figure 3 is 3 times that for the plastid PGI
peak. The subunits able to reassociate to form these active enzymes
were at least intact and probably unmodified by the extraction
procedure, making this relative specific activity figure a very good
approximation.
The plastid and cytosolic PGIs generally have distinct electro-

phoretic mobilities, with the plastid form always being faster (6,
7, 11). This difference provides a convenient method for the
separation of the two isozymes using anion exchange chromatog-
raphy (e.g. the first DE52 column in our procedure). It also makes
it possible to identify the plastid and cytosolic isozymes in three
previous studies, in which their intracellular locations were not
reported. Thus, the 'GPI II' in maize (16) and the 'phosphoglu-
coisomerase III' in sweet potato (17) were most likely the plastid
isozymes, because they eluted from a DEAE column at about 0.2
M salt concentration. The PGI enzyme purified from pea (22) is
probably the cytosolic form, because it eluted from DEAE cellu-
lose at 0.1 M NaCl.

This interpretation is supported by the different heat sensitivities
of the two isozymes. Both the GPI II of maize (16) and the PGI
III from sweet potato (17) were reported to be heat labile compared
to the other isozyme(s), as was found for the plastid isozymes of
spinach, cauliflower, sunflower, and Clarkia. Finally, the maize
GPI II was reported to be inhibited by zinc, whereas the other
forms were not (16). Based on our results with the spinach
isozymes, this would again indicate that GPI II was the plastid
isozyme.

Sweet potato extracts clearly show the plastid PGI isozyme
when subjected to starch gel electrophoresis, although the activity
of this form comprises only a small fraction of the total activity in
the extract. The inability of Phillips et al. (14) to confirm the
findings of Sasaki et al. (17) may reflect differences in the extrac-
tion procedure. The latter group subjected the raw extract to a 20
to 45% ammonium sulfate cut before column chromatography.
We have found that such a fraction from spinach or Clarkia
extracts contains primarily the plastid isozyme. At least 60%o
saturated ammonium sulfate solution is required to obtain good
precipitation ofthe cytosolic form. Thus, it is likely that the extract
placed on the DEAE cellulose column by Sasaki et al. was
significantly enriched in the plastid isozyme. Phillips et al. (14)
did not include an ammonium sulfate precipitation step and
probably overlooked the smaller activity peak of the plastid
isozyme.

Except for their catalysis and certain kinetic properties (4, 19),
the cytosolic and plastid PGIs from dicotyledonous plants appear

to be strikingly different molecules. The subunits differ in their
binding regions and their immunological properties, while the
intact enzymes display distinct heat sensitivity profiles, zinc inhi-
bition properties, and apparent mol wt. These structural and
kinetic disparities must reflect a considerable divergence between
the genes coding the two subunits. It remains to be seen whether
the heterogeneity exhibited by these two nuclear genes is charac-
teristic of most plastid/cytosolic isozyme pairs or if the PGI
isozymes are exceptional in their divergence.

LITERATURE CITED

1. ANDERSON LE, D LEVIN 1970 Chloroplast aldolase is controlled by a nuclear
gene. Plant Physiol 46: 819-820

2. CHUA N, GW SCHMIDT 1978 Post-translational transport into intact chloroplasts
of a precursor to the small subunit of ribulose-1,5-bisphosphate carboxylase,
Proc Natl Acad Sci USA 75: 6110-6114

3. ENGVALL E, P PERLMAN 1972 Enzyme-linked immunosorbent assay, ELISA. III.
Quantitation of specific antibodies by enzyme-labeled anti-immunoglobin in
antigen-coated tubes. J Immunol 109: 129-135

4. GOTTLIEB LD 1977 Evidence for duplication and divergence of the structural
gene for phosphoglucoisomerase in diploid species of Clarkia. Genetics 86:
289-307

5. GOTTLIEB LD, LC GREVE 1981 Biochemical properties of duplicated isozymes of
phosphoglucose isomerase in the plant Clarkia xantiana. Biochem Genet 19:
155-172

6. GOTTLIEB LD, NF WEEDEN 1979 Gene duplication and phylogeny in Clarkia.
Evolution 33: 1024-1039

7. GOTTLIEB LD, NF WEEDEN 1981 Correlation between subcellular localization
and phosphoglucose isomerase variability. Evolution 35: 1019-1022

8. HARMEY MA, W NEUPERT 1979 Synthesis of mitochondrial citrate synthase in
Neurospora crassa, FEBS Lett 108: 385-389

9. HEDRICK JL, AJ SMITH 1968 Size and charge isomer separation and estimation
of molecular weights of proteins by disc gel electrophoresis. Arch Biochem
Biophys 126: 155-164

10. HIGHFIELD PE, RJ ELLIS 1978 Synthesis and transport of the small subunit of
chloroplast ribulose bisphosphate carboxylase. Nature (Lond) 271: 420-424

11. IRELAND RJ,DT DENNIS 1980 Isozymes of the glycolytic and pentose-phosphate
pathways in storage tissues of different oilseeds. Planta 149: 476-479

12. LAEMMLI UK 1970 Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond) 227: 680-685

13. NAKAGAWA Y, EA NOLTMANN 1965 Isolation of crystalline phosphoglucose
isomerase from brewers' yeast. J Biol Chem 240: 1877-1881

14. PHILLIPS TL, DW PORTER, RW GRAcY 1975 Nature of the multiple forms of
sweet-potato glucose phosphate isomerase. Biochem J 147: 381-384

15. ROE JH 1937 A colorimetric method for the determination of fructose in blood
and urine. J Biol Chem 107: 15-22

16. Roy H, B TERENNA, LC CHEONG 1977 Synthesis of the small subunit of ribulose-
1,5-bisphosphate carboxylase by soluble fraction polyribosomes of pea leaves.
Plant Physiol 60: 532-537

17. SALAMINI F, CY TSAI, OE NELSON 1972 Multiple forms of glucosephosphate
isomerase in maize. Plant Physiol 50: 256-261

18. SAsAKIT, H HoSODA, K TADOKORO, S SUZUKI 1972 Isoenzymes of phosphoglu-
coisomerase in sweet potato. Phytochemistry 11: 2981-2983

19. SCHNARRENBERGER C, A OESER 1974 Two isoenzymes of glucosephosphate
isomerase from spinach leaves and their intracellular compartmentation. Eur
J Biochem 45: 77-82

20. SCHNARRENBERGER C, M TETOUR, M HERBERT 1975 Development and intracel-
lular distribution ofenzymes ofthe oxidative pentose phosphate cycle in radish
cotyledons. Plant Physiol 56: 836-840

21. SIMcox PD, DT DENNIS 1978 Isoenzymes ofthe glycolytic and pentose phosphate

722 Plant Physiol. Vol. 69, 1982



PHOSPHOGLUCOSE ISOMERASE ISOZYMES

pathways in proplastids from the developing endosperm of Ricinis communis
L. Plant Physiol 61: 871-877

22. TAKEDA Y, S HIZUKUIU, Z NIKUNI 1967 Crystallization and properties of pea
glucosephosphate isomerase. Biochim Biophys Acta 146: 568-575

23. TAMAKI N, B HESS, T IKEDA, K KIMURA, T HAMA 1980 Mild purification
procedure and subunit structure of glucosephosphate isomerase from baker's
yeast. Hoppe-Seyler's Z Physiol Chem 361: 61-68

24. WEBER K, M OSBORN 1975 Proteins and sodium dodecyl sulfate: Molecular

weight determination on polyacrylamide gels and related procedures. In H
Neurath, RL Hill, eds, The Proteins. Academic Press, New York, pp 179-223

25. WEEDEN NF, LD GOTTLIEB 1979 Distinguishing allozymes and isozymes of
phosphoglucoisomerase by electrophoretic comparisons of pollen and somatic
tissues. Biochem Genet 17: 287-296

26. WEEDEN NF, LD GOimIEB 1980 Isolation of cytoplasmic enzymes from pollen.
Plant Physiol 66: 400-403

27. WEEDEN NF, LD GOTmIEB 1980 The genetics of chloroplast enzymes. J Hered
71: 392-3%

723


