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Abstract The localization of the aldolase B isozyme was determined immunohistochemically in rat kidney and
liver using a polyclonal antibody. Aldolase B was preferentially localized in a nuclear region of hepatocytes from the
periportal region and was absent in those from the perivenous region. Aldolase B was also preferentially localized in
the proximal tubules and was absent in other structures of the renal cortex as well as in the renal medulla. Using
reflection confocal microscopy, the enzyme was preferentially localized in a nuclear position in liver and renal cells,
which was similar to the cellular and intracellular location found for the gluconeogenic enzyme fructose-1,6-
bisphosphatase (Sáez et al. [1996] J. Cell. Biochem. 63:453–462). Subcellular fractionation studies followed by enzyme
activity assays revealed that aldolase activity was associated with subcellular particulate structures. Overall, the data
suggest that different aldolase isoenzymes are needed in the glycolytic and gluconeogenic pathways. J. Cell. Biochem.
78:62–72, 2000. © 2000 Wiley-Liss, Inc.
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Fructose-1,6-bisphosphate aldolase (aldol-
ase; fructose 1,6-bisphosphate D-glyceraldehyde
3-phosphate lyase; EC 4.1.2.13), a key enzyme of
the gluconeogenic and glycolytic pathways, cata-
lyzes the reversible conversion of fructose-1,6-
bisphosphate to glyceraldehyde 3-phosphate and
dihydroxy-acetone phosphate [Morse and
Horecker, 1968]. In mammalian tissues there are
three aldolase isozymes, commonly referred as A,
B, and C [Rajkumar et al., 1966; Lebherz and
Rutter, 1969; Penhoet and Rutter, 1975]. The A
and C forms of the enzyme (found in muscle and
brain, respectively) have a markedly higher cat-
alytic preference for fructose 1,6-bisphosphate
over fructose 1-phosphate, whereas the B form of

the enzyme, found in liver and kidney, shows no
particular preference for either substrate [Eagles
and Iqbal, 1973]. The aldolase isozymes are tet-
ramers composed of identical subunits of molec-
ular weight around 39,500. Each subunit has
an active center lysine residue that forms a
covalent Schiff base intermediate during the
catalytic cycle [Littlechild and Watson, 1993].
The regulation of the transcription of the al-
dolase gene has been studied in liver [Gregori
et al, 1993., Ito et al, 1998], kidney [Vallet et
al., 1995], and tumor cells [Schaffer et al.,
1997].

The classical concept of the glycolytic path-
way (or the gluconeogenic pathway) as a sys-
tem of freely soluble components located in the
cytoplasm of cells is controversial. Many stud-
ies indicate that glycolytic enzymes do not exist
in a soluble form only; they also may be revers-
ibly associated with cellular structures [Mas-
ters et al., 1987; Srere, 1987]. Moreover, glyco-
lytic enzymes are supposed form clusters that
allow channeling of substrate [Stephan et al.,
1986; Neuzil et al., 1990; Tompa and Batke,
1990; Ovadi, 1995]. Interestingly, we have
found that the gluconoegenic enzyme FBPase
is located at the nuclear periphery in rat liver
and kidney cells [Sáez et al., 1996]. Since al-
dolase and FBPase catalyzes sequential reac-
tions, it seems reasonable to consider the idea
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that they form part of a multienzyme complex.
Such “enzyme clusters” could provide a suit-
able device in the control of metabolic cross-
roads by increasing the efficiency of the se-
quential catalytic steps throughout the
decrease of transit time for the passage of me-
tabolites between the enzymes. We recently
demonstrated by using equilibrium chromatog-
raphy that specific interactions between FB-
Pase and aldolase B from pig kidney occur, and
also that these interactions are modulated by
the substrate [Sáez and Slebe, 1999, unpub-
lished data]. The results support the notion
that both enzymes would have a similar intra-
cellular localization. Since there are no data on
the intracellular localization of aldolase B in
liver and kidney, it was important to determine
the localization of this enzyme.

Regulation of glycolysis and gluconeogenesis
is extremely important in organs and tissues,
such as the liver and renal cortex, sharing both
capabilities. It has been suggested that glucose
in the liver periportal zone is mainly formed by
gluconeogenesis and glycogenolysis, while in
the perivenous zone it is generated by glycoly-
sis linked to liponeogenesis [Sasse et al., 1975].
Such a zonation would be analogous to renal
cortex heterogeneity, with gluconeogenesis be-
ing located in the proximal and glycolysis in
the distal tubules [Schmidt et al., 1975]. We
observed [Sáez et al., 1996] that FBPase was
preferentially localized in hepatocytes of the
periportal region of the liver and was absent
from the perivenous region. The enzyme was
also preferentially localized in the cortex of the
kidney proximal tubules.

The aim of the present work was to localize
aldolase B by immunocytochemistry and ana-
lyze the distribution of enzymatic activity by
subcellular fractionation, with the hope of
gaining further insight into the physiological
role of this enzyme.

MATERIALS AND METHODS

Antibody Production

A rabbit antiserum against purified pig kid-
ney aldolase B [Alarcón et al., 1971] was pre-
pared. White rabbits received two subcutane-
ous injections at 1-week intervals of an
emulsified mixture of purified aldolase B
(2 mg) and Freund’s complete adjuvant (first
injection) or incomplete adjuvant (second injec-
tion). One week after the second injection, a

booster injection of 4 mg of pure aldolase B was
given. Ten days after the booster injection the
rabbits were bled, and the presence of antibod-
ies was checked by Western blotting. Rabbit
serum immunoglobulins were prepared by am-
monium sulfate precipitation, followed by
DEAE-cellulose chromatography as described
[Deutsch, 1967].

Western Blot

Sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed
according to Laemli [1970], using a minigel
apparatus. The final acrylamide monomer con-
centration in the slab gels was 10% (w/v) for
the separating gel and 4% (w/v) for the stack-
ing gel. Protein was transferred from poly-
acrylamide gels to nitrocellulose membranes
electrophoretically, using the procedure of
Tsang et al. [1983]. The nitrocellulose-bound
protein was probed with the anti-aldolase B
serum (1:100,000), and the antibody-antigen
interactions were detected using peroxidase
coupled to goat anti-rabbit IgG. The use of
higher concentrations of antibody (1:50,000)
improved the strength of the signal without
increasing the nonspecific staining in immu-
nodots (data not shown).

Tissue Immunocytochemistry

Renal and hepatic tissue obtained from adult
Holtzman rats (body weight, 300–350 g) was
fixed in Bouin’s fluid, 4% (v/v) formal-saline or
periodate-lysine-paraformaldehyde buffered at
pH 7.4 [McLean and Nakane, 1974], for 24 h at
room temperature. Fixed samples were dehy-
drated in ethanol and embedded in Paraplast
plus (Monoject Scientific, St. Louis, MO) or
Hiscosec (Merck, Darmstadt, Germany). Im-
munostaining was performed according to the
peroxidase/anti-peroxidase (PAP) method
[Sternberg et al., 1970] with the modifications
described earlier [Figueroa et al., 1984, 1988;
Sáez et al., 1996]. Briefly, dewaxed tissue sec-
tions were treated with absolute methanol 10%
(v/v) H2O2 for 15 min, rehydrated, and washed
with 0.05 M Tris-HCl, 0.15 M NaCl, pH 7.8,
each. Anti-aldolase B antibodies were used. Di-
lution varied from 1/250 to 1/1,000 in the same
buffer containing 1% (w/v) of immunoglobulin-
free BSA. Incubation with the first antiserum
was performed overnight at 22°C in a water
bath that was used as a moist chamber. The
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second antibody (swine anti-rabbit IgG, Dako,
Glostrup, Denmark, Denmark) at a dilution of
1:80 and the PAP complex (Dako) at 1:100 were
applied for 30 min each. Peroxidase activity
was visualized by incubating the sections in
0.1% (w/v) 0f 3.39-diaminobenzidine (Sigma, St.
Louis, MO) and 0.03% (v/v) of H2O2 for 15 min
in the dark.

Controls for the immunostaining procedure
were prepared by omission of the first antibody
and its replacement by nonimmune rabbit se-
rum at the same dilution. Alternatively, the
first antibody was preabsorbed overnight at
4°C with an excess of the same aldolase B used
for immunizations, and then centrifuged at
10,000g to remove the immune precipitates. In
further controls, we used an antibody prepared
against pig kidney FBPase [Sáez et al., 1996]
and the C-terminal region of the low-affinity
facilitative glucose transporter GLUT2 (East
Acres Biologicals, Southbridge, MA).

Stained sections were examined with a Zeiss
(Thornwood, NY) laser scanning confocal mi-
croscope equipped with argon ion laser
(488 nm) illumination at the Centro de Equipo
Mayor (CEM) of the Facultad the Ciencias,
Universidad de Chile. The system was oper-
ated in the transmission mode for routine ex-
amination, and in the reflection contrast mode
for scanning through the nuclei.

Subcellular Fractionation

Renal and hepatic tissue was obtained from
Holtzmann rats. Fractionation by differential
centrifugation into cytoplasmic extract (E), nu-
clear (N), heavy mitochondria (M), light mito-
chondria (L), microsomal (P), and supernatant
(S) fractions was performed as described [de
Duve et al., 1955]. Marker enzymes for peroxi-
somes (catalase), mitochondria (glutamate de-
hydrogenase), microsomal fractions (NADPH:
cytochrome c reductase), lysosomes (acid phos-
phatase), and the soluble compartment (phos-
phoglucomutase), as well as protein, were mea-
sured as described [Bronfman et al., 1984].

Aldolase B activity was assayed spectrofoto-
metrically at 30°C by following the rate of NADH
consumption at 340 nm in the presence of an
excess of both gliceraldehyde-3-phosphate dehy-
drogenase and triose phosphate isomerase [Ra-
jkumar et al, 1966; Alarcón et al, 1971]. The
assay system of 0.5 ml contained 35 mM Tris-
HCl buffer, pH 7.5, 0.1 mM EDTA, 3.3 mM
2-mercaptoethanol, 0.6 mM fructose 1,6-

bisphosphate, 0.1 mM NADH, 1.5 mg of al-
dolase, 8.7 U of triose phosphate isomerase,
and 3 U of gliceraldehyde-3-phosphate dehy-
drogenase, and Triton X-100 as indicated in
Table I. The reaction was initiated by the ad-
dition of aldolase. One unit of enzyme activity
is defined as the amount of aldolase B that
catalyzed the formation of 1 mmol of NAD1 per
min under the conditions described. The con-
centration of aldolase B was determined by
absorbance at 280 nm using a e1 mg/ml value of
0.89 [Penhoet et al., 1969].

RESULTS
Characterization of the Anti-Aldolase

B Antibody

The specificity of the anti-aldolase B anti-
body was assesed by immunobloting. The anti-
aldolase B antibody immunostained a single
band in rat kidney extracts, with an apparent
subunit molecular weight of approximately
39,500 (Fig. 1, lane 3). The immunoreactive
band migrated identically to purified aldolase
B from pig kidney (Fig. 1, lane 4). Parallel
Coomassie blue staining revealed the presence
of more than 40 different protein bands in the
rat kidney sample (Fig. 1, lane 1), indicating
the elevated specificity of the anti-aldolase B
antibody. Only one protein band was in the
lane containing the purified aldolase B from
pig kidney (Fig. 1, lane 2), indicating the high
degree of purity of the sample utilized to elicit
the anti-aldolase B antibody. Confirming the
specificity of the anti-aldolase B antibody, no

TABLE I. Subcellular Distribution of
Aldolase From Rat Liver and Kidneya

Fraction

Enzyme activity
(U/g tissue)

Liver Kidney

A B A B

Initial homogenate (H) 5.3 2.7 4.4 2.0
Citoplasmic extract (E) 4.5 2.9 3.1 1.95
Nuclear fraction (N) 0.08 0.02 0.66 0.13
Heavy mitochondria (M) 0.25 0.12 0.34 0.07
Light mitochondria (L) 0.25 0.18 0.48 0.20
Microsomal fraction (P) 0.15 0.08 0.19 0.05
High-speed supernatant (S) 3.30 2.80 1.30 1.04

aA, aldolase activity in fractions; B, fractions were prein-
cubated with 0.1% Triton X-100 at 20°C, for 20 min. Aldo-
lase activity was assayed in the presence of 0.004% Triton
X-100.
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reactivity was observed when the blots were
incubated with a preabsorbed antibody or pre-
immune serum (data not shown).

Immunolocalization of Aldolase B in Rat Kidney
and Liver Cells

Rat kidney sections were highly immunore-
active with the anti-aldolase B antibody (Fig.
2A,B). Particularly intense staining was seen
in the cortex, specifically in the proximal tu-
bules. No immunoreactivity was observed in
glomeruli, ascending and descending loops of
Henle, collecting tubules, and distal tubules;
staining was also absent in the renal medulla
(data not shown). In addition to the immuno-
reactive material associated with the cyto-
plasm and the plasma membrane, aldolase B
immunoreactive cells showed a clear staining
associated with the entire nucleus (Fig. 2A,B).
Prominent nuclear staining was also seen in
hepatocytes from periportal regions (Fig.
2D,E), although immunoreactive material was
also present in the cytoplasm and associated
with the cell membrane. No immunoreactive

material was observed in the cells of the
perivenous regions and in the endothelial cells
and bile duct epithelial cells (data not shown).
Confirming the specificity of the anti-aldolase
B antibody, no immunoreactivity was observed
in samples probed with preimmune IgG (Fig.
2C,F).

The results of the immunolocalization exper-
iments were consistent with the nuclear local-
ization of aldolase, in rat kidney and liver cells.
As a control for a nuclear localization of al-
dolase, sections from rat liver were reacted
with an antibody for the glucose transporter
GLUT 2, which is specifically expressed in liver
[De Vos et al., 1995]. No nuclear staining was
observed in these experiments with the immu-
noreactive material mainly associated with the
plasma membrane (data not shown), the well-
known subcellular localization of GLUT 2.

Nuclear Localization of Aldolase B in Rat
Kidney and Liver Cells

The immunostaining pattern with the anti-
aldolase B antibody seen with conventional
light microscopy (Fig. 2) suggested the associ-
ation of aldolase B with the nuclei of rat liver
and kidney cells. Further analysis using confo-
cal microscopy clearly demonstrated a nuclear
localization of aldolase B in both liver and kid-
ney cells (Figs. 3–5). A composite figure, ob-
tained by superimposing a confocal microscope
image (viewed in reflection contrast mode,
green) on the conventional light microscopy im-
age, showed the nuclear staining with the anti-
aldolase B antibody in liver cells of the peripor-
tal region (Fig. 3B). When the same field was
viewed only in the reflection contrast mode
(Fig. 3A) and a set of confocal images was
taken at 0.25-mm intervals, the antibody stain-
ing was confined to the perinuclear region (Fig.
4). It must be noted that although aldolase
showed perinuclear localization, there also was
nuclear staining. When kidney samples were
analyzed by using the same technique (Figs.
3C,D, 5), an association of aldolase B with the
nuclei was obtained; nevertheless, some pe-
rinuclear staining also was revealed.

Subcellular Distribution of Aldolase

The results of rat liver and kidney fraction-
ation are shown in Table I. In two experiments,
1–1.2 g of tissue were fractionated by differen-
tial centrifugation as described in Materials

Fig. 1. Characterization of the anti-aldolase B-antibody. Left:
Coomassie blue-stained acrylamide gel after SDS-PAGE. Lane
1, 40 mg of a partially purified preparation of aldolase. Lane 2,
2.5 mg of pure adolase. Right: Samples were fractionated by
SDS-PAGE, transferred to nitrocellulose membranes, and re-
acted with the anti-aldolase antibody followed by a peroxidase-
labeled secondary antibody as described in Materials and
Methods. Lane 3, partially purified sample of aldolase; lane 4,
pure aldolase.
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and Methods, and the subcellular compart-
ments were identified by their corresponding
marker enzymes. In both tissues, the aldolase
activity was clearly present in all the fractions

(Table I). The data of the aldolase activity in-
dicate that no activity was apparently lost dur-
ing the fractionation procedure. Unexpectedly,
when the different fractions were treated with

Fig. 2. Localization of aldolase B in rat kidney and liver by conventional light microscopy. A: Nuclear staining of
kidney proximal tubule cells reacted with the anti-aldolase B antibody. Bar, 60 mm. B: Higher magnification of a
kidney sample, showing the nuclear staining with the anti-aldolase B antibody. Bar,10 mm. C: Control, showing
absence of immunoreactivity in kidney cells reacted with a preimmune IgG. Bar, 60 mm. D: Nuclear staining in rat
hepatocytes surrounding the periportal region and reacted with the anti-aldolase antibody. Bar, 240 mm. E: Higher
magnification of a liver sample, showing nuclear staining with the anti-aldolase B antibody. Bar, 15 mm. F: Control,
showing absence of reactivity in rat liver cells reacted with a preimmune IgG. Bar, 240 mm.
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Triton X-100 prior to measuring aldolase activ-
ity, we observed a clear decrease in the amount
of aldolase activity present in the fractions
from both liver and kidney. On the other hand,
Triton X-100 did not have the same effect on
the amount of aldolase activity detected in the
high-speed supernatant. In liver and kidney
cells, there was approximately a 2.0–4.0-fold
decrease in the amount of the aldolase activity
in the fractions. Control experiments indicated
that the aldolase activity determination was
not affected by the presence of Triton X-100, a
result that is consistent with the lack of effect

of Triton X-100 on the aldolase activity present
in the high-speed supernatant. Overall, the
data are compatible with an activation of al-
dolase when the enzyme is associated with par-
ticulate elements.

DISCUSSION

The most striking observation of this study is
that the glycolytic and gluconeogenic enzyme
aldolase B has perinuclear and nuclear local-
ization in rat liver and kidney cells. These find-
ing were substantiated by immunocytochemis-
try at light microscopy and were confirmed

Fig. 3. Localization of aldolase B in liver and kidney cells by confocal microscopy. A and C: Nuclear staining for
aldolase B in reflection contrast mode in proximal tubules (A) or in hepatocytes (C) from the periportal region. Bar,
10 mm. B and D: Same field as in A and C, viewed in a composite figure obtained by superimposing a reflection
contrast image (green) on the conventional light microscopy image (red), showing nuclear staining for aldolase B.
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with the use of reflection confocal microscopy.
The localization of aldolase, which is similar to
that found for FBPase [Sáez et al., 1996], con-
trasts with the traditional notion that these
enzymes, as well as the majority of the glyco-
lytic enzymes, are located in the soluble portion
in the cell [Maretzki et al., 1989; Brooks and
Storey, 1991]. They have been considered “sol-
uble” enzymes since they are easily extracted
in a soluble form from various cell types.

It has been shown that certain proteins, like
gliceraldehyde-3-phosphate dehydrogenase and
others [Singh and Green, 1993] which can be
found in the nucleus and in the cytoplasm of

the cell, are involved in other cellular activities
unrelated to their primary function. In fact,
there are examples of proteins whose combined
functions are believed to link the energy me-
tabolism to certain activities related to the reg-
ulation of gene expression [Singh and Green,
1993]. Interestingly, it has been reported that
human muscle glycogen synthase may possess
some additional functions not yet described
[Ferrer et al., 1997], which involve its shuttling
between the nucleus and the cytoplasm. Con-
versely, the accumulation of rat liver glucoki-
nase in the nucleus, and its translocation to
cytoplasm in response to glucose, may only con-

Fig. 4. Localization of aldolase B at the nuclear periphery in liver cells by confocal microscopy: Series of confocal
images, at 0.25-mm intervals, through the nuclei from Figure 3, bottom row. Bar, 10 mm.
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stitute an additional regulatory effect of its
activity [De la Iglesia et al., 1999]. Whether
aldolase B has some additional functions, or its
subcellular localization constitutes a regula-
tory mechanism of its activity, cannot be estab-
lished with the present data. Nevertheless, an
extra function to its enzymatic activity appears
to be plausible, in view of the data which sug-
gest that aldolase plays a critical role in the
dynamic association of GLUT4 vesicles with
the actin cytoskeleton [Kao et al., 1999], i.e.,
aldolase functions as a scaffolding protein for
GLUT4.

There is evidence that certain enzymes of
the glycolytic and gluconeogenic systems may
be associated with specific subcellular partic-
ulate elements, and that the complexes of
sequential metabolic enzymes are often
bound to structural elements of the cell
[Srere, 1987; Masters et al., 1987; Shearwin
et al., 1990]. The glycolytic type III isozyme
of hexokinase [Preller and Wilson, 1993] has
been found associated with the nuclear pe-
riphery. Likewise, there are data indicating
that aldolase in fibroblasts [Pagliaro and
Taylor, 1988; Minaschek et al., 1992] and

Fig. 5. Localization of aldolase B at the nuclear periphery in kidney cells by confocal microscopy. Series of
confocal images, at 0.25-mm intervals, through the nuclei from Figure 3, top row. Bar, 10 mm.
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glucose-6-phosphatase in muscle and endo-
thelial cells [Watanabe et al., 1986; Borgers
et al., 1971] are associated with structures in
the perinuclear region.

There is also evidence for the existence of
specific interactions between many “soluble”
sequential enzymes of metabolic pathways
[Srivastava and Bernhard, 1986; Srere, 1987].
The data indicate that there are few, if any,
free enzymes within cells. It is noteworthy that
FBPase and aldolase B not only have the same
intracellular location, but also that there are
specific interactions between both enzymes,
which are modulated by the substrate [Sáez
and Slebe, 1999, unpublished data]. The forma-
tion of a complex between these metabolically
sequential enzymes could facilitate channeling
of fructose-1,6-bisphosphate and/or alter the
kinetic properties of the enzymes and thereby
contribute to the gluconeogenic flux.

The immunohistochemical data indicating
the perinuclear and nuclear localization of al-
dolase B in rat liver and kidney cells appear to
be at odds with the homogeneization data in-
dicating the presence of aldolase activity in the
high-speed supernatant of these cells and a low
enzymatic activity in the corresponding nu-
clear fraction. These observations can be rec-
onciled if we consider the possibility that al-
dolase is associated with the nuclear structures
through weak interactions that are easily bro-
ken during disruption of the ordered intracel-
lular structure and environment that results
from the homogenization process. It is also pos-
sible that the primary effect of the homogeni-
zation process is the disruption of the delicate
anatomic integrity of the subcellular compo-
nents associated with the nuclear periphery
with which aldolase is associated, without nec-
essarily destroying the interaction between al-
dolase and these subcellular structures. Sup-
port for this hypothesis is provided by the
results of fractionation studies (Table I) that
showed that aldolase activity present in the
initial homogenate and in the cytoplasmic ex-
tract fraction was decreased by incubating
these fractions in the presence of Triton X-100
prior to performing the enzymatic assay, while
this treatment had no effect on the activity
present in the high-speed supernatant. A pos-
sible explanation for this detergent effect is
that binding of aldolase to particulate struc-
tures generates a more active enzyme confor-
mation state. Overall, our data indicate that

the presence of a given enzymatic activity in a
high-speed supernatant is not a definitive proof
that such an enzyme corresponds to a “soluble
enzyme.”

The model of “metabolic zonation” proposes
that gluconeogenesis and glycolysis are spa-
tially separated in periportal and pericentral
(perivenous) hepatocytes [Jungermann and
Sasse, 1978; Jungermann and Katz, 1989], and
also in proximal and distal kidney tubules. The
model is based on the observation that peripor-
tal and perivenous liver cells, and proximal
and distal kidney tubules, present different
patterns of enzyme activity [Gumucio, 1989;
Ross and Guder, 1982, respectively], and im-
plies that the preferential location of metabolic
pathways in separate distinct zones of liver
and kidney is of mayor importance for organ
function. Nevertheless, some of this data could
also be interpreted as representing an artifact
which occurred during the experimental proce-
dure employed.

There are no data available on the localiza-
tion of aldolase B in the liver, and there are
only a few studies in the kidney. Electro-
phoretic analysis of samples dissected from
rabbit kidney revealed both A-type and B-type
aldolases in the zymogram of the cortex and
aldolase A in the medulla [Lebherz and Rutter,
1969]. In addition, detection of enzyme activity
in tissue sections of rat kidney have shown
aldolase A mainly in the medulla and aldolase
B in the cortex and glomeruli [Wachsmuth et
al., 1975]. Nevertheless, data favoring particu-
late localization of these enzymes would make
use of immunohistochemical techniques. Our
immunohistochemical data, showing that al-
dolase B is exclusively localized in proximal
tubules in the cortex of the kidney and prefer-
entially in hepatocytes of the periportal region
of the liver and is absent in those of the
perivenous region, are consistent with the con-
cept of metabolic zonation in both organs. The
expression of the aldolase B gene in the proxi-
mal tubules by using RT/PCR was recently re-
ported [Vallet et al., 1995]. The overall data
strengthen the notion that different aldolase
isoenzymes participate in glycolysis and glu-
coneogenesis: probably aldolase B in gluconeo-
genesis, and aldolase A in glycolysis. Interest-
ingly, the work of Wojtas et al. [1997] confirms
the idea that a catalytically competent enzyme
content is not sufficient for proper cell function,
and that enzyme location and specific enzyme
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interactions are also critical for physiological
function.
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