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Abstract

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was considered a classical glycolytic protein involved exclusively in cytosolic

energy production. However, recent evidence suggests that it is a multifunctional protein displaying diverse activities distinct from its

conventional metabolic role. These new roles for GAPDH may be dependent on its subcellular localization, oligomeric state or on the

proliferative state of the cell. GAPDH is encoded by a single gene without alternate splicing. The regulatory mechanisms are unknown

through which an individual GAPDH molecule fulfills its non-glycolytic functions or is targeted to a specific intracellular localization.

Accordingly, as a first step to elucidate these subcellular regulatory mechanisms, we examined the interrelationship between the intracellular

expression of the GAPDH protein and its glycolytic function in normal human fetal and senior cells. GAPDH localization was determined by

immunoblot analysis. Enzyme activity was quantitated by in vitro biochemical assay. We now report that the subcellular expression of

GAPDH was independent of its classical glycolytic function. In particular, in both fetal and senior cells, considerable GADPH protein was

present in intracellular domains characterized by significantly reduced catalysis. Gradient analysis indicated that this lower activity was not

due to the dissociation of tetrameric GAPDH. These results suggest that human cells contain significant intracellular levels of enzymatically

inactive GAPDH which is age-independent. The possibility is considered that the functional diversity of GAPDH may be mediated either by

posttranslational alteration or by subcellular protein:protein and/or protein:nucleic acid interactions.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Recent investigations reveal an emerging class of proteins

characterized by new and independent activities separate

from their presumed functions (reviewed in Ref. [1]). Al-

though these proteins were originally identified and charac-

terized specifically with respect to a unique activity, in-

dependent investigations from diverse laboratories revealed

their participation in cellular pathways apart from their prior,

well-identified and recognized function. Thus, glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12)

was well studied for its role in glycolysis as a traditional

protein with a significant role in energy production. In
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addition, it provided a useful experimental paradigm for

the analysis of enzyme or gene structure and function.

Nevertheless, recent investigations revealed that both eu-

caryotic and procaryotic GAPDH were, in reality, multidi-

mensional proteins exhibiting a series of discrete activities

independent of its classical glycolytic function (reviewed in

Refs. [2–4]). In mammalian cells, these new activities

included catalysis of membrane fusion and transport [5–7],

microtubule bundling [8,9], phosphate group transfer

[10,11], nuclear RNA export [12,13] and DNA repair [14–

17]. It has also been identified as an RNA binding protein

[18–24] especially involved in molecular mechanisms of

viral infection [13,20–24] and as an Ap4a binding protein

[15]. Most recently, GAPDH has been implicated in vesic-

ular transport and secretory pathways [25,26]. GAPDH can

exist in vivo as a tetramer of identical 37-kDa subunits, as a

dimer or as the 37-kDa monomer. Its glycolytic function is

restricted to the tetramer. Its multiple activities may have

distinct subcellular localizations which may be dependent on

cell proliferation [27,28].
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As individual proteins have been shown to have multiple

and independent functions, control mechanisms may exist

which regulate their various subcellular localizations and

possibly change their structure, thereby affecting their

multidimensional activities. For these reasons, we have

begun to examine the interrelationship between the subcel-

lular distribution, structure and function of GAPDH. Ini-

tially, we examined the interdependence between the

subcellular distribution of the GAPDH protein and its

glycolytic function in non-cycling normal human cells

(fetal and senior, n = 4). Following subfractionation, the

intracellular localization of GAPDH was determined by

immunoblot analysis. In vitro biochemical assay of the

identical samples was used to quantitate its classical en-

zyme activity. Gradient analysis was utilized to determine

its oligomeric state. We now report that the subcellular

distribution of the GAPDH protein was independent of its

intracellular glycolytic function in both fetal and senior

human cells. In particular, although the perinuclear and

nuclear regions contained substantial quantities of the

GAPDH protein, its dehydrogenase activity was severely

reduced in each cellular fraction. Gradient sedimentation

analysis revealed that most of the GADPH proteins

appeared to be in the tetrameric form although the 37-

kDa monomer was also observed. These results suggest that

non-cycling fetal and senior human cells contain significant

levels of GAPDH that is glycolytically inactive. The

possibility is considered that human cells may regulate

subcellular GAPDH activities by posttranslational modifi-

cation. In addition, specific intracellular protein:protein or

protein:nucleic acid interactions may affect GAPDH struc-

ture, thereby modulating its function.
2. Materials and methods

2.1. Cell culture

Fibroblast cell strains were obtained from the Coriell

Institute for Medical Research (Normal human fetal: GM-

6112, AG-4392, 16 fetal weeks, respectively; normal human

senior: AG-4560, AG-8044, 59 and 55 years, respectively).

Cells were grown as described [29]. All cultures were

maintained at 37j in a humidified atmosphere of 5% CO2

in air. Cells were grown in DMEM supplemented with 4

mM L-glutamine, 100 Ag/ml streptomycin, 100 units/ml

penicillin and 10% fetal calf serum. Medium was replaced

every 3 days and the cells were trypsinized for passaging

when confluent. Cell analysis was performed when cultures

were visibly confluent.

2.2. Cell fractionation

Confluent cells were harvested by scraping with a

rubber policeman then washed twice in cold 1� PBS.

Cells were swollen for 10 min in hypotonic buffer (20 mM
Tris–HCl, pH 7.1, 5 mM KCl, 1 mM MgCl2 and 1%

aprotinin) then disrupted with 20–30 strokes using a pestle

in a tight-fitting Dounce homogeneizer. As defined by

phase microscopy, this resulted in disruption of 90–95%

of the cell population. The suspension was centrifuged at

375� g for 10 min at 4j. The supernatant was recovered

and used as the postnuclear fraction. The pellet was

resuspended in hypotonic buffer and repelleted at 375� g

at 4j. The supernatant was removed and termed the

perinuclear fraction. The pellet was resuspended in hypo-

tonic buffer and comprised the nuclear preparation. Each

fraction was sonicated for 30 s at 60 W at 4j using a needle

probe and stored at � 20j.
To radiolabel cellular DNA, cells were incubated with

[3H]thymidine (100 ACi/dish, specific activity 40–60 Ci/

mmol) for 48 h prior to collection. Incorporation of [3H]thy-

midine into DNA was determined by quantitation of acid-

insoluble radioactivity in each fraction. LDH activity was

determined by the disappearance of NADH as described by

the manufacturer (Sigma).

2.3. Glycerol gradient density analysis

Size separation of proteins was examined by centrifuga-

tion through a 10–50% glycerol gradient in 10 mM Tris–

HCl, pH 7.8, 100 mM NaCl, 1 mM k2EDTA. Each sample

was sedimented for 16 h at 150,000� g at 4j. Each

gradient was fractionated by collection from the bottom

of the tube (250 Al per aliquot). Through this procedure,

early fractions would contain molecules with higher mo-

lecular weights while later fractions would include proteins

with lower molecular weights. Quantitation of GAPDH

activity that is restricted to its tetrameric form was used

to define the gradient position of proteins with an Mr = 150

kDa. The identical fractions were utilized to detect uracil

DNA glycosylase activity to distinguish proteins with an

Mr = 37 kDa [14]. In parallel, sedimentation of BSA was

examined to identify the position of proteins with an

Mr = 76 kDa.

2.4. Determination of GAPDH glycolytic function

GAPDH activity was measured in a reaction mixture

(total volume, 1 ml) that contained: 100 mM sodium

pyrophosphate (pH 8.5), 20 mM sodium phosphate, 0.25

mM NAD+ and 3 AM dithiothreitol. The mixture was

allowed to equilibrate to 25j for 5 min. The reaction was

initiated by the addition of glyceraldehyde-3-phosphate

(final concentration 1.6 mM). GAPDH activity was deter-

mined by quantitating the amount of NADH formed as

defined by A340 for 5 min. The millimolar extinction

coefficient of 6.3 was used to calculate nmol GAPDH.

Data is expressed as Amol NADH/mg protein. One milliunit

is the amount of protein needed for the production of 1

nmol NADH/min. Specific activity is expressed as the

meanF S.E.
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2.5. Immunoblot analysis

Each sample (3 Ag) was separated on SDS-PAGE then

electrophoretically transferred to Hybond nitrocellulose

membranes. To saturate nonspecific binding sites, each blot

was incubated for 1 h at 25j with 5% nonfat dried milk in

TBS-T (20 mM Tris–HCl, pH 7.6, 137 mM NaCl and 0.1%

Tween 20). Each membrane was washed 3�TBS-T (30 ml

total; 10 min each wash). Each blot was then incubated for 2

h at 25j with first antibody (anti-human GAPDH monoclo-

nal antibody 40.10.09, 1:50 dilution in TBS-T plus 5%

milk). Following washing as described above, each mem-

brane was incubated for 1 h at 25j with secondary antibody

(horseradish peroxide-linked anti-mouse IgG, Amersham).

Electrochemical detection was performed as described using

Hyperfilm ECL film (Amersham).

J.L. Mazzola, M.A. Sirover / Biochim52
Fig. 2. Intracellular localization of GAPDH in non-cycling human cells.

Subcellular fractionation and immunoblot analysis were performed as

indicated in Materials and methods. Intensity was normalized to GAPDH

expression in crude cell extracts.
3. Results

3.1. Subcellular expression of GAPDH in non-cycling

human cells

Immunofluorescence analysis was used to initially ex-

amine the intracellular localization of GAPDH in confluent

normal human cells [2,3]. A typical result is shown in Fig.

1. As illustrated, GADPH displays a diffuse, apparently

non-nuclear distribution. Significant GAPDH protein is

detected in the cytoplasmic or membrane regions with some,

but apparently minor amounts, detected in the nucleus.
Fig. 1. Immunocytochemical analysis of GAPDH in non-cycling human

cells. Immunofluorescence analysis was performed as previously described

using anti-GAPDH monoclonal antibody 40.10.09 [27].
Subcellular biochemical analysis was used to rigorously

quantitate the subcellular distribution of the GAPDH protein

in non-cycling cells. To confirm the validity of the fraction-

ation protocols, the intracellular localization of lactate

dehydrogenase (LDH) activity and the subcellular distribu-

tion of [3H]thymidine labeled DNA were examined. As

expected for a cytosolic enzyme, LDH was located predom-

inantly in the postnuclear supernatant. Little or no activity

was seen in the nucleus nor in the perinuclear region (results

not shown). Similarly, virtually all of the [3H]thymidine-

labeled DNA was detected in the nuclear fraction.

The subcellular expression of the GAPDH protein was

determined by immunoblot analysis. A representative exper-

iment in fetal cells is shown in Fig. 2. A single 37-kDa band

was detected in each fraction corresponding to the GAPDH

monomer (Fig. 2A). As expected, significant GAPDH pro-

tein was detected in the postnuclear fraction in accord with

its known glycolytic function. Further, reduced levels of the

37-kDa GAPDH protein were present in the nucleus. How-

ever, unexpectedly, as defined by densitometric analysis, the

latter contained 39% of that detected in the postnuclear

fraction. Similarly, surprisingly significant levels of GAPDH

were detected in the perinuclear fraction. Densitometric

analysis indicated that the latter contained 67% of that

observed in the postnuclear region. Identical results were

observed in senior cells (results not shown).

3.2. Intracellular distribution of GAPDH is independent of

its glycolytic function

The subcellular distribution of GAPDH activity was then

determined. As shown in Fig. 3A, catalysis was easily



Fig. 3. Determination of intracellular GAPDH glycolytic function. GAPDH activity was measured as described in Materials and methods. (A) Determination of

enzyme activity; (B) quantitation of specific activity.
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detected in each of the three cell fractions. As expected, the

postnuclear fraction displayed the highest activity. In con-

trast, both nuclear and perinuclear activities were reduced.

The latter was reflected in quantitation of specific activity

(Fig. 3B). As expected, the postnuclear and nuclear fractions
Fig. 4. Interrelationship between intracellular GAPDH localization and glycolytic

GAPDH protein and quantitation of activity were normalized to that observed in
displayed characteristically high and low levels of catalysis

(579F 48, 156F 26 mU/mg protein, respectively, P < 0.05).

Further, while demonstrable levels of the GAPDH protein

were detected in the perinuclear region (Fig. 2, lane 4),

GAPDH activity was modest, statistically different from that
function in human cells. The extent of the subcellular distribution of the

the postnuclear fraction.



Fig. 6. Identification of fetal nuclear GAPDH oligomeric distribution.

Glycerol gradient analysis was performed as described above [29,42]. (A)

Quantitation of GAPDH activity; (B) immunoblot analysis of GAPDH

distribution.

J.L. Mazzola, M.A. Sirover / Biochimica et Biophysica Acta 1622 (2003) 50–5654
observed in the postnuclear fraction (254F 34 mU/mg

protein, P < 0.05). An identical subcellular distribution of

GAPDH activity was observed in senior cells (results not

shown) thereby representing indistinguishable quadruplicate

observations.

The interrelationship between the levels of GAPDH

protein expression and its glycolytic function were then

compared, normalizing each to that observed in the post-

nuclear region. As shown in Fig. 4, in human cells, GAPDH

protein expression was significant both in the perinuclear

fraction and in the nuclear region (open rectangles). How-

ever, in both fractions, enzyme activity was not coordinate

with the level of protein expression. In both subcellular

regions, catalysis was significantly reduced (closed rectan-

gles). Thus, in both normal human fetal and senior cells,

intracellular GAPDH activity was not proportional to the

distribution of the 37-kDa monomer.

3.3. Oligomeric distribution of GAPDH in non-cycling

human cells

To consider whether the striking reduction in nuclear and

perinuclear GAPDH activity might be due to the dissocia-

tion of the GAPDH tetramer, gradient analysis was per-

formed to quantitate tetrameric/monomeric GAPDH

distribution. In particular, considering the extensive amount

of the 37 kDa monomer present in those fractions, a

comparative level of the monomer should be detected

following sedimentation. In contrast, if there was no exten-

sive dissociation, small amounts of the monomer should be

observed consistent with the reported nuclear functions of

the 37 kDa protein.

For that reason, glycerol gradient analysis was per-

formed using both human fetal postnuclear and nuclear
Fig. 5. Determination of fetal postnuclear GAPDH oligomeric association.

Glycerol gradient sedimentation was performed as described in Materials

and methods. (A) Enzymatic analysis of GAPDH glycolytic function; (B)

determination of immunoreactive GAPDH.
fractions. As shown in Fig. 5, postnuclear GAPDH activity

was detected in fractions 10–13 (Fig. 5A). Immunoblot

analysis was performed using the identical samples tested

for GAPDH activity. As shown in Fig. 5B, the majority of

GAPDH immunoreactivity was detected in those fractions

characterized by GAPDH activity. A similar result was

observed following sedimentation of the nuclear fractions.

GAPDH enzyme activity was localized in fractions 11–14

(Fig. 6A). The distribution of the 37-kDa GAPDH protein

paralleled the localization of GAPDH enzyme activity (Fig.

6B). In toto, these findings provide evidence to suggest that

reduced subcellular GAPDH glycolytic function would not

be due to GAPDH tetrameric dissociation. Instead, some

other factor(s) would be responsible for the high level of

subcellular GAPDH localization but low level of its glyco-

lytic function.
4. Discussion

The results presented in this report indicate that the

subcellular distribution of the GAPDH protein is unrelated

to its intracellular glycolytic function. This was observed

both in the perinuclear and nuclear regions in fetal and in

senior human cells. As compared to the postnuclear fraction,

these cellular domains were characterized both by substan-

tial levels of the GAPDH protein and by significant reduc-

tions in catalysis. Perinuclear GAPDH may be involved in

several non-glycolytic functions. These include its role in

vesicular transport [25,26], cytoskeletal structure and trans-

lational control. The association of GAPDH with tubulin

[8,30–32] and its ability to bundle microtubules [9,33,34]

represented one of the first indications of its non-glycolytic

functions. Its role as an mRNA binding protein was
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reflected in its polysomal localization [19]. GAPDH has

been implicated in several nuclear functions that may

involve unique GAPDH: nucleic acid interactions (reviewed

in Refs. [2,3]).

The molecular mechanism through which GAPDH is

transformed into a multifunctional protein is unknown.

Although a GAPDH gene family has been described

[35,36], it is encoded by a single gene on chromosome 12

[37]. Alternate splicing has not been demonstrated in

somatic cells [38]. The gradient analysis presented in this

study indicates that most of the GAPDH protein is present

intracellularly as the tetramer although the nuclear 37-kDa

monomer is easily detectable in virtually all individual

human cell strains that have been examined [29,42]. Thus,

a change in oligomeric structure does not appear to be a

viable control mechanism. As such, it is a reasonable

hypothesis to suggest that inactivation of its glycolytic

function may be necessary for tetrameric GAPDH to per-

form other intracellular activities.

Two posttranslational mechanisms may be considered

initially. These include direct modification of the GAPDH

protein itself or subcellular interactions that modulate

GAPDH activity. With respect to the former, GAPDH

isozymes have been identified which display individual

levels of glycolytic function [39]. Alteration of isozymes

were detected during apoptosis [40]. GAPDH phosphoryla-

tion may represent a rate-limiting step in vesicular transport

[26]. With respect to the latter, normal protein:protein

interactions [41] such as tubulin binding [8,9,30–32] or

abnormal subcellular interactions such as those with age-

related neurodegenerative proteins [29,42] may influence

GADPH function. Of note, recent studies demonstrate that

the binding of tubulin to GAPDH inhibits membrane fusion

[43]. GAPDH:RNA interactions were reported both in the

cytosol [18] and in the nucleus [12,13]. GAPDH:DNA

interactions may be particularly significant both in cycling

and non-cycling cells [44]. The high affinity of GAPDH for

DNA was indicated as this interaction was not diminished

by treatment with 5 M NaCl [45].

The results presented in this report demonstrate a specific

GAPDH localization and function in non-cycling cells based

on a defined level of GAPDH gene expression. This suggests

the possibility that normal or abnormal alteration(s) of the

latter may change the subcellular distribution of GAPDH and

thereby affect its functional diversity. As indicated, recent

studies demonstrate changes in GAPDH mRNA levels

during cell proliferation that was accompanied by migration

of the GAPDH protein into the nucleus [28]. Similarly, the

intracellular localization of GAPDH and its protein:protein

interactions were altered by serum depletion. [46,47]. Fur-

ther, independent studies have revealed the alteration of

GAPDH gene expression in prostate, renal and breast cancer

[48–50]. These results suggest the possibility that alteration

of intracellular GAPDH structure and function may occur

during tumor initiation or progression. Thus, the results

presented in this report may provide the basis to examine
subcellular GAPDH structure in relation to its functional

diversity both in the normal and pathological state.
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