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ABSTRACT
Multidimensional proteins such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) exhibit distinct activities unrelated to their

originally identified functions. Apart from glycolysis, GAPDH participates in iron metabolism, membrane trafficking, histone biosynthesis,

the maintenance of DNA integrity and receptor mediated cell signaling. Further, multifunctional proteins exhibit distinct changes in their

subcellular localization reflecting their new activities. As such, GAPDH is not only a cytosolic protein but is localized in the membrane, the

nucleus, polysomes, the ER and the Golgi. In addition, although the initial subcellular localizations of multifunctional proteins may be of

significance, dynamic changes in intracellular distribution may occur as a consequence of those new activities. As such, regulatory

mechanisms may exist through which cells control multifunctional protein expression as a function of their subcellular localization.

The temporal sequence through which subcellular translocation and the acquisition of new GAPDH functions is considered as well as post-

translational modification as a basis for its intracellular transport. J. Cell. Biochem. 113: 2193–2200, 2012. � 2012 Wiley Periodicals, Inc.

KEY WORDS: MULTIFUNCTIONAL PROTEINS; SUBCELLULAR TRANSLOCATION; GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE; POST-
TRANSLATIONAL MODIFICATION; POST-TRANSCRIPTIONAL REGULATION; MEMBRANE TRANSPORT

‘‘Follow the yellow brick road’’ The Munchkins to Judy

Garland as Dorothy in the ‘‘Wizard of Oz’’.

M ultifunctional proteins may represent a new mechanism

through which cells expand their limited amount of

genomic information. Although such proteins were identified and

categorized based on a single activity, each is now known to display

multiple, independent functions beyond those fromwhich they were

identified originally (Jeffery, 1999; Kim and Dang, 2005). Structure

function analyses suggest the utilization of both their classically

identified active sites as well as their known binding sites as the

bases for these new activities [Sirover, 1999].

In accord with their varied functions, the subcellular location of

such proteins may be diverse with each protein displaying its own

intracellular ‘‘fingerprint.’’ These multiple in vivo localizations may

be an obligatory requirement for their expression of each separate

and distinct activity. Further, such subcellular localizations may not

be invariable but may be dynamic in nature, constantly changing,

subject to the demands required for the performance of multiple

activities. This suggests the possibility that regulatory mechanisms

may exist which function to modulate the cell distribution and thus

the functional diversity of each protein.

Three such possible mechanisms are illustrated in Table I. Each is

based on the temporal interrelationship between subcellular

translocation and the acquisition of new activities, that is, which

occurs first and which second. In constitutive regulation, the new

activity is exhibited subsequent to an alteration in cell localization.

In inducible regulation, subcellular translocation is secondary to

the new activity. Semi-constitutive regulation is more complex

involving two subcellular translocations with the new activity

subsequent to the first change but preceding the second.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, E

C 1.2.1.12) was long thought to be a classical glycolytic protein,

bereft of significance or the need for inquiry. It was relegated to the

‘‘housekeeping’’ category reserved for genes and proteins of

seemingly little interest, useful as internal controls for the analysis

of ‘‘important’’ genes and proteins or as samples for training

purposes. However, as Nature would have it, in a curious twist of

fate, studies indicate now that GAPDH is, in reality, a multifunc-

tional protein exhibiting numerous activities unrelated to its role in
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energy production [Sirover, 1999, 2005, 2011]; and as a protein

intimately involvement in the etiology of a variety of human

pathologies (Mazzola and Sirover, 2002; Du et al., 2003; Hara and

Snyder, 2006; Colell et al., 2009; Butterfield et al., 2010). For that

reason, GAPDH may be considered as an archetypical multidimen-

sional protein. As such, its analysis may be of importance not only in

itself but also as a means to understand the relationship between

protein structure and functional diversity.

In accord with its multiple activities, the intracellular localization

of GAPDH is not restricted to the cytosol for energy production but is

detected in the plasma and nuclear membrane, the ER, Golgi, and

in the nucleus [Tristan et al., 2011]. Further, distinct subcellular

translocations may be fundamental to its functional diversity

(Fig. 1). This complex intracellular ‘‘fingerprint’’ suggests the

possibility that GAPDH may provide also a useful model to consider

the mechanisms through which cells regulate the subcellular

localization of multifunctional proteins as a means to increase

exponentially proteomic utilization. Such studies would demon-

strate not only the dynamic nature of multifunctional protein

intracellular movement but also the basic means through which

such subcellular transport occurs, that is, how do such proteins

traverse their own intracellular yellow brick road to Oz, thereby

achieving their unique functional diversity?

CONSTITUTIVE SUBCELLULAR TRANSLOCATION

Constitutive subcellular translocation may be defined as a two step

process in which a ‘‘free’’ multifunctional protein is transported first

to a specific intracellular locale where it is ‘‘recruited’’ in some

manner to acquire a new function (Fig. 2). For GAPDH, this

change to a noncytosolic localization results in the acquisition of

several separate activities, each distinct from its role in glycolysis

(Table II).

Constitutive regulation of a multifunctional protein is illustrated

in Figure 3 which describes a new, nuclear function of GAPDH, that

is, its facilitation of mechanisms to ensure the integrity of DNA

through its restoration of the catalytic activity of a DNA repair

enzyme, the apurinic/apyrimidinic acid (AP) endonuclease-1 (APE-

1, Azam et al., 2008). The latter is a critical DNA repair enzyme

initiating the removal of miscoding DNA lesions. The physiological

significance of GAPDH in DNA repair is indicated by siRNA studies

which demonstrated that spontaneous and agent-induced muta-

tional frequencies are demonstrably higher in GAPDH siRNA treated

cells. These latter studies are reflective of numerous studies on the

functional diversity of GAPDH, that is, in each study RNA

interference was used to demonstrate its role in the specific activity

of interest [Sirover, 2011].

Fig. 1. Subcellular GAPDH dynamics.

TABLE I. Regulation of Multifunctional Protein Subcellular Translocation

Mechanism Definition New function (GAPDH)

Constitutive Change in subcellular localization! acquisition of new function Maintenance of genomic integrity
Inducible Acquisition of new function! change in subcellular localization Regulation of gene expression
Semi-constitutive Change in subcellular localization! acquisition of new function!

change in subcellular localization
Intracellular membrane trafficking
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As illustrated, GAPDH first undergoes nuclear translocation as a

free protein then is ‘‘recruited’’ for its role in DNA repair. As these

studies used hydrogen peroxide treated APE-1, GAPDH presumer-

ably recognizes modified amino acid sequences within the APE-1

protein. Similarly, to ensure telomeric integrity, recruitment

involves the NADþ GAPDH binding site recognition of the T1,

G5, and G6 of the TTAGGG telomeric DNA repeat [Demarse et al.,

2009]. Comparable models may be constructed for GAPDH function

in nuclear tRNA transport [Singh and Green, 1993] as well as its

polysomal localization through which it regulates gene expression

[Nagy and Rigby, 1995], that is, the temporal sequence of subcellular

GAPDH regulation is transport first, new function second. The latter

is especially intriguing as GAPDH: mRNA binding produces three

separate effects, that is, mRNA stabilization, destabilization, or

inhibition of translation [Bonafe et al., 2005; Rodriguex-Pascual

et al., 2008; Zhou et al., 2008; Backlund et al., 2009]. As described,

the sequences within eachmRNA or the changes in GAPDH structure

which provide the foundation for such striking differences in

activity are unknown at the present time [Sirover, 2011].

This begs the question of the manner in which GAPDH (or any

multifunctional protein), as part of a normal and not a pathological,

cell activity undergoes subcellular translocation which is then

followed by the acquisition of a new function. Is there a specific

transport mechanism to provide the foundation for the former as

well as a defined targeting process for the latter? Further, given that

each GAPDH molecule is presumably identical, how does each

mechanism select a GAPDH molecule A or molecule B for that

process?

Two possibilities may be considered initially: the presence of

targeting domains within the primary amino sequence of the

multifunctional protein or specific post-translational modifications

as a selection mechanism. In either instance, the presumption is that

a carrier protein or a multiprotein complex would be required as a

transport vehicle.

GAPDH in somatic cells is a highly conserved protein transcribed

from a single gene without alternate transcripts [Bruns and Gerald,

1976; Bruns et al., 1979;Mezquita et al., 1998]. For that reason, as all

GAPDH molecules would contain the identical sequence, the

probability of it containing unique targeting domains for its

dispersal to multiple subcellular locales would be extremely

unlikely, that is, how would GAPDH molecule A be targeted for

polysomal transport while GAPDH molecule B, containing the

identical sequences, be selected for nuclear translocation?

In contrast, recent evidence indicates that post-translational

modification of GAPDH is a relatively common event. GAPDH is

phosphorylated at tyrosine [Tisdale and Artalejo, 2006] and serine

residues [Tisdale, 2002], S-nitrosylated at its active site cysteine149

[Hara et al., 2006; Nakajima et al., 2007], acetylated at lys160 [Sen

et al., 2008], lys117, lys227, lys251 [Ventura et al., 2010], O-linked

N-acetylglucosamine glycosylated at thr227 (Park et al., 2009), poly

Fig. 2. Constitutive GAPDH translocation.

TABLE II. ‘‘Constitutive’’ GAPDH Functions

Function Activity Reaction Subcellular Localization

Regulation of posttranscriptional
gene expression

mRNA binding Cytosolic, polysomal
ET-1 Destabilization
CSF-1 Stabilization
AT1R Inhibition of translation

Maintenance of DNA integrity Telomere structure Prevention of telomere shortening Nuclear
DNA Repair AP endonuclease reactivation Nuclear

Autophagy Energy Production ATP generation Cytosolic
RNA processing Precursor tRNA binding Transport Nuclear
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ADP-ribosylated as a consequence of hyperglycemic stress [Du

et al., 2003]; and pyruvylated by 3-bromopyruvate (Ganapathy-

Kannlapan et al., 2009). The functional changes arising from these

structural modifications have been recently reviewed [Sirover,

2011].

Accordingly, such differential post-translational modifications

present a likely mechanism for the constitutive subcellular

regulation not only of GAPDH but also of other multifunctional

proteins as well. For GAPDH, this may be experimentally verified by

the analysis of GAPDH: RNA, DNA, or GAPDH protein: protein

complexes with mRNA, telomeric DNA, or its association with

individual cellular proteins or with polyprotein complexes. The

presumption is that each will contain a GAPDH species characterized

by a unique post-translational modification. Similar studies may be

performed with other such multidimensional proteins.

INDUCIBLE SUBCELLULAR TRANSLOCATION

Inducible subcellular translocation may be also defined as a two-

step process. However, in contrast to constitutive translocation,

GAPDH is first recruited for its new function in the cytosol then

transported to a different subcellular locale where that new activity

is manifested (Fig. 4). For GAPDH, following its ‘‘recruitment,’’ it is

transported within a protein: protein complex to a different

intracellular locale, where that new function is expressed (Table III).

This process is illustrated in Figure 5 which defines GAPDH

facilitation of androgen receptor nuclear translocation resulting in

androgen dependent regulation of gene expression [Harada et al.,

2007]. A similar model may be constructed for the role of GAPDH in

histone biosynthesis [Zheng et al., 2003], in apoptosis [Hara et al.,

2005; Hara and Snyder, 2006], and in autophagy [Colell et al., 2007].

In contrast to the unknown mechanisms which may underlie

constitutive GAPDH subcellular translocation, those which provide

the foundation for inducible transport are, for the most part, well

defined. With respect to nuclear translocation, this is particularly

critical as it is well established that, although GAPDH contains

a nuclear export signal [Brown et al., 2004], it does not contain a

comparable nuclear localization signal (NLS). Thus, it would appear

that other mechanisms need to be utilized for GAPDH translocation.

Recent evidence suggests that, with respect to each inducible

function, a unique pathway appears to be utilized to provide for this

dynamic intracellular GAPDH movement. For example, with respect

to androgen receptor transactivation, cytosolic GAPDH binds

initially to the androgen receptor followed by the nuclear

translocation of this protein: protein complex. The latter is

facilitated by the NLS contained in the androgen receptor [Jenster

et al., 1993].

With respect to histone gene expression, studies show an S phase

dependent recruitment of GAPDH to the H2B promoter possibly

involving a nuclear localization signal within another component of

the OCA-S multiprotein complex [Zheng et al., 2003] or a P13K/Akt,

AMPK mediated nuclear/cytoplasmic signal transduction pathway

[Schmitz, 2001; Kwon et al., 2010]. In either case, each possibility is

in accord with the proliferative dependent cytosol to nuclear

GAPDH translocation as defined by immunocytochemical and

immunoblot analyses [Cool and Sirover, 1989; Schmitz et al., 2003]

as well as by the growth dependent nuclear localization of newly

synthesized GAPDH [Lee and Sirover, 1989].

As indicated, GAPDH functions not only in ‘‘normal’’ cellular

pathways but also in several intracellular ‘‘pathological’’ processes.

The latter represent important cellular responses to injury either

from endogenous or exogenous toxins. In these instances as well,

inducible GAPDH movement is required. In apoptosis, detailed

analyses revealed that GAPDH cytosolic to nuclear translocation

involves an oxidative stress-induced S-nitrosyl post-translational

modification at its active site cys149 yielding SNO-GAPDH [Hara

et al., 2005]. The latter binds to Siah1, an ubiquitin ligase, which

TABLE III. ‘‘Inducible’’ GAPDH Functions

Function Activity Reaction

Initial
subcellular
localization

Final
subcellular
localization

Receptor mediated
cell signaling

Regulation of gene expression Androgen receptor transactivation Cytosolic Nuclear

Chromosomal replication Histone biosynthesis Formation of Oct-1 OCA-S coactivator protein complex Cytosolic Nuclear
Apoptosis Nuclear protein degradation;

regulation of apoptotic gene expression
Binding to and stabilization of Siah1;

induction of P300/CBP; transnitrosylation
Cytosolic Nuclear

Autophagy Regulation of gene expression Induction of Agt12 Cytosolic Nuclear

Fig. 3. GAPDH and the maintenance of DNA integrity. [Color figure can be

seen in the online version of this article, available at http://wileyonlinelibrary.

com/journal/jcb]
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contains its own nuclear localization sequence thereby facilitating

the intracellular transfer of this protein: protein complex [Hara et al.,

2005; Hara and Snyder, 2006]. Lastly, the autophagic function of

GAPDH would also require nuclear transport in order to activate the

autophagic gene agt12 which subsequently induces downstream

autophagic gene expression [Colell et al., 2007]. The process by

which this occurs is unknown at the present time. However, it

probably requires a fourth transport mechanism as it would be

unlikely that Siah1 would be involved, that is, how would a cell

determine that one GAPDH: Siah1 complex would function in

apoptosis and another in autophagy? As such, this requires also

further detailed analysis for clarification.

SEMI-CONSTITUTIVE GAPDH SUBCELLULAR
TRANSLOCATION

Semi-constitutive GAPDH subcellular translocation may be thought

of as a mixture of the aforementioned mechanisms through which

the intracellular movement of GAPDH is directed. As such, it

represents a more complex pathway requiring three different steps

(Fig. 6). Its temporal sequence is movement to a new intracellular

locale first, GAPDH acquisition of a new function second, followed

third by its translocation to another intracellular position.

This is indicated in Table IV with respect to GAPDH function in

iron metabolism as a transferrin binding protein [Raje et al., 2007].

In that capacity, GAPDH is transported first to the cell membrane as

a ‘‘free’’ protein, where, second, it binds transferrin. Subsequently,

the GAPDH-transferrin complex translocates to the endosome,

presumerably by endocytosis [Robbins et al., 1995].

Implicit in the role of GAPDH as an iron receptor/transport

protein is the initial control of its subcellular localization, that is,

GAPDH transport to the plasma membrane. As recent findings

indicate that GAPDH recruitment to the plasma membrane may be a

function of extracellular iron concentration, there needs to be not

only a specific mechanism through which a GAPDH molecule

becomes membrane associated but also how that process may be

iron-dependent [Raje et al., 2007].

Given the nature of GAPDH gene and protein structure, this

presumably cannot be accomplished through the use of a membrane

localization signal within the GAPDH protein. This would indicate

again the necessity of a post-translational modification as the

targeting signal. In support of that assertion, previous studies

indicated the presence of two GAPDH membrane isoforms

distinguished not only by structural differences but also by unique

catalytic activities (Glaser and Gross, 1995). With respect to the

former, the difference in the two forms (pI 7.8 and 8.5, respectively)

are indicative of functional group addition. With respect to the

latter, selective exhibition of either membrane fusion activity or of

glycolytic activity indicate catalytic changes arising from the above

referenced structural modification. As GAPDH retains its catalytic

activity upon transferrin binding; this indicates that one isoform

may be involved in this new GAPDH function.

A similar model may be constructed for the role of GAPDH in

intracellular membrane trafficking. However, in this instance, there

is clear evidence for the role of GAPDH post-translational

modification as a controlling, targeting mechanism. Two phosphor-

ylation events have been identified, one at GAPDHtyr41 [Tisdale and

Artalejo, 2006] and another at a serine residue [Tisdale, 2002]. The

first phosphorylation controls vesicular tubular complex formation

Fig. 4. Inducible GAPDH translocation.

TABLE IV. ‘‘Semi-Constitutive’’ GAPDH Functions

Function Activity Reaction
Initial subcellular

localization
Final subcellular

localization

Iron metabolism Transferrin binding protein Endocytosis Plasma membrane Endosome
Membrane

trafficking
Formation of vesicular

tubular complexes
Modification of

tubulin structure
Endoplasmic reticulum Golgi apparatus
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in the ER while the second is responsible for both tubulin

rearrangement and movement of the complex to the Golgi (Tisdale

et al., 2009).

Apart from the complexity of semi-conservative GAPDH

regulation, two other parameters may distinguish this type of

subcellular GAPDH translocation from those discussed earlier. Both

its iron transport and its trafficking functions require GAPDH

association with large, well-defined high molecular weight protein

complexes which function in highly ordered cell transport systems.

With respect to the former, previous studies indicate the interrela-

tionship between membrane bound GAPDH and endocytosis

[Robbins et al., 1995]. With respect to the latter, recent investiga-

tions identified and characterized the set of proteins involved in

rab2mediatedmembrane transport [Tisdale, 2001, 2002; Tisdale and

Artalejo, 2006; Tisdale et al., 2009].

DISCUSSION

Multifunctional proteins may represent a new mechanism through

which cells expand the limited amount of their genetic information.

In particular, given the restricted number of cellular macromole-

cules specified by coding sequences as compared with functional

requirements in vivo, it may have become necessary for a cell to

devise procedures through which it would be able to expand its

capacity to utilize the information contained within its DNA

sequences. As one may consider alternate splicing and post-

translational modification as such methods, it is also possible to

consider multifunctional proteins in a similar manner. A further

rationale for the development of multifunctional proteins resides in

their potential utility as key regulators for more than one cellular

biochemical pathway. By definition, specific alterations of a single

multifunctional protein could have a pleiotropic effect in vivo. This

would permit the inhibition or activation of multiple pathways

through that single change in post-translational protein structure.

Further, such alterations could, by themselves, result in the

appearance of a new, previously unknown, catalytic activity. For

example, recent studies indicate that SNO-GAPDH may act as a

transnitrosylase donating its NO moiety to a different protein

[Kornberg et al., 2010].

For the use of a protein for multiple purposes, two practical

problems need resolution. First, such proteins, identified by a single

activity with a specific subcellular localization, might need to be

transported to a different intracellular locale for the performance of

that new activity. Second, mechanisms must exist through which

said protein is selected for transport. As such, each adds an

additional layer of complexity for multidimensional protein

function and requires the cell to devise a means to resolve each

concern.

With respect to the former, using GAPDH as a model, three mech-

anisms were postulated through which multifunctional proteins not

only may undergo subcellular translocation but also may be able to

assume their new functions. Each is based on the temporal sequence

between intracellular movement and the new activity in question.

Each model is consistent not only with the known, diverse sub-

cellular locales in which GAPDH is detected [Sirover, 1999, 2005,

2011; Tristan et al., 2011] but also with its inherent movement to a

second intracellular location when necessary.

With respect to the latter, analyses of GAPDH structure and

function reveal separate protein: protein interactions which mediate

Fig. 5. GAPDH and receptor mediated cell signaling. [Color figure can be seen

in the online version of this article, available at http://wileyonlinelibrary.com/

journal/jcb]

Fig. 6. Semi-constitutive GAPDH translocation.
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GAPDH subcellular translocation as a function of receptor mediated

cell signaling (Harada et al., 2007), iron metabolism [Raje et al.,

2007], membrane trafficking [Tisdale, 2001], and oxidative stress

[Hara et al., 2005]. In contrast, mechanisms through which GAPDH

becomes membrane associated [Robbins et al., 1995] as well as its

nuclear localization in the absence of a ‘‘multifunctional stimulus’’

remain unclear [Singh and Green, 1993; Azam et al., 2008; Demarse

et al., 2009]. However, with respect to those nuclear functions, once

in the nucleus it would appear that specific signals exist through

which GAPDH is then recruited for its new activities.

Physiological changes in the cell may also affect the regulation of

multiprotein subcellular localization. For GAPDH, perhaps the

greatest magnitude change in intracellular distribution may be that

observed with cell proliferation. Immunofluorescent analyses and

quantitation of the localization of newly synthesized GAPDH

indicate a growth dependent movement of the protein from the

cytosol to the nucleus [Cool and Sirover, 1989; Lee and Sirover,

1989; Schmitz et al., 2003]. Even a change from low to high serum

induces this intracellular movement [Schmitz, 2001]. The latter

change in nutritional status is reminiscent of that observed for

membrane bound GAPDH as a function on iron concentration

[Raje et al., 2007].

Although this review focuses on the normal and the ‘‘cellular

pathological’’ regulation of GAPDH subcellular translocation, signi-

ficant changes may occur in specific disease states, most notably

cancer, diabetes, and age-related neurodegenerative disorders. The

Warburg effect, establishing higher levels of glycolysis in cancer

cells [Warburg et al., 1927] may provide the foundation for tumor-

specific increases in GAPDH expression (rev. in Sirover, 2011).

Considering the multidimensional nature of GAPDH, such increases

may have a pleiotropic effect as indicated by its post-transcriptional

control of colony-stimulating factor-1 in ovarian cancer cells

[Bonafe et al., 2005; Zhou et al., 2008]. Chronic hyperglycemic

dependent changes in GAPDH expression in association with the

induction of oxidative stress may also result in noticeable changes

in GAPDH function perhaps contributing not only to endothelial cell

destruction but also to diabetic retinopathy [Du et al., 2003; Yego

et al., 2009; Yego and Mohr, 2010]. Similarly, GAPDH binding to

neurodegenerative proteins results in perturbations in its intracel-

lular localization [Mazzola and Sirover, 2002]. As the intracellular

location of multifunctional proteins may be in equilibrium subject

to the demands of the cell, a pathological state may induce

considerable dysregulation of multifunctional protein location and

thus function in vivo. This may be verified experimentally.
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