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SUMMARY OF THE THESIS

Iron is the most common element on the earth and is crucial for the growth of all organisms.

Despite having a crucial role in cellular physiology, excess of iron leads to the generation of

reactive free radicals that are highly toxic to cells. It is therefore vital for cells to maintain a

perfect balance of intracellular iron. Iron acquisition, transport & storage processes are

therefore very tightly regulated in mammalian cells. Serum iron is mostly chelated to one of

tw9 related proteins, transferrin and lactoferrin. Transferrin serves as the principal chelator of

extracellular iron in serum and transferrin receptors playa major role in cellular iron uptake

through the carrier protein transferrin. Till date, two receptors for transferrin (TfRl & TOO)

have been identified in mammalian systems. TfRl mediated endocytosis of Tf is the major

pathway for iron uptake while the role of TOO in iron acquisition is still unclear. Although Tf-

TfRl mediated endocytosis has been well characterized for iron uptake there are indications

that additional transferrin receptors also exist and contribute to meet the iron requirement of

cells for survival.

Previous studies from our laboratory have reported the presence of a third receptor for

transferrin. Interestingly, it was the multifunctional glycolytic enzyme GAPDH. Various

studies have indicated that GAPDH functions not only as glycolytic enzyme but exhibits

numerous diverse biological properties unrelated to its glycolytic function. This is true for both

prokaryotes and eukaryotes. GAPDH, which bears no homology to either of the two known

transferrin receptors, was found to be expressed on cell surface of macrophage cells where it

functions as a, previously unknown, transferrin receptor. The affmity of GAPDH for Tf was

found to be approximately 60-100 fold lower than TfRl. This suggests that although TfR1 may

be the major pathway of transferrin mediated iron uptake, cell surface GAPDH could function

as lower affmity receptor for Tf. The existence of such a low affmity pathway for Tf uptake

has earlier been speculated upon in literature.

The present study was aimed at the detailed characterization of this cell surface GAPDH as an

additional transferrin receptor and its role in iron acquisition. The first question that we looked

at was, if there is any difference between cytosolic and cell surface GAPDH so as to explain its

membrane localization.

We were unable to detect any difference in both forms of GAPDH in terms of; N-terminal

sequence, Peptide mass fmgerprinting and PAS staining (glycosylation). In silico analysis of

the GAPDH sequence also could not provide any clues regarding any possible post

translational modifications that can result in its recruitment to cell membrane. Interestingly,

intact mass MALDI- TOF analysis of cytosolic and membrane GAPDH revealed a significant
( i.~

difference in their molecular masses. The higher molecular mass of membrane GAPDH



suggested the possibility of existence of some chemical modification(s) which is yeti to be

characterized.

The next question that we addressed was, to determine if this novel Tf receptor is restri¢ted to

macrophages or has a more universal role. We found that cell surface expression ofGAPDH is

not restricted to macrophages but it is a widespread mechanism with GAPDH being expressed

on the surface of cells of different origin. Furthermore its expression was regulated by

availability of iron in medium. Time kinetic analysis of iron depletion revealed that there, was a

time dependent increase in the expression of both, cell surface, as well as intracellular

GAPDH. Interestingly in most of the cell lines tested we observed that there was, eiither a

decrease or no change in CD?1 (TfRI) expression upon iron depletion.

RT-PCR ofGAPDH after different time periods of iron depletion did not reveal any ch~ge at

the transcriptional level. However the increased expression of cell surface and intrac¢llular

GAPDH suggests the possibility of an alteration in cellular distribution & enhanced plrotein

stability.

To perform a detailed characterization of cell surface GAPDH as a transferrin receptqr, the

CHO- Trvb cell line which lacks both TfRl & 2 was chosen as a model system. First of ~ll the

interaction of GAPDH-Tf on the surface of these cells was confirmed b)! co-

immunoprecipitation. The binding and uptake of Tf herein was also confirmed to be· sp~cific,

pronase sensitive and saturable. As GAPDH is essentially a cytosolic protein lackint any

transmembrane domain it was necessary to investigate if its association with cell surf*ce is

stable. Our investigations confirmed this to be the case with cell membrane GAPDH sh~wing

resistance to urea and high salt treatment. The interaction between two molecules wd also

investigated, binding of Tf to the GAPDH receptors was not inhibited by molar exc~ss of

sugars, which suggests that Tf does not bind on to cells using any of its carbohydrate res~dues.

The binding to cells was also independent of the scavenger receptor which is commonly found
,

in macrophages. Collectively all these results suggest that its binding occurs through a re~eptor

based mechanism involving a protein molecule.

Further characterization of GAPDH as a Tf receptor by standard ligand based assays. ~e in

vivo KD for GAPDH- Tf binding on CHO- Trvb cells was determined to be 60 nM and steady

state surface to internal ratio was observed to be 0.55±0.09, i.e. -36 % Tf on the cell sUJiface.

Internalization and recycling rate constants of this receptor for Tf were determined io be

0.08±0.02 min-1 and 0.08 min-I respectively. Approximately 20% of the internalized Tf was
i

observed to degrade in 15 min. This value subsequently increased to -30% in 4 hrs.



After characterizing the binding and internalization parameters we investigated the nature of

the endocytotic process. We studied the effect of different chemical inhibitors for; clathrin pit

receptor mediated, raft/caveolae associated and also for macropinocytosis/phagocytosis based

endocytosis and compared the inhibition pattern of Tf internalization between CHO and CHO-

Trvb cells. In CHO cells endocytosis of Tf was observed to be inhibited only by inhibitors of

clathrin pit mediated endocytosis. This is the well known pathway for Tf-TfRl endocytosis.

On the other hand, in CHO-Trvb cells (which lack bothTfRl & TOO and therefore have only

GAPDH as receptor for Tt), the endocytosis of Tf was inhibited by inhibitors of both, raft as

well as clathrin pit mediated endocytosis pathways. To some extent it was also affected by

inhibitors of macropinocytosis. These results allowed us to conclude that GAPDH utilizes all

three pathways for internalization of Tf.

Of the two well established receptors, TfRl has been reported exclusively in the non-raft

regions of the membrane while TOO is raft associated. The co-localization of GAPDH, Tf and

Cholera toxin (a raft marker) as shown by confocal microscopy, indicated that GAPDH and Tf

were present together in lipid raft regions of cell membrane. To quantitatively assess in which

portion of the membrane the GAPDH receptor resides, we prepared DRM and non DRM

fractions of membrane from CHO- Trvb cells and probed for GAPDH in these fractions by

western blot. We found that GAPDH was distributed among both (DRM as well as non DRM)

domains of the membrane. Co-immunoprecipitation experiments with purified raft fractions

further confirmed that the GAPDH present therein interacts with Tf. Finally the uptake of Tf

and Cholera toxin, in CHO-Trvb cells, was found to be synchronized, further confirming that

the uptake of Tf via GAPDH has a raft mediated component.

The effect of iron depletion on partitioning of GAPDH, along with the corresponding change

in Tf binding between the DRM & non DRM fractions was investigated. We observed an

increase in DRMltotal ratio of GAPDH as well as Tfbinding under conditions of cellular iron

depletion, thus indicating that upon iron depletion, GAPDH and cellular Tf binding both shift

from the detergent soluble to the detergent resistant fraction of the membrane.

Till now we had clearly established that cell surface GAPDH was functioning as an additional

receptor for Tf and delivering it into cells. The next question to be addressed was, whether this

receptor can effectively deliver Tf bound iron to cells. This was established by measuring the

incorporation of 55Fe from radiolabeled Tfinto CHO-Trvb & 1774 cells. As expected the iron

uptake by cells was increased under conditions of iron depletion (when cells express more of

the GAPDH receptor) with the iron delivered being incorporated into both the cellular protein

pool as well as the intracellular labile iron pooL To rule out the possibility that this increase in



iron uptake was via a non Tfbound iron pathway, iron uptake studies in both control aswell as

iron depleted cells using only 55Fe-citrate were carried out. No change in iron uptake by cells

via any non Tfbound iron uptake process could be observed.

The presence of GAPDH is not restricted to cytoplasni or cell surface but several published

reports have shown that GAPDH is secreted into culture media. Interestingly, it was observed

that, secretion of GAPDH was enhanced when cells were cultured in iron depleted medium.

Therefore the next objective was to investigate if sGAPDH can also function as a soluble

receptor for Tf and deliver it, along with iron, into cells. Investigations revealed that, the

binding and uptake of sGAPDH by cells was specific, pronase sensitive and saturable. All

these observation indicated that sGAPDH binds to a protein receptor on the cell surface. This

binding to cells was not inhibited by sugars and was also independent of the scavenger

receptors (present in macrophages).

Further characterization of sGAPDH uptake into cells was done using ligand based assays

similar to those used to characterize cell membrane associated GAPDH. The steady state

surface to internal ratio was observed to be 0.35±0.1 in CHO-Trvb cells and 0.50±0.02 in case

of 1774 cells. The internalized sGAPDH was not recycled even after 3 hrs and ~5% of the

internalized sGAPDH was degraded in 180 min in 1774 cells. In CHO-Trvb cells the fraction

of degraded GAPDH after 3 hrs was only 1.5%.

After characterizing the binding and internalization parameters of sGAPDH, the nature of its

endocytotic process was investigated. A fingerprint of endocytosis inhibition pattern for

sGAPDH was obtained using different chemical inhibitors of endocytosis. The uptake of

sGAPDH found to be mostly inhibited when inhibitors of macropinocytosis & raft mediated

endocytosis were utilized. This was confirmed with confocal microscopy by checking the co-

localization of sGAPDH with BSA (a marker for macropinocytosis) and also separately with

CTX (a raft marker). The localization of sGAPDH in lipid raft was also confirmed by western

blotting and FACS based analysis; It was found that sGAPDH binding on cells is distributed

among both DRM as well as non DRM compartments of the membrane.

Having confirmed that sGAPDH binds to a protein receptor on surface of cells (revealed by the

pronase sensitivity of its binding), we were interested to look for the potential binding partner

of sGAPDH. Some earlier studies have identified uPAR as a receptor for Streptococcal surface

GAPDH on pharyngeal cells. In mammalian cells this is present in lipid rafts and is a

GPI-anchored protein. Co-immunoprecipitation studies confirmed that sGAPDH and uPAR

were interacting at the surface of THP I cells and this complex was subsequently internalized to

the endosomes.



Presence of sGAPDH in the extracellular medium was observed to significantly enhance the

uptake of Tf by CHO- Trvb cells in a time as well as concentration dependent manner. The

increased uptake of Tf via sGAPDH resulted in the delivery of more iron into cells. The iron

delivered was observed to be incorporated into both, the protein as well as labile iron pool of

cells.

GAPDH is well characterized as a soluble cytoplasmic protein, but the question, as to how it

reaches the cell surface and extracellular milieu is still not clear. Our studies have confirmed

that sGAPDH is able to bind and deliver Tf and associated iron into cells. It is well known that

most cells usually secrete proteins in the form of membrane bound vesicles. These secreted

vesicles, also known as exosomes, have been reported to contain GAPDH among other

components. To examine the possibility of this exosome associated GAPDH functioning as a

soluble receptor for Tf leading to its delivery into cells, we purified exosomes from different

cell lines. Their characterization was done using TEM, phosphate estimation and western

blotting with anti CD63 antibody (exosomal marker protein). Presence of GAPDH in the

exosomes was confirmed by western blot, immuno-gold labeling and FACS analysis. The

GAPDH present in exosomes was also confirmed to be enzymatically active (indicating that it

retains its native tetrameric structure). Purified exosomes were also found to be capable of

binding to the raft marker Cholera toxin.

As the GAPDH- Tf interaction had already been established by us the purified exosomes were

evaluated for their ability to capture transferrin. This was confirmed by western blotting,

immuno-gold labeling TEM, FACS analysis and Fluorometry. To confirm that this binding of

Tf to exosomes is to the resident GAPDH protein, we performed a Co-IP experiment, which

revealed that the GAPDH in exosomes interacts with Tf.

Next it was observed that Tf and CTX pre-labeled exosomes of one cell line are actively taken

up by different cell types. This binding and uptake of exosomes by cells was found to be

pronase sensitive, suggesting the possibility of some protein-protein interaction involved in

uptake of exosomes by cells. In addition, we established that the uptake of Tf by cells via

exosomes was dose as well as time dependent.

Finally to confirm that Tf binding & delivery into cells by exosomes is dependent on the

presence of GAPDH in exosomes experiments were performed where all surface proteins on

exosomes were digested with pronase and then the residual lipid vesicles. were re-

supplemented with GAPDH and used for Tf-Fe delivery into cells. Only pronase· treated

GAPDH supplemented exosomes could capture and effectively deliver Tf into cells as

compared to pronase treated BSA (control protein) supplemented exosomes. In addition we



observed that, Tf delivery via exosomes is also able to deliver more iron into the cells. This

iron delivered was seen to be incorporated into the protein as well as labile iron pools of the

target cells.

In conclusion, our fmdings suggest that GAPDH regardless of its localization (cell

surface, secreted or exosome assocIated) is able to bind Tf and deliver iron into cells. GAPDH

represents a novel transferrin receptor sharing no homology with earlier reported transferrin

receptors (TfRl and TOO). This study provides strong evidence that GAPDH acts as a low

affinity, high capacity mechanism for the delivery of Tf. This offers an explanation for the non

TfRl mediated delivery of Tf as reported by earlier workers. The major contribution of the

current study is the characterization of an entirely novel pathway of transferrin mediated iron

uptake, while providing an explanation to the discrepancies reported by previous research

groups (Fig.9.1, Fig.9.2, Fig.9.3 & Fig.9.4). In addition it also opens up new avenues of

research in the broader context of iron metabolism with respect to infection & disease.


